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EXECUTIVE SUMMARY

Objectives

This report addresses five primary objectives-

M to summarize the key elements of invertebrate endocrine systems,

(i) to assess whether exigting test systems are adequate for the detection of endocrine
disruption in invertebrates, what new tests might be required, which species of
invertebrates are most gppropriate for such tests, what end- points should be measured
and whether the same organisms can be used for both laboratory and environmenta
monitoring;

(i)  to review the published evidence for endocrine disruption in aquatic invertebrates
(marine and freshwater; experimenta and fidd studies) resulting from exposure to
chemicasin the environment;

(iv)  tosummarizetherdevant UK and European legidation impacting on the monitoring and
management of freshwater ecosystems;

(V) to highlight the major gapsin knowledge and present an outline research programmeto
improve our understanding of the processes underpinning endocrine disruption in
invertebrates.

Endocrinology of invertebrates

2.

The current state of understanding of the endocrinology of the mgor invertebrate groups has
been summarised. Itisclear that utilisation of hormonesto control and coordinate biochemical,
physologicd and behaviourd processes is common to dl mgor invertebrate taxa
Neuropeptide sgndling mechanisms which utilise the peptide products of specidised
neurosecretory cdls are the predominant effectors among the endocrine systems so far

characterised ininvertebrates. However, non-peptide endocrine messengers are d o important
in many groups. Both of these systems are potentidly “at risk” from interference by disruptive
contaminants.

Among the aquatic invertebrate taxathe endocrine systems of the two magjor arthropod classes,
insects and crustaceans, are best documented. In addition to peptide hormones, insects utilise
homosesquiterpenoid epoxides (the juvenile hormones) and ecdysteroids (ecdysone, 20-
hydroxyecdysone), neither of which are found in vertebrates. A range d vertebrate-type
steroids (androgens, estrogens, progestogens, corticosteroids) have been detected ininsectsbut
it remains to be proven whether these have afunctiond role. A amilar Stuation occursin the
crustacea which possess a wide range of peptide hormones and also utilise ecdysteroids. In
addition to ecdysteroids, the non-peptide methyl farnesoate acts as ahormonein crustacea. As
isthe case with insects, athough vertebrate-type steroids are detected in crustacean tissuestheir
functiond sgnificanceis yet to be confirmed.

Although not aswel | documented asfor arthropods, the endocrine systems of themalluscshave
been extensively studied. Molluscs utilise a wide range of peptide hormones to control and
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coordinate major processes. In contrast to the arthropods, ecdysteroids do not appear to play
animportant rolein molluscs. The presence of vertebrate-type steroids has been reported for a
number of molluscan species and in some cases the evidence that these gteroids play a
functiond roleis strong.

Evidencefor agignificant role of vertebrate-type steroidsisstrongest withintheechinoderms. In
addition to peptide sgndling and the use of the purine 1-methyladenine in the later stages of
oocyte devel opment, there is considerable published evidence suggesting that vertebrate-type
geroids are synthesised by echinoderms and may have arole in the control of growth and
reproduction.

For theremaining groups consdered within thereview (the Codenterata, Porifera, Acod omata,
Aschdminthes and Anndlida) there are varying degrees of underganding of endocrine-type
processes and isolated reports of steroid synthesising activity.

If concernsregarding possible avenuesfor endocrinedisruptionininvertebrates arefocused on
non-peptide systems, it is clear that dl invertebrate groups must be consdered Aat risk@or
potentidly susceptible to interference & a sub-lethd levd by chemicds in the aqudic
environment. However, given the complex and multi-functional nature of therole of those norn+
peptide hormones whaose functions are best understood in invertebrates, the likely impact of
interference a any particular locus within the endocrine system is difficult to predict. It is
probable that effects of disruption will encompass reproduction, moulting, feeding, and
behaviour.

Regulatory Issues

8.

Legidation and guiddines, rlevant to the control of endocrine substancesin theenvironment in
Europe and North America, are reviewed.

Ecotoxicological testing

0.

10.

The development of bioassays and biomarkers to assess endocrine disruption in aguetic
invertebrates is, in principle, feasble. However, there gppears to be no imperative for the
deveopment of wholly novel test systems. Uncertainty regarding the function of the endocrine
system in many invertebrate species and a lack of understanding of the identity and possible
gtesof action of endocrine-disrupting chemicas precludes the devel opment and appli cation of
cellular and subcdlular screens for endocrine disrupting activity in invertebrates. The greatest
benefits may be obtained by modifying the end-points of, or carrying out more detailed
assessments in, existing test protocols.

Invertebrate test organisms provide the ability to monitor entire life cycles more readily thanis
the case for vertebrates, offering the prospect that integrative effects of exposure to potentia

endocrine disrupters can be detected more readily than is the case for vertebrates. Given the
difficultiesbeing encountered in rdating cellular-level, or receptor-leve, effectsto whole-animd
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11.

consequences by those working with endocrine disrupters in vertebrates, this may be an
advantage, not a disadvantage. Clearly, invertebrates with short generation times offer the
possihility of examining transgenerationd and population leve effects.

Caution should be employed when ascribing adverse effects of contaminant exposure to
disruption of endocrine processes. Rdatively few cases of contaminant effects on vertebrate
reproductive processes can be confidently ascribed to endocrine disruption and the term
Aendocrine disruption@has been applied to cases where the biologica/mechanigtic basis for
such effectsisnot established. Thisconcernisexacerbated inthe case of invertebrateswhere, in
many cases, physiologica and endocrine processes which may be affected are less well

understood than is the case for many vertebrate species.

Evidence for endocrine disrupting effects

12.

13.

14.

15.

A range of compounds with known endocrine-disrupting activity in invertebrates have been
deliberately introduced into the environment and these frequently have been shown to have
impacts on non-target species. Examples are the pesticides tebufenozide, a potent ecdysone
agonist, and methoprene which is ajuvenile hormone andogue. Tebufenozideishighly toxicto
Cladocera, for which thereisno gpparent safe concentration, but surprisingly not to Copepoda
Methopreneisused in mosquito control and adversdly affectsreproductive performance of the
crustacean Mysidopsis bahia at very low concentrations, probably through interference with
the endogenous endocrine system. Effects have aso been observed in a variety of other
Crustacea but, as with Tebufenozide, susceptibility varies markedly, between taxa and life
stages

A number of other pesticides, not specifically designed to interact with invertebrate hormona
systems dso have effects, at low concentrations, that are suspected in some cases to be
mediated through endocrine disruption. These include the herbicides atrazine, diquat and
MCPA, the insecticides DDT and its derivatives, endosulfanand the biocidetributyltin (TBT).

Tributyltin is the best known endocrine disrupter in invertebrates having been identified as the
agent responsible for globa declines in populations of saverd molluscan gecies, through
interference with reproduction. TBT is believed to inhibit the P 450-dependent aromatase
respongible for converson of testosterone to oestradiol-17b.

The most commonly described effect of TBT exposure, termed impose, is the impostion of
mal e reproductive organs on the female of neogastropods. In some species, such asNucella
lapillus, thisleads to the blocking of the female genitd tract and consequent infertility. In some
other closdly related species infertility does not result from imposex, either because the
underlying morphology preventsthefemaegenital pore becoming blocked by the enlarged mae
organs or because the vulva dongates dong with the growth of the penis and vas deferens.
Worldwide, imposex has been reported to occur in 70 species of mollusc. There are few

reports of imposex among freshwater molluscs but it has been reported from a tropica
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16.

17.

18.

19.

20.

21.

freshwater species, Marisa cornuarietis and reduced egg laying was noted in Biomphalaria
glabrata when exposed to avery low concentration of TBT.

Sterilisation by less obvious means may occur in other molluscs when exposed to TBT. For
exampleinhibition of larva production in the oyster Ostrea edulis may have been theresult of
hormond retardation of the norma change from maeto fema e during the reproductive cycle.

In the periwinkle Littorina littorea TBT exposure gives rise to development of the intersex
condition through the development of male featuresinthefemaegenita tract or supplanting of
thefema e sex organs by those of themade. Thisisdigtinct from theimposex response shown by
many neogastropods, where the male organs are superimposed on those of the femae. A
gradation of levels of response are evident, ranging from incomplete dosure of thefemaegenitd
tract to development of a semind groove and smal penis. No other Sgns of sex change or
evidence of spermatogenesis have been identified.

Intersexudity is common in a number of crustaceans and is often associated with parasitic
cadtration. However in harpacticoid copepodsintersexudity isextremdy rare. Unusudly, avery
high proportion of severd speciesof harpacticoid have been found in the neighbourhood of the
long-sea sawage outfal in the North Sea near Edinburgh. A causdl relationship between this
phenomenon and some form of chemica pollution is deemed to be a high posshbility in this
case. No effects were evident on community structure and al meiobenthic samples showed a
high diversity of copepods. No traces of parasitism were detected.. Attempts to induce the
effect in the laboratory usng TBT were not successful.

A number of metds, notably cadmium, and PCBs are suspected of disrupting endocrine
functionin invertebrates. Cadmium and PCBs cause aberrationsin the early devel opment of the
sea dars, Agterias rubens and Patiria miniata and the sea urchin - Srongylocentrus
intermedius. In mae and femae sea sars these chemicas cause significant reductionsin the
levels of progesterone and testosterone in the pyloric caeca and after prolonged exposure to
PCBs devated levels of testosterone were found in the testes and ovaries of sea stars. PCBs
have also been shown to affect ovary growth and both cadmium and PCBs are believed to
interfere with hormonal control of reproduction by steroids.

Colour changes in some crustaceans are regulated by pigment dispersing and pigment
concentrating hormones. Both cadmium and a PCB, Aroclor 1242, inhibit the release of the
black pigment dispersing hormonein the crab Uca pugilator.

Exposure of D magna to even very low concentrations of cadmium affects reproduction,
goparently through interference with the endocytotic uptake of yolk by the oocytes. At dightly
higher concentrationstheintermoult period was a so extended. Selenium hasadso beenshownto
inhibit or delay ecdyds. The role of ecdysteroids in crustacean reproduction is not properly
understood but it seems that primary and secondary vitellogenesis are under ecdysteroid
control, while 20- hydroxyecdysteroneiswe | documented as having the mgor positiveinfluence
on the moulting cycle.
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22.

23.

24,

25.

26.

27.

28.

It has been hypothesised that the flexible cladoceran sex ratio may be more easily influenced by
hormone-like xenobiotics than that of obligate sexud species leading to a prediction that the
maximum frequency of maesin any one year would have been higher before 1945. Data for
Lake Mendota for 1895, 1975 and 1991 show a "dramatic* decrease in the frequency of
maes for 2 Daphnia species with time.

The oestrogeni ¢ insecti cide endosulfan and the synthetic oestrogen diethylgtilbestrol (DES) have
no effect on sex differentiation in Daphnia magna but do influence reproductive successinthis
gpecies. Chronic levels of exposure to DES aso resulted in reduced moulting frequency.

The oedtrogenic akylphenol, 4-nonylphenol gpparently reduces the rate of eimination of
testosterone in D. magna, leading to accumulation of androgenic products and reduced
fecundity of femaes. In recent research, in which D magna were exposed to ptert-
pentylphenal (PTP), some females showed conspicuous maformeations of the cargpace from
which it appeared that they had undergone aform of externad masculinization.

Production of eggs and femaes by Daphnia were both affected by exposure to nonylphenol
though production of maes was less sendtive. Smilar effects dso arose when femaes were
exposed to atoxic strain of Microcystis (Cyanobacteria).

Plants produce chemicals known as phytoecdysteroids thet are Sructurdly very smilar to the
ecdysteroids of insectsand crustaceans. These are very solublein water and can competewith
20-hydroxyecdysone and so interfere with the ecdysteroid hormone system. Bioassays have
demondrated that many phytoecdysteroids exhibit moulting hormone activity in insects

Dragonflies exposed to paper- and pulp-mill (and tannery) effluent showed ashortened timeto
first moult and arrested moulting in thelarvae, leading to asuggestion that the effluents contained
juvenile hormone mimics

Deformities in larvae of Chironomidae are associated with sediment contamination by heavy
metds, phthaates and organochlorine pesticides and it is possible that these may result from
disruption of hormone metabolism If thisis the case they could provide useful end-points for
|aboratory bioassay. More research is required in thisfield.

Endocrine mechanismsare respongblefor organizing sometypesof invertebrate behaviour ad
further research in this area could aso provide useful bioassay end-points.

Conclusions and Recommendations

29.

Because the use of hormonesto control and coordinate physiologica and behavioura processes
iscommonto al mgor invertebrate taxadl invertebrate groups must be considered “at risk” or
potentialy susceptible to interference a a sub-letha level by endocrine disrupting chemicas.
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30.

31.

32.

33.

35.

36.

37.

38.

39.

The detection of effectsof exposureto contaminantsin both natura and laboratory populations
of invertebrates, and the assessment of the ability of chemicds to interfere with endocrine-
dependent processes (growth, reproduction, behaviour), does not require a detailed
understanding of the endocrinology of the organism concerned.

However, an understanding of the endocrinology of relevant organisms is important if the
mechanisms by which environmenta contaminants dicit effects are to be accurately attributed.
Supporting work on mechanismsisthereforeimportant to devel op definitive evidencefor which
chemicds are invertebrate endocrine disruptors.

Themgor research need in thefirgt instanceisfor field surveysto establish whether thereisany
evidencefor endocrinedisruptioninindividuasor populations. Systematic biologica monitoring
isneeded in Stuationswhere chemicad swith endocrine disrupting capability are most likdly to be
found, notably in rivers downstream of sewage or indudtria effluents and in the neighbourhood
of sawage outfdls in the marine environment.

Current biologicd water qudity monitoring should then be extended to take into account
appropriate indicators of endocrine disruption.

Todothiseffectively, it will be necessary to identify arange of "sentind™ organismstogether with
appropriate end- pointsindicators of endocrine-disrupting activity.

In the freshwater environment, sentingls, and subjects chosen for bioassay, should include
representatives of the Anndida, Mollusca, Crustacea, and Insecta and for the marine
environment Coelenterata, Anndlida, Mollusca, Crustacea and Echinodermata should be
represented.

Many exigting invertebrate toxicity-testing protocol s provide data on the major processes that
might be impacted by endocrine-disrupting chemicals, to a greater extent than isthe case for
vertebrates.

It islikely that thorough testing with existing invertebrate protocol swoul d detect chemicasthat
exert adverse effectsviathe endocrine system. However, existing protocolstend not to provide
data on the mechanigtic basis of observed toxic effects.

What must be determined is whether:

a it is appropriate to indigate a test regime (or continue with existing test drategies) that
identifies effects without necessarily identifying the route by which those effects occur, or,

b: whether it is important to discriminate between compounds which act via the endocrine
system and those which do not.

Theformer drategy involvesthe minimum of investment in new techniques and test methods, the
latter dtrategy would require consderable investment in research to identify indicators of
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disruption in specific dements of the endocrine systems of a diverse range of invertebrate
Species.

40.  The most appropriate use of research resources might encompass a dud track approach -
continued testing with existing protocolswhich include response measureslikely to detect effects
of endocrine disruption in addition to other modes of toxicity, together with a research
programmetargeted at identifying the mechanisms underlying effects attributable to compounds
suspected of endocrine disrupting capabilities.

KEY WORDS

Invertebrates, steroid hormones, endocrine disruption, aquatic research, ecotoxicology, biomarkers

R&D Technica Report E67 7



GLOSSARY / ABBREVIATIONS
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1. INTRODUCTION

Over the lagt five years, the internationa scientific community has grown increasingly concerned that
exposure to low levels of anthropogenic chemicas may disturb hormone function in Man and other
animas - so-cdled endocrine disruption - (e.g Colborn et al, 1996). Reproductive hormone-receptor
systems appear to be particularly vulnerable. Indeed, changes in sperm counts, genita tract
maformations, infertility and an increased frequency of mammary, prostate and testicular tumours, have
all been reported (Sharpe and Skakkebaek, 1993; Colborn et al, 1996). Hormond disturbancesin
wildlifeinclude sex changesin riverinefish (Sumpter, 1995) and marine snails (Matthiessen and Gibbs,
1998), reproductive failurein birds (Spitzer et al., 1978), and abnormalitiesin the reproductive organs
of dligators (Guilletteet al., 1994). The endocrine and reproductive effects of pollutantsare believed to
be due to their ahility to:-

(@ mimic, or dternatively anatagonise, the effects of hormones,
(b) dter the pattern of synthesis and metabolism of hormones;
() modify hormone receptor levels (Soto et al. 1995).

Chemicdls, that are thought to be capable of disrupting the reproductive endocrine systems of animals,
fdl into the following categories-

(i) Environmenta oestrogens (oestrogen receptor mediated) (eg. Methoxychlor, bisphenolic
compounds).

(i) Environmentd antioestrogens (e.g. Dioxin, Endosulphan).

(iii) Environmenta antiandrogens (e.g. Vindozolin, DDE, Kraft mill effluert).

(iv) Toxicants that reduce steroid hormone levels (e.g. Fenarimol and other fungicides, endosul phan).
(v) Toxicants that affect reproduction primarily through effects on the CNS (e.g. dithiocarbamate
pesticides, methanol).

(vi) Other toxicants that affect hormona status (e.g. cadmium, benzidine-based dyes).

At present, the endocrine disrupters of greatest concern are those that, despite having widdly diverse
chemica gructures, mimicoestrogen. They arereferred to as oestrogeni ¢ xenobiotics or xenoestrogens.
Xenoestrogens may be components of the diet or exposure may occur via direct uptake across the
body surfaces.

In developing management strategies to address the potentid problem of endocrine disruption, the
responsble bodies (eg environmenta regulators, UK Environment Agency) are confronted with
ggnificant problems. Thereare numerous chemicaswithin the environment that may possessendocrine
disrupting potentid. Many of these chemicds have little in common sructurdly or in terms of their
chemicd properties (e.g. see Table 2 for the range of chemicals that may disrupt endocrine functionin
invertebrates). There is dso considerable debate as o how chemical mixtures produce endocrine
disrupting effects; do the components act additively, synergisticdly or antagonigticdly (Arnold et al.,
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1997; Ashby et al., 1997; Ramamoorthy et al., 1997)? Furthermore, there is sill much to learn
regarding routes of uptake, bioactivation and biotransformation, and excretion of endocrine disruptors.

A number of naturd hormone-like chemicds dso exig, the effects of which are far from fully
understood. For example, phytoestrogens and mycoestrogens, natura productsof plantsand fungi, have
been shown to bind more readily to oestrogen receptors than most xenoestrogens in in vitro assay
sysems, yet ther role in endocrine disruption is obscure. It has been suggested that, in insects,
consumption of phytoestrogens may result in dterationsin sex ratio which ultimately reduce population
sze, thereby reducing herbivory.At present it isunknown how these natura chemicasmightinteract with
Xenooestrogens.

Invertebrates condtitute ca. 95% of dal animal species and are key components of al ecosystems.
However, current ecotoxicologica assessments may neglect the potential of chemicds to cause
endocrinedisruption in invertebrates. In mogt toxicity assessments, an invertebrate species (commonly,
Daphnia .) isused to gain someingght into the potentia toxicity of chemicas. Thesedataare used as
surrogates for diverse phyla that differ markedly in their vulnerability to pollutant toxicity (and
presumably to endocrine disruption as well) due to very pronounced differences in biochemistry and
physology. Aswel asintergpecies differences in susceptibility to endocrine disruptionit islikely thet
there are dso marked intragpecific differences in susceptibility between individuas. For example,
different life sages and the different sexes are likdly to differ in sengtivity to toxic stressors.

The extent to which endocrinedisruptor effectsare reversble a so demands attention. The potentia for
effects being reversble may be much grester in invertebrates than in many vertebrates because of the
remarkable regenerative abilities of someinvertebrates. Evidencein support of thisview isprovided by
the shore crab, Car cinus maenas. When the rhizocephalan barnacle, Sacculina carcini, parastisesthe
host male crab, it takes over hormona control so that the male becomes castrated and takes on the
characterigtics of amature female (Warner, 1977). However, when the parasite dies, the characteristics
of the made re-emerge as it re-establishes hormona control.

Thisreview amsto (i) to summarize the key dements of invertebrate endocrine systems (Chapter 2);
(ii) to assess whether exiding test systems are adequate for the detection of endocrine disruption in

invertebrates, what new tests might be required, which species of invertebrates are most approprigtefor
such tests, what end- points should be measured and whether the same organisms can be used for both
laboratory and environmentad monitoring (Chapter 3); (iii) to review the published evidence for

endocrine disruption in aguetic invertebrates (marine and freshwater; experimenta and field studies)
resulting from exposure to chemicasin the environment (Chapter 4); (iv) to summarize therelevant UK
and European legidation impacting on the monitoring and management of freshwater ecosystems
(Chapter 5); (v) to discusstheinformation provided in the preceding Chapters, highlight the mgor gaps
in knowledge and provide recommendations to improve our understanding of the processes
underpinning endocrine disruption in invertebrates.
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Thisreview hasbeen used to provide information for the SETAC- Europe and North America/ OECD/
EC Expet Workshop on Endocrine Disruption in Invertebrates: Endocrinology, Testing and
Assessment (EDIETA) 12-15 December 1998 meeting and should be used in conjunction with the
report from this meeting (Defur et al., 1999).

2. AN OVERVIEW OF THE ENDOCRINE SYSTEMS OF
INVERTEBRATES

Our undergtanding of the nature and function of the endocrine systems of the mgjor invertebrate phyla
varies from extensive to superficid, and for those phyla which are best documented, data are often
available for only alimited number of species.

A full and detailed review of thefidd of invertebrate endocrinology is beyond the scope of this report.
Instead, a limited description is provided of the mgor components of the endocrine system in each
mgor invertebrate group (where documented) together with citations of recent review articles (if
available) and relevant research papers. The mgor phyla have been examined in descending order of
research effort.

The mgority of invertebrate hormonesidentified to date are peptide neurohormones. Asyet thereisno
firm evidence for direct action of endocrine disrupting chemicasin peptide-based sgndling systems.
However, key insect and crustacean hormones are non-peptide in nature (ecdysteroids, juvenile
hormones) and processes in which these hormones are involved may conceivably be more susceptible
to receptor-related interference. In addition, thelikelihood that disruption of endocrine processes may
occur by interference at alocus other than the hormone receptor, such as akey biosynthetic enzyme,
must be considered.

Summary of the invertebrate Phyla considered in this overview:

1. Phylum Arthropoda, class Insecta
2. Phylum Arthropoda, class Crustacea
3. Phylum Mallusca
4. Phylum Echinodermata
5. Others
5.1 Phylum Codlenterata
5.2 Porifera
5.3 Acodlomata:
5.4 Ascheminthes
5.5 Anndida
5.6 Protochordata

2.1 Insecta
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The insects comprise 75% of al described species and occur in al habitats although very few species
are truly marine. Insects are characterised by atrached respiratory system, a flexible exoskeleton or
cuticle, and wings. Their life cycleis punctuated by a series of moults and juvenile forms (larvae) may
differ informand function from the adults (Kozloff, 1990). Thefidd of insect endocrinology isextengve
and the endocrine system of insects is the mogt-studied and best understood of dl the invertebrate
groups. Thecomplexity of theinsect endocrine systemrivasthat of the vertebrates. Consequently, only
the most superficia account of the endocrine system of insectswill be presented here, based on materid

collated primarily from review articlesand, to alesser extent, from origina research papers. Numerous
reviews of various aress of insect endocrine function are available and the following summary was
compiled from Highnam and Hill (1977), Bollenbacher and Bowen (1983), Aka (1987), Wigglesworth,
(1972) and Cymborowski (1992) together with other more specific references provided within thetext.
Asisthe casefor vertebrates, only avery limited number of insect gpecies have beeninvestigated fully.
To avoid an unnecessarily complex presentation, the following account makes no attempt to identify

species differencesin function, rather, the endocrine system described isthat of atypical insect.

2.1.1 Theinsect endocrine system

In common with the endocrine systems of vertebrates, there is close coordination within the insect
endocrine system between specidised nerve cdlls (neurosecretory cdls) releasng neurchormonesinto
the haemolymph (blood) and specialised endocrine glands synthesising and secreting hormones which
are do released into the haemolymph. The mgor endocrine/neurohaemal organs of insects are the
brain, the corpus alatum (a paired or fused structure, the corpora dlata, CA), the corpus cardiacum
(usudly apaired structure, the corpora cardiaca, CC), the prothoracic glands, thefronta ganglion, the
suboesophagea ganglion and the thoracic ganglia. The mgjor functions and secretions of these tissues
are described below.

Neurosecretory cellsin thebrain

Together with the CC the brain neurosecretory cells form the cerebral neurosecretory system.
Neurosecretory products are synthesised by nerve cdllsand travel dong theaxonto thesite of release.
A mgor product of the brain neurosecretory cells is the peptide eclosion hormone (EH) which is
transported to the CC for release.

The corpora cardiaca

These organs are located between the brain and corpora dlata. The CC contain extrinsc cdls, which
store and secrete neurohormones produced in the brain or in ganglionic cell bodies, and intringc cdls
whose cell bodies are located within the CC and which synthesise and release their own hormones.
More than fifty unique peptide structures have been described in the CC, responsiblefor the regulation
of metabolism, pigment concentration, diuress, moulting, and pheromone biosynthesis (K onopiv/skaet
al., 1992). Hormones released by the CC include adipokinetic hormone (AKH), prothoracotropic
hormone (PTTH), ecloson hormone (EH), bursicon, hyperglycaemic hormone, meanizaion and
reddish coloration hormone (MRCH, dso known as pheromone biosynthess and activaing
neuropeptide, PBAN)
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AKH isamember of alarge family of structurdly related peptides (8- 10 amino acids) which includes
red pigment- concentrating hormone (RPCH), a chromatotrophic hormone found in Crustacea (Géde,
1996). Infunctiona terms, AKH is considered to act asaglucagon anadogue, stimulating lipolysisinthe
fat body and inhibiting protein synthesis (Konopivska et al., 1992). PTTH, a peptide, isthe initid
component of the endocrine sequence leading to moult and its primary roleis to stimulate release of
ecdysone from the prothoracic glands (see below). It is believed to be a homodimeric protein with a
high degree of species specificity. Aslittle as 50% homology in amino acid sequenceisreported to exist
between species (Noguti et a., 1995; Suzuki et d., 1997). EH is responsible for initiating ecdyss-
related behaviour and, together with the peptide bursicon, controls cuticle plagticization (Reynolds,
1985; Reynolds and Truman, 1983; Truman, 1985). Hyperglycaemic hormone (or hypertrehalosemic
factor, a peptide; Goldsworthy and Gade, 1983) devates trehalose levels in the haemolymph and
promotes uptake of diacylglyceral into the fatbody

In addition, afallicle cdl tropic hormone is produced by the CC; egg developmental neurosecretory
hormone (EDNH) (Gersch, 1983)

Thecorpora allata

These paired or fused tissues show great structura variability between species. The CA secretejuvenile
hormone (JH; homosesquiterpenoid epoxides, uniquely exploited in this context with only one other
known example, ant traill pheromones). The CA isaso aneurohaema organ, secreting neurohormonal
materids originating from the brain.

JH initidly functions as metamorphosis modulator in larva insects, controlling growth and differentiation
of insect epidermd cdlls, and then may function asagonadotropin. Thereareaminimum of 5 congeners
(JHI, 11, 11, 0, Bs) which co-exigt and may exhibit different activities in bioassays but JHIII is now
considered to be the predominant insect JH dthough this has yet to be confirmed for al mgor insect
groups (Chang, 1993; de Kort and Granger, 1996).

JH secretionisin part controlled by feedback loops acting through the CNS and direct innervation of
the CA (Tobe and Feyereisen, 1983) and JH istransported in association with haemolymph binding
proteins (King, 1983). The ovary dsoinfluencesthe CA. Ovariectomy suppresses JH biosynthesisbut
the ovary dso regulates the decline of JH associated with the end of the gonadotrophic cycle. JH
regulates the synthesis of specific larva and adult proteins in the fat body (Laufer and Borst, 1983).
These indude vitdlogenin and haemolymph haemoglobins.

JH is believed to act via an intracdlular receptor in a manner Smilar to the mechanism employed by
geroid hormones, regulating the rate of transcription of target genes but the receptor so far eudes
identification (Jones, 1995; Riddiford, 1996).

The prothoracic glands
Theseare paired organswhich, during postembryonic devel opment, secrete ecdysone (an ecdysteroid,
amember of afamily of related seroids) primarily under the control of the neurohormone, PTTH.
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Ecdysone is hydroxylated to 20- hydroxyecdysone (20-HE) in thefat body and md pighian tubulesand
entersthe haemolymph whereit may bind to proteins (Goodman, 1983). 20-HE isprimarily inactivated
by conjugation.

In adult insects the ovaries synthesse large quantities of ecdysteroids which are believed to have a
vaiety of functions and are present in large amounts in eggs. During periods of embryonic
cuticulogenesislarge peaks of free ecdysteroids can be detected, possibly arising from the hydrolysis of
materna conjugates. (Hoffmann and Hetru, 1983).

Ecdysone and 20- hydroxyecdysone exhibit three mgjor differences compared to vertebrate hormonal
steroids. In ecdysone, the Sde chain of the precursor cholesterol has not undergone cleavage; the AB
ring junction in ecdysone is of the cis type and the A ring is amost perpendicular to the rest of the
seroid nucleus, ecdysone and 20-hydroxyecdysone are hydrophilic as opposed to lipophilic like
vertebrate steroids. Ecdysone operates, as do mammdian steroids, viaintracellular receptors which
mediatetranscriptiond activity (Koolman and Spindler,1983; Riddiford and Truman, 1993; Henrichand
Brown, 1995). A review of the ecdysteroid biosynthetic pathway is provided by Grieneisen (1994).

2.1.2 Development and moulting

Insects, congtrained within arigid exoskeleton, exhibit discontinuous growth in which postembryonic
development is punctuated by moult cycles, during which the old cuticleis shed (ecdysis) and replaced
by anew one. The process of development and moulting is coordinated and controlled by dements of
the endocrine system. Detailed reviews of the processesinvolved are provided by Tobeand Feyereisen
(1983), Koolman and Spindler (1983), Laufer and Borst (1983), and Truman (1985), Riddiford (1996)
and Riddiford and Truman (1993).

Variousextringc and intring ¢ factors, outsidethe scope of thissummary, stimulatethereleaseof PTTH
from the CC into the haemolymph. PTTH stimulates the production of ecdysone by the prothoracic
glands. The conversion of ecdysone to its active metabolite, 20-hydroxyecdysone, in the fat body
sgnastheepithelid cdlsto begin processes|eading to moult. At thesametime, a al moults, except the
find one, the CA secrete JH to ensure the development of another larvd indar, rather than
metamorphosis. The receptor which mediates the action of ecdysone is a member of the seroid
receptor superfamily while the putative JH receptor is not amember of any known family of receptors
(Riddiford, 1996). The find steps in the moult cycle are controlled by the hormones bursicon and
ecloson hormone (EH). Eclosion hormoneis secreted in responseto declining haemolymph ecdysteroid
levels and triggers a precisay coordinated behavioura sequence resulting in escgpe from the exuviae
(Horodyski, 1996). In turn, declining EH leves stimulate the secretion of the neurohormone bursicon
which facilitates cuticle plagticization and then tanning and hardening (Mulye, 1992).

2.1.3 Reproduction

The endocrine control of insect reproduction has been comprehensively reviewed by Davey (1983),
Engelmann (1983), Hagedorn (1983, 1985), Girardie (1983), Huebner (1983), Koeppeet al. (1985),
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and Raabe (1986). The subject is complex and the summary presented here is of necessity much
amplified.

Insect reproduction is primarily controlled by the CA. JH isthe principa gonadotropin in many insect
species, controlling vitelogenesis by the fatbody, influencing previtellogenic oocyte development and
fadlitating vitelogenin uptake by the oocytes. JH aso promotes the maturation of the male accessory
sex glands (see below) and is involved in controlling reproductive behaviour.

Oogenesis and spermatogenesi's appear to be regulated by ecdysone, while both processesareinhibited
by JH. Ecdysone may be produced localy in both the ovary and testes. Vitellogenesisin insects occurs
largely in the fat body, athough in some species it has been reported to take place in the ovary dso
(vdle, 1993). Vitdlogeness is controlled by JH and/or ecdysone. Corpora alata are essential for
vitdlogeness in some species but not in others.

Factors with antigonadotropic activity are produced by mature oocytes, embryos or neurosecretory
tissue associ ated with the ovary. The antigonadotropic factor(s) inhibit oocyte growth and may block the
action of JH e sawhere. Neurosecretory hormonefrom the cerebra neurosecretory systemisinvolvedin
ovulation, ovipostion and parturition. Both ecdysone and JH may be involved indirectly in these
processes also.

In some species the male deposits sperm in a spermatophore which is produced, together with
additional secretions, by the male accessory glands. The secretory products of the accessory glands,
incorporated into the spermatophore, may exert important effectsin the female on oviduct contractions,
oviposition, and oocyte production.

2.1.4 Diapause

Digpause is a term used to define the periodic interruption of development employed by insects to
permit surviva under adverse environmenta conditions (Cymborowski, 1992). Digpauseisobserved to
occur a dl life stages of the insect, egg, larva and adult, and is hormondly regulated. Reviews of the
hormona control of digpause are provided by Yamashita (1983), Chippendade (1983), de Wilde
(1983), Denlinger (1985), and Lavenseau et al. (1986).

In brief, environmenta signds (day length, temperature) trigger adecison to enter digpause. The control
of digpause appears to be diverse and may include the presence of a digpause hormone (DH), a
requirement for JH, or the absence of JH, or a requirement for the absence of PTTH resulting in
ecdysone deficiency.

2.15 Vertebrate-type steroids in insects

Edtradiol-17b, estriol, testosterone, cortisol, progesterone and 17a - hydroxyprogesterone have been
detected in whole-body homogenates and specific tissues of awide range of insect species by gas
chromatography-mass spectrometry (GC-MS), and by the less precise method of radioimmunoassay
(RIA; Mechoulam et d., 1984; Ohnishi et d., 1985; De Loof and De Clerck, 1986; Denlinger et al.,
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1987; Lafont, 1991; Bradbrook et al., 1990) leading to speculation that these compounds have
functiona rolesto play in the insect endocrine syssem However, dthough there are reports of specific
binding stesfor steroidsin insect tissues suggestive of the presence of receptors (Paesen and De L oof,
1988), other sudieshavefailedto find evidencefor nuclear binding of vertebrate-type steroids (Bidmnm
and Stumpf, 1991). Attempts to demongtrate arole for vertebrate-type steroidsin insects have yet to
prove successful (Ogiso and Ohnishi, 1986; Denlinger et al ., 1987; Lafont, 1991) dthough variationsin
the concentration of pregnenolone, determined by RIA, which occur in normaly developing
Sarcophaga bullata larvae were absent in larvae treated with the JH and ogue methoprene (Novak et
al., 1990). Furthermore, Swevers et al. (19914) evaluated the occurrence of synthetic pathways for
vertebrate-type steroids in insects and concluded thet there is no widespread evidence for the
biosynthesis of vertebrate-type steroidsfrom cholesterol and that vertebrate-type steroids probably do
not act asphysologicaly active substancesininsects. Inareview of the occurrence of ecdysteroidsand
vertebrate-type steroids among the invertebrates, including arthropods, Lafont (1991) aso concluded
that no firm evidenceyet exigsto indicate therole of vertebrate-type steroidswhich have been detected
within insect tissues. It is widely conceded that the steroids may be present in the insects as a
consequence of the ingestion of steroid-containing food.

2.2 Crustacea

There are amost 30,000 described species of Crustacea, the mgority of which are marine, although
there are numerousfreshwater and someterrestria groupsaso (Kozloff, 1990). Thefield of crustacean
endocrinology is consderably less expansive than that of insect endocrinology. Fingerman (1987)
observesthat most of what is currently understood about the crustacean endocrine systemhasresulted
from studies with decgpods, dthough information on the amphipods and isopods is becoming more
available. For the purposes of thisreport, the description of the crustacean endocrine system has been
grosdy smplified and isintended to represent adepiction of anidedised typica crustacean, athough no
such animd exids.

2.2.1 Thecrustacean endocrine system

Asisthecasefor insects, many behaviourad and physiologica processesin crustaceansare regulated by
neurohormones. These include circadian and tidd rhythmicity, locomotion, posturing, chromatic

adaptation, a variety of metabolic functions including glycogen and lipid metabolism, water and ionic
baance, moulting, growth, regeneration, gonada devel opment, reproductive physiology, digestion and
cardiac activity (Beltz, 1988; Taketomi et d.,1987). Thesummary presented hereisamuch-amplified
account of current knowledge of the crustacean endocrine systemand drawsin particular onthereviews
of Quackenbush (1986), Laufer and Downer (1988) and Fingerman (1987,1997a) together with other
sources cited within thetext. The major endocrine/neurohaemd organs of crustaceansare the X-organ
gnus gland system, the postcommissural organs, the pericardid organs, the Y organ, the androgenic
gland, the mandibular organs, and the ovaries. The mgor functions and secretions of these tissues are
described below.

The snusgland (SG)
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This is located in the eyestak. The sinus gland is a neurohaemal organ which stores and releases
neurohormones produced e sewhere, predominantly in the X-organ. In crustaceanslacking eyestalks,
the snus glands lie within the head, adjacent to the brain.

The X-organ
Thisisacdugter of neuroendocrine cdll bodiesin the medullatermindis, which provide most of theaxons
whaose terminas compose the SG

The X-organ SG system, the mgor neuroendocrine regulatory centrein Crustaces, isstructurdly and
functionally ana ogousto the vertebrate hypotha amo- neurohypophysed sysem aswell asto the corpus
cardiacum of insects. A mgjor product of the X-organ SG sysemismoult inhibiting hormone (MIH) a
neuropeptide (72- 78 amino acids) which exerts a negative control on ecdysteroid secretion by the Y

organ (see below). This negative control of steroidogenesis which is observed in crustaceans is not
typicd of other groups, for example insects (Lachaise et a., 1993).

MIH is a member of a peptide hormone family which includes crustacean hyperglycaemic hormone
(CHH) and vitdlogeness inhibiting hormone (VIH; gonad inhibiting hormone, GIH) (Chang, 1993)
which are adso secreted by the SG. CHH agppears to function under conditions of stress to rapidly
elevate haemolymph glucose concentrations. The precise manner in which this hyperglycaemia is
achieved, and the exact physiological function of CHH, are yet to be determined (Santos and Kdller,
1993).

In addition to MIH, the X-organ SG system secretesanumber of peptides concerned with pigmentary
contral in the integument, induding red pigment-concentrating hormone (RPCH; or erythrophore
concentrating hormone, ECH), white pigment-concentrating hormone (WPCH; or leukophore
concentrating hormone, LCH), black pigment-dispersng hormone (BPDH; or melanophoredispersing
hormone, MDH). The X-organ SG a so releases hormoneswhich affect theretina pigments, light- and
dark-adapting disd retind pigment hormone (LAH, DAH) which act to adapt the compound eyesto
differing leveds of light intensty (Beltz, 1988).

Eyestalk a0 contains neurodepressing hormone (NDH) which depresses neurona responsveness. The
SG system a S0 secretes a substance which inhibits gagtric mill activity.

The postcommissural organs

Thisisan additiona neurohaemd organ, consgting of axon terminds, derived from the postcommissura
nerves, that store and release neurohormones. Its function gppears to be limited to the release of a
number of chromatophorotropic peptide hormones

The pericardial organs

These are neurohaema organs which release severd different amine and peptide hormones, including
cardioexciter peptides. Two cardiactive peptides have been characterised, proctolin apentapeptideaso
found in insects and crustacean cardioactive peptide, a nonapeptide (CCAP, Fingerman, 1997a).
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The Y-organ

Thisis a paired gland which is anaogous to the prothoracic gland of insects and secretes ecdysone
under inhibitory control by a moult-inhibiting hormone (MIH) from the X-organ snus-gland complex
(seeabove). Ecdysone is converted peripheraly to 20- hydroxyecdysone whichistheactiveform of the
hormone. The Stuation in crustaceans is somewhat more complicated than in insects in thet in certain
speciesacombination of ecdysone and/or two other major secretory products, 25- deoxyecdysone and
3-dehydroecdysone, may be released by the Y-organ (Lachaise et al., 1993).

The androgenic gland

Thisispresent only inmaesand isbelieved to beinvolved inthe control of differentiation and function of
the mae reproductive tract. It performs the endocrine role normaly attributed to the testes n
vertebrates. The nature of the hormone(s) secreted by the androgenic gland have yet to be e ucidated
but initid evidence suggeststhey are proteinaceous. Current understanding of therole of the androgenic
gland issummarised by Sagi et al. (1997).

The mandibular organs

These are stuated close to the Y-organs. A distinct role has yet to be determined for the mandibular
organs. However, they secrete methyl farnesoate (M F) asesquiterpenoid and closely related to insect
JHIII. Production of MF by the mandibular organsis apparently under the control of the X-organ SG
complex which secretes a mandibular organ-inhibiting hormone (MOIH) athough other peptides may
a0 be involved (Homola and Chang, 1997). It is suggested that MF is involved in the regulation of
protein metabolism, the moult cycle and reproduction. The significance of the occurrence of H-related
compounds in both insects and crustaceansis considered by Cusson et a. (1991).

The ovaries
These are a source of one or more hormones which control the differentiation of femae secondary
sexua characters. The testis do not appear to be endocrinologicdly active.

2.2.2 Moulting

Themgority of dataregarding the endocrine control of moulting in crustaceans are derived from studies
on decapod crustaceans (Chang and O’ Connor,1988). The decapod (ten-legged) crustaceansinclude
shrimps, lobsters, crayfishes, and crabs. A recent review of moulting processesin decapod crustaceans
isprovided by Chang (1995). Smilar process have been well documented in other crustacean groups

eg. Cirripeds.

The crustacean moulting hormone, crustecdysone, is 20-hydroxyecdysone, asin insects. Ecdysone is
secreted by the Y-organ and rapidly hydroxylated by several tissues. As noted previoudy, it is now
apparent that two other magjor secretory products, 25-deoxyecdysone and 3- dehydroecdysone, may be
released by the Y-organ. Ecdysteroids are transported unbound in the haemolymph and exert their
effects following binding to an intraclular receptor protein within the target tissue (Chang and

O’ Connor, 1988). The crustacean Y-organisunder theinhibitory control of moult-inhibiting hormone
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(MIH), a member of the CHH/MIH/VIH peptide family, secreted by the X-organ SG. It has been
suggested that it is premature to designate the peptide known as MIH as the primary crustacean MIH
until more extensive interspecific sudies have been carried out (Chang et d., 1993). There is dso
evidencefor afactor gimulating Y -organ activity in that methyl farnesoate, an unepoxidated precursor of
insect JHIII produced by the crustacean mandibular organ, stimulates ecdysone production by the'Y -
organ (Laufer and Borst, 1988; Chang et d., 1993). A binding protein specific for MF has been
detected in haemolymph of lobster (Chang et d., 1993). In addition, further inhibition of ecdysteroid
synthesis by te Y-organs may be mediated by two newly-discovered compounds, 3-hydroxyl-L-
kynurenine and xanthurenic acid (Fingerman, 1987).

2.2.3 Reproduction

Mogt attention has been focused on the reproductive endocrinol ogy of amphipods (e.g. Gammarusso.)
and isopods (e.g. Asdllus sp.). The subject of crustacean reproductive endocrinology has been
reviewed by Fingerman (1987), Charniaux-Cotton and Payen (1988), and Hasegawa et d. (1993)
among others.

The X-organ SG complex secretes a gonad-inhibiting hormone (GIH or vitelogenesis-inhibiting
hormone, VIH) in both sexes and a so agonad- simulating hormone (GSH or vitellogenesis-simulaing
hormone, VSH). In femaes, GIH and GSH act on the ovary suppressing, or liciting, the secretion of
ovarian hormones and influencing vitelogenin synthesis by both ovarian tissue and the hepato- pancreas
(Laufer et a., 1993). In the mae the GSH and GIH act on the androgenic gland. Whether or not
ecdysteroids are necessary for the completion of vitellogenesis appears to be a Species characterigtic.
GSH release from the brain is imulated by 5- hydroxytryptamine (5-HT) and RPCH while dopamine
and met-enkephdin indirectly inhibit gonadd maturation in both sexes (Fingerman, 1997h).

The androgenic gland, whose development is under genetic control, stimulates and coordinates the
differentiation of the mae reproductive sysem and development of male secondary sexud
characterigtics, including behaviour, via, it isinferred, the peptide androgenic gland hormone (AGH) and
isunder the control of the X-organ SG factors GSH and GIH. Thetestes are not endocrine organs, the
androgenic gland performing that function instead (Sagi, 1988; Sagi et al., 1997).

In the femde, the primordid androgenic gland does not develop and autodifferentiation of the ovaries
occurs. A hormone secreted by primary follicular cdlls, permanent ovarian hormone (POH), controlsthe
development of femde characteristics. An additional hormone secreted during secondary vitdlogenesis
controls the formation of temporary externa characters. This has been termed temporary ovarian

hormone (TOH; Charniaux-Cotton and Payen, 1988). TOH may aso be vitellogenin- dimulaingovaian
hormone (V SOH) which promotes the synthesis of vitellogenin in the hepato-pancreas.

Methyl farnesoate (M F), produced by the mandibular organ, has adso been implicated in the control of
reproductive processes in crustaceans. Levels in the haemolymph vary according to the stage of
reproductive development in both sexes (Laufer et a., 1993) and MF synthesis appears to be under
inhibitory control by afactor secreted by the X-organ SG complex.
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2.24 Metabolic Hormonesin Crustacea

The SG releases crustacean hyperglycaemic hormone (CHH) (Kéeller and Sedieimer, 1988). However,
the physiologicd role of CHH in metabolic processes is currently unclear (Santos and Kdller, 1993).
CHH receptorsexist inthe membranes of severd tissueswith cCAMP and cGM P as second messengers.
Activation of the systlem causes an inhibition of glycogen synthase and an activation of phosphorylase
resulting in breskdown of glycogen and increased glucose levelsin the hemolymph. CHH dso simulates
amylase secretion by the hepatopancresas, the significance of which has yet to be defined.

2.25 Control of Water Balance

Seawater isisosmotic with the haemolymph of most crustaceans dthough in some casestheervironment
is hyperosmatic. In freshwater, the medium is hypoosmotic. Data are only available for decgpod

crustaceans and these are limited and suggest considerable variability in the mechanisms of control of

water balance (Muramoto, 1988). Thereis, however, strong evidence that the neurohormona centres
produce substances which are involved in ionoregulatory processes. Factors both inhibiting and

promoting water influx have been reported (Fingerman, 1997a).

2.2.6 Pigment Hormones

Crustaceans have two types of pigmentary effectors- chromatophores and retind pigments (Fingerman,
1988). The combination of, for example, black, red, yelow and white chromatophores all ows complex
integumental colour change to be achieved. Dispersion and aggregation of the pigment granules within
epidermd and retind cells are controlled by pigmentary effector neurohormones, dl of which are
peptides, released from the Xorgan SG complex and postcommissura organ. Hormones so far
identified include red pigment- concentrating hormone (RPCH; or erythrophore concentrating hormone,
ECH), white pigment- concentrating hormone (WPCH,; or leukophore concentrating hormone, LCH),
black pigment-dispersng hormone (BPDH; or melanophore dispersing hormone, MDH).

The X-organ SG ds0 releases hormones which affect the retind pigments, light- and dark-adapting
digd retina pigment hormone (LAH, DAH) which act to adapt the compound eyesto differing levels of
light intengity (Beltz, 1988).

The pigment-concentrating hormones of Crustacea show structura homology with insect adipokinetic
hormones (AKH) secreted by the corpora cardiaca.

Release of the chromatophorotropic hormonesfrom their storage and rel ease Sitesis under the control
of a number of neurotransmittersneuromodulators including 5-HT, dopamine, norepinephrine,
acetylcholine, histamine, octopamine, GABA, met-enkephdin. Theroleof biogenic aminesinthe control
of pigmentation, and other functions, is reviewed by Fingerman et al. (1994).

2.2.7 Pheromones

There is a strong weight of evidence for the existence of crustacean pheromones. The subject is
reviewed thoroughly by Bauchau (1986) and Dunham (1988). Althoughit isasubject that hasreceived
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little consideration, pheromona communicationislikey to be susceptible to interference by compounds
capable of mimicking pheromones.

2.2.8 Vertebrate-type steroids in crustacea

In a short review article de Loof and de Clerck (1986) discuss the early reports of vertebrate-type
gteroidsin arthropods and concludethat Cs; (progestogens, corticosteroids), Cyo (androgens) andCis
(estrogens) steroids are widespread among the arthropod groups. However, despite the assertion by
these authors that the endocrine systems of vertebrates and invertebrates have much in common, firm
evidence for arole of vertebrate-type steroids in the crustacean endocrine systemisdill lacking, asis
the case for insects. Three gpproaches have been employed to examine the role of vertebrate-like
geroidsin crustaceans; the ability of crustacean tissues to metabolise steroid substrates and anaysis of
the products produced by such metabolism provides information on the nature of the seroid

metabolising enzymes present. The presence of vertebrate-type steroids has been sought directly by
anayzing haemolymph and tissue extracts and the effects on processes such as vitdlogeness and
moulting of administering vertebrate-like steroids to crustaceans has been eval uated.

In a sudy in which the metabolism of vertebrate-type steroids (pregnenolone, progesterone, 17a-

hydroxyprogesterone and androstenedione) was examined in the tissues of three crustacean species
(Swevers et d., 1991b) no evidence wasfound to substantiate claimsthat vertebrate-type steroids are
involved in key aspectsof crustacean function. Crustacean tissuesfalled to metabolise seroid substrates
in a manner anaogous to that of vertebrates and there was no evidence for the active synthesis of

vertebrate-type steroids. A smilar concluson wasreached by Y oung et d. (1992) who investigated in
detail the metabolism of progesterone by the hepatopancress, gill, muscle and ovarian tissues of the
decapod Penaeus monodon. The authors could detect no evidence for the presence of the enzymes
known to be necessary to convert progesterone to androgens and estrogens in vertebrates.

Severd reports have demongtrated the existence of biotransformation enzymesin Daphnia magna for
which testosterone is a suitable substrate (Badwin and LeBlanc, 1994a and b; Parks and LeBlanc,
1996). They demondrated that the rate of dimination of the metabolites of tetosteroneis significantly
reduced in Daphnia magna following exposure to DES (Badwin et al, 1995), phenobarbitol
modulates P450 activity in dgphniids (Badwin and Le Blanc, 1994) and some pesticides cause de-
masculinisation in aguetic invertebrates (Le Blancet al., 1997). However, the existence of ametabolic
cgpability doesnot confirm an endogenousfunctiond rolefor testosterone. The biotransforming enzymes
may be of broad specificity and/or the organism may require a capability to metabolise and excrete
geroids ingested with food items.

Attemptsto directly identify vertebrate- like eroidsin crustacean tissues have been successful for some
species. Progesterone-like and estradiol-like immunoreectivity has been detected in lobster tissues
(Couchet d., 1987), estradiol being present only in those animal swith maturing ovaries. These authors
suggested that estradiol may havearolein vitelogenesisin crustaceans. A marked associ ation between
vitellogenesisand estradiol levelswas a so observed in the anostracan Artemia in which progesterone,
pregnenclone, 5a-dihydrotestosterone, testosterone, estrone and estradiol were detected by
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radioimmunoassay (Van Beek and De Loof, 1988). Changes in haemolymph vitelogenin and
ecdysteroid levels were documented by Okumura et al. (1992) during reproductive and non-
reproductive moult cyclesin thefresh water prawn Macr obrachium nipposense. Vaiaionintheleves
of progesterone- and 17b-estradiol-likeimmunoreectivity in the haemolymph of the shrimp, Pandalus
kesderi, wasfound to berelated to the stage of vitelogenesis (Quinitioet d., 1991). These studies, and
other smilar reports, are open to criticism on the grounds thet positive identification of the steroids
causing displacement of thelabelled ligand in radioimmunoassay isnot possible. Lack of specificity inthe
antibody employed can lead to a number of structurally related compounds being effective in causng
displacement.

A number of studies have been carried out in which more rigorous means of identifying the steroids
present in crustacean tissues have been employed. In some cases, the results of these studies have
supported the observations made with less rigorous methodology. Gas chromatography/mass
gpectrometry (GC/MS) with sdlected ion monitoring (SIM) was employed to examine the steroid
content of tissue extracts from the decapod crustacean Nephrops norvegicus (Fairs et al., 1989).
These authors confirmed the presence of 17b-estradiol in the eggs and haemolymph, and found 5a -
dihydrotestosterone, testosterone and pregnenolonein ovarian tissue. Pregnenolone and estradiol-17b
have dso been identified in the tissues of the brine shrimp Artemia sp. by GC-MS (Novak et d.,
1990). Similar results were reported for Penaeus monodon (Fairset a., 1990) inwhich GC/MSwith
SIM reveded both 17b-estradiol and estrone to be present in the ovarian tissue during vitellogeness.
Testosterone was a S0 detected in mature ovarian tissue. Using HPLC and RIA methods, progesterone-
like and estradiol-like substances were detected in ovaries, hepatopancreas and body fluids of the
soldier crab, Mictyris brevidactylus (Shih, 1997). In contrast, HPLC and RIA failed to detect 17b-
edradiol in haemolymph or tissue samples from blue crab, Callinectes sapidus (Sasser and Singhas,
1992), although estriol was detected. Androgens, estrogens and cortisol have been detected by HPLC
in the haemolymph of Penaeus japonicus, some in both conjugated and unconjugated forms
(Summavidleet al., 1995).

Although confirmation of a functiond role for androgens, estrogens, or progestogens in crustacean

endocrinology has yet to be provided, some newer data are suggestive of such effects. Induction of

mitochondria and cytosolic enzymes has been demonstrated to occur in a dose- dependent manner in
the hepatopancreas of the prawn, Macrobrachium rosenbergii, following administration of 17b-

edtradiol (Ghosh and Ray, 1993aand b) and these authors have a so reported that 17b -edtradiol causes
an accumulation of protein in the hepatopancreas, muscle and hemolymph of M. rosenbergii (Ghosh
and Ray, 1992) and induction of lipogenic enzymes (Ghosh and Ray, 1994). Levesof estradiol-17b

and progesterone vary dgnificantly during vitdlogeness in the shrimp Penaeus monodon with peak
levels of progesterone corrdating with levels of vitdlogenin (Quinitio et al., 1994). In contrast to the
positive results of these studies, Koskelaet d. (1992) failed to observe any effects of exogenous 17b-

edtradiol or 17a -hydroxyprogesterone on moult cycle duration or ovarian development in the tiger
prawn, Penaeus esculentus.
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In areview of the occurrence of ecdysteroids and vertebrate-type steroids among the invertebrates,
including arthropods, Lafont (1991) concludesthat, asisthe casefor insects, no firm evidence yet exists
toindicate therole of vertebrate-type steroidswithin crustacean tissues. A smilar conclusionisreached
by Fingerman et a. (1993).
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2.3 Mollusca

The molluscsare second only to the arthropodsin terms of number of species, with more than 100,000
extant species. Hormones areinvolved inthe control of reproduction, growth, energy metabolism blood
circulation and water and ionic metabolism in molluscs. However, little is known about the endocrine
system of molluscan groups other than the Gastropoda (snails and dugs. subclasses Prosobranchia,
Opisthobranchia and Pulmonata) and Cephalopoda (octopuses, squids). In particular, there is little
published information concerning the endocrinology of bivalve molluscs (clams, oysters, mussels),
despite the commercid importance of this group (Toullec et al., 1992).

2.3.1 Themolluscan endocrine system

Published information is fragmentary and it is therefore difficult to present a coherent picture of a
generdised molluscan endocrine system, particularly in view of the wide range of reproductive
mechanisms present in the Gastropoda. The summary presented below is drawn primarily from the
reviews of Joosse and Geraerts (1983), Joosse (1988) and Takeda (1987) and has been smplified.
Because of the absence of a generalised model mollusc, the endocrine systems of the best-described
groups will be congdered in turn on afunctiona bass.

2.3.1a Prosobranch snails

This group represents the most primitive and diverse group of gastropods and showswide variaionin
form and habitat. The mgority are gonochorigtic (Fretter, 1984). Little is known of the endocrine
control of reproduction in thisgroup. More attention has ben directed at the process of sex reversal and
its endocrine control. Protandric sex reversal (a mae phase precedes a female phase and these are
separated by a hermaphrodite phase) occurs in certain species.

Masculinizing and feminizing factors have been identified/detected in the haemolymph which are
neuroendocrinein nature. Sex reversal isbeieved to occur following the release of afeminizing factor by
the brain. Regression of the male accessory sex organs (sperm duct, semina vesicles and associated
structures) is dependent on aneurohormona factor, asisthe dedifferentiation of the penis. Therdlease
of the factors responsible overall for modification of sexua status are controlled by socid conditions.

Progtaglandins E or F have been shown to induce spawning in some marine snal species and have
amilar effectsin other molluscs. A neurohormoneisresponsiblefor release of the gametes, egg capsule-
laying substance (ECLS).

2.3.1b Opisthobranchia

These gastropods are exclusvely marine and the mgority are functional Smultaneous hermaphrodites
(Hagedorn et al., 1984). Endocrine-related research has focused mainly on egg-laying hormones of
aplydid species, which is reviewed thoroughly by Geraerts et a. (1991). Egg laying in the seahare
Aplysia is controlled by peptide products of the bag cells (BC), located at the rostrd margin of the
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abdomind ganglion, which indude egg-laying hormone (ELH), a-bag cdl peptide and cdfluxin
(Geraertset a.,1991).

2.3.1c Pulmonates

This group is comprised of two orders, freshwater snails (Basommatophora) and terrestrid snails
(Stylommatophora). All are hermaphrodites (Tompa, 1984; Geraerts and Joosse, 1984) but
reproduction involves mating and exchange of sperm. Among the gastropods, the endocrine system of
the pulmonates is the best documented. A number of endocrine centres have been identified.

Thedorsal bodies

Theseorgansare present in al freshwater and terrestrial pulmonate gastropods and are named for their
dorsa position on the cerebra ganglia. Paired mediodorsal bodies (MDB) may be accompanied by
laterodorsa bodies (LDB) in some species. Structures similar to the DB have been reported for other
groups. The tissue produces dorsal body hormone (DBH) and may be a Site of synthesis of steroids.
Ecdysone has been detected in the DB of at least two species of snail. DBH isafema e gonadotrophic
hormone which simulates oocyte growth (vitelogenesis) and find oocyte maturation and aso

controls'maintains the femae accessory sex organs (ASO).

The optic tentacles
These gppear to produce a masculinizing substance which is required for the differentiation of male
gonads, whilefemaes autodifferentiate. A masculinizing factor isa so produced by the cerebra ganglion.

The caudo-dorsal cells

These are located in the caudodorsd part of the cerebra ganglia and produce peptides involved in
induction and control of ovulation, egg mass formation and egg laying behaviour in freshwater
pulmonates. Caudo-dorsal cell hormone (CDCH) isthe best documented example. The peptidesof this
gland are released in large quantities only associated with egg-laying. CDCH as someinfluence onthe
femae ASO

Thelateral lobes

These dements of the cerebral ganglia produce secretory products which are involved in control of
body growth and reproductive activity. The factor has an inhibitory action on the neurosecretory light
green cdls (LGC) which produce a growth hormone. The cerebral ganglia adso produce a
hyperglycaemic factor whichinhibits glycogen synthesisand stimulates glycogen breskdown. Aninsulin-
like factor is produced by the intestina wall.

Thegonad

In some groups, the gonad acts as an endocrine organ and steroid synthesising capacity has been
demonstrated (see below). In freshwater pulmonates the female ASO are controlled by DBH. Control
of male ASO isnot documented. In terrestrid pulmonates the gonad doesexert influence onthe ASO,
in addition to DBH.
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Thelight green cell system (L GC,; after gaining with dcian blue)

These neurosecretory cells are located within the cerebrd ganglia and release neurohormones which
gimulate growth, including shell growth, protein and carbohydrate metabolismand calcium and sodium
regulation. At least four insulin-related peptides are produced, molluscan insulin-related peptides
(MIPs), which arerelated to other membersof theinsulin superfamily (Geraertset ., 1991; Smitet d.,
1991).

Thedark green cell system (DGC; after ganing with dcian biue)

This group of neurosecretory cells islocated primarily within the pleural gangliaand produces afactor
with diuretic effect. This hormone gppears sructuraly anaogous with vertebrate thyroid stimulating
hormone-releasing hormone (TRH). A factor with natriuretic effectsis secreted by the cerebra ganglia.

Theyelow cdls (YC) and yelow green cels (YGC)
These cdl typesreact to different osmotic environmentsin asimilar manner to the DGC. They produce
sodium influx stimulating peptide (S1S).

2.3.1d Cephalopods

All cephdopods (Nautilus, squids and octopods) are gonochoristic. The optic gland isunder inhibitory
nervous control (by an FIMRFamide-like peptide) and stimulatesgonada devel opment (multiplication of
oogonia and spermatogonia). Optic gland hormone stimulates vitellogeness and growth and
development of mae and female ASO.

2.3.2 Vertebrate-type steroids in molluscs

Progestogens, androgens and estrogens have been reported to occur in at least three classes of
molluscs; the cepha opods, pel ecypods (bivalves), and gastropods(Hineset d., 1996). These authors
suggest that the published literatureis strongly indicative of awidespread distribution of vertebrate-type
steroids among molluscan species. Despite this, specific functiond roles for many of the seroids
detected in molluscs have yet to be attributed. The papers cited below do not represent an exhaustive
assemblage of those published which address this subject but are intended to provide an entry into the
literature. Many related papers, describing the occurrence of vertebrate-typesteroidsin molluscs, areto
be found in the reference lists of those cited below.

Asisthe casefor smilar work on crustaceans and insects, avariety of methods have been employed to
detect and quantify steroidsin molluscan tissues. Gas chromatography - mass spectrometry (GC-MS)

and radioimmunoassay (RIA) were employed by Reis-Henriques et al. (1990) to demondtrate the
presence of progesterone, androstenedione, testosterone, 5a - dihydrotestosterone, estradiol-17b and
edrone in Mytilus edulis. No marked sex-specificity was observed for these steroids. It was

subsequently shown that whole-animad progesteronelevelsin Mytilus edulis displayed adistinct annud

cycle in which pesk levels were coincident with the main spawning season (Reis-Henriques and

Coimbra, 1990). The authors suggest that the smilar levels of progesterone found in malesand femaes
indicate that progesterone may be aprecursor to other, more sex- specific, seroids. A smilar approach
has been used to identify steroids and relate their levels to physiologica cycles.
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Theahility of Helix asper sa to metabolise radiol abelled androstenedione was studied by Le Gudlecet
al. (1987). It wasfound that androstenedione was converted to testosterone, 5a - dihydrotestosterone,
androsterone and estriol suggesting that among other enzyme systems aromatase must be present. Direct
andyds of deroids in the haemolymph by GC-MS revealed the presence of androsterone,
dehydrepiandrosterone, androstenedione, 3a-androstanediol, estrone, estradiol-17b and estrial.
Measurement of the levels of certain of these steroids in the haemolymph revealed that circulating
concentrations were linked to reproductive activity. The authors concluded this to be evidence for a
physiologica role for endogenous steroids in reproductive processes.

A smilar result was obtained more recently. Radioimmunoassay and in vitro biosynthesis from
endogenous precursors was employed to examine the steroids present in Achatina fulica (the giant
Africanland snall; Boseet d., 1997), progesterone, androstenedione, testosterone, estradiol-17b,and
cortisol were detected in the haemolymph by RIA. Functiona sgnificance was attributed to the aosence
of edradiol-17b from mae phase haemolymph. The ovotestis and albumen gland were found to
synthes se progesterone, androstenedione, testosterone, and estradiol-17b. Anearlier sudy examined
the steroidogenic activity of the ovotestis and digestive gland of the snall Lymnaea stagnalis, usng
radiolabelled pregnenolone and subsequently determining the presence of progesterone in tissue
homogenates by thin layer chromatography and recrystdlisation of products to a constant specific
activity (De Jong-Brink et al., 1981). The ovotestiswere aso found to be biosyntheticdly activein this
Species.

More specific evidencefor afunctiona rolefor steroidsin molluscan physiology hasbeen provided by a
number of studies. Henry and Boucaud-Camou (1994) demondtrated the ability of progesterone to
promote the incorporation of radiolabelled glucose into the polysaccharides of cuttlefish Sepia
officinalis) nidamenta cdlsin vitro. The nidamenta glandsare responsiblefor providing acomponent
of the capsule surrounding the mature cocyte and progesterone levelsin the gonad of Sepiaincrease as
sexud maturity advances. Recent support for arolefor steroidsin cephalopodsis provided by areport
that progesterone, testosterone and estradiol-17b, together with their respective high-affinity binding
proteins, have been detected in the reproductive system of Octopusvulgaris (D’ Anidloet al., 1996).
In the Japanese scallop, Mizuhopecten yessoensis, estradiol, progesterone and testosterone have been
shown to have a simulatory effect on both oogenesis and development of the testes (Varaksnaand
Varaksin, 1991; Varaksinaet al., 1992). Estradiol- 17b aso enhances the effects of serotonin on the
release of eggs from the ovary (Osada et al., 1992) and has been implicated in the control of

catecholaminelevelsin the gonad in the scallop Patinopecten yessoensi s (Osadaand Nomura, 1989).

The arthropod steroid ecdysone has a so been detected in molluscs. The mediodorsa bodies (MDB) of
the snails Lymnaea stagnalis and Helix pomatia and the ovotestis of Helix are reported to contain
ecdysteroids, identified by HPLC and RIA (Nolte et al., 1986). Other reports of the existence of
molluscan ecdysteroids dso exist (Romer, 1979; Whitehead and Sellheyer, 1982; Garciaet al ., 1986).
However, in vivo and in vitro studies utilising radiolabelled precursors have failed to provide evidence
for the synthes's of ecdysonein anumber of gastropod snails. The authors concluded that if ecdysone
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was being synthesised endogenoudy the snails must be employing a biosynthetic pathway different to
that of arthropods (Garciaet al., 1995).

2.4 Echinoder mata

The Echinodermata represent a unique phylum, of about 6000 living species, with no clear relationship
with any other phylum. They are radiadly symmetrical with a cacareous interna skeleton and a water
vascular system. The best known classes comprisethe starfish (Asteroides), brittle- sars (Ophiuroides),
sea urchins (Echinoidea) and sea-cucumbers (Holothuroidea). Echinoderms do not possess a well-
devel oped glandular endocrine system but complex chemicaly mediated interactions do occur between
cdls (Shira and Walker, 1988; Shirai, 1987; Highnam and Hill, 1977). The hormona control of

gpawning and maturation in the starfish has received a lot of attention and there is evidence that

gpawning in sea urchins may aso be hormonally controlled. A most notable contrast with the other
invertebrate groups discussed in thisreview isthe strong evidence that vertebrate-type steroids play an
important rolein control and coordination of anumber of functionsin echinoderms. Thisoverview draws
heavily on the reviews of Shirai and Walker (1988), Cobb (1988) and Smiley (1990).

2.4.1 Hormonefunction in echinoderms

In echinoderms, asexua reproduction, which involves the autotomy of body parts and regeneration of
lost structures, appearsto require unique neurochemica factors. A peptide, gonad- dimulaingsubdance
(GSS, or radid nerve factor, RNF), is implicated in the control of sexua reproduction and
gametogenesis. Known hormond peptides do not mimic the action of GSS, which islocdised in the
radiad nerves. Reinitiation of meiogsin primary oocytesinvolves GSS, maturation inducing substance
(MI1S) and maturation-promoting factor (MPF). GSS appears to act by stimulating fallide cdls to
produce MIS. MIS (1-methyladenine, 1-MeAde) isapurine base derived from 1-methyladenosinein
thefalliclecdls, which surround the oocyte. When oocytes are trested with 1IMeAde, MPFisgenerated
in the cytoplasm viaan increase in cytoplasmic CAMP. MPF causes germind vesicle breakdown and
subsequent completion of maturation including breakdown of the follicular envelope. Both GSS and
MIS areinvolved in simulating discharge of the gametes, in both sexes. It isbdlieved that control and
coordination of vitellogenesisin echinodermsis mediated by steroids. In some species, nutrients utilised
in vitdlogenesis areinitialy stored and mobilised from the cdlls of the pyloric caecaand the processes
involved in vitelogenesisin ssagarsare reviewed by VVoogt et d. (1985). Vitdlin has been determined
in sea urchin coelomocytes (Cervelo, 1994) indicating that it may be varidble, or multiple Stes of
producation may be present. The molluscan neuropeptide FM RFamide has a so been reported occur in
the nervous system of Asterias rubens (Elphick et a., 1989).

There hasbeen aconsderable amount of work published in recent yearswhich focuses on the presence
androle of geroidsin echinoderms, much of it subsequent to thereview of Shirai and Walker (1988). A
representative salection of these papers will be discussed below.

2.4.2 Vertebrate-type steroids in echinoderms
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Numerous studies have presented strong evidence that vertebrate-type steroids are present in
echinoderms. Severd of these have demonsirated a metabolic/synthetic capacity within echinoderm
tissues for geroids. In astudy employing cdll-free homogenates of ovarian and pyloric caecatissue of
the dafish Asterias rubens, transformation of radiolabelled androstenedione to a number of
metabolites, including testosterone, was demonstrated (Schoenmakers and Voogt, 1981), a result
subsequently confirmed using intact tissue pieces rather than homogenates (Voogt and van Rheenen,
1986). A amilar, more recent, report demonsgtratesthe conversion of radiolabelled androstenedioneto a
number of androgen metaboalites (including testosterone) by homogenates of body wall, testisand ovary
from A. rubens. Thisindicated theinvolvement of endogenousandrogens inthe control of growth and
reproductive processes (Hineset d., 1992a). Thisconclusonissupported by theresultsof Voogtetal.
(1991) who showed that the conversion of dehydroepiandrosterone, progesterone and androgenedione
in gonad and pyloric caecaof mae and femaeA. Rubenswas sex- and tissue-specific, dso the degree
of metabolisnwasrelated to the reproductive cycle. The biosynthesisof novd faity-acyl Seroids, faity-
acyl pregnenolone, mono-fatty-acyl androstenediol and fatty-acyl testosterone has been reported to
occur in the sea star A. rubens (Voogt and van Rheenen, 1986; Voogt et a., 1990).

Similar congruence between the reproductive cycle and steroid metabolism has been reported for levels
of edtrogens and progesterone determined by RIA in the gonads and pyloric caeca of the asteroid
Scleragtias mollis. Sex-dependent differences were gpparent in the relative concentrations of thetwo
steroids being detected in the gonad but not pyloric caeca (Xu, 1991). In A. vulgarisincreasesinleves
of edtradiol, progesterone, and testosterone coincided with events during gametogenesis (Hineset d.,
1992h). Other studies have reported level s of progesterone and estrogenin reproductivetissues of sea
stars (Schoenmakers and Didleman, 1981; Voogt and Dieleman, 1984; Xu and Barker, 1990).

However, despite the direct measurement of estrogens, there has been doubt regarding the capacity of
echinoderm tissues to synthesise edtradiol-17b or estrone. The identity of at least one estrogen

measured by RIA hasbeen confirmed asestradiol-17b by GC-MS (Voogt et d., 1992). In support of

thefunctiona roleof estradiol-17b in echinoderm reproduction, receptor-likebinding of estradiol-17b
has been reported in the pyloric caecaof A. Rubens (deWad et al., 1982).

Evidence for the functiond sgnificance of steroids in echinoderms is accumulating. An early report

describes that estradiol-17b promotes the growth of oocytes in cultured ovarian fragments of the
darfish, Asterina pectinefera (Takahashi and Kanatani, 1981) and a Smilar effect was observed in

Asterias rubens receiving daily injections of estradiol-17b (Schoenmakers et al., 1981). Injection of

estradiol-17b or estrone into the sarfish S mollis cauised an increase in estrone and progesteronelevds
intheovaries, anincreasein oocyte diameter, and higher protein levels. Increasesin progesteronelevels
in the pyloric caeca were also observed (Barker and Xu, 1993). These authors speculate that these
results suggest estrogens and progesterone areinvolved in the regulation of metabolic and reproductive
processes. Changesin thelevelsof certain componentsof biosynthetic pathwaysin the asteroid Luidia
clathratawere observed following estradiol- 17b and estroneinjections (Watts and Lawrence, 1987).
Esradiol-17b dso induced the synthess of a nove protein, dthough not yolk protein, in the

coelomycetes of an asteroid and two echinoids (Harrington and Ozaki, 1986).
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2.5 Other groups

251 Codenterata (Cnidaria)

In the less highly organised invertebrates, such as the codenterates (comprising the jelyfish, sea
anemones, corals and hydroids) which possessthe s mplest nervous system within the anima kingdom,
epithdia endocrine glands are absent and neurosecretions are the primary hormonal coordinators
(Highnam and Hill, 1977; LeshLaurie, 1988). Thereisvery little published work on the presence and
function of hormond substancesin this group.

The freshwater hydrozoan, Hydra, has been best investigated of this group of animals. Studies of
growth, regeneration, and development of sexudity in species of Hydra have provided convincing
evidence for the existence of peptide hormones in codenterates, and their nvolvement in criticd
processes. For references, see LeshLaurie (1988). A specificreview of the occurrence and function of
Phe-Met-Arg-Phe-amide (FMRFamide) in Codenterates is provided by Grimmelikhuijzen et al.,
1988).

V ertebrate-type steroi ds and steroid- metabolizing enzymes have been detected in cordls. Sattery etal.

(1997) report the presence of enzymes capable of metabolising radiolabelled progesterone and

androstenedione in the Antarctic soft cords Alcyonium paesseri and Clavularia frankliniana and
demongtrated the presence of progesterone, androstenedione, testosterone and estradiol-17b intissues
of these species using RIA. These authors also summarise the evidence for steroid occurrence among

cords, including the release of edtradiol-17b during mass spawning of coras (Atkinson and Atkinson,
1992), leading to speculation that estradiol-17b may have afunctiond role in regulating reproductive
processes in this group of invertebrates.

25.2 Porifera

The presence of anervous system in membersof the Porifera (sponges) isuncertain, dthough cdlswith
the appearance of neurones have been described (Highnam and Hill, 1977). However, representatives
of this phylum are generdly considered not to possess anervous system, digestive tract, or specidised
structuresfor respiration and excretion. Most sponges are hermaphrodite but produce eggsand sperm
asynchronoudy. Asexua reproduction, by budding occursin some species (Kozloff, 1990). We have
been unable to identify any further sources of information on the presence or otherwise of hormone
function in this group.

2.5.3 Acodomata (Phylum Platyhelminthes, Phylum Nemertea)

This group comprises the flatworms (Turbellaria, Digenea, Monogenea, and Cestoda), planarians,
flukes, tape-worms, and ribbon worms. Platyhel minthes do not possess true endocrine glands or a
circulatory system. Products released from neurosecretory centres reach target tissues by diffusion
throughout the extracel lular spaces or by direct ddivery to thevicinity of target cells. Inthe Nemerteans,
the ribbon worms, hormones are probably released into the blood space (Webb, 1988).
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According to Webb (1988) neurosecretory cells have been identified inthe cerebra gangliaof severd

species of platyheminthes and neurosecretory products gppear to be involved in regeneration and
reproduction. Involvement of neurohormond factors in aspects of asexud reproduction is adso

postulated. During sexud reproduction a neurosecretion stimulates the maturation of the ovaries and
testes, which in turn stimulates the formation of the copulatory apparatus. The factor produced by the
testisis presumed to beasteroid (possibly testosterone) and inhibits divison while providing anegative
feedback sgna to the testes. Immunoreectivity to various vertebrate neurohormones, induding

somatostatin, neurophysins, ACTH, and met-enkephain, has been detected. The nature of thereacting
gtesisnot known. In some speciesvertebrate M SH-rel ease-inhibiting factor (MIF) causes contraction
of the chromatophores, possibly by acting on a pigment disperang hormone from the brain. Serotonin
and tryptamine may aso have effects. In the Nemertea, neurosecretory products may beinvolved in
osmoregulation and gonadd development is under suppressive control by the cerebrd ganglia and

related organs viaa Gonad inhibiting factor.

Thorough reviews of progress in this field, concentrating on regulatory neuropeptides in paradtic
platyheminths, are provided by Haton et d. (1990) and, Fairweather and Halton (1991, 1992). Reuter
and Gugtafsson (1996) summarisewhat isknown of therole of neuropeptidesin control of multiplication
and development in al the mgor flaworm taxa. Fairweather and Skuce (1995) in their review of
neuropeptides in flatworms emphasise that athough progress has been made in identifying and
chemicaly characterising platyhe minth neuropeptides, afull undersanding of their functiond sgnificance
isdill lacking.

We have been unableto find any systemétic evidence in the literature that steroids have afunctiond role
in regulatory processes in the acoel omates.

254 Ascheminthes

This group includes the Phylum Ratifera, Phylum Gadrotricha and Phylum Nematoda and is
characterised by thefirst appearance of afluid filled body cavity. Other than nematodes (round worms)
little is known of the endocrinology of members of this phylum. The parasitic nematodes (e.g. Ascaris,
the intestind parasite of mammals) are not consdered relevant to the scope of this review. The
endocrinology of the nematodes has been reviewed by Davey (1988).

Davey (1988) emphassesthat no functionsin the Asche minthes have been shown unequivocaly to be
controlled by hormones, dlthough growth, cuticle formation, ecdys's and gonad devel opment areamong
the postembryonic developmenta events in nematodes that, by analogy with other animals, could be
hormonally controlled. Neurosecretory cells (peptidergic) have been described histologicdly by light and
electron microscopy. Neurosecretory cells (aminergic) - noradrendine, dopamine, 5-HT, octopamine
have dl been identified in nematode extracts. The biochemica machinery for the synthess of
catecholamines has dso been identified. Despite the reports of immunoreectivities to a variety of

peptides in the nervous system of nematodes (Brownlee et al., 1993), dl the peptidesisolated to date
and considered to be of endogenous origin are FMRFamide-rel ated peptides (Brownleeet al ., 1996).
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Nematode life cycle is punctuated by moulting events. Therefore the question of the existence of a
moulting hormone (JH) has arisen. JH controls both moulting and metamorphosis in insects. All H
variants, which have been identified, are derivatives of the methyl ester of 10,11 epoxy-farnesoic acid.
Thereislimited evidence for the occurrence of these compounds in nematodes. JH and its andogues
can cause the release of noradrendine from neurosecretory cells in the cephdic papillary ganglion.
Noradrendine, acting as a neurotransmitter/ modulator/hormone, acts to cause release of an ecdysa
hormone which in turn causes the secretion of enzymes into the space between new and old cuticle,
Both ecdysterone and 20- OH- ecdysterone have been definitively identified in some nematodes dthough
the biosynthesis of ecdysteroids by nematodes hasyet to be confirmed (Barker and Rees, 1990; Barker
et al., 1990). Although JH and itsand ogues have effects on nematodesthese are a concentrationswell
in excess of those required for effects in insects. Smilar conclusons have been drawn regarding

ecdysone.

255 Anndida

The annelids (the segmented worms) are considered to be closdly dlied to the phylum Arthropoda.
They are the mogt structuraly complex of the worms, possessing a complete gut and codom with a
wedl-developed circulatory systemin many species. The phylumisdivided into three mgor subdivisons:
the class Polychaeta (bristle worms, e.g. Nerels), class Oligochaeta (e.g. earthworm, Lumbricus) and
class Hirudinea (the leeches). Neurosecretory cells have been described in the brains or supra
oesophaged ganglion of polychaetes, oligochaetes and hirudineaand the generd endocrinology of these
groupsis reviewed by Highnam and Hill (1977) and Takeuchi (1987). The identity of neuropeptides
detected in anndlidsis summarised by Porchet and Dhainaut- Courtois (1988) and an overview of the
immunocytochemigtry, function, and sites of synthesis of neuropeptidesin anndidsis provided by Al-
Said and Al-Y ousuf (1992).

In a recent review, Bentley and Pacey (1992) summarise the endocrine involvement in reproductive
processes in polychaete worms and make the generd point that athough numerous polycheete
hormones are assumed by inferenceto exig, in very few casesisthe chemica identity of the hormones
established. The cerebrovascular complex (CVC) is aneurchaemal organ in the ventra region of the
brain within which exigs an infracerebrd gland. Secretory end feet (SEF) are characteristic axond

endings of neurosecretory cells. A sexud mauration inhibitory hormone (juvenile hormone), a
gonadotrophic hormone, a spermmaturation factor (SMF, which appearsto beafatty acid, 8,11,14-
el cosatrienoic acid) have been described (Pacey and Bentley, 1992). Infemde polychagteworms, two
substances may be involved in the initiation of oocyte maturation;  a substance from the prostomium
(prostomia maturation hormone) which induces a coelomic maturation factor (CMF; Watson and
Bentley, 1997). The role of the andid endocrine system in vitelogeness has yet to be confirmed
(Porchet et d., 1989), dthough vitdlin has been characterised in Nereis diversicolor (Bonnier, 1992).
FMRFamide has been definitively identifiedin the polychaeteNerei s virens (Krgniak and Price, 1990)
and is believed to function as a neuropeptide. JH has been demondtrated to be an active inducer of

settlement and metamorphosis in polychaete larvae (Biggers and Laufer, 1992).
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M orphalactic hormones, which accderate or inhibit growth and regeneration, aread so knownto exist. In
addition hormonesareinvolved in regulation of body weight, osmotic pressure, ion baance, blood sugar
level. Ecdysteroids have been detected in anndlids, including demondration of the hydroxylation of
ecdysone to 20-hydroxyecdysone (Barker et al., 1990).

Congderable attention has focused on the role of pheromones during reproductive processes in

polychaete worms. Pheromones are believed to be involved in mate location, synchronization of the
nuptial dance and gamete release and the role of pheromones in the reproductive processes of

polychaetes has been discussed by Bentley and Pacey (1992) and Hardege et al. (1994). One such
compound has been identified as 5-methyl-3- heptanone, which induces particular svimming petterns
and induces males to release sperm (Zeeck et d., 1990). A second compound, 3,5-octadien2-one,
has been found to induce egg release by femadeworms (Zeeck et al ., 1991). It has been demonstrated
that volaile organic substances derived from crude oil will induce sexudly mature mae nereids to
engage in spawning behaviour in the absence of femaes, culminating in the release of gametesinto the
water (Beckmann et al., 1995).

The congderation of chemica settlement cuesfalls outsde the scope of thisreport. Many referencesto
work on chemica cuesinvolved in the induction of settlement and metamorphosisin marinelarvaecan
be found in Jensen and Morse (1990).

256 Protochordata

The collective title protochordate is essentialy a convenient term for a diverse assembly of animas
sharing rdaively few, dthough important, common festures. Three subphyla comprise the
protochordates - the Hemichordata, Urochordataand Cephal ochordata. A summary of the endocrine
tissues and products within these groupsis provided by Tsuneki (1987) and amore detailed review of
thefunctionsof peptide neurohormones detected in the representative members of the Protochordatais
undertaken by Thorndyke and Georges (1986). There are however no published reports on the
occurrence of peptides in hemichordates.

The centrd nervous system and gadrointestind tract have receved mogt atention and
immunocytochemica methods have been employed to demonstrate the existence of cross-reedtivity with
antiseraraised to awide range of vertebrate peptide hormonesin these tissues. Thereis more limited
information on the functiond significance of many of these peptides.

In the cepha ochordate Branchiostoma there is evidence for the presence of vertebrate-like steroids,
progesterone, testosterone, estradiol-17b, and estrone and for effects of the vertebrate gonadotropin-
releasing hormone (LHRH) on the synthesis of some of these steroids (Chang et al., 1985).

The digtribution of neurohormona peptides in protochordates has been studied extensively in recent
years, yet rdatively few specieshave been investigated - Ascidiella aspersa, Cionaintestinalis, Syda
plicata, S. clava and Branchiostoma lanceolatum. These studies have been recently reviewed
(Thorndyke, 1986; Thorndyke and Falkner 1985).
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Therdationship of the ascidian neurd complex and to the vertebrate pituitary gland has been the subject
of consderable debate snce a possible homology was suggested over 100 years ago. With the
description of anumber of neurohormona peptidesin the complex, interest in the neura ganglion/gland
as a pituitary homologue has re-emerged (Elwyn, 1937; Dodd and Dodd, 1966). Thereislittle doubt
that neurohormond peptides are present in Sgnificant quantities in the Ascidian neura ganglion, but
present evidence supports the idea that the neurosecretory cells of the ganglion are more comparable
with neurosecretory neurones in invertebrates than with the pituitary complex of vertebrates.

Although information is avalable on the occurrence and didtribution of neurohormond peptides in
protochordates little is known about their roles. Three of the better sudied systems are described:

Reproductive cyclesin Ciona

Intunicatesaunique cyde of cdlular activity in both neurd ganglion and gland isclosely corrdated with
lunar cycles and the ebb and flow of thetides. In a series of experiments the gland was excised from
Ciona and it became gpparent that the glandular cycle in Ciona reflects the production and release,
during the mesenchyma phase, of a spawning inhibitory subgstance (S1S). The interaction of the
ganglion, gland and ovary are complex and not fully understood (Georges, 1977; 1978).

Removd of the neurd gland has no effect on events in the neura ganglion. It is the ovary which
appears to play a part in the neurona cycle (Georges, 1978); following remova of the ovary the
ganglion cycleisdisrupted but can be re-established on the introduction of ovarian tissue or extracts, or
by the addition of steroids such as dehydroepiandrosterone and cortisol. Both externd (tide and light)
and internd gtimuli are involved in the synchronisation of egg release. It is difficult to interpret the
ganglion cycle in terms of changes in peptides. Of those neurohormona peptides which have been
described, only changesinthe ACTH - likereactivity are correlated exactly to the cycling phenomena.

Reproductionin Branchiostoma

Prdiminary results on B. belcheri show that high levels of progesterone and testosterone are presentin
both sexes while 17b-edtradiol and estrone were only devated in femdes (Chang et al. 1985).
Subsequent experiments have explored the effect of luteinisng hormone (LH), prolactin (PRL) and
LHRH on both geroid levelsand steroid production by the gonads of maesand femdes. Adminigration
of LHRH results in increased progesterone and edtradiol levels in femaes, while human chorionic
gonadotropin (hCG) enhanced progesterone production but estradiol did not. In maes testosterone
levels were increased, with LHRH showing higher potency than hCG. Ovine LH and PRL have aso
been shown to increase progesterone levels, with LH being more potent than PRL. Testosterone
production is dso stimulated by LH and PRL, with LH being more potent in males and prolactin in
femaes.

These results are particularly interesting because for some time Hatscheks pit has been suggested asa
likely homologue of the vertebrate pituitary gland (Tjoaand Welsch, 1974).
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Gut secretionsin Ascidians

Immunochemica studies suggest that the products of granulated endocrine cellsin the dimentary cand
of ascidians are immunochemicaly smilar to polypeptide hormones such as secretin, bombesin and
others which have established roles in vertebrate gastrointestind physiology (Thornyke, 1986).
Ultrastructurd evidence aso exigts that the enzyme secreting cells may represent pre-pancrestic
vertebrate zymogen cells (Thorndyke, 1977). 1t wasestablished in Syela clava that certain vertebrate
gadirointestina secretions have significant simulatory effect on somach secretory activity. All formsof
cholecystokinin (CCK) are able to stimulate enzyme secretion in vivo in aStyel a bioassay, but Styela
receptors are unable to discern between sulphated and non-sulphated CCK.

Onthebasisof current datait isdifficult to assesswhether there areavariety of receptorsin Syela or
a single receptor class. Notably al peptides which are active in Styela are thought to operate in
vertebrates through a cal cium-dependent second messenger.

Thereareanumber of physiologica processesfor whichit seemthat peptides and/or aminesmay play a
role:

Control of branchid ciliain ascidians

Contractile activity of body wall and siphons in ascidians and pelagic tunicates

Control of cardiac activity in ascidians.

2.6 Conclusions

Itisclear fromthisbrief survey of theendocrinology of the mgor invertebrate groupsthat utilisation
of hormones to control and coordinate physiologica and behavioura processesis common to dl
magor invertebrate taxa.

Neuropeptide sgndling mechaniams, which utilise the peptide products of speciaised
neurosecretory cdls, appear to be most predominant among the endocrine systems so far
characterised in the invertebrates.

However, ample evidence exigts for the importance of non-peptide endocrine messengersin many
groups (JH, ecdysteroids) dthough a functiond role for vertebrate-type steroids has yet to be
defined in most groups, other than perhaps the Echinodermata.

All invertebrate groups must be considered at risk or potentidly susceptibleto interferencea asub-
lethd level by endocrine disrupting chemicasin the aguatic environment. To acertain extent thisis
dready demondrable in the gpplication of certain chemicds as pesticides, for example the JH
andogues, which are known to operate via the endocrine system of the target organism.

Given the complex and multi-functional nature of the role of many non-peptide hormonesin
invertebrates, thelikely impact of interference at any particular locuswithintheendocrinesysemwill
be difficult to predict. It isunlikely that effects of disruption will be rediricted to the reproductive

R&D Technica Report E67 36



system but rather will focus on any of the key invertebratelife sages and activities such as moulting,
feeding, behaviour, reproduction and growth .

Further difficultiesin assessing effectslieinthe diversty of the aguetic invertebrate biota, thevarying
degree to which the endocrine systems of different groups are characterised.
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3. THE DETECTION AND ASSESSMENT OF ENDOCRINE
DISRUPTING EFFECTSIN AQUATIC INVERTEBRATES

This Chepter will address the following points:

ae exiging invertebrate test sysems adequate to detect the effects of endocrine disrupting
chemicasin invertebrates?

which species of invertebrates are most appropriate for such tests?
what end-points should be measured in such tests?
isit possble to utilise the same organism for |aboratory testing and environmenta monitoring?

Before addressing these issues it is necessary to define the exact purpose for which test systems are
required. Two main gpplications can be envisaged, the detection of chemical swith endocrine disrupting
activity under controlled |aboratory conditions (screening); the detection of endocrine disrupting effects
in the naturd environment (monitoring).

3.1 What type of laboratory test is most appropriate for the detection o
chemicals with endocrine disrupting effects in invertebrates?

The most gppropriate gpproaches to employ in testing chemicas for endocrine disrupting effects in

aquatic invertebrates have recently been considered (Ankley et al., 1998; Tattersfield et al., 1997).

Some sgnificance was placed in these discussions on the ability of exigting teststo identify compounds
which disrupt the invertebrate endocrine system and it was concluded that in many cases a lack of

understanding of the endocrinology of certain invertebrate groups hinders progress. Potentid strategies
for evauaing endocrine disruption in invertebrates will be examined, after condderation of the

gpproaches currently being employed to eva uate endocrine disrupting chemicas in vertebrates.

3.1.1 Detecting endocrine-disrupting activity in vertebrates

A number of in vitro and in vivo test systems are currently available to facilitate the identification of
compounds which interact with vertebrate steroid receptors and may therefore have potentialy
disruptive activity in vertebrate endocrine systems. Considerable interest has focused on the ability of
chemicds to mimic estrogens (see for examples, McLachlan and Korach, 1995) and the testing of
compounds for estrogenicity can be accomplished by a number of methods. These include

direct assessment of the ability of the compound to bind to the estradiol receptor (Jobling et al.,
1995);

the use of fish hepatocyte suspensons in which the production of the yolk protein vitellogenin is
indicative of estrogenicity (Jobling and Sumpter, 1993);
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the measurement of the accumulation in cultured hepatocytes of MRNA encoding the estrogen
receptor or vitellogenin (Houriot et al., 1995);

the utilisation of ayeast-based steroid hormone receptor gene transcription assay which employs
yeast cdllsincorporating the human estrogenreceptor together with reponse e ements controllinga
reporter gene (Routledge and Sumpter, 1996; Gaido et al., 1997);

quantification of the effects of exposure to chemicas on uterine growth in rodents (Odum et al .,
1997) or on a broader range of reproductive system parameters (O=Connor et al. 1997);

A smilar methodology is beginning to be gpplied to the androgen receptor system (Kelceet al., 1995;
Kelce and Wilson, 1997).

However, the use of receptor-binding assays, or tissue growth assays, while providing good evidence
for the ability of a gpecific compound to interact with the endocrine system does not provide predictive
information on the likely effects of such interaction at the whole animd level. In addition, in vitro assay
systems suffer the disadvantage of not taking into account the scope for metabolism of xencbiotic
compounds within the exposed animal, such that the endocrine sysem may be exposed, and be
influenced by, a derivative of the origind contaminant. Factors such as uptake, distribution and

elimination are aso unaccounted for.

Cdlular and subcelular assay methods have been applied to vertebrate studies, not aways or
necessarily because of any particular indght provided by such methods, but largely because of the
finanda and practicd difficulties inherent in carrying out full-scale in vivo investigations for every
chemicd of interest. Althoughwholeanima methods have been utilised, for exampletherat uterotrophic
assay (Odum et al., 1997), these only provide information on effects of the test compound in specific
tissues. This does not provide any indication, other than by inference, of theimpact of the chemica on
thefunction of theentireanimd. For example, isthe moderate e evation of blood vitellogenin levelsseen
in mae rainbow trout exposad to river effluent indicative of longer-term effects on reproductive
performance? Or is it functiondly irrdevant (Sumpter, 1995)? While vitdlogenin is an excdlent
biomarker for exposur e to estrogenic compounds its measurement provides no information regarding
the potentid impact of those compounds. To resolve the question of impact will require a very
ggnificant commitment of time and effort.

Thesefactors mean that the use of tissue, cdllular, or sub-cdlular assaysto identify disruption of oecific

components of the endocrine system may not be the most appropriate gpproach to employ when
consdering the impact of potentid disrupters on invertebrate endocrine systems.
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Summary

The majority of test systems for endocrine disruptive chemicals in vertebrates are
concer ned with the detection of compounds with estrogenic activity

Subcdlular, cdlular and organ-based assay systems provide evidence of hormone-like
activity, and provide indghts into mechanisms, but are not predictive of whole animal
impacts

3.1.2 Bioassays for invertebrate hormones. potential indicators of endocrine disruption?
Bioassay systems played an important role in early endocrinologica studies of both vertebrates and
invertebrates and numerous bioassays for hormondly active compounds have been developed invarious
invertebrate groups. In most casesthis has been necessitated because many investigative methods now
inwidespread use (e.g. radioimmunoassay) were not availableto researchers, or thechemica identity of
the hormones of interest was not known, or purified hormone was unavailable, or the questions being
addressed could be answered using arelatively unsophisticated approach. | nvertebratesare particularly
suited to this approach because of their lower level of organisation. They are more tolerant of extreme
manipulations, such asthe extirpation of entire body parts, or organs, or theligaturing of sections of the
body, than are vertebrates. Such gpproacheshave been crucia to the advancesin our understanding of
the endocrinology of higher invertebrates.

Numerous bhioassay techniques are referred to in the insect endocrinology literature. For example,
bioassays for prothoracotropic hormone (PTTH) are available, most of which utilizelepidopteran pupae
as test animas. All are amilar in design, involving extirpation of the brain immediately after pupa

ecdyss. Injection of PTTH activity into these pupae initiates metamorphods to adult. Other pogtive
responses that are more rapid can be employed (Williams,1968; Kobayashi. and Y amazaki, 1974).
Assays for moulting hormones and juvenile hormones (JH) dso exist (Thomson, 1974; Bjerke and
Roller, 1974). A number of biocassaysfor JH are listed in Tobe and Feyereisen (1983). These include
alatectomy followed by hormone replacement; transplantation of corporadlata(CA) to other Sagesor
species followed by assessment of developmenta and reproductive processes (e.g. the presence of
sructuresassociated with larva or adult stages at the next ecdys's), the nature and colour of the cuticle,
the growth of oocytes in the adult femae, supernumerary or intermediate ecdyss, CA volume or
nucleocytoplasmic ratio or both; ultrastructura morphology of the CA, incorporation of radiolabdlled
isotopes as indicators of macromolecular synthesis. Bioassays for ecdysone exist and most are
developments of puparium assays in which larvae are ligated 24h before expected pupation. The
pupated anterior portion is cut off and the posterior part is used for the injection of test solutions. If
these contain ecdysteroids a sufficient concentration the posterior part will pupate within 12-24h
(Highnam and Hill, 1977). Many bioassay systems have been developed or exploited in the search for
nove insecticidd compounds (Staal, 1986).
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A smilar Stuation appliesto crustaceain that the extremely patterned and programmed devel opment of

crustaceans providesanidea background againgt which dterations consequentia to theintroduction of

hormonally active compounds may be readily identified. In common with other invertebrates, extreme
physica manipulations of crustaceans are possble. The moult cycle, and larval development, provide
graightforward means of assessing the ability of compounds to disrupt or dter this aspect of

development in crustaceans (Koskdaet al., 1992; Celestiad and McKenney, 1994) and influenceson
the reproductive syssem may be detected by determining relative rates of gonadd development or
monitoring the presence of secondary sexual characteristics, such as oostegites (Fingerman, 1987).

Bioassays continue to be developed to address specific requirements such as a means to assess the
activity of ecdysteroidsinargpidly-responding membrane receptor system (Tomaschkoet al., 1995).
Inthiscasethedilatation of the anterior oesophagusismeasured in decgpod crustaceans as proportiond

to the concentration of ecdysteroids present.

A number of bioassays for invertebrate hormones are described by Highnam and Hill (1977). However,
much of the primary literature on bioassay systems for invertebrate endocrine studies pre-dates the
establishment of the ontline databases used to prepare this report. These assays are reported in the
literature as and when used but the primary literature is inaccessible to the search methods used in

preparing thisreport. Because of constraints on time and manpower, we have been unableto preparea
source ligt by trawling of contemporary literature. However, as will be argued below, the use of

bi oassays/biomarkersto indicate interference a agpecific locuswithin the endocrine syslem may not be
the mogt effective way of detecting chemicas with disrupting activity in invertebrate systems.

Summary

A range of bioassays for compoundswhich display hormonal activity in invertebratesare
available, but for alimited number of species

Conventional bioassays can identify compounds possessing hor monal activity, but do not
provide data on integrated effects of exposure

3.1.3 Are specific bioassays an appropriate approach to the detection of endocrine
disrupting chemicalsin invertebrates?

As noted above (Sections 3.1.1 and 3.1.2), two approachesto identifying chemicaswhich disrupt the

invertebrate endocrine systemmay be adopted. One option isthe devel opment and assembly of asuite

of biomarkers to detect the presence of potential endocrine disrupting chemicasin invertebrates.

If it is assumed that endocrine disruption by chemicas of exogenous origin isfeasble only in sysems
regulated by nonpeptide effectors, which appears to be the position adopted by those working on
vertebrate endocrine disruption, then chemicas likely to be of significance to invertebrates are those
which act as agonists or antagonists of juvenile hormone (insects, nematodes?), ecdysteroids (insects,
crustaceans, anndids?), methyl farnesoate (crustaceans), and vertebrate-type steroids (molluscs?,
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echinoderms, codenterates?). Theleve of understanding regarding the function of these compounds at
the receptor level hasnot yet reached that which permitted the devel opment of the assay tools described
abovefor vertebrate estrogen and androgen agonists and antagonists. Furthermore, thefunction of some
of these compounds within the invertebrate endocrine systemisyet to be fully defined, particularly the
question of whether vertebrate-type steroids actualy function hormondly ininvertebrates. Thesefactors
would necesstate the utilisation of relaively crudein vivo bioassay systems, smilar to those described
for insects above and, given uncertainty about the role of certain compounds or identity of certain

hormones, specific bioassays for dl the mgor hormone groups within each invertebrate taxon are
unlikely to be available. If a suite of biomarkers or assay systems were devel oped, these would in al

likelihood beincomplete and fragmentary in terms of coverage within the mgor invertebrate groupings.
If comprehensive testing of chemicals dready in use is envisaged this would be an untenable starting

point.

However, it can be argued that seeking evidence of interferencein specific well-defined components of
theinvertebrate endocrine systemisan ingppropriate approach. If the primary question being addressed
is" Can xenobiotic chemical s disrupt the normal function of invertebrate species by modulating
the activity of the endocrine system?" then thefirst step to identifying chemicasof potentid interest
should be demondtration that effects occur at alevel of integration indicative of serious perturbation of
norma performance. Having established that a chemical causes effects which are manifested at the
whole animd level of organisation it is then appropriate to seek clarification of which locus/loci
interferenceis occurring a, and the mode and mechanism of action of theinterference. In adopting this
approach, invertebrates offer severa practica advantages compared with vertebrate species.

In contrast to vertebrates, the Sze, ease of maintenance, tolerance of handling and short life cycle of

many invertebrates meansthat integrative sudies, which evauate theimpact of potentid toxicantson all

aspectsof thetest organism, including behaviour, becomefeasible. Thisapproachis, to acertain extent,
dready employed to assess the toxicology of compounds for regulatory purposes and has been
adapted in alimited number of casesto examine theimpact of potentia endocrine disrupting chemicas
on alimited range of species.

The potential problems associated with adopting a biomarker approach to the detection of endocrine
disruption are exemplified in recent sudies. It was demondrated that acute, though not chronic,
exposureto pentachlorophenol (PCP), which isaknown endocrine disrupter in mammals, inhibited the
conjugation of testosterone to glucosein Daphnia magna (Parks and LeBlanc, 1996). The authors
suggested that toxicant-induced changes in steroid biotransformation might provide a biomarker of
exposure to PCP and other endocrine disrupting chemicas. Subsequent work demonstrated that 4-
nonylphenol, another known vertebrate endocrine-disruptor, aso influenced the biometabolism of
testosterone (Badwin et al., 1997). However, athough these data provide evidence for the ability of
known hormone mimics to disrupt steroid metabolism in Daphnia there is no dear functiond
sgnificance. Asdiscussed in section 2.2.8 thereisno firm evidence that vertebrate-type steroids play a
role in the crustacean endocrine system and as yet there is no evidence that metabolism of the
crustacean ecdysteroids would be affected by the processes observed. Therefore the functiond
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sgnificance of the effects observed in Daphnia cannot be definitively established, nor can adirect causd
link to reproductive dysfunction be demonstrated.

Two concerns arise from adopting asabiomarker aresponseindex whichis sengtive to xenobiotics but
has no demonstrable (or documented) rolein growth, devel opment, reproduction, or behaviour. Arg, it
is possible that the biomarker will be activated in the absence of discernible effects at higher levels of
organisation, for example, on reproduction. There is a danger that a screen based on this approach
would be over-sengtive, detecting exposure to chemicals a levels beow that a which a functiond

impact occurs. A second consideration isthat the functiona effects of different chemicals which cause
adverse changesin growth, moulting, reproduction or behaviour may besmilar but the mechanistic basis
underlying such effects may vary greetly between chemicas Therefore, it ssemsunlikely that Sngle, or
even groups of, biomarkers might be developed which would provide confidence that exposure to
endocrine disrupting chemicas could be detected in a given invertebrate species.

Thedternative option isto employ amore robust bioassay test system which would alow the detection
of compounds having subgtantia disruptive effects on whole anima function. As dready discussed in
earlier sections of thisreview, the role of the endocrine system of invertebratesis critica in the control
and coordination of developmenta processes, growth, moulting, reproduction and behaviour. It is
reasonable to suggest that endocrine disrupting activity will be most readily detected in assay systems
which utilisearesponse index which integrates these processes. Such atest could arguably be described
ashaving abiomarker function (see 3.4), in that it indicatesthe presence of endocrine disrupting activity,
but would extend the information obtained to include adefinitive assessment of functiona wholeanmd
impact, on factors such as growth, reproductive performance, and behaviour.

Summary

Thereisalack of basic knowledgeregar ding thefunction of theendocrine system in many
invertebrate groups

With some exceptions, the potential sites of action of endocrine disrupting chemicalsin
invertebrates have yet to be established

The development of suitable biomarkers or screens, similar to those employed to detect
estrogenic effects of xenobiotic compoundsin vertebrates, for each major invertebrate
group, and each potentially sensitive element of the endocrine system, isan unrealistic
propostion

Tobeof valuein predicting effects of exposur e and assessing likely impactsa functional

relationship must be established between an indicator of exposureand subsequent effects-
most existing biomarkers do not providethislink
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I n contrast to vertebrate species, thesize, ease of maintenance, tolerance of handlingand
short life cycle of many invertebrates means that integrative/holistic studies, which
evaluate the impact of potential toxicants on all aspects of the test organism, including
growth, reproduction and behaviour, are a practical proposition

3.1.4 Should detection of effects encompass under standing of mechanisms?

The priority requirement is to establish whether invertebrate populations are at risk from endocrine-
disrupting chemicas. Because of uncertainties regarding the potentia of specific chemicas to interact
with theinvertebrate endocrine system, and the exact locus of any such interference, an understanding of
the mechanigtic basis underlying any suspected endocrine disrupting effects in invertebrates must of
necessity be divorced from the primary requirement to establish which chemicals exert adverse effects.
Asdiscussed above, thiswould exclude from asuite of suitable routinetestsany in vitro or mechanigtic
assaysinwhich theresponse criterionisat aleve of organisation below thewholeanimal (e.g. receptor-
binding sudies, enzyme induction) and in which the whole-animal impact cannot be predicted with
confidence.

If this approach isaccepted then it must al so be considered that 1ack of knowledge regarding the mode
of action which underliesthe adverse effects of agiven chemicd inintegrated bioassays dso reducesthe
posshility of being certain that the chemicd in quedtion is acting through disruption of endocrine
processes as opposed to acting at sites other than the endocrine system.

The corollary of this is to pose the question whether it is necessary to discriminate between
chemicals with regard to their mode of toxic action, providing that the test system employed is
senditive enough to detect sublethal changes which might arise asa consequence of interference
in the endocrine system, in addition to more Aconventional @routes of toxicity.

Thereistherefore a strong case for ensuring that integrative, or holigtic, test systems are sophisticated
enough to detect effects which might arise through endocrine disruptive processes, in addition to more
Aconventiond@avenues of toxicity, rather than developing an additiond battery of tests desgned
specificdly to detect effectswhich might be atributed to endocrine disruption. Oneimmediate benefit of
thisapproachisthat test systemslikely to be useful inthis context are dready in widespread useand are
comparatively Alow tech@relative to more sophisticated biochemica assay systems. In addition, the
end-points of these tests are dready accepted as determining limits on chemicals discharged to the
environment whereas biomarker data are not acceptable in aregulatory framework, at least within the
U.K..

A consderation of exigting test methodologies suggests that these are in principle adequate to detect
endocrine disrupting chemicas but that the range of species currently tested routindy may be
inadequate. There is an added consderation that the sengtivity of different classes of invertebrates to
compounds acting as endocrine disrupters may show significant variation, particularly if differencesinthe
endocrine systems of invertebrates are reflected in the specificity of hormone mimics. It is dready
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edablished that very sgnificant variation in species sengtivity to different classes of conventiond
toxicants can occur (Vad et al., 1997).

If the primary requirement of atesting programmeisthe detection of compoundswhich may beexerting
subletha effectsviainterferenceininvertebrate endocrine processesit isthe view of the present authors
that focusing effort on the mechanistic basis of endocrine disrupting effects in invertebrate groups is
misplaced. Potentid Stes of interference are numerous and ill- defined and likely to remain so for many
important invertebrate groups for the foreseeable future. Whileit is clearly of importance that the exact
mechanisms by which compounds interfere with the endocrine systems of invertebrates is ultimately
understood, and hence that research which addresses this is undertaken, such understanding is not a
prerequisite for the detection of such effects.

Summary

The primary concer ns associated with endocrine disrupting chemicalsrelate to adverse
effects on the development, growth, reproductive and behavioural processes of exposed
organisms

The effects of exposure to endocrine disrupting chemicals can therefore be detected

within thesametest environmentsand utilisngthe sameend-pointsaseffectsarisngfrom

mor e conventional routes of toxicity, with the attendant benefits of end-pointswhich are
acceptablein aregulatory context

For the overall assessment of impact the mechanisms by which such effects are exerted
areof secondary interest, however, knowledge of the endocrine mechanism may proveto
be useful in assessing the sensitivity of the effect.

There is a strong case for ensuring that existing integrative test systems are sensitive
enough to detect effects which might arise through endocrine disruptive processes, in
addition to more conventional avenues of toxicity, rather than developing an additional
battery of tests designed specifically to detect effects which might be attributed
specifically to endocrine disruption.

3.2 Theapplication of existing toxicity testing protocols to the detection of
endocrine disruption in invertebrates

The testing of new and existing compounds for lethal and sub-lethal effectsin aguetic invertebratesisa
well established element of the regulatory requirements and ever more sophisticated approachesto the
assessment of the hazards associated with new compounds are under consideration (Cowan et al.,

1995; Genoni, 1997).
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Regulaory testing is carried out a the level of individua organisms, exposed individudly or in smdl

groupsto thetest compound for short or prolonged periods of time. Theinformation obtained fromsuch
sudies varies from data on surviva only to acomprehensve assessment of effects of thetest articleon
growth, development and reproduction, depending on the sophistication of thetest conditions. Studies
aregenerdly carried out with representativesfrom alimited number of invertebrate species. A summary
of representative organisms, test end- points, and sourcereferencesisprovidedin Table 1 at theend of
this section.

A more sophisticated test environment is provided by the use of microcosm sysems, in which smdl
groupsof organisms may be maintained under semi-natura conditions designed to mimic normal habitat
and natural diet (e.g. Kreutzweiser, 1997).

The use of mesocosm systems provides an gpproach to impact assessment which is intermediate
between the laboratory based smdl-scale test system and direct environmenta monitoring, alowing
control of experimental conditions but providing access to data on ecosystem, community, and
population responses (e.g. Gillespie et al., 1996; Belanger et al., 1995).

Direct environmental monitoring involvesthe assessment of impact on assemblages of organismsat a
gte of natura exposure. It has been argued that thisis the only gpproach which takes into account the
complexitiesinherent in ecosystemns (Zaukeet al ., 1996). The problems encountered with environmenta
monitoring of invertebrates are discussed by Schaeffer (1994).

Given the requirement for rgpid results, inter-laboratory reproducibility, an acceptable throughput of
compounds, and financid congraints, it is likey that smdl scale laboratory-based test systems will
continueto be the most appropriate gpproach to testing compoundsfor effects. All three optionswill be
discussed below inthe context of detecting effectsof chemica swhich may act asendocrinedisruptersin
invertebrates.

3.2.1 Therange of existing invertebrate toxicity testing systems

The utilisation of invertebrate speciesfor testing purposes offersthe opportunity to employ atop-down
approachto ng thetoxicity of chemicals, in contrast to the Situation in vertebrate testing, where of
necessity a bottom-up gpproach must be adopted because of difficulties inherent in whole animd and
multi-generation testing.

The toxicity of chemicals to aquatic invertebrates is currently assessed in two types of test systems.
Short-term effects, usudly on survivd, are evaluated in an acute exposure system (#96 hours) and
longer-term effects, on growth, reproductive performance and survivd, are quantified in a chronic
exposure system ($10 days). Although the details may vary, in terms of species and exposure
conditions, theintention isto identify a concentration of the substance which, under test conditions, has
no observed effect (no observed effect concentration; NOEC) and which can be extrapolated to have
no deeterious effect on organisms in the natura environment (predicted no effect concentration;
PNEC). It has been specul ated that the effect of toxic compoundson al speciesin acommunity can be
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extrapolated from data derived from alimited range of single speciestests (Wagner and L gkke, 1991).
A dgnificant advantage offered by invertebrates, from the point of view of test protocols, is the
accessihility in many species of the entire life cycle, over severa generdionsin some cases, within a
managegble time-scale.

To ensure comparability of results, a number of accepted standard test protocols are in wide use, in
particular those published by the Organisation for Economic Cooperation and Development (OECD,
1981), the American Society for Testing and Materias (ASTM, 1997) and the American Public Hedth
Asociaion (APHA, 1995). In addition, numerous publications and symposia have consdered
sandardisation of aguatic invertebrate test systems (e.g. Buikema and Cairns, 1980; Murphy, 1980)
and methods for the culture of many aguatic invertebrate species have been documented (eg.
Lawrence, 1981).

In addition to the testing which is carried out to satisfy regulatory requirements associated with the
registration of new substances, there is an extensive body of literature describing studies in which the
adverse effects of specific chemicds, or mixtures of chemicds, dready in use have been evduated in
greater depth.

The acute and chronic test systems have been designed with the assumption that the chemicals under
test may have an adverse impact on some aspect of the physiology or behaviour of the test organiam
whichwill be manifested asachangein survivd, growth or reproductive performance. Anundersanding
of the mechanism by which this occursis not a prerequisite to obtaining useful data.

A summary of representative toxicol ogica methodol ogies gpplicableto the mgor invertebrate groupsis
provided below, drawn from both the standard suites of methods and from research papers. The
literature concerning toxicity testing methodsisvery extensive and no attempt has been madeto provide
an exhaustive coverage. Review articles have been used to provide an access point to theliterature and
individua papers have been cited to illustrate specific methods or to provide a generic example of a
specific method or approach.

3.2.2 Aquaticinsectsastest organisms

Toxicantsdisrupt the surviva, growth, reproduction, and emergence behaviour of aguatic insectsand it
is end points associated with these processes which are normally assessed during test procedures.
Clearly, these end points represent processes which it may be assumed are susceptible to interference
by endocrine disrupting chemicas and would thus be suitable for detection of endocrine disruptive
toxicants and/or the assessment of impeacts.

The American Public Hedth Association (APHA) Standard Methods providesbrief guidelinesfor the
selection, preparation, collection and culture of agquatic insects for toxicity testing purposes (Section
8750; APHA, 1995¢). The recommended species range for routine testing includes representative
gpecies from the stoneflies (Plecoptera), mayflies (Ephemeroptera), caddisflies (Trichoptera) and true
flies (Diptera) and the procedures to be followed for assessment of short-term survivd (96-168 h),
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aurvivd for 5 - 60 days, adult emergence, and full life-cycle tests (90 - 120 days) are provided. The
sophidtication of the test environment employed is dependent on the duration of the test and which
speciesis used and awide range of response measures are ble, including percentage of adults
that emerge, sex ditribution, incidence of incomplete emergence, adult length, weight and head capsule
width, and number of mature eggs.

Other catalogues of test methods for agquatic insects are available. Murphy (1980) reviewed the use of
immature stages of the Orders Ephemeroptera, Trichoptera, Plecopteraand Odonata (dragonflies) in
toxicity tesing and identified published guiddines for the holding, acdimating and culturing of
representative species of these orders. These organisms have been used in acute and chronic toxicity
test procedures with surviva, growth and emergence successdl being utilised asend points. Sengtivity
to toxicants has been observed to be dependent on the ingtar used, the stage in the moullt cycle and the
season inwhich theanima swere collected, dl of which are clearly factorsto be aware of when seeking
evidence of endocrine disruption.

Someof theliterature concerning test systems for the most commonly employed aguatic insect Speciesis
considered below.

Diptera: The Chironomidae

The ubiquity of chironomids (midges) within the agquatic environment, their tolerance to manipulation,
and the fact that adults will mate even while confined, has led to their adoption as akey test organism
and many studies using these organisms have been reported. Eggs hatch within 3 days of deposition at
20°C and there are four phases (ingtars) of larval growth of 4-7 days each followed by pupation and
emergence as an adult. The sexes are readily distinguished. Standard methods are provided by the
American Society for Testing and Materiasfor theuse of C. tentans and C. ripariusin the assessment
of sediment-related toxicity (ASTM, 1997, E1706-95b). In these guiddines larvd surviva, larva

growth and adult emergence are recommended end- points. In addition, egg masses can be collected
and the effects of exposure on fecundity and hatch success can be assessed. Techniques for the
mai ntenance of long-term laboratory populations of certain chironomid species arewd |- established and
long-term exposure studies extending over one or more complete life cycles are therefore feasible. A
detailed account of the biology, culture, and usein test procedures of Chironomustentansis provided
by Townsend et al. (1981). These authors discuss collection of individuds, isolation of eggs, and mass
culture methods. Rearing techniques for a range of species including C. tentans, C. thummi (=C

riparius), C. pallidivitatus and C. halophilus arereviewed by Credliand (1973) and Anderson (1980)
reviewsthelife cycle of atypica chironomid and describes laboratory methods for culture and for the
execution of short-term, partid life-cycle and life-cycle toxicity tests. Methods for the continuous
laboratory culture of Chironomus riparius are provided by McCahon and Pascoe (1988).

Numerous accounts of toxicity studies employing chironomids have been published. For example,
detalls of alife cyde study in Chironomus tentans are provided by Liber et al. (1989). Therange of
data collected during this study encompassed growth, emergence success and fecundity. The
performance of the offspring of ovipositing femaes was evduated as was oviposting efficiency of the
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fema es themsdves with other effects being assessed independently for males and femdes. A smilar
gpproach hasbeen used by others. 1nan examination of thetoxicity of the akylphenol 4- nonylphenol to
C. tentans growth, fecundity, emergence, sex ratio and viability of the offgoring were evauated (Kahl e
al., 1997) with effects observed only on the survivd of 20-day old larvae at the highest concentrations
(200 ngl™). West et al. (1997) assessed egg deposition (Size of egg masses) and hatching successinC.
tentans usng image andysis software. A detalled description is provided by Brown et al. (1996) and
Stewart and Thompson (1995) of the conditions employed in studies designed to assess the impact of
phthalate esters and fluoranthene respectively on emergence of the midge Chironomusriparius. In
both studies, Chironomus riparius larvae were introduced into test vessels containing either control

sediment or sediment together with toxicant. After development through four larva stagesfollowed by
pupation, the emerging adults were retained in traps and counted and sexed.

The occurrence of deformities in chironomid larvae has dso been used as a response index in test
systems. In a study by Dickman and Rygid (1996) abnormd dements within the menta (mouthparts)
wereidentified and quantified in larvae of various chironomid speciesand similar gpproaches have been
employed by others (Hudson and Ciborowski, 1995).

The chironomid C. tentans has also been employed asanin situtest subject. Chamberscontaining the
organisms were anchored to stream substrate in a manner alowing continuous water exchange and
contact with the sediment layer (Chappie and Burton, 1997). Although in this case only surviva was
monitored for aperiod up to 4 weeks, more sophisticated responseindicators could have been selected
and employed.

It has been demondrated that different larva ingtars of C. riparians may bemore, or less, resstant to
the toxic effects of a given compound (Williams et al., 1986). The possibility thet different
developmentd stages of invertebrate species display variable sengtivity to xenobiotics emphassesthe
need to employ full life-cycle testing.

Other Dipteran families

Because of the requirement for disease-related control measures for these organisms, toxicity tests
utilising species of the family Culicidae and Simuliidae (mosquitos) have been developed and are listed
by Murphy (1980).

Hemiptera and Coleoptera
Both adult and immature stages of these orders, the true bugs and bestles, have been employed in
toxicologicd tests (Murphy, 1980) athough end- points were restricted to mortdity.

Ephemeroptera

Fremling and Mauck (1980) summarise methodology for the collection, culture and toxicity testing of
mayfly nymphs together with abrief summary of the life history of the insects. Both acute and chronic
testsare conddered dthough the only end point discussed ismortdity. Detailsonthe biology, collection
of different life Sages, and generation of stock cultures for the mayfly Hexageniarigida are provided
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by Friesen (19814) and the collection and culture of thisspecies isaosconsdered in great detail inthe
ASTM guiddines for the use of invertebrates in testing sediment-associated toxicity (ASTM, 1997,
E1706-95b). Hexagenia has a life cycle comprising four stages; egg, nymph, subimago and imago
(adult) and for short-term tests the end- point is mortdity while over longer periods survivd, growth,
burrowing behaviour and moulting frequency can be monitored..

Trichoptera

Caddis flies have been used intermittently as test subjects. McCahon et al. (1989) describeastudy in
which avariety of responseindiceswere examined in the cased caddisfly Agapetus fusci pes exposed
to cadmium. Factors considered included case-building activity, aggregative behaviour and surviva of
both cased and uncased larvee at severd ingtars. The net spinning activity displayed by some caddisflies
has been utilised as a behavioura feature which is sendtive to disruption by pollutants, together with
more conventiona response indicators such asventilation rate and locomotor activity (Gerhardt, 1996).
The responseindices assessed in astudy of the effects of low dissolved oxygen levels on the caddisfly
Clistoronia magnifica included egg hatch, larval development, moulting success, time of moulting,
pupation and adult emergence (Nebeker et al., 1996).

Summary

A wide range of aquatic insects have been employed for toxicity testing with
representatives of the Chironomidae being particularly widely used

Existing test systems provide a broad range of response measuresincluding short- and
long-term survival, emer gence success, sex ratio, growth, fecundity, hatching success,and
occurrence of larval deformities with additional species-specific behavioural measures
such as, burrowing, case building and net spinning

Aquatic insects are suitable organismsfor in situ testing at impacted sites

3.2.3 Crustaceansastest organisms

Toxic compounds have wide-ranging effects in crustaceans and lesponse measures include egg
hatchability, rate and success of moulting, svimming &bility, surviva, growth, and reproductive
performance. Mogt of what little work has been done on the effects of endocrine disrupting chemicas
on invertebrates has focused on the cladoceran Daphnia sp.

Entomostraca: copepods and cladocerans

A condderable proportion of Ainvertebrate toxicology utilises a smdl range of Crustacea as test
organisms. Among the most widely gpplied protocolsisthe OECD Daphnia sp., Acute Immobilisation
Test and Reproduction Test (OECD Guiddine for testing of chemicals 202: adopted 4 April 1984).
This comprises two parts, the content of which are summarised below. Daphnia magna has been
widely used in toxicity testing in part because of itslarge Sze and reedy availability.
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The acute immobilisation test (Part I: the OECD 24h EC50 acute immohilisation test) utilises hedthy,
laboratory bred Daphnia magna or any other suitable Daphnia species, of not more than 24h old, of
known history (encompassing the breeding method and any pretrestment). Twenty animadsaredivided
into four groups for each concentration of test article and control. Water temperature during thetest is
held a 18 - 22°C and within 1°C of the set point. The test can be carried out under alight-dark cycle
athough darknessis acceptable. Effects of thetest article are quantified by determining the percentage
of animas judged to be immobile a 24h and (optiondly) 48h.

Similar test conditions are employed for the reproduction test [Part 11: the OECD reproduction test (at
least 14 days)]. At least five concentrations of the test article are employed, starting at or around the
24h EC50 determined in the immobilisation test and ending at gpproximately 1/100 of the 24h EC50
athough, if necessary, lower concentrations can be tested. Toxicity of the test article is assessed by
determining thetota mortaity, time of firgt production of young, the number of young born and sgns of
intoxication in toxicant-exposed individuas, compared with controls.

ASTM dso publish guiddinesfor usng Daphnia magna inlife-cycletests (ASTM, 1997, E1193-96).

A dmilar test system is recommended by the ASTM in their guiddines for a life cycle test utilisng

Ceriodaphnia dubia (ASTM, 1997, E1295-89). Asisthe casefor Daphnia, thisorganismisreadily
cultured inthelaboratory. The study isdesigned to assessavariety of factors associated with theimpact
of test chemicas on Ceriodaphnia and employs neonates of lessthan 12 h old, placed individualy into
vessdls containing dilution water or test solution. These test solutions may be renewed a 24h intervas
depending on the chemica nature of the test article. At renewd of the incubation medium, al offspring
from each first generation C. dubia are counted. Thetest normally continuesfor 3 broodsand at 25°C
thismay only require 7 days. Thedate of death of each first generation C. dubia isrecorded. Thelength
and weight of each surviving organism may be recorded a the end of the study. Both first and second
generation organisms are observed for abnorma development or behaviour, such as uncoordinated
svimming.

Specific test procedures are outlined in the APHA Standards document (APHA, 1995d) for ng
survival, growth, and reproductive performance in Daphnia and these do not differ sgnificantly fromthe
OECD and ASTM methods.

Murphy (1980) provides an extensvelist of referencesto culture techniques and toxicity test protocols
for avariety of crustaceaincuding Daphnia magna, D. pulex, D. galeata mendotae, D. laevis, D.
dubia, D. retrocurva, D. parvula, D. ambigua, D. catawba, Moina macropa, Scapholeberis
mucronata, Smocephal us serrulatus, Ceriodaphnia reticulataand C. quadrangula. Thebiology,
collection and culture of D. magna and D. pulex are described in detail by Leonhard and Lawrence
(1981). However, Buikemaet al . (1980) rai se questionsregarding the supposed sensitivity of Daphnia
to pollutants. The authors reviewed aspects of daphnid biology relevant to toxicity testing including

nutrition, starvation, genetic stability, diseases, osmotic and ionic balance, species selection, culture
hedth, test organism age, acclimation, test duration, temperature, light, loading factors, experimenta
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end-points. The rdative sengtivity of Ceriodaphnia sp. and Daphnia sp. to xenobiotics has been

discussed by Versteeg et d. (1997) who also present details of the existing test methods gppropriateto
Daphnia sp. and Ceriodaphnia sp. Koivisto (1995) has questioned the ecologica relevance of

Daphnia as a test organism, suggesting that D. magna differs sgnificantly from other freshwater

zooplankton in size, habitat and life history. In particular, Koivisto suggests that as D. magnaismore
susceptibleto predation because of itssize, it iseffectively excluded from habitatscontaining vertebrate
predators. Therefore it is not a representative cladoceran in terms of distribution, occurring mainly in
ephemera habitats such as small pondsand rock pools. Furthermore, large daphnids such asDaphnia
magna (5-6 mm) produce smdler neonates than, for example Ceriodaphnia sp. (<1.5 mm) whose
larger neonates mature more quickly. Versteeg et al. (1997) suggest that the acute and chronic toxicity
of abroad range of chemicals are gpproximately smilar for Ceriodaphnia sp. and Daphnia sp. and
that toxicity test data from representatives of the two genera be considered equivaent.

Many research papers report procedures employed for chronic exposure tests usng Daphnia and
related species. Therange of parameters commonly examined isdemonstrated in astudy of the effects
of the organochlorine pesticide endosulfan on surviva, growth and reproductive performance of D.
magna in which mean totd young per femae, maximum number of broods, mean brood size, mean
number of broods, and mean time to first reproductionwere utilised as reproductive response indices
(Fernandez-Casalderrey et al ., 1993). A smilar gpproach was employed in an evaluation of the effects
of nonylphenal (a known endocrine disrupter in vertebrates) on Daphnia, in which the most sengtive
response was found to be the mean number of live offspring per surviving parent, dthough the NOEC
was one order of magnitude greater than reported environmentd vaues (Comber et al., 1993). Ina
study examining effects of the estrogendiethylstilbestrol on D. magna effects on moulting frequency and
fecundity were observed at 0.5 mgl™ (Baldwin et al ., 1995). In contrast, an assessment of the effects of

phthal ate esters on D. magna showed no adverse effects of exposureto phthalates (1 mg1™) ongrowth
or reproduction, assessed as numbers of young produced and length of parentsafter 21 days (Brown et
al., 1998). Effects of nonylphenol (at environmentally relevant concentrations of 10- 100 ngl™) were
evauated on the production of three types of offspring by D. galeata mendotae (femde, mde and
ephippia) when crowded, and variable effects on the production of each type of offspring and on the
occurrence of deformed offspring were observed in nonylphenol-exposed individuds (Shurin and

Dodson, 1997). These authors made the point that dthough it is the asexudly reproducing stage of

Daphniawhichisnormdly utilised in tes systems, the organism may be more susceptible to xenobiotics
during sexud reproduction. Moulting was utilised as aresponse index in astudy in which D. magna
were exposed to a range of xenobiotics which are estrogenic to vertebrates (Zou and Fingerman,

1997). For some of these compounds, moulting was inhibited athough at concentrations above those
occurring in the environment. The mechanisms underlying the effects cited above are open to debeate; as
described in section 2.2.8, there is no defined functional role for vertebrate steroids in crustacea

Therefore the exact mode of action in crustacea of dhemicas which function as seroid mimics in

vertebrates, and indeed whether effects are exerted via the endocrine system, is unclear.

Filtration and ingestion (Fernandez-Casalderrey et al., 1994) and consumption and assmilation rates
(Bodar et al., 1988) of Daphnia have been used as response indicesin sub-lethd test sysems ashas
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the detailed anadlysis of swimming behaviour (Dodson and Hanazato, 1995) and early growth patterns of
neonates (Hanazato, 1998).

A more unusud end point is the development of hdmetsby Daphnia ambigua, aresponse normaly
observed to occur as an antipredator device. Hanazato (1991) demonstrated that arange of pesticides
could aso induce the formation of these structures.

The utilisation of species of regiond sgnificance also receives congderation, for exampleinastudy in
which reproductiveimpairment in the Austrdian cladoceransCeriodaphnia dubia and Moinodaphnia
macleayi exposed to endosulfan was examined (Sunderam et al., 1994) and in attemptsto find more
appropriate representatives of regiond fauna (dulli et al., 1990; Anderson-Carnahan et al., 1995).

There are concerns that the toxicity data obtained under standard test conditions may not be wholly

goplicableto dl stuations; regiond differencesmay occur asaconsequence of variationinthe sengtivity

of native species compared to test species, and dueto variationinloca environmenta conditions. Vad

et al. (1997) reported that species differencesin sengtivity to toxicants were most marked for reactive
and specificaly acting compounds, a group which would include the mode of action of endocrine
disrupting chemicals. A further complication, as Sunderam et al. (1994) make clear, over and above
congderation of speciesresponse differencesthere can be congderable variationin published figuresfor
thetoxicity of chemicalstested on the same speciesat different laboratories. ASTM guiddines(ASTM,

1997, E1850-97) dso note that Ain systems where surrogate species are not found, erroneous

predictions might be obtained of environmental impact or water and sediment quaity impairment based
on toxicity tests using surrogate species.

Techniques for the culture and testing of representatives of the subclass Copepoda are dso listed by
Murphy (1980). It ispointed out that these organisms do not reproduce by diploid parthenogenesisand
cannibalism may make prolonged maintenance of stable cultures difficult. Dodson and Hanazato (1995)
have speculated that the more flexible sex ratio apparent in Cladoceran species, asopposedtothe 1:1
ratio in obligate sexudly reproductive species (such as copepods) might make them more sendtive
indicators of exposure to endocrine-disrupting chemicas. However, it might dso be argued that
copepods represent amodd more Smilar to that of vertebrates and because deviation fromthe 1:1 ratio
israre, endocrine influences will be more obvious.

Summary

The cladoceran crustacean Daphnia sp., together with other related species, has been
extensively utilised in regulatory and non-regulatory toxicity testing asarepresentative
micr ocr ustacean

Theorganism isreadily cultured and therange of responsesto toxic challengewhich are
measurable includes growth (length, weight), intoxication, abnormal behaviour (e.g.
swimming), mortality, timetofirst production of young, fecundity/ number of broods, type
of offspring (female, maleand ephippial), moulting frequency, helmet for mation, filtration

R&D Technica Report E67 53



and ingestion rates. All these should be considered as potentially valuable indicator s of
exposur e to endocrine-disrupting chemicals

Despite the wide usage of Daphnia sp. for toxicological purposes, some concer ns have
been expressed regar ding the degreeto which Daphniaisan appropriaterepresentative
of freshwater zooplankton. In part becausetherole of steroid hormonesin development
and reproduction are not understood and available evidence suggests that compounds
acting via the androgen and estrogen receptor do not affect the endocrine system of
Daphnia sp. But also because it is not representative of a “typical” freshwater
zooplankton.
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Malacostraca: mysids, amphipods, isopods, decapods
Although not so widdy utilised asDaphnia, anumber of other crustacean species have been employed
in various toxicity testing systems.

Mysids, shrimp-like crustaceans, are widdy employed as test subjects, exemplified in an ASTM
protocol (ASTM, 1997, E1191-97: Standard guidefor conducting life-cydetoxiaty tetswith saltwater
mysds). This procedure provides information on the effect of the test article on selected species of
mysds during continuous exposure from shortly after birth until the beginning of reproduction. Speciesin
common use include Mysidopsis bahia, M. bigelow and M. almyra. Techniquesfor rearing mysdsin
thelaboratory arewel documented. Test organismsare collected within 24 h of release from the brood
sac and are immediately exposed to the test article. When sexually mature (at 10-14 days old) the
organisms are physcaly separated into pars. The complete life cycle test ends when the last firgt-
generation mysid dies. Live young are counted and removed daily and the day of release is recorded.
Measurement of the body length of surviving mysids is carried out. Both first and second generation
mysidsare observed for evidence of abnormal devel opment and behaviour. Morphologica examination
of first generation mysids dive at the end of the test is desirable. In addition, data can be collected on
the survivad, development and behaviour of second generation mysids. In common with other chronic
exposure testswhich integrate effects on growth, devel opment and reproduction, thissysemislikely to
detect effects due to endocrine disruption.

The ASTM protocols have been thoroughly evaluated by Lusser et al. (1996) who recommend a
particular combination of conditions (randomized sex ratios with larger test compartments and greater
replicaton) as providing the most efficient and satiticaly powerful verson of the test.

The American Public Hedlth Association Standard Methods (APHA, 1995c¢,d) provides details of
suggested test regimes for both short-term and partid or complete life-cycle tests employing ether
microcrustaceans (Section 8710; copepods and cladocerans; defined as planktonic, e.g. Daphnia sp.)
or macrocrustaceans (Section 8720; mysids, amphipods, isopods, decapods). A wide range of

freshwater and marine crustaceans are recommended as subjects for use in toxicity testing and

proceduresfor their collection, maintenance, and culture are provided. Detailed informationisprovided
for amphipods, crayfish, crabs, lobsters and shrimps. The ASTM aso publish guiddinesfor the use of
marine amphipods in assessng sediment toxicity (ASTM, 1997, E1367-92). Itislikdy that the same
criteriacurrently employed to sdect gppropriate speciesfor toxicity testing will apply to the selection of
speciesfor the detection of endocrine-disrupting effects.

The use of marine crustaceain ecotoxicologica test procedureswasreviewed by Gentile et al. (1984).
These authors indicated that larvae, juveniles and adults were the life stages most frequently used and
that the trend was for the testing of larvd stages to be favoured. The most commonly evauated
responses were mortdity, developmentd rates, physiologica and behaviourd effects. Detection of
endocrine-disrupting effectsislikdy to require full life-cydetesting, rather than focusng onasinglelife
stage - it isconceivablethat the sengtivity of different life sageswill vary. Recent sudies onthe marine
copepod Tisbe battagliai (Harpacticoida) exemplify thisapproach. Lifecyceeffects of the ecdysteroid
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20- hydroxyecdysone and the estrogen diethyl stilbestrol were assessed using surviva, devel opment, sex
ratio and reproductive output as endpoints (Hutchinson et al., 1999a,b).

Murphy (1980) dso lists methods for Maacostracan crustaceans including amphipods of the genus
Gammarus which have been used extensvely but are found to be generadly more sengtive to non
gpecific test conditions than Daphnia. Gammar us fossarum, G. tigrinusand G. pulex havedl been
used. As is the case for the OECD, ASTM and APHA tests which are referred to above, chronic
exposure/life history studies have been carried out in which evidence for deleterious effects over the
entire life cycle are sought with the norma parameters of surviva, reproductive success and growth
being recorded. Methods for short-term, intermediate and long-term tests employing Gammarus
fasciatus, G. lacustris and G. pseudolimnaeus are considered by Arthur (1980) and detailed
accounts of the biology, collection and mass culture of the amphipodsHyal ella azteca and Gammarus
lacustrisare provided by de March (1981aand 1981b). McCahon and Pascoe (1988) provide details
on continuous laboratory culture methods for G. Pulex and Asellus aquaticus.

Numerous research papers have been published which describe studies utilising crustaceans other than
copepods and cladocerans and which employ responseindices such as surviva from hatch to megaops
to crab (Rhithropanopeus harrisii; Celestia and McKenney, 1994); growth, date of brood release,
brood size (Mysidopsis bahia; McKenney and Celestia, 1996); cover-seeking behaviour injuenile
crayfish (Procambarusclarkii; Misraet al ., 1996); time spent on locomoation, periods of high activity,
cleaning, ventilation Gammarus pulex; Gerhardt, 1996). As is the case of for aguatic insects,

detection of endocrine-disrupting activity islikely to require test procedures which integrate response
measuresfor dl critical processesincuding growth, development, reproduction and behaviour. Itisclear
from the studies cited above that existing test protocols which address al these issues are dready
established.

Crustacea are d so suitable organismsfor in situtest systems, inwhich groupsof animasare maintained
within endlosures anchored at atest Site (e.g. Chappie and Burton, 1997).

Summary
Standard toxicity test protocols utilisng macrocr ustaceans ar e well-documented
A wide range of response measures are employed in macrocrustacean tests including
survival, growth, development, fecundity, locomotion, ventilatory activity, behaviour (e.g.
cover-seeking, cleaning). All arelikely to beimportant response measuresin evaluating

endocrine-disr upting effects

M acr ocr ustacea ar e suitable organismsfor in situ testing at impacted sites

3.2.4 Molluscsastest organisms
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The APHA Standard Methods (APHA, 1995b) and ASTM (ASTM, 1997, E724-94) providedetals
on recommended test procedures which utilise marine bivave molluscs. The ASTM guiddines specify
Pecific oysters (Crassotrea gigas), Eastern oysters (C. virginica), quahogs or hard clams
(Mercenaria mercenaria), or blue mussdls (Mytilus edulis) as suitable test subjects on the basis of
avalability, commercid sgnificance and ease of handling. Full details on the maintenance of broodstock,
spawning and fertilization are provided. The APHA text notesthat standard methods for assessment of
toxicity in freshwater molluscs are under devel opment. The end pointsexamined in mollusc-based tests
incdude effects on fertilisation, embryonic development, growth, byssa thread secretion, and
reproduction. Because adult bivalve molluscs close their shdls in the presence of toxic or irritant
compounds (Brown and Newdl |, 1972; Scott and Mgor, 1972; Delhaye and Cornet, 1975) they are
not considered to be wholly suitable for test purposes. However, see below for exceptions to this.

Specific testsfor which information is provided in the APHA manua include the oyster embryotest (in
which normdity of development is the response index, assessed as the proportion of fully shelled
larvae), the oyster shell depositiontest (inwhich reative shdl growth ismeasured) and the oyster growth
test for determination of chronic effects (in which weight is recorded at intervals over severd months
EXPOSUre).

Benfield and Buikema (1980) list anumber of toxicity studies undertaken with gastropod and bivave
molluscs, primaily smple LCS50 tests, and the literature concerning the use of molluscs in
ecotoxicological testing has been reviewed by Calabrese (1984). The author highlighted the relatively
amd| range of specieswhich areroutindy employed intest systems and outlines methodol ogy including
the use of abnorma shell development or mortaity in embryos (see above), larva survivd, larva
respiration, larvad swimming behaviour and juvenile growth as response indicators. A more recent
assessment of toxicity testing with marine molluscs is provided by Hunt and Anderson (1993) who
provide a historica pergpective and present information on the test species for which the widest
vaidation of test methodsisavailable. The species consdered arethe Pacific oyster, the Quahog clam,
the blue mussd and the red abaone (Haliotis rufescens). Tests discussed include adult surviva and
growth, juvenile surviva and behaviour, larva surviva and growth, and embryo/larva surviva and
development. The marine gastropod red abaone has been utilised in astudy of the effects of drilling
muds on invertebrates (Raimondi et al., 1997) in which the fertilisation success, larval development,
larvd settlement, larva survivorship and larvd viability were assessed. The authors dso provide full
detals of the collection and culture of this species of abdone. The swvimming, grazing, growth and
settling of mussd (Mytilus edulis) larvae were utilised asresponseindicatorsin astudy on the effectsof
asurfactant (Hansen et al., 1997). Pelletier et al. (1997) provide a description of the use of two life
gages (embryo/larvad and juvenile) of the bivave mollusc Mulinia lateralis in standard toxicity tests.

Details of the AD embryo bioassay in which the proportion of fertilised oyster ovawhich develop into

AD embryos (a specific developmentd stage at which the bivalve shell beginsto form) are outlined by
Abram (1993) together with a description of the collection of gametes from adult oysters.
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Although most molluscan toxicity tests reported in the literature utilise marine species, Johnson et al.

(1993) report a method for conducting tests using the early life stages of the freshwater mussd,

Anodonta imbecilis. The authors provide methods for the culture of A. imbecilis and the testing of

glochidia and recently transformed juveniles. Only acute test methods are described.

Murphy (1980) reports that freshwater Gastropod molluscs have frequently been used in toxicology.
Pulmonate gastropods, such as Lymnaea stagnalis, are readily cultured in the laboratory with

devel opment time from egg to adult in the region of 2-4 monthsand high fecundity. The sandard criteria
of surviva, reproductive impairment and growth can be employed in test systems. Acutetoxicity tests
have been carried out on the egg, juvenile and adult stages of gastropod molluscs, usudly over a 96h
period. Chronic exposure studies have been described for anumber of speciesincluding Campel oma
decisum, Physa integra, Helisoma trivolvis, L. stagnalis and L. palustris. Details of the biology,
collection, and mass culture of H. trivolvisare provided by Friesen (1981). Recent sudiesemploying
freshwater gastropodsincludethat of Presing (1993) in which thetoxicity of theinsecticide K - Othrineto
L. stagnaliswas assessed using reproductive performance (number of eggs deposited) and survivad of
hatched juveniles as response indices. Baturo et al. (1995) describe a study inwhich the response of
the gastropod L. pal ustristo atrazine and hexachl orobenzene was eva uated using growth and fecundity
asresponseindicators. Activity levels have also been employed asaresponse measurein L. stagnalis.
Inagudy inwhich theeffectsof duminium and lead onthe activity of the snail were assessed time-lgpse
video recording was used to determine the total distance moved by the snails during given periods of
time (Truscott et al., 1995).

Although adult bivalve molluscs are not generdly consdered suitable subjects for testing purposes,
specific attributes of these stages have been employed as response indices in many published studies.
For example, the filtration rate of adult zebra mussds (Dreissena polymorpha), determined as the
declinein aga concentration in the bathing medium, has been employed an index of the chronic toxicity
of copper and cadmium (Kraak et al., 1992). Abd (1976) provides details of amethod employing the
vita gain neutral red. Similar gpproaches to these have been employed by others with Mytilus spp
(Manley, 1983; Grace and Gainey, 1987), and the green mussel Perna viridis (Krishnakumar et al.,
1990). However, a note of caution was sounded by Reeders et al. (1989) who observed that under
|aboratory conditions abnormd patterns of filtration, associated with disturbance, were commonin the
mussd D. polymorpha.

For afull consderation of theissues associated with theimposex condition in molluscs, seesection 4.1.
Summary

Standard methods are available for the maintenance of many molluscan species under
laboratory conditions

A wide range of toxicity test protocols are available for molluscs with many response
indicesidentified. These encompass growth, development, reproduction and survival

R&D Technica Report E67 58



Specific indices include fertilisation success, embryonic development, adult growth
(assessed by monitoring weight), byssal thread secr etion, fertilisation success, nor mality of
development (assessed asthe proportion of fully shelled larvae), shell depostion (in which
relativeshell growth ismeasured), larval survival, larval development, larval respiration,
larval swvimming behaviour, larval settlement, juvenile survival, adult filtration rate

3.25 Anndids, Nematodes, Echinoder ms, Codlenter ates

Annelids (segmented worms)

Both the OECD and ASTM guiddines include recommended protocols for assessing the toxicity of
chemicdsto anndids. The OECD Earthworm, Acute Toxicity Test (Guiddinefor testing of chemicas
207: adopted 4 April 1984) comprises apaper contact toxicity test, in which earthworms are exposed
to the test compound on moi4t filter paper, and an artificid soil test, in whichwormsare maintained in
artificid soil, to which the test compounds have been applied, for periods of 14 days. The end point for
both tests is mortdlity.

The ASTM listsaStandard guide for conducting acute, chronic, and life-cycle aguatic toxicty testswith
polychaetous anndlids (ASTM, 1997, E1562-94). Four species are recommended: Neanthes
arenaceadentata, Capitella capitata, Ophryotrocha diadema, Dinophilus gyrociliatus, pimaily to
provide for comparability between studies, and extensive details on the culture of these organismsis
provided. The acute test extends over a96h period with mortdity of the test organismsasthe end point.
The chronic test is conducted for a greater time period than 96h (total duration dependent on the life
cycle of the organism used) with mortdity again as the end point. The life-cycle test utilises juvenile
polychaetes which are monitored until they mature and lay eggs. The number of embryos produced by
each femde is used as the response index. The duration of the study varies between 10 days and 3
months according to species. The tests can be extended to examine viability of the embryos. Published
guiddinesaredso avalablefor the evaduation of sediment toxicity to polychagteanndids(ASTM, 1997,
E1611-94) in which growth and mortaity are the primary response measures.

The American Public Hedth Association Standard Methods (1995a) aso includes recommended
proceduresfor the collection, culture and usein tests of marine polychaetes and marine and freshwater
oligochaetes (Section 8150). Thetest procedures described utilise asediment environment and theend
points assessed can include growth rate, numbers of femaes forming eggs, numbers of femdeslaying
eggs and numbers of eggs and live offspring produced.

Reish (1980) describes proceduresfor culturing three species of polychagtous anndidsfromeggtoegg
under laboratory conditions. The methods described are for Neanthes arenaceodentata, Capitella
capitata and Ctenodrilus serratus. Protocols for short-term and longer-term exposure experiments
are described with mortaity and reproductive performance being consdered asresponse criteria. Ina
later review article Reish (1984) considers the species of polychaetes most widely used, the type of
bioassays used, the degree to which assays have been standardised and the advantages and
disadvantages of polychaetes as atest subject.
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Efforts have been made by some authorsto identify species morerelevant to specific regionsthan those
recommended by the standard test methods (e.g. Hickey and Martin, 1995). Hutchinson et al. (1995)
present methods for the culture of Platynereisdumerilii, apolychaete indigenousto European waters
and identify anumber of end pointsfor usein test procedures including fertilization rate, embryo-larvd
development, and larva survival.

Numerous recent studies report the use of oligochaete speciesin short- and long-termtoxicity sudies.
For example West et al. (1997) describe a 28 day study with Lumbriculus variegatus in which
survival and reproductive performance were assessed. Tubifex tubifex has aso been employed for
amilar sudies with smilar end points (Roshon et al., 1995). Growthis aso employed as a response
index in sudies utilisng polycheetes (e.g. Armandia brevis, Riceet al., 1995).

Summary

M arine polychaetes, representative of the Annelida, can be cultured under laboratory
conditionsor collected from the natural environment

Waell-established test protocols exist for the assessment of toxic effects on polychaetes
with end points including survival, growth, fertilization rate, fecundity, embryo-larval
development, and larval survival

Nematodes (round worms)

Although no standard test methods exi<, the usefulness of the nematode Caenor habditis elegansasan
aquatic toxicity test subject hasbeen evauated. The use of nematodesin marine ecotoxicology testing
was reviewed by Samoiloff and Bogaert (1984). The authors list a range of response indicators
including cessation of feeding, mutagenesis, developmenta arrest, and moulting and emphasise the fact
that in comparison with other invertebrate groups, nematodes are relatively resstant to toxic effects.
Attributes possessed by the organism include easy growth on solid or in liquid media, rapid growth, a
short generation time and reproduction by either self- or cross-fertilisation (Williamsand Dusenberry,
1990) and thetolerance of C. elegansto awide range of environmenta conditions make it aversdile
test organism (Khannaet al., 1997). End points utilised under test conditionsinclude survivd, rate and
direction of movement, feeding rate, fecundity and development (Donkin and Williams, 1995).

Summary

At least one species of nematode has been identified as a valuable and versatile test
organisms

A variety of response measures can be applied, including survival, feeding behaviour,
locomotory behaviour and fecundity
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Echinoderms (star fish, sea urchins, sand dollars)

The earlier literature concerning the use of echinodermsin toxicity testing wasreviewed by K obayashi

(1984). Informetion on tests involving gamete toxicity, embryo toxicity, developmenta tests following
exposure of egg and spermto thetest compound and larval devel opment were provided. A more recent
review of the use of echinodermsin toxicity testing is provided by Bay et al. (1993). The authors state
that sea urchin and sand dollar gametes and embryos have been widely employed astest subjectsand
outline advantages and disadvantages associated with testing methods including assessment of sperm
viahility following exposureto toxicants, embryo exposure (in which abnorma or delayed devel opment
of thepluteuslarvaisassessed). Thecurrent ASTM guiddines (ASTM, 1997, E1563-95) describethe
use of severd echinoid species (Atlantic sea urchins, Arbacia punctulata; green sea urchins,

Srongylocentrotus droebachiensis; Pacific purple seaurchins, S. pururatus; Pacific eccentric sand
dollars, Dendraster exentricus) with end-points being mortdity and quantification of abnormditiesin
embryo and larvd development. Methods employing adult exposure are not widely used dueto thelr
large size and relative tolerance to toxicants. However, Bay et al. suggest that development of long-

term test protocols utilisng adults would alow an assessment of toxicant effects on growth and

reproduction. Others have highlighted the advantages offered in the use of seaurchinsin toxicity testing
procedures as the high fecundity of individuds, embryogenesis which proceeds synchronoudy in

seawater with high viability, fertilised eggswhich develop into thelarva stage within ashort time period
and thefact that live embryos may be observed microscopicaly without adverse effects on devel opment
(Nakgima et al., 1996). For examples of the use of developmenta changes, sperm viability, and
offgoring surviva/deformity as end points see Trieff et al. (1995) and references therein. A
comprehendve sea urchin test system is described by Dinnd et al. (1988) in which multiple end points
are asses2d. These include acute toxicity and  behaviourd modifications a the organism levd,

cytotoxicity and fertilization success & the gamete level, and devel opmenta toxicity and genotoxicity at
the embryo/larva stages, following exposure at the embryo stage, or in vivo/in vitro exposure of

gametes. Pavilion (1988) provides adetailed account of various methodsfor employing seaurchin eggs
and larvee in water qudity assessment. Ramachandran et al. (1997) describe the use of the ASTM

protocol in assessing toxicity in the seaurchin Diadema setosumin which gametes obtained frommildly
eectricaly simulated adults were combined and used to assess fertilization success (as presence of

fertilization membrane) and embryo development at first cleavage, gastruation and pluteuslarvae dages.

The growth and survival of sand dollars, Dendraster excentricus, collected from the wild has been
utilised in various assessments of sediment toxicity with growth response measuresranging from smple
measurements of increments in diameter (Caslllas et al., 1992; Rice et al., 1995) to additional

determination of wet weight, and total DNA and protein content (Casillas et al., 1992).

Summary

The use of echinoid embryosin toxicity testing iswell established
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Response measures include growth, effects on gamete viability, embryo survival,
developmental assessment following exposur e of egg and spermto thetest compoundand
larval development (identification of abnormalitiesor delays) during exposure

Coelenterates (jely fish, sea anemones, corals, hydroids)

The toxicologica tests which utilise marine coel enterates have been reviewed by Stebbing and Brown
(1984). Included among the range of organisms considered were representatives of the Scyphozoa,

Hydrozoa, and Anthozoa. The authors examined the features of each group which could be considered
advantageous or disadvantageous with regard to the requirements of test procedures. The sessile

hydroid stageswere consdered easer test subjectsthan the medusae of hydroidswith asmilar Stuation
pertaining to the Scyphozoa in which the sessile polyp stage is most suitable. More recent literature
includes many studies which focus on animas from these groups. Methods for the culture of Hydrozoa
have been described and the organisms are consdered to have great potentid as a standard test

subject. Peters et al. (1991) describe the use of Hydra littoralis in acute toxicity tests. Coras have
aso been employed in published toxicity test procedures. The brown cup cord (Paracyathus
stearnsii) was used in astudy on the effects of drilling muds on marine invertebrates (Raimondi et al .,

1997) inwhich the survivad and extent of tissueloss of individuaswas employed asthe responseindex.

Summary

The use of coelenterates in toxicity testing is less widespread than the use of other
invertebrate groups but isfeasible and published methods exist

3.2.6 Other invertebrate groups

Murphy (1980) reportsinstances of the use of freshwater leeches (Hirudinea) in toxicity testsathough
the mobility of these organisms represents a problem under laboratory conditions. Culture techniques
have been reported.

Culture techniques are available for triclads (Murphy, 1980). Some acute toxicity tests have been
reported but because of the long maturation period between egg and adult full life cycle tests may be
impractical.

An ASTM protocol has been published for the use of the freshwater rotifer Brachionus calicyflorus
with modifications provided for the use of the marine/brackish water species B. plicatilis (ASTM,
1997, E1440-91). However, mortdity isthe only end- point described for thesetests. Thewider use of
rotifersin ecotoxicology is extensvely reviewed by Snell and Janssen (1995). These authors note that
the use of rotifersin ecotoxicologica studies has increased, due largdly to a recognition of the critica

role of rotifers in freshwater communities; the ease with which measurements of mortaity and

reproduction can be quantified; the usefulness of the resting cyst stage; and the existence of reliable,
standardized protocols. The authors describe studiesin which mortality, reproduction (including rate of
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increase, maximum popul ation size, frequency and amplitude of population oscillations, life expectancy,
generation time) and behaviour (swimming activity, feeding) have been employed as end- points.
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Table 1. A summary of representative test organismsfrom each mgor invertebrate group together with
the end-points utilised in toxicity testing and source references.

Phylum Typical species Documented end-points | Representative
references (seetext for
additional refer ences)

Insecta Chironomustentans | larval sexratio, larval survival, | ASTM E1706-95b (1997)

C.riparius larval growth, adult Brown et al. (1996)
(Chironomidage) emergence, fecundity, Dickman and Rygiel (1996)
occurrence of deformities Kahl et al. (1997)
Stewart and Thompson (1995)
West et al. (1997)
Hexageniarigida survival, growth, burrowing ASTM E1706-95b (1997)
(Ephemeroptera) behaviour and moulting
frequency
Agapetus fuscipes case-building activity, Gerhardt (1996)
Clistoronia magnifica | aggregative behaviour and McCahon et al. (1989)
(Trichoptera) survival of both cased and Nebeker et al. (1996)
uncased larvae at several
instars, net-spinning activity,
ventilation rate, locomotor
activity, egg hatch, larval
devel opment, moulting
success, time of moulting,
pupation and adult emergence
Crustacea Daphnia magna total mortality, growth, timeof | OECD Guideline for testing of

Ceriodaphnia dubia
(Entomostraca)

first production of young,
mean brood size, mean number
of broods, signs of
intoxication, abnormal
development or behaviour,
moulting frequency, filtration
and ingestion, consumption
and assimilation rates

chemicals 202

ASTM E1193-96 (1997)
ASTM E1295-89 (1997)
APHA (1995d)

Baldwin et al. (1995)

Bodar et al. (1988)
Fernandez-Casalderrey et al.
(1993; 1994)

Versteeg et al. (1997)

Mysidopsis bahia
Gammarusspp.
Rhithropanopeus
harrisii
(Malacostraca)

survival, growth, development,
fecundity, locomotion,
ventilatory activity, behaviour
(e.g. cover-seeking, cleaning)

ASTM E1191-97 (1997)

ASTM E1367-92 (1997)

APHA (1995c,d)

Celestial and McKenney, (1994)
Gertile et al. (1984)

Gerhardt (1996)

McKenney and Celestial (1996)
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Phylum Typical species Documented end-points | Representative
references (see text for
additional references)

Mollusca Crassotrea spp. fertilisation success, APHA (1995b)

Mytilus edulis embryonic development, ASTM E724-94 91997)
Lymnaea stagnalis growth, larval survival, larval Abram (1993)
respiration, larval swimming Baturo et al. (1995)
behaviour, larval settlement, Hansen et al., (1997)
adult survival and growth, Hunt and Anderson (1993)
byssal thread secretion, Kragk et al. (1992)
filtration rate Presing (1993)
Raimondi et al. (1997)

Annelida Neanthes mortality, growth, numbers of ASTM E1562-94 (1997)

arenaceadentata, egg-laying females, fecundity, | ASTM E1611-94 (1997)
Capitella capitata embryo viahility, APHA (19953)

Reish (1984)

West et al. (1997)

Nematoda Caenorhabditis survival, feeding Donkin and Williams (1995)

elegans

rate,fecundity, rate and
direction of movement,
mutagenesis, developmental
arrest, moulting

Khannaet al. (1997)
Samoiloff and Bogaert (1984)
Williams and Dusenberry (1990)

Echinodermata

Arbacia punctulata
Strongylocentrotus
droebachiensis
Dendraster exentricus

growth, gamete viahility,
embryo survival,
developmental abnormalities

ASTM E1563-95 (1997)
Casillaset al. (1992)

Dinnel et al. (1988)
Nakgimaet al. (1996)
Ramachandran et al. (1997)
Trieff et al. (1995)

Coelenterata Hydra littoralis mortality, tissue loss Peterset al. (1991)
various others Raimondi et al. (1997)
Stebbing and Brown (1984)
Rotifera Brachionus mortality, reproduction (rateof | ASTM E1440-91 (1997)
calicyflorus population increase, maximum | Snell and Janssen (1995)
B. plicatilis population size, frequency and

amplitude of population
oscillations, life expectancy,
generation time) and
behaviour (swimming activity,
feeding)
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3.3 Mesocosms and microcosms

3.3.1 Mesocosms

The point has been made by many authorsthat standard lab- based toxicity tests, even chronic tests, do
not accurately reflect the exposure times or conditions that may gpply under natura conditions or that
the response of single speciesin laboratory tests will not equate to the response of an assemblage of
different species (Crosdand and La Pointe, 1992; Kreutzweiser et al., 1994). Crane (1997) provides
abrief summary of the rationae for employing a mesocosm scale gpproach to the evauation of toxic
effects in aguatic environments. Mesocosm systems, which are experimenta enclosures containing a
dable assemblage of representative eements of the natural ecosystem being moddled, offer the
advantage of providing information on effects of contaminants at the population, community and
ecosystem leves of organisation under conditions closely mimicking those in the natura environment
(Boyle and Fairchild, 1997). The mesocosm approach aso providesinformation on indirect effectson
biota other than target species (Belanger et al., 1995); subtle effects (e.g. on behaviour) on oneor more
component of the species assemblage, which may not be detected by direct assessment may
nonethel essinfluence other eements of the assemblagein turn. No standard methods exist for thedesign
and gpplication of mesocoams to invertebrate toxicity but numerous studies are reported in the
literature. Those cited here are presented as examples and no attempt has been made to provide a
comprehensive overview of this subject. For thorough reviews of the field the reader is referred to
Graney et al. (1993), Grice and Reeve (1982), and Hill et al. (1994).

Mesocosms may be constructed to represent arange of different habitatsincluding streams (e.g. Dorn
et al., 1997; Gillespie et al., 1996, 1997) in which factors such asflow rate, rate and concentration of
contaminant addition etc. can be closdly ontrolled. Assemblages of appropriate species can be
obtained by placing trays containing artificia subgtrate in suitable sites. The macroinvertebrates which
colonise the trays reflect the fauna of the natural subsirate and once colonised, the trays can ke
transferred to alaboratory-based stream system (Belanger et al ., 1995; Kiffney and Clements, 1996).
Alternatively, sediments can be physically transferred from anatura Steto the enclosure (e.g. Giddings
et al., 1996). After acclimation followed by exposureto the substances under tet, theinvertebratescan
beretrieved from the artificid channd sand quantified. Subtle behaviourad responsessuch asdrift, which
could not be evaluated under laboratory conditions, can be assessed in mesocosms (Kreutawve ser et
al., 1994). As noted above, indirect effects can be detected. In a prolonged (55 week ) study of the
impact of an insecticide on agquatic invertebrates, reductionsin insect and crustacean abundance were
accompanied by increases in molluscs and oligochaetes (van den Brink et al., 1996). In surfactant-
trested stream mesocosms anincreased heterotrophic peri phyton biomass supported increased densities
of gastropods and oligochagetes relative to untreated streams (Belanger et al., 1995).

A dmpler dternative to the construction of purpose-built mesocosm systemsis the use of enclosures
within natural water bodies. For an example of the gpplication of such asystem see Peither et al. (1996)
who used enclosures to assessdirect and indirect effects of lindane on azooplankton community . The
advantages and disadvantages of enclosuresare discussed by Liber (1994) who suggeststhat themain
advantages of enclosuresistheir relatively low cost and high ecological realism while observing that
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problems can arise associ ated with sustaining adequate circulation, leakage, and possible heterogeneity
of the enclosed communities.

The mesocosmapproach isnot restricted to freshwater environments. A complex estuarine mesocosm
has recently been described (Lauth et al., 1996). Mesocosms have dso been used to maintain
populaions of marineinvertebrate larvae, specificaly veligers of the gastropod conch Srombus gigas
(Davis et al., 1996), larvee of the Atlantic mud crab Panopeus herbstii  (Epifanio et al., 1991),
echinoderm larvee (the garfish Acanthaster planci; Olson, 1987), the copepod Acartia hudsonica
(Bollens and Stearns, 1992), and to study factors affecting the distribution and settlement of giant
scalop larvae (Placopecten magellanicus; Gdlager et al., 1996; Pearce et al., 1996) with obvious
potentia toxicity testing gpplications. Marine mesocosms have been employed in astudy on the effects
of adetergent on mussd larvae (Mytilus edulis; Hansen et al., 1997).

Magor drawbacks associated with the use of mesocosm systems in impact assessment are the
complexity of the data produced and the lack of reproducibility between systems (Crane, 1997). The
most appropriate approaches to the evaluation of mesocosm study results are discussed by Shaw and
Manning (1996). Crane (1997) aso highlights the difficulties in usng mesocosm derived results asthe
bass for predicting effects in the natura environment. Mesocosm test systems are unlikely to offer an
acceptable routine method for the assessment of the effects of potentiad endocrine disrupting chemicas
ininvertebrates but do provide ameansto carry out sophisticated impact eval uation where appropriate.

Summary

Mesocosm systems offer the best simulation of effects of pollutants in a natural
environment on an assemblage of species

The detection of subtle, indirect, effects of pollutant exposureispossible

The major drawback to the employment of mesocosms lies in their complexity, both in
ter msof establishingand maintaining reproducibleenvironmentsand in theinter pretation
of data

3.3.2 Microcosms

Microcosms do not share the problem of replicability encountered with mesocosmsto the same extent
because such systems are smpler, with fewer component e ements, are generally operated at asmaler
scde, and under more controllable environmenta conditions (eg. Swartzman et al., 1990). In

microcosms, community production, respiration and other biotic factors may be measured for the
microcosm as awhole, providing an integrated picture of the impact of the toxicant on the community
(e.g. Scanferlato and Cairns, 1990) or the effects on specific elements of the microcosm, such as
species abundance, may be eva uated (Breneman and Pontasch, 1994). Therange of end pointswhich
it is possible to determine using microcosm systems are discussed by Niederlehner and Cairns (1994)

R&D Technica Report EG7 67



and include indicators a the level of energetics, nutrient cycling and community structure. The ASTM
publish a standardised protocol for microcosm studies (ASTM, 1997, E1366-96). The vdue of this
system in obtaining data on the multispecies impact of atoxicant is discussed by Taub (1997).

Summary

Microcosms offer a compromise between the over smplification of standard single species
in vitro testing and the complexitiesinherent in mesocosm studies

The microcosm remains too complex to employ asaroutinetest procedurewhen testing
large number s of potential toxicants

3.4 Biomarkers of exposureto endocrine disruptersin invertebrates

Biomarkers may be defined as biochemicd, cellular, physiologica or behaviord responses of organiams
that can be detected a thelevel of whole organismsor in tissue samples, urine or faecesthat signd that
exposure to anthropogenic chemicals or radiation has occurred. A range of biomarkers exist; some
sgna exposure alone while others are nonspecific markers of adverse effect (Depledge, 1993). It is
generdly agreed that suites of biomarkers should be employed in field studies to enhance our ability to
interpret theimpact of pollutant expasure on the organismin question. Theided biomarker isonewhich
ggnas exposure to a specific type of chemica, exhibits a clear exposure-response rdationship, andin
which the magnitude of response is related to the degree of impairment of some parameter of
reproductive hedth. Interestingly, the biomarker that most closdly fulfills these requirements is the
condition of imposex in molluscs (see 4.1). However, the example of the imposex condition is an
exception at thistime- amilarly unequivoca biomarkers of endocrinedisruption arenot yet availablefor
the mgority of invertebrate groups. It must dso be borne in mind that the imposex condition is a
gpecific response to interference at a ecific locus within the reproductive sysem of a single
invertebrate group and does not provide a generaly applicable biomarker; molluscan reproductive
activity could be disrupted in a number of ways, the processess leading to the imposex condition
represent just one of these,

Therefore, currently the gpplication of the biomarker approach to the detection of endocrinedisruption

in invertebrates is congtrained by alack of knowledge regarding the identity of potentialy disruptive
chemicals and uncertainty regarding Sites of action.

3.5 Assessment of the impact of effluents on natural populations of
invertebrates
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The biologica assessment of anthropogenic impact on water bodiesisafied of research which istoo
extengveto cover comprehensvely within the confines of thisreport. Only the generditiesand prindples
underlying the assessment of contaminant impact will be consdered.

In principle, assessment of water quality may be achieved by two methods. In the firgt, an in situ
comparison of the biotaat impacted and unimpacted Stesmay be carried out. The problemsinherent in
obtaining suitable data, from the point of view of identifying pristine Sites, and taking into account factors
which affect the aguatic environment by routes other than changes in water qudity (e.g. habitat
dteration), are discussed by Chessman (1995). An evauation of different anaytical approaches to
ases3ng invertebrate responses to a variety of human activities impacting on streams is provided by
Fore et al. (1996).

The second approach involves an assessment of the effluent or receiving water quaity by acontrollable
acute or chronic toxicity test procedure, either carried out in enclosures at the test Sites or carried out
under laboratory conditions using water collected from the test sites (e.g. Stewart, 1996). The toxic
effectsof municipa sewage effluentswere assessed using thistechnique by Schroder et al. (1991) who
examined the acute and chronic toxicity, and effects on reproduction, of a range of effluentson D.
magna and C. dubia.

Reports of studieswhich have employed assessment of the macroinvertebrate community asameasure
of effluent impact are provided by Wright et al. (1995) and smilar studies on invertebrate species
assemblages have been carried out in impacted/unimpacted marine or brackish environments (e.g.
Simengad et al ., 1996). In these studiesawide range of benthic and epibenthic speciesareidentified to
class or order and quantified. Usng a smilar gpproach, the impact of increesng sewage effluent
dischargeinthe Tyne estuary was assessed in part by consideration of the abundance of certain benthic
invertebrate species (Hdl et al., 1997). A comprehensive account of various approaches to
biomonitoring using macroinvertebrates is provided by papers presented in Rosenberg and Resh
(1993).

Summary

Numer ous accounts ar e available of the assessment of effluent impact; either in situ by
thecharacterisation and quantification of thelocal invertebr ate speciesassemblage, or by
introducing enclosures containing test organisms; or by the laboratory exposure of test
organismsto water samples collected from the study site

It isthestudy of in situ effectson invertebrate populationswhich will bemaost important in

establishing the actual impact of endocrine disrupting chemicals on invertebrate
populations
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3.6 Conclusions

In conclusion, the questions posed &t the beginning of this Chapter can be answered as follows.

are existing invertebrate test systems adequate to detect the effects of endocrine
disrupting chemicalsin invertebrates?

- Yes awide range of invertebrate toxicity test systems, covering al the mgor invertebrate groups
has been well documented and are in widespread use. Freshwater test protocols are available for
representatives of the Insecta, Mollusca, Crustaceaand Anndlida. Marine test systems have been
described for Mollusca, Crustacea, Echinodermata, Coelenterata and Annelida.

- Longer-term, multi- life-cycle tests offer scope for evauating the effects of potentialy endocrine
disruptive chemicason survivd, growth, developmental processes, reproduction and behaviour ad
therefore encompass the range of processes likely to be susceptible to interference by endocrine-
disrupting chemicas

- There appears to be no imperdative for the development of whally novel test syssems. Uncertainty
regarding the function of the endocrine system in many invertebrate species and a lack of
understanding of the identity and possible Sites of action of endocrine- disrupting chemicdspredudes
the devel opment and application of cdlular and subcdlular screensfor endocrine disrupting activity
ininvertebrates. The grestest benefits may be obtained by modifying the end-pointsof, or carrying
out more detailed assessments in, existing test protocols.

which species of invertebrates are most appropriate for such tests?

- Arangedf invertebrate speciesfrom dl the mgor taxonomic groups have been employed intoxicity
tests. The species most appropriate for tests designed to detect endocrine disruption are those
whichitisredigticto useunder |aboratory conditions(i.e. can be collected and reared or maintained
satisfactorily) and which reflect, or are comparableto, the biotawhich areindigenousto theregions
in which the test compounds may enter the environment. These criteria are aready employed to
select the invertebrate species used in toxicity testing.

- It should also be noted that the study of endocrine disruption within invertebrate animasisafied
which isin very early stages of development. It isnot possible within the context of thisreport, and
without wider congideration and discussion, to prescribe specific assay systems, or the use of
particular test organisms.
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The endocrine systems of different invertebrate phyla utilise different chemicals ashormones (see
Chapter 2) and each phylum may therefore be affected by different chemica species. Thus, it is
unlikely that a sngle representative invertebrate test which will be identified which can be used as
being indicative of endocrine-related effects on invertebratesin generd.

Severd authors have dluded to theimportance of between speciesdifferencesin sengtivity totoxic
chemicals. It is not known whether such inter-species variation in effects will apply to chemicals
acting via dsruption of the endocrine system but the salection of a representative test species for
each mgjor group may be a practical necessity.

what end-points should be measured in such tests?

The end points which should be measured are those which dlow the detection of interferencein
processes under endocrine control or influence. Therefore critical parameters are growth,
development (the occurrence of abnormdlities, interference in moult patterns, increased sengtivity
related to different developmental stages), reproductive performance (gamete qudity, fecundity,
behaviour), and behaviour (locomotion, feeding, reproductive behaviour).

These response indicators are dready widdy used to assess toxicity. Given the limited
understanding of endocrine disruption in invertebrates it is not yet possible to be prescriptive
regarding the exact parameters which should be assessed in order to ensure that effects are
detected.

It must also be borne in mind that effects on al these processes can occur via mechanisns which
cannot be dassfied asendocrine disruption. Therefore, confirmation of mechanismsof toxic effectis
desrable.

is it possible to utilise the same organism for laboratory testing and environmental
monitoring?

In many cases, yes. See Chapter 6 for adiscussion of the choice of sentinel species. Monitoring of
invertebrate popul ations and communitiesin the aquatic environment isawe |- established technique
for the eval uation of xenobiotic impacts. Thisapproach istherefore an appropriate meansto assess
the impact of endocrine disrupting chemicals a higher levels of trophic integration.

However, it might be argued that in the naturd environment, where organisms are exposed to a
cocktail of xenobiotic compounds, digtinguishing between the effects of chemicads acting via the
endocrine system of invertebrates, and those acting via other pathways will be difficult.
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3.7 Research priorities

The potentid of certain chemicas, widely distributed within the environment, to act ashormonemimics
in vertebrates hasled to concernsthat subtle but nonethel ess adverse effects of these chemicals may be
manifested in exposed individuas. Mot of the effectsidentified to date arelinked to abnormaditieswithin
the reproductive system. It isassumed that chemica s exerting endocrine disruptive effects have escaped
detection during regulatory testing because the effects are subtle and the affected processes are not
adways examined as part of the response measures. One factor which has facilitated study and

understanding of the phenomenon of endocrine disruption in vertebratesisthe fact thet al vertebrates,
from fishes through to primates, share acommon endocrine system, abeit with some species specific
variation; for example, gonada steroidsin dl vertebrates share closaly related (in some casesidentical)
sructuresand roles. In contrast, an understanding of endocrine disruption in invertebrates requires that
the congderable diverdty of endocrine systems between the mgor invertebrate phyla is somehow

accomodated.

Itisknown that adverse effects may occur viadisruption of endocrine processesin invertebrate species
ather intentiondly (e.g via pesticides) or unintentionaly (e.g. TBT exposure). What isnot yet knownis
the extent to which invertebrate popul ations are at risk to the adverse effects of chemicasacting viathe
endocrine system. Themajor issue which must be discussed before research prioritiescan be defined is
whether it is hecessary to distinguish endocrine-disrupting chemicasfrom chemicdswhich exert adverse
effects via other mechanisms.

Many of the existing invertebrate toxicity testing protocols provide data on al the magor processes
which might be impacted by endocrine-disrupting chemicals, to a potentialy greeter extent thanisthe
casefor vertebrates. It islikely that thorough testing with existing invertebrate protocols would detect
chemica swhich exert adverse effects viathe endocrine sysem. However, existing protocolstend not to
provide data on the mechanistic basis of observed toxic effects.

What must be determined iswhether it isappropriateto instigate atest regime (or continuewith existing
test strategies) which identifies effects without necessarily identifying the route by which those effects
occur, or whether it isimportant to discriminate between compoundswhich act viathe endocrine system
and those which do not. Theformer srategy involvesthe minimum of investment in new techniquesand
test methods, the latter strategy would reguire considerableinvestment in research to identify indicators
of disruption in specific dements of the endocrine systems of adiverse range of invertebrate species.
The most appropriate use of resources might encompassadual track approach - continued testing with
exigting protocols which include response measures likely to detect effects of endocrine disruption in
addition to other modes of toxicity together with a research programme targeted at identifying the
mechanisms underlying effects attributable to compounds suspected of endocrine disrupting capabilities.
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4. EVIDENCE FOR ENDOCRINE DISRUPTION IN
INVERTEBRATES

A large and diverse range of chemicds is suspected of causing disruption of endocrine function in
vertebrates (e.g. Colborn et al, 1993; Fogter, 1995; Jobling et al. 1995; Montagnani et al.1996).
Cooper and Kavlock (1997) observe that relatively few cases of contaminant effects on vertebrate
reproductive processes can be confidently ascribed to endocrine disruption. They also suggest that the
term endocrine disruption has been gpplied to casesin which the biological basisfor such effectshasnot
been established. Caution istherefore needed in ascribing adverse effects of contaminant exposure to
disruption of endocrine processes in vertebrates. This is of even greater relevance when assessing
possible effects of contaminants on the endocrine systems of nvertebrates where, in many cases,
physiological and endocrine processes which may be affected arelesswell understood than isthe case
for many vertebrate species. Some of the chemica simplicated in the disruption of vertebrate endocrine
function also gopear to have a amilarly disrupting influence on invertebrate endocrine activity and
chemicasnot identified as having an effect in vertebrates may well impact on hormona activitiesthat are
unique to particular groups of invertebrates.

Jobling et al. (1995) estimated that there are probably in the order of 60,000 organic micropollutants
that occur in fresh-water from sourcesranging from domestic and industrid effluentsand leachatesfrom
solid waste disposd Sites, to agriculturd and urban run-off and amospheric fal-out. Of this totd,
probably only about 3,000 have been identified. Since about 1945 large amounts of some estrogenic
chemicals have been rdeased into the environment, indluding well-known examples such as the
insecticides, DDT and its metabolites and many of the polychlorinated biphenyls (PCBs). Chemicals
originating from the plastics and detergent industries, such as akylphenols, have aso been shown to be
estrogenic and thereis evidence from various studies that these chemicas may have deleterious effects
on wildlife populations. (Jobling et al. 1995).

Sewage, one of the most important sources of contamination of freshwaters and coastal waters, isa
complex mixture of organic and inorganic chemicas. Degradation of chemicas during the trestment of
sewage results in awide range of products, some of which are transent, some more persistent, and
many of which are not identified. A random screen of 20 organic marn made chemicas present inliquid
effluents reveded that haf appeared able to interact with the estradiol receptor in vitro (Jobling et al.
1995). Alkylphenol derivatives, notably nonylphenal, are well known environmenta estrogens that
appear to cause disruption of the endocrine metabolism of invertebrates as well as vertebrates, and
phthal ates, derivatives of some plasticsare dsoimplicated. A number of metals and metalic compounds
aso dicit symptoms that are known, or suspected, to be the result of interference with hormonaly
controlled metabalic activities. The best known such compounds are the organctin antifouling agents,
particularly tributyltin (TBT), but metals, notably cadmium, have a so been shown to affect endocrine
mediated processesin invertebrates.

Estrogenic activity of environmenta chemicals has nearly dways been discovered becauise an estrogenic
effect, either in vivo or in vitro, has occurred upon exposure to the chemica. Many chemicds that
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exhibit, or gppear to exhibit, estrogenic activity are quite different in structure from natural estrogensoit
is not possible presently to assess whether a compound is likely to be estrogenic based solely on a
knowledge of its chemical structure (White et al.,1994).

It is aso important to bear in mind that a number of compounds with known endocrine-disrupting
activity in invertebrates have been ddiberately introduced into the environment as pesticides.

Table 2 lists some of the chemicalsthat have been shown to dlicit effectsthat are believed or suspected
of being the result of interaction with the endocrine systems of various invertebrate taxa
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Table 2. A representative list of chemicals sugpected of causing disruption to invertebrate endocrine
function. Additiona examples are discussed in the text.

Contaminant | Speciedlife stage | Major effects | M echanism | Reference
Herbicides
Atrazine Daphnia pulex Reduced fecundity and Unknown Schober &
(Crustacean) growth Lampert (1977)
Atrazine Daphnia pulicaria, No effect on survival or Unknown Dodson et al.
Egg-bearing adults fecundity; neonate sex (1999
(Crustacean) ratio shifted towards
males
Simazine Daphnia pulex Impairment of Unknown Fitzmayer et al.
(Crustacean) reproduction; reduction (1982
in molt frequency
Diuron Daphnia magna, Reduced fecundity; No mechanism Kersting (1975)
adults (Crustacean) arrested development of | suggested
juveniles
Metals
Cadmium Daphnia magna, Elevated ecdysteroid None suggested Bodar et al. (1990)
juveniles levels
(Crustacean)
Cadmium Daphnia magna Delayed reproduction; None suggested Bodar et al. (1988)
(Crustacean) increased brood size;
reduced size of neonates
Cadmium Mytilus edulis, adults | Inhibits gonadal follicle No mechanism Kluytmanset al.
(Mollusc) development; stimulates | suggested (1988)
spawning frequency
Cadmium Macrobrachium Hyperglycaemia Reduced synthesis of | Nagabhushanam
Kistnensis crustacean hyper- & Kulkarni
(freshwater prawn) glycaemic hormone (1981b); Machade
Barytelphusa (CHH) et al. (1989) (cited
cunicularis (crab) by Fingerman et
al., 1996)
Cadmium, mercury, Uca pugilator (fiddler | Retarded limb Depression of Weis (1976)
lead crab), adult regeneration (Cd and Hg | metabolic rate
only) suggested as cause
Cadmium, PCBs, Uca pugilator Abnormal colouration Inhibition of black Fingerman &
Naphthalene pigment dispersing Fingerman (1978);
hormone (BPDH) Hanumante et al.
synthesis (1981); Staub &

Fingerman
(1984a,b) (Cited by
Fingerman et al.
1996)
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Contaminant Speciedlife stage | Major effects M echanism Reference
Cadmium Asteriasrubens, adult | Delayed germinal vesicle | Adverse effectson den Bestenet al.
(Echinoderm) breakdown during steroid levels (1989; 1991a,b)
induced spawning; impacting on
abnormal development of | reproductive
fertilized oocytes; processes
abnormal embryo
development; reduced
ovarian growth; reduced
steroid levels and P450
levelsin pyloric caeca
Cadmium Strongyl ocentrotus Low fertilization success; | unknown Khristoforova et

intermedius formation of anomalous al. (1984)
(crustacean) sex cells; arrested
embryogenesis
Cadmium, zinc Asteriasrubens, adult | Increased steroid Effects of metals Voogt et al. (1987)
(Echinoderm) metabolisn elevated directly on enzyme
testosterone and activity or asa
progesterone levels cofactor?
Selenium Daphnia magna Suppression of growth Unknown Johnston (1987)
(Crustacean) and reduced egg
production
Tributyltin (TBT) Caradinarajadhari Retardation of Inhibition of Reddy et al. (1991,
(freshwater prawn), regenerative limb growth | chitinolytic enzymes/ | 1992);
mature and moulting; increasein | Caresorption Nagabhushanam
weight and calcium et al. (1990)
content of cast exuviae
Tributyltin (TBT) Uca pugilator Retardation of limb No specific Weiset al. (1987)
(fiddler crab), adult regeneration and mechanism suggested
moulting; — interference with
abnormalitiesin the devel opmental
regenerates processes
Zinc Uca pugilator (fiddler | Retarded limb Depression of Weis (1980)
crab), adult regeneration metabolic rate
suggested as cause
PCBs
PCBs (Clophen A50) | Asteriasrubens Abnormal development Adverse effects on den Bestenet al.
(Echinoderm) of fertilized oocytes; steroid levels (1989; 1991h)
abnormal embryo impacting on
development; reduced reproductive
steroid levelsin pyloric processes

caeca; elevated steroid
levelsin gonads;
reduced P450 levelsin
pyloric caeca

PCB29, Aroclor 1242

Daphnia magna,
neonates
(Crustacean)

Increased time to
complete four moults

Presumed to act as
antagonists of
endogenous
ecdysteroids

Zou & Fingerman
(1997b)
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Contaminant

| Speciesllife stage | Major effects

| M echanism

| Reference

Alkylphenals, phthalates

Nonylphenol Balanus amphitrite, increased production of | May represent Billinghurst et al.
larval stage larval storage protein promotion of an (1999)
(Crustacean) estrogen-dependent
process
Nonylphenol Chironomustentans, | Reduced survival at high | No apparent Kahl et al. (1997)
all life stages (Insect) | concentrations. No other | oestrogen-related
effects effects
Nonylphenol Daphnia magna, Mortality of adults and No mechanisms Comber et al.
prenatal — adult offspring; reduced brood | suggested. (1993)
(Crustacean) size; reduction in length Nonylphenol is an
estrogen mimicin
vertebrates.
Nonylphenol Daphnia galeata Reduction infecundity; | No specific Shurin & Dodson
mendotae, adult developmental mechanism suggested | (1997)
(Crustacean) abnormalities
Nonylphenol Daphnia magna, Reduced fecundity Disruption of steroid | Baldwinet al.
adult females metabolism (1997)
(Crustacean)
Lindane, 4- Daphnia magna, No effect on moulting Zou & Fingerman
octylphenol neonates (1997a)
(Crustacean)
Diethyl phthalate Daphnia magna, Increased time to Presumed to act as Zou & Fingerman
(DEP) neonates complete four moults antagonists of (1997h)
(Crustacean) endogenous
ecdysteroids
Phthal ate esters Chironomusriparius, | No effectson survival, Brown et al. (1996)
(various) larvae — adult (Insect) | development or
emergence
Phthal ate esters Daphnia magna No effects on survival, None suggested Brown et al. (1998)

(Crustacean)

growth, fecundity

Natural and synthetic steroids

Diethylstilbestrol Daphnia magna, dl Reduced moulting Inhibition of steroid Baldwinet al.
(DES) stages, multi- frequency; reduced hydroxylase? (1995)
generation fecundity; disrupted Antagonsitc
(Crustacean) testosterone metabolism | interaction with 20-
OHecdysone?
Diethylstilbestrol Daphnia magna, Increased duration of Antagonistic Zou & Fingerman

adult (Crustacean)

intermoult period

competition for the
endogenous moult
hormone receptor

(19973)

Diethylstilbestrol

Tisbe battagliai

Inhibition of naupliar

No mechanisms

Hutchinson et al.

(DES) All stages survival ; reductionin proposed. May not (19993, b)
20-hydroxyecdysone | (Crustacean, reproductive output be endocrine-
(20HE) copepod) mediated

R&D Technica Report EG7

77




Contaminant Speciedlife stage | Major effects M echanism Reference
Estradiol-17b, estrone | Sclerasterias mollis Increased ovarian Ovariesand pyloric Barker & Xu (1993)
Starfish, adult estrone and progesterone | caeca may be
(Echinoderm) levels; increased pyloric | estrogen target
caeca estrone levels; organs
incorporation of protein
into oocytes
Estradiol-17b Asteriasrubens Increased estrone levels | Suggested that there | Schoenmakers et
adults (Echinoderm) in ovaries; increased has been enhanced al. (1981)
oocyte diameters incorporation of
material into the
oocytes
I nsecticides
M ethoprene (JH Rhithropanopeus Mortality; increased M ethoprene may Celestial &
analogue) harrisii, larval stages | intermoult duration function asa JH McKenney (1994)
to adult (Crustacean) analoguein
crustaceans
M ethoprene Mysidopsisbahiadl | Mortality; reduced Likely tobeaJH- McKenney &
life stages growth; delayed brood related endocrine Celedtia (1996)
(Crustacean) release; reduced brood effect
sze
M ethoprene Palaemonetes pugio, | Mortality; inhibition of Likely tobeaJH- McKenney &
larval stages larval development related endocrine Matthews (1990)
(Crustacean) effect
Diddrin Daphnia pulex, Mortality; timeto first None suggested Daniels& Allan
Eurytemora affinis reproduction; reduced (1981)
neonate — adult fecundity; increased time
(Crustacean) to maturity; reduced
number of broods
Endosulfan Daphnia magna, Reduced growth; Unknown but siteof | Fernandez-
(organochlorine juvenile— adult decreased survival, action of the pesticide | Casalderrey et al.
pesticide) (Crustacean) reduction in brood size isthe CNS (1993)
and number of broods,
delayed maturation
Endosulfan Daphnia magna, Increased duration of Antagonistic Zou & Fingerman

adult (Crustacean)

intermoult period

competition for the
endogenous moult

(19973)

hormone receptor
Endosulfan, Diazinon | Daphnia magna Reduced rates of Unknown but site of Fernandez-
(organophosphate) (Crustacean) filtration and ingestion action of the Casalderrey et al.
pesticides isthe CNS | (1994)
DDT (insecticide) Lymnaea stagnalis, Reduced fecundity No mechanism Woin & Bronmark
MCPA (herbicide) adult (Mollusc) suggested (1992
Pentachlorophenol Daphnia magna, dl Mortality; reductionin Possibly alteration of | Parks& LeBlanc
(broad spectrum life stages fecundity; reduced the metabolic (1996)
biocide) (Crustacean) elimination of clearance of

testosterone metabolites

endogenous steroid
hormones
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Contaminant

Specied/life stage

Major effects

M echanism

Reference

Pentachl orophenol

Paracentrotus
lividus, seaurchin,
developing eggs

Alteration in embryonic
development and
differentiation; reduced

No mechanism
identified

Ozretic &
Krajnovic-Ozretic
(1985)

(Echinoderm) echinochrome synthesis
Naphthalene Procambrusclarkii, | Suppression of ovarian Possibleinhibition of | Sargjini et al.
crayfish, adult growth gonad stimulating (1994)
hormone release
Mixtures
Tannery and paper Macromia cingulata | Shortened timeto first Possible JH mimics Subramanian &
pulp mill effluent larvae (Insect) moult (tannery); arrested | within the effluents Varadargj (1993)

larval moulting (paper
pulp)

Industrial effluent
containing metals

Chironomus spp.
(Insect)

Higher level of mentum
deformities in exposed
larvae in both field and

No mechanisms
suggested

Dickman & Rygiel
(199)

lab conditions
Organic and inorganic | Chironomusgr. Prevalence of No mechanisms De Bisthoven et
pollutants Thummi, larvae morphological suggested al. (1995)
(Insect) deformities related to
pollutants
Possible exposureto | Chironomus spp. Deformed mothparts; No mechanisms Hamilton &
pollutants (Insect) heavily pigmented head | suggested Saether (1971)

capsules; unusually thick
head capsule and body
wall

Volatile organic
substancesfrom
fractionated
distillation of crude
oil

Platynereis dumerilii,

Nereis sucinea
(Annelid)

Induction of
characteristic spawning
behaviour

Interference with
natural chemical
signalling processes

Beckmann et al.
(19%)

Sewage outfall Paramphiascella Intersexuality Not strongly Moore &
hyperborea, correlated with Stevenson (1991,
Stenhelia gibba, proximity to outfall. 1994)
Hal ectinosoma spp. Cause unknown.
(Mollusc)
4.1 Mollusca and tributyltin

There is a subgtantial amount of literature on the impacts of tributyltin on reproduction in Mollusca
which remainsthe best, and possibly the only proven, example of endocrine disruption exerting effects
at population leve, rather than smply on theindividud. Otherwise thereissurprisngly little evidence of
other chemicadsgivingriseto effectsthat arelikely toinvolve endocrine disruption in molluscs. Cadmium
produces impaired gonadd follicle development in mussels (Kluytmans et al ., 1988) and Woin and
Bronmark (1992) showed that exposure to non-lethal concentrations of DDT  causes substantia

reduction in the fecundity of the freshwater snail, Lymnaea stagnalis.
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Thefollowing brief, and partly historica, account of the effectsof TBT on aguetic organismsisderived
partly from the recent review by Fent (1996) and the topic has aso been critically reviewed recently by
Matthiesen and Gibbs (1998).

Déeeterious effects of organotin compoundswere noted first in oyster (Crassostrea gigas) populations
in Arcachon Bay, France, in the late 1970s and from 1977 to 1983 oyster production was severdy
affected (Alzieu, 1991). Shells developed abnormally and spatfal declined dramatically. Abnormally
developed shellswerea so observed inthe UK (Stephenson et al. 1991). Shell abnormalitiesincluded
chambering and the formation of a protein-containing jelly and effects on cacification occurred at
concentrations as low as 2 ng I'*, dthough sengtivity varies between oyster species. Larvae survived
only afew daysin Arcachon Bay water and dow growth and high mortdity occurred in larvae exposed
to 50 ng ! of TBT in laboratory tests. At a concentration of 20 ng I* growth of C. gigas spat was
inhibited but the related species C. virginica was less sendtive. From a population point of view the
effects on reproduction are much more important than shell deformities.

Important deleterious effects on reproduction in gastropods were dso found about this time.
Widespread incidence of abnorma devel opment of reproductive organsin femae Ocenebra erinacea
(Neogastropoda) in France and in 1981 the imposition of mae sex organs including a penis and vas
deferens on mud snails (Nassarius obsoletus - Neogastropoda) was linked to TBT and termed
imposex or pseudohermaphroditism. The frequency of imposex and degree of penis development was
related to TBT levelsand increased near harbours and marinas. Bryan et al. (1986) concluded that the
effect is probably initiated at a sea water concentration of about 1 ng I of tin. However, Smith and
McVeagh (1991) found ahigh level of imposex in dogwhelks exposed to a nomina concentration of
only 0.01 ngI™.

Gibbs et al. (1988) investigated the development of imposex in dogwhelksin relation to the degree of
exposure to TBT at concentrations ranging from 1 to 100 ng I™* of tin. All females developed intersex
characterigtics a dl concentrations. Some fema eswere serilized through blockage of the oviduct at a
concentration of 1 or 2 ng I* and at 3-5 ng I* virtualy al were serilized. Onethird of dog whelks
reared in a concentration of 4 ng I™* of tin in the laboratory were sterile as aresult of blockage of the
oviduct by the developing penis and vas deferens. At higher concentrations (10 ng I') suppression of
oogenesis aso occurred, and spermatogenesis was initiated while a 20 ng I* some individuas
developed afunctiona testis. TBT was shown to be by far the most effective inducer of imposex though
limited effects were a'so produced by tetrabutyltin and tripropyltin (Bryan et al., 1988). Short et al.
(1989) painted, in situ, the shells of Nucella lima with antifouling paint containing ether tributyltin or
copper. After one month sgnificantly more of those painted with the TBT preparation had devel oped
imposex than ether the controls or those treated with the copper based paint. However, recently the
specificity of the imposex phenomenon has been questioned since copper and other environmental
stressors unexpectedly induced imposex in Lepsiella vinosa (Nias et al., 1993).

Imposex resembling that in N. lapillus has been induced in a variety of other species. Among
prosobranchs, both mesogastropods and neogastropods, around 72 spp and 49 generaare believed to
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be affected worldwide. Susceptibility varies markedly between species with some showing effects at
only themost severely polluted Sitesand in some peciestheimposex response causeslittleinterference
with reproductive activity. Ocinebrina acicul ata (Gastropoda: Muricidae) hasbeen shownto be more
sengtiveto TBT thaneven N. lapillus (Oehlmann et al., 1996) previoudy the most senditive species
known. Symptoms in the population, which is declining in France, include high numbers of erilized
femades, mae biased sex ratios, and poor reproductive performance and recruitment. Among the
European prosobranchsfor which TBT sterilization hasbeen reported areNucellalapillus, Ocenebra
erinacea, Hinareticulata, Trivia arctica and T. monacha . Recently impaosex has been reported in
Buccinium undatum from the open North Seawhere 20 years ago no signs of imposex were observed
and thisisapparently related to the intensity of commercid shipping trafficinthisarea(Hdlers- Tjabbes
et al., 1994).

Deposit feeding clam populations ( Scrobicularia) are a so reported to be negatively affected at TBT
polluted stes (Ruiz et al. 1994a, 1994b, 1995a, 1995b). Embryonic development and burying
behaviour of the clams are affected.

Whether imposex resultsin serilization dependsin part on the norma morphologica configuration of the
reproductive apparatus.  Signs of imposex were observed in the magority of neogastropod taxain
watersof British Columbiafrequented by boats and species could be divided into 4 types of anoma ous
morphologica development, depending on whether the pogterior end of the pdlid vas deferens
interferes, once formed, with the femae genital pore located on the vulva (Bright and Ellis, 1990).

Typel Nucella lapillus
N. lamellosa
Neptunea phoenecia
Type 2A Nucella caniculata
Type 2B Nucella emarginata
Type3 Searlesadira
Ocenebra lurida
Colus halli

The soft body morphology of N. lamellosa is virtudly identicd to that of N lapillus and the vas
deferens was often seen to meet and overgrow the female genital pore indicating thet, asin N. lapillus,
imposex will leed to gerility and population decline in areas of high boating activity. Indeed a large
proportion of females from the Victoria harbour breskwater were serile and juveniles were under
represented. On the inner surface of the breakwater only afew old sterile fema es could be found and
on subsequent vidts the snails became progressvely difficult to find in this Stuaion. Neptunea
phoenecia showed smilar characterigtics but in this species actud retention of egg capsules was not
confirmed.

Imposex does not result in gerility in N. caniculata becausein this speciesthe vulva ongatesaong
with the penis and, dthough when fully formed, the vas deferens meets the base of the vulva, blockage
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was never observed. Nucella emarginatafemaesrespond inasmilar way except that in this species
the vulva enlarges as athickening ring around the genitd pore. In both species blockage of the genita
poreisavoided by the enlargement of the vulva. No sign of sterility was observed in these species and
they remained abundant.

In Searlesia dira, Ocenebra lurida and Colus halli there appearsto be no potentia for sterilization,
eveninextreme cases of imposex, because even when fully formed the male organsarewell posterior to
the vulva and so do not block the genitd pore.

Thus, while it appears that the mgjority of neogastropods are susceptible to imposex, serility dueto
blockage of the genita pore appearsto be restricted to a few species.

Mdformations of the genitd tract in the periwinkle, Littorina littorea, a mesogastropod, were
described for thefirst timein 1993 and related to TBT (Bauer et al. 1993, 1995) and Ronisand Mason
(1996) found that exposure to TBT aong with testosterone resulted in increased retention of
testosterone and its metabolites. These represent anintersex condition whichisdefined asadisturbance
of the phenotypic sex determination between gonadsand genitd tract. Thisconditionisdistinct from that
of imposex, in which mae sex organs are superimposed on those of the female (Smith,1971). Femae
periwinkles develop either mae features on the femae organs or fema e sex organs are supplanted by
the corresponding maeformations. Theresult isagradud transformation of thefemale pdlid tract and
can be described by a progressive scheme with 5 stages.

Normd femdesof L. littorea produce about 500 planktonic egg capsules, each containing 1-5 eggs,
during abreeding season and free- swvimming veliger larvae haich after about 5-6 days. Metamorphosis
occurs after 4-7 weeks. Intersex development causes restrictions of the reproductive capability of
femaes. In stage 1, loss of spermis possible during copulation and so reproductive success may be
reduced. In stages 2-4 femdes are sterile because oocytes and the capsular materid legk into the
mantle cavity (in stage 2), or the glands responsible for embryonic nourishment and/ or the formation of
the egg capsules are missing (stages 3 and 4). Examination of intersex females have so far shown no
sgn of spermiogenesis or sex change.

The metabolism of TBT by marine organisms and links with observed effects was discussed by Lee
(1991). In contrast to some other aguatic invertebrates that have been investigated (e.g. Lee, 1985,
1986, 1991; Rice, 1989) molluscs generdly show avery limited ability to metabolize TBT. Lee (1985)
found that oysters had metabolized only a very smdl amount of TBT after 6 days of exposure and
Langston (1990) found that the clam, Mya arenaria dso hasavery limited ability to metabolize TBT.

Lee(1991) hypothesi zed that many of the observed effectsin molluscs are reated to enzymesinvolved
in TBT metabolism Femaedogwhelks exposed to TBT showed anincreasein testosterone levdsand
injection of testosterone, inthe absence of TBT, aso promotes penis devel opment (Spooner and Goad,
1990). Imposex development is thus not a direct effect of TBT exposure but is mediated by steroid
hormones. Hormones and toxi cants share common metabolic pathway's, notably the cytochrome P-450
system, that can giveriseto interactions. Binding and inhibition of cytochrome P-450 enzymesby TBT
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may result in the production of testosterone (Spooner and Goad, 1990). L ater research indicates that
this occurs through inhibition of the cytochrome P450- dependent aromatase that isrespongblefor the
conversion of testosterone to estradiol 17b (Spooner et al., 1991).

Since the cytochrome R450 enzymes are d<0 involved in synthesis of vitamin D, which regulates
cacium metabolism, it is possble that the abnormd shell growth observed in oysters aso resultsfrom
interaction of TBT with cytochrome P-450 enzymes.

Recently Bettin et al. (1996) showed that TBT exposure at different concentrations induces a
concentration and time dependent imposex development in femde Nucella lapillus and Hinia
reticulata and that smilar and more rapid effects were produced by administering testosterone.
Testosterone titres increased in a manner that was correlated with TBT concentration and duration of
the experiment. Simultaneous exposureto TBT and the antiandrogen cyproterone acetate suppresses
imposex development completdy in N lapillus and strongly reduces imposex development in H
reticulata proving thet the effects are mediated by an increasing androgenleve and not directly by the
organatin. Furthermore imposex devel opment can be suppressed in both snails by adding estrogens to
the aqueous medium, wheress artificia inhibition of the cytochrome P-450 dependent aromatasesystem
using SH 489 as a geroidd aromatase inhibitor and flavone as a nonsteroidal aromatase inhibitor
induces imposex development (Bettin et al., 1996).

In spite of the large amount of attention that has been given to the effects of tributyltin on marine
molluscsthere appear to have been no studies of the extent of the problem in freshwater. There may be
an assumption that, with the ban on the use of tributyltin on smal boats that appliesin many countries,
this is not likely to be an issue. Whereas the decrease in the seawater contamination in harbours asa
result of regulation seemswidespread thisis not true of sediments. The degradation haf lifeof TBT in
marine sediment is in the order of years. Recent data on harbour and marine sediments indicate that
resdues remain a relevant levels, though very variable between marinas and estuaries.

The degree of contamination of freshwatersislesswel known, particularly sinceregulation, though itis
evident that levels fdl after regulaion.. In East Anglian rivers, levels of up to 0.032 F g I'* were
recorded in 1992, but in Lake Lucerne TBT concentrations were shown to be much greater in
sediments by, afactor of nearly 1000 relative to the concentration in water (Fent, 1996).

4.2 Crustacea

Crustacean endocrine systems have been shown to be influenced by arange of chemicds, including
vertebrate type steroids, metas, alkylphenols and pesticides.

4.2.1 Heavy metals

The effects of heavy metas on endocrine regulated processes in crustaceans have been reviewed by
Fingerman et al. (1996, 1998) and include disruption of moulting, limb regeneration, blood glucose
level, colour changes and reproduction.
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Cadmium

Both cadmium (Bodar et al., 1990) and sdlenium (Schultz et al., 1980) have been found to have
adverse effects on the process of moulting in Crustacea. Exposure of Daphnia magna to selenium
delaysthe onset of proecdysisand in adults of this species exposed to cadmium the result islengthening
of the intermoult cycle, reduction in the number of successful ecdyses, reduction in body weight and
reduced Size of neonates.

Bodar et al. (1990) investigated the effects of exogenous ecdysteroids on moulting and reproduction of
D. magna exposed to cadmium, in order to determine whether observed effects of cadmium exposure
could be the result of changes in ecdysteroid titres. Cadmium produced a threefold increase in

ecdysteroid level a an exposure concentration of 20 F gl Administration of exogenous ecdysteroid
asoled to both areduction in the number of successful moults and in the number of young produced but
the size of the neonates was unaffected. As aresult it was hypothesised that increased ecdysteroid
levelsin Daphnia, exposed to cadmium, were responsiblefor the reduction in the number of successful
moults but that the cadmium induced reduction in neonate Sze was not related to the increased
ecdysteroid level. Ecdysteroid titres normaly decline prior to moulting but when this reduction in

ecdysteroids is overridden by the presence of exogenous ecdysteroids the animas do not moult.

However, the authors aso note that the essentia-meta subdtitution characteristics of cadmium may
provide an dternative explanation for impa rment of moulting since severd metalo- enzymesareinvolved
in the moult process.

Heavy metdsaso adversdly affect the hormonally regulated process of limb regenerationin decapods.
Cadmium, mercury and lead havedl been shown to retard limb regeneration and moulting inthefiddler
crab, Uca pugilator (Weis, 1976). Cadmium and mercury exposure o resultsin areduction in the
number of tubercles on the regenerated limbs (Wels et al., 1986; cited in Fingerman et al., 1996)

I nteraction between cadmium and methyl-mercury in respect of these effects is strongly influenced by
inity. In water with 30 ppt sdinity, inhibition of limb regeneration and ecdysis in three species of
fiddler crab, U. pugilator , U. pugnax and U. minax was much greater when exposed to a
combination of methyl-mercury and cadmium than when exposed to either metal separately. However,
a hdf thisleve of sdinity the combination produces|essinhibition of limb regeneration and moulting then
does each metal separately. Zinc has a lesser effect than ether methyl-mercury or cadmium but in
combination with methylmercury the effects gppear to be additive (Weis et al., 1992).

U. pugilator develops resstance to cadmium stressin respect of its effects on limb regeneration after
exposureto 0.5 ppm for oneweek. However acclimatization does not influence the effects on moulting,
indicating that previous exposureis protective in terms of the growth process done and not through the
neuroendocrine system which controls the moult cycle (Weis et al. 1992).

Blood glucose levels in decgpods are regulated by the crustacean hyperglycaemic hormone (CHH).
CHH is produced in the medullatermindis X-organ-snus gland complex in the eyestalk (see section

R&D Technica Report EG7 84



2.2). Exposure to cadmium gives rise to hyperglycaemia in the freshwater prawn Macrobrachium
kistnensis (Nagabushanam and Kulkarni, 1981b). Thereisevidence, from research on another species
of prawn P. clarkii, that thiseffect arisesfrom interference by cadmium with CHH activity; simulating
release of CHH while a the same time inhibiting its synthesis. CHH activity in eyestaks of crayfish
exposed to cadmium was less than in controls kept in clean water (Reddy et al. 1994).

Naphtha ene and cadmium both induce hyperglycaemiainfiddler crabs but the effects differ from those
cited above in that CHH activity inthe eyestal ks of crabs exposed to naphthaene was much morethan
in controlswhile CHH activity in eye-stalks of the crabs exposed to cadmium wasreduced (Fingerman
et al. 1996).

CHH dso regulates amylase activity in the gastric juice of decgpods by stimulating release of amylase
from the hepatopancreas. In P. clarkii exposure to cadmium resultsinasggnificant increesein the pH
of the gadtric juice and a decrease in amylase activity again leading to the suggestion that cadmium
smultaneoudy simulatestherelease of CHH and inhibitsthe synthesisof CHH (Reddy and Fingerman,
1994, cited in Fingerman et al. 1996).

In many crustaceans colour regulationis animportant mechanism for avoiding predation. Colour change
isregulated by pigment dispersing and pigment concentrating neurohormonesthat affect thedistribution
of the pigment within the chromatophores. Cadmium appears to inhibit the synthesis of the black

pigment digpersing hormone (BPDH), since eyestalks of crabskept in clean water contained morethan
three times as much BPDH as those of crabs exposed to cadmium (Reddy and Fingerman, 1995).

Exposure to cadmium aso resultsin diminished ability of U. pugilator to disperse black pigment. This
effect isnot only on the chromatophores but adso on the neuroendocrine system which regulates these
pigment cells. The polycyclic aromatic hydrocarbon, naphthalene, dso affect the coloration of this
species by inhibiting rdease of BPDH and, in contrast to the effect of cadmium, result in a subgtantia

increase in the activity of BPDH in the eyestalks (Staub and Fingerman, 1984).

Tributyltin

Oberdorster et al. (1998) showed that athough daphniids are highly susceptibleto acutetoxicity from
tributyltin (TBT; 25 Fg I* of TBT was lethd to 60% of the organisms) exposure to lower
concentrationsresulted in no adverse effects on moulting or reproduction. Testosterone metabolismwas
enhanced in animals exposed to concentrations gpproaching letha levels.

Incontrast, TBT retards limbregenerationand delaysecdysisin fiddler crabsand produces anatomical
abnormditiesin the regenerates. Thereiscurving in thewrong direction of the regenerated dactyl of the
mgjor chela of the maes and the number of setae was reduced in limbs which regenerated in TBT-
exposed animals (Weis et al., 1987). In the freshwater prawn, Caradina rajadhari, TBT exposure
causes a dose dependent retardation of moulting (Reddy et al., 1992). TBT aso inhibits cacium
resorption from the exoskeleton of C. rajadhari and causes sgnificant increases in the weight and
cacium content of cast exuviae (Nagabhushanam et al., 1990).
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Few aguatic invertebrates have been studied to determine if they can metabolize TBT but it isknown
that a number of decapods, including blue crabs Callinectes sapidus) spider crabs (Libinia
emarginata) and shrimp crabs (Penaeusaztecus) can metabolize TBT that entersviafood or water
(Lee, 1985, 1986; Rice, 1989). Stomach and hepatopancreas microsomes from crabs form
hydroxylated derivatives of TBT via the cytochrome P-450 system (Lee, 1991). Thisis contrast to
molluscsinwhich the ability to metabolize TBT gppearsto bevery limited.(Lee, 1985; Langston, 1990)

4.2.2 Vertebrate-type steroids

No definitive role has been established for estrogens in crustaceans (see section 2.2.8) but experiments
have identified the existence of physologicd and biochemicad functions that may be perturbed by
environmenta estrogens or other endocrine disruptors. These may be the consequence of true
estrogenic effects (interaction with estrogenreceptors) or dternatively estrogens and xenoestrogens may
interact with other steroid hormone receptors or disrupt endogenous steroid metabolism through
interactions with steroid metabolizing enzymes.

Badwinet al. (1995) exposed Daphnia magna to the estrogen diethyldilbestrol (DES) whichinhibited
moulting in juveniles but not in adults. Juveniles moult more frequently than adults, which suggeststhat
DES &ffects some factor that is responsble for frequent moulting in juveniles. It is possble thet it
competes antagonigticaly with the native hormone for the 20-hydroxyecdysone receptor and thus
prevents the simulation of moulting in the juvenile dgphnids. Alternatively adults may be insengtive
because they are better able to inactivate DES. DES was aso found to reduce fecundity in second
generation daphnids and to dter the rate of eimination of varioustestosterone derivatives. However, it
should be noted that very high concentrations of DES, in environmenta terms, were used in these
sudies (up to 0.5 mg I'h).

4.2.3 Alkylphenols and phthalates

Pentachlorophenal inhibits both glucose and sulphate conjugetion of steroids in invertebrates. Both
processesareimportant e ementsof the steroid elimination/inactivation processin invertebrates Badwin
et al. (1997) postulated that, because of its phenolic structure, 4-nonylphenol might have a amilar
inhibitory effect, giving rise to the disruption of steroid hormone homeodiass by eevating hormone
levels, with the possibility that thiswould result in toxicity to steroid hormone- dependent processessuch
as reproduction.

These authors assessed the effects of 4-nonylphenol on the metabolic dimination of testogterone in
daphniids. The animals were kept in water together with both 4-nonylphenol and radio-labelled
testosterone. Exposure to nonylphenol increased the accumulation of exogenous testosterone,
supporting the hypothesis that nonylphenal inhibits the metabolic eimination of the testosterone.

Whether testosterone is a physiologicaly relevant steroid hormonein crustaceansis not resolved (see
section 2.2.8 for further details). Baldwin et al. report that exogenous testosterone has been shown to
dimulatethe conversion of ovariesto testesin ocypod crabs (Sargjini, 1963) and to initiate hypertrophy
and hyperplasa of the androgenic gland, increase testis Sze and mohilize glycogen from the midgut to
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thetedtisin the paneid crustacean Par apenaeopsi s hardwickii (Nagabhushanam and Kulkarni, 19813a).
Testosterone has also been detected in the testes and serum of the American lobster (Burnset al.,
1984) and in the ovaries of Nephrops norvegicus (Fairset al., 1989). However aspecific testosterone
receptor hasyet to beidentified in crustacean tissues and thereforeit is possible that androgens have no
direct role within the crustacean endocrine system, or may serve as non-functional precursors of other
geroid hormones. The authors suggest that the presence of androgens and enzymes capable of
metabolizing thesein crustaceans suggeststhat the effectsdicited by 4-nonylphenal, areof physologica
relevance. Itisaso possblethat the glucosyltrandferase and sulphotransferase enzymesresponsiblefor
the conjugation of testosterone aso function with ecdysteroids, in which case 4- nonylphenol may aso
suppress the metabolic dimination of ecdysteroid conjugates (Baldwin et al., 1997).

Dodson and Hanazato (1995) specul ated that the flexible sex ratio of cladocerans might bemore easily
influenced by hormone-like xenobiotics than that of obligate sexua species and predicted that the
maximum Daphnia sex ratio observed during ayear will be higher before 1945 than after. |n support of
thisthey citedatafrom Lake Mendotafor 1895, 1975 and 1991 which show adramatic decreasein the
maximum frequency of maesfor two Daphnia specieswith no changein athird, in which thefrequency
of maeswaslow in dl samples.

Subsequently Shurin and Dodson (1997) invedtigated the effects of nonylphenol and a toxic

cyanobacterium in sex determination and development in Daphnia. In common with many cladocerans,

femde Daphnia divide their reproductive effort among females, maes and resting eggs according to
environmenta conditions. Exposure of femalesto both nonylphenol and thetoxic strain of Microcystis
resulted in a change in fecundities in terms of the 3 types of offspring. Production of femaes and of

resting eggs were affected in both experiments. Production of maeswas|ess sengtiveto modification.
Exposure to nonylphenol aso produced acharacteristic developmenta abnormality at environmentally
relevant concentrations. Prenatal exposure to nonylphenol gaveriseto morphologica abnormdlitiesina
proportion of the juvenile Daphnia, a concentrations of nonylphenol within the range commonly found
in waters recelving sewage effluent and well below the no effect level for acute and chronic effectson
growth and reproduction in Daphnia magna of 0.024 mg ! (Comber et al., 1993). Only animals
exposed prenatdly developed these deformities which involved development of tall spines and

svimming setae.

The effects of body sze, life sage and sex on the toxicity of various dkylphenols to Daphnia magna
wererecently investigated by Gerritsen (1997; Gerritsen et al., 1998). Y oung and adultsweresmilarly
sengtive to the test and differences in rates a which surviva was affected could be explained on the
basis of differences in body size. Y oung, juveniles and adults were exposed to six akylphenols and
mohbility, surviva, growth and reproduction were monitored. Alkylphenols gppeared to affect survivd in
two ways, viaadirect (toxic) effect on surviva and viaan indirect effect resulting from immohbilization.

Someof thefema esthat survived showed conspicuous maformations of the cargpace and based onthe

characteristic morphological differences between males and femaes it appeared that these had
undergone an externad masculinization. The occurrence of malformed femaes was linked to exposure
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concentration and the age at exposure. Maformations occurred together with an inhibition of growth
and a gimulation of reproduction. The latter may be interpreted as an energy shift from growth to
reproduction.

Growthand reproduction were both sgnificantly delayed by exposure to akylphenol and under certain
conditions reproduction was stimulated by akylphenols. Since akylphenols smultaneoudy inhibited
growth, stimulated reproduction and induced malformationsit gppeared that gpart from its non specific
mode of action asapolar narcotic the akylphenol dso interfered with the animd's hormone metabolism

In contrast to the effect on the numbers of femae offspring produced by Daphnia magna exposed to
nonylphenol (Shurin and Dodson, 1997), Zou and Fingerman (1997) found that neither the synthetic
estrogendiethyl<tilbestrol nor the estrogeni ¢ pesticide endosulfan affected sex differentiation in Daphnia
magna athough they both inhibited moulting. Itispossblethat Sructurd Smilaritiesbetween hormondly
active xenobiotics and steroid hormones such as estrogen arethe basisfor the hormond activity of these
chemicasin Daphnia. These amilarities may enable the mimicsto bind to ecdysteroid receptors and
then act as antagonigts rather than agonigts of the ecdysteroids, presumably blocking the receptorsfor
extended periodsand preventing endogenous steroid moulting hormones from binding to and turning on
the receptor. However it is dso possible that this effect is a more genera response to stressors not
directly involving ecdysteroids and their receptors.

Phthaate ester plasticisers are reportedly weakly estrogenic in vertebrates (Jobling et al., 1995).
However, at anomina concentrations of 1 mg ™ no adverse effects were detected on the reproductive
performance of Daphnia magna (Brown et al., 1998).

The sdtlement of the barnacle B. amphitrite hes been shown to be inhibited by exposure to
environmentdly redigticlevelsof 4-nonylphenal (Billinghurd et al., 1999). However themechanism by
which this occurred was not attributed to endocrine disruption. Exposureof naupliuslarvae of thesame
species to the same levels of 4-nonylphenol caused an increase in the production of alarva storage
protein (cyprid major protein; Shimizu et al., 1996) which hassgnificant amilaritiesto vitdlininthe adult
Billinghurs et al., 1999). Exposure of the amphipod Corophium volutator to 4-nonylphenal
enhanced fertility, reduced growth and caused asignificant increasein length of antennae of the exposed
maes (Brown et al., in prep).

4.2.4 Pesticides

The use of synthetic mimics of juvenile hormones asinsecticidesintroduced the problem of insecticides
causing endocrine disruption in marine and fresh water crustaceans (Gomez et al., 1973). One such
pesticide is methoprene. At a concentration of 1 mg I*, this chemica completdy inhibits larva
development in the estuarine shrimp, Palaemonetes pugio (McKenney and Matthews, 1990). Thefirgt
two larva stagesand thefind pre-metamorphic larva sagewere moresenstivethanintermediatelarva
gtages. A smilar sudy on the mud crab Rhithropanopeus harrisii indicated thet this specieswas more
sengtiveto thesngleisomer formulation of methoprenethan the doubleisomer formulation employedin
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the previous study, the duration of both surviva and devel opmental being affected by exposureto 100
F g methoprene I (Celestial and McKenney, 1994).

Numerous agueatic toxicologicad studies have investigated the effects of another insect growth inhibitor,
Diflubenzuron (DFB) on decapods and other crustaceans (reviews by Cunningham 1986 and Fischer
and Hall. 1992). DFB affects reproduction, development and behaviour in crustaceans (Cunningham
1986). Significant effects are found a concentrations less than 10 F g I in most cases. However,
diflubenzuron specificdly inhibits chitin synthetase and may therefore not be consdered grictly as
operating via an endocrine pathway.

Exposure of Daphnia to the estrogenic pesticide endosulfan resulted in a range of sublethd effects
including reduced growth, decreased surviva and meantotd young per femae, anincreaseinthetimeto
firgt reproduction, and areduction in the mean number of broods (Fernandez- Casalderrey et d., 1993).
Feeding behaviour of Daphnia magna is modified by exposure to the pesticides endosulfan and the
organophosphorusinsecticide diazinon (Fernandez Casalderrey et a., 1994). Theauthorssuggest such
effects are mediated by the action of the pesticide in the central nervous system.

V arious organochl orine pesticides are known to influence endocrine processesin vertebrates and effects
that are suggestive of endocrine disturbance, at concentrations considerably below those a which
aurvivd is affected, have dso been demondtrated in some crustaceans. At a concentration of only
0.03F g I endrin delayed the onset of spawning and reduced the production of viable embryosin the
shrimp Palaeomenetes pugio (Tyler- Schroeder, 1979). Low concentrations of toxaphene were shown
to reduce fecundity in D. magna and dieldrin delays and reduces the number of viable offsaring
produced by the copepod, Eurytemora affinis (Daniels and Allan, 1981).

Schober and Lampert (1977) showed that atrazine has a marked effect on fecundity and growth in
Daphnia pulex and D. magna at concentrations consderably below those that affect survival and
Macek et al. (1976) found that the same herbicide impaired reproduction and development in the
malacostracan, Gammar us fasciatus. Recently, Dodson et al. (1999) have reported that exposure of
Daphnia to arazine during embryogeness shifts the sex ratio in favour of maes. The authors suggest
that this effect is more sengtive than those on survivorship and fecundity. In addition to negative effects
on reproductive performance like those of atrazine, another triazine herbicide, Smazinedso givesriseto
reduced frequency of moulting in D. pulex.

The urea herbicide, Diuron aso affects reproduction in Daphnia (Kergting, 1975). The mechanisms
underlying these effects are not known but they are strongly suggestive of endocrine disruption.

Carbamate pesticides have been shown to induce hedmet formationin Daphnia ambigua but thisis
probably not an endocrine disruption process. Helmet formation also occurs in response to the
presence of substances released by predators (e.g. Chaoborus) known as karomones, and the
pesticides successful in inducing this response are suggested to act directly via the nervous system
(Hanazato, 1991; Hanazato and Dodson, 1995). Carbaryl and kairomone together interact to produce
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further synergigtic reductionsin body size and growth rate. However other stressfactors, including pH
may have asmilar synergidic interaction with the naturd and anthropogenic chemicals.

Piperonyl butoxide, is a synergist used in combination with pyrethroids, which acts by inhibiting the
P450 catal ysed metabolism of the pesticidelt has been shown that piperonyl butoxideinhibits production
of viable offspring in daphniids while having no effect on surviva, growth or reproduction (Badwin and
LeBlanc, 1994; LeBlanc and McLachlan, 1996; LeBlanc et al., 1995).

Kethane (Dicofol) isanon systemic acaricidewith littleinsecticidd activity. Accordingto Worthing and
Hance (1991), impairment of reproduction in some birds by kelthaneisdueto DDT type contaminants
and fish reproduction is dso affected. Rao et al. (1992) investigated the toxicity of this pedticide in
reaion to the function of the neuroendocrine sysem dStuated in the eyestdks of the prawn,
Metapenaeus monocer os. This sysem isinvolved in moulting, growth and development and various
other metabolic and physiological processes. The eyestaksof some prawvnswere removed while other
prawns were injected with eyestak extract. Kelthane was highly toxic to prawns with one of the
eyestaks removed by comparison with both controls and prawns injected with the extract. It was
concluded that the hormones produced in the glands of the eyestalk influence toxicity through

interaction with the pesticide.

4.2.5 Incidenceof intersexuality in field populations of Crustacea

A discovery of ahigh frequency of intersexudity in Harpacticoidain thevicinity of Edinburgh'slong-sea
sewage outfdl was followed up with amore extensive survey (Moore, 1991; Moore and Stevenson,
1994). Intersexuality wasfound to be commonin Paramphiascella hyper borea and Senhelia gibba
and was present in two species of Hal ectinosoma. Intersexuality was widespread a ong the Edinburgh
coastline and was recorded up to 10 miles from the outfal but there was no evidence for corrdation
between frequency and distance from the discharge. Most intersexes diplayed smilar secondary sexud

characters with the sexualy dimorphic prosome agppendages taking the femae form, the 5th leg

intermediate between mae and femde, and the 6th leg and urosome mde in character.

Intersexudity iswell known among Crustaceaincluding decapods, amphipods, isopods and planktonic
copepods, (e.g. Hastings, 1981; Smith, 1977) but it appears to be extremely rare in harpacticoids. It
was reported earlier by the same authors from around Scotland but otherwise the only other records
relateto asingleindividua of Amphiascoides debilisand 1 of Archisenia sibirica.

Incaanoidsand severd other taxa, intersexuality has been linked to parasitism but intersexes have often
been found to exhibit no trace of paraditic infection and it has been suggested that trangent parasitic
infection may dicit intersexudity in such cases, dthough other externa environmentad factors may be
involved. No parasites have been observed in any of the intersexes that were examined in this study.
The initid finding was that 93% of P. hyperborea were intersex within 100 m of the terminus of the
long-seaoutfal. Thelarge Sze of theindividuas and the feminine nature of the gppendagesthat develop
firg suggest that mogt intersexes commence life as femaes and undergo a masculinizing influence,
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Thereis no indication of adverse effects on the macrobenthos around the outfal and al meiobenthic
sampleshad ahigh copepod diversty indicating little or no influence on community structure. Tributyltin
was congdered as a possible cause but laboratory experiments with TBT did not induce such effects.

Sangalang and Jones (1997) describe the occurence of intersex in populations of lobsters exposed to
sewage dfluent but no definitive link to a specific causa agent was established.

4.3 Insecta

4.3.1 Vertebrate-type steroids

Vertebrate type steroids occur widely in insects (see Section 2.1.5 for details). Bradbrook et al. (1990)
report that androgens and estrogens have been detected in cockroach, tobacco hornworm. mealworm
and, milkweed bug. Eleven androgens and progestagens have been identified in haemolymph of a
fleshfly, Sarcophaga. Titres of vertebrate type steroids were over a comparable range to the
ecdysteroid titres but at present thereisno known hormondl rolefor vertebrate type steroidsin insects.
The only uses mentioned by Bradbrook et al. (1990) are in defensive secretions from the prothoracic
glands of water beetles and the rectal glands of carrion beetles. The possible hormona function of
vertebrate type steroids and their origin remains uncertain and contentious (see Section 2.1.5). Thereis
evidence that they can be synthesised from cholesterol but another possbility is tha they are
sequestered from food sources- however there seemsto be no obviousrelationship between thelevels
in theinsect and those in its food.

It isof interest to note that some of the compounds known to exhibit estrogenic activity in vertebrates
gpparently have no effect, even a relatively high doses in insects. Exposure, from firgt larva indar to
emergence to pladticisers (phthdates), which are weakly estrogenic in vertebrates, had no detectable
effect on development of the midge Chironomus riparius (Brown et al., 1996). West et al. (1997)
found no effects on surviva, growth or reproduction of Chironomus tentans exposed to the dioxin
TCCD and no effect on pupation was observable when the mosquito, Aedes aegyptii wasexposed to
the same compound (Miller et al., 1973). Smilarly Kahl et al. (1997) found that nonylphenol did not
affect the growth, survival, emergence, sex ratio, fecundity or egg vigbility of Chironomus tentans.

4.3.2 Insect growth regulators

Increased understanding of the role of hormonesin the regulation of anumber of insect life processes
has led to the introduction of these hormones and their analogues as pesticidesfor use asbiochemica
control agents. Of particular interest are those hormonesinvolved in theregulation of developmenta and
growth processes. Several maor types of insect growth regulators have been studied to date of which
the most extensive group are juvenile hormone anaogues, which act as endogenous juvenile hormone
and disrupt insect larva devel opment.

Susceptibility to these compounds may differ markedly even between closdy related species.
Applications of 1000 F g I'* to larval habitats of Culex pipiens quinquefasciatus completely arrested
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adult emergence for 5 days. Control of adult emergence of C tritaeniorhynchuswaseffectivea only
100 F gI™* but this rate of application was ineffective against C pipiens molestus larvae.

Non-target, aguatic animas dso exhibit a wide range of susceptibility to the larva growth inhibiting

pesticides. Diflubenzuron inhibits chitin synthesi's during moulting and therefore may not be drictly

congdered an endocrine disrupter. Hanson and Garton (1982) observed effects of this compound on
the fauna of experimenta streams. Most susceptible among the insects were mayflies and stoneflies
which were affected a concentrations of only 1.0F glI™ . Dipteranswere affected a ten timesthisdose
while Coleoptera apparently were not affected at any concentration. Harrahy et al. (1994) exposed
mayfliesand stonefliesto Diflubenzuron in water and on contaminated leaves. Mayflieswere sendtiveto
contaminated water a the lowest experimenta concentration of only 0.6 F g I'. Stoneflies were less
sengtive to contaminated water but moulting was disrupted in larvae fed on treated leavesfor 24 days.
Surviva of larvae was sgnificantly affected 60 days after the trestment was terminated. The authors
concludethat early life stages should be used in future tests, Snce these often coincide with autumn lesf
fal, when introduction of contaminated |eavesto headwaters may have an adverse effect on headwater
communities.

4.3.3 Herbicides

Some herbicides have a so been shown to adversdly affect endocrine mediated processesininsects. Itis
well established that different cytochrome R450 isozymes are involved in the metabolic pathways
leading to the synthesis of 20-hydroxyecdysone and juvenile hormone (Wilkinson, 1985). Many

cytochrome P-450 inhibitors are known to influence hormone-dependent functions. The bipyridium
herbicides diquat dibromide and paraquat dichloride, which react with cytochrome P-450 enzymes,
have been assessed for effects on growth and development in Neobellieria bullata (Diptera) larvae.
Diquat dibromide caused prolongetion of thefirst ingtar stadium, disturbance of thefirst mouit, anddday
of pupation inwandering larvae (Darvaset d., 1990). Paraquat dichloridewaslessactive. Thistypeof

reaction isaso caused by some cytochrome P-450 inhibitors such asferanimol, nuarimol and piperonyl

butoxide. Feranimol is used as a fungicide and decomposes rgpidly in sunlight; nuarimol is a smilar
compound used as afungicide on barley; piperonyl butoxide is used as a synergist for pyrethroids.

4.3.4 Phytosteroids

Some phytosteroids (brassinosteroids) are structurally smilar to ecdysteroidsin that they both contain
the entire cholesterol skeleton with the complete side chain and are very soluble in water (Luu and
Werner, 1996). 20-hydroxyecdysone has been isolated from plants and shown to be structuraly
identica with the insect moulting hormone but since 1966 more than 100 phytoecdysteroids have been
identified and experiments have shown that many of these structures demondtrate hormona activity in
insects (Adler and Grebenok, 1996). Effluents from pulp and paper mills were shown to influence
moulting in aguatic insects. For example, moulting was arested in dragonfly larvae (Macromia
cingulata) when exposed to paper and pulp mill efluent (Subramanian and Varadargj, 1993) and
exposure of the same species to tannery effluent resulted in a shortening of the time to first moullt,
indicating that components of the effluents interfere with ecdysteroid metabolism

R&D Technica Report EG7 92



4.3.5 Alkylphenols and phthalates

No effects were observed on the development (numbers and sex of emerging adults) of the midge,
Chironomusriparius, of exposureto di- 2-ethylhexyl phthaae or di-isodecyl phthdateat upto 10g kg
! of sediment (Brown et al., 1996).

Kahl et al. (1997) report on the effects of 4-nonylphenol exposure on Chironomustentans during a
ful life- cycletest. Although survival at 20 dayswas affected by the highest concentration used (200F g
I* nomindl) no effects on larval growth, emergence success or pattern, sex ratio, fecundity or egg
viability were observed.

4.3.6 Morphological deformitiesin Chironomidae

A relaionship between deformities of the mouthparts and other head capsule features of chironomid
larvae were first documented by Hamilton and Saether (1970) who postulated the cause to be
environmental exposure to heavy metas and pesticides. More recently De Bisthoven et al. (1995)
screened concentrations of 10 heavy metalsand 40 organic xenobioticsin river sediments and matched
agang typesof deformity in Chironomus thummi (group) larvae. Particular types of deformitieswere
associated with the occurrence of heavy metds, phthalatesand DDT. However, some of these effects
occur only over avery narrow band of concentration and environmenta conditionsand departurefrom
these conditions gpparently resulted in a reduction in some types of deformities, often with an
accompanying increasein someother type. A combined laboratory and field sudy inthe NiagaraRiver
watershed reveded a Sgnificant increase in chironomid mentum deformities in organisms exposed to
heavy metds (Dickman and Rygid, 1996).

4.3.7 Hormonesand invertebrate behaviour

A variety of hormones are respongble for organizing invertebrate behaviour (Truman and Dominick,
1983) and disturbance to norma behaviour is potentialy a ussful and probably sengitive end-point for
use in laboratory bioassay. They are consdered briefly here because they are better known in the
insectsthanin other groups of invertebrates. For example, aoplication of 20-hydroxyecdysone tolavee
of Ephestia and some other insects induces prepupa cocoon spinning behaviour. A well known

example is the so-cdled wandering behaviour of the tobacco hornworm Manduca sexta, which

precedes pupation. Thisbehaviour lagtsfor about 20 hoursand is corrdated with the endocrine changes
that accompany the start of metamorphod's, including the disappearance of juvenile hormone and the
gppearance of asmall pesk in ecdysteroids (Riddiford and Truman, 1978).

Among freshwater insects behaviourd patterns associated with case building or net spinning in caddis
are processesthat may be regulated by hormones. Theform of the nets produced by Hydr opsyche, for
example, are complex and species specific and larvae of this genus are known to construct atypical

webs when exposed to certain pollutants, dthough the mechanism for this disruption to normal
behaviour has not been established.

Pollutants may aso influence insect behaviour through apparent interference with pheromones.
Blackwell et al. (1993) found that a polluted water sample and the synthetic oviposition pheromone

R&D Technica Report E67 %3



erythro-6-acetoxy-5-hexadecanolide sgnificantly increased ovipostion by gravid femde Culex
guinquefasciatus (Dipterd) measured againg a clean water sample. The active semiochemica
congtituents of the polluted sample have yet to be identified.

4.4 Echinodermata

Khristoforova et al. (1984) and Gnezdilova et al. (1985) reported that oogenesis in sea urchins
Strongyl ocentrotus inter medius was affected after short term exposure to cadmium at levelsof 100
F g I' or higher. Voogt et al. (1987) found that short term exposure to cadmium or zinc in the early
stages of gametogenesi sresulted in effects on steroid metabolismin the gonads and pyloric caecaof the
sea star (Asterias rubens) and reproductive abnormalities were also observed by den Besten et al.
(1989) in Asterias rubens exposed to both cadmium and polychlorinated biphenyls (PCBs). Den
Besten et al. (1991) aso confirmed thet both cadmium and PCBs influence steroid metabolism in
Asterias, causing areduction of progesterone and testosterone levelsin the pyloric caeca. Furthermore,
steroid metabolism of the seastar can beinfluenced by these chemicasat tissue concentrationsthet are
comparable with those recorded in animasfrom aheavily contaminated estuary or fed on mussalsfrom
this Stuation (den Besten et al.,1991b).

Short term exposure of Asterias rubensto 200 F gl of cadmium caused areduction in ovary growth
but there was no effect on the testes. Long term exposure to 25 F g I' caused a delay in ovarian
growth which was obvious after 5 months exposure but by the end of the reproductive cycle the
difference had become smdler. Asin the short term experiments the growth of testeswas not affected
and the cadmium level in male gonads was lower than in ovaries by afactor of 6 (Den Besten et al.
1991a). No mortality occurred during the experiments and feeding rates of the exposed animaswere
unaffected.

The scale of the effect was dependent on the time of exposure. Production of oocytesin the sea star
involves transfer of vitellogenic materid from the pyloric caeca to the ovaries and in the course of
oogenesis an increase in the weight of the ovary is accompanied by a reduction in the weight of the
pyloric caeca The largest increase in ovary weight occurs between November and March and the
maximum effects on gametogenesis occurred when females were exposed between December and
January. Femaes exposed to cadmium during this period showed amost no ovarian growth and the
weight of the pyloric caecaremained high. Thissuggeststhat the cadmium had anegetiveinfluenceon
the transfer of vitellogenic materia (Den Besten et al. 19914)

Voogt et al. (1991) assessed that there was considerable evidence to indicate that steroids play an
important role in the early stages of gametogenesis. Cytochrome R450 enzymes are of criticd
importance in certain steroid biosynthetic pathways and, as part of the mixed-function oxidase (MFO)
system these enzymes are dso involved in the metabolism of xenobiotic compounds. Interference
between the processes of deroid metabolisn and xenobiotic metabolism can  occur.

4.5 Conclusions
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A congderable body of evidence strongly suggeststhat many organic and inorganic chemicasfound as
contaminants in the aguatic environment can exert adverse effects upon invertebrate species via
mechanismswhich may relatetointerference with norma endocrine regulatory processes. However, the
magority of these reports concern laboratory studies. There are few examples of the detection of

possible endocrine disruptive effectsin naturd populations and only asingle well-documented example
of an endocrine disrupting chemica (TBT) exerting adverse effects on invertebrates (molluscs) at the
population level. Therefore, while it must be accepted as a strong possibility that endocrine disruptive
effects on agquatic invertebrate popul ations are common there is an inadequiate database to support this
assertion. Attributing the adverse effects of many chemicasto endocrine disruption is hampered by the
relatively incomplete and fragmentary understanding of the endocrine system within many invertebrate

groups.

It must a s be noted that the endocrine systems of invertebrate groups differ markedly from each other,
and from that of vertebrates (see Chapter 2). Most of the chemicals tested to date for effects as
endocrinedisruptersininvertebratesare known disruptersin vertebrate systems. Some of these, suchas
nonylphenol and some phthadate esters, fail to show evidence of adverse effects in exposed
invertebrates. This emphasises the fact that some known vertebrate endocrine disrupters may have
effects in invertebrates, others may not, and there may be arange of chemicaswhich have no effect on
vertebrate systems but interfere with invertebrates.

R&D Technica Report E67 95



5. ENDOCRINE DISRUPTING CHEMICALS - RELEVANT
LEGISLATION AND REGULATIONS TO PROTECT
INVERTEBRATES

5.1 International moves to integrate activities and policy with regard to
endocrine disruption

The US Environmental Protection Agency (EPA) sponsored aworkshop in April 1995 - "Research
needs for the Risk assessment of Health and Environmental Effects of Endocrine disruptors®
(Kavlock et al., 1996). Key Research aress identified were: basic research into mechanisms of

endocrine disrupters, anima and cdlular models, understanding the biologica effects of low dose
exposure; identifying the critical windows of susceptibility across species and characterising the source
of population heterogeneity in response.

The Food Quality Act (1996) requires the EPA to test dl pegticide chemicds, including the inert
ingredients of pesticides for endocrine-disrupting effects. The EPA can aso requirethetesting of any
other substance that may have an effect that is cumulative to an effect of apesticide chemicd. TheSafe
Drinking Act Amendments (1996) authorise the EPA to devel op and implement aprogram to identify
and regulate substances that may have effects on humans similar to those produced by naturaly
occuring oestrogen or other endocrine effects.

Both these laws give the EPA highly specific timelimits- they require the Agency to develop screening
and testing drategies within two years and implement them within three,

Development of an internationa research program on endocrine- disrupting chemica sheaded theagenda
of the "Intergovernmental Forum on Chemical Safety' (IFCS) in February 1997 in Ottawa.
According to F. C. McEldowney, associate director of internationa activities a the chemica
manufacturers association. this conference Awas the first mgor international meseting that clearly put
endocrine disruption on the screen as a broad issue.

The U.S. EPA and the European Union announced a joint effort to avoid duplication of work on
endocrinedisruption. A suggestionto establish an IFCS ad hoc working group to co-ordinate global
activities and raise public awareness of the inherent hazards associated with these chemicals was not
accepted for two reasons: alack of money and alack of definition asto what the working group was
supposed to do.

The UN body called the "Interorganisational Program for the sound management of chemicals’
was asked to compile and harmonise definitions of endocrine disrupters and report to the IFCS.

5.2 UK and EC legidation and regulations
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Chemicaswith Hormone-like effectswere, inthe Minister Declaration from the North Sea Conference,
included in the category of chemicas with toxic effects. Nonylphenols, nonylphenol ethoxylates and
related substances are included in the short-term action programme of the Egberg declaration which
statesthat North Sea countries, before the year 2000, take action to substitue these chemica swith less
environmentaly hazardous chemicals or predominantly non-environmentaly hazardous chemicas.

The Odo-Paris Commissons (OSPARCOM) and the EU Commission were requested to initiate
investigations and evauations to improve the understanding of the consequences of chemicas with
hormone-like effects, to help make informed decisions about necessary interventions.  Full risk
asessments of five phthaates, including DEHP and DBP, bisphenol-a and nonylphenol were to be
performed within the EU framework for existing chemicas by 1997.

The fdlowing UK Government and EEC legidation and regulations are rdevant to the control of
endocrine disrupting substances in aguetic environments.

Water Resources Act 1991,

Environmenta Protection Act 1990

Water Industry Act 1991

Dangerous Substances Directive (76/464/EEC)

Surface Water Abstraction Directive (75/440/EEC).
Integrated Pollution Prevention and Control (96/61/EEC)
Surface Water Abstraction Directive (75/440/EEC)
Sludge Directive (86/278/EEC)

Urban Waste Water Treatment Directive 99/ /EEC
Sludge (Usein Agriculture) Regulations (1989)(Sl 1263),
Environmenta Protection (Prescribed Processes and Substances) Regulations 1991
Integrated pollution Control Part 1 Regulations

Waste Management License Regulations

Control of endocrine substancesin aguatic environments is within the scope of severd Actsamed a
contralling pollution generdly. Chief among these are the Water Resources Act 1991, the
Environmental Protection Act 1990 and the Water Industry Act 1991. Theseincorporate specific
provisonsunder EC Directives, notably the Danger ous Substances Directive (76/464/EEC) andthe
Surface Water Abstraction Directive (75/440/EEC).

Section 85 of the Water Resources Act makes it an offence to cause or knowingly permit any
poisonous, hoxious or polluting materia (or any solid waste matter) to enter any controlled waters.
Clearly substanceswith the ability to disrupt endocrine function, whether in invertebrates or vertebrates
fal within this definition.

The Environmental Protection Act 1990 is concerned with substances for which a more
precautionary approach isrequired. This Act regulates releases from some of the larger and potentialy

R&D Technica Report EG7 97



more polluting indudtries with the principa objective of preventing or minimisng the release of
prescribed substances and rendering harmless any such substances which are released using Best
Avallable TechniquesNot Entailing Excessve Cost (BATNEEC). Harmisdefined asharmtothehedlth
of any living organism or other interference with the ecologicd sysemsof which they formapart. (Inthe
case of man it aso includes offenceto any of hissensesor harm to his property). A second objectiveis
to control the releases from indudtrid processes so as to minimise impact on environmental media

Prescribed substances in relation to this Act are described in Schedules 4, 5 and 6 of the
Environmental Protection (Prescribed Processes and Substances) Regul ations 1991 which rdaes
to releases to air, water and land. Severa of the listed substances are known to have endocrine
disrupting properties, including dioxins, DDT, lindane and tributyltin.

The EC Dangerous Substances Directive and related Directives identify a number of chemicasas
"Ligt 1 substances' for which Environmenta Quality Standards (EQS) or Statutory Water Quality
Objectives (SWQO) are in place. Among the List 1 substances are severd with known estrogenic
activity, induding DDT, HCH and didldrin. The UK government made additiona Statutory EQSsfor 32
substances designated under Ligt 11 in April 1998. These Regulations include endosulfan, atrazine and
amazine dl of which are known to have endocrine disrupting properties.

The EC Directive on Integrated Pollution Prevention and Control (96/61/EC) extendsthegpproach
of the Environmental Protection Act 1990 to a wider range of industrial processes, and most
ggnificantly to agriculturd practicesand smdler indudtrid plants. Under Annex 3 of the Directive specific
reference is made to the control of substances and preparations which have been proved to possess
carcinogenic or mutagenic properties or properties which may affect reproduction in or viathe aguatic
environment. Thus there is provision here for control of other endocrine disrupting substances which
affect reproduction in any aguatic organisms.

The Qurface Water Abstraction Directive (75/440/EEC) sets environmental standards for the
abstraction of drinking water and includes standards for several substances known to have endocrine
disrupting properties. It ams to ensure that after treestment the water is fit for potable supply. Thus,
dthough it is directed at human hedlth rather than wildlife protection it isrelevant in the present context
gnceit involves additiond controls over the quality of source waters.

The Water Industry Act 1991 requires the sewerage undertaker to consult with the Agency and the
Department of the Environment for the discharge of a prescribed substance into a sewer. The Agency
does not necessarily have to be consulted over consents for other trade effluents to sewer but the
sewage undertaker isrequired by law (Water Resources Act 1991) to notify the Agency of changesto
the discharge of a"Dangerous Substance’

Digposa of dudge (i.e resdud dudge from sewage plants) is controlled by the Sudge Directive

(86/278/EEC) and Sudge (Use in Agriculture) Regulations (1989)(S 1263), supported by three
Codes of Practice. Disposd of dudge at sea will cease as a result of the Urban Waste Water
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Treatment Directive 99/ /EEC . Alternativesmethods of disposa are useaslandfill or incineration or
"recovery” (eg. land-spreading, ) depending on the source and chemica nature of the dudge.
Incineration is controlled by the Integrated Pollution Control Part 1 regulationswhich are enforced
by the Agency or Locd Authority in respect of air emissonsand by the Agency in respect of digposa to
land and water under theWaste Management License Regulationsand Water ResourcesAct (1991).
Clearly disposd of dudge onland involvesthe possihility of contamination of freshwater with pollutants
including endocrine disrupting substances and the amount of dudge being disposed of in thisway is
increasing, and likely to go on doing so as areault of the increased levels of trestment requires by the
Urban Waste Water Directive. Under the Sudge (Usein Agriculture) Regul ations sawage dudge
gpplied to agriculturd land is not consdered to be a controlled waste. The levels of metds (copper,
cadmium, nickd, zinc, lead, chromium) inthedudge and in theland determinewhether the dudge can be
disposed of inthisway but organic contaminants are not measured. Sludge gpplied to non agricultura
land is treated as controlled waste unless the gpplication results in ecologica improvement and metdl
levels are not exceeded. In this case a Waste Management Licenceis required.

In addition to its responghilities in respect of the control and monitoring of pallution in the aguatic
environment the Agency aso can advise Government that the use of certain substances should be
controlled or banned, in cases where the substance in question represents a serious threet to the
environment (or human hedlth). The Government hasthe ahility to control such substancesthrough the
Control of Pesticides Regulations 1986 (91510) or through theEnvironmental Protection Act
1990. The Agency supports control at source asthe most powerful and appropriate means of reducing
environmental exposure to harmful substances but for this to be effective requires that hazardous
subgtances areidentified through sound testing regimes. At present regimesfor testing substancesfor the
chronic effects of endocrine disruption that may result from low exposure levels have not been

adequately developed.

5.3 Biological monitoring in the UK

The Environment Agency has a nationd drategy for monitoring inland and coastd waeters that is
currently under review. A probable outcome of the review isthat there will beincreased emphasison
the importance of biologica monitoring and, by implication, less rdiance on chemica datadone.

The programme of biologicd monitoring is based on the RIVPACS modd and associated
methodologies (e.g. Murray-Bligh et al. 1997). The core drategy for rivers involves a quinquennia

survey of 7000 gites, together with acorresponding number and distribution of chemica survey sStes. At
present the strategy for survelllance of lakes is under development but, in respect of ponds, the " Pond
Action Framework Directive' requires monitoring of fish, macroinvertebrates and plankton. In future,
survelllance of dl aquatic habitats, including marine, will be based to a larger extent on ecologica

consderations rather than the emphasis being largely on chemigtry. In our view this isa postive and
sensible step because of - (a) theimpossibility of andysing water, let done sedimentsfor thevast array
of potentia pollutants that may be present; (b) the problems of testing chemicasfor biologica activity,
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especidly in respect of potential sublethal effects at low concentrations; (¢) the largely unresolved
questions of additive or synergistic effects of mixtures of pollutants.

Apart from the quinquennid surveys, which are undertakenin al regions, the amount of effort expended
onbiologicd monitoring variesbetween regions. Thosewith predominantly stressed environmentscarry
out more routine monitoring than those with largely clean conditions, but dl regionscarry out operationd
monitoring to follow up pollution events and to identify sources of pollution. Thereis some variationin
procedures and methods but in respect of invertebrate monitoring these are broadly based on the
RIVPACS approach.

Biologica water qudity monitoring using invertebrates is based on community structure but does not
as=ss the condition of individud organisms, (eg. incidence of deformities) or populations (e.g.
abnorma sex ratios or unusudly high incidence of intersex or imposex). Therefore the current
invertebrate samples derived from the monitoring programmewill requireincreased anadlyssin order to
generate the data needed, for example the incidence of deformities or sex specific markers.

5.4 Conclusions

Considerablelegidative and regul atory mechanismsarein place or under discussonin boththeUSand
Europe concerning the classes of chemicas demonstrated to possess, or suspected of possessing,
endocrine disrupting activity in vertebrates. With regard to aguetic invertebrates, the primary congtraint
on further action is the absence of systematic evidence of adverse effects of endocrine disrupting
chemicason natura populations. Until such evidenceisavailable, or it isdemondrated that invertebrate
populations are not experiencing widespread interference by endocrine disrupting chemicals, further
specific legidative action targeted towards the protection of invertebrates, will not be supportable.

Further reference
http://Mmwww.epa.gov - search endocrine is a good source of policies established in the USA.
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6. GAPSIN KNOWLEDGE AND RESEARCH PRIORITIES
6.1 Isthereaneed for research?

Chemicasthat cause endocrine disruption, or appear to do o, in invertebrates (and vertebrates) are
diverse and frequently do not sructurdly resemble the hormones which they gppear to mimic or
interfere with. It is therefore not feasible to predict with any level of confidence whether particular
chemicds or groups of chemicds will, or will not, exhibit endocrine-rdated activity in particular
invertebratetaxa. With the exception of TBT-disrupted reproductive function in molluscs, discovered as
aresult of field observationsin thefirg instance, there are few documented case of endocrinedisruption
in invertebrates. The example of TBT remains the only chemica “case-sudy” where ecologicaly-
ggnificant population levd effects of endocrine disruptors have been found. Even the reportedly high
incidence of intersex in natura populations of harpacticoidsin the North Seahas had no obviousimpact
on population 9ze or community structure.

It ispossblethat thelack of evidenceistheresult of afalureto look for sgns of endocrine disturbance
ininvertebrates, in both freshwater and marine ecosystems. Surprisingly few studies have beeninitiated
to date, especidly in view of the enormous importance of invertebrates with regard to ecosystem

structure and function. It isworth remembering that invertebrates condtitute 95% of dl animal species.
Recent reports in the scientific literature have provided preiminary evidence of changes in gppendage
morphology, theinduction of vitdlogenin, terations in larval settlement, the development of ovotestes,
and possibly an increased frquency of intersex in different crustaceans exposed to putative endocrine
disruptors. Other invertebrate groups have smply not been investigated to date.

Areas which may be consdered priorities for further work are considered below.
6.2 Basic endocrinology

Onefactor which hasfacilitated sudy and understanding of the phenomenon of endocrinedisruptionin
vertebrates isthe fact that dl vertebrates, from fishes through to primates, share acommon endocrine
system, dbeit with some species specific variation; for example, gonadd steroidsin al vertebrates share
closdy related (in some casesidenticd) structuresand roles. In contrast, an understanding of endocrine
disruption in invertebrates requires that the considerable diversity of endocrine systems between the
magjor invertebrate phylais somehow accomodated.

As is cear from the brief overview of our date of knowledge regarding the endocrinology of
invertebrates provided in Chapter 2 the extent of our knowledge varies greetly according to the taxa.
Because the use of hormones to control and coordinate physiologica and behavioura processesis
commonto al mgor invertebrate taxaall invertebrate groups must be consdered “at risk” or potentialy
susceptible to interference a a sub-lethd level by endocrine disrupting chemicds. Clearly, an
undergtanding of the endocrinology of relevant organisms is important if the mechanisms by which
environmentd contaminants dicit effects are to be accuratdly attributed.
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However, the detection of effects of exposure to contaminants in both natural and laboratory
populations of invertebrates, and the assessment of the ability of chemicasto interfere with endocrine-
dependent processes (growth, reproduction, behaviour), does not require a detailed understanding of
the endocrinology of the organism concerned (see Chapter 3 for discussion). Therefore, while
undoubtedly important, research into the basic endocrinology of invertebrate species need not be
consdered a priority requirement. Existing research effort, which is driven by factors other than
concerns arisng from consderation of endocrine disruption, should be sustained and will continue to
assist understanding within the field of invertebrate endocrine disruption.

6.3 Stateof invertebratesin the aquatic environment

With regard to the naturd environment, systematic biologica monitoring is needed in Stuations where
chemicalswith endocrine disrupting capability are mogt likely to befound, notably in riversdownstream
of sewage or industrid effluents and in the neighbourhood of sewage outfalsin the marine environment.
To do this effectively, it will be necessary to identify arange of "sentind™ organiams.

6.3.1 Selection of species

It isimportant to emphasise that severd sentinel specieswill be required since the endocrinology of the
invertbrates differswidely among the phyla Thus, for example, one cannot expect asentingl crustacean
to provide early warning of endocrine disruption in echinoderms or anndlids; representatives of each

phylum will be reguired. The following criteria for the sdlection of sentinels are based in part on

discussonshdd at the Indtitute for Environmental Health workshop on " The Ecologica Significance of
Endocrine Disruption” held in Leicester in July, 1997. Sentingls should -

be common and widespread

reproduce sexualy and be sexudly dimorphic

be relatively insengtive to "conventiond” pollutants
have awd| understood biology

have a reasonably well understood endocrine system

In  combination they should be representetive of -

arange of life styles and feeding habits
arange of endocrine "types’

Withregard to ng the endocrine disrupting potentia of new and current environmental chemicals
inrelation to invertebrates, thereis an urgent need to develop abroad range of bioassays. These might
utilise many of the sentinels organisms described above, but to faciliate use in laboratory bioassay
gpecies should in addition -

have fairly rgpid generation times
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be readily cultured and amenable to experimentation

Althoughitispreferablefor the same organismsto be used as sentinel sand for bioassay itisunlikely that
thiswill aways be possible and potentiadly good sentind's should not be overlooked because they are
not suitable for use in the laboratory. Similarly, biocassays should not be discounted if they utilise
organismsthat are not necessarily be typicdly found in the fid Stuations where endocrine disruption
occurs. The primary purpose of bioassays is to permit assessment of the reative risk of endocrine
disruption associated with different chemicas and chemicd mixtures. It is an added bonus if they
provide ecologicdly relevant information.

In the freshwater environment sentinels and subjects chosen for bioassay should at least include
Anndida, Mallusca, Crustacea, and Insecta and in respect of the marine environment Coelenterata,
Anndida, Mollusca, Crustacea and Echinodermata should be represented.

Anndlida

Littleinformation isavailable concerning suitable anndidsto use ether as sentinelsor bioassay species.
Infreshwater environments, leeches (Hirudineg) may be particularly relevant. In the marine environment,
annelid species used in other types of toxicity testing may be vaduable. The worms, Platynereis
dumerilii and Dinophilus spp. may be suitable; thelatter has aready been used in preliminary studies of
endocrine disruption (Price and Depledge, 1998).

Mollusca

Neogastropods, dogwhelksand periwinkles, are currently used asindicators, epecially with respect to
tributyltin contamination. Aberrationsin the shell ructure of bivalves (mussds, clams, oysers) aredso
likely to be useful indicators. In freshweter thereislittleif any indication that endocrine related impacts
have been looked for among invertebrates. We recommend that gastropods and bivalvesfrom arange
of stesbelow sewage worksand indudtria effluents should be surveyed for evidence of reproductive or
other morphologica abnormadlities. If effects are detected, further surveys should be carried out to
edtablish whether thereis dso evidence of impacts at the population level.

Crustacea

Daphnia have been used extensvey for chronic bioassay in |aboratory testing of chemicals but their
suitability for this purpose has been questioned on severd grounds. In our view the most important
criticism is that they are normaly maintained in the laboratory under conditions that favour asexud
reproduction, whereas it may well be the sexud phase that is more likely to be impacted upon by
endocrine disruption. Daphnia aredso unlikdy to occur sufficiently commonly inriverine Stuationsand
aretherefore not good candidates for sentinel organisms. Other Crustacea, such asAsellus and posshly
Gammarus are likely to be more suited to thisrole. Both are widespread and sexudly dimorphic and
amenable to laboratory handling. Asellusisparticularly robust inthis context andisaso likely to occur
in reasonable abundance below treated sawage effluents.
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Amphipodaand Isopoda should also be useful in repect of marine surveillance and Harpacticoidaare
asolikey to beuseful inview of the highincidence of intersex recorded in populationsin the North Sea,
gpparently associated with along sea sawage outfdl. Inal of these cases (freshwater and marine) bias
in sex ratios and evidence of intersex development are predicted to be useful asbiomarkers but further
research on the "norma” ranges of variation is o required to aid interpretation of resulting data.
Occurrence of abnormdities in regenerated limbs or in other exoskeletal tructures of amphipods and
decapods may aso be auseful biomarker in marine habitats.

I nsects

Chironomidae have for some time been known to develop abnormaly when exposed to certain
pesticides and indudtrid effluents. It is possible that these are the result of disturbance of endocrine
functions associated with development and moulting. Surveys of the incidence of such abnormditiesin
relation to stes where endocrine disrupting chemicals are likely to occur should be accompanied by
|aboratory studiesto try to establish relationships between specific chemicas or types of chemicd and
characteristic deformities.

Endocrine disruption may aso be expected to influence sex ratios and cause the devel opment of intersex
in chironomids, as happensin some cases of parasitic infestation. Sex ratio is most readily determined
through examination of pupd exuviae but determination of intersex would require examination of the
adult insects which could be collected conveniently and chegply using light treps.

Themost likely candidate asasenting chironomid in respect of each of theseindicatorsisChironomus
riparius which is generdly common in riverswhere there are sewage effluentsor adegree of pollution
from industrid pollutants, at concentrations not tolerated by most chironomids or other insects.

Echinodermata

The literature indicates that both sea urchins and sea stars arelikely to be useful subjectsfor bioassay.
Attempts have yet to be made to assess endocrine disruption in echinodermsin situ. Thereisnoreason
why such an approach should not be successful.

6.3.2 Variablesto be measured

Depledge and Billinghurst (1998) recently proposed a strategy for the assessment of endocrine
disruption which incorporates the biomonitoring and bioassay gpproaches mentioned above, but in
addition, recommendsthe use of cellular and biochemical biomarkersof endocrinedisruption aswell as
detailed histopathologica studies. Bioassay species with short generation times can be exposed to
potential endocrine disruptor chemicasin the laboratory and parameters such as growth, reproductive
output, viability of offspring, sex ratio and transgenerational effects can be assessed. If effects are
observed, it is important to note that this is not necessarily evidence of endocrine disruption (for
example, metabalic toxicity might account for such effects). Thus other evidence is required. With
regard to vertebrates, the biomarker approach has proved to be helpful. Biomarkers are molecular,
biochemica, cdlular, physiologica or behavioura responsesthat can be measured in tissue or body fluid
samples, in excreta or a the level of whole organism, that provide evidence of exposure to, and/or
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adverseeffectsof pollutant chemicds. Infish, theinduction of vitdlogenin (egg yolk protein) inmaeshas
been used extendvely to Sgnd exposure to xenoestrogens. A amilar gpproach is feasble usng

invertebrates. For example, vitelogenin can dso be induced in male crabs by xenoestrogen exposure
(Bjerregaard, persond commnication) and vitdlin (the precursor of vitellogenin) can be induced in

barnacle larvae (Billinghurd et al., 1998). Once again, biomarkers do not conclusvely show that
endocrine disruption isthe prime cause of the changesin Darwinian fithess parameters mentioned eaxlier,
but they do add to the weight of evidence that endocrine disruption has occurred. Findly, Depledge and
Billinghurst (1998), highlight the importance of histopathologicd evidence. Studies on lobsters, for
example, provided clear evidence of the formation of ovotestesin animals exposed to sewage. Taking
al of the evidence together provides a strong case that endocrine disruption has occurred.

6.4 Ecotoxicology — mechanisms and confirmation of cause and effect

Itisknown that adverse effects may occur viadisruption of endocrine processesin invertebrate species
ether intentionaly (e.g via pesticides) or unintentionaly (e.g. TBT exposure). What isnot yet knownis
the extent to which invertebrate populations are at risk to the adverse effects of chemicasacting viathe
endocrine system. A mgor issue which must be considered in determining research prioritiesiswhether
itis necessary to distinguish effectsarising from endocrine-disrupting chemicasfrom effectsarisng from
chemicals which operate via other mechanisms.

Many of the exigting invertebrate toxicity testing protocols provide data on dl the mgjor processes
which might be impacted by endocrine-disrupting chemicals, to a potentially grester extent thanisthe
casefor vertebrates. It islikely that thorough testing with existing invertebrate protocols would detect
chemicalswhich exert adverse effects viathe endocrine system. However, existing protocol stend not to
provide data on the mechanistic basis of observed toxic effects.

Wha must be determined iswhether it is gppropriateto ingtigate atest regime (or continuewith existing
test dtrategies) which identifies effects without necessarily identifying the route by which those effects
occur, or whether it isimportant to discriminate between compoundswhich act viathe endocrine system
and thosewhich do not. Theformer drategy involves the minimum of investment in new techniquesand
test methods, thelatter strategy would require consderableinvestment in research to identify indicators
of disruption in specific eements of the endocrine systems of a diverse range of invertebrate species.
The most appropriate use of resources might encompassadual track approach - continued testing with
existing protocols which include response measures likely to detect effects of endocrine disruption in
addition to other modes of toxicity together with a research programme targeted at identifying the
mechanisms underlying effects attributable to compounds suspected of endocrine disrupting capabilities.

It is probably not appropriate to include studies of the mechanisms of endocrine disruption in routine
environmental management programmes; nonetheless, they should be supported in universities and
research inditutes. An understanding of mechanisms may help to more accurately assessrisks and shift
patterns of chemica use to minimise future problems.
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7.

7.1

CONCLUSIONSAND RECOMMENDATIONS

Endocrinology of invertebrates

Because the use of hormonesto control and coordinate physiologica and behavioural processesis
common to dl mgor invertebrate taxa al invertebrate groups must be consdered “at risk” or
potentialy susceptible to interference at a sub-lethd leve by endocrine disrupting chemicals.

The detection of effects of exposure to contaminantsin both natural and laboratory popul ations of
invertebrates, and the assessment of the ability of chemicalsto interferewith endocrine-dependent
processes (growth, reproduction, behaviour), does not require a detailed understanding of the
endocrinology of the organism concerned.

However, an underganding of the endocrinology of relevant organiams is important if the
mechanisms by which environmental contaminants dicit effects are to be accuratdly attributed.
Supporting work on mechanisms is therefore important to develop definitive evidence for which
chemicas are invertebrate endocrine disruptors.

7.2 Monitoring of invertebrate populations

The mgor research need in the first ingtance is for field surveys to establish whether there is any
evidence for endocrine disruptioninindividuasor populations. Systematic biologica monitoring is
needed in Stuaions where chemicals with endocrine disrupting capability are most likely to be
found, notably in rivers downstream of sewage or indudrid effluents and in the neighbourhood of
sawage outfals in the marine environmertt.

Current biologica water qudity monitoring should then be extended to take into account
gppropriate indicators of endocrine disruption.

To do this effectively, it will be necessary to identify arange of "sentind” organiams together with
appropriate end- pointsindicators of endocrine-disrupting activity.

In the freshwater environment, sentinels, and subjects chosen for bioassay, should include
representatives of the Anndida, Mollusca, Crustacea, and Insecta and for the marine environment
Codenterata, Annelida, Mollusca, Crustacea and Echinodermata should be represented.

7.3 Ecotoxicology

R&

Many exiging invertebrate toxicity-testing protocols provide data on the major processes which
might be impacted by endocrine-disrupting chemicals, to a greeter extent than is the case for
vertebrates.
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Itislikely that thorough testing with exigting invertebrate protocol swould detect chemicalsthet exart
adverse effects via the endocrine system. However, existing protocol s tend not to provide dataon
the mechanigtic basis of observed toxic effects.

What must be determined is whether:
a it isappropriate to ingtigate a test regime (or continue with existing test srategies) that identifies
effects without necessarily identifying the route by which those effects occur, or, b: whether it is
important to discriminate between compoundswhich act viathe endocrine system and thosewhich
do not.

The former srategy involves the minimum of investment in new techniques and test methods, the
latter Srategy would require considerable investment in research to identify indicators of disruption
in specific ements of the endocrine systems of a diverse range of invertebrate species.

The most appropriate use of research resources might encompass a dua track approach -
continued testing with exigting protocol swhich include response measures|likely to detect effects of
endocrine disruption in addition to other modes of toxicity, together with a research programme
targeted at identifying the mechanisms underlying effects attributable to compounds suspected of
endocrine disrupting capabilities.

The former Srategy involves the minimum of investment in new techniques and test methods, the

latter Srategy would require considerable investment in research to identify indicators of disruption
in specific eements of the endocrine systems of a diverse range of invertebrate species.
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