Summary report of the EAS Thematic Group
Workshop on European Eel Reproduction.
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(October 24, 2007, Istanbul)

As part of the Aquaculture Europe 2007 event, the EAS Thematic Group on European Eel
Reproduction held a special workshop on October 24" in Istanbul Expo Centre, organised by
Guido van den Thillart (NL) and Sylvie Dufour (FR). There were 15 oral presentations and 25
abstracts on topics regarding growth, silvering, maturation and reproduction. At the meeting 46
people (from as much as 15 countries) were present of which 27 were registered. The program
and abstracts can be found as pdf (see attachments).

The last topic of the meeting was a discussion on the establishment of a European network. EAS

Past President Johan Verreth, supported by Patrick Sorgeloos, explained the interest of the EAS.
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goal of the network is to bring scientists together and to stimulate collaborations, exchange

information, promote interactions with other professionals, and to facilitate eel research in

general.
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Principal statement arising from the workshop
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Guido van den Thillart (Moderator of the EAS Thematic Group on Eels). 30/0ct/2007 ——

Page 2



Workshop Summary

Many different topics related to eel maturation and reproduction were treated in 14
presentations. Particularly due to the complex life cycle of the eel, and due to the fact that
maturation occurs during the oceanic phase. Thus, there is very little information on natural
maturation and reproduction. Studies of environmental triggers and the effects of hormones on
maturation and reproduction are therefore required. The lectures were organised in 3 different
areas:

1. Environmental effects: Studies on environmental effects were presented in the lectures of
Degani (sex differentiation), van den Thillart (swimming), Sebert (high pressure) and
Hubbard (olfaction). It was argued that high pressure might be crucial for the natural
development of embryos, that swimming appears a natural trigger for early maturation, and
that olfaction might be crucial for synchronising final maturation.

2. Endocrine control: Recent studies on neuro-endocrinology were presented by Dufour and
Weltzien. It was shown that silvering is primarily an early maturation process initiated by the
activation of pituitary hormone production. On the other hand the maturation proces is
arrested at the silvering stage by dopamine production, which has been shown at the
cellular level in the brain using in situ hybridisation techniques. Endocrine studies were
presented by Huertas (steroid binding protein) and Pefiaranda (GnRH, LH, FSH gene
expression). It was shown that there are different steroid binding proteins with steroid
specific charcteristics. This is particularly important because the combination of a BP with a
specific steroid determines the effectiveness of that steroid. The changes observed during
induced spermatogenesis in gene expression showed that initially FSH was active, which was
exchanged for LH in the final stage.

3. Reproduction: Artificial reproduction techniques were presented by Asturiano
(spermatogenesis), Muller (androgenesis), low temperature stimulation (Perez), feed related
mass hatching (Tomkiewicz), reproduction of Japanese eel (Matsubaru). It was shown that
cryopreservation is possible for eel sperm, which is crucial for future applications, as the
synchronisation of males and females is rather time consuming. A complete new approach is
to use eggs from other fish species and try to insert the male DNA. The objective is to use
eggs from Japanese eel and insert DNA from European eel, This application although very
interesting, will not produce large amounts of embryos and larvae. Low initial temperature
appears to increase sensitivity of the females, and may be a next step in optimising the
reproduction protocol. The presentation of Matsubaru showed the current state of the
Japanese eel reproduction, although still most larvae die, many have already reached the
glass eel stage. This is not reached yet for European eel. Matsubaru argued that we should
not treat European eel in the same way as the Japanese eels, as many results indicate
differences between the two species. The presentation of Tomkiewicz showed that mass
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hatching of European larvae is already possible, but only a few larvae reached the feeding
stage. Further work is needed to obtain a stable production of larvae and establish first
feeding. Tomkiewicz mentioned explicitly that the mass hatchings were obtained after
changing the Japanese protocol and particularly by changing the lipid composition of the
brood stock.

Some of the participants at the EAS Thematic Group Eel workshop, where the clear need for the establishment of a
network was demonstrated. Photo courtesy of Guido van den Thillart (centre front)

Forum discussion

1. Contaminants/ Genitor quality

Quality appears to be a key issue for reproduction; parameters for quality control can be
health, fitness, age, hormone sensitivity, fertility, larvae survival, and ultimately
production of offspring. Contamination can offset endocrine control and/or interfere
with embryonic development.

2. Genetics (high variability)

The single eel population is well mixed but has a high level of variability, individuals can
adapt to many different conditions but respond differently to the same conditions
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3. Restocking/Imprinting

It is unknown whether glass eels are imprinted, that makes restocking difficult as it may
disrupt the natural population when the restocked eels are unable to return to the
spawning sites; in the same way it is not clear whether it is wise to restock farmed eels

4. 40% silver eel release/ Habitat destruction/over fishing

These aspects were discussed, but they are not a primary focus of the network as they
are the concern of other groups specifically aiming at population dynamics

5. Farmed eels (life cycle control/ check lipids)

Closing the life cycle in culture of European eel is the ultimate goal of the network; one
of the issues is to improve the lipid composition of the genitors as it is known that this is
crucial for normal embryonic development

6. Sex determination

Environment is known to influence the sex, E2 can be used to increase the number of
females

Establishment of the network

1. Initiative

A There was a request in 2006 by J. Verreth from the EAS-board to start an eel workgroup
with focus on reproduction;

A Guido van den Thillart (University of Leiden, the Netherlands) was asked to act as
moderator

A Guido van den Thillart organised with Sylvie Dufour the first workshop on European Eel

reproduction (24/10/07).

2. Purpose of network

A To facilitate contacts between researchers and other professionals interested in eel
reproduction
A To stimulate eel research and development of applications

A To obtain political and financial support
3. Structure

A The EAS will provide facilities for website and meetings, Guido van den Thillart will act as
moderator of the thematic group on European Eel Reproduction
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4. Plans

A To install a scientific committee (in collaboration with K. Dabrowski) for the eel
symposium at the next EAS-meeting in Krakow; i.e. a 2-3 day session on eel maturation,
reproduction and conservation

A To improve the website of the thematic eel group with bulletin board.

A To ask people from the eel list to come forward with ideas for the web site and the next
eel symposium

Page 6



Workshop programme and abstracts

8.30-8.50h

8.50-9.00h

Registration

Introduction (Guido van den Thillart)

Session: Growth & Silvering

09.00-09.20h

09.20-09.40h

09.40-10.00h

10.00-10.20h

10.20-10.40h

10.40-11.00h

Sex Determination and Hormone Variations of Male and Females in Eels Anguilla
Anguilla. (Degani G)

Neuroendocrinology of silvering: metamorphosis or puberty? (Dufour S)
Olfaction in the eel: Importance to reproduction (Hubbard PC)

Simulated migration of European Silver Eel; effects on gonad development. (van
den Thillart G)

Potential pressure effects on eel reproduction, eggs and larvae development.
(Sébert P)

coffee break

Session: Maturation & Reproduction

11.00-11.20h

11.20-11.40h

11.40-12.00h

12.00-12.20h

12.20-12.40h

12.40-14.00h

Dopamine inhibition of eel reproduction (Weltzien FA)

Reproductive inhibition in male European eels is less severe than in females as
shown by GnRH-stimulation of quantified gonadotropin expression in the
pituitary and testis development. (Palstra A)

Characterization of sex steroid binding systems in eel plasma. (Huertas M)

Traditional and alternative ways of the induction of sexual maturation of eel:
Hungarian experiences. (Miiller T)

European eel sperm: quality evaluation protocols and cryopreservation
(Asturiano JF)

lunch break
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14.00-14.20h

14.20-14.40h

14.40-15.00h

15.00-15.20h

15.20-16.00h

Expression of GnRHandFSH- kK { | Ay K2NX 2yl f & YI GdzZNBSR 9 dzN
in relation with steroidogenesis and sperm quality parameters. (Pefiaranda DS)

Effect of two temperatures regimes on ovarian development and endogenous
gonadotropins in hormonally matured European eel females. (Pérez L)

Do the techniques for larvae production of Japanese eel apply to those of
European eel? (Matsubara H)

Successful production of European eel larvae. (Tomkiewicz J)

coffee break

Forum discussion

16.00-16.30h

16.30-17.00h

17.00-17.30h

Discussion of topics presented in the abstracts
Perspectives for research and collaborations between stakeholders

Establishment of the network
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Index of Abstracts (order of first author, oral presentors in bold)

Aroua

Asturiano

Bardonnet

Bruijs

Degani

Dufour
Edeline
Hubbard
Huertas

Lafont

Maes

Matsubara

Miiller

Palstra

Palstra

Penaranda

Pérez

Sbaihi

Sébert

The gonadoliberin(s)-gonadotropin(s) axis in the eel: expression and regulation
under induced maturation and sex steroid feedbacks

European eel sperm: quality evaluation protocols and cryopreservation

Sex determination in european eel Anguilla anguilla- influence of density during
early ontogeny

Silver eel migration and behaviour

Sex Determination and Hormone Variations of Male and Females in Eels Anguilla
Anguilla

Neuroendocrinology of silvering: metamorphosis or puberty? (see Rousseau)
Proximate and ultimate control of eel continental dispersal

Olfaction in the eel: Importance to reproduction (see Huertas #2)
Characterization of sex steroid binding systems in eel plasma.

Calcitonin gene-related peptide (CGRP), a new endocrine factor involved in the
complex multi hormonal control of the gill osmoregulation: evidence from studies
in the European eel, Anguilla anguilla

The evolutionary consequences of eel migration

Do the techniques for larvae production of Japanese eel apply to those of European
eel?

Traditional and alternative ways of the induction of sexual maturation of eel:
Hungarian experiences.

Reproductive inhibition in male European eels is less severe than in females as
shown by GnRH-stimulation of quantified gonadotropin expression in the pituitary
and testis development.

Effects of swimming on silvering and maturation

Expression of GnRH and FSH-B/LH-B in hormonally matured European eel males in
relation with steroidogenesis and sperm quality parameters.

Effect of two temperatures regimes on ovarian development and endogenous
gonadotropins in hormonally matured European eel females. (see Pefiaranda #2)

Mobilization of calcium stores from vertebral skeleton for eel migration

Potential pressure effects on eel reproduction, eggs and larvae development.
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Sébert

Székely

Tomkiewicz

van Ginneken

van den Thillart

Weltzien

High pressure resistance and adaptation of European eels

Impact of the swim-bladder parasite on the health and performance of European

eels
Successful production of European eel larvae.

The effect of PCBs on the spawning migration of European silver eel (Anguilla
anguillaL.)

Simulated migration of European Silver Eel; effects on gonad development.

Dopamine inhibition of eel reproduction
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THE GONADOLIBERIN(S)-GONADOTROPIN(S) AXIS IN THE EEL: EXPRESSION AND REGULATION UNDER
INDUCED MATURATION AND SEX STEROID FEEDBACKS

Salima Aroua™, Karine Rousseau’, Monika Schmitz’, Ching-Fong Chang ® Pierre Elie* and Sylvie Dufour”.

'adzaSdzy bl dAz2ylf RQI A&0G2ANDB bidogy dfNBrihef Ofanisns and EcoZysstenas w 7
rue Cuvier, CP 32, 75231 Paris cedex 05, France.

2Department of Biology, Karlstad University, S-651 88 Karlstad, Sweden.

3Department of Aquaculture, National Taiwan Ocean University, Keelung 202, Taiwan, ROC.

*Unité Ressources Aquatiques Continentales, Cemagref-Bordeaux, 33612 Cestas Cedex, France.

E-mail: aroua@mnhn.fr

Gonadotropic treatments (carp pituitary extract (CPE) in the female or human chorionic gonadotropin
(hCG) in the male) stimulate gonadal development and production of endogenous steroids (androgens:
testosterone (T) and 11 keto-testosterone (11-KT) in both sexes, and estradiol (E2) in females). Our early
studies, using radioimmunoasssays (RIA), showed that experimental maturation induced an up regulation
of brain and pituitary GnRH contents and pituitary LH content, in both sexes. Using specific RIA able to
discriminate eel native GnRH peptides (mGnRH and cGnRH-II), we revealed an opposite regulation of both
peptides, with an up regulation of the major form, mGnRH, but a down regulation of cGnRH-Il. The
cloning of European eel gonadotropin subunits (LHB, FSHP and the common subunit GPa) allowed the
specific measurement of mRNA levels. A differential regulation of the expression of gonadotropin
subunits was observed during experimental maturation, with a strong increase in LH[3, a lower increase in
GPa, and a significant decrease in FSH mRNA levels, in CPE-treated females as well as in hCG-treated
males.

Our early investigations had shown that castration abolished the mGnRH and LH increase in CPE treated
eels, indicating that a positive feedback by gonadal hormones was responsible for mGnRH and LH up-
regulation. Experiments using exogenous sex steroids confirmed these results and demonstrated a
differential regulation of gonadotropins and GnRHs by estrogens and androgens. Intraperitoneal
injections of E2, but not T, are able to induce an increase in LH synthesis, an effect mediated by increases
in mMRNA levels for its subunits, GPa. and LHB. In contrast, no effect of E2 is observed on FSHB mRNA
levels, while T treatment had a significant negative effect. Concerning GnRH, while a positive estrogen-
dependent feedback was exerted on mGnRH, a negative androgen-dependent feedback was observed on
c¢GnRH-II. Androgens and estrogens could also play a synergic role since a potentiating effect of T on E2
stimulation of LH and mGnRH levels was shown. In vitro studies with primary culture of eel pituitary cells
demonstrated that E2 had no direct stimulatory effect on LHP3 and GPa mRNA levels, or on LH protein,
and suggested that its action may be mediated through GnRH stimulatory control of LH expression.

The specific up-regulation of mGnRH and LH throughout induced maturation is likely related to their
potential roles in the triggering of the last steps of gametogenesis (oocyte maturation and ovulation, and
spermiation). Future studies should take advantage of these data and aim at finding internal and
environmental stimuli able to induce spawning by releasing endogenous mGnRH and LH.

References
Aroua S., Schmitz M., Baloche S., Vidal B., Rousseau K., Dufour S. 2005. Endocrine evidence that silvering, a secondary
metamorphosis in the eel, is a pubertal rather than a metamorphic event. Neuroendocrinology 82:221-232
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EUROPEAN EEL SPERM: QUALITY EVALUATION PROTOCOLS AND CRYO PRESERVATION
J.F. Asturianol*, L. Pérez 1, D.S. Peflaranda 1, F. Marco-Jiménez” and M. Jover

1 Grupo de Acuicultura y Biodiversidad. Instituto de Ciencia y Tecnologia Animal. Universidad Politécnica de Valencia,
Camino de Vera s/n, 46022 Valencia, Spain.

2 Laboratorio de Biotecnologia de la Reproduccidon. Grupo de Mejora Animal. Instituto de Ciencia y Tecnologia
Animal. Universidad Politécnica de Valencia, Same address.

Email: jfastu@dca.upv.es

The development of maturation-inducing hormonal methods for European eel males and females, and the
recent obtaining of spawns, embryos and larvae, makes necessary the synchronization of gametes
production. Trying to solve this problem, we faced the European eel sperm cryopreservation. The study of
physio-chemical characteristics of seminal plasma was the basis for the design of cryopreservation media.
Later, different factors as the ionic composition, pH, cryoprotectants, or the presence of membrane
stabilisers, as well as different freezing-thawing methods have been considered trying to improve the
spermatozoa survival postcryopreservation. We applied recently developed techniques for the objective
evaluation of sperm quality, as the use of motility parameters by CASA systems (computer assisted sperm
analysis), spermatozoa morphometry analysis using ASMA (automated sperm morphometry analysis) or
using fluorescent staining methods to evaluate membrane functionality, determining on this way the
percentage of viable spermatozoa.

Supported by the Spanish Ministry of Science and Education (AGL2003-05362-C02-00, including FEDER
funding) and Generalitat Valenciana (GV/2007/202 and a grant to DSP). Valenciana de Acuicultura, S.A.
(Puzol, Valencia) supplied the fish.

Keywords: Sperm, quality, ASMA, CASA, cryopreservation
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SEX DETERMINATION IN EUROPEAN EEL ANGUILLA ANGUILEANFLUENCE OF DENSITY DURING EARLY ONTOGENY

Agnes Bardonnet and Valérie Bolliet

UMR Ecobiop, (Ecologie Comportementale et Biologie des populations de poissons/ Behavioural Ecology and Biology
of Fish Populations)
INRA/UPPA, (ST Pée sur Nivelle, France)

As part of the coming European Eel Reproduction network, we propose to investigate the
influence of density during the early ontogeny on sex determination.

Recent work (Huertas & Cerda, 2006) suggests that sex-ratio is affected by the conditions of
stocking density applied during the first 3 months of growth. However, these results need to be
confirmed and mechanisms involved to be elucidated. From this perpective, we propose to
investigate the timing of sex determinism by applying sequential periods of stocking densities
during the first 0-3 months and the following 3-12 months of growth.

We plan to work with individually marked glass-eels (6 replicates of 30 individuals per stocking
density at 3 months, 2 replicates per stocking pattern between 3 and 24 months). Individual
growth rates at 2, 3, 6, 9, 12 and 24 months will be measured.

Individuals with high and low growth rates after 3 months of growth will be characterized by
measuring their standard metabolic rate on a sub-sample of 14 individuals per stocking density.

We will test the following hypotheses reported from literature:
i) high density during the first 3 months of growth generates females (Huertas & cerda 2006)

ii) high growth trajectory during the first year of growth generates males (Davey & Jellyman
2005)

We shall further investigate whether:
iii) Changes in stocking densities after 3 months of growth influence the sex ratio ?

iv) High growth rate correlates to high standard metabolic rate and according to ii) is related to a
higher production of males ?

Key words : Sex ratio, density, growth, standard metabolism, early ontogeny.

References :
Davey A.J.H. & Jellyman D.J. 2005. Sex determination in freshwater eels and management options for manipulation of
sex. Reviews in Fish Biology and Fishetkeg7-52.

Huertas M. & Cerda J. 2006. Stocking density at early developmental stages affects growth and sex ratio in the
European eel (Anguilla anguilly Biological Bulletir211: 286-296.
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SILVER EEL MIGRATION AND BEHAVIOUR
Maarten C.M. Bruijsl* and Caroline Durif *
! KEMA Technical & Operational Services. P.O. Box 9035, 6800 ET Arnhem, the Netherlands

2 Center for Ecological and Evolutionary Synthesis, University of Oslo, PO Box 1066, Blindern, 0316 Oslo / Institute of
Marine Research, 5392 Storebg, Norway

E-mail : Maarten.Bruijs@kema.com

Silver eels gather from streams and small river systems in the catchment area of large European river
systems like the rivers Rhine, Meuse, and Loire. The start of downstream migration in the main rivers is
thought to be triggered by (a combination of) environmental events. However, hardly anything is known
about the exact nature of these triggers. Recent studies, most often using telemetry, have focused on the
migratory behavior. Natural swimming behavior as well as when confronted to an obstacle (i.e. dams,
weirs, hydropower plants, sluices) have been investigated. Specific behavioral features such as
restlessness prior to migration events and hesitation to pass trash racks are being recognised. The
European commission has published a Regulation with the aim to protect the eel. The knowledge gained
on the eels behaviour can be used to develop effective measures that protect downstream migrating
silver eel.

References

Bruijs, M.C.M., Polman, H.J.G., van Aerssen, G.H.F.M., Hadderingh, R.H., Winter, H.V., Deerenberg, C., Jansen, H.M.,
Schwevers, U., Adam, B., Dumont, U. and Kessels, N. 2003. Management of silver eel: Human impact on
downstream migrating eel in the river Meuse. EU-Report Contract Q5RS-2000-31141.

Durif, C., Dufour, S. and Elie, P. 2005. The silvering process of Anguilla anguilla: a new classification from the yellow
resident to the silver migrating stage. Journal of Fish Biology 66, 1025-1043
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SEX DETERMINATION AND HORMONE VARIATIONS OF MALE AND FEMALES IN EELS ANGUILLA
ANGUILLA

Gad Degani

MIGALCGalilee Technology Center, P.O. Box 831, Kiryat Shmona 11016, Israel and
School of Science and Technology, Tel-Hai Academic College, Upper Galilee, Israel

Gad@migal.org.il

The European eel (Anguilla anguilldis a catadromic teleost species with a complex life cycle, which takes
place both in sea and freshwater environments. A high variation in growth was discovered in eels grown
under aquacultural conditions. Significant differences between growth rate and size were found between
the two sexes, with females growing faster and larger than males. High density increased the percentage
of males that developed during the period of sex determination, and shelters increased the number of
females in the populations, as caused by 171 ¢ estradiol (E;) and other phytoestrogens. When E, was
provided in the diet, there was an increase in the growth rate of the eels. The cloned cDNA of aromatase
(P450) from the European eel contains an open reading frame of 1539bp, encoding a deduced protein of
513 residues. Its expression during sex determination, as measured by mRNA, was significantly higher in
females than in males. Treatment of the eels with a P450 inhibitor reduced the female percentage during
sex determination. Their growth was affected not only by eel density in the water, but also by growth
hormone (GH). GH has an effect on vitellogenesis brought about by E, and insulin-like growth factor 1
(IGF1) stimulates luteinizing hormone (LH) production from the pituitary. According to the mRNA
expression of the cloned and sequenced cDNA of European eel GH, females showed a significantly higher
GH transcription than males. Follicle stimulation hormone (FSH-i subunit) cDNA, which consisted of
1068bp, encoded a 108 amino acid peptide. mRNA FSH and LH expression, which were examined in males
and females after sex determination, were significantly higher in females than in males. Both GH and
gonadotrophins affect gonadal function, and gonadal steroids (particularly estrogen) modulate the
production of the hypothalamic GH-releasing factors. Suggested model are implies that the environment,
GH, gonadotrophins and steroids on the growth of the European eel.

Key words: Anguilla,sex determination, growth hormone, aromatase (P450), follicle stimulation hormone,
luteinizing hormone
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PROXIMATE AND ULTIMATE CONTROL OF EEL CONTINENTAL DISPERSAL
Eric Edelinel’, Sylvie Dufourz, Pierre Elie!

! Cemagref, Unité "Ecosystémes Estuariens et Poissons Migrateurs Amphihalins" (EPBX), 50 Avenue de Verdun, 33612
Cestas Cedex, France. *Present address: Centre for Ecological and Evolutionary Synthesis (CEES), University of Oslo,
Dept. of Biology, P.O. Box 1066 Blindern, N-0316 Oslo, Norway.

2 Muséum National d'Histoire Naturelle, USM 0401, UMR CNRS/MNHN/UPMC 5178 "Biologie des Organismes Marins
et Ecosystémes", 7 rue Cuvier, CP 32, 75231 Paris Cedex 05, France

E-mail: eric.edeline@bio.uio.no

Eels colonize an extremely large variety of salt and freshwater continental habitats. Dispersal in these
different growth habitats impacts survival, growth, sex differentiation, age and size at silvering and finally
capacity to reproduce. However, the mechanisms regulating continental dispersal remain poorly
understood. We review the ontogenetic, physiological and environmental proximate factors affecting
movement of glass eel, and provide an evolutionary mechanism for the ultimate control of continental
immigration. Glass eels present a marked upstream migratory behavior. Completion of metamorphosis
into a yellow eel (onset of the growth phase) triggers settlement, food search and density-dependent
dispersal. However, the timing of settlement is variable and some individuals settle precociously at the
glass eel stage, or continue exhibiting density-independent, upstream migration at the yellow stage.
These alternative migratory patterns are underlaid by genetic variation that allows migration evolution.
Externally, migratory behavior is strongly constrained by bioenergetics and is also influenced by salinity,
currents, temperature and odors through different mechanisms. Thyroid hormones integrate both genetic
and environmental effects, and are pivotal in mediating the alternative migratory patterns. Post-
settlement, movements mainly result from strong competition for habitat patches. Variations in resource
availability and demography therefore induce a large variety of dispersal patterns through a
reorganization of hierarchical equilibriums. Ultimately, eel dispersal plasticity reflects a fitness trade-off
between search for the most productive habitats and competition avoidance favoring shift to less
productive areas, while migration costs (increased mortality and reduced growth) hinder movements. To
cope with these conflicting selection pressures acting in heterogeneous and unpredictable environments,
eels have evolved a conditional evolutionarily stable strategy (ESS) in which the alternative migratory
tactics are cued by the level of energy stores. We provide a conditional ESS model that explains how the
crash of river recruitment during the last decades may partly reflect an adaptive drop in the proportion of
migrants in populations.

References
Edeline, E. 2007. Adaptive phenotypic plasticity of eel diadromy. Marine Ecology Progress Series 341:229-232

Edeline E., Dufour S. and Elie P. 2005a. Role of glass eel salinity preference in the control of habitat selection and
growth plasticity in Angulla anguilla Marine Ecology Progress Series 304: 191-199

Edeline E., Lambert P., Rigaud C., Elie P. 2006. Effects of body condition and water temperature on Anguilla anguilla
glass eels migratory behavior. Journal of Experimental Marine Biology and Ecology 331: 217-225
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OLFACTION IN THE EEL: IMPORTANCE TO REPRODUCTION.
M. Huertasl, J. Cerdaz, A.P. Scott3, A.V.M. Canario® and P.C. Hubbard"*.

Centro de Ciéncias do Mar, Universidade do Algarve, Faro, Portugal.
?Lab IRTA-ICM, CMIMA-CSIC, Barcelona, Spain.
®The Centre for Environment, Fisheries and Aquaculture Science (CEFAS), Weymouth, UK.

phubbard@ualg.pt

Eels have a highly developed olfactory system; however, the role of chemical communication during their
migration and subsequent spawning has received little attention. Knowledge on the roles of olfaction and
chemical communication in this species could give rise to practical tools for both aquaculture and
management of natural stocks. Eels detect amino acids, bile acids and physiologically important inorganic
cations (Ca’* and Na") at low, environmentally relevant, concentrations (below 107M, 10°M and 10°M,
respectively), whereas sensitivity to sex steroids is low. Moreover, odorants contained in eel-conditioned
water, bile fluid and mucus depend on both the sex and the reproductive status of the donor. Immature
eels in chemical contact with artificially-induced eels also show a small, but significant, increase in sexual
maturation. These findings are consistent with a role for chemical communication in eel reproduction.
However, if and how olfactory sensitivity varies between the sexes and physiological status of the receiver
(elver, yellow or silver stage, sea- or freshwater adapted maturational stage) is not yet known. This could
be exemplified by a higher sensitivity to amino acids during the feeding stages (elver to silver stage) or
differential response to inorganic cations between freshwater or marine individuals. During migration and
sexual maturation, eels do not eat. Thus, it may be expected that sensitivity to food-related odorants may
decline, whilst sensitivity to conspecific-related odorants (putative pheromones) may increase. These are
some of the questions that we are currently addressing.

Funded by Fundagdo da Ciéncia e a Tecnologia grants SFRH/BPD/26339/2005 and POCI/BIA-
BDE/55463/2004.

Key-words: eel, olfaction, pheromones, reproduction.
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CHARACTERIZATION OF SEX STEROID BINDING SYSTEMS IN EEL PLASMA.
M. Huertasl*, l. Morgadol, J. Cerdaz, A.P. Scott® and D.M. Power".
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Steroid binding proteins are responsible for sex steroid transport, storage and release to target tissues,
and are essential for sex steroid action. Three different binding systems were characterized in plasma
from the European eel (Anguilla anguillaL.). The two first are binding systems with high affinity and
moderate capacity for both testosterone (T) and 17-hydroxyprogesterone (17P) with Ky values of 0.4nM
and 9.0nM; and B, 112nM and 216nM, respectively. The high affinity T binding system can also bind
other androgens (e.g. androstenedione and 11-ketotestosterone) and estrogens (e.g. estradiol), whereas
the high affinity 17P binding system bound mainly progestagens (i.e. 17,20BP, progesterone); the first
such system described for fish plasma. Both proteins were isolated from plasma by electrophoresis with
molecular weights of 64kDa and 112kDa for T and 17P binding systems, respectively. A third binding
system with moderate affinity and high capacity was found for corticosteroids (e.g. cortisol and
desoxycortisol), similar to corticosteroid binding systems of higher vertebrates. Owing to the biochemical
characteristics of these sex steroids binding proteins, the study of these systems could contribute to the
understanding of sex steroid regulation in vertebrates.

Key-words: eel, steroid, binding protein, endocrine.
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CALCITONIN GENE-RELATED PEPTIDE (CGRP), A NEW ENDOCRINE FACTOR INVOLVED IN THE COMPLEX
MULTI HORMONAL CONTROL OF THE GILL OSMOREGULATION: EVIDENCE FROM STUDIES IN THE
EUROPEAN EEL, ANGUILLA ANGUILLA.
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Calcitonin gene-related peptide (CGRP), a mammalian brain and peripheral neuromediator synthesized by
the alternative splicing of the calcitonin gene, is well represented and molecularly conserved throughout
evolution. To investigate its potential early role in vertebrates, we initiated studies in the eel, Anguilla
anguilla, a representative species of a phylogenetically ancient group (Elopomorph) among teleosts. We
used radioimmunoassay and radioreceptorassay to detect the presence of molecules immunologically and
biologically related to CGRP in different tissues. CGRP-like molecules have been found mainly in brain,
heart and spleen. Partial purification, by gel exclusion chromatography and HPLC, followed by SDS-PAGE,
showed that these CGRP-like molecules present a molecular weight of around 3300 Da, similar to that of
human CGRP (3750 Da). In plasma, the high circulating levels of CGRP-like molecules measured in the eel,
suggest that this peptide may have an endocrine role in teleosts. The role of CGRP was then investigated
by looking for its specific target organs. Binding studies demonstrated that CGRP binds specifically to
brain, heart and gill membranes. Thus, gill presented one of the highest CGRP binding while the peptide
itself was not detected in this organ. Gill could therefore represent one of the targets of the endocrine
role of CGRP. We then investigated the possible role of CGRP in osmoregulation by transferring eels from
freshwater to seawater. In fact, during the migration from freshwater to seawater, eels are subjected to a
high osmotic stress. Change in plasma osmolality was observed with a significant increase from the value
of the controls, since 2 hours of transfer to the long-term adaptation. The concentrations of CGRP-like
molecules in plasma presented a significant increase during all the experiment, since 2 hours of transfer.
The specific binding sites of CGRP in gill membranes were characterized by a Scatchard analysis and
studied during the seawater transfer. The number of binding sites showed a significant and transient
increase, after 2 hours in seawater, with no significant variation in the affinity constant. This increase, in
both CGRP plasma levels and CGRP receptor number, indicates an upregulation by CGRP of its specific
receptors and has been described for other peptides hormones. lonoregulation homeostasis is a major
challenge in fish and specially in diadromous species. Our studies indicate that CGRP represents one new
important hormone involved in the complex and multi-hormonal ionoregulation mechanisms in teleosts.
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THE EVOLUTIONARY CONSEQUENCES OF EEL MIGRATION
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The catadromous life-strategy of the North Atlantic eels, the European eel (Anguilla anguilla and the
American eel (A. rostratg, has important implications on their integrity, hybridization dynamics and
population structure. This chapter presents the most recent progress on the genetics of North Atlantic
eels, in the light of their evolutionary migratory potential. We first review the various hypotheses on the
origin and evolution of the genus Anguilla, then evaluate the genetic distinction among the North-Atlantic
eels, and finish with an assessment of the genetic structure within European eel.

Based on a combination of morphological and molecular traits, 15 species have been officially recognized
within the genus Anguilla.Recent phylogenetic analyses show that Anguillais a monophyletic group and
that the most likely ancestor is A. mossambicawhich might have originated close to the Indonesian
archipelago during the Eocene at the latest. Complex dispersal and subsequent speciation patterns lead to
the present worldwide distribution of eel. The North-Atlantic eel species are believed to have originated
through dispersal through the Tethys Sea (10 MY ago) or the Panama channel (3 MY ago).

The genetic distinction between both species in populations from Europe, North America and Iceland has
unambiguously identified two taxa for some time, although the status of the hybrid populations in Iceland
has generated controversy. Earlier studies on allozymes and mitochondrial DNA showed the existence of
cytonuclear disequilibria in Icelandic populations, most likely due to ongoing gene flow between both
species. Very recently two studies reassessed the hybridisation dynamics using AFLP, moderately variable
microsatellites and the number of vertebrae. Both studies found similar proportions of American eel
introgressed in the mainly European Icelandic populations. There was even suggestion for the
backcrosses, which points to a high survival rate of hybrids (Maes 2005; Albert et al. 2006).

The phylogeography of the European eel has not been studied as one would have hoped for.
Mitochondrial DNA was not very helpful with the geographical partitioning of genetic variability in
European eel, mainly because the very high haplotype diversity complicated a quantitative analysis. The
commonly accepted hypothesis of a panmictic genetic structure in the European eel based on
oceanographic and genetic data has been challenged recently. Two independent studies of Wirth and
Bernatchez (2001) and Maes and Volckaert (2002) detected a pattern of Isolation-by-Distance (IBD), which
suggested a spatio-temporal separation with some degree of gene flow, a pattern which proved unstable
over time (Dannewitz et al. 2005).

Two studies further evaluated the temporal genetic variance between cohorts, aiming at discriminating
between various forces shaping the genetic composition of recruiting juveniles of the European eel. By
controlling for geographical variation, Maes et al. (2006) and Pujolar et al. (2006) assessed temporal
variation and tested for possible Isolation-by-Time (IBT) between recruitment waves within and between
years. They hypothesized that the population dynamics of the European eel may be governed by a double
pattern of temporal variance in genetic composition: (i) a broad-scale IBT of spawning cohorts, possibly as
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a consequence of the large migration loop in anguillids and strong variance in annual adult reproductive
contribution; and (ii) a smaller-scale variance in reproductive success (genetic patchiness) within cohorts
among seasonally separated spawning groups, most likely originating from fluctuating oceanic and
climatic variables.

The dramatic decline of European eel recruitment in recent years (Dekker 2003), prompts for a better
understanding of crucial aspects of its biology, including the interplay between genetic diversity and
phenotypic traits. By analysing the genetic composition of farmed individuals over time, Pujolar et al.
(2005) provide evidence for a positive correlation between genetic variability at 12 allozyme loci and
growth rate. More heterozygous individuals show a significantly higher length and weight increase and an
above average condition index in comparison with more homozygous individuals. When examining the
effect of heavy metal pollutants in sub-adult eels originating from three Belgian river basins, Maes et al.
(2005) observed a reduced genetic variability in strongly polluted eels as well as a negative correlation
between level of bioaccumulation and multi-locus heterozygosity at allozymes. Both studies show strong
evidence for Heterozygosity-Fitness Correlations (HFCs) in European eel, which could be explained either
by an effect of direct allozyme overdominance or associative overdominance (where allozyme loci are
merely acting as neutral markers of closely linked fitness loci).

The results summarized here have important consequences for the management of European eel. Genetic
data support a global management action developed for the Eastern-Atlantic shelf (including the
Mediterranean), rejecting the current strictly local approach. The observed temporal genetic
heterogeneity and large variance in parental contribution suggest that the effective population size of the
European eel stock might be much lower than the census size. This would be comparable with estimates
for several other marine taxa. A low effective population size combined with oceanic factors might have
contributed to the current dramatic decline in abundance of European eel. In the future, more attention
should be paid to long-term oceanic influences on population stability of Anguillids, the analysis of adult
cohorts to test the stability of the Isolation-by-Time pattern and the study of adaptive variation in
response to environmental/anthropogenic influences. Future research on eel genetics should focus on (i)
sampling and analysing spawning populations and recruitment waves to detect spatio-temporally discrete
groups, and establishing a biological baseline from pre-decline historical collections for critical long-term
monitoring and modelling of its genetic composition; (ii) the analysis of adaptive genetic polymorphism
(genes under selection) to detect adaptive divergence between populations, perhaps requiring separate
management strategies, and (iii) improving artificial reproduction to protect natural stocks from heavy
exploitation, especially now the species has been categorized as endangered.
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DO THE TECHNIQUES FOR LARVAE PRODUCTION OF JAPANESE EEL APPLY TO THOSE OF EUROPEAN EEL?

Hajime Matsubara *
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European eel are overexploited for their meat, which is consumed in Europe and East Asia. Especially,
China imports vast numbers of European eel fry, which is processed into kabayaki (grilled eel) and
exported to Japan. An estimated 10 percent of these eels imported from China are European eels. In
addition, human impacts are also reducing and polluting their habitat, such as lakes, rivers and estuaries.
As the results, the populations of the European eel have declined throughout most of the species
distribution area and are now threatened. In the end, a meeting of signatory nations of the Convention on
International Trade in Endangered Species of Wild Fauna and Flora accepted a proposal from the
European Union to list European eel on Appendix Il of the convention. To consider these backgrounds,
Japanese are to blame for European eel reduction. As a Japanese, | would like to contribute to the
artificial production of European eel larvae. In Japan, the production of glass Japanese eel in captivity
succeeded in 2003. We recently succeed to produce the hybrid larvae which are cross between European
eel (male) and Japanese eel (female). The larvae are growing normally and some of them will be
metamorphosis into glass eel. In this workshop, | will suggest that the new aspects for European eel
reproduction and the collaboration work to produce European eel larvae.

Keywords; Application, Japanese eel, European eel, reproduction, collaboration
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TRADITIONAL AND ALTERNATIVE WAYS OF THE INDUCTION OF SEXUAL MATURATION OF EEL:
HUNGARIAN EXPERIENCES.
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In Hungary experiments on induction of sexual maturation of eel have been conducted for 10 years.
Summarised results: ovulated eggs were stripped in spite of the fact that the experimental fish were
infected with Anguillicola crassugertilisation of stripped eggs was attempted unsuccessfully due to low
egg quality. Freshwater reared males survived the hormonal induction of sexual maturation similarly to
seawater reared ones. Since there is no significant difference between the morphology and motility of
freshwater and seawater eel spermatozoa we can assume that freshwater rearing of males is not a barrier
factor of the artificial propagation of European eel. According to our results the extender originally
developed for the cryopreservation of common carp sperm seems suitable for the cryopreservation of eel
sperm using methanol as cryoprotectant. The applied CT scanning method is suitable for the in vivo
observation of maturation processes (gonad development, fat mobilisation from abdomen to filet).
Computer tomography can be a tool for the selection of experimental stock for trials of artificial induction
of sexual maturation. At this moment three types of artificial maturation experiments are conducted in
our laboratory: Sexual maturation of eel using traditional methods (carp pituitary + dopamin receptor
antagonist, hCG) as well as carrier solvents with retard effect (carbopol 971P polymer). Experiments are
also conducted on the transplantation of oocytes from eel donors to recipients of different saltwater and
freshwater fish species. Finally we plan to carry out experiments on androgenesis using the eggs of either
Japanese eel or conger eel.

Keywords: artificial maturation, androgenesis, oocyte-transplantation, sperm cryopreservation, computer
tomography
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REPRODUCTIVE INHIBITION IN MALE EUROPEAN EELS IS LESS SEVERE THAN IN FEMALES AS SHOWN BY
GNRH-STIMULATION OF QUANTIFIED GONADOTROPIN EXPRESSION IN THE PITUITARY AND TESTIS
DEVELOPMENT

A. Palstra 1*, D. Schnabel 2, M. Nieveen 1, J. van Rijssel 1, D. de Jong 1, H. Spaink % and G. van den Thillart’.
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Early maturation in eels is blocked by dopaminergic inhibition of the hypothalamus and pituitary. We
hypothesize that the severity of this inhibition is sex-specific since females start their maturation when
they are much older and larger than males. We have tested this hypothesis by subjecting male and female
eels to Gonadotropin-Releasing-Hormone (GnRH) - stimulation of the pituitary.

Migratory male (n= 22; body-length= 39.3 + 0.4cm, body-weight= 90 * 3g, eye index= 13.1 + 0.5) and

female silver eels (n= 18; body-length= 74.7 + 0.9 cm, body-weight= 719 + 50 g, eye index= 14.4 + 0.3)

were each randomly divided over 3 groups. Starters were immediately dissected. Others were IP injected

with GnRH-A Y LI | y i D2 ¥Fil 22/NJofoF > 3dzy i NBI 6 SR o WNB&AGSNAQL F2NJ
ppt, 202C). Oligos were designed from the reported sequences of A. anguilla¥ 2 Ndbunits of Luteinizing-

I 2NX¥2y S 6 | i ostimulytifg-l @ NIV A Sdzio[ICNAI japonicaT 12 yaRin. itGitary-RNA

was isolated of eels that were matured with carp-pituitary-extract for RT-PCR and cloning of the genes in

the pCRII-TOPO vector. This protocol was then applied to the experimental animals.

In contrast to females, Gonazon-treated males showed induced spermatogenesis and a 4-fold higher GSI
than starters and resters. LH-expression was significantly 2-fold higher vs. starters and resters. FSH-
expression was higher in Gonazon-treated males but lower in resters vs. starters. From this we conclude
that the inhibition of maturation in males is much less severe than in females.

Keywords: Anguilla anguilladopaminergic inhibition, sexual maturation, gPCR, GnRH-implant Gonazon
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EFFECTS OF SWIMMING ON SILVERING AND MATURATION
A. Palstra, V. van Ginneken and G. van den Thillart
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During their continental phase, yellow eels have depressed lipid mobilisation and pre-pubertal blockage of
maturation. Since the start of spawning migration marks the onset of lipid mobilisation and maturation,
swimming may be a crucial trigger of these processes. Swim trials of older eels in fresh water show that
eyes were enlarged in all swimmers and that swimming thus induced silvering. Swimming stimulates early
oocyte development and deposition of lipids in the oocytes of female eels, most probably regulated by
increased 11-ketotestosteron (11-KT) levels. Effects appear stronger in males where swimming induces
spermatogenesis. Increased LH levels in the pituitary show that swimming stimulates its gonadotrope
LINE RAZOGA2Y D { 6A YYAY 3 -ebtrhdioAE2) buf I2paficlvitklBgeneslsIks thodeVek notm T |
initiated: plasma vitellogenin (VTG) levels remain low and yolk globuli do not appear in the oocytes (Fig
10.1). Swim trials of silver eels in salt water show that swimming inhibits vitellogenesis; expression of the
9H NB OS h)i\aaNT ahd VTEG 2 were lower in the liver of swimmers and plasma VTG levels were
reduced. Lipid mobilisation by swimming for fuel and deposition in the oocytes occurs most probably
through the action of cortisol (Fig 10.1) that is well-known as activator of lipid mobilisation and has
numerous positive effects on maturation parameters. Both the induction of lipid deposition in the oocytes
and the obstruction of vitellogenesis by swimming may allow a natural sequence of events leading to a
higher gamete quality in contrast to stimulation with pituitary extract injections. Such natural sequence
may reflect long term swimming induced FSH effects followed by short term LH effects to finish
maturation. The effect of long term swimming on gamete quality is subject of our current research. When
these results are extrapolated to the field and linked to observations in the field, it appears that fresh
water migration triggers silvering and lipid mobilisation. Vitellogenesis is inhibited by swimming and
probably occurs only near or at the spawning grounds. It appears that swimmers become more sensitive
for stimulation so the final oocyte maturation may proceed faster than known for laboratory experiments.
Our latest results show that male swimmers were indeed more sensitive and spermiated earlier in
response to hormonal treatment than resters.

Key-words: maturation, lipid mobilisation, natural trigger, swimming, silvering, oocyte development,
vitellogenesis, spermatogenesis, gonadotropins, steroids, cortisol, g-rtPCR, gamete quality, reproduction,
spawning
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EXPRESSION OF GNRH AND FSH-B/LH-B IN HORMONALLY MATURED EUROPEAN EEL MALES IN
RELATION WITH STEROIDOGENESIS AND SPERM QUALITY PARAMETERS.
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The present study evaluated the expression of GnRHs (mGnRH and cGnRH) in different parts of the brain
and the expression of pituitary gonadotropins during the HCG treatment to induce European eel testis
maturation. Moreover, 11KT plasma levels, testis histology, sperm quality, eye index and GSI were
analyzed. GnRHs variations were found in diencephalon and mesencephalon. cGnRH showed a significant
decrease at 4™ week, followed by no significant variations. The highest value of mGnRH was found in the
3t week, and was followed by a decrease and a significant increase of the expression during last weeks of
treatment. The FSH-i SELINB&aAZY &aK26SR I RNIYIFGAO RSONBI&AS 6A0K
4 weeks was close to zero. The B-LH subunit expression showed a progressive increase during the first 7
weeks (showing a positive correlation with eye index and GSI) and coinciding with the high sperm quality
production, maintaining a high level of expression through the spermiation. Just spermatogonia were
observed at 2™ week, but all the stages of development (except spermatoza) were found at 3rd, coinciding
with an important increase of 11-KT. Spermatozoa were detected in the testis at 4™ week, as well as an
important GSI increase. On his hand, 11KT showed a later progressive decrease until gt week, coinciding
with the increase of sperm quality that was high from then on.
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The present study evaluated the effect of temperature in the maturation process in European eel females
weekly injected with CPE. Two experimental temperature regimes were used: 20 2C during all the
treatment (T20) and progressive increase from 10 to 20 2C (T10). Females were sacrificed at 0, 4, 8 or 12
weeks to determine vitellogenin, estradiol and 11-ketotestosterone plasma levels, oocyte diameter, eye
index, GSI and expression of pituitary gonadotropins by RT-PCR. | -FSH expression was higher for T10 fish
at 0 (after 3 days in sea water at 10 2C), 4, and 8" 9 § § 1 & ZLH kxgfdision was higher in this group at
4" and 8" weeks. Estradiol plasma levels were higher in T10 group at 8" week. No significant differences
were found between groups for vitellogenin and 11-KT levels during the treatment (although T10
vitellogenin values were higher during the first 8 weeks). There was a general GSI and oocyte diameter
increase during the treatment, being both significantly higher at 8" week in the T10 group. The eye index
did not show important changes during gonad maturation. It can be observed that temperatures lower
than 17 °C during the gonad maturation causes better results in the different parameters studied,
evidencing the importance of the temperature for eel reproduction.

Supported by Generalitat Valenciana (GV/2007/202 and a grant to DSP).
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Silvering (transition from yellow to silver eel) has always been considered as a second metamorphosis in
thS§ SSt tATS 0e0tSz Ay FTRRAGAZ2Y G2 GKS I NBI ¢
metamorphosis, silvering consists of various morphological, physiological and behavioral changes, such as
modifications of structure and function of different organs (skin, eye, gill, swimbladder and intestine),
induction of migratory behavior and cessation of feeding. These changes are necessary to the
downstream reproductive migration and preadapt the fish to the life in the deep ocean. Nevertheless,
some silvering changes are directly related to the reproductive function, such as significant increases in
gonad weight and serum levels of sexual steroids, suggesting that silvering could be also considered as a
pubertal event.

In vertebrates, metamorphosis is mainly triggered by the thyrotropic neuroendocrine axis, and large
increases of pituitary thyrotropin (TSH) and circulating levels of thyroid hormones (thyroxine, T4 and tri-
iodothyronine, T3) are observed in amphibians at the metamorphic climax. In contrast, puberty is induced
by the gonadotropic axis, with increases of pituitary gonadotropins, luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) and of sexual steroids. In order to assess which neuroendocrine axis may be
involved in the induction of silvering, we compared the profiles of pituitary and peripheral hormones
during the transition from yellow to silver eels. A comparison is also given with smoltification, which is a
GUNXzS¢ YSGFY2NLIK2aA4 204ASNBBSR Ay alfY2yARao®

No or moderate changes were observed in plasma thyroid hormones and in pituitary mRNAs for TSHf3
throughout silvering. Similarly, the somatotropic axis, which regulates growth and development in
vertebrates, did not seem to be activated, since no increase in pituitary growth hormone (GH) mRNA and
GH protein, nor in plasma GH levels, were observed. In contrast, a strong activation of the gonadotropic
axis was shown during the transition from yellow to silver eels. Significant increases in plasma sexual
steroids (estradiol, testosterone and 11keto-testosterone), as well as in plasma vitellogenin, occurred. In
addition, the expression of the two pituitary gonadotropins was increased: mRNA for FSHf increased at
the early steps of the silvering process, while mRNAs for LH[3, as well as pituitary LH protein content,
strongly increased, later in the silvering process.

Experimental data, using exogenous sexual steroids, are in agreement with the involvement of
gonadotropic axis in the induction of silvering. Indeed, injections of androgens were able to induce
morphological changes observed during silvering, such as increases in eye diameter and skin thickness, as
well as resorption of the digestive tract. This suggests that sexual steroids may be responsible for morpho-

physiological OK I y3Sa 2F aAf @SNAy3I Ay (G(KS SStx & | NB

This is supported by previous data from experimental induced maturation, which showed an amplification
of morphological changes related to silvering, likely due to the increase in endogenous sexual steroids.
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All these data lead to the conclusion that eel silvering should be considered as an onset of puberty rather
GKIFY | aiNHzSé YSGlFY2NLK2aAao
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In the eel, a striking ovarian growth occurs during experimental maturation (with a gonadosomatic index
(GSI) of up to 30-40 % of the body weight), which results from the stimulation of vitellogenesis by the
gonadotropic treatment. Vitellogenesis is a major event of gametogenesis in the eel as in all oviparous
vertebrates. Vitellogenin is a phospho-calcio-lipoprotein synthesized by the liver under the stimulatory
effect of estradiol, and incorporated in the oocyte under the control of gonadotropins. In the eel, this
process occurs while the fish is starving, which implies a large mobilization of metabolites previously
accumulated during the growth phase. Early studies had shown hypercalcemia and bone resorption
during experimental maturation using carp pituitary extract (CPE), a phenomenon likely related to the
mobilization of calcium stores necessary for vitellogenin production and cellular metabolism.

In order to evaluate the calcium stores of eel vertebral skeleton, we measured the vertebral mineral rate
(MR) in yellow and silver eels from various European locations. Eel silvering is characterized by an increase
in gonad weight due to the initiation of vitellogenesis and corresponds to the start of a starvation period,
which will last throughout the reproductive migration. In every location, vertebral MR in silver eels was
slightly lower than in yellow eels and analysis of individual values indicated a negative correlation
between GSI and MR, revealing a decrease in calcium stores at silvering, likely related to the initiation of
vitellogenesis and cessation of feeding. Variations in vertebral MR were observed between silver eels
from different locations, suggesting an impact of the hydrosystem qualities on the bone calcium stores of
the future genitors.

During maturation induced by CPE treatment, measurement of vertebral MR revealed a progressive and
significant demineralisation in treated eels, reflecting a strong mobilization of skeleton calcium stores
during vitellogenesis. Analysis of individual values showed a significant negative correlation between GSI
and MR during experimental maturation, which indicates a large mobilization of calcium stores for
gonadal maturation.

Experimental studies, using various hormonal treatments, have been aimed at investigating the endocrine
control of bone demineralization in the eel. As expected, estradiol, which stimulates vitellogenin
production, also induced a significant vertebral demineralization. But other hormones, not directly
involved in the induction of vitellogenesis, such as thyroid hormones and cortisol, also had a striking effect
on bone demineralization, indicating a multiple endocrine control of calcium mobilization in the eel.

All these data indicate that a multiple endocrine control may be responsible for the demineralization of
eel vertebral skeleton during silvering and induced maturation. This makes the eel a potent model for
future investigations on endocrine mechanisms of vertebral osteoporosis, a present major issue in human
health.
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POTENTIAL PRESSURE EFFECTS ON EEL REPRODUCTION, EGGS AND LARVAE DEVELOPMENT.
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Fish energy metabolism is generally pressure sensitive due to the effects of hydrostatic pressure (HP) on
biological membranes and mitochondrial function. Consequently, HP is able to act on eel migration and
reproduction. However, silver eels appear to be pre-adapted to pressure and generally to the new
environment encountered during migration.

Many of the studies actually performed on eels aim to explain the decline of the population and to find a
solution to stop this phenomenon. One of these solutions consists in controlling the reproduction by
obtaining eggs then larvae able to survive and to grow to become glass eels: till now and unfortunately,
these experiments are not really successful. We are convinced that absence of success is due to the fact
that the pressure factor is neglected although migration and reproduction are logically known to be
performed at depth. Hydrostatic pressure can act by the way of thermodynamics and/or as a mechanical
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hypothesis about potential HP effects on eggs and larvae development is raised according to 3 main
observations: 1) the known effects of pressure on energy metabolism and physiological functions in
general, 2) hydrostatic pressure has deleterious effects on eggs from surface living animals, 3) in contrast,
hydrostatic pressure appears to be necessary for an optimal development of eggs and larvae from deep
living invertebrates.

Key words: Hydrostatic pressure ¢ energy metabolism ¢ eggs ¢ membranes ¢ thermodynamics
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As temperature, hydrostatic pressure is an environmental parameter which also plays an important role in
thermodynamics. Able to modify phase transition of the membrane phospholipids and kinetics of
catalyzed reactions, hydrostatic pressure can alter many metabolic processes, namely the energy cell
production and thus the animal functions. The European eel, Anguilla anguillahas a particular life cycle
which implies that the fish must migrate to reproduce after a long travel under pressure. Pressure
resistance and mainly swimming activity represent high energy demand which must be satisfied by
aerobic pathway essentially. As pressure specifically alters aerobic metabolism in fish, the question is to
know how the migrating silver eel is able to cope with high pressure. By using an hyperbaric chamber and
an especially designed aquarium, the eels can be exposed to high pressure (101 ATA equivalent to a
1000m depth) for several days and even months. Exploration of aerobic metabolism is performed on red
and white muscles by measuring mitochondrial respiration (under pressure or after pressure exposure),
respiratory chain enzyme complex activities, and energetic nucleotide contents in order to obtain a
relatively complete description of aerobic energy production. In a first part (section Ill), pressure effects
on yellow non-migrating eels will be described together with the acclimatization processes which are
involved when the fish is exposed to high pressure for a long time. Mainly located at the mitochondrial
inner membrane level, the changes involved in pressure acclimatization are long to be completed and
have an energy cost. They correspond to a mitochondrial membrane refluidification ensured by
recruitment of unsaturated fatty acids (homeoviscosity). This acclimation process allows an improvement
of oxidative phosphorylation and optimization of energy production. In the second part (section V), we
will see how the silvering process, which takes place at atmospheric pressure, mimics pressure
acclimatization and thus helps the fish to support pressure effects without metabolic damages. Such a
preparation performed at atmospheric pressure allows the fish to devote its energy (limited stores) only
to swimming activity and reproduction without using it for adaptative process during the migration.
Finally, a third part (section V) presents the potential effects of hydrostatic pressure on eggs and larvae
and gives some arguments to use pressure in artificial reproduction of eels.
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Anguillicola crasstuis a pathogenic nematode of Anguilla anguillaThis parasite infecting originally pacific
eels without obvious pathogenic symptoms was introduced into the Atlantic region in the years of 1980s,
where it caused heavy infections and even massive fish dies in the European eel. Here the parasite has
altered its life cycle by infecting a wide range of intermediate hosts, employing paratenic hosts and
surviving as larvae for months in the swimbladder wall. Pathogenic symptoms are partially caused by
adult worms living in the lumen of the swimbladder and feeding on blood, but major degeneration
changes are caused by migrating larvae boring through the intestinal wall and causing proliferative,
oedematous, fibrous and degenerative changes in the swimbladder wall. Major pathogenic effects on eels
result from haemorrhaging in, and thickening of the swimbladder wall. At heavy infections no worms and
air are formed in the swimbladder thickened 10 times compared to the original thickness. The process of
development and changes in the swimbladder wall were followed by x-ray and CT methods. The loss of
oxygen concentration in the swimbladder seems to reduce function as a hydrostatic organ, and increases
the stress response of eels. In shallow lakes at warm temperatures this can result in mass mortalities.
Experiments performed by the authors proved that swimbladder infection had an adverse effect on
swimming performance. It is, therefore feared that the parasite negatively affects the ability of eels to
migrate to the Sargasso Sea and so contributes to the decline in eel populations.
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Despite many attempts to artificially breed European eel (Anguilla anguill@ hatching of larvae has been
achieved only on a few occasions with a maximal larval lifetime of 3.5 days. A main obstruction is the
intricate hormonal control mechanisms that inhibit gonadal maturation at the onset of puberty. Repeated
hormonal treatments to produce gametes combined with artificial induction of follicular maturation and
ovulation is an approach which successfully has been applied to produce viable eggs and larvae of the
Japanese eel (A. japonicd Similar methods have been applied to European eel, but deficiencies in gamete
quality causing fertilisation failure, arrested cell cleavage or embryonic defects has hampered the ability
to produce larvae. In the present study, we obtained viable eggs and yolksac larvae from female European
eels using modified hormonal treatment schemes and enhanced broodstock nutrition. The development
of the pro-larvae until the end of the yolksac stage is presented. The larvae were fully developed and
ready to feed on day 12 post hatch; at this stage the yolk and oil droplet is absorbed, the digestive tract is
functional, the eyes pigmented and the characteristic larval teeth protrude. Our results fill a gap in the
existing knowledge about European eel ontogeny, as the achieved larval stages overlap those obtained
from the Sargasso Sea. We anticipate that the extended knowledge and improved methodology will
benefit future attempts to breed European eels.
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When considering "The quality of spawners of European eel, the issue of PCB accumulation in the fat
stores of adult silver eel has to be taken in consideration. The present review focuses on PCBs; their
interference with migration because of its toxicity, and interference with reproduction by disturbance of
the endocrinological system and immune systems. The discrepancy between the mismatch of the
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that these compounds are not a causal factor in the decline of eel populations. However when the
reproduction cycle of 10-15 years is taken into account, this delay in response time actually provides a
strong argument for the contrary. PCBs are very resistant to degradation and accumulate in the food
chain because they are lipophilic compounds. Characteristic for eels are their large fat stores (up to 30%).
The level of PCB contamination in European eel (Anguilla anguilla) ranges between 2 10-6 ¢ 34 mg/kg.
Especially industrialised areas like river Rhine, Ruhr and Meuse (The Netherlands, Germany and Belgium)
and St.Lawrence river (Canada) are highly contaminated. Because only certain PCBs can be metabolized
like PCB 77, the contaminant level of eels after their spawning migration may be very close to the initial
value. As fat is catabolised during swimming, the final PCB level will be even higher after migration.
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An important aspect of the reproduction of European silver eels is the huge distance (ca 6000-km) they
have to swim to reach their spawning grounds. So, obviously endurance swimming is a major requirement
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are the energy costs to cross the Atlantic Ocean, 2) How much fat do eels need to cover the expenses.
From swim tunnel experiments run for days till even 6 months we could determine the cost of transport
(COT): 0.5kJ km™ kg'l. This amount is about 5 times lower than COT values of salmonids of similar size,
also those low costs allow eels to spend only 60g fat kg'1 for the whole journey. As eels have around 200g
fat/kg, there is more than enough left after reaching the spawning site for gonad development and
spawning behavior. Although the swim endurance of eels is impressive, large female eels (1-2kg, 70-
80cm) can swim for prolonged periods not much faster than 1.6BL s, with their best performance around
0.8BLs™.

When leaving the European West coast, silver eels are still in a prepubertal condition, suggesting that
somewhere during their journey sexual maturation needs to be activated. We hypothesized that
swimming might be such a trigger. Indeed we observed significant changes in female eels already after
several weeks of swimming. We observed a significant increase of eye size, gonad weight and oocyte
diameter, the latter mainly due to the deposition of many lipid droplets. However, no further
development of oocyte size was observed when the eels continued swimming. The mechanism behind the
oocyte growth might be connected to stimulation of lipid mobilization required for swimming. Lipid stores
are not only important for long distance swimming, but also for gonad growth and gamete production.
Based on the lipid content of eggs, we estimated that around 60g fat kg'1 eel is required for reproduction.
Combined with the requirement for swimming, total lipid content of successful spawners must be at least
12%, i.e. 120g fat kg ™.

Keywords: European eel, cost of transport, migration, endurance swimming, maturation, oocyte growth,
lipid, silvering, swimbladder parasite
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As in mammals, fish puberty and sexual maturation is under the neurohormonal control of the
gonadotropic axis: gonadotropin-releasing hormone (GnRH) stimulates synthesis and release of
gonadotropins (LH, FSH), which in turn act on the gonads to stimulate gametogenesis and
steroidogenesis. However, in various adult teleosts, this stimulatory effect of GnRH is counteracted by
dopamine (DA) that participates in the regulation of the last steps of gametogenesis (ovulation and
spermiation). Because of its unique life cycle with a long delay before sexual maturation, the European eel
has provided a powerful model to demonstrate that DA also plays a key role in the inhibitory control of LH
at puberty. In female silver eels treated with a GnRH analog (GnRHa), a DA D2-receptor antagonist
(pimozide) and testosterone (T), alone or in combination, only the triple treatment with GnRHa, pimozide
and T is able to trigger an increase in LH synthesis and release and in hepatic production of vitellogenin.
This shows that, even at early stages of gametogenesis, DA exerts an inhibitory control on gonadotropic
function in the female eel. To better understand how DA acts, extensive anatomical studies have been
conducted. Immunocytochemistry and in situ hybridization analyses have been used to localize cells
expressing tyrosine hydroxylase (TH), the rate-limiting enzyme in the biosynthesis of DA.
Hypophysiotropic neurons have been further characterized by retrograde tracing from the pituitary using
Dil. These investigations have shown that TH cell bodies responsible for inhibition of reproduction in eels
are located in the nucleus anteroventralis of the preoptic area (NPOav). Their projections reach the
pituitary proximal pars distalis (PPD), where the gonadotropes are localized. In all vertebrates, DA acts on
its target cells via various receptor subtypes, some of which are currently being characterized in the eel.
As in mammals, eel D1 receptor genes present a simple structure with no introns. Four D1 receptor
subtypes were found in the eel. However, none of them are expressed in the PPD, as revealed by in situ
hybridization. According to pharmacological data, DA should act on gonadotropes through D2 type
receptors. D2 receptor genes have a complex structure with multiple exons and long introns making
successful cloning more difficult. We have recently isolated two distinct D2 receptor subtypes in the eel,
D2A and D2B, in contrast to the single subtype found in mammals. We have also studied the central
distribution of these receptors using quantitative real-time RT-PCR and in situhybridization.

Two important issues to address are how the dopaminergic inhibition takes place at puberty and how it is
removed during the oceanic migration to permit gonadal growth and sexual maturation. To answer these
guestions we have developed quantitative tools to evaluate brain dopaminergic activity, including
guantitative real-time RT-PCR assays for TH and for D2 DA receptor gene expression. Experiments wherein
female silver eels received chronic steroid treatment showed that 17R-estradiol (E2) and androgens have
differential effects on TH mRNA expression (an index of dopaminergic activity) in different brain regions.
The inhibitory action of DA on the pituitary is up regulated specifically by androgens, whereas estrogens
have no effect. We are currently investigating the regulation of D2 DA receptor expression by gonadal
steroids and also the role of environmental factors (linked to the oceanic migration) in regulating
dopaminergic inhibition of reproduction.
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These studies provide new data on the dopaminergic inhibition of reproduction, with implications for eel
basic and applied reproductive biology as well as for molecular and functional evolution of dopaminergic
systems in vertebrates.
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