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« Lhuitre, elle aussi a des ennemis »

Alexis Tolstoi - Kosma Proutkov (merci Béatrice)

« Homme libre, toujours tu chériras la mer !
La mer est ton miroir ; tu contemples ton ame
Dans le  déroulement mfimm de sa lame,

Et ton esprit n'est pas un gouffre moins amer ...»

Charles Baudelaire - Les Fleurs du mal (1855)

The Sun now rose upon the right:
Out of the sea came he,

Still hid in the mist, and on the left
Went down into the sea.

[...]

And I had done a hellish thing,
And it would work’em woe:

For all averred, I had killed the bird
That made the breeze to blow.

Ah wretch! Said they, the bird to slay,
That made the breeze to blow!

[...]

Day after day, day after day,

We stuck, nor breath nor motion;
As 1dle as a painted ship

Upon a painted ocean.

Water, water, every where,
And all the boards did shrink;
Water, water, every where,

Nor any drop to drink.

Samuel T, Coleridge - The Rime of the Ancient Mariner
(1798)



%




Remerciements

Nous sommes tous le produit de nos expériences et de nos rencontres. Les bénéfices
qui en sont tirés peuvent modifier, sans en étre la volonté premicre, la stratégie pour atteindre
nos objectifs. Mais, tant d’histoires vécues et tant de personnes rencontrées ces trois dernieres
années que remercier, en seulement quelques pages, les personnes qui ont su me redonner
confiance dans les moments de doute, du courage quand je fléchissais, des idées, ou
remarques, quand je pictinais, risque de vexer par omission. Alors d’une phrase je veux tous
les remercier du fond du cceur, qu’ils soient collégues, amis ou famille, ou encore simple
rencontre du hasard, en France ou au Québec.

Toutefois, le travail de doctorat s’intégre dans une structure de recherche. Tout
d’abord, le directeur de recherche encadre le projet et a le role privilégié de conseiller
expérimenté pour toutes les questions administratives ou scientifiques qui entourent un
doctorat. Je tiens ici a remercier trés sincerement Michel Auffret et Michel Fournier pour ce
role qu’ils ont bien voulu assumer pendant trois ans. Etre encadré par deux directeurs, pour un
seul sujet, peut étre un signe ostensible de richesse, mais avant tout, c’est le gage de
bénéficier de toute 1’expérience de chacune de ces deux personnalités de recherche
différentes. Afin de suivre 1’état d’avancement des taches fixées par ce projet de recherche, un
comité de these a été constitué. Le travail effectué pour répondre aux exigences de ce comitg,
ainsi que les remarques et suggestions qui y ont été faites par ses membres, ont contribué
largement a D’atteinte des objectifs de ce travail. Le comité de thése était composé des
directeurs de recherche et de deux rapporteurs externes. Je remercie volontiers ces derniers en
les personnes du Dr Thierry Burgeot de 'IFREMER et du Dr Pascal Formisyn de 1’école des
mines de Saint Etienne d’avoir accepté ce rdle. Je remercie également Dr Jean Laroche, de
I’Université de Bretagne Occidentale, d’avoir bien voulu participer au jury d’évaluation de ce
travail. Un projet de recherche ne pourrait pas atteindre ses objectifs s’il n’y avait pas ni
soutien technique ni soutien logistique. Marléne, Sophie, Louis, Nelly, Alain(s), Réal, JB,
Florent, Héloise, Jocelyne et Gene par leur expérience et dévouement, ont permis aux
expérimentations de se dérouler dans les meilleures conditions au Québec, comme en France.
Je veux aussi remercier la Marine Nationale pour son concours logistique et technique aux
expérimentations menées dans la Penfeld. Je tiens également a remercier Dre. Jocelyne

Pellerin, de I’Institut des Sciences de la MER a I’Université du Québec a Rimouski pour



vi

I’accueil dans son laboratoire et le soutien logistique qu’elle a fourni pendant les
expérimentations effectuées a Rimouski. Enfin, la qualité d’un projet de recherche dépend de
la qualit¢ de son environnement scientifique. Ayant effectué ce doctorat entre deux
continents, j’ai eu la chance d’étre confronté a plusieurs environnements fortement motivants.
Ainsi, la transdisciplinarité du Laboratoire des Sciences de 1’environnement marin et de
I’Institut Universitaire Européen de la Mer, en France, a été une source de richesse créative
pour ce travail. De méme, c’est avec joie que j’ai pu retrouver, apres 1’avoir quitté en
décembre 2001, 'ISMER et son interdisciplinarité. La diversité d’approche des processus
biologiques cellulaires qui réside a [I’Institut Armand Frappier, que ce soit pour
I’immunologie, la toxicologie environnementale ou 1’écotoxicologie n’a pas a rougir devant
cette diversité de disciplines cheére aux sciences de la mer ; ’incubateur d’idées nouvelles a
trés bien su fonctionner, aussi a Pointe-Claire. Finalement, un environnement de recherche ne
saurait €tre agréable, et donc productif, sans une dynamique positive menée par les étudiants
de maitrise, de doctorat, ou tout simplement stagiaires de ces instituts, notamment Noel,
Morgane, Pierro, Jona, Sorcha, Briva, Joelle et les autres. Je les en remercie trés sincérement.
Le doctorat peut aussi étre 1’occasion d’établir le lien entre connaissance et société en faisant
« acte de formation ». Je tiens alors a remercier Dr Yves-Marie Paulet de m’avoir offert cette
opportunité aupres des licences (L3) et des maitrises (M1). Comme la formation est avant tout
une relation, et un échange, entre des personnes, je veux exprimer toute ma gratitude envers
Isabel, Cécile, Laetitia, Audrey, Nathalie, Aurore et Tristan pour I’expérience personnelle,
mais aussi pour la réflexion sur mon sujet, que j’ai pu tirée de leur encadrement.

Enfin, dans un contexte qui appelait des missions de part et d’autre de 1’Atlantique,
j’ai pu apprécier le dévouement d’amis qui resteront chers a mes yeux. Au gang de chums de
Rimouski, a Sophie, Joanna et Benjamin, un gros, gros merci pour votre aide et votre amitié.
Il est bon de terminer sur une note douce et sucrée. Je veux maintenant exprimer toute mon
affection @ mes parents et a mes fréres et sceurs pour leur soutien sans faille, a ma belle-
famille pour leur disponibilité. Tout particulicrement, je veux souligner I’importance de mon
épouse, Sandrine, et de mes deux filles, Emeline et Léonie, d’avoir su maintenir ma
motivation a son plus haut niveau. Qu’elles recoivent ma plus profonde affection en
remerciement de leur amour, de leurs sourires, de leurs premiers maux et de leurs premiers
mots.

Ces travaux de theése ont recu le soutien financier de la commission européenne

(Programme environnement et développement durable), du Ministére de 1’Ecologie et du



Vil

Développement Durable, du réseau d’innovation et technologies de la mer (RITMER), de la
commission franco-québécoise, de la coopération interuniversitaire France Québec, du
Conseil Général du Finistere, des relations internationales de 1’Institut Universitaire Européen
de la Mer, de I’Université de Bretagne Occidentale, de la Région Bretagne (France), du
Réseau d’Ecotoxicologie du Saint Laurent, du Réseau d’ Aquaculture du Québec et de Québec

Océan.



Vil

Résumé des travaux

Les activités industrielles, agricoles ou urbaines de I’homme exercent une pression
chimique sur I’environnement marin. Lors d’accidents, mais le plus souvent lors de
contaminations chroniques des effluents anthropiques, cette pression peut engendrer des effets
toxiques de I’échelle moléculaire a I’échelle écosystémique perturbant le fonctionnement de
I’écosystéme marin cotier. Le risque environnemental de ces substances chimiques est
caractérisé a 1’aide de biomarqueurs. Ces outils permettent la détection de ces polluants ou de
leurs effets toxiques, la prédiction de ces effets sur les écosystemes et la surveillance de leur
évolution. Depuis une vingtaine d’années les biomarqueurs du systétme immunitaire sont
utilisés pour diagnostiquer des effets immunotoxiques de nombreux groupes de polluants, sur
plusieurs especes sentinelles des €écosystémes terrestres et aquatiques, notamment chez les
bivalves. Néanmoins, plusieurs facteurs endogenes et environnementaux peuvent moduler le
fonctionnement du systtme immunitaire d’un individu et ainsi confondre le signal
immunotoxique du polluant. Dans le cadre d’une collaboration franco-canadienne entre deux
réseaux de recherche en écotoxicologie, le Réseau de recherche en écotoxicologie du Saint
Laurent (RRESL) et le groupement de recherche « interactions moléculaires et physiologiques
des contaminants du milieu marin (GDR IMOPHYS), ce travail de doctorat s’est attaché a
étudier I’impact de certains facteurs confondants, en vue de valider I'utilisation de 1’outil
immunotoxicologique dans 1’évaluation du risque environnemental en milieu marin.

La stratégie de 1’étude s’est orientée selon trois axes, en utilisant deux espéces
modeles communes dans 1’évaluation environnementale de 1’écosystéme marin, de par leurs
caractéristiques écologiques et leur importance économique, I’huitre creuse, Crassostrea
gigas, et la moule bleue, Mytilus edulis. Un premier axe méthodologique s’est attaché a
comparer différentes techniques et méthodes d’analyses des parametres des cellules de la
défense immunitaire chez les bivalves, les hémocytes, a développer un nouveau protocole
d’exposition individuelle et & mettre au point un indice global de la réponse immunotoxique.
Un second axe, écophysiologique, a cherché a étudier I’impact des facteurs endogenes et
saisonniers sur le fonctionnement individuel du syst¢tme immunitaire chez ces deux especes
de bivalves. Un dernier axe, a enfin étudié I’impact de ces facteurs confondants sur le signal
immunotoxique émis par des xénobiotiques caractérisant des activités anthropiques, en

condition d’exposition individuelle.
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L’axe méthodologique a montré 1’importance critique du site anatomique de
prélévement des hémocytes pour des études immunotoxicologiques. A la suite d’ateliers
internationaux d’harmonisation de méthodes d’analyses des parameétres immunitaires, un
ensemble de protocoles, a standardiser, a été proposé dans le cadre de suivi de sites ateliers
d’un réseau de recherche transatlantique en écotoxicologie (Réseau de Recherche sur les
bivalves). Un indice cumulé immunotoxicologique a été développé, offrant une vision globale
de la réponse immunotoxique. Enfin, cet axe a permis la mise au point un nouveau protocole
opérationnel d’exposition individuelle, adapté a 1’évaluation du risque chimique en milieu
marin, autorisant une standardisation des conditions d’exposition, 1’ajout de la mesure d’un
trait de vie adapté a des expositions aigues ou chroniques et 1’augmentation de la sécurité
chimique pour I’utilisateur.

Dans le deuxieéme axe écophysiologique, chez Crassostrea gigas, comme chez Mytilus
edulis, les parametres immunitaires ont montré des variations saisonnicres. Ces variations
sont nettement marquées pour la fonction de phagocytose, allant du simple au double. Le
minimum de phagocytose coincidait a la période de ponte chez des huitres diploides, chez des
individus dont le cycle reproducteur était artificiellement modifié, des triploides, et également
chez les moules qui pondent deux fois dans un cycle saisonnier. Grace a |’observation
histologique des gonades, le sexe est apparu comme un facteur confondant significatif
pouvant induire des différences d’immunocompétence de 20%-30% entre les males et les
femelles. De méme, alors que les eaux se réchauffent, la diminution progressive des
parametres immunitaires, jusqu’a la ponte, s’explique par le développement des gametes. Par
contre, 1’évolution saisonni¢re des parameétres physico-chimiques de la colonne d’eau n’a
révélé que peu moduler la réponse immunitaire.

Enfin, le dernier axe a montré que le signal immunotoxique de polluants pouvait étre
brouillé en ne discriminant pas les individus testés selon leur sexe. De méme, la sensibilité
immunotoxiques aux polluants changer radicalement, selon le cycle reproducteur et les autres
facteurs saisonniers. L’importance de ces facteurs confondants dans [’évaluation
environnementale d’activités anthropiques croissantes ou rythmiques a ét¢ mise en évidence
avec des doses de polluants actuellement mesurés dans I’environnement, seuls ou en
mélanges.

Par cette approche méthodologique, écophysiologique et écotoxicologique des
biomarqueurs du systtme immunitaire, ce travail de recherche appliquée a finalement,

contribué a progresser dans la validation et I’utilisation des outils immunotoxicologiques pour



I’évaluation du risque chimique et environnementale en milieu marin. D’autres facteurs
biologiques pourraient également confondre le signal immunotoxique et le passage a une
échelle plus grande de conditions controlées est maintenant possible. Mais ces résultats
ouvrent également des perspectives de recherche plus fondamentales sur le réle des
hémocytes dans la physiologie des bivalves et la régulation de la fonction neuro-immuno-
endocrine. Les résultats obtenus pourront permettre une gestion pragmatique, durable et
objective des activités anthropiques qui perturbent chimiquement le milieu marin cétier. La
filiere conchylicole pourra également chercher a appliquer ces nouvelles connaissances sur la
qualité du milieu et de la ressource biologique au profit de I’amélioration de la qualité de la

production, par exemple.
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Toute activité humaine génere des impacts physiques, chimiques ou biologiques sur
son environnement. Dans le milieu marin cotier, la présence de contaminants chimiques
s’explique par la diversité des polluants liés aux activités anthropiques et par la multiplicité
des voies d’exposition de cet écosysteme. En effet, premicrement, les activités anthropiques
qui s’exercent en zones cotieres peuvent, accidentellement ou de maniére chronique, perturber
le fonctionnement de ces écosystemes. Deuxiémement, le continuum eau douce — eau de mer
véhicule les effluents chargés en polluants des activités anthropiques. Ces activités, en amont
des bassins versants de ces zones, génerent ainsi des impacts chimiques a cette interface que
représentent les estuaires. Troisiemement, les particules, ou les aérosols, rejetés dans
I’atmosphere par les activités anthropiques peuvent étre transportés sur de grandes distances
et se dissoudre dans la colonne d’eau a I’interface atmosphére — mer. Enfin, les courants
marins, ou les voies de migration ou de dispersion de populations contaminées, agissent
également sur les flux de contaminants et en conséquence, sur le niveau d’exposition d’un
écosysteme donné (OSPAR, 2000; EEA, 2005, 2006). Le milieu marin cotier est ainsi le point
de convergence de ces voies d’exposition, soumis a I’impact chimique de nombreuses
substances chimiques d’origine exogene, les xénobiotiques.

Une fois ainsi dispersé dans I’environnement, le polluant, ou sa forme transformée
dans la colonne d’eau, devient biodisponible. Il peut tout d’abord y rester sous forme dissoute.
I peut également étre séquestré dans les sédiments, compartiment qui constitue un véritable
réservoir a polluants. Enfin, il peut diffuser a travers les membranes biologiques de tous les
organismes unicellulaires et pluricellulaires présents dans la colonne d’eau. Le xénobiotique
est alors distribué¢ dans tout I’organisme ou il est métabolisé par des organes spécialisés,
comme le foie, puis atteint, lui ou sa forme métabolisée, les différents compartiments cibles
(Narbonne et Michel, 1997). Selon I’intensité¢ de la dose et de la durée d’exposition, les
perturbations chimiques s’exercent a différents niveaux d’organisation : moléculaire,
cellulaire, tissulaire, fonctionnelle (Boudou et Ribeyre, 1997). Altérant ainsi la reproduction
ou la fonction de défense immunitaire d’une population clef de [’écosysteme, les
contaminants chimiques peuvent en affecter le fonctionnement durablement. La molécule
exogene peut aussi étre stockée, et ainsi se bioconcentrer dans I’organisme. L’animal devient
alors un vecteur de ce contaminant qui expose, a son tour, son consommateur. Ce
consommateur bioconcentre lui aussi ce xénobiotique en fonction de son régime alimentaire
et de son exposition directe au polluant. C’est la bioamplification a travers tout le réseau

trophique. Les prédateurs en bout de chaine trophique, les grands prédateurs, sont ainsi
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exposés a des concentrations nettement supérieures aux doses initialement présentes dans la
colonne d’eau. Tout 1’écosystéme subit les conséquences toxiques de ces contaminations
chimiques multiples, tout comme I’homme qui exploite cette ressource (Gonzalez et al., 2002;
Campbell ef al., 2005; Lockhart et al., 2005).

Pourtant, depuis le 10 décembre 1982, les états signataires, a Montego Bay, de la
« Convention des Nations Unis pour le droit de la mer » ont la responsabilité économique et
écologique de leurs zones économiques exclusives (ZEE) — qui s’étend a 200 miles nautiques
des cotes territoriales (Partie XII, Section I, Article 192). De plus, avec la mise sur le marché
de 1 000 nouvelles substances chimiques, chaque année, les décideurs doivent disposer d’une
base rationnelle pour la mise en place de nouvelles réglementations (Formisyn, 2001) telle
que la nouvelle réglementation sur les substances chimiques REACH (Registration,
Evaluation and Authorisation of Chemicals) ou, la directive SEVESO II pour le classement
des sites industriels en fonction de leur environnement. L’analyse du risque fournit cette base
objective, précédant la gestion du risque. L’approche méthodologique d’analyse du risque des
substances chimiques comporte généralement trois phases: identification des dangers,
évaluation quantitative et qualitative des effets et estimation de 1’exposition (Figure 1.1). Le
risque environnemental d’un polluant est alors le produit de la probabilité d’occurrence du
xénobiotique dans I’environnement, par ses conséquences toxiques dans 1’environnement. La
caractérisation du risque chimique nécessite des outils permettant la détection, la prédiction et
la surveillance des contaminants dans 1I’environnement (Forbes ef al., 2006) mais aussi de
leurs métabolites. En effet, certains toxiques, comme les organoétains, sont toxiques sous leur
forme originelle et sous leurs différentes formes métabolisées (Bouchard et al., 1999; Hagger
et al., 2005).

Ces principes d’analyse du risque chimique peuvent s’appliquer au milieu marin, en
respectant, toutefois, les spécificités de ce milieu. Premi¢rement, dans I’environnement marin
cotier, en considérant les différentes voies et sources de contamination, la probabilité de
présence d’un toxique potentiellement bioaccumulable (PBT) est proche de 1. D’autre part,
dans ce milieu aux conditions physico-chimiques variables, un certain nombre de facteurs
environnementaux peuvent moduler la toxicité, la biodisponibilité et la bioaccumulation des
substances chimiques dans les différents compartiments de I’écosystéme. De plus, de par la
diversité des voies d’exposition et des activités anthropiques ayant un impact chimique dans
le milieu marin, les contaminants agissent non pas seuls, mais en mélanges dont la toxicité est

complexe. Enfin, 84,5 % des données toxicologiques sur les écosystémes aquatiques
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concernent des especes d’eau douce dont la physiologie différe de celle des especes marines
ou estuariennes (Marchand et Tissier, 2005).

Originalement développés pour la recherche médicale, les biomarqueurs sont les outils
d’analyse du risque chimique. Dans ce domaine, ils sont définis comme des caractéristiques
mesurées objectivement et évaluées comme des indicateurs de processus biologiques
normaux, de processus pathogenes ou de réponses pharmacologiques a une intervention a but
thérapeutique (Biomarkers Definitions Working Group, 2001). Depuis 2001, I’Organisation
Mondiale de la Santé, en charge des questions relatives a l’environnement et la santé
humaine, définit un biomarqueur comme une substance, une structure ou un processus qui
peut étre mesuré dans 1’organisme, ou ses produits, et qui influence ou prédit I’apparition
d’effets ou de maladies (IPCS, 2001). Les biomarqueurs se classent en trois catégories :
biomarqueurs d’exposition, d’effet et de sensibilité. Les biomarqueurs d’exposition sont des
mesures, dans un compartiment de 1’organisme, d’une interaction entre un xénobiotique et
une molécule cible. Ils rendent compte alors de 1’exposition passée ou présente. Les
biomarqueurs d’effet sont des mesures d’une altération biochimique, physiologique,
comportementale, ou autre, chez un organisme, provoquée par un effet toxique d’un
xénobiotique. Ils rendent compte indirectement d’une exposition passée ou présente, mais
renseignent aussi sur les effets de cette exposition. Les outils immunotoxicologiques sont des
biomarqueurs d’effets. Les biomarqueurs de sensibilité sont des indicateurs d’une habilité
acquise ou inhérente d’un organisme a répondre a une exposition a un xénobiotique
spécifique (IPCS, 1993; Lagadic ef al., 1997; van der Oost et al., 2003). Dans le domaine de
I’écotoxicologie, il est intéressant de considérer I’ensemble de ces définitions de toxicologie
environnementale, a quelques nuances pres, toutefois. Tout d’abord, les organismes modéeles,
les bioindicateurs ou sentinelles, doivent étre adaptés aux études écotoxicologiques d’un
écosysteme donné. Par conséquent, les modeles biologiques utilis€és en écotoxicologie sont
beaucoup plus nombreux que les modeles animaux des dtudes de toxicologie
environnementale, par exemple. La mesure d’un biomarqueur doit étre développé
spécifiquement pour le modele considéré. D’autre part, les biomarqueurs, individu-centrés,
doivent respecter 1’équilibre entre détection précoce de la perturbation et pertinence
biologique. Par exemple, le développement de nouveaux biomarqueurs, comme les outils
moléculaires, qui permettent de détecter de manicre tres précoce un effet toxique, peuvent
aboutir a des conclusions erronées au niveau de 1’individu, et plus encore au niveau de

I’écosysteme (Forbes et al., 2006). Ces outils doivent étre étudiés en adéquation avec
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Figure 1.1 : Le paradigme de la recherche, de I’analyse du risque et de la gestion du risque
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L’objectif de les utiliser dans 1’analyse du risque chimique environnemental. En effet, pour
valider un biomarqueur au sens de I’Organisation Mondiale de la Santé, les facteurs
intrinséques (Tableau 1) et les facteurs liés a la mesure de ce biomarqueur (Tableau 2),
doivent préalablement étre étudiés. C’est dans ce contexte de validation que s’inscrit ce
travail.

L’immunotoxicologie étudie les effets toxiques des substances chimiques sur le
systéme immunitaire des animaux et a permis le développement d’outils, depuis ces vingt
dernieres années, utilisés dans 1’évaluation du risque chimique environnemental (Luster et al.,
1992; Luster et al., 1993; Krzystyniak et al., 1995) chez les mammiferes. Les effets toxiques
de nombreuses classes de polluants, sur le systtme immunitaire des bivalves, écosentinelles
des écosystemes aquatiques, ont déja ¢ét¢ démontrés en laboratoire (Pipe et Coles, 1995;
Galloway et Depledge, 2001; Auffret, 2005). Toutefois, plusieurs réponses doivent encore
étre apportées sur les variations des parametres immunitaires chez les bivalves. Tout d’abord
il est indispensable d’avoir une approche méthodologique permettant de comparer les
variations du biomarqueur dans la population avec celles de sa mesure en confrontant les
méthodes existantes (Brousseau et al., 2005). D’autre part, le systtme immunitaire chez les
mollusques est bien moins connu que le systtme immunitaire chez les mammiferes et tres
différent (Cheng, 1981; Fisher, 1986, 1988; Bachere et al., 2004; Little et al., 2005; Ottaviani,
2006). Ce déficit de connaissances €cophysiologiques, notamment sur I’impact des facteurs,
endogénes comme exogenes (Oliver et Fisher, 1999), pourrait confondre les effets
immunotoxiques de xénobiotiques (Selgrade, 1999, 2005), rendant encore plus difficile le lien
entre comportement immunitaire et susceptibilité a la maladie (Adamo, 2004). Enfin, les
¢tudes immunotoxicologiques chez les bivalves doivent tenir compte des réalités chimiques
auxquelles ils font face dans leur environnement (Fournier et al, 2005). En résumé, la
validation des outils immunotoxicologiques pour 1’étude des contaminants chimiques présents
dans le milieu marin nécessite d’étudier les facteurs d’impact sur les paramétres immunitaires

chez les bivalves (Figure 1.2).
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Tableau 1: Facteurs affectant la validité et la faisabilité¢ des études avec des biomarqueurs :
procédures analytiques (IPCS, 2001)

* Contraintes d’échantillonnage (de temps, par exemple)

* Nombre de prélévement pour une précision acceptable

» Degré d’invasivité des procédures de prélevement

* Disponibilit¢ de méthode de stockage apres prélévement (afin d‘éviter une
analyse immédiate)

* Contrdler ou réduire la contamination du prélévement quand il est manipulé en
laboratoire

*  Simplicité, possibilité d’utilisation en routine, vitesse de réalisation de la
procédure

»  Véracité, précision et sensibilité

= Spécificité pour le composant d’étre détecter : les interférences doivent étre
identifiées afin d’éviter les erreurs d’interprétation

» Standardisation de la procédure

Tableau 2: Facteurs affectant la validité des biomarqueurs: caractéristiques intrinseque du

biomarqueur (IPCS, 2001)

= Significativité : exposition, effet, sensibilité individuelle

» Spécificité de relation avec le polluant ou la famille de polluant

= Sensibilité : capacit¢ de discriminer des populations statistiques avec des
niveaux d’exposition différents, susceptibilité ou degré d’effet

» Connaissance de base de ce biomarqueur dans la population générale

= Existence de courbes doses-réponses entre le niveau d’exposition et 1’intensité
de la réponse du biomarqueur

= Estimation des variabilités inter et intra individuelle

» Connaissance sur les facteurs confondants qui peuvent affecter le biomarqueur
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Ainsi, aprés avoir fait une revue de littérature sur cette problématique, le
développement méthodologique, présenté dans le chapitre 3, s’attachera a comparer des
méthodes d’analyse du systéme immunitaire ou d’exposition adaptées a 1’étude de parameétres
individuels. La quatriéme partie étudiera précisément 1’impact du sexe, du cycle reproducteur
et des paramétres environnementaux sur les variations du syst¢tme immunitaire chez ’huitre
creuse et la moule bleue. Enfin, la cinquiéme partie sera consacrée a I’application des
connaissances acquises dans les parties précédentes pour I’étude du risque chimique, a des
doses environnementales, d’activités anthropiques agissant sur le milieu marin. L’avant
derniére partie discutera de I’ensemble des résultats obtenus et les restituera dans le cadre de
I’utilisation des outils immunotoxicologiques pour I’évaluation du risque chimique en milieu
marin. Enfin, cette étude se terminera sur une conclusion générale et des perspectives de

recherche et de valorisation des résultats.
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Figure 1.2: Schéma conceptuel des facteurs d’impact sur les parameétres immunitaires.
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R Présentation du chapitre

Ce chapitre présente une revue de littérature permettant une vue large et concise de la
problématique liée a la validation des outils immunotoxicologiques pour 1’étude d’effets
biologiques des contaminants présents dans le milieu marin. Ces travaux de theése se sont
voulus applicatifs et répondant au besoin sociétale de gestion des substances chimiques dans
le milieu marin. C’est pourquoi la partie suivant, dédiée a différents groupes de polluants en
présentant ’origine de leur occurrence dans le milieu marin, quelques effets biologiques
notoires et une courte synthese de 1’aspect réglementaire liée a ces substances, débute par une
comparaison des politiques de gestion des substances dangereuses dans la France, I’Union
Européenne et la Canada, les autorités réglementaires dans lesquels s’inscrit cette thése. La
troisieme partie de ce chapitre présente les modeles biologiques étudiés, leurs caractéristiques
biologiques, mais aussi économiques de part et d’autre de 1I’Atlantique. La quatriéme partie
traite des cellules analysées en immunotoxicologie des bivalves, les hémocytes. Le
fonctionnement général du systéme immunitaire chez les bivalves sera présenté dans la
cinquiéme partie. La partie suivante fait une revue des connaissances des effets
immunotoxicologiques des polluants acquises au cours des vingt dernieres années en

terminant sur la description du principe analytique utilisé par aprés dans ces travaux.
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Il. Les xénobiotiques présents dans le milieu marin

A. Les instruments législatifs relatifs a la présence de

substances chimiques dans I’environnement marin

Devant I’occurrence des substances chimiques dans I’environnement, les scientifiques,
lors d’études d’évaluation du risque pour la santé humaine et pour I’environnement ont
déterminé que le caractére persistant, bioaccumulable et toxique des substances chimiques est
un sujet de préoccupation sociale et environnementale lors de contaminations chroniques. Les
décideurs ont, en conséquence, imaginé différents instruments réglementaires, internationaux
ou nationaux, concernant la mise sur le marché de nouvelles substances chimiques ou la
protection de I’environnement. Ainsi, la convention internationale de Stockholm (2001) traite
des polluants organiques persistants (POP). De méme, des outils 1égislatifs ont vu le jour ces
vers la fin du 20°™ siécle pour préserver les écosystémes marins. La convention internationale
de Montego Bay (1982), en donnant naissance aux zones économiques exclusives (ZEE)
impose la responsabilité économique, mais aussi écologique, de ces zones marines. Avec une
zone économique exclusive respectivement de 11 000 000 km® et de 5000 000 km?, la
France, 2°™ au rang mondial et le Canada, 5™ au rang mondial, sont donc des acteurs
majeurs de la protection des écosystémes marins cotiers. Cette responsabilité écologique peut
s’agrémenter d’objectifs de qualité de ’eau. Ainsi, la loi bilatérale, entre le Canada et les
Etats-Unis, de 1’assainissement de ’eau, depuis 1985, s’est fixée des objectifs d’éliminations
de polluants. En Europe, la directive-cadre eau, adoptée en 2000 par les états membres et,
impose le «bon état écologique », notamment au regard des polluants, de tous les
écosystemes aquatiques d’ici 2015. La loi sur 1’eau, votée au 31 décembre 2006, est la
transcription nationale de cette directive-cadre et offre aux collectivités locales des outils pour
atteindre ces objectifs. Néanmoins, a part les directives de 1’Organisation Maritime
Internationale relatives au conditions de transport des substances dangereuses, par voie
maritime (annexes II et III de la convention MARPOL 73/78), ou la création de commissions
intergouvernementales pour la protection de 1’environnement marin des grands bassins
européens (Méditerranée, Atlantique Nord-Est, Mer Baltique), les risques de contamination
chronique par des substances chimiques jugées préoccupantes dans les milieux marins ou
estuariens, demeurent sous-évalués (Marchand et Tissier, 2005).

En mati¢re de gestion des substances chimiques dangereuses pour 1I’environnement ou
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pour la santé humaine, en 1999, le Canada a adopté une loi, la loi canadienne pour la
protection de I’environnement (LCPE). La France a inscrit en 2005 le principe de précaution
en matiére d’environnement dans sa constitution (charte pour I’environnement, article 5,
constitution de la cinquieme république frangaise, 2005) et applique le technical guidance
document (TGD) européen en support a la législation. Ces instruments réglementaires
établissent des critéres de sélection des substances chimiques préoccupantes, en fonction de
leurs caractéristiques de persistance, de bioaccumulation et de toxicité (Tableau 3). Le critere
de persistance d’une substance, caractérisée par son temps de demi-vie dans un compartiment
de I’environnement (air, eau, sol), est plus drastique dans le TGD que dans la LCPE, et
instaure une discrimination entre le compartiment eau de mer et eau douce. La
bioaccumulation d’un produit est caractérisée par sa capacité a se concentrer dans les tissus
des organismes (bioconcentration) ou a se bioamplifier le long de la chaine trophique
(bioamplification), selon son coefficient de partage octanol-eau. Ce critere de sélection differe
entre les deux outils, la LCPE définissant une limite inférieure de bioaccumulation identique
aux substances tres persistantes et trés bioaccumulables (vPvB) du TGD. En matiere de critére
de toxicité, ces outils divergent également. Alors que le TGD reconnait les effets
cancérigénes, mutagenes, toxiques pour la reproduction (CMR) et les perturbateurs
endocriniens, la LCPE reconnait, plus généralement, les effets graves et irréversibles pour
I’homme ou I’environnement.

Il en résulte des listes pouvant étre différentes, mais aussi une gestion différente des
substances jugées préoccupantes. Le Canada prévoit deux traitements différents pour les
substances qui répondent a tous les critéres de sélections (substances de la voie 1) et celles qui
répondent seulement a un ou deux criteres (substances de la voie 2). Les substances de la voie
1 doivent alors étre virtuellement éliminées alors que celle de la voie 2 doivent faire 1’objet
d’une gestion intégrale de maniére a minimiser leur impact sur I’environnement et sur
I’homme (Environnement Canada, 2004). La dose minimale acceptée dans ce systetme de
gestion, est la concentration la plus faible pouvant étre mesurée par des méthodes analytiques
courantes mais précises. En Europe, le seuil de risque acceptable, au-dela duquel des mesures
sont prises, est défini par le rapport entre la concentration prévisible dans 1’environnement
(PEC) et la concentration prévisible sans effets toxiques (PNEC).

Cette analyse comparée des outils 1égislatifs canadiens et européens pour la gestion
des substances chimiques met en lumiere, surtout, une approche conceptuelle différente. Le

Canada a une approche tres préventive et se focalise sur les effets des substances, alors qu’en
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Europe, I’accent est plutdt mis sur I’évaluation de I’exposition pour caractériser le risque. La
loi canadienne pour la protection de I’environnement (LCPE) permet également la mise en
place de différentes réponses législatives pour la prévention, la lutte antipollution ou
I’assainissement de I’environnement. Ce sont des réglements, des plans de prévention de la
pollution, des plans en cas d’urgence environnementale, des codes de bonne pratique
environnementale et des lignes directrices concernant les rejets dans I’environnement
(Environnement Canada, 2004). En France, les préfets des zones maritimes (Atlantique,
Manche et Méditerranée) ont, depuis 2006, la responsabilité de la protection de
I’environnement marin dans le cadre de I’action de 1’état en mer (AEM), et le centre de
documentation de recherche et d’expérimentations sur les pollutions accidentelles des eaux
(CEDRE) est spécialisé dans la lutte antipollution en milieu marin. L’agence européenne de
sécurité maritime (EMSA) est en charge de cette problématique au niveau européen. Enfin,
une nouvelle réglementation européenne a récemment été adopté afin d’évaluer le risque a
I’homme et a I’environnement, d’enregistrer et d’autoriser la mise sur le marché de toutes les
substances chimiques produites, importées ou exportées en Europe au-dela de 1 000 tonnes par
an (REACH) transférant la responsabilité¢ de 1’évaluation des risques vers les industriels.
L’état devient alors le garant de I’intégrité de 1’environnement sous sa responsabilité aupres

de ces concitoyens.
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Tableau 3 : Criteres de sélection des caractéristiques des substances chimiques en vigueur en

Europe, selon le Technical Guidance Document (TGD) et au Canada, selon la Loi Canadienne

de Protection de I’Environnement (LCPE) (Environnement Canada, 2004; Marchand et

Tissier, 2005).

Europe (TGD)

Canada
(LCPE)

Persistance (P)

» eaude mer
» eau douce

= sédiments d’eau de mer
» sédiments d’eau douce

Substances PBT Substances vPvB

Demi-vie > 60 j
Demi-vie > 40
Demi-vie > 180 |
Demi-vie > 120 |

} Demi-vie > 60 j

} Demi-vie > 180 j

Demi-vie > 182 j

Demi-vie > 365 |

FBC > 2000 ou

FBA = 5000 ou
>

Bioaccumulation (B) FBC > 5 000 FBC = 5000 ou
Log Koe > 4,5 Log Kee 2 5,0
NOEC (No Observed Effect Toxique selon la
Concentration) < 0,01 mg.L" LCP?E ol
Toxicité (T) Substances CMR (Cancérigénes, squivalente
mutagénes ou ayant des effets sur la t(?xi ue selon la
reproduction) ou effets perturbateurs LCF?E
endocriniens
Présence dans
L 'environnement
Principalement i largement due 2
anthropique

une activité
humaine
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B. Les biocides dans le transport maritime

Les biocides sont utilisés par I’homme pour lutter contre des especes jugées nuisibles.
Ils sont un ensemble de molécules trés diverses et sont classés comme des pesticides a usage
non agricole (MEDD, 2006). Ils regroupent les désinfectants ménagers, les insecticides, les
produits de traitement du bois, des eaux et des peintures anti-salissures, etc. Leur mise sur le
marché est réglementée en Europe (directive communautaire 98/8/CE). Leur occurrence dans
le milieu marin est liée au trafic maritime. En effet, I’industrie du transport maritime qui
couvre 75% du transport de fret en Europe (EEA, 2006) utilise ces biocides dans les peintures
anti-salissures de coques afin d’empécher la prolifération d’organismes marins sur les coques
des navires. Mais par diffusion ou érosion ces biocides agissent aussi contre de nombreux
autres organismes végétaux ou animaux de 1’écosystéme marin coOtier. Parmi ces biocides
figure le tributyl étain (TBT) également utilisé dans 1’industrie pétrochimique comme
catalyseur. Le TBT est un puissant perturbateur endocrinien induisant des défauts de
biocalcification de la coquille chez Crassostrea gigas (Alzieu et al., 1980), des retards de
gamétogenese chez Mya arenaria (Siah et al., 2003), ’apparition chez les femelles exposées
d’un imposex chez Nucella lapidius (Huet et al., 1996), et encore d’autres perturbations de
croissance, de reproduction et de syst¢tme immunitaire chez les mollusques marins d’intérét
écologique et économique (Bouchard et al., 1999; Alzieu, 2000; Cima et Ballarin, 2004). Dés
1982, la France interdit 1’utilisation de peinture anti-salissures contenant du TBT sur les
coques de navire de moins de 25 m. En 1990, I’Organisation Maritime Internationale adopta
une résolution demandant aux différents gouvernements de reprendre cette disposition. La
Commission européenne émit une directive en 1992 en ce sens. En 2003, ’'OMI et la
Commission européenne étendirent ces réglementations a tous les navires, excepté les navires
étatiques, pour une interdiction totale en 2008. A ce jour, la France n’a pas ratifié¢ ces

derniéres réglementations.
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C. Les pesticides a usage agricole

La préoccupation environnementale de ces biocides a usage agricole s’est accrue ces
trente dernicres années avec [’agriculture intensive. Leur caractére neurotoxique et
cancérigene chez ’homme et leur présence dans 1’environnement nécessite une évaluation des
risques induits. En effet, lors des épandages de pesticides dans les champs, les pertes dans
’air, dans le sol, puis dans les eaux de surface peuvent étre supérieures a 60 %, selon le type
de pesticides, le mode d’épandage et les conditions météorologiques (Savini, 2005). Mais,
apres les épandages, les pesticides peuvent continuer de se disperser dans 1’environnement et
contaminer iz fine le milieu marin (Figure 2.3). Malgré les réglementations en vigueur de part
et d’autre de 1’Atlantique, 1’évaluation de leur toxicité est trés hétérogene, et bien que peu
d’études toxicologiques aient été publiées chez les organismes marins, le caracteére persistant
de ces substances et leur immunotoxicité ont été¢ démontrée chez de nombreux organismes
modeles d’autres écosystémes (Voccia et al, 1999). Ces études doivent inciter les
gestionnaires a la vigilance quant au risque environnemental de ces molécules en milieu
marin. Ainsi, plus de huit groupes de pesticides ont ét¢ mesurés a des doses significatives
dans les eaux et les tissus des organismes de la zone arctique (WWF, 2005). Sans compter les
zones agricoles des bassins versants, les surfaces agricoles dans les zones cotieres
européennes ont eu tendance a diminué (EEA, 2005). Néanmoins, la France occupe la 3%
place mondiale et la 1 européenne pour la consommation de pesticides (Savini, 2005) alors
que les pratiques phytosanitaires sont mal évaluées et ont peu évolués, en diminuant
seulement de 20% [’utilisation des pesticides (Figure 2.4). Le Canada, au contraire, a adopté

en 2003 un code de bonnes pratiques des pesticides.
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La dispersion des pesticides dans I'environnement
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Lors de lapplication, les pertes en direction des différents compartments de l'environnement vanent suivant 'etat
de developpement des cultures, le réglage du pulvensateur, la composition de la bouillie pulvérsee et les conditions
météorologiques (les valeurs mentionnées dans la figure ci-dessus ne sont guindicatives). Les possibilités
d'améligration sont multiples, mais elles seront toujours difficiles & metfre en ceuvre car leur résultat ne sera jamais
facile 8 wsualiser. Compte tenu de la géométne de la végélation, et des difficultés de traitement qui en résultent les
gains seront plus importants en cultures perennes gu'en culfures annuelies basses.
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les mecanismes de dispersion sont trés nombreux et dépendent prncipalement du couvert végslal, des
caracténstiques du sol, du fonchonnement hydrologique, et donc des substrats geéologigues et des conditions
climatiques pendant et aprés Fapplication, et de la composition des produits épandus. Alors quiils peuvent jouer un
role important, les mécanismes de volatilsation sonf encore peu connus car difficiles a mesurer. Ainsi. comple fenu
de la grande vanabilité des mesures de terrain, les approches par modélisation savérent nécessaires pour
guantfier correctement les niveaux d'exposition des différents compartiments de Fenvironnement.

Figure 2.1: Schémas des pertes de pesticides dans I’environnement pendant les épandages et
des voies et mécanismes de dispersion des pesticides dans les écosystémes aquatiques (Savini,
2005).
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Figure 2.2 : Evolution des tonnages de substances actives vendues en France entre 1990 et
2004 (Source UIPP, "Les chiffres clés" 2004 in Savini, 2005)
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D. Les rejets industriels

Conceptuellement, les industries produisent des biens a partir de matieres premicres
transformées par des proccess industriels, a I’aide de compétences humaines. Le risque
chimique pour le fonctionnement des écosystémes et la santé humaine est lié aux conditions
de transport, de stockage et de manipulation de ces entrées et sorties. La nature des substances
chimiques utilisées dans ces processus industriels étant trés variée — 100 000 molécules
différentes sont actuellement sur le marché européen — leur évaluation du risque pour
I’environnement et la santé humaine est difficile. De par leur acces a la mer, les zones cotieres
sont le sicge de nombreuses industries trés diverses (Figure 2.3) rejetant un nombre de
polluants persistants, bioaccumulables et toxiques aussi variés, réglementés par la convention
de Stockholm de 2001. Cette convention a induit une réduction des rejets de ces polluants
organiques dans I’environnement. Notamment les hydrocarbures rejetés par 1’industrie
pétroliere, acteur majeur des activités anthropiques en milieu marin, ont baissé¢ de 60% au
cours des vingt dernieres années, dans 1’Atlantique Nord-Est, zone de compétence de la
commission OSPAR (Figure 2.4).

Ces rejets industriels peuvent avoir des effets sur la qualité de la ressource exploitée
par I’homme et sur la santé humaine. Ainsi, le mercure, rejeté par un certain nombre
d’industries (métallurgie, industrie plastique, incinération de déchets, mines, etc.), devient
persistent et bioaccumulable une fois transformé en méthylmercure dans la colonne d’eau. Ce
métal lourd, ou toxique, bloque des sites actifs vitaux dans les organismes et induit des effets
neurotoxiques et immunotoxiques, en se combinant aux atomes de soufre (IPCS, 1976, 1991;
Moszczynski, 1997; Lockhart ef al., 2005). Dans les années cinquante, la population de la
Baie de Minamata, au Japon, a développé, de mani¢re anormalement élevée, diverses
neuropathologies graves lides a la consommation de poissons expos€s au mercure rejetés par
les industries locales. Le probléme global du mercure a récemment été reconnu et fait 1’objet
(Stratégie communautaire sur le mercure, 2005) et d’une directive du Programme des Nations
Unis pour I’Environnement. Enfin, les rejets peuvent étre transportés au-dela des fronticres
politiques et exporter ainsi leurs conséquences toxiques. Par exemple, a I’instar des pesticides,
les polychlorobiphényls (PCB) utilisés dans 1’industrie électrique et hydraulique, persistants
et bioaccumulables, sont transportés par les courants marins et aériens jusque dans les zones

polaires, et sont observés dans le lait maternel des populations arctiques (Figure 2.5).
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Figure 2.3 : Diversité des activités industrielles dans les zones cdtieres de 1’Europe de I’Ouest

(source : Bilan de santé OSPAR, 2000)
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Figure 2.5 : Distribution des PCB en zone arctique (Agence Environnementale Européenne

2005)
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E. Les produits pharmaceutiques, cosmétiques et
vétérinaires

Avec le développement de 1'écotoxicologie, de nouvelles molécules attirent
récemment 1’intérét des scientifiques et des gestionnaires. Parmi elles, les produits
pharmaceutiques, cosmétiques et vétérinaires font, depuis quelques années, 1’objet d’une
attention particuliere dans les pays développés. Bien que leur mise sur le marché soit
autorisée par des agences gouvernementales pour leurs effets thérapeutiques, sur la base, entre
autres, d’études toxicologiques, une fois métabolisées et excrétées, le risque environnemental
ou sanitaire de ces molécules est bien moins caractérisé (Daughton et Ternes, 1999).
Néanmoins, leur présence dans l'environnement, notamment dans les eaux usées urbaines,
préoccupent les scientifiques au Canada (Lishman et al., 2006), en Chine (Ma et al.) et dans
d’autres régions urbaines (Ellis, 2006). L'inefficacité des procédés actuellement utilisés dans
les usines de traitement des eaux usées urbaines contribue a la dispersion de ces substances
dans les écosystemes aquatiques dont les effets toxiques restent peu évalués. A titre
d’exemple, 85% des eaux usées des grandes villes du pourtour méditerranéen ne sont pas
traitées (PNUE, 2006). De plus, quand ces produits sont traités, leur biodisponibilité et leur
toxicité, apres transformation, est inconnue (Gagnon, 2005). De par leur variété de groupes
chimiques, leur analyse est complexe. Pourtant des expositions a des effluents urbains ont
déja induits des effets toxiques chez les bivalves ou les poissons, comme des perturbations
endocriniennes (Gagne et al., 2004; Quinn et al., 2004), des perturbations de D’activité
mitochondriale (Gagne ef al., 2006a) ou du systéme immunitaire (Hoeger ef al., 2004; Gagne
et al., 2006b). Ces effets témoignent d’un risque réel d’exposition chronique pour I’homme et
I’environnement. Les principes actifs de ces molécules sont trés divers (Tableau 4) et
persistent une fois en contact avec d’autres organismes vivants. La présence de ces
contaminants est donc liée aux mceurs et tailles des populations des zones coticres. Méme si
les infrastructures liées au tourisme n’induisent que peu d’impact sur 1’environnement marin
cotier en Europe de I’Ouest (OSPAR, 2006), les flux de populations saisonniers, induits par
cette activité, contribuent a perturber I’écosysteme marin des pays consommateurs de ces

produits.
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Tableau 4: Principaux produits pharmaceutiques, cosmétiques et vétérinaires mesurés dans

les effluents urbains et leur utilisation (d’apres Ellis, 2006)

Groupe ou classe de composés Composés

Meédicaments
Antibiotiques a usage vétérinaire et Trimethoprime, Erytromycine, Lincomicine,
humain Sulfaméthoxazole, Chloramphenicol, Amoxicilline

Substances  antalgiques

inflammatoires

Substances psychotropes

Hypolipémiant

B-bloquants

Produits de contraste

Hormones stéroidiennes

et

anti-

Ibuproféne, Diclofénac, Fénoproféne, Naproxeéne, acide
acétylsalicylique, Fluoxétine, kétoprofene, Indométacine,

paracétamol

Diazépam, carbamazépine

Bezafibrate, Fenofibrate, Etofibrate, gemfibrozil,

M¢étoprolol, Propranolol, Timolol, Sotalol, atenolol,

Iopromide, lopamidol, diatrizoate

Oestradiol, Oestrone, Oestriol, diethylstilbestrol (DES)

Produits d’hygiéne corporelle

Parfums
Filtres solaires

Répulsifs

Nitro, dérivés polycycliques et macrocycliques, phthalates
Benzophénone, méthylbenzylidene

N,N-diethyltoluamide

Antiseptiques

Triclosan, chlorhexidine
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lIl. Les modéles biologiques étudiés

A. Les Bivalves, écosentinelles du milieu marin

Les Bivalves appartiennent a I’embranchement des Mollusques. Suspensivores, les
Bivalves doivent filtrer la colonne d’eau pour s’alimenter en phytoplancton et en matiere
organique en suspension. Consommateurs primaires et secondaires, ils peuvent étre
consommés par des prédateurs, ce sont des espéces clefs dans 1’équilibre de 1’écosystéme
(Gosling, 2003). Ils peuvent filtrer jusqu’a 3L.h™" pour la moule (Riisgard ef al., 2003), étant
en contact quasi permanent avec les alea physico-chimiques naturels (température, salinité,
hydrodynamisme, etc.) de la colonne d’eau et de contaminants dissous ou adsorbés a la
surface des particules alimentaires. Ils accumulent ainsi ces contaminants, ou les particules
alimentaires chargées en contaminants, dans leurs tissus en méme temps qu’ils en subissent
les effets toxiques (Frazier, 1979; Widdows et Donkin, 1991; Meng et al., 2005; Magnusson
et al., 2006). Majoritairement sessiles et tous sédentaires, les Bivalves ne peuvent échapper a
une zone contaminée. Péchés ou cultivés pour la consommation humaine, ils peuvent ainsi
exposer I’homme a ses xénobiotiques. Enfin, toutes ces caractéristiques écologiques des
Bivalves, ajoutées a leur large répartition géographique de populations naturelles ou en
culture en font des espéces de choix pour la recherche et 1’étude des biomarqueurs les mieux
adaptés aux préoccupations environnementales spécifiques du milieu marin. Ces especes sont
alors qualifiées d’espéces « sentinelles ». En ce sens, ’aquaculture permet de fournir aux
scientifiques des groupes homogénes d’animaux, par rapport a la péche ou la collecte
d’individus sauvages (IPCS, 1996), de méme que de développer des techniques et des

connaissances zootechniques afin d’améliorer les conditions opératoires de I’expérimentation.
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B. L’aquaculture, un outil nécessaire de production de

modéles biologiques

La conchyliculture n’a eu de cesse d’augmenter ces vingt derniéres années, les moules
et les huitres étant les principales espéces produites a travers le monde (FAO, 2003). En
Europe, la production a atteint, en 2004, 764 308 tonnes de Mollusques dont 78% de moules
(Mptilus edulis, Mytilus galloprovincialis et autres mytilidés) et 17% d’huitres (Crassostrea
gigas, Ostrea edulis et autres ostréidés). Au début des années 80, la production conchylicole
canadienne était surtout soutenue par la production de Crassostrea gigas. A partir de 1983, la
production de moules a débuté. En 2004, le Canada produisait 37 925 tonnes de coquillage
dont 60 % de moules (Mytilus edulis et Mytilus trossulus) et 33,3 % d’huitres (Crassostrea
gigas et Crassostrea virginica). Enfin, en France, la production conchylicole est d’abord

portée par 1’ostréiculture avec 115 250 tonnes produites en 2004 (Figure 2.6).
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Figure 2.6: Production conchylicole au Canada et en Europe. Historique de la production

totale de Mollusqu

conchylicole en 2004 au Canada et dans les pays européens et répartition par especes

produites en France et au Canada (C.). D’apres les données brutes du Fisheries Global

es, d’huitres et de moules au Canada (A.) et en Europe (B.). Production

Information System (FIGIS, 2006).
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C. L’huitre creuse, Crassostrea gigas (Thunberg, 1793)

L’huitre du Pacifique ou huitre creuse, Crassostrea gigas (Figure 2.7), est la premiére
espece de Mollusques cultivée au monde avec 4 429 337 tonnes produites en 2004 soit 34%
de la production mondiale conchylicole pour une valeur de 2 693 147 000 $US (FIGIS, 2006).
Initialement produite au Japon, sa croissance rapide et sa grande tolérance aux variations
environnementales ont permis de développer sa production a travers le monde. Elle a été
introduite dans des pays producteurs d’huitres afin de pallier une chute de la ressource ou
méme dans des pays qui ne cultivaient pas les huitres. Moins susceptible aux maladies, elle a
remplacé, en France, I’huitre portugaise, Crassostrea angulata (Lamarck, 1818) en 1966,
pourtant considérée comme la méme espece (Huvet et al., 2002). Sa zone de répartition est
maintenant trés vaste d’autant plus que de nombreux échanges entre les pays, pour des
problématiques de culture ou de maladies, ont lieu (Figure 2.8). Espéce hermaphrodite
protandre, les individus les plus jeunes sont majoritairement males, et les plus agés femelles.
Mais une réversion sexuelle, sous contrdle génétique, peut s’observer dans le cas d’une
limitation par la nourriture (Gosling, 2003). La gamétogenése de 1’huitre creuse commence a
partir de 10°C pour des salinités entre 15%o et 32%o alors que la ponte a lieu généralement au-
dessus de 20°C et rarement entre 15°C et 18°C. Les larves sont captées en milieu naturel ou
élevées en écloseries pour débuter une nouvelle production. La taille commerciale (30 g en
France) peut étre atteinte apres 18 a 30 mois de grossissement. Depuis le début des années 80,
la production d’individus triploides a permis d’augmenter la production et de la vendre tout au
long de I’année. En effet, cette innovation produisait des individus développant peu leurs
gonades au profit de la croissance (Allen et Downing, 1990; Nell, 2002). Enfin, I’huitre
creuse, malgré sa large répartition, n’a que tres peu de maladies connues, mettant en cause des
parasites ou des bactéries du type Vibrio spp. 1l faut noter toutefois des épisodes de mortalités
massives estivales, comme en France, ou hivernales, comme sur la cote Ouest des Etats-Unis
d’Amérique. Les récentes études sur ces mortalités ont montré le caractére multifactoriel de

leur cause, notamment les pratiques de culture et la ploidie des individus (Gagnaire et al.,

2006b).



Figure 2.7: Crassostrea gigas (Thunberg, 1793) (source : www.fao.org accédé le 12 septembre
2006)

Figure 2.8: Répartition géographique de I’espece Crassostrea gigas (Thunberg, 1793)
production et introduction d’individus réunis (source : www.fao.org accédé le 12 septembre

2006).
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D. La moule, Mytilus edulis (Linné, 1758) et Mytilus

galloprovincialis (Lamarck, 1819)

La moule méditerranéenne, Mytilus galloprovincialis, est répartie sur tout le pourtour
méditerranéen et en Galice, mais son étendue précise demeure difficile a déterminer. En effet,
cette espece est trés proche de la moule bleue, Mytilus edulis (Figure 2.9), distribuée en
Europe du Nord et en Amérique du Nord (Figure 2.10). La difficulté provient de la diversité
de formes et de couleurs rencontrées dans leur habitat spécifique. C’est pourquoi, la moule
méditerranéenne est considérée par certains auteurs comme une variété de Mytilus edulis,
Mytilus edulis galloprovincialis (Figueras, 2006; Goulletquer, 2006). Cette large répartition
naturelle est due a la forte tolérance de la moule aux variations de salinité, de température, de
dessiccation et d’oxygene. Elle peut vivre dans des zones intertidales, subtidales jusqu’a 40m
de profondeur, sur des supports rocheux ou vaseux. La moule est euryhaline et peut vivre
dans des eaux douces, saumatres ou marines. Néanmoins, sa croissance diminue dans des
eaux de salinité inférieures a 18%o. La moule est aussi eurytherme ; elle peut vivre sous les
glaces comme au Canada. La limite supérieure de tolérance chez les adultes est de 29°C. Sa
production, en 2004, était de 1860 249 tonnes, soit 14% de la production conchylicole
mondiale (FIGIS, 2006). La moule est une espece gonochorique et la période de ponte est tres
variable. Néanmoins, en Europe, la moule pond au début du printemps et a I’automne. Au
Canada, dont la production a débuté en 1984, dans les eaux du Saint Laurent ou dans le Golfe
du Saint Laurent, la ponte peut avoir lieu de mai a septembre (MPO, 2003; Cartier et al.,
2004). Plusieurs maladies sont associées a des parasitoses, des vibrioses ou des maladies
virales, mais elles sont rarement mortelles. Enfin, les moules du Golfe du Saint Laurent

développent des néoplasies.
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Figure 2.9: La moule, Mytilus edulis (Linné, 1758) et Mytilus galloprovincialis (Lamarck,
1819) (source : www.fao.org accédé le 12 septembre 2006)

- s -1

Figure 2.10: Répartition géographique de 1’espece Mytilus edulis et galloprovincialis
production et population naturelles réunies (source : www.fao.org accédé le 12 septembre

2006.
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E. Des organismes soumis aux maladies

Cultivés par I’homme ou vivant en populations sauvages, les bivalves sont soumis a
différents agents pathogeénes. Ces organismes, virus, bactéries, eucaryotes unicellulaires ou
pluricellulaires sont naturellement présents dans la colonne d’eau. Les bactéries et des virus
ont un réle majeur dans le recyclage de la matiére minérale, la boucle microbienne, pour la
croissance du phytoplancton. Mais les pratiques d’élevage ainsi que des facteurs
environnementaux, comme la température, peuvent avoir un impact sur la présence et la
concentration dans la colonne d’eau des agents pathogénes (Ford et Chintala, 2006). Les
bivalves, comme toute espece, doit se défendre contre 1’introduction de ces éléments étrangers
dans leur organisme. Des cellules circulant dans I’hémolymphe, le fluide interne, assument ce

role : les hémocytes.
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Figure 2.11 : Schéma de I’appareil circulatoire semi-ouvert chez les bivalves. Il est discontinu
au niveau de sinus. L’hémolymphe est le tissu dans lequel circulent les hémocytes. Des
hémocytes ont également migré dans le sinus péricardique par diapédese (in Gosling, 2003

d’apres Bolledail et al., 1961).
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IV. Les hémocytes, cellules circulantes et pluripotentes chez les

Bivalves

A. Les différents types d’hémocytes

Que ce soit par des observations morphologiques (Auffret, 1988; Wooton et al., 2003) ou
ultrastructurales (Bachere ef al., 2004; Chang et al., 2005), par la cytométrie en flux (Auffret
et Oubella, 1995; Brousseau ef al., 2000; Auffret ef al., 2004; Goedken et De Guise, 2004) ou
par I'utilisation de marqueurs membranaires (Noel et al., 1994; Dyrynda et al., 1997; Xue et
al., 2001; Jing et Wenbin, 2005), plusieurs sous populations hémocytaires coexistent dans
I’hémolymphe des bivalves, donnant lieu a différentes classifications dépendamment des
especes et des auteurs (Auffret, 1988; Hine, 1999). Néanmoins, tous s’accordent a décrire
chez les Bivalves deux grandes classes d’hémocytes : les granulocytes et les hyalinocytes. Les
granulocytes sont majoritairement éosinophiles et contiennent de nombreuses granules
cytoplasmiques (Figure 2.12). Ce type hémocytaire se retrouve chez de nombreux
représentants des Bivalves mais semble absent chez les Pectinidés (Auffret, 1988). Ils
présentent un rapport nucléoplasmique faible et un noyau excentré, le plus souvent sphérique
mais parfois ovoide. Leur proportion dans I’hémolymphe change selon la période de 1’année,
le site de résidence des individus et les variations de température et de salinité (Auffret et
Oubella, 1995). Les granulocytes sont souvent associés a une activité de phagocytose
importante (Goedken et De Guise, 2004) et ainsi défendent 1’organisme contre des bactéries
ou des parasites protozoaires apres fusion intracytoplasmique avec les granules. Mais ils
peuvent aussi phagocyter des algues, des débris cellulaires, des billes de latex (Brousseau et
al., 1998) ou du carbone particulaire (Hine, 1999). Selon les especes, la taille et la forme des
granules cytoplasmique peuvent varier. Les granulocytes d’une méme espeéce peuvent aussi
avoir plusieurs types de granules (Noel et al., 1994). L’activité¢ de phagocytose, comme chez
Crassostrea virginica (Goedken et De Guise, 2004), la production de peptides anti-
microbiens, comme chez Mytilus edulis (Mitta et al., 2000), ou encore la présence de
récepteurs d’interleukines, comme chez Mytilus galloprovincialis (Barcia et al., 1999)
peuvent étre différentes selon ces sous populations hémocytaires. Les hyalinocytes se
définissent par 1’absence de critéres des granulocytes (Figure 2.12). Ils ne possédent pas, ou
peu, de granules cytoplasmiques et ont une coloration basophile. Néanmoins, cette population

hémocytaire apparait comme, elle aussi, hétérogene, dans la forme du noyau notamment
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(Auffret, 1988). Ces hyalinocytes semblent étre moins immunocompétents que les
granulocytes. Chez Crassostrea virginica, les hyalinocytes phagocytent moins et émettent
moins de radicaux oxydants (Goedken et De Guise, 2004). La discrimination entre ces deux
classes d’hémocytes n’est pas aisée. En effet, les granules peuvent étre vidées lors de la
phagocytose et des lors ces hémocytes perdent leurs criteres de granulocytes. Néanmoins,
différentes études ont montré des différences antigéniques entre les sous populations
hémocytaires chez Mytilus edulis (Noel et al., 1994; Dyrynda et al., 1997), chez Ostrea edulis
(Xue et al., 2001), ou encore chez Chlamys farreri (Zhang et al., 2004; Jing et Wenbin, 2005;
Jing et Wenbin, 2006) sans pour autant parvenir a comprendre et expliquer 1’ontogénie des

hémocytes.

B. Les fonctions des hémocytes

Seules cellules présentes dans I’hémolymphe, les hémocytes doivent pourtant assumer
toutes les fonctions des cellules circulantes : la défense de I’organisme, le transport et la
digestion de nutriments (Fisher, 1986; Bachere et al., 2004). Cette totipotence est liée a la
capacité atavique des cellules : I’endocytose soit de particules solides, la phagocytose, soit de
fluides, la pinocytose (Fisher, 1986). Les hémocytes ont un réle également d’excrétion. Les
cellules séreuses, proches structuralement des hémocytes présentent dans les glandes
péricardiques ont un rdle dans I’excrétion des métabolites (Cheng, 1981; Hine, 1999). A la
frontiére de la fonction de nutrition et de la fonction de défense, les hémocytes transportent
aussi les éléments minéraux et protéiques pour la constitution de la coquille ou interviennent
dans 1’osmorégulation (Gosling, 2003; Bachere et al., 2004). Enfin, les hémocytes jouent un
role dans la détoxication de I’organisme en piégeant dans les lysosomes les métaux lourds,

comme dans le cas du mercure (Marchi et al., 2004).
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Figure 2.12 : Observations par microscopie optique de préparation d’hémocytes. Les barres
représentent 10um (a — c). Les hémocytes ont été cytocentrifugés puis colorés par la
coloration de Wright. H, hyalinocytes ; E, granulocyte éosinophile ; B, granulocyte basophile;
TII, hémocytes €osinophile de type IIl. (a) M. edulis, (b) E. siliqua et (c) C. edule. (d—f)
Monocouche d’hémocytes ayant phagocytes du zymosan (fleche). (d) M. edulis, (e) E. siliqua
et (f) C. edule (in Wooton et al, 2003).
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C. Le centre hématopoiétique chez les Mollusques

La connaissance de |’ontogénie des hémocytes est nécessaire pour appréhender
correctement le fonctionnement du systtme immunitaire chez les bivalves, notamment
comprendre 1’origine de la présence de plusieurs populations hémocytaires dans
I’hémolymphe. Pourtant, sur [’ensemble des espéces formant I’embranchement des
mollusques, un centre hématopoiétique n’a ét¢ mis en évidence que chez un gastéropode
pulmoné, Biomphalaria glabrata. Ce centre producteur de cellules circulantes, appelé APO
(amebocyte producing organ) est constitu¢ d’une enveloppe conjonctive entourant le
péricarde. Son ultrastructure révele la présence de deux catégories de leucocytes : les
hyalinocytes et les granulocytes qui interviennent dans I’immunité innée a médiation
cellulaire chez cette espece (Jeong KH ef al., 1983). Dans la famille des Pectinidés, apparue
apres les ostréidés et les mytilidés (Gosling, 2003), un tissu hématopoiétique diffus a été¢ mis
en évidence, chez Chlamys farreri, par immunohistochimie du marquage d’hémocytes a
I’aide d’anticorps monoclonaux (Jing et Wenbin, 2005; Xing et Zahn, 2005). Chez les autres
especes de bivalves, aucun tissu équivalent n’a encore été mis en évidence et I’ontogénie des
hémocytes reste inconnue, méme si plusieurs hypotheéses sont avancées (Auffret, 1988; Hine,

1999).
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V. Le systéeme immunitaire des Bivalves

A. Mécanismes cellulaires du systéme immunitaire

Chez les Bivalves, le systtme immunitaire repose sur des mécanismes de type inné.
Les hémocytes jouent un role primordial dans ce systeme de défense. Ces cellules ont la
capacité de s’agréger sous I’effet d’un stress mécanique ou chimique (Auffret et Oubella,
1997) et de former un clou homéostatique en cas d’inflammation (Fisher, 1986, 1988).
Contrairement aux Vertébrés, ce phénomene est réversible, soulignant encore la plasticité
fonctionnelle de ces cellules. Mais cette agrégation cellulaire peut étre considérée comme une
coopération cellulaire pour I’encapsulation de parasites dans des kystes de fibres protéiques.
De maniére similaire, les cellules du manteau peuvent enkyster un corps étranger en formant
de la nacre. Mais, la fonction majeure de défense immunitaire a médiation cellulaire chez les
Bivalves est la phagocytose et ses fonctions connexes, comme la production de radicaux
oxydants microbicides. Ce systeme de défense cellulaire, lié a la fonction d’alimentation
cellulaire (Fisher, 1988; Canesi et al., 2002; Bachere et al., 2004), est trés conservé dans
I’évolution (Salo et al., 2005). Ainsi, des lymphocytes, pourtant spécialisés dans la défense
immunitaire acquise et humorale, conservent des propriétés de phagocytose chez les premiers
Vertébrés (Li et al., 2006). La phagocytose se compose en plusieurs étapes similaires, chez les
Invertébrés comme chez les Vertébrés: 1) la reconnaissance, 2) [D’attachement, 3)
internalisation de 1’antigene, 4) fusion de la vacuole de phagocytose avec des lysosomes, 5)
digestion de I’antigéne 6) excrétion des lysats (Galloway et Depledge, 2001). La digestion des
agents étrangers ingérés se fait par fusion des figures de phagocytose (phagosomes) et des
lysosomes ou sont stockés les agents oxydants microbicides. Ce métabolisme oxydatif peut
étre mesuré en réponse a des challenges bactériens (Lambert et al., 2003) ou étre modulé par
des facteurs chimiques exogenes (Oliver et al., 2001; Gagnaire et al., 2004; Gagnaire et al.,
2006c¢). Enfin, I’intégration de la fonction immunitaire au niveau de 1’organisme semble
reposer sur des systémes moléculaires, comme la prophénoloxydase (Munoz et al., 2006), ou
grace a un ensemble de facteurs humoraux qui interviennent dans la communication cellulaire

(Galloway et Depledge, 2001).
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B. Peptides antimicrobiens et autres facteurs humoraux

Dans le sérum de I’hémolymphe des bivalves circulent des facteurs humoraux comme des
lectines, des enzymes lysosomales ou des peptides antimicrobiens. Méme si ces molécules
sont produites par les hémocytes, ils interviennent dans I’immunité innée humorale (Bayne,
2003). Les enzymes lysosomales sont issues des lysosomes présents dans les hémocytes. Les
lectines sont des glycoprotéines qui ont une structure trés variable et permettent la
reconnaissance des bactéries, leur agglutination ou leur adhésion aux hémocytes et parfois
I’osponisation de la phagocytose (Canesi et al., 2002). Des cytokines, type IL-2, ont
également ¢té¢ mises en évidence chez plusieurs especes de bivalves (Barcia et al., 1999; Cao
et al., 2003; Ottaviani, 2006), témoins d’une similitude atavique avec les cellules NK (natural
killer) de la défense immunitaire cellulaire chez I’homme (Ottaviani, 2006). Des peptides
antibactériens ont été¢ mis en évidence dans les épithéliums ou encore dans les granules des
cellules circulantes et dans le plasma chez les Insectes et les Crustacés (Bachere et al., 2004).
Plus récemment des peptides antibactériens ont été mis en évidence par les mémes méthodes
chez les moules. Ces peptides sont regroupés en quatre groupes d’isoformes. Les défensines
sont des peptides a 6 cystéines, semblables aux défensines des Arthropodes, ou a 8 cystéines,
spécifique aux moules espece edulis et galloprovincialis. Elles ont été mises en évidence dans
le plasma et les hémocytes. Les mytilines existent sous la forme de 2 isoformes (A et B) dans
le plasma de edulis et 3 isoformes (C, D et G1) dans les hémocytes de galloprovincialis. Les
myticines ont été mises en évidence dans le plasma pour les deux isoformes A et B, et sans les
hémocytes pour le seul A. Ces deux derniers groupes de peptides antibactériens sont des
molécules originales de ce genre. Enfin, la mytimycine est un antifongique de 6,5 kDa. Leur
spectre d’action différe selon ces groupes. Ainsi, les défensines et les myticines ont une forte
activité bactéricide contre les bactéries Gram+ et quelques pathogénes marins, comme des
Vibrio. Par contre, ils ont une activité plus faible contre les bactéries Gram-. Les myticines
ont une activité¢ également antifongique. Les mytimycines ont une activité¢ strictement
antifongique, et les mytilines ont un spectre d’action plus large. Leur cinétique d’action peut
varier de quelques minutes a quelques heures. Ces peptides ne sont pas distribués également
dans les hémocytes. Ainsi, dans le tube digestif se trouvent des hémocytes produisant
majoritairement des défensines alors que dans les branchies se retrouvent des hémocytes
produisant exclusivement des mytilines. Dans le liquide circulant, les sous populations

hémocytaires ne semblent pas non plus produire les mémes peptides. Les granulocytes a
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larges granules sont producteurs de mytilines et représentent 37% de l’ensemble de la
population hémocytaire alors que les défensines sont produites par des 16% des granulocytes.
Par contre, 32% des hémocytes produisent des défensines et des mytilines. Enfin, 15% des
hémocytes ne produisent aucun de ces peptides antibactériens (Figure 2.13). Des marquages a
I’or montrent que les bactéries phagocytées par les hémocytes vont fusionner seulement avec
les granules contenant les mytilines. Ces peptides agissent en deux temps : une phase précoce
plasmatique et une phase tardive issue de la fusion de granules. Ce modele d’immunité est
semblable au fonctionnement du systétme des neutrophiles humains et des a-défensines
(HNP), méme si les peptides sont, chez la moule, structuralement proche des Insectes (Mitta

et al., 2000).

C. Les réponses anticipées du systéme immunitaire chez les

Invertébrés

Parce que longtemps basée sur la recherche de mécanismes cellulaires ou humoraux
d’immunité acquise a partir de ceux existants chez les Vertébrés, aucune étude
immunologique chez les Invertébrés n’avait démontré de telles réponses immunitaires.
Néanmoins, de récentes études phénoménologiques démontrent des caracteres de mémoire
immunitaire chez les Invertébrés, les réponses anticipées, notamment chez les Arthropodes
(Little et al., 2005). Ainsi des greffes de tégument de donneurs génétiquement différents
entrainaient des rejets plus rapides apres le deuxiéme essai. Plusieurs études sur les Crustacés
ou les vers de terre ont mis en évidence une augmentation de la protection contre des agents
pathogenes lors du deuxiéme challenge. Encore, des sauterelles en contact avec des parasites
étaient significativement moins infectées au deuxiéme contact, lorsque ces parasites ¢taient de
méme souche. Néanmoins, ces réponses ne peuvent étre considérées strictement comme
équivalentes a I’immunité acquise des Vertébrés car la deuxiéme réponse n’est pas
significativement plus importante que la premicre, rendant improbable 1’existence d’une
prolifération cellulaire de clones issus de la premiere infection (Little ez al., 2005). Cette
observation globale de I’immunité chez les Invertébrés met ainsi en évidence un contrdle
génétique et cellulaire différent et donc une mécanistique indépendante de celle observée chez
les Vertébrés (Bayne, 2003). Actuellement, a notre connaissance, de telles réponses n’ont pas

encore été démontrées chez les bivalves.
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Figure 2.13 : Photographies d’imagerie confocale démontrant la présence de défensines
marquées au FITC (A) et de mytilines marquées au rouge texan (B). C montre la présence
conjointe des peptides antibactériens dans des compartiments cytosoliques différents (fleche
bleue) ou identique (fleche jaune). Certains hémocytes ne contiennent ni de défensines ni de
mytilines (fleche blanche). In (Mitta et al., 2000)
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VI. Immunotoxicologie et santé de I’environnement

A. L’'immunotoxicologie

Un effet immunotoxique est défini, par Galloway et Depledge (2001) ou Woolhiser
(2005), comme 1’effet d’une molécule qui module les parameétres du systeme immunitaire. En
effet, si une diminution de la performance du systéme immunitaire est intuitivement
interprétée comme un effet néfaste pour 1’organisme, une augmentation doit aussi étre
entendue comme un déséquilibre du fonctionnement « normal » de la défense de 1’organisme.
La toxicologie du systéme immunitaire, ou I’immunotoxicologie, s’est largement développée
ces vingt derniéres années et a permis de mettre en évidence une vision nouvelle de la
fonction immunitaire, notamment en forte interaction avec le systéme nerveux chez les
mammiferes (Woolhiser et al., 2005). L immunotoxicologie a rapidement été utilisée pour
I’évaluation du risque environnemental de substances chimiques, suite aux évidences
épidémiologiques d’altération de la santé¢ humaine, corrélée a des expositions a des molécules
ne ciblant pourtant pas le systéme immunitaire (Luster et al., 1992; Luster et al., 1993;
Krzystyniak et al., 1995). Depuis, de nombreux xénobiotiques ont démontré des effets
immunotoxiques sur les vers de terre (Goven et al., 2005), les Reptiles (Rooney, 2005) et
d’autres représentants de la faune (Smits, 2005), les Amphibiens (Rollins-Smith et Smits,
2005), les Mammiféres marins (De Guise, 2005) les Poissons (Dufty et Zelikoff, 2005) et les
Bivalves (Auffret, 2005). Néanmoins, 1’utilisation des outils immunotoxicologiques en
toxicologie humaine, ou en écotoxicologie, restent largement ouvert, d’une part a cause des
nombreuses interactions avec d’autres facteurs internes et externes a 1’organisme (Selgrade,
1999; Galloway et Depledge, 2001; Richter-Reichhelm et al., 2001; Galloway et Handy,
2003; Selgrade, 2005), mais aussi a cause du manque de connaissance concernant le
fonctionnement du systéme immunitaire d’organismes sentinelles (Woolhiser et al., 2005).
D’autre part, un certain nombre de questions restent en suspens concernant leur utilisation
pour évaluer la qualité de I’environnement, dii a un manque de données objectives reliant des
variations du systemes immunitaire et la susceptibilit¢ a la maladie (Adamo, 2004),

notamment chez les bivalves(Oliver et Fisher, 1999).
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B. Les mécanismes immunotoxiques des pesticides

Actuellement, de nombreuses molécules se révelent immunotoxiques tant pour ’homme que
pour les animaux (Tableau 4). La particularité¢ des pesticides est d’étre délibérément libérés
dans I’environnement a des fins d’exercer leur toxicité. Mais cette toxicité peut également
agir sur le systétme immunitaire chez les organismes non cibles. Chez les souris, le dieldrin,
pesticide utilisé dans les années 70 et 80 pour la culture de mais et de coton, induisait une
immunosuppression en inhibant I’activation des macrophages, la réactivité des lymphocytes
ou encore, la réaction de rejet de greffe (Krzystyniak et al., 1986; Bernier et al., 1987; Hugo
et al., 1988a; Hugo et al., 1988b; Krzystyniak et al., 1989). En 1987, I’agence américaine de
protection de I’environnement (EPA) a banni son utilisation. D’une manicre générale, les
pesticides peuvent provoquer des altérations histopathologiques sur les organes immunitaires,
altérer la maturation des cellules immunocompétentes, induire des modifications dans les
populations de cellules B et T, altérer des fonctions immunitaire en inhibant des systémes
enzymatiques ou en perturbant des voies de transduction de signaux permettant le controle
des fonctions immunitaires (Voccia et al., 1999; Galloway et Depledge, 2001). Mais, ces
xénobiotiques peuvent également induire indirectement des effets immunotoxiques en
agissant sur le systéme nerveux ou en altérant le métabolisme dans les organes immunitaires.
Ces perturbations entrainent alors des pathologies du systéme immunitaire, tels que des
hypersensibilités ou des maladies autoimmunes (Blakley et al, 1998b, 1998a, 1999;
Galloway et Handy, 2003). Ces pesticides peuvent aussi avoir des effets immunotoxiques
chez d’autres modeles animaux, tels que des Amphibiens (Christin ez al., 2004) des espéces
aquatiques (Luebke et al., 1997; Galloway et Depledge, 2001) Ainsi, 1’atrazine, utilisée pour
traiter les cultures de graminées, et le diuron, dérivé uréique utilisé comme herbicide ou dans
les nouvelles peintures antisalissures (Chesworth et al., 2004), régulent 1’expression de
plusieurs familles de geénes chez Platichthys flesus (Marchand et al., 2006) et chez
Crassostrea gigas (Tanguy et al., 2005). L’atrazine altere, in vitro, I’activité peroxidasique du
systéme immunitaire de Crassostrea gigas (Gagnaire et al., 2003) ainsi que la cellularité et la
phagocytose des hémocytes chez Lymnaea stagnalis, gastéropode d’eau douce, a des
concentrations environnementales (Russo et Lagadic, 2004). Le diuron, lui, perturbe

séverement la réponse inflammatoire (Couderc ef al., 1983).
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Tableau 5: Exemples de substances chimiques, par classe, pouvant induire des

immunotoxiques (Galloway et Depledge, 2001)

Polvhalogenated aromatic
hydrocarbons
TCDD
FBB
FCBs
Metals
lead
arsenic
methylmercury
Solvents
benzene
toluene
Polyevelic aromatic hydrocarbons
BaP
DMBA
Pesticides
carbofuran
chlordane
malathion
Complex mixtures
sewage effluent
land fill fly ash
sediments

Oxidant gases

nitrogen dioxide

ozZone

sulphur dioxide
Matural products

oestrogen

mycotoxins

plant alkvloids
Particles

silica

ashestos
Aromatic amines

benzidene

acetyl aminotluorene
Organotins

butyltins

phenvltins

TCDD, 2,3.7.8-tetrachlorodibenzo-p-dioxin;  PBB, poly-
brominated biphenvl; PCB, polvchlorinated biphenyl; BaP,
benzolalpvrene: DMBA, dimethvlbenzanthracene.

effets
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C. Les mécanismes immunotoxiques des métaux lourds

Les métaux lourds présents dans I’environnement, comme dans la région des Grands
Lacs (Canada) sont aussi immunotoxiques (Zelikoff et al., 1994; Bernier et al., 1995a). Chez
les souris, le mercure, par exemple, est piégé par les macrophages de souris dans des vacuoles
(Cunha et al., 2004), se fixe aux groupements thiols impliqués dans le métabolisme cellulaire
(Mondal ef al., 2005) et induit des désordres immunitaires comme des maladies autoimmunes
(Dieter et al., 1983; Moszczynski, 1997) ou d’autres troubles neurotoxiques ou néphrites
(Kazantzis, 2002). Le cadmium induit une immunosuppression chez des souris, apres
inhalation (Krzystyniak et al., 1987). Chez d’autres espéces animales, notamment les modéles
étudiés en écotoxicologie, Poissons, Bivalves ou Annélides, le mercure et ses composés
perturbent aussi le fonctionnement du systeme immunitaire (Fugere et al., 1996; Fournier et
al., 2001; Sweet et Zelikoff, 2001). D’autres métaux, comme 1’argent, le cuivre, le cadmium,
le zinc modulent la phagocytose d’hémocytes de plusieurs espéces de Bivalves exposées in

vitro (Pipe et al., 1999; Sauve et al., 2002; Gagnaire et al., 2004).

D. Immunotoxicité d’autres impacts anthropiques

Un nombre important de substances chimiques d’origine anthropique altere le systeme
immunitaire des animaux. Ainsi le systéme immunitaire des lombrics est affecté par les
dépots adriens issus de cimenteries sur le sol (Massicotte ef al., 2003; Massicotte et al., 2004).
Encore, ’activité de phagocytose des macrophages chez le choquemort, une espece de
poisson de riviere, est significativement inhibée chez les individus qui vivent en aval d’une
papeterie, par rapport aux individus qui vivent en amont (Fournier et al., 1998). Des
mélanges complexes de xénobiotiques, comme des mélanges de pesticides, induisent des
effets immunotoxiques chez les souris (Flipo et al., 1992), méme lors d’expositions
subchroniques (Wade et al., 2002) comme chez les Amphibiens (Christin et al., 2003;
Gendron et al., 2003) ou chez les Bivalves (Gagnaire et al., 2006c). Les perturbateurs
endocriniens peuvent aussi avoir des conséquences immunotoxiques comme chez la souris
(Pillet et al., 2006) ou chez les Bivalves (Bouchard et al., 1999; Canesi et al., 2004b; Canesi
et al., 2006). De récentes études sur des moules d’eau douce, Elliptio complanata, ont

démontré également le caractére immunotoxique et immunosuppressif de nombreuses
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nouvelles substances émergentes et de 1’eau des bassins de décantation des usines de
traitement des eaux domestiques (Gagne et al., 2006b). Des mélanges plus complexes, comme
les sédiments de ports industriels, induisent aussi des phénoménes immunotoxiques notables
en inhibant la phagocytose chez des poissons benthiques, comme les plies américaines, ou
chez des bivalves fouisseurs (Lacroix et al., 2001; Fournier et al., 2002). Enfin, une
exposition in vitro a un champ magnétique, peut perturber le fonctionnement cellulaire de
lymphocytes et de macrophages de souris en induisant 1’apoptose et des changements en Ca”"

intracellulaire (Flipo et al., 1998).

E. Conséquences immunotoxiques de la consommation

d’aliments contaminés

Outre les voies classiques d’exposition expérimentale (in vitro; injections, etc.) qui ont
permis d’établir le potentiel immunotoxique de substances chimiques, d’autres voies
d’exposition plus représentatives des conditions naturelles d'exposition doivent étre étudiées
afin de mieux évaluer le risque sur la santé (Bernier et al., 1995b). C'est dans cet esprit que
des protocoles d'exposition, mettant a contribution la consommation d’aliments contaminés,
ont été développés. Ainsi, des souris nourries avec du gras de béluga du Saint Laurent
provenant des sites fortement contaminés par les pesticides, développent, aprés 90 jours, des
effets immunotoxiques importants sur 'immunité a médiation cellulaire ou humorale
(Fournier et al., 2000c). Les effets immunotoxiques de substances chimiques peuvent aussi se
révéler sur la deuxieme génération de souris dont les parents étaient nourris avec du poisson
contaminé (Tryphonas et al., 1998a; Tryphonas et al., 1998b). L'é¢tude de 1'exposition a des
périodes sensibles du développement permet également de mettre en évidence des effets
immunotoxiques. Ainsi, I’exposition néonatale via le lait maternel de souris buvant de 1’eau
contaminée au Cadmium induit des effets immunotoxiques transitoires et persistants chez les
souris jeunes ou adultes (Rooney et al., 2003; Pillet ez al., 2005). Ces études, peu nombreuses,
démontrent pourtant clairement les conséquences sur la santé¢ chez des mammiferes exposés
indirectement par des aliments contaminés. Ce type d’étude demanderait des modeles

représentatifs des écosystémes marins.
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F. Immunotoxicité et facteurs endogénes

Les substances chimiques agissent sur le systétme immunitaire des animaux via
plusieurs voies d’exposition, mais elles n’agissent pas de maniére identique sur tous les
individus. Ainsi, les effluents d’une papeterie provoquent des effets immunotoxiques
différentiels chez les males ou les femelles choquemort (Fournier et al., 1998). Des
perturbations du systéme immunitaire, en fonction du sexe, sont également mises en évidence
chez des souris, jeunes et adultes, exposées a de faibles doses de Cadmium via le lait maternel
(Pillet et al., 2005). Le stade de développement des individus peut moduler les effets
immunotoxiques des xénobiotiques présents dans I’environnement. Chez le phoque gris, les
cellules du systeme immunitaire, prélevées chez de jeunes phoques durant les cinq premiéres
semaines apres le sevrage, quand le systétme immunitaire est encore en développement, sont
plus sensibles aux contaminations in vitro de mercure (Lalancette er al., 2003).
L’immunocompétence de lombrics exposés au mercure dépend, de méme, de 1’Age des
individus (Sauve et Fournier, 2005). I1 a ét¢ démontré chez les souris males que les
interactions entre 1’hypophyse, le thymus et le systtme immunitaire jouait un rdle dans la

relation entre 1’age et la défense immunitaire (Rooney et al., 2003).

G. L’évaluation du systéme immunitaire

Actuellement, seule I’agence environnementale américaine a établi un guide pour les
tests immunotoxicologiques sur rongeurs (US EPA, 1998), mais ils ne sont pas entiérement
satisfaisants pour I’évaluation du systéme immunitaire chez d’autres modeles animaux,
certains compartiments du systtme immunitaire des Mammiféres n’existant tout simplement
pas (Brousseau et al., 1997). Néanmoins, plusieurs paramétres immunitaires peuvent étre
mesurés chez plusieurs especes modeles en écotoxicologie (Brousseau et al., 1997; Brousseau
et al., 1998; Salo et al., 2005) et notamment chez les Bivalves (Auffret, 2005). Le systéme
immunitaire comporte plusieurs compartiments et la caractérisation de son bon
fonctionnement nécessite de bien évaluer I’intégrité de ces éléments structuraux Parmi les
parametres utilisables a cette fin chez les Bivalves nous pouvons mentionner: la cellularité
(nombre d’hémocytes disponibles pour la défense immunitaire) et la mortalité hémocytaire.
La qualité de fonctionnement des hémocytes doit, ensuite, étre connue nécessitant une batterie
de test afin de caractériser plusieurs parametres fonctionnels. Des mécanismes cellulaires

différents régissent chacun de ces paramétres et peuvent étre perturbés par des xénobiotiques



Chapitre 2. Revue de littérature 73

(Auffret, 2005). Tous sont susceptibles d’étre des points d’analyse du fonctionnement du
systetme immunitaire, encore faut-il qu’ils soient mesurables et qu’ils existent, évidemment,
dans I’espece étudiée (Salo et al., 2005). Parmi les différents paramétres, la faculté des
hémocytes a internaliser les agents étrangers en est un de premiére importance (Fournier et
al., 2000a). Toutefois, sachant qu'une substance chimique peut induire des effets néfastes que
sur certains compartiments, il est impératif de mesurer plusieurs parameétres structuraux et

fonctionnels (Luster et al., 1992; Luster et al., 1993; Oliver et Fisher, 1999; Germolec, 2004).

H. L’analyse des paramétres immunitaires : intérét de la

cytométrie en flux

L’analyse des parameétres immunitaires correspond, chez les Bivalves, a une analyse
des parametres cellulaires des hémocytes. De nombreux protocoles spectrophotométriques
(absorbance d’un produit de dégradation enzymatique) ou optiques (coloration des hémocytes
puis observation sous microscope) existent, mais 1’instrument privilégié de la mesure des
parametres cellulaires est le cytometre en flux. Un LASER éclaire un flux ascendant de
cellules. La réflexion et I’ombre portée sont transcrites en signaux électriques par des
photomultiplicateurs pour chaque cellule ou « événement ». Si les cellules ont préalablement
été traitées par une sonde fluorescente, spécifique d’une structure ou d’une fonction cellulaire,
alors le LASER excite cette sonde et la fluorescence émise est enregistrée par un troisiéme
photomultiplicateur (Figure 16). L’ensemble des signaux électriques est transmis a un
ordinateur. L’utilisateur accéde ainsi a toutes les données physico-chimiques des cellules
¢tudiées, cellule par cellule. Les logiciels associés permettent d’interroger graphiquement la
base de ces données pour un échantillon. Plusieurs cytometres existent actuellement sur le
marché. Méme s’ils fonctionnent tous sur le méme principe, néanmoins, il existe des
différences de conception de 1’appareillage et de transduction du signal induit. Cet instrument
dédi¢ a la cytométrie et a la cytologie est utilisé largement dans les études immunologiques

(Zola, 2000) et immunotoxiques (Brousseau et al., 2000).
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Figure 2.14: Schéma du principe de la cytométrie en flux. Chaque cellule entrainée dans le
flux est excitée par un LASER. La taille et la complexité de I’événement sont enregistrées sur
les capteurs FSCF et SSC. La fluorescence naturelle ou d’une sonde associée a une structure
cellulaire est mesurée sur des photomultiplicateurs. L’ensemble des données est ensuite

analysé par un logiciel dédié (d’apres PUCL, www.cyto.purdue.edu).
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|. Introduction

Les variations individuelles conjuguées aux facteurs confondants font obstacle a une
utilisation pragmatique des outils immunotoxicologiques dans 1’évaluation environnementale
du risque chimique et d’une mani¢re générale a toute étude écotoxicologique et
écophysiologique sur cette famille de Mollusques. Notamment, la modélisation des
parametres physiologiques nécessite de bien comprendre le comportement d’un « individu
moyen ». Cette partie s’attachera a étudier précisément les variations individuelles.
Néanmoins, il est indispensable de s’assurer que les méthodes d’analyse du systéme
immunitaire chez les bivalves ne sont pas eux-mémes a 1’origine de ces variations. C’est ainsi
que dans I’optique d’harmoniser ces méthodes, un groupe de scientifiques européens et
canadiens s’est formé pour constituer le Réseau Atlantique Bivalves. Les expériences et les
connaissances en immunotoxicologie chez les bivalves ont ainsi pu étre échangées au cours
de trois réunions ateliers qui se sont déroulés a Brest en 2004 (PhagoBIM), a Québec en 2005
(HarmaBIM) et a nouveau a Brest en 2006 (EcoBIM). Les différents résultats sont présentés
ici sous la forme d’un article scientifique. Il était nécessaire, aussi, afin d’améliorer les
connaissances sur ces variations individuelles, de disposer d’une méthodologie adaptée a
I’étude individuelle. Les précédentes études au LEMAR et a I’Institut Armand Frappier ont
permis de développer des microméthodes d’analyse du systéme immunitaire des bivalves afin
de pouvoir évaluer un ensemble de parametres a partir d’hémolymphe prélevée sur un
individu (Brousseau et al., 1998; Auffret et al., 2004). Néanmoins, les protocoles utilisés en
conditions contrélées ne sont pas pleinement satisfaisants quant a 1’étude de cette
problématique. En effet, les études in vivo traditionnelles chez les bivalves utilisent des
« paquets de moules » et I’on ne peut étre, finalement, jamais certain de 1’homogénéité du
traitement appliqué entre les moules situées en périphérie de ce paquet et celles au centre.
D’un autre coté, les études in vitro permettent d’étudier, de maniere précise, les effets d’un
traitement sur les cellules de la défense immunitaire. Mais, au vu du faible quantité
d’hémolymphe disponible, ces ¢dtudes interdisent des investigations sur les réponses
individuelles au traitement. Le développement d’un nouveau protocole, appelé sous forme de
clin d’ceil « in tubo » est présenté en comparaison des deux précédents protocoles suite a une
contamination au chlorure de mercure. Enfin, I’analyse du systéme immunitaire et de sa
modulation en réponse aux variations chimiques du milieu nécessite la prise en compte de

plusieurs parametres (Auffret, 2005). Les paramétres considérés font d’ailleurs I’objet de
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lignes directrices précises dans le cas d’études immunotoxicologiques chez les Vertébrés
(EPA, 1998). En effet, des xénobiotiques peuvent n’avoir aucun effet sur certains parametres
et des effets significatifs sur d’autres. Pour soutenir la démarche du scientifique dans la
formulation d’une conclusion, il est alors indispensable d’avoir a disposition une
méthodologie permettant la prise en compte de tous les parametres utilisés sous la forme d’un
seul. Cette démarche est présentée dans la derniére partie de ce chapitre illustrée par deux

articles publiés en 2004 et 2006.
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Il. Comparaison des paramétres immunitaires d’hémocytes
prélevés dans la cavité péricardique et dans le sinus du
muscle adducteur chez I’huitre creuse, Crassostrea gigas, par

I'utilisation de deux cytométres
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Abstract

Parameters related to hemocyte populations have been considered as relevant
indicators of bivalve health and are currently used in ecophysiological, immunological and
immunotoxicological studies. Hemocytes can be collected in bivalves by puncture whether in
the pericardial cavity or in the adductor muscle sinus. Flow cytometry is a methodological
approach adapted to the morphological and functional analysis of isolated cells and is
increasingly used in laboratories for the study of hemocyte parameters in aquatic
invertebrates. However, literature reports the use of various protocols for hemocyte
processing in laboratories equipped with different analysers. In this context, two different
flow cytometers (EPICS XL4, Beckman Coulter and FacsCalibur, Becton Dickinson) and two
sites of hemocyte collection (pericardial cavity and adductor muscle sinus) were compared for
the analysis of several hemocyte parameters in the Pacific oyster, Crassostrea gigas. Total
hemocyte count, volume of hemolymph and total number of cells were measured using
conventional techniques. Cell mortality, phagocytosis, lysosome presence, production of
esterase and reactive oxygen species were monitored by flow cytometry. Results showed that
values obtained for cell mortality and phagocytic index differed depending on the cytometer
used. In addition, the phagocytic index was found higher for hemocytes obtained in the
muscle sinus. The results are discussed with respect to the interest of flow cytometry as a tool

for hemocyte studies in bivalves.
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1. Introduction

Bivalve molluscs have an open circulatory system consisting of a circulating compartment
(heart, arteries and veins) lacking capillaries. Instead, a complex network of sinuses is
localised in organs, the most important ones being localised in the pericardial cavity and in
the adductor muscle (Cheng, 1981). As a consequence, hemolymph cells - or hemocytes -
may either circulate in vessels but also, be resting in interstitial tissues of organs. Studies are
currently realised in bivalve hemocytes collected either from the pericardial cavity (Cheng et
Sullivan, 1984; Cheng et Downs, 1988; Sauve et al., 2002; Gagnaire ef al., 2003) or from the
adductor muscle sinus (Auffret e al., 2002; Chu et al., 2002; Canesi et al., 2003; Gagnaire et
al., 2006¢). These cells play a key role in non-specific defence mechanisms and many of the
immune parameters are used for immunotoxicological diagnosis (Auffret, 2005). Bivalve
hemocytes are considered to be equivalent to vertebrate phagocytic cells (Cheng, 1981).
Hemocytes are involved in the recognition of invading pathogens and in their elimination by
phagocytosis and encapsulation (Cheng, 1981; Fisher, 1986). Hydrolytic enzymes including
esterases and release of reactive oxygen species (ROS) play a key role in pathogen
degradation (Cheng et Rodrick, 1975; Pipe, 1992; Carballal et al., 1997). Moreover,
lysosomes have been described as a valid marker of cell viability (Moore et al., 1978; Lowe et
al., 1995; Lowe et Fossato, 2000). They have been used as an immune capacity indicator in
Mytilus sp. (Moore et Gelder, 1985; Torreilles et al., 1997), particularly in response to various
stress factors including pollution (Cajaraville et al., 1996a; Galloway et Depledge, 2001).
However, little is known about hematopoiesis, stem cells and their maturation (Auffret, 1988).
A diffuse hematopoietic tissue was nevertheless reported in vesicle tissues around the
adductor muscle in Chlamys farreri using immunohistochemistry (Xing et Zahn, 2005). In the
absence of specific sites of hematopoiesis in other species, hemocytes are thought to originate
from interstitial, mesenchymatous cells (Cheng, 1981). Thus, exploring either the functions of
these cells or possible alterations induced by environmental stressors requires efficient
methodologies in the domain of cell biology. Furthermore, any comparison of results obtained
in different laboratories would be possible if standardized procedures are applied.
Flow cytometry is more and more used to analyse structure and function of bivalve hemocytes
(Renault et al., 2001; Xue et al., 2001; Fournier et al., 2002; Auffret et al., 2004; Auffret et
al., 2006; Gagnaire et al., 2006c). This tool used massively in cell analysis draws forward
(FSC) and scatter (SSC) optical parameters from a cell flow light up by a LASER beam.

These optical parameters are then translated into electronic signals to a computer where
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software helps processing data. In this context, a comparative study has been conducted in a
common biological model in marine bivalve studies, the Pacific oyster, Crassostrea gigas, in
two laboratories equipped with different flow cytometers using the same software. The
questions to be addressed focused on: i) the hemocyte parameters considering the site for
hemolymph collection and ii) the type of cytometer used for cell analyses. Several hemocyte
parameters including cell viability, oxygen-dependant antimicrobial activity and esterase
production, lysosome presence and phagocytic index were measured according to
standardised flow cytometry protocols. Total hemocyte count (THC), volume of hemolymph

and total number of cells were also monitored using conventional methods.

2. Material and Methods

Oysters

Pacific oysters, C. gigas, with a shell length of 2-3 cm, were produced in the IFREMER
hatchery at La Tremblade laboratory (Charente-Maritime, France) in February 2002. The
oysters were reared for 16 months in external raceways. The same batch of oysters was used

for the experiments conducted in Brest and in La Tremblade.

Assay schedule

The analyses were performed in June 2003 in Brest (Brittany, France) using a FacsCalibur®
(Becton Dickinson) and three weeks later in La Tremblade (Charente-Maritime, France),
using an EPICS XL4® (Beckman Coulter). These two benchmark flow cytometers are both
equipped with a 488 nm argon-ion laser beam. Data were processed using WinMDI 2.8
software (Windows version). When animals had to be transferred, they were kept in seawater,

at ambient temperature, for one night and proceed the day after the transfer.

Hemolymph collection

Hemolymph was withdrawn with the use of a 1-mL syringe equipped with a needle (0.9x25
mm) either in the pericardial cavity after opening carefully the shell, or in the sinus of the
adductor muscle after breaching the shell using pincers (Auffret et Oubella, 1994). For each
oyster, 0.5-1.5 mL of hemolymph was collected. After collection, hemolymph samples were
filtered on a 80 pm mesh to eliminate aggregates. The hemolymph was maintained on ice
until processing to reduce spontaneous aggregation. Three pools of ten animals were thereby

constituted for both sites of collection (pericardial cavity and muscle). For each pool, the
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volume of withdrawn hemolymph was recorded and hemocytes were counted on a Malassez
counting chamber in order to determine the total hemocyte count (THC, number of cells per

mL). From these data, the total number of collected cells was calculated for each pool.

Flow cytometer analyses

For each sample, 3 000 events were counted. Data were collected at specific PMT at 500-550
nm for cell mortality (red fluorescence) and 560-670 nm for other parameters (green
fluorescence). A FSC threshold was defined in order to eliminate cell debris and bacteria.
Hemocyte parameters were monitored using protocols previously described (Gagnaire et al.,
2006c¢).

Cell mortality was quantified using 200 pL of hemocyte suspension. Hemocytes were
incubated in the dark for 30 minutes at 4°C with 10 pL of propidium iodide (PI, 1.0 mg.L™",
Interchim).

Phagocytic index was measured ex vivo as the proportion of cells that had ingested three or
more fluorescent beads. Two hundred pL of hemocyte suspension were incubated for 1 h in
the dark at ambient temperature with 10 pL of a 1/10 dilution of Fluorospheres ® carboxylate-
modified microspheres (I pm diameter, Interchim). The final ratio beads/hemocytes was
135/1. The hemocyte phagocytic capacity (HPC) was calculated as the mean number of
engulfed beads within the phagocytic haemocytes population (Lehmann et al., 2000). Due to
technical problems, this parameter was only estimated on data from the Becton Dickinson
cytometer.

Production of Reactive Oxygen Species (ROS) was measured using the dihydrorhodamine
123 (DHR123, Molecular Probes), specific of superoxide anion O,". One pL of a DHR123
solution (145 uM) was added to 200 pL of hemocyte suspension. Non-specific esterase
activity was measured using the non-specific liposoluble substrate fluoresceine diacetate
(FDA, Molecular Probes). One pL of a FDA solution (400 uM) was added to 200 pL of
hemocyte suspension. Moreover, dot plots (FL-1 vs. SSC) for hemocytes from both collection
sites (pericardial cavity and muscle sinus) were used to discriminate sub populations. Due to
technical problems, this analysis was only performed on data from the Becton Dickinson
cytometer. Lysosome presence was measured using a commercial kit (LysoTracker ® Green
DND-26, 500 uM in DMSO, Molecular Probes). One pL of a LysoTracker aliquot was added
to 200 pL of hemocyte suspension. Cells were incubated for 30 minutes for esterase activity

and ROS production and for 2 hours for lysosome presence. For these three parameters,
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incubations were realised in the dark at room temperature and the reaction was stopped on ice
(5 minutes).

For esterase activity, ROS production and lysosome presence, gates were defined on the
cytograms in order to distinguish different populations according to fluorescence intensity as

described before (Gagnaire et al., 2006c¢).

Statistical analyses

Normality distribution of data was verified with the Kolmogorov-Smirnoff test. In case of
abnormality distribution (flow cytometer results), data were transformed into r angular
Arcsinus V (% positive cells) to meet the normality distribution and ANOVA assumptions.
For hemocyte concentration, volume and total of hemocyte counts, values were analysed
using a Student test of mean comparison. For flow cytometry results, statistical analysis were
realised only on the population of highly stained cells (Gagnaire ef al., 2006c). Two-ways
ANOVA (collection site and flow cytometer) were carried out using Statgraphics ® Plus
version 5.1 software. In the case of rejection of Hy, an a posteriori LSD (Least Significant

Difference) test was used.

3. Results

Hemolymph quantity and quality

THC and total number of collected cells were not significantly higher in the pericardial cavity
compared to the muscle (Figure 1). The total volume of hemolymph withdrawn was three
times larger in the muscle than in the pericardial cavity (p<0.001) (Figure 1). A microscopical
observation of samples showed that muscle hemolymph was less contaminated by gametes

and bacteria than pericardial cavity hemolymph (data not shown).

Hemocyte mortality
The number of dead hemocytes was significantly higher using the Beckman Coulter
cytometer (p<0.05, Figure 2a). No significant differences were reported between pericardial

cavity and muscle samples.

Phagocytic index
Phagocytic index was higher for hemocytes collected from the muscle compare to hemocytes

collected from the pericardial cavity (p<0.01, Figure 2b). However, HPC assessed only with
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the FacsCalibur showed no significant differences between the two collection sites (p > 0.05)
(Figure 3).

The phagocytic index was higher using the Beckman Coulter cytometer (p<0.001, Figure 2b,
Figure 4). However, the phagocytic index ratio between the two sites of hemocyte collection

(pericardial cavity : sinus of the adductor muscle) remained similar (1:2).

ROS production, esterase activity and lysosome presence

No significant differences were reported between Beckman Coulter and Becton Dickinson
cytometers or pericardial cavity and muscle samples for ROS, esterase and lysosome
percentages of positive cells (Figure 2¢, d and e). However, the dot plots depictured
significant differences between pericardial cavity and muscle sinus hemocytes considering R2

(Figure 5).

4. Discussion

The first aim of these experiments was to compare two sites of hemolymph collection used to
evaluate hemocyte parameters of C. gigas. Hemolymph collection in the sinus of the adductor
muscle gave a larger volume less contaminated by gametes and bacteria than puncture in
pericardial cavity. However, puncture in the pericardial cavity may take less time to perform
than in the sinus of the adductor muscle and could be privileged when processing a high
number of oysters while puncture into the muscle should be preserved when large volumes of

hemolymph are needed.

The exact origin of bivalve hemocytes remains unknown. However, the origin of hemocytes
may be important in immunotoxicological studies (Auffret, 2005). As an illustration, in
mouse, permethrin, an insecticide, had different effects on immune cells from blood or from
nephros (Prater et al, 2002). Mercury also induces different immunotoxic effects to
macrophages or neutrophils (Cunha et al., 2004). Moreover, the heart and particularly the
auricles have been described as a major site of bioaccumulation and detoxication of
xenobiotics in bivalves (heavy metals; PAHs, PCBs) and of ultrafiltration (Zaroogian et
Yevich, 1994; Giamberini et al, 1995). In contamination experiments, hemocytes from
pericardial cavity could be more suitable to demonstrate an immunomodulation than
hemocytes from the muscle sinus. Thus, one should consider this point when perform

immunotoxicological in vitro studies.
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Using both FCM, the phagocytic index of the whole hemocyte population in the adductor
sinus muscle was twice as much as the phagocytic index of the whole hemocyte population of
the pericardial cavity. This difference was not due to a depiction of the average number of
engulfed beads (HPC) in the two hemocyte populations. Chemicals, as copper, induced
changes in hemocyte subpopulation after a few days of in vivo exposures (Pipe et al., 1999)
granulocytes draw higher phagocytic activities than hyalinocytes in Crassostrea virginica
(Goedken et De Guise, 2004) or in Mytilus edulis (Pipe et al., 1997). Moreover, in the
pericardial cavity reside specific hemocytes, serous cells or brown hemocytes which are
devote mostly to excretion (Hine, 1999; Ottaviani, 2006). Thus difference in the phagocytic
index could here be due to two different patterns of sub populations of hemocytes. FCM
analyses showed clearly these two patterns. Consequently, all immunotoxicological studies
must now be considered according to the site of collection of hemocytes at least, in
Crassostrea gigas. Moreover, these two sites with very little connection between them do not
exert the same function in bivalves’ physiology and the question of the role of the hemocytes

in these functions may aroused.

Nevertheless, for a same site of withdrawal, the phagocytic index and cell mortality were
higher using the Beckman Coulter cytometer. These differences could be due to the delay
(three weeks) between measurements made on the Becton Dickinson cytometer and on the
Beckman Coulter cytometer. A survey in Pacific oysters has shown that the phagocytic index
of hemocytes collected form the muscle sinus could vary by 8% to 50% during this period of
the year (Duchemin et al., 2007). Another explanation could be found in electronic
specifications and signal treatment by the FSC photodetector in those cytometers. The
Beckman Coulter EPICS XL 4 cytometer translates bead sizes in increasing order (from left
to right, increasing size from 3 pum to 8 pum). The Becton Dickinson FACSCALIBUR
cytometer invert bead sizes (from left to right, sizes are 4 pm, 3 um, 6 pm, 5 pm, 8§ pm and 7

um) (Becker et al., 2001).

ROS, esterase and lysosome percentage of positive cells were not different depending on the
cytometer or the sampling method. This result demonstrated the robustness of protocols
developed. These activities have been shown to be modulated in vifro in contaminated

hemocytes compared to controls (Gagnaire et al., 2006¢c). These results taken together show
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the interest of such parameters in immunotoxicological studies.

Phagocytosis measurement using flow cytometry remains the most relevant parameter to
assess the status of the immune system in bivalve hemocytes. Since the assay is always
performed ex vivo (Lehmann er al., 2000), further comparisons could be performed
considering the size of the beads and the bead-to-cell ratio following the ingestion of 2 um
(Auffret ef al., 2002), 1.7 um (Bouchard et al., 1999; Xue et al., 2001; Sauve et al., 2002) or 1
um (Brousseau et al., 2000; Fournier et al., 2002; Gagnaire et al., 2006c¢) fluorescent beads or

labelled bacteria (Allam et al., 2001).

5. Conclusion

This study has shown that hemocyte populations differ regarding the site of collection,
opening new perspectives for hemocytes studies. It has also reinforced the benefits of utilizing
flow cytometry to study bivalve hemocyte parameters. But these results have finally light up
the need for harmonization or standardization of bivalve immune endpoints assessment

methods.
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Figure 1.1 : THC, hemolymph volume and total number of cells for pericardial cavity and muscle samples. N= 6
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replicates; standard error is presented. * represents a significant difference between pericardial cavity and muscle
hemocytes. **: p<0.01. a represents a significant difference between Beckman and Becton flow cytometers. a:
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Figure 1.3 : hemocyte phagocytic capacity (HPC) of hemocytes sampled from the pericardial cavity and the

adductor muscle sinus. These data have only been collected with the FacsCalibur®.
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Figure 1.4 : histogram of fluorescence of ingested latex beads obtained with the EPICS XL4® cytometer (left)

and the FacsCalibur® cytometer (right) showing the number of hemocytes having engulfed three beads and more

(M2). M1 is the marker used for the calculation of HPC.
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Abstract

In aquatic ecosystems, the immune system of bivalves has been largely investigated for
ecophysiological, ecotoxicological studies or monitoring programmes. Nowadays, different
methods and instrumentals are used to assess various immune endpoints. Among them, total
haemocyte counts, haemocyte mortality and phagocytosis are widely used. The purpose of
this paper is to present results from recent harmonization studies featured by an international
group of users of these methods. Three trials have been performed. “PhagoBIM” was devoted
to assess the diagnosis ability of three different flow cytometry (FCM) and one microplate
reader (MPR) methods following a unique mercury chloride in vitro challenge of haemocytes.
“PhagoBIM at home” repeated “PhagoBIM” but each method was performed at home by each
participating laboratory. The use of mercury chloride as a chemical reference authorized the
comparison of methods. Finally, a comparison of microscope, Facscalibur®, Guava® and
Z1Counter techniques to assess total haemocyte counts and haemocyte mortality was
performed. FCM and MPR techniques were able to monitor chemical challenge. Nevertheless
the utilization of a negative control of phagocytosis and microplate reader techniques
appeared to be less reproducible methods. Differences of the use of labelled targets for
phagocytosis assessment are discussed. Finally, all techniques were found equivalent for cell
counting but FCM techniques offer more information to be integrated in multiparametric

analyses.
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1. Introduction

In aquatic ecosystems, due to their high capacity to filter the water column and though
to challenge physical, chemical and biological disturbances and due to their economic value,
the immune system of bivalves has been largely investigated as a tool for discriminating
different polluted sites in monitoring programs, as an aim of chemicals in ecotoxicological
studies or as a physiological response in ecophysiological studies. Among all the immune
endpoints, the phagocytosis, the major defence line of bivalves (Cheng, 1981; Fisher, 1988;
Galloway et Depledge, 2001), total haemocyte counts (THC) and haemocyte mortality are the
most commonly used parameters. Yet, due to laboratory equipments, history or background,
different methods to assess them in bivalves currently exist. Nevertheless, from a sample of
withdrawn haemolymph, THC is still measured by cells counting but may differ from the
instrumental used. Haemocytes mortality is still assessed by the addition of trypan blue or
propidium iodide, both colored chemical which enters only dead cells (Cajaraville et al.,
1996a; Brousseau et al., 1998). Finally the phagocytic index is still measured by the relative
number of haemocytes that have engulfed through microplate reader using bacteria (Pipe et
al., 1995a), zymosan (Gomez-Mendikute et al., 2002; Aarab et al., 2006) or through flow
cytometry using latex beads (Brousseau et al., 2000; Delaporte et al., 2003; Auffret et al.,
2004). Considering one technique, differences deal with time and temperature of incubation,
the calculation of the parameter assessing phagocytosis, preserving the haemocytes prior to
measurement, the use or not of a negative control, and the instrument used. All these
differences may be factors of diverging results for phagocytosis assays (Lehmann ef al., 2000)
as well as for THC and haemocyte mortality. It is therefore of great concern to face every of
the former methods.

In vertebrates, the immunotoxicity of mercury (Bernier ef al., 1995a; Moszczynski, 1997;
Kazantzis, 2002) is well known (IPCS, 1976, 1991) and has been used for
immunotoxicological  tools intercalibration within the Canadian Collaborative
Immunotoxicity Study and the International Collaborative Immunotoxicity Study programmes
(Brousseau et al., 2005). The occurrence of this metal in aquatic ecosystems (Boudou et
Ribeyre, 1997; Horvat ef al., 1999; Gonzalez et al., 2002; Booth et Zeller, 2005; Campbell et
al., 2005; Lockhart et al., 2005) is of concern and its immunotoxic effects has also been
investigated in bivalves (Brousseau et al., 2000; Fournier et al., 2000a; Nieto-Fernandez et
al., 2000; Fournier et al., 2001; Sauve et al., 2002; Marchi et al., 2004) and in other aquatic
species (Fournier et al., 2000a; Kehrig et al., 2001; Sweet et Zelikoff, 2001; Pillet et al.,
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2002).

In bivalves a transatlantic collaborative task force has been raised to investigate the
harmonization, the calibration and the standardisation of the assessment of immune endpoints
in bivalves. This task force has first met in Brest, in 2004, during the “PhagoBIM” workshop,
focusing on the assay of phagocytosis. The year after, this task force has met again in Quebec
city for the comparison and harmonization of THC and haemocyte mortality endpoints.
“HarmaBIM”.

The purpose of the paper was therefore to present results and conclusions of those two

workshops.

2. Materials and method
2.1. Techniques to assess phagocytosis
2.1.1. Phagocytosis assay using flow cytometry: FCM 1 and FCM 1 mod

For the first method, a 100 pL sub-sample of haemolymph, primarily diluted with 100
mL of filtered sterilised seawater was brought into contact with 30 mL of the working
solution of fluorescent beads in Eppendorf® tubes. Another equivalent tube was prepared
with cytochalasine B (CK), an inhibitor of phagocytic activity, at the final concentration of
10 mg.mL"". Then, after 60 min of incubation at 18°C, haemocytes were fixed with a 6%
formalin solution and analysed by flow cytometry (FL1). The paired tubes, with or without
CK, were run one after the other. The percentage of fluorescent cells in the tube without CK
is attributable to phagocytosis or adhesion whereas the percentage of fluorescent cells in the
tube with CK corresponds to adhesion but not to phagocytosis. Phagocytic index was thus
calculated as the difference in percentage between these paired tubes.

For FCM 1 mod, CK tubes were not taken into account.

2.1.2. Phagocytosis assay using flow cytometry: FCM 2

FCM 2 followed the protocol of Brousseau et al. (1998). Briefly, 2 um latex beads
were added to 1 mL of hemolymph and then incubated at 20 °C for 18 h. After incubation, the
cell solution was deposited on a saline buffer BSA 4.5% solution and centrifuged at 300 g for
10 min. Cells were finally transfer to 500 puL of saline buffer before being read on a
Facscalibur® (Becton-Dickinson).The phagocytic index was the relative number of
haemocytes that has engulfed at least 1 bead calculated from the FL-1 (green) PMT with
CellQuest ® (Becton-Dickinson) software.
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2.1.3. Phagocytosis assay using flow cytometry: FCM 3

FCM 3 followed the technique described by Auffret et al. (2004), a protocol slightly
modified from Brousseau et al. (1998). In summary, a hundred microlitre of each individual
hemolymph was deposited into the well of a 96-well microplate. Haemocytes were put then
into contact with a solution of 2 pum fluorescent latex beads (Polysciences®, GmbH)
according to a bead:haemocyte ratio of 30:1. After gentle centrifugation (4 °C, 300 g, 10
min.), the microplate was incubated for 4 h at 15 °C in the dark. To detach the cells from the
well walls, HAAS complemented with trypsin (0.5 g.L"') was finally added and the
microplate was agitated for 5 min. The content of each well was then transferred into
cytometry tubes before flow cytometry analysis (Facscalibur®, Becton-Dickinson). The
phagocytic index was the relative number of haemocytes that has engulfed at least 3 beads

calculated from the FL-1 (green) PMT with CellQuest ® (Becton-Dickinson) software.

2.1.4. Phagocytosis assay using microplate reader: MPR 1

The hemocytes are transfered as 100 pl subsamples directly into the wells of a
microtestplate (Greiner, Germany: 655101) for sedimentation and attaching. Out of eight
wells, five are used for measuring phagocytosis and three are used to measure the amount of
cells via Bradford protein assay. After half an hour the test is started via adding of 25 pl of
FITC (Sigma Aldrich, F-3651, Germany) stained Yeast (Dr. Oetker, Germany) cells. Wells
for measuring Protein don’t get any yeast nor staining. For adjusting FITC-Yeast cells and
Trypan Blue to working concentrations a Tris/HCl Buffer is used ([Tris-HCl] = 40 mM,;
[NaCl] = 400 mM; [CaCl,] = 890 mosmol; pH = 7.2). The yeast concentration is adjusted
between 10:1 and 25:1 depending on the number of hemocytes. Two more wells filled with
each used yeast concentration but without Hemocytes are serving as blanks. The plates are
covered with film and are incubated for 90 minutes in the dark and at room temperature. With
addition of 0.6 mg.mL™" of Trypan Blue (Sigma Aldrich, Germany) the fluorescence of the
not phagocytosed yeast cells is quenched for 20 minutes. After removing all of the
supernatant the fluorescence of phagocytosed yeast cells is measured in a Fluorescence
Microplate reader (Dynatech Fluorolite 1000 at Exc. 485 nm and Em. 535 nm. Due to the
different concentrations of yeast cells each hemocyte sample needs to have its own yeast

blank. The total amount of engulfed yeasts was calculated as Relative Fluorescence Units
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(RFU): RFU = Fluorescence of Sample — Fluorescence of Control. The hemocytes for the
protein assay are fixed with methanol and stored until measurement. Prior to protein
determination, the methanol needs to be removed. Lysation of the cell is done mechanically
with 50 pl of 0.1 M sodiumhydroxide (Merk, Germany). Subsamples of 10 pul and aliquots of
a BSA (Sigma Aldrich A-2153, Germany) standard are mixed with 200 pl of Bradfords
reagent (Coomassie Blue brilliant Blue G450) with the BioRad (500-0006) as 20 % dilution in
Aqua bidest. The Optical Density is measured at 620 nm with a microplate ELISA reader.
Protein concentration is calculated from the BSA standard curve. The phagocytic index was

calculated as: PI = RFU / ug Protein.

2.1.5. Phagocytosis assay using microplate reader: MPR 2

Miren or Amagoia please insert the corresponding method here.

2.2. Mercury chloride preparation
Eight solutions (10'3M, 10'4M, 10°M, 10'6M, 107M, IO'SM, and 10'9M) of mercury
chloride (Sigma-Aldrich, M1136) were prepared from a working solution of 10”M of
mercury chloride in distilled water. Nine hundred microliters of haemolymph was distributed
into 5 mL Falcon® tubes and exposed to 100 uL of the different mercury chloride solutions.
A ninth tube was filled with 100 pL of distilled water as the control (CTR). Final volume was
1000 pL.

2.3. PhagoBIM

Mussels (45 mm — 55 mm), Mytilus edulis, was received from a producer (Salardaine,
Le Vivier-sur-Mer, France) six days prior to the workshop. On arrival there were kept in
filtered circulating seawater tank and daily fed with T-iso. Haemolymph from ten individuals
was pooled into a 15 mL falcon® tube and stored on ice before acute mercury exposure.
Haemolymph was then divided into fourteen tubes and exposed to the eight mercury doses
and control for 3 h in the dark at 15°C. A blind test appeared to be the more suitable
experimental design to objectively diagnosis a mercury chloride exposure. The observer did
not know what concentration of mercury chloride he was assessing but one, a control tube
known as tube #1. Some concentrations were in replicates in order to study the reproducibility

of the assay (table 1). Participants were acknowledged to present and order their data as
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relative values to the value of tube #1. Then, the concentration of mercury chloride of each

tube was divulged.

2.4. PhagoBIM at home: interlaboratory comparison of phagocytosis
A second trial was set up in July 2004 in order to compare phagocytosis assays while
participants were in their own laboratory environment. “PhagoBIM at home” repeated
PhagoBIM, performing in vitro exposures of a pool of haemolymph of ten mussels with eight

doses plus control. Mussels were collected locally.

2.5. Trial #3: Comparison of four total haemocyte counts (THC) and three haemocyte
mortality methods

For the comparison of THC and haemocyte mortality assays, mussels were collected at
Metis beach (Québec) in January 2007. In each trial, haemolymph of each individual was
collected from the anterior adductor muscle with a new 1 mL or 2 mL syringe. Twenty
mussels were sample for this trial. THC was assessed as the number of haemocytes in the
sampled haemolymph and haemocyte mortality as the relative number of dead cells in the
hemolymph. For each individual, THC and haemocyte mortality was measured as follows.
According to Brousseau (1998), cells were counted in counting chambers (Malassez) under an
optical microscope at 250X with a drop of Trypan blue, which enters only dead cells. The
number of counted cells was THC and the number of blue-colored cells, haemocyte mortality.
Flow rate of Facscalibur® was checked with calibrated beads (Calibrite®, Becton-Dickinson)
to allow absolute counting, while Guava® was designed to cell counting. Haemocyte
mortality was assessed by adding propidium iodide to the haemolymph of each sample.
Propidium iodide enters only dead cells and fluoresces in the red when excited by the LASER

of the two former cytometers. Finally a Z1 Counter (Coulter) was used to assess only THC.
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2.6. Data management
For the “PhagoBIM” trial, each value was then calculated relatively to the control
value of tube #1. A mean square adjustment was processed for all the points of each method.
For the “PhagoBIM at home” trial, each value was calculated relatively to the control (CTR).
For trial #3, the normality of the distribution was tested with the Kolmogorov-Smirnoff test,
and Pearson’s correlation coefficient was tested at p < 0.05 (Sokal et Rohlf, 1995). All

statistics were performed with Statistica v7.1 (Statsoft, France).

3. Results
3.1. PhagoBIM

All FCMs’ dose-response curves have the same shape, but FMC 1: a plateau of
phagocytosis between CTR and 10°M followed by a dramatic loss of phagocytosis between
10°M and 10°M (Fig 20). This decrease of phagocytosis was more progressive and nearly
linear for FCM 1 mod. Dispersion of CTR, 10'6M, 10"5M, and 10*M was reduced when
assessing phagocytosis with FCMs’ methods but FCM 1. The MPR curve showed a slight
stimulation of phagocytosis and then a progressive decrease from 10°M to 10°M (Figure
1.6). Dispersion was high (nearly 80 % from tube#1 for CTR values) with this assessing
method of phagocytosis.

3.2. PhagoBIM at home

Once repeating the in vitro exposure under the same conditions but in the usual
laboratory environment of each method, the dose response curves did not differ from each
other during the plateau phase until 10°M (Figure 1.7). But differences exist during the
decreasing phase. While FCM 2 drew 84 % of inhibition of the phagocytosis at 10°M, the
other methods drew only 40 % for FCM 1 mod, 12 % for MPR, and 15 % for FCM 3. The
phagocytic index inhibition at 10°M changes also according to theses methods (85 % for
FCM 1 mod; 98 % for FCM 2; 70 % for FCM 3, and 47 % for MPR).

3.3. Trial #3
The different techniques to measure THC are not equal. Whether the microscope
technique is only correlated (r = 0.62) with the Z1 Counter, the two flow cytometries
techniques are correlated (r = 0.73). Finally the THC assay using a Facscalibur® is correlated

to the Z1 Counter technique (r = 0.57) (Table 2). Considering haemocyte mortality, the
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technique utilizing the Guava® is correlated to the microscope’s technique (r = 0.34) and to
the Facscalibur® technique (r = 0.21), but the two last techniques are not correlated together

at the considered p value (Table 3).

4. Discussion
4.1. Comparison of dose-response curves of the phagocytic index

The main objective of PhagoBIM was to verify whether different methods to assess
phagocytosis in bivalves could similarly assess a unique chemical challenge. In this first trial,
every methods draw similar results with a two-phase dose-response curve. These curves were
similar to those obtained in several bivalves facing mercury chloride challenges (Fournier et
al., 2001; Sauve et al., 2002; Gagnaire et al., 2004). Even if this trial was not designed for
calibration, it was relevant to face each method performed by its full-trained operator. The
MPR method drew poor reproducibility. This apparent weakness of the method could be due
to the use of an unusual microplate reader and therefore drove the “PhagoBIM at home” trial.
FCM 1 drew huge inter-replicate variations. FCM 1 was thus harmonized with the other flow
cytometric methods eluding the negative control. The reproducibility of FCM 1 mod was
thereby narrow FCM 2 and FCM 3. The cytochalasine B negative control in FCM 1 was
responsible for this dispersion. Whereas cytochalasine B inhibits phagocytosis, it may also
interact with mercury chloride or with sub cellular components of haemocytes. The
reproducibility of FCM 1 mod, FCM 2 and FCM 3 methods was higher than MPR method for
all tested replicates (CTR, 10'6M, IO'SM, and 10"4M). Nevertheless, while FCM 1 was
following the same decrease than FCM 2 and FCM 3, we found no hypothesis to the more
progressive decrease of phagocytosis with FCM 1 mod.

“PhagoBIM at home” was achieved in order to take into account the factor “laboratory
environment”. The dose-responses curves showed the same two phases than during
PhagoBIM trial: a plateau followed by a decrease at 10°M. But the decrease was not the same
according to the different methods and to the two mercury chloride challenges (PhagoBIM
and PhagoBIM at home). It is unlikely that the mussels sampled for PhagoBIM at home were
more resistant at 10*M and 10°M than those of PhagoBIM. These concentrations induced
95% of mortality in juvenile mussels (Nelson ef al., 1988). Gametogenesis is correlated with
immune system variations in Crassostrea gigas (Duchemin et al, accepted) and even if
PhagoBIM at home had been performed during the same month (July), mussels collected by

the different research teams may have not been at the same maturation stages due to the
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difference locations of the involved laboratories. But data were related to control tubes which
would have eluded that reproduction interaction. Inter-individual variations are high in
Bivalves (Galloway et Depledge, 2001) and in a pool of haemolymph extremes express these
differences. Finally, the use of cell line could improve this kind of work, but very little has
been published on this subject until now (Barcia ef al., 1999). (Maybe Ecke, you could write

shortly about your primoculture.)

4.2. Comparison of the designs of the phagocytosis assays

One of the major differences between the four methods was the labelled targets used.
While for FCM methods latex beads were used, the MPR method used yeasts. Thereby, the
methods did not assess, stricto sensus, the same biological process. Latex beads are
biologically neutral whereas yeasts are eukaryote cells and induce opsonization, like
zymosan, as a biological-haemocyte interaction in the haemolymph of many bivalves (Canesi
et al., 2002). Moreover, engulfed fluorochromes-labelled (especially with FITC) yeasts and
zymosan may express different fluorescence depending on intra-haemocyte pH (Lehmann ef
al., 2000). Conversely, the latex beads, made with the fluorochromes, are pH-dependant. That
is also why the mean number of engulfed beads may be calculated with FCM methods while
it cannot when using yeast or zymosan. Furthermore, the calculation of the phagocytic index
was very easy in FCM methods of FL-1 histograms because peaks of fluorescence appeared
for each new engulfed bead excited. This was also true with PC red latex beads, but not with
FITC-labelled bacteria (data not shown). Finally, the calculation of the phagocytic index with
MPR methods includes more analytical steps.

MPR 1 used trypan blue to quench the suspension media fluorescence due to non-
engulfed yeasts. FCM methods only assess the fluorescence of the cells. Therefore a bead
adsorbed at the surface of a haemocyte cannot be discriminated from a bead in the haemocyte.
FCM 2 used BSA to detach those beads and calculated the phagocytic index as while FCM 3
calculated the phagocytic index as the proportion of haemocytes that had engulfed at least one
bead when FCM 3 considered only cells of three or more beads. At least one can envisage that
adsorbed beads have entered the first step of the whole phagocytosis process (Galloway et
Depledge, 2001).

4.3. Comparison of instruments

The comparison of instruments for assessing phagocytosis is barley difficult because
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the number of steps to the data. Differences have been put in light during PhagoBIM. MPR
methods are more time consumer than FCM methods, while they are less reproducible and
give less information on the cells. But microplate readers remain affordable for nearly every
budget and can be easily transportable for field studies. But when studying the immune
system, one cannot just focus on an endpoint (Luster et al., 1992; Luster et al., 1993;
Germolec, 2004) and FCM methods gain much more in usefulness. When comparing the four
methods (two FCM, cell counter and microscope) to assess THC, the calculated coefficients
of correlation and their statistical significance promote the idea that none of these techniques
are significantly more precise than another. The comparison for haemocyte mortality leads to
the same conclusion. To assess THC the Facscalibur® appeared to be as good as the Z1
Counter and the Guava®, two instruments designed to allow absolute cell counting. But the
choice of techniques needs to take into account other parameters than scientific purposes. The
microscope is costless and easy to transport during field studies. The Z1 Counter is more
expensive, transportable, but can be used only for counting. The Facscalibur® is devoted to
various cell analyses and cell counting is allowed if flow rate had been checked before, but it
is hardly transportable. The Guava® which is designed to allow absolute counts is easily
transportable and may also be use to assess numerous cell parameters. We finally think
Guava® can conveniently be devoted to field studies once protocols have been set up and

standardized with Facscalibur®.

5. Conclusion

In conclusion, the different methods to measure the phagocytic index similar
sensitiveness to mercury chloride providing evidence of the robustness of the phagocytic
index parameter: apart from largely different methods one can come to the same diagnosis. In
FCM methods the addition of a negative control induced lower reproducibility of the method
while, taken as a whole they were more reproducible in these trials than MPR methods.
Moreover, FCM methods allow assessing other cell parameters and cell counting. Finally, in
order to share with other scientists a one and same protocol in field studies, we find FCM 3 as
the more suitable for performing assays of large amount of samples, in microplate, within a

few hours and with the possibility to fix the cells for further analyses.
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Table 1: Number of replicates for the “PhagoBIM” trial

Mercury  chloride — cpp 199 ggd 197 195 107 100 107
solution (M)

Number of

. 4 1 1 1 2 2 2 1
replicates

Table 2: Values of r when assessing THC through four methods. Stars (*) indicate significant

correlation at p < 0.05.

Microscope Guava® Facscalibur® Z1 Counter
Microscope 1.00 0.23 0.24 0.62*
Guava® 0.23 1.00 0.73* 0.32
Facscalibur® 0.24 0.73* 1.00 0.57*
Z1 Counter 0.62* 0.32 0.57* 1.00

Table 3 : Values of r when assessing haemocyte mortality through three methods. Stars (*)

indicate significant correlation at p <0.05.

Microscope Guava® Facscalibur®
Microscope 1.00 0.34%* 0.08
Guava® 0.34* 1.00 0.21*

Facscalibur® 0.08 0.21%* 1.00
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Figure 1.6 : Phagocytic index of haemocytes of Mytilus edulis facing a same in vitro mercury
challenge through four flow cytometric (FCM 1, FCM 1 mod, FCM 2, and FCM 3) methods
and one microplate reader (MPR) method. The curves are the adjustment of the weighed

mean squared.
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Figure 1.7 : Phagocytic index of haemocytes of Mytilus edulis facing in vitro mercury
challenges through three flow cytometric (FCM 1 mod, FCM 2, and FCM 3) methods and two
microplate reader (MPR1 and MPR 2) methods performed in five different laboratories.
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Figure 1.8 : FCM histograms of haemocytes in phagocytosis. M2 and M3 are markers to
calculate the phagocytic index of 1 bead and more (M3) or three beads and more (M1). M2
gives the fluorescence of one bead in order to calculate the haemocyte phagocytic capacity.
The (-) histogram is obtained from control samples, the (--) histogram from 10°M of Hgcl2
and the (-) histogram from 10”°M of HgC12.
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IV. Indicateur de la condition physiologique globale d’un
individu et développement d’un nouveau protocole

d’exposition individuelle
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Abstract

Animals in bad health condition are not relevant biological models. The current study
focused on the use of the clearance rate of Mytilus edulis to assess the gross physiological
condition of individuals maintained in stressful experimental conditions. This approach was
developed in a new, highly controlled exposure experimental device designed to investigate
individual responses in aquatic ecotoxicological studies. Both clearance rate values and
immune parameters analyse indicated that the health condition of mussels kept in 50 mL tubes
for 24 h or 48 h was not altered compared to controls, while most parameters were depressed
after 72 h. Moreover, this study confirms the relevance of flow cytometric measurement for
the clearance rate compared to techniques utilizing microscope. Current results prompted us

to perform further 24 h chemical exposure using this “in tubo” device.

Keywords

Aquatic pollution; individual exposure; clearance rate; Mytilus edulis; immune parameters

Capsule

Test-tube mussels offer a new exposure design for immunotoxicology.
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1. Introduction

It is widely accepted in experimental sciences that an animal in bad health condition is
not a relevant biological model. Thereby the use of cellular biomarkers to study toxic effects
of chemicals requires information on the gross physiological conditions of contaminated
individuals. Bivalves are filter feeders and are therefore inclined to accumulate dissolved
toxicants or particle- adsorbed toxicants when filtering the water column (Shumway et al.,
1985; Page et Widdows, 1991; Sobral et Widdows, 1997; Denis et al., 1999). Due to this
ecological feature and to its geographical distribution, the blue mussel Mytilus edulis has been
used as a model for many marine ecotoxicological studies in Mediterranean border and all
North-Atlantic coasts and (Auffret, 2005). In bivalve molluscs, the clearance rate, defined as
the volume of water cleared from suspended particles per unit of time (Riisgard, 2001), is
naturally related to condition index, scope for growth (Denis et al., 1999; Kesarcodi-Watson
et al., 2001a; Kesarcodi-Watson et al., 2001b) and response to chemical stress (Smaal et al.,
1991; Blackmore et Wang, 2003). Thus it represents a good non invasive endpoint of the
gross physiological condition and it can be assessed through direct or indirect methods
(Riisgard, 2001; Petersen et al., 2004).

Flow cytometry is mainly devoted to cell analysis and is much used in immunology of
vertebrates and invertebrates, especially in bivalves (Auffret, 2005) and in phytoplankton
research, using the natural fluorescence of phytopigments under the blue LASER excitation
(Phinney et Cucci, 1989; Platt, 1989; Toepel et al., 2004; Rutten et al., 2005; Bouman ef al.,
2006).

To allow the measurement of the clearance rate of individuals under standardised
conditions, an original protocol keeping mussels in small volume units — i.e. 50 mL
polypropylene tubes — was developed These artificial conditions were supposed a priori to be
stressful for the mussels since those molluscs usually filter up to 3 Lkg'.h”' of water
(Riisgard et al., 2003). The current study aimed to provide a new exposure regime for
immunotoxicological studies in mussels with the addition of an endpoint devoted to the

assessment of the gross physiological condition of individuals.

2. Materials and methods
2.1 Animal husbandry
For all trials, mussels, Mytilus edulis, (45 mm — 50 mm) were collected on the natural

rocky bed of the Pointe du Diable (Plouzane, France) and were acclimated in open water
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tanks, fed continuously with Isochrysis (T-iso strain). This strain is commonly used for
bivalve feeding and has been grown through standardized procedures and optimized culture

media for many years in our laboratory.

2.2 Trial #1: Clearance rate endpoint’s development

Trial #1 focused on the development of the use of the clearance rate to assess the gross
physiological condition of constrained mussels. Five mussels were immersed individually in
50 mL Falcon® tubes filled each with 30 mL of four algal suspensions (2.4x10°cells.mL",
1.6x10%ells.mL", 0.8x10%ells.mL" and 0.4x10°ells.mL™"). These concentrations were
obtained from serial dilutions into filtered seawater. Algal concentration was assessed after 0
min, 10 min, 20 min and 40 min and the seawater temperature during this trial was 15°C. The
clearance rate was measured with an indirect method of assessing the initial and final
concentration of an algal solution (Riisgard, 2001) according to classical algal cell counting
(Utermohl, 1958). Briefly, 100ul of Lugol’s solution (I, 5%; KI 10%, seawater) was added to
900 pL of the sampled solution. Iode (I,) colours and makes the algal cells heavier to help
sedimentation and counting. Cell counting was performed under microscope using a Malassez

counting chamber at 250X.

2.3 Trial #2: Temporal changes of the clearance rate and immune parameters

Trial #2 focused on temporal changes of the clearance rate and on immune parameters
while mussels were kept in 50 mL tubes. Mussels were placed individually in 50 mL Falcon®
tubes filled with 30 mL of filtered seawater. The tubes were placed in a temperature-
controlled room at 15°C, the local ambient temperature of seawater at that time of the year
(July) and temperature in the tube filled with cleared seawater was checked throughout the
experiment. After 0 h, 24 h, 48 h and 72 h, 30 mL of a solution of 1.6x10° cells.mL™"! of T-iso
replaced the seawater. The clearance rate of five mussels per group was then measured as
described above. Haemolymph was then immediately withdrawn form the adductor muscle to
assess haemocyte mortality, and phagocytic index with a flow cytometer (Facscalibur®,
Becton-Dickinson) and CellQuest® software (Becton-Dickinson) as described in Auffret et al.

(2006).

2.4 Trial #3: Methods comparison for algal cells counting

To compare cell counting with a microscope versus flow cytometer (Facscalibur®),
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three serial dilutions of a 1.6x10° cells.mL"! algae’s solution in filtered seawater (1/2, 1/4, 1/8)
were used. Algal concentration was then measured with the microscope as formerly described
and algal cells were plotted with CellQuest® software according to their size and their red

fluorescence with a controlled-flow cytometer.

2.5 Data analysis
Data analysis was performed with Statistica v7.1 (Statsoft, France). Normality was
tested by the Kolmogorov-Smirnoff’s test and ANOVA was performed in order to test the

effect on immune parameters of mussels’ passed time in tubes (Sokal et Rohlf, 1995).

3. Results and discussion

In the first trial, algal concentration decreased linearly during the very first minutes of
incubation. Seawater was cleared from 90 % of algae within 20 min when initial
concentrations were above 0.8x10° cells.mL". Below that concentration, more than 90 % of
cells were cleared within 10 min (Fig 25). In the second trial, immediately after being placed
in tubes mussel cleared only 30 % of algae within 20 min. But while after 24 h and 48 h
mussels in tubes removed 90% of algae, 72 h mussels cleared only 10 % (Fig 26). This
experimental design did not affect the haemocyte mortality up to 72h but the phagocytic index
of the mussels decreased significantly after 72 h last in the tubes (Fig 27). Finally, a very
strong correlation (> = 0.9991, p = 0.005) was calculated when comparing the two counting
techniques in the third trial.

Data obtained from the first trial indicate that 20 min was the optimal lap of time for
clearance rate assessment under these conditions. This observation is in accordance with the
time of maximum filtration activity measured with the clearance method in mussels of similar
size but in low algal condition at 10°C and mussels were fed with Rhodomonas sp. (Riisgard
et al., 2003). Above this time, mussels regulate their siphon opening depending on algae
concentration. Visual observations of mussels showed also that a high clearance rate was
related to valve opening immediately after contact with algae, the mantle being well spread
out the shell. This behaviour is in accordance with the feeding phase I presented by Riisgérd
(2003). During the second experiment, control mussels happened to have a lower clearance
rate than the other mussels. Since environmental stress has been reported to affect clearance
rate (Smaal et al., 1991), we assumed that control mussels were stressed immediately after

being immersed into the tubes. This hypothesis was supported by observations that, after 24h
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lasted in tubes, the clearance rate of mussels returned to similar values to the first experiment,
This artefact prompted us to further adapt the protocol by letting the mussels undisturbed in
the experimental tubes 2h prior to any other treatment. Moreover, a major result of this trial
was that the filtering physiology of mussels in tubes was not affected by these experimental
conditions within 48 h, while it was after 72 h. Considering the reduced volume of water
available, the question of respiration aroused naturally. The tubes were not equipped with air
bubbling since preliminary trials had revealed that it could more disturb the individuals than
offer better conditions. Furthermore, water renewal did not append to change the clearance
rate (data not shown). When immune parameters were monitored, a seventy-two hour period
in tubo significantly impaired the phagocytic index of mussels. Unchanged rates of cell
mortality indicated that no acute cytotoxic effects were induced. After 48 h phagocytic index
values showed an increased standard deviation, revealing a more heterogeneous response
among individuals. We assumed this observation was not related to size heterogeneity of the
sampled mussels according to our material. At the opposite of variations of the clearance rate,
phagocytosis was not altered immediately after immersion in tubo. Indeed, valve closure may
respond immediately to an external stress (Denis ef al., 1999; Blackmore et Wang, 2003;
Riisgérd et al., 2003). Conversely, physiological changes affecting internal organs are likely
to occur after homeostasis has been disrupted. This is confirmed by previous observations in
Mya arenaria of decreased phagocytosis after several days of in vivo exposures to mercury
(Fournier et al., 2001). Finally, when different algae were compared in trial # 3, T-iso strain
was easily discriminated with flow cytometry due to the red fluorescence of chlorophyll. The
strong correlation of the two counting techniques gave evidence of the relevance of using
flow cytometry in clearance rate measurement compared to microscope counting. Due to the
natural fluorescence of the phytopigments, paraformaldehyde without lode addition may be
recommended for preserving algae before counting.

In conclusion, the new experimental design, called here “in tubo”, may be adapted for sub
acute exposure (24 h) of mussels to chemicals, after a short acclimation period. This study
was designed for further immunotoxicological investigations but in tubo experiments may

also be worthwhile for other research schedules.

Acknowledgements
The authors wish to gratefully thank Alain Marhic for technical support with algae culture.
Contribution N°XXXX of the [UEM, European Institute for Marine Studies (Brest, France).



116

2.5E6 |

7.5E5 |
5E5 |

2.5E5

75000
50000

25000

7500
5000

2500

Algal concentration (cell.mL™)

0 5 10 15 20 25 30 35 40 45
Time (min)
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filled in each with a mussel and measured with a cell counting chamber (Malassez). Each
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Figure 1.10 : Algal reduction measured with a cell counting chamber (Malassez) for different

time of incubation in tubes filled in each with a mussel. Each point is the mean of algal

concentration of five mussels fed with 30 mL of T-iso.
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V. Application du nouveau protocole d’exposition « in tubo » :
approche comparative d’une exposition au chlorure de

mercure
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Abstract

Biological impairments due to mercury discharge into the environment are now an
issue of global concern. From the three forms of mercury found in aquatic ecosystems, the
immunotoxic effects of mercury chloride was examined in the model animal, the blue mussel.
In order to investigate the toxic potency of this chemical, three exposure regimes were carried
out: chronic exposure of groups of individuals, a new protocol “in tubo” designed for sub
acute exposures of individuals, and acute exposures of target cells. The clearance rate was
also measured under the “in tubo” scheme to warrant the good physiological condition of
mussels. Chronic exposure revealed significant immunotoxic effects after 7 days at 10°M,
while acute exposures showed significant inhibition of phagocytosis at 10*M and 10°M. In
sub acute exposures both circulating haemocytes and haemocyte mortality increased at 10™*M
and 10°M while phagocytosis and the clearance rate drew hormetic toxic effects. These
results suggest the depiction of new perspectives for bivalve toxicological studies using the

“in tubo” design.

Keywords

Bivalve; immune system; mercury; individual exposure; clearance rate

Capsule
The immunotoxic effects of mercury chloride in mussels are investigated through three

exposure schemes: chronic, a new sub acute regime called “in tubo”, and acute.
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1. Introduction

Mercury in the environment has natural sources (volcanoes smokes, forests fires,
geological shields) and anthropogenic sources (coal burning, gold mining, plant wastes)
(IPCS, 1976, 1991). Mercury may be found through various forms such as salt, organic forms
or metal (Boudou et Ribeyre, 1997). Its distribution in the marine environment is due to
atmospheric transport over long distances, to water transport through rivers or to sediment
resuspension after dredging works or climate events. Bioavailable forms accumulate through
the food web (Gonzalez et al., 2002; Booth et Zeller, 2005; Campbell et al., 2005) and may
induce public health outcomes through the consumption of contaminated fish and shellfish
(Campbell et al., 2005; Lockhart et al., 2005). Mercury pollution can also lead to undoubted
environmental costs through severe ecological or public health impairments (Hylander et
Goodsite, 2006). The United Nations Environment Programme has recently recognized
mercury as a global issue (GC 23/9 IV) and a strategy to reduce the risks of mercury was
adopted in February 2006 (SAICM/ICCM.1/INF/3).

Although mercury chloride is not the most toxic mercury compound in the marine
environment (Boudou et Ribeyre, 1997), it is the key form between the gaseous metal form
transported through atmosphere and the methylmercury form that bioaccumulates in
organism. Once entered into the organism, mercury can draw various immunotoxic effects.
Methylmercury inhibits many lymphocytes functions in rodents and humans while mercury
chloride can induce autoimmunity (Dieter ef al., 1983; Moszczynski, 1997). Mercury chloride
immunotoxic effects depend on the developmental stage in rodents (Silva ef al., 2005), marine
mammals (Lalancette et al., 2003) and earthworms (Sauve et Fournier, 2005). In the aquatic
environment, as filter feeders sedentary and ubiquitous animals, bivalves are favourite model
animals in ecotoxicology and many xenobiotics induce immunotoxic effects, but still, further
investigations are needed in immunotoxicology of aquatic species for a better understanding
of the toxic process of xenobiotics in the environment (Brousseau et al., 1997; Selgrade,
1999; Galloway et Depledge, 2001; Galloway et Handy, 2003; Auffret, 2005; Selgrade, 2005;
Woolhiser et al., 2005). Our team has been involved in the study of the immunotoxicity of
mercury chloride through acute exposures of immune cells, the haemocytes, in many marine
or freshwater Bivalves (Brousseau et al., 2000; Sauve et al., 2002; Gagnaire ef al., 2004) and
in chronic exposures but only in Mya arenaria (Fournier et al., 2001). Therefore mercury
chloride may be used as a reference substance for comparisons between tests or methods in

immunotoxicology.
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Current exposure designs in aquatic ecotoxicology (chronic or acute regimes) mainly
differ by routes of exposure (individuals or target cells) and time of exposure. But they both
present also some inconveniences. Chronic exposures are designed to investigate the toxic
effects of a chemical, or a mixture, on a group of individuals, over several days or weeks.
These schemes need as many water tanks as many concentrations tested, in replication,
require large amounts of contaminated water and a great number of individuals as they assert
the high individual variability characteristic to the Mollusc phylum (Galloway et Depledge,
2001). Finally, in vivo protocols are designed to expose clumps of mussels and attached
mussels may show uneven toxic responses, compared to unattached mussels, in relation to
their byssinogenic activity, as in chlorine exposures (Rajagopal et al., 2005). Thereby one can
discuss the homogeneity of any other exposure within a clump. On the other hand, acute
exposures are designed to investigate the in vitro toxic effects of a chemical, or a mixture.
These regimens have the advantage to use only a few millilitres of contaminated media into
experimental tubes or microplates, receiving target cells such as haemocytes. But in contrast
to the former protocol, haemolymph of sampled individuals is pooled to have sufficient
material to proceed with experiment so the sampled population gains artificially in
homogeneity. Finally, whereas performing toxicological studies on animals in bad health
conditions, none of these two exposure designs are, per se, able to take into account a gross
physiological endpoint such as the clearance rate (Smaal et al., 1991). Between chronic
exposures of groups of individuals and acute exposures of cells, a gap exists, i.e. the
individual step, analogous to individual treatments carried out in rodents to survey their
responses to toxics with respect to the ecological features of mussels.

In order to understand mercury toxic effects and the behaviour of the
immunotoxicological biomarkers in bivalves (IPCS, 2001), the purpose of this study was to
examine the immunotoxicity of mercury chloride in Mytilus edulis, as model species in
aquatic toxicology, under three exposure schemes: chronic, sub acute and acute exposures.
The chronic exposure consisted in exposing mussels to mercury for 21 days; the subacute
exposure consisted to a new in tubo exposure design for 24 h and to acute exposure in vitro

for 3 h.

2. Materials and methods
2.1. Mercury chloride solution procedure

Mercury chloride (Aldrich Chemical Company) was first dissolved in ethanol then
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diluted with distilled water at 10°M. Working solution ranged from 10°M to 10°M for
chronic exposures and from 10°M to 10°M for acute and sub acute exposures, in accordance
with previous studies (Brousseau et al., 2000; Fournier et al., 2001; Sauve et al., 2002). These
concentrations were obtained from serial dilutions of initial solutions into seawater. Each
control group (CTR) was treated with the maximum concentration of ethanol (0.01%) of the

working solution diluted into seawater.

2.2.  Mussel husbandry

Adult mussels (45mm — 55mm), Mytilus edulis, were collected at Metis Beach
(Quebec, Canada) or at the Pointe du Diable (Plouzane, France), two sites free of chemical
impacts. Mussels were transported to experimental facility, placed in acclimation tanks and

were daily fed to satiety with a monoculture of phytoplankton for six days until exposures.

2.3.  Acute exposure

As described by Brousseau et al. (2000) and Sauvé et al. (2002), hemolymph was
withdrawn from 10 mussels and pooled. Nine hundred microliters of haemolymph was then
added to 100puL of eight solutions of mercury chloride (control, 10°M, 10®*M, 107'M, 10°M,
10°M, 10™*M, and 10°M) into SmL Falcon® polypropylene tubes and incubated for 3 hours

at 15°C. This experiment was replicated five times (Table 5).

2.4. Sub acute exposure

This scheme was used as formerly developed by Duchemin et al. (submitted). After
acclimation in tanks, individual mussels were transferred into a S0mL falcon® polypropylene
tube with 30mL seawater. After 2 hours, the seawater was gently removed and replaced with
a syringe by 30mL of contaminated seawater solution. Each tube was placed in a hole of a
pierced board which was partly immersed in a 150L tank so that every tube was plunged into
the water (Figure 1.12). The tank was supplied with circulating seawater at the ambient
temperature of the sampling site. Seawater temperature in tubes was monitored in a 30mL
seawater mussel-free tube. Therefore, each tube could be considered as an experimental
replicate. For 24 hours, the mussels were exposed to mercury chloride seawater solution.
From July 2004 to October 2005, in tubo experiments were performed (Table 5) with 15
individuals per treatment group (CTR, 10°M, 10°M and 10°M) or 5 individuals per
treatment group (CTR, 10°M, 10°M, 10"M, 10°M, 10°M, 10*M, and 10°M).
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Table 6 : Summary of the number of mussels used for each exposure protocol.

CTR 10°M 10°M 10°M 10°M 10°M 10°M  10°M

In vivo exposure 69 69 69 69 69 - - -
In tubo exposure 40 40 35 10 40 10 10 40
In vitro exposure 50 50 50 50 50 50 50 50
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50 mL tube filled with
experimental solution
and 1 individual

Open water tank used
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Figure 1.12 : Scheme of the in tubo experimental system. Mussels were individually placed
into a tube filled with the working solution. Each tube is an experimental unit and is partially
emerged in an open water tank which serves as a thermostat. One tube is filled with control

solution only to monitor the temperature.
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2.5. Chronic exposure
For 28 days, mussels were exposed to a gradient of mercury chloride solutions

as described by Fournier ef al. (2001) for soft-shell clams, Mya arenaria. Twenty-five mussels
per tank were maintained in 5 tanks (control, 10°M, 10°M, 107M, IO'GM), in circulating
seawater and the water flow was premixed with different mercury chloride solutions which
were newly prepared every one to two days. Each mercury chloride solution was mixed with
200 mL.min" circulating seawater with a constant flow of 0.2mL.min"" using a peristaltic
pump (Gilson, Minipuls 2). The flow rate was daily checked. Every seven days, five mussels
were sampled from each tank for hemolymph analysis from each tank. These mussels were
then replaced by five new tagged individuals in order to keep the same mercury burden and to
replicate the experiment. Four replicated experiments were performed. Finally, 70 mussels per

treatment group were sampled (Table 5).

2.6. Clearance rate

To monitor the gross physiological condition of the mussels, the individual clearance
rate was measured after 24h of in tubo exposures with an indirect method, the reduction of
algal cells, as described by Duchemin et al. (submitted). The algal solution (T-iso) was used
for all acclimation and feeding phases. A working solution of 2x10°cells.mL™" was prepared.
After the exposure period, the treated solution was gently removed from the tube and replaced
by 30mL of the working solution of algal cells. After 20 min of filtering, 900 pL of the algal
solution were removed into a 5 mL falcon® tube with 100 pL paraformaldehyde (10% final
concentration). Three control tubes were also prepared to consider algae sedimentation. Algae

counting were performed on the red PMT of a Facscalibur cytometer (Becton-Dickinson).

2.7. Hemolymph withdrawal

For each individual sampled, hemolymph was withdrawn from the anterior adductor
muscle sinus, with a 2 mL syringe equipped with a 21G needle. A millilitre was collected
from each individual and transferred into a 1.5mL plastic tube and stored on ice until analysis.

All measurements were performed individually as described below.

2.8. Haemocyte mortality
Propidium iodide (PI) is a fluorescent membrane-impermeant nucleic acid intercalator

which allows identifying dead cells in a cell population. In a 5 mL Falcon® tube, 50 uL of
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hemolymph (collected from treated individuals or from treated pools) were mixed with 250
uL of anti-aggregating solution (HAAS pH = 6.7; Osmolarity = 920 mOsm.kg) according to
Auffret and Oubella (1994). PI was added to a final concentration of 10 pg.mL™ and the tubes
incubated 10 min at 4 °C in the dark before flow cytometric analysis (Brousseau et al., 1998).
The red fluorescence level was measured in cells on FL3 photodetector and further analyzed
with CellQuest® (Becton-Dickinson) software. The percentage of haemocytes that had

incorporated PI was used to measure haemocyte mortality.

2.9. Total haemocyte counts (THC)

For chronic exposures, THC was established in counting chambers (Malassez) under
an optical microscope at 250X. For sub acute exposures, THC was performed by flow
cytometry (Facscan® Becton Dickinson) from the former hemocyte preparations. The flow
cytometer was operated with PBS (400 mOsm.kg-1) as sheath fluid. The flow rate was
measured to allow absolute cell counts and the cells were counted arbitrarily for 52s. Finally,

because it was not relevant THC was not considered for acute exposures.

2.10. Phagocytosis

For chronic exposures, phagocytosis was analysed by the protocol of Brousseau et al.
(1998). Briefly, 2 um latex beads were added to 1 mL of hemolymph and then incubated at 20
°C for 18 h. After incubation, the suspension was deposited on a saline buffered BSA 4.5%
solution and centrifuged at 300 g for 10 min to eliminate free beads. Cells were finally
transfer to 500 uL of saline buffer before being read on a Facscan® (Becton-Dickinson) on
FL-1 PMT (green fluorescence) and analysed with CellQuest® software (Becton-Dickinson).

For acute and sub acute exposures, a phagocytosis assay was performed as described
by Auffret et al. (2004), a protocol slightly modified from Brousseau et al (1998). In
summary, 100 pL of hemolymph were deposit into a well of a 96-well microplate.
Haemocytes were put then into contact with a solution of 2 um fluorescent latex beads
(Yellow-green Fluoresbrite, Polysciences®) to reach a 30:1 bead:haemocyte ratio. After
gentle centrifugation (4 °C, 300 g, 10 min.), the microplate was incubated for 4 h at 15 °C in
the dark. To detach the cells from the well walls, HAAS complemented with trypsin (0.5 g.L
") was finally added and the microplate was agitated for 5 min. The content of each well was
then analyzed by flow cytometry (Facscalibur®, Becton-Dickinson). Two parameters

describing phagocytosis were calculated from CellQuest ® (Becton-Dickinson) software. The
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phagocytic index was the relative number of haemocytes that has engulfed at least 3 beads.
The haemocyte phagocytic capacity (HPC) was calculated as the mean number of engulfed
beads within the phagocytic haemocytes population (Lehmann et al., 2000).

2.11. Data management and statistical analysis

In order to compare all the experiments, all data have been calculated as relative to the
mean of the control of the same experiment, except for the chronic exposure where the
absolute value was used. Normal distribution was checked from the Kolmogorov-Smirnoff’s
test. In cases where the variables did not meet the assumptions of normality or
heteroscedasticity, they were Log-transformed. In case of abnormality of the distribution, the
test of Kruskall-Wallis was performed. A two-way ANOVA was used for the in vivo
experiments to test the effects of the exposure duration and the concentration on the measured
variables. Analysis of variance was performed on the acute and sub acute results to test the

effects of concentration on the variables. All tests were performed at p = 0.05.

3. Results
3.1. Chronic exposures

For each replicated experiment and all parameters, no significant difference was
observed (p > 0.05). Exposure to 10°M of HgCl, led to the death of 30% of the individuals
after 21 days (Table 6). No significant differences did also appear between CTR and all the
tested HgCl, concentrations except for 10°M. For this group, after 7 days of exposure, THC,
haemocyte mortality and phagocytic index were significantly different (p < 0.05) to the other
groups. Haemocyte mortality increased while the_phagocytic index decreased throughout the
experimental period (Fig 29A and 2B). THC remained stable but values were systematically
higher than the other groups (Fig. 29C).

3.2. Sub acute exposures

No individuals died during exposure. However, due to obvious acute toxicity of
mercury, nearly 50% of the individuals treated with 10°M mercury chloride could not be
sampled for hemolymph. THC remained stable (p > 0.05) regardless of the mercury chloride
concentration except for 10*M and 10°M which were significantly higher (p < 0.05) than the
control (Fig 30A). Haemocyte mortality was not altered by the treatments, except for the

highest concentration where it was seven times higher than the control (Fig 30B). The
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phagocytic index followed a marked sigmoid curve with a significant (p < 0.05) maximum at
10®*M after decreasing significantly toward a plateau between 10'M to 10°M and falling
again at 10°M (Fig 30C). HPC drew a less pronounced hormetic curve (Fig 30D). The
clearance rate of mussels decreased from maximum values at 10-8M to reach a plateau from

10"M to 10*M. At 10°M, a minimum was reached (Fig 30E).

3.3. Acute exposures

Over the five replicate experiments, the phagocytic index increased slightly, but not
significantly, below 10°M followed by a dramatic decreasing phase at the highest tested
concentrations of 10*M and 10°M (Fig 31A). The shape of the dose-response curve for HPC
was very similar except the only significantly lower value was only observed for 10°M (Fig

31B).
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Table 7 : Cumulative number of dead mussels after 28 days of in vivo exposure to HgCI2

among the four replicates.

Cumulative probability (%)

CTR

10-9M
10-8M
10-7M
10-6M

0
4,3
4,3
1,4
29
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Figure 1.13 : THC (A.), haemocyte mortality (B.), and phagocytic index (C.) of mussels
exposed in vivo to HgCl, for 28 days. Each curve corresponds to a treatment. Points represent
the mean of all individuals of the 4 replicates. Bars are the confidence interval at 95% and

stars (*) indicate significant differences at p = 0.05 from the control.
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each experiment. Each experiment exposed pool of hemolymph collected from 10 individuals.
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4. Discussion
4.1. Biological significance of the observed immunotoxic effects

At 10°M of mercury chloride the mortality rate of individuals was dramatically high
(only one mussel out of four replicates survived after 28 days of exposure) revealing a highly
lethal chronic toxic effect of mercury chloride. Significant immunotoxic effects were
observed solely for this treatment, as early as after 7 days of chronic exposure. In this study,
considering both the exposure duration and the exposure concentration, the NOAEL was
2.8x10°M and the LOAEL was 7x10°M. In soft clams, Mya arenaria, the NOAEL for
mercury chloride was 2.8x10°M and the LOAEL 2.1x10°M (Fournier et al., 2001)
suggesting a greater sensitivity of mussels to this contaminant. Under this scheme, mercury
entering the organisms follows pathways determined by physiological processes and defined
as absorption, distribution and excretion. Since mercury may draw also neurotoxic effects in
vertebrates (IPCS, 1991), observed effects can be outcomes of direct toxic effects on the
immune system or indirect toxic effects through the neuro-immuno-endocrine triad (Nieto-
Fernandez et al., 2000; Woolhiser et al., 2005). In this study, mercury was not measured in
hemolymph. But Kljakovic-Gaspic et al. (2005) observed a higher bioaccumulation level in
the digestive gland compared to the gills or the whole soft tissue. Exposure of hemocytes is
however likely to occur in contaminated mussels since rodents phagocytes removed and
stored Hg from the body. Moreover, Hg differently impaired mice macrophages and
neutrophiles according to their ability to ingest the metal (Cunha ef al., 2004). In the present
study, at 10°M, for all individuals, haemocyte mortality was strongly negatively correlated
with the phagocytic index explaining its decrease. These effects provided evidence for a
global immunotoxicity of mercury chloride on haemocytes. This could be confirmed through
acute exposures of haemocytes. In Mya arenaria, Fournier et al. (2001) suggested that
haemocyte mortality only partially explained the decrease of the phagocytic index. But this
toxicant also induced an increase of the number of circulating haemocytes at 10°M of
mercury chloride as early as after 7 days of exposure. This response has often been observed
in Mytilus edulis and in other molluscs after several days of exposure to xenobiotics (Pipe et
al., 1999; Russo et Lagadic, 2004). In oysters, Auffret and Oubella (1997) observed that
chemical contamination induced an impairment of hemocyte aggregation revealing a reduced
capacity of cell attachment. A comparable effect of mercury could explain the rise in
circulating haemocyte counts. Unfortunately, we were unable to test higher concentrations

under these in vivo conditions or measure the body burden. But 10°M is therefore a
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concentration of interest that should be investigated with the other exposure regimens.

Acute in vitro exposures allowed the assessment of toxic effects on specified target
cells, here the haemocytes. In vitro exposure is the current following step to chronic
exposures of individuals in aquatic toxicology. Mercury chloride induced hormetic
immunotoxic effects under concentration environmentally relevant. Phagocytosis (phagocytic
index and hemocyte phagocytic capacity) was inhibited with exposure to concentrations
higher than 10°M while larger standard deviations were observed between 10”M to 10™*M.
Hormesis was in accordance with former results obtained with heavy metals in freshwater or
marine bivalves (Brousseau et al., 2000; Nieto-Fernandez et al., 2000; Sauve et al., 2002). In
rodents, hormesis is usually attributed to an increase in the level of intracellular total thiol
(Moszczynski, 1997; Mondal er al., 2005). In Mytilus galloprovincialis, from 1x107M to
7.8x10"M, mercury induced intracellular [Ca®"] increase (Marchi ef al., 2004) and this
secondary cellular messenger is necessary to phagocytosis. The graphically determined EC50
was 7.3x10°M in Mytilus edulis (Sauve ef al., 2002). In this study EC50 was 5.7x10™*M for
the phagocytic index but, acute exposures lasted for a total of seven hours instead of eighteen
hours in the former study and EC50 was calculated assuming the curves was following a
logistic distribution.

Comparable results to acute and chronic exposures were obtained after 24h of
individual exposure through the “in tubo” design drawing evidence this new protocol was
successful at reproducing the hormesis of the phagocytic index and HPC of mercury chloride.
The clearance rate appeared slightly stimulated at 10™M followed by a dramatic fall at 107M,
suggesting rapid systemic toxic effects. Clearance rate was therefore, in this experiment,
correlated (r = 0.74, p < 0.05) with the phagocytic index. The low clearance rate at 10°M
suggested an acute toxic effect, confirmed by some observation of stress responses as gamete
emission and absence of filtration activity. But since 95% of mortality occurred after only
four days of chronic exposure of juvenile Mytilus edulis to 10°M of mercury chloride
(Nelson et al., 1988) it was relevant to consider sub lethal toxic effect within 24 h. As a non
invasive assessment of gross physiological condition, clearance rate is directly related to
exposure (Smaal et al., 1991) and is sensitive to toxic effects (Blackmore et Wang, 2003).
This study demonstrated that clearance rate variations could reflect toxic effects after 24h of
sub acute exposure. Furthermore, the stimulation phases of the phagocytic index or HPC were
more pronounced (1.2 times to 3 times the control) under these conditions than under in vitro

scheme. Thus, 10®*M appeared to be the concentration for maximal phagocytosis, before the
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inhibition phase began. The lowest observable adverse effect concentration (LOAEC) was
graphically determined here as 2.7x10”M for the phagocytic index, 6.7x10™M for HPC and
5.5x10"M for the clearance rate suggesting HPC is an endpoint more sensitive to mercury
chloride. Since intracellular [Ca®*'] in haemocytes of mercury-challenged mussels decreases
when mercury dose increases (Marchi et al., 2004), the mean number of engulfed particles
(HPC) may be impaired before the number of phagocytosing cells. In field studies designed
for environment assessment, LOAEC is a point of interest because, considering this level of
biological response may lead to confusion with the reference site level. The plateau then
observed in a range of 100 units for the phagocytic index, and 1000 units for the clearance
rate of mercury chloride, suggests no difference in terms of toxicity of a 10°M solution to a
10*M solution, within 24h. Within this range of concentration, as for chronic exposures, THC
increased while haemocyte mortality remained unchanged suggesting similar biological
process. This release of hemocytes may though be a reaction to the increasing dose of

mercury, just as for Lymnaea stagnalis exposed in vivo to atrazine (Russo et Lagadic, 2004).

4.2. Benefits and drawbacks of in tubo exposure

When comparing the panel of protocols used here, chronic exposure showed
immunotoxic effects only for the highest tested concentration whereas in vitro exposure
provided more subtle responses as hormetic effects. Under the “in tubo” regimen, as under the
chronic scheme, the toxicant can directly or indirectly impairs the immune function. But the
short term toxic effects drew by the “in tubo” design provided evidence of the toxic effects of
doses of mercury chloride and not of another form such as methylmercury or effects of
bioaccumulation. The gap between chronic and acute exposures was resolved by this new
scheme which offered the opportunity to proceed to individual exposures, in sub acute
scheme. Indeed, significant immunotoxic effects appeared even for doses environmentally
relevant. This new protocol also allowed us to challenge highly standardized experimental
units made of an individual and the contaminated media. Moreover, “in tubo” design offered
better chemical safety for ecotoxicological assays since only a litre of each solution was
needed to treat 15 individuals. However, it is likely the confinement itself of the mussels in
the tube is stressful, and therefore may enhance immunotoxic effects of xenobiotics. Possible
artefacts would however be minimized by the protocol described here since preliminary
experiments under blank conditions indicated that the immune parameters were dramatically

altered only after 72h of exposure (Duchemin et al, submit).
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5. Conclusion

The immunotoxic effects of mercury chloride have been investigated through two
different exposure regimens and the introduction of a new one. First this study has shown the
relevance of the “in tubo” design measuring comparable results. Secondly, “in tubo” exposure
has provided evidence of hormetic immunotoxic effects of mercury chloride in mussels, at
environmental levels, even before bioaccumulating. This last point should be of concern when

working on aquatic mercury risk reduction.
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VI. Outils d’analyse en immunotoxicologie

L’utilisation d’un ensemble de parametres immunitaires est indispensable a un
diagnostic pragmatique de [1’évaluation environnementale. Deés lors, un outil
multiparamétrique est nécessaire pour aider a la formulation d’une conclusion unique a ce
type d’étude. Cet outil peut étre statistique en faisant une analyse par composante principale
(ACP) de tous les parametres analysés. Dans le cas d’une évaluation de la pollution de la baie
de Southampton, I’ACP a montré ainsi le fort pouvoir discriminant de la concentration totale
de protéines sériques, de I’activité de la carboxylestérase et de la concentration en
métallothionéine (Brown et al., 2004; Galloway et al., 2004). Des représentations graphiques
peuvent étre utilisés aussi pour avoir une vision globale des résultats de 1’ensemble des
parametres. La représentation des visages de Chirnoff attribue ainsi un parameétre de 1’étude a
un parametre du visage (taille des yeux, courbure de la bouche, évasement du nez, etc.) qui
dépend de la moyenne et de I’écart-type pour le parametre mesuré. La forme du visage peut
étre ainsi différente en fonction des sites contaminés étudiés par exemple. La représentation
en radar nécessite le calcul préalable d’un indice biologique, pour chaque groupe
expérimental, qui prend en compte l’ensemble des valeurs standardisées pour chaque
paramétre considéré. Cette représentation graphique permet alors de comparer rapidement des
résultats de plusieurs parametres mesurés sur sites d’études différents (Beliaeff et Burgeot,
2002) ou sur le méme site mais a des saisons différentes (Leinio et Lehtonen, 2005). Les deux
articles suivants montrent le développement et 1’utilisation d’un indice global prenant en
compte plusieurs parametres immunitaires lors d’une étude sur les conséquences €cologiques
du déversement de fioul suite au naufrage par I’Erika, et lors d’une étude comparative de

différents sites de la cote Nord de la Méditerranée Occidentale.
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A. Suivi des réponses immunotoxiques d’huitres cultivées
dans des zones contaminées par les fuites d’hydrocarbures
de I’Erika
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Abstract — Immunological alterations may be used as ecotoxicological biomarkers to detect and monitor biological
effects of chemical contaminants in polluted environments. This study reports on a survey of Pacific oysters from the
Atlantic coast of Britanny (France) after the “Erika” oil spill. Reared stocks were sampled twice a year from November
2001 to March 2003 at three impacted sites and at an additional site outside the spill area. A multiparametric diagnosis
of the immune system was performed on individual hemolymph samples to identify structural, immunopathological
alterations and functional impairment of immunocompetent cells. One year after the spill, severe immunological alter-
ations were observed in a site heavily impacted by oil. Since the oysters there had higher contents of PAH compared
to the other sites, it was suggested that chronic contamination, possibly generated by oil trapped in the sediments, had
induced immunotoxicity. Moreover, moderate variations in some hemolymph parameters observed at the non-impacted
area strongly suggested that natural environmental factors may have generated physiological stress. An immunotoxico-
logical index applied here in order to integrate all measurements of defense-related functions appeared to be an efficient

tool to identify samples suffering immunological stress.

Key words: Immunotoxicology / Bivalve molluscs / Monitoring / Environmental stress / PAH

1 Introduction

Environmental surveys of chemical contamination rely on
methodological procedures where biological responses to an-
thropogenic signals may be quantified and used as tools for
risk assessment. In marine organisms, several measurable,
biological and physiological changes may now be consid-
ered as biomarkers and their application in monitoring pro-
grammes has entered an operational phase (Depledge 1994;
Forbes and Forbes 1994). Among benthic invertebrates, sev-
eral species of bivalve molluscs such as mussels and oys-
ters have been introduced as biological models for research
in ecotoxicology. As sedentary filter-feeders, bivalves may
bioaccumulate environmental pollutants to very high tissue
concentrations (Zatta et al. 1992; Phillips 1995). Under normal
conditions the immune system of molluscs maintains efficient
protection against most microbial or parasitic attacks. How-
ever, many chemical contaminants may act as immunosup-
pressors and reduce immune efficiency, even at low concen-
tration (see reviews by Anderson 1993; Pipe and Coles 1995).
Among those, polycyclic aromatic hydrocarbons found in oil,

* Corresponding author: Michel.Auffret@univ-brest. fr

have been demonstrated to alter many immune parameters in
marine invertebrates (Coles et al. 1994; Gomez-Mendikute
et al. 2002). Moreover, observations from experimental ex-
posures suggested a species-dependent sensitivity to these
contaminants (Wootton et al. 2003). Recent advances in the
knowledge of how chemicals target immune mechanisms in
aquatic organisms have allowed immunotoxicology to evolve
as an area of primary importance for detecting early signals of
physiological alterations in contaminated biota (Zeeman 1996;
Auffret 2004). Field-collected resident oysters have been used
to explore relationship between chemical contamination and
defense-related measurements (Fisher et al. 2000; Oliver et al.
2001). Results from a two-year survey of immune characteris-
tics in oysters reared in intertidal areas impacted by the Erika
oil spill (December 1999) are presented here.

2 Material and methods
2.1 Animals

Pacific oysters, Crassostrea gigas, from aquaculture stocks
were collected (n = 15) from November 2001 to March 2003
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Table 1. Sampling protocol applied to oysters for the survey. Tagged
cells identify collection dates in the sites (S-year: spring, A-year: au-
tumn). N99, NOO, NO1, NO2: spat settled respectively in 1999, 2000,
2001, 2002 in the sites.

Sites Oyster stocks Sampling dates
A-2001 S-2002 A-2002 S-2003
N99 X
Pen Bé NOO X X X
NO1 X X
N99 X
NO0O X X X
Le Croisic NO1 X X
NO2 X
N99 X
Les Moutiers NOO X X X
en-Retz NO1 X X
NO2 X
NOO X X X
Rade de Brest NO1 X

at three locations in the Loire-Atlantique (France): Pen-Bé,
Le Croisic, Les Moutiers-en Retz. The oysters were reared ac-
cording to standard farming protocols from spat settled each
year from 1999 to 2002. In the present paper, the stocks were
identified according to spat year-of-birth. They were sampled
in spring and autumn from the year after settling and there-
after, the year corresponding to a commercial size (Table 1).
All of this area had been severely contaminated by hydrocar-
bons during the winter 1999-2000 and thereafter, following
winter storms disturbing buried oil slicks. In addition, oysters
were sampled from the Rade de Brest (Finistere), an area not
exposed to oil contamination. There were no reports of abnor-
mal mortalities, pathogenic attack or specific disesase in any
of these stocks during the survey. Growth was considered as
normal by the farmers. After sampling, the individuals were
transported to the laboratory and maintained 24 h, until pro-
cessing in 30 L-tanks containing aerated sea-water.

2.2 Hemolymph analysis

Approximately 1 ml of hemolymph was withdrawn from
the adductor muscle sinus of each individual as previously de-
scribed by Auffret and Oubella (1995). Because only microas-
says were applied, a full set of immunological measurements
could be performed on individual samples. Most parameters
were determined using a flow cytometer (FACSCalibur™,
Becton Dickinson) as described by Auffret et al. (2002).
Briefly, the flow rate was measured to allow absolute cell
counts. Cell mortality was measured using the propidium
iodide-exclusion method (final concentration = 10 ugL™!).
Phagocytic activity was measured in vitro by incubating
hemolymph cells with 2.2 ym latex beads at a 1:30 cell-to-
bead ratio. A phagocytic index (PI expressed in % positive
cells) was calculated as the percent of cells that had engulfed
three beads and more, a means to consider only the most ac-
tive hemocytes. An overall phagocytic capacity (PC expressed
in arbitrary units) of the hemocyte population was calculated
by the CellQuest software™ from the histogram of relative

fluorescence intensity distribution, as the geometric mean of
values provided by positive cells. The microbicidal capacity of
hemocytes was assessed by measuring the production of reac-
tive oxygen species (ROS) using the fluorescent probe DHR
123 (final concentration = 50 ugL~'"). The oxidative burst
of phagocytic cells was triggered by the addition of phor-
bol myristate acetate (PMA) (final concentration = 100 nM).
The specific, lipophilic probe DIOCq (final concentration =
1.25 uM) was used to detect possible alterations of the mito-
chondrial membrane potential 4¥,,. To detect lysosomal desta-
bilization and cell lysis, acid phosphatase (ACP) release from
lysosomes was measured in serum by microtitration using p-
nitrophenyl phosphate as a substrate. A specific activity has
been calculated after total serum protein (PRTS) determina-
tion. The level of metallothioneins was assayed in hemolymph
cell lysates by ELISA according to Boutet et al. (2002).

2.3 Contaminant analysis

The concentration of polyaromatic hydrocarbons (PAHs)
in oyster soft tissues was determined by gas chromatogra-
phy/mass spectroscopy in either lyophilized or raw material.
The values presented are those for the 16 compounds selected
by US-EPA. Trace metal burdens were measured by atomic
absorption.

2.4 Statistical analysis

Normal distribution of the data and homoscedasticity were
examined using Kolmogorov-Smirnov and Levene tests, re-
spectively. Where necessary, data were transformed to al-
low variance analysis. The difference among sites for oys-
ters reared from year-2000 spat (NOO) was tested with an
ANOVA. When significant differences (@ = 0.05) were ob-
served, Tukey’s test was used for pairwise comparisons.

2.5 Data management

To increase the ecotoxicological relevance of the multi-
parametric study, a “site immunotoxicological index’ has been
calculated from the set of biological characteristics measured
in each oyster sample. The principle was to cumulate, for each
sample collected, the variation of each parameter from a ref-
erence value. Considering that no immunological data were
available for this species in the area impacted by the spill
and that oysters reared in the additional site (Rade de Brest)
were not from the same stocks as in the impacted sites, ref-
erence values were defined a posteriori as each parameter av-
erage from all sites and sampling dates (Table 2). First, logo-
transformed values were calculated from the mean value of
each biological measurement. The formulation was adapted to
arbitrarily affect the unit value when the parameter was either
doubled or reduced by half. The calculation for a parameter p;
in a sample was as following:

Transformed p; = (log,, mean value p; —log,
“reference” value) / log, 2.
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Table 2. Immunological parameters measured in oysters with their
reference value (mean and standard error) defined from individuals
collected from all sites/campaigns and corresponding ecophysiolog-
ical significance factors (EPSF). Groups refer to clusters of param-
eter related either to structural changes in the hemolymph compart-
ment (immunopathology) or to functional alterations in hemocytes
(immunocompetence).

Group Immunological parameter ~Reference EPSF
value
Total hemocyte counts 2.1(1.3) 2
Serum acid phosphase ~ 48.1 (14.3) 0.5
Immunopathology Cell mortality 1.05 (0.46) 1
Granulocyte 47, 127 (106) 1
Hemocyte 0.90 (0.85) 0.25
metallothioneins
Phagocytic index 39 (10) 2
Immunocompetence Phagocytic capacity 1243 (340) 2
Hemocyte microbicidal 75 (26) 1

capacity

In a second step, to increase the discriminating power of
highly stress-responsive parameters, an “ecophysiological sig-
nificance factor” (EPSF) was applied to these values (Table 2).
Establishing this factor was based on previous experimental
results obtained through single contaminant assays run in the
laboratory with so-called ““sentinel-bivalve species”, especially
mussels and oysters. It was arbitrarily high for hemolymph
parameters observed to consistently vary with most contam-
inants. Indeed, experimental exposure to heavy metals or or-
ganics induced a conspicuous rise of circulating hemocyte
numbers either in mussels (Coles et al. 1995; Pipe et al. 1999)
or in oysters (Auffret et al. 2002). In all bivalve mollusc species
studied yet, phagocytosis was found to be altered by various
xenobiotics and has become a very sensitive tool for immuno-
toxicologists when hemocyte competence in non-specific im-
munity has to be assessed (Auffret 2004). Other measure-
ments as cell viability, which appear more responsive when
hemocytes are exposed in vitro to contaminants (unpublished
data) were attributed here a low EPSF value. In a third step,
the transformed parameters were cumulated into two groups
defined as i) parameters related to structural changes in the
hemolymph compartment (immunopathology) ii) parameters
related to functional alterations in hemocytes (immunocompe-
tence) (Table 2).

3 Results and discussion

The present study was performed on several series of adult
oysters raised from spat settled either just before or after the
spill depending on the site. Twenty-three months after the spill,
the PAH content had decreased to reach background levels on
these coasts (around 200-300 ugkg~' DW). However, values
2.5 fold higher than in the non-impacted site were measured
during March 2002 at two severely impacted sites, Moutiers
and Le Croisic (Fig. 1). The levels at Le Croisic remained
high until the following autumn. Even if they were much be-
low those measured in the months following the spill (over
1500 ugkg™' DW in Le Croisic, RNO 2002), the variations

300 - 0O PEN BE

— LE CROISIC
é 250 A [ MOUTIERS
any

2 200 1

T

<

o 150

[}

p=l

[2]

£ 100 4

[

2

& 50

[0}

o

0 T T 1
A-2001 S-2002
Samples

Fig. 1. Monitoring of PAH contents (sum of 16 compounds according
to US-Environmental Protection Agency) in soft tissues from oysters
settled in year 2000 in three rearing sites. Relative values were calcu-
lated as the percent of levels measured at the non-impacted site (Rade
de Brest).

observed there may have resulted from local harbour activi-
ties but disturbance of oil in the sediments in the vicinity of
the oyster growing site was also suspected. At the Le Croisic
site, contamination by PAHs could therefore be considered
as chronic. Other contaminants known to generate biological
responses, namely heavy metals, were also measured in oys-
ters. During this survey, the tissue concentration of cadmium
throughout the sites remained within the range of expected val-
ues on these coasts (1.5-2.5 mgkg™' DW, RNO 2004). Cop-
per levels were also found around normal at 100—150 mg kg~!
DW, except at the site Moutiers where contents 2.5 to 3 fold
higher were regularly found. The source, not related to the
spill, has not been identified yet.

When the immunological parameters of oysters reared
from year-1999 spat were compared among sites, conspicuous
immunopathological alterations were observed in November
2001 at Le Croisic (Table 3). In these oysters, the mitochon-
drial function was impaired in hemocytes as indicated by
low membrane potential, suggesting depressed cell viability.
All parameters used to assess the phagocytic function, as the
phagocytic index and the phagocytic capacity, were reduced by
50 percent compared to expected values and reflected impaired
hemocyte immunocompetence. By this time, total hemocyte
counts were high. After data processing, a high immunotoxi-
cological index (value > 10) was established in this site com-
pared with normal values expected in the range of 2—4 units
(Fig. 2b). This elevated index value summarized variations of
several elementary, immunological parameters from their ref-
erence value. All these features considered together strongly
suggest that immunosuppression occurred in these oysters
reared from year-1999 spat and settled there in spring 2000. In-
duction of immunotoxic responses in molluscs collected from
contaminated stocks is well documented (Auffret 2004). Struc-
tural alterations in hemolymph affecting cell numbers and via-
bility have been regularly reported (Pipe and Coles 1995) and
do reflect systemic, deleterious effects during the toxicokinetic
phase of contamination. Moreover, any depression of phagocy-
tosis appears as a direct evidence of impaired immune function
in individuals (Fournier et al. 2000, 2001).



Table 3. Average values for hemolymph parameters measured in oyster samples collected at the four sites during the Erika survey. Station labels and abbreviations are those used in the text.
Stock labels refer to spat from which oysters were reared in each site as described in materials and methods section. Results are expressed as the mean + SEM (n: number of individual). Nd:

no data. Site comparison at each sampling date (A-2001, S-2002 or A-2002) was made for NOO. Values that share a same letter for the same sampling date were not statistically different.

Total hemocyte Serum ACP Cell mortality a4¥, Hemocyte Phagocytic Phagocytic ROS level
Oysters counts metallothioneins index capacity
Site Stock  Sampling  10° cells mlI™!  Units.mg™' PRTS % Units ngmg~! protein % positive cells Units Units
date
Pen-Bé N99 A-2001 1.5+0.2 (15) 55+2(15) 0.7+0.1 (15) 237+22 (10) 2.04+0.29 (15) 34+2 (10) 1165+85 (10) 121+8 (10)
NOO A-2001  4.6+0.9 (15)*  57+3(15) nd 165+32 (10) 2.94+0.41 (15)°  23+3 (10)®* 79065 (10)* 100£11 (10)
S-2002  2.7+0.4 (10)* 63 +7 (10)® 0.9+0.3 (10  112+18(10)°  0.60+0.07 (10)>  51+2(10)* 1520495 (10)° 5245 (10)*
A-2002  0.8+0.1 (10)° 26 +2 (10)° 1.5+0.2 (10)° 57+5 (10) 0.15+0.05 (10) 42+3 (9) 1750455 (9)° 85+5 (10)°
NO1 A-2002  1.4+0.3 (10) 28 +3 (10) 0.7+0.2 (10) 72+5 (10) 0.38+0.12 (8) 44+4 (10) 1425+100 (10) 62+6 (10)
S-2003  4.1+1.2 (10) nd 1.0+0.3 (10) 38+3 (10) 0.35+0.06 (10) 49+4 (10) 1500115 (10)  134+25(10)
Le Croisic ~ N99 A-2001  4.1+0.6 (14) 53+3(13) 0.2+0.1(14) 40+6 (10) 2.57+0.37 (13) 21+2 (10) 675+105 (10) 77+13 (10)
NOO A-2001 2703 (13)®  59+3(14) 0.2+0.1 (15)*  446+127 (10)  1.84+0.34 (13)® 342 (10)° 780+115( 10)* 73+8 (10)
S-2002  0.9+0.1 (10)° 50 +2 (10)* 1.6+0.2 (10)*  227+14 (10)*  1.29+0.19 (10)*  56+3 (10)* 1860+85 (10)* 46+3 (10)*
A-2002  1.2+0.2 (10)* 37 £4 (10)* 0.9+0.2 (10)® 64+6 (10) 0.48+0.05 (10) 41+3 (10) 1055+85 (10)* 47+4 (10)*
NO1 A-2002  0.8+0.2 (10) 25+£2(10) 1.9+ 0.3(10) 104+11 (10) 0.46+0.08(10) 52+4 (10) 1785+120 (10) 84+10 (10)
S-2003  2.1+0.4 (10) nd 1.7+0.4 (10) 4416 (10) 0.44+0.08 (9) 38+3 (10) 1105100 (10) 59+4 (10)
NO2 S-2003  2.9+0.6 (10) nd 0.8+0.2 (10) 31+3 (10) 0.34+0.09 (10) 43+4(10) 1230+65) (10 72+7 (10)
Moutiers N99 A-2001  2.7+0.4 (15) 58 +6(15) 1.1+0.3 (14) 225+25 (10) 1.80+0.20 (15) 35+2 (10) 1080160 (10) 7145 (10)
NOO A-2001  4.2+0.5 (20)* 56 +1(18) 0.6+0.1 (20)®* 26627 (10) 1.43+0.12 (20)%*  28+2 (14)® 1140485 (14)° 91+13 (9)
S-2002 1.4+0.2 (10)° 58 +4 (10)™ 0.6+0.1(10)°* 218444 (10)*  0.50+0.09 (10)°  47+4 (10)™ 1495+80 (10)° 4245 (10)™
A-2002  0.9+0.1 (10)®  31+4(10)® 0.7+0.2 (10)* 47+5 (10) 0.17+0.05 (8) 43+3 (10) 1330475 (10)¢ 53+6 (10)*
NO1 A-2002  1.0+0.3 (10) 41 +3 (10) 1.2+0.2 (10) 90+12 (10) 0.17+0.03 (10) 32+3 (10) 945+50 (10) 5349 (10)
S-2003  2.3+0.5 (10) nd 1.2+0.2 (10) 48+7 (10) 0.25+0.07 (10) 34+4 (10) 1025+60 (10) 69+5 (10)
NO2 S-2003 3.2+0.6 (10) nd 0.9+0.3 (10) 38+6 (10) 0.15+0.03 (10) 42+3 (10) 101060 (10) 94+13 (10)
Rade NOO A-2001 2.1+£0.3 (15)° 60 +6 (15) 1.2+0.3 (15)°  217+30(9) 1.42+0.24 (15)*  21+3 (10)* 820+60 (10)* 98+7 (10)
S-2002 1.0£0.2 (10)® 70 + 4 (10)° 1.5+0.2 (10)* 88+15(10)°  1.25+0.21 (6)° 38+3 (10)° 965+35 (10)° 33+2 (10)°
A-2002  1.3x£(0.2(10)* 48 +3 (10)° 0.9 0.2 (10)® 56+5 (10) 0.42+0.10 (10) 41+3 (10) 1290+65 (10)* 78+8 (10)°
NO1 A-2002  1.0+0.2 (10) 40 £ 8 (10) 2.6+0.3(10) 109+12 (10) 0.19+0.02 (8) 45+3 (10) 2090+130 (10)  101+14 (10)
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Fig. 2. Cumulative immunotoxicological index (white bar: im-
munopathology, grey bar: immunocompetence) calculated in oysters
sampled from November 2001 to March 2002 at the three impacted
sites (a: Pen Bé, b: le Croisic, ¢: Moutiers) and at the non-impacted
area (d: Rade de Brest). The samples were grouped on the horizontal
axis according to spat characteristics. Sample labels are those detailed
in Table 1.

Stocks reared from year-2000 spat had been settled in im-
pacted sites 10 to 15 months after the spill. At Le Croisic, very
high hemocyte numbers were measured in November 2001
(Table 3). In this sample however, all phagocytosis parameters
were abnormally low. Consequently, the immunotoxicological
index reached nearly 8 units (Fig. 2b). The spring after, this
high level was maintained. Persistent alterations of immune
parameters at this site could be related to environmental stress
generated by winter conditions and possibly, hydrocarbon
release as mentioned above. At Pen Bé and Moutiers, high

index values were calculated in autumn 2001 and 2002
(Figs. 2a,c), suggesting a seasonal variation pattern. Finally,
the most severe immunotoxic alterations were observed at
Le Croisic in the first samples of the survey, more than twenty
months after the spill. This persistence of effects suggests that
they rather resulted from chronic contamination than from the
spill itself. All the sites appeared to have recovered two years
later.

In the non-impacted area, immune parameters were oc-
casionaly found altered, as a reduced phagocytic activity in
November 2001 and low numbers of circulating cells in 2002
(Table 3). Consequently, the index was above expected val-
ues (Fig. 2d) but taken as a whole, this immunological con-
dition most probably revealed temporary, environmental stress
in this estuarine site. Indeed, physico-chemical factors such
as salinity and temperature naturally varying in coastal wa-
ters may affect hemocyte activities (Fisher 1988; Anderson
1993; Auffret and Oubella 1994). Even if site-specific differ-
ences in hemocyte characteristics may occur in oysters (Oliver
and Fisher 1995), the immunological changes revealed here
strongly suggest that natural environmental factors may also
generate physiological stress. Complementary investigations
would be necessary to study its influence on immune param-
eters of benthic organisms and especially, possible synergistic
effects with pollution.

The immunotoxicological index allowed here to identify
samples suffering immunological stress, even if the reference
value had been calculated from all sites and sampling dates.
This calculation procedure was found reasonable here because
the survey was run after the major episode of contamination in
a wide geographic area. By including samples where immuno-
logical changes occurred, reference values were undoubtedly
overestimated and slight alterations obscured. To increase the
discriminating power of the method, it is recommanded that
baseline values would be obtained for this species by a long-
term survey in pristine sites and subsequently integrated in in-
dex calculation. The definition of quantitative, descriptive pa-
rameters deriving from multiparametric sets of data generally
contributes to the development of physiological biomarkers to
assess possible effects of environmental stress in contaminated
ecosystems. For immunological alterations which appear as
various structural and functional changes, the calculation of an
immunotoxicological index may increase the ecotoxicological
relevance of the observations.
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Abstract

As a part of the multidisciplinary program Biological Effects of Environmental Pollution in Marine Coastal Ecosystems of the
European Commission, this study aimed to validate immunological alterations as biomarkers of exposure to chemical contamination in
polluted areas of Western Mediterranea. The status of the immune system has been assessed in mussels (Mytilus galloprovincialis) by
measuring several immunopathological and immunocompetence parameters. Alterations of total hemocyte counts, lysosomal stability,
and phagocytosis were among the most reliable effects observed in polluted sites and suggested immunosuppressive conditions in
contaminated mussels. An immunotoxicological index was calculated from the set of individual data. By providing a single value per
sampling station to score immunological alterations in mussels, this novel approach allowed recognition of a gradient of perturbation
correlated to pollution intensity in two of the three sites monitored. Processing a set of biological parameters by this method was found
to increase the ecotoxicological relevance of such multiparametric studies for the assessement of chemical contamination in coastal

waters.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Various procedures for environmental surveys, including
monitoring programs, networks for ecological watch, and
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institutional observatories, have been set up and are now
operational for medium- and long-term monitoring of
marine ecosytems exposed to chemical contamination. It is
necessary to acquire and study biological variables as
signals produced by biota in response to habitat dis-
turbance to increase knowledge of mechanisms of action of
pollutants in coastal ecosystems and to provide better tools
for site management.

Many chemicals released in the environment are able to
generate toxicity in aquatic organisms. Recent knowledge on
biochemical, cellular, and other genotoxic effects has allowed
development of wuseful so-called exposure biomarkers
(Depledge, 1994). Among alterations identified in physiolo-
gical systems, chemically induced immunological disorders
have been well documented in an increasing number of
species. Immunotoxicology is now a fertile domain to
develop biomarkers of effect able to detect probably less
specific but sensitive signals for deleterious effects of
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environmental contamination (Luster et al., 1989; Bernier
et al., 1995; Zeeman, 1996; Burchiel et al., 1997). Any
application of such biomarkers in monitoring programs,
however, needs preliminary field studies for validation.

Several benthic species of annelids, mollusks, and
echinoderms are interesting biological models useful to
research in ecotoxicology. As filter-feeders, bivalve mol-
lusks bioaccumulate for most environmental pollutants,
including heavy metals and organics (Zatta et al., 1992;
Phillips, 1995, Gunther et al.,, 1999). The process of
bioconcentration is obviously an aggravating factor in
toxicity. Furthermore, from an ecological point of view, this
phenomenon leads to a real integration of chronic
contamination in sites usually classified as moderately
polluted. Opysters and mussels, which constitute large
populations with rapid turnovers in intertidal or subtidal
layers of estuarine ecosystems, are now considered ecosen-
tinels in ecotoxicological monitoring programs. As demon-
strated by exposure of mussels in the laboratory, several
classes of xenobiotics are able to induce severe alterations of
both structure and function in their immune system, even at
low concentration (Coles et al., 1994, 1995; Pipe and Coles,
1995). In complement, investigations on individuals
sampled in the field demonstrated that immunotoxicity
could be used to monitor adverse biological effects in
polluted areas (Pipe et al., 1995; Cajaraville et al., 2000).

The present study aimed to validate the use of
immunological alterations in the mussel Mytilus gallopro-
vincialis as biomarkers of chemical contamination within
the framework of the EC program “Biological Effects of
Environmental Pollution in Marine Coastal Ecosystems”
(2001-2004). Three polluted sites of Western Mediterra-
nean coasts were selected by the Work Package 3 (WP3)
because of their differences in contamination profile. The
main issues to be adressed here were (i) the ability of
immunological biomarkers to detect slight to marked
differences in contamination among sampling stations
within these sites and (ii) the sensitivity to other factors
such as sampling period, other environmental factors, and
biological cycles. For that purpose, a standardized set of
immunopathological and functional parameters was mea-
sured in mussels sampled twice a year to assess possible
seasonal changes in either the environment or the biota.
The former category of parameters included hemocyte
counts, cell viability, and lysosomal stability. In comple-
ment, cellular detoxication activity based on the expression
of metallothioneins in hemocytes has been investigated.
The phagocytic activity of hemocytes and the production
of intracellular ROS were evaluated as functional para-
meters.

2. Material and methods

2.1. Animals and sampling sites

Adult mussels, M. galloprovincialis, with shell length ranging from 40 to
60mm (n = 30), were collected by scuba divers from natural beds settled

on rocky shores and harbor piers. The sampling stations were located on
maps during the first campaign in May 2001 (BEEP 01) and resampled
during following campaigns in September 2001 (BEEP 02), September
2002 (BEEP 04), and May 2003 (BEEP 05). The sites were not sampled in
May 2002 because of technical problems.

The BEEP program included three sites of the Western Mediterranean
sea, in France, Italy and Spain (Fig. 1), all considered ‘“‘hot spots™ of
marine coastal pollution. The extreme variety of molecules presumably
released by human activities in these areas made the chemical charge an
unsatisfactory picture of the ecotoxicological risk. Consequently, it was
decided by the WP3 component of BEEP to study several stations in each
of the three sites to provide an extensive range of toxic potential (Beliaeff
and Bocqueng¢, 2004). The stations were located with respect to the main
identified pollution sources to follow a suspected contamination gradient.
The most distant from the hot spot was considered the reference station
(L label in the text below for low pollution level). Others were located
either at the hot spot (H label for high pollution level) or near a source of
moderate contamination (M label for medium pollution level). When a
distinct toxicological profile appeared for a given contamination level, an
additional station was sampled (sublabels a and b). For example, the
French station Ha was located near petrochemical plants when station Hb
received urban sewage. The Italian station Ha was located inside Genova
harbor and station Hb outside. The actual contamination level of the sites
was assessed through a chemical analysis for heavy metals and selected
organics provided to BEEP WP3 by other participants, namely
IFREMER-Nantes and the University of Bordeaux.

2.2. Collection of hemolymph and cell preparation

The mussels were processed on board the oceanographic research vessel
“L’Europe” chartered for BEEP campaigns. Hemolymph was withdrawn
from the adductor muscle sinus of each individual as previously described
by Auffret and Oubella (1995) and immediately processed. All steps of
assays requiring live cells were performed on board the vessel. Cell extracts
or hemolymph fluids were fixed or frozen as described below and stored on
board in appropriate conditions (refrigerator, freezer, or liquid nitrogen).
All final analyses were performed in the laboratory under standardized
conditions. Since the total volume of hemolymph obtained in a single
mussel ranged from 0.5 to 1 mL, all assays and measurements could not be
performed for each individual. Consequently, at each station, subsamples
of 10 mussels were processed as following: one for THC, one for NR
uptake and NBT assays, and one for the phagocytosis assay. The
hemolymph fluid (serum) and the cell fraction were obtained from this last
batch.

2.3. Determination of cell counts

THC were performed in flow cytometry (FACSCalibur, Becton—
Dickinson) from paraformaldehyde-fixed hemocyte suspensions (n = 10).
The flow cytometer was operated with phosphate-buffered saline
(400mOsmkg™!) as sheath fluid. The flow rate was measured to allow
absolute cell counts and the number of events set to 10,000. The results
were expressed in 10° cellsmL™".

2.4. Protein measurement

The total protein contents of hemolymph were measured using the Bio-
Rad DC assay (Bio-Rad Laboratories) in samples (n = 10) prepared on
board the vessel from freshly withdrawn hemolymph. The hemolymph
fluid and the cell fraction were obtained by centrifugation (5min, 5000g)
and stored frozen. Their protein contents, PRTS and PRTC were
expressed in mgmL™"' serum or in mgmL~' supernatant. Since direct
measurement of cell numbers could not be achieved on board, protein
measurement in total hemolymph (PRTH) allowed indirect quantification
of the number of cells in this fluid.
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Fig. 1. Geographical situation of the three sites monitored from May 2001-2003 on the French, Italian, and Spanish coasts. The sampling stations were
located according to the main identified pollution sources to follow a suspected contamination gradient. H, hot spot; L, low pollution level; M, medium.

Sublabels a and b indicate additional stations for a given pollution level.

2.5. Hydrolase release assay

To detect possible lysosomal destabilization and cell lysis, the activity
of acid phosphatase, a hydrolase naturally stored in hemocyte lysosomes,
has been measured in serum by microtitration. Hemolymph supernatants
(n = 10) were obtained by centrifugation (5min, 5000g) and frozen on
board the vessel until use. The substrate (p-nitrophenyl phosphate, final
concentration 4.4 mM) was prepared in 0.2 M citrate buffer, pH 4.6. The
assay was performed in 96-well microplates maintained 60 min at RT in
the dark. The reaction was stopped by addition of 1 N NaOH and the
plates were read at 405 nm in a Multiskan MS reader after calibration with
p-nitrophenol as a reaction standard. The unit of enzyme activity was
calculated in nmol p-nitrophenolmg protein~'h~'. The results were
expressed as units ACPS per mg PRTS.

2.6. Membrane stability assay

To detect possible membrane destabilization and loss in cell
integrity, the neutral red uptake has been assayed in hemocytes by a

method modified from Pipe (1995). The dye (NR, final concen-
tration 0.33mgmL~') was prepared in phosphate-buffered saline,
pH 7.5. Hemolymph cells from mussels (n = 10) were incubated
on board in 1.5mL plastic microtubes for 1h at RT and washed
twice in HAAS prepared according to Auffret and Oubella (1995).
After the last centrifugation, the pellets were stored at —20°C.
The amount of NR associated with the cell fraction has been mea-
sured in the laboratory and the results expressed as units per mg
PRTH.

2.7. Measurement of stress response proteins

The level of MTs in lysates prepared from the cell fraction of
hemolymph (see above) has been measured by Enzyme-linked immuno-
sorbent assay according to the protocol described by Boutet et al. (2002).
This assay used an antiserum raised against a recombinant MT obtained
from the Pacific oyster Crassostrea gigas. The results were expressed in ng
MT per mg PRTC.
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2.8. Phagocytosis assay

A protocol for measurement of the phagocytic activity by flow
cytometry has been adapted from Voccia et al. (1994) to allow on-board
processing of hemolymph cells. Briefly, for each individual (n = 10), 50 uL
of hemolymph was pipeted in 2 replicate wells of a 96-well microplate. The
cells were allowed to settle for 1h and the supernatant was replaced by
100 uL incubation medium containing 2-um yellow latex beads (Fluores-
brite , Polysciences) suspended in Tris buffer supplemented with glucose
according to Anderson et al. (1992). Considering the expected range of
THC variation in mussels, the bead concentration was set to 6 x 10’ mL ™!
to provide a minimal bead to cell ratio of about 50:1. After gently mixing,
the plate was covered and incubated in the dark for 4h at RT. Afterward,
to detach the cells, the supernatant was replaced by HAAS containing
0.5g L~ trypsin. After 3 min, buffered paraformaldehyde was added (final
concentration = 1%) as a fixative and the plate stored at 4°C. Upon
return to the laboratory, the cells were collected from the wells of the
microplate and further processed in the flow cytometer. A phagocytic
index (PI) was calculated as the percentage of events detected by the
cytometer corresponding to the fluorescence intensity emitted by at least
three beads, as recommended by Voccia et al. (1994) to consider the most
active cells in phagocytosis. The results were expressed as % positive cells.
An index of overall phagocytic capacity (PC) was calculated by CellQuest
software from the histogram of relative fluorescence intensity distribution
as the geometric mean of values provided by cells having engulfed at least
three beads. The results were expressed in arbitrary units.

2.9. Hemocyte microbicidal capacity

The production of microbicidal ROS by phagocytes has been assessed
by an assay adapted from Pipe (1995). The intracellular ROS production
was measured through NBT reduction from a soluble yellow product to
unsoluble blue formazan. Briefly, hemolymph samples (n = 10) were
distributed in replicate into 1.5-mL plastic microtubes. The cells were
chemically stimulated by the membrane stimulant phorbol myristate
acetate (final concentration 20 nM) and then incubated at RT in the dark
for 30min with NBT prepared at 0.1% in desionized water (final
concentration 0.04%). The cells were further processed according to the
original method and the optical density measured in the laboratory. The
microbicidal capacity was expressed as units per mg PRTH.

2.10. Data management

To rationalize the management of data generated through this
multiparametric analysis, a ‘“‘station immunotoxicological index” has
been calculated from the set of biological measurements as proposed by
Auffret et al. (2004) to increase the relevance of such ecotoxicological
surveys. This method initially set up with oysters was adapted here to
mussels. The principle was to cumulate, for each sample collected at a
station within a site, the variation of each parameter from a reference
value. The method included three steps for each parameter. First, the
variation for a parameter p; in a sample was considered with respect to the
ratio to its reference value. Taking the absolute value made both trends of
variations, namely increase and decrease, contribute together to the index
value. The formula was further adapted to arbitrarily affect the unit value
when the parameter was either doubled or reduced by half:

transformed p; = |log,y(mean value p,/reference value)|/log,, 2.

Second, the transformed parameters were cumulated into two groups
defined as (i) parameters concerning structural changes in the hemolymph
compartment (immunopathology) and (ii) parameters concerning func-
tional alterations in hemocytes (immunocompetence). Third, since the
number of measured immunological parameters varied among campaigns,
each index was normalized by dividing its value by the number of
variables.

2.11. Statistical analysis

All hemolymph parameters obtained from samples were compared with
a one-factor analysis of variance (ANOVA) under Statgraphics software
to discriminate among seasons, sites, and stations within sites. When a
statistical difference (P<0.05) was obtained, statistically homogenous
groups were searched among the mean values with a 95% confidence
interval. When the variances were found not equal, a nonparametric test
(Kruskal-Wallis) was applied to compare mean values.

The relationship between the immunotoxicological index and the
established pollution gradients was statistically analyzed by assuming that
if index values and contamination levels are linked then the station
ranking using the L, M, and H labels shoud correspond, respectively, to
the low, medium, and high index values. Additional stations (labeled a
and b) were not interranked here. Samples from Italy were not included in
this analysis since the expected pollution gradient was not sustained by
chemical data. If the index values were randomly distributed (i.e., if the
values were not related to pollution) then the probability of obtaining this
ranking would be

2 1

=31-1T

Consequently, the probability that obtaining a ranking of index values
fitting with the pollution gradient in the absence of any link would be
realized a minimum of X times over # trials (i.e., sampling session) is given
by a binomial distribution:

1
X—>B<E,n>.

3. Results
3.1. Analysis of chemical data

The predicted pollution gradient was sustained by
chemical measurements in sediments and mussel tissues,
except in Italy. All values for sediments were low in L
stations, except for metals in Italy (Figs. 2 and 3). In
France, M and H sites had low to moderate values for
heavy metal (Fig. 2B), whereas PAHs were high in tissues
(Fig. 3A). The low PAH concentration in 1Ha sediments
(Fig. 3B) remained unexplained considering the proximity
of huge petrochemical plants (Fig. 1). The very high level
for PCBs in 1Hb (Fig. 3B) could represent urban sewage
contribution. In Spain, the Barcelona harbor appeared
indeed as a hot spot with very high levels in metals and
organics. In Italy, unexpectedly high levels were measured
in sediments of the presumed less-contaminated (L and M)
stations, especially for chromium, lead, and copper
(Fig. 2B). However, this was not the case in mussel tissues
(Fig. 2A). The very high value for PAHs in sediments from
2 M station (Fig. 3B) likely resulted from a huge oil spill
(tanker “Haven’’) that occurred in 1991 in this area.

3.2. Overall hemolymph status of mussels:
immunopathological parameters

The mean values for each immunological measurement,
standard deviations, and sample sizes, are given in Table 1
with results of the statistical analysis.
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Fig. 2. Heavy metal contents measured in mussel soft tissues (A) and in sediments (B) at the three sites monitored during this study. Values are expressed
in ng.10*g DW~! for Cu, Pb, and Cr, in ng.10>g DW~! for Zn, and in ng.10* g DW " for Cd and Hg. The sampling stations were located according to the
main identified pollution sources to follow a suspected contamination gradient. H, hot spot; L, low pollution level, M, medium. Sublabels a and b indicate

additional stations for a given pollution level.

At the French site, the highest THC values were
obtained in mussels collected from medium or highly
polluted stations. The same pattern was observed in Spain,
except in September 2002 and May 2003. In contrast,
uneven variations occurred in Italy. Positive THC gradi-
ents with increasing exposure level appeared in Spain and
France in September 2001 (P = 0.03 and 0.001, respec-
tively) and 2002 (P<0.001).

A moderate augmentation of total serum proteins
regularly occurred in French contaminated stations but
was significant (P = 0.012) only in September 2001. In
Spain, a comparable trend was observed, except in May
2003, when very low values were measured in all
contaminated stations. In Italy, uneven variations occurred
throughout the survey.

The NR uptake by hemolymph cells was reduced at
Spanish contaminated stations in September 2002
(P =0.001) and May 2003 (P = 0.002) but no comparable

effect could be detected at the other sites. No data were
available before September 2002. Another potential
indicator of cellular damage, the release of lysosomal
acid phosphatase, gave no clear pattern throughout the
survey. Occasionally, as in Spain in May 2001 or in
France in September 2002, the ACPS level increased at
contaminated stations (P = 0.01 and 0.024, respectively)
but no correlation with a reduced NR uptake could be
established.

In May 2001, MT levels were higher at all French
stations exposed to contamination (P = 0.06), except at the
additional station 1HDb located near the city of Marseille.
This parameter was also high (P =0.019) at Barcelona
harbor in May 2001 and again in September 2001
(P=0.06). In Italy, an wunexpected lower level
(P = 0.078) was found in September 2001 at the M station
relative to the other locations. No gradient appeared in the
French site.
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Fig. 3. Organic contaminant contents measured in mussel soft tissues (A) and in sediments (B) at the three sites monitored during this study. White bars,
total PCBs; dark bars, total PAHs. Values are expressed in ng.10*g DW ™! except for PAHs in sediments which were in ng.10°g DW~'. The sampling
stations were located according to the main identified pollution sources to follow a suspected contamination gradient. H, hot spot; L, low pollution level;
M, medium. Sublabels a and b indicate additional stations for a given pollution level.

3.3. Functional alteration: hemocyte immunocompetence
parameters

For each individual, two complementary parameters
were measured in hemocytes to explore possible alterations
of the phagocytic function. In September 2001, both
indexes (PI and PC) were simultaneously reduced at all
French (P =0.001 and P<0.001) and Spanish (P = 0.08
and P<0.001) polluted stations. The trend in effect
intensity was in correlation with the gradient of contam-
ination. However, these alterations were not found again
the year after. In May 2001, the level of intracellular ROS
production was severely reduced at several impacted
stations at the three sites. This response was observed

again in September 2001 in France (1Ha, P = <0.001) and
Italy (2M and 2Ha, P<0.001). In contrast, elevated ROS
levels were measured at two polluted stations, in France
(1Hb) and Spain (3Ma) (P<0.001).

3.4. Comprehensive analysis: integrated
immunotoxicological index

A key step for the calculation of the immunotoxicolo-
gical index was to obtain a reference value. This was
achieved through a preliminary analysis where results
obtained at all L stations were statistically compared to
assess any seasonal or site effect. The results of this analysis
have been summarized in Table 2. A clear seasonal effect



Table 1
Average values for hemolymph parameters measured in mussels collected during four BEEP campaigns (A: BEEP 01 / May 2001; B: BEEP 02 / Sept 2001; C: BEEP 04 / Sept 2002; D: BEEP-05 / May
2003) in the sampling stations at the three sites (1: France; 2: Italy; 3: Spain)

Stations Hemolymph parameters

THC PRTS ACPS MTH NR PI PC ROS

(10° cellsmL™") (mgmL~" serum) (unitsmg~' PRTS) (ngmg~' PRTC) (unitsmg~' PRTH) (% positive cells) (units) (unitsmg~' PRTH)

Mean SD n Mean SD n Mean SD n Mean SD n Mean SD n Mean SD n Mean SD n Mean SD n
A
IL 1.67 1.68 10 0.74 0.28 10 260 104 10 13.03 242 10 nd nd nd 1.04 0.63 10
M 3.23 1.68 10 0.83 0.40 10 266 139 10 14.53 3.85 8 nd nd nd 0.51 0.19 9
1Ha 1.79 0.62 10 0.90 0.48 10 282 157 10 17.63 5.31 8 nd nd nd 0.52 0.18 10
IHb 233 1.33 10 0.82 0.51 7 355 318 7 13.30 2.99 9 nd nd nd 0.81 0.25 10
P value 0.074 @ 0.86 ¢ 099 ® 0.06 ¢ 0.003 @
2L 1.51 0.93 10 1.00 0.38 10 226 101 10 4.41 1.34 10 nd nd nd 0.69* 0.13 10
2M 3.28 2.06 10 0.68 0.16 9 312 86 9 5.10 0.95 10 nd nd nd 0.47° 0.14 10
2Ha 1.84 1.29 10 0.88 0.48 9 306 102 9 6.68 4.10 10 nd nd nd 0.64° 0.23 10
2Hb 2.44 1.08 10 0.65 0.23 9 263 69 9 5.48 2.24 9 nd nd nd 0.43° 0.17 10
P value 007 ® 0.14 @ 0.15 ¢ 044 @ 0.004 &
3L 2.23% 1.43 10 0.64 0.29* 9 183* 64 9 9.17 1.33 6 nd nd nd 0.81* 0.12 10
3Ma 2.32¢ 1.75 10 1.42 0.40° 10 141% 40 10 10.97 3.79 10 nd nd nd 0.57¢ 0.16 10
3Mb 3.33¢ 1.13 10 1.17 0.28> 10 199" 59 10 11.48 4.12 10 nd nd nd 0.69° 0.13 10
3H 5.60° 2.14 10 1.01 0.31° 9 246° 86 9 19.51 9.76 10 nd nd nd 0.364 0.06 10
P value 0.000 & 0.000 & 0.01 & 0.019 ® 0.000 ¢
(B)
IL 1.66° 1.40 9 0.66 0.33 9 87 20 9 5.23 0.46 3 nd 25.2° 10.0 9 665 183 8  0.69 0.09 6
IM 2.86"° 1.32 10 1.04 0.35 10 65 47 10 5.75 1.68 8 nd 17.7%° 8.9 10 432 35 10 0.81 0.35 10
1Ha 3.320 1.69 9 1.77 0.93 9 64 35 9 5.96 1.95 6 nd 15.9° 7.4 10 422 50 10 0.25 0.06 10
1Hb 5.05¢ 1.71 9 1.13 0.52 8 48 24 8 591 1.53 6 nd 8.3¢ 5.5 10 403 29 10 1.24 0.10
P value 0.001 & 0.012 ® 0.14 ¢ 093 ¢ 0.001 & 0.000 @ 0.000 ®
2L 2.24 1.62 9 0.89 0.37 10 74 29 10 6.88 233 3 nd 11.9 4.7 10 445 4 10 090 0.18 10
2M 2.16 1.80 10 0.71 0.26 10 97 30 10 4.40 1.11 4 nd 15.8 7.8 10 424 41 10 030 0.18 10
2Ha 2.48 0.99 9 1.50 0.58 10 73 23 10 7.96 2.69 9 nd 16.6 8.1 10 496 94 10 0.55 0.07 9
2Hb 2.29 0.92 10 0.65 0.12 10 67 9 10 8.33 0.75 3 nd 17.9 7.1 10 470 43 10  0.71 0.32 8
P value 0.96 ¢ 0.000 ® 0.063 ® 0.078 & 0.28 ¢ 0.06 ® 0.000 ®
3L 1.23 0.83 10 0.72 0.38 10 74 28 10 7.79* 1.71 5 nd 22.1 6.5 10 505% 74 10 0.17 0.12 7
3Ma 2.41 1.25 10 0.77 0.24 10 68 21 10 7.81% 1.55 9 nd 18.6 8.2 10 505* 42 10 1.16 0.30 10
3Mb 3.97 2.90 8 1.20 0.60 7 133 106 5 6.29* 1.09 5 nd 20.7 13.5 8 377° 54 8 047 0.13 8
3H 5.60 3.34 10 1.09 0.31 10 83 35 9 9.72° 1.70 8 nd 13.6 4.7 9 413° 34 9 039 0.14 10
P value 003 @ 0.025 @ 055 @ 0.06 ¢ 0.08 ® 0.000 4 0.000 ®
©)
1L 0.58 0.26 10 0.92 0.24 10 35¢ 21 10 nd 0.85% 0.18 10 46.4 10.9 10 948 144 10 0.28 0.17 10
IM 1.02 0.49 10 1.19 0.49 10 73° 33 10 nd 0.85% 0.12 10 39.7 8.8 10 773 236 10 0.22 0.15 9
1Ha 293 1.00 9 1.06 0.32 10 74° 40 10 nd 0.69* 0.16 10 45.7 9.8 10 782 119 10 032 0.19 9
1Hb 2.12 1.47 10 0.55 0.20 10 66° 27 10 nd 1.09° 0.27 10 4.8 11.2 10 911 138 10 029 0.15 9
P value 0.000 @ 0.16 ® 0.024 & 0.000 4 0.50 ¢ 0.043 @ 0.68 ¢
2L 0.76 0.47 9 0.40* 0.16 10 131 68 10 nd 0.75 0.29 10 34,5 10.9 8 1102* 177 8 030 0.12 10
2M 1.01 0.50 10 1.08° 0.33 10 54 17 10 nd 0.56 0.18 10 36.3%° 8.9 10 717° 113 10 023 0.16 10
2Ha 0.85 0.31 10 0.90° 0.27 10 99 46 10 nd 0.50 0.09 10 28.3% 8.1 10 591° 87 10 0.23 0.16 9

SOP—56€ (9002) £9 A12fvs [pruswio.paug pun £60jod1xo100g [ v 12 124ffny W
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Table 1 (continued)

Hemolymph parameters

Stations

ROS

PC

(units)

PI

NR

MTH

ACPS

PRTS

THC

(unitsmg™' PRTH)

(ngmg~' PRTC) (unitsmg™~' PRTH) (% positive cells)

(unitsmg™' PRTS)

(mgmL~" serum)

(10° cellsmL ")

SD

n Mean

Mean SD

n

SD

Mean

SD

Mean

SD

Mean

Mean

SD

Mean

SD

Mean

0.11
0.033 @

863° 150 10 0.14
0.000 4

10

43.2° 8.4
0.014

10

0.48
0.008 @

0.90

0.51 10 0.89° 0.26 73 30 nd
0.56 & 0.032 ¢ 0.001 @

1.00

2Hb

P value

10

0.14
0.08
0.18
0.46
0.67 ®

0.29
0.27
0.28
0.53

223

1235
1174
1206

1111

10
10
10
10

10.7

39.7

10
10

65
80

9
46

0.

2.47%

nd
nd
nd

10
10
10
10

72
46
71

124

10
10
10
10

0.28
0.14
0.18
0.22
0.000 @

0.54
0.63
0.60
0.78

0.69
0.54
0.56
1.72

0.000 ®

1.41
1.19
0.69
345

3L

10
10
10

159
231
326
073 &

8.0
7.7
12.2
024 &

49.3

0.

1.82°
1.37°
1.50°

119
101

3Ma

453

0.3

3Mb
3H

44.5

10

0.
0.001 &

nd

41
0.68 ¢

97

10
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P value

(D)
3L

10
10
10
10

0.40
0.36
0.64
0.12
001 ®

1.26
1.44
0.94
0.85

10

353
257
272

1133
711
986
585

10
10
10
10

10.1

37.8

10
10
10
10

0.38
0.37
0.59
0.11
0.002 @

1.75
1.58
1.17

0.99

nd

nd
nd
nd
nd

10
10
10
10

0.28
0.07
0.05
0.05
0.000 ®

1.40
0.29
0.19
0.28

10
10
10
10

0.54
0.99
0.81
1.38
0.27 &

1.30
1.69

1.

10
10
10

9.7
9.8
11.3

0.15 ¢

30.8

nd
nd
nd

3Ma

41.1

06

3Mb
3H

104
0.001 @

34.5

1.84

P value

Station labels are those used in the text. THC: total hemocyte counts, PRTS: total serum proteins, ACPS: serum acid phosphatase, MTH: hemocyte metallothioneins, NR: neutral red uptake, PI:

phagocytic index, PC: phagocytic capacity, ROS: reactive oxygen species. The P value calculated from the data are indicated for each site (¢: ANOVA, @: Kruskal-Wallis). Means that share a letter

were not different (ANOVA, confidence interval for 95%). SD = standard deviation; n = sample size, nd = no data.

Table 2

Probability levels generated by the statistical analysis of hemolymph
parameters measured in mussel samples from the three low-impacted (L
label in the text) stations during the BEEP campaigns

Immunological parameters Season Site
THC: total hemocyte counts 0.04 0.12
PRTS: total serum proteins 0.001 0.77
ACPS: serum acid phosphatase 0.000 0.45
PI: phagocytic index 0.08 0.004
PC: phagocytic capacity 0.008 0.10
ROS: reactive oxygen species 0.000 0.93

Data were obtained by ANOVA or Kruskal-Wallis analysis as described
in the text.

(P = 0.08) was detected for most parameters, except for the
phagocytic index. Conversely, this parameter alone had a
significant site effect. These findings made it necessary to
calculate a distinctive reference value for each site and
sampling season, i.e., spring and autumn.

When the calculated values were examined, a gradient of
index values vs. pollution intensity appeared in Spanish
spring samples (Figs. 4A and B). At this site, the most
impacted station (Barcelona harbor) had a very high index
in 2001 (Fig. 4a). However, this value was due to a major
contribution of the immunocompetence index. It is noticed
that this value had been calculated only from ROS
measurements (refer to Table 1A). In the other samples
collected in spring, uneven variations were observed.
Moreover, the fact that two of the L stations had zero
value in 2001 prevented running any comprehensive
analysis.

In autumn samples, increased index values were asso-
ciated with high contamination levels, except in France in
2002 (Figs. 4C and D). A clear gradient evoking a
dose—effect response appeared from stations L to stations
H in 2001 in France and Spain (Fig. 4C). The relative
contribution of the immunocompetence index was found
particularly high there. In 2002, the values in Spain again
followed a positive gradient (Fig. 4D). In Italy, no
consistent pattern could be distinguish in any autumn
sample. In 2001 and 2002, elevated indexes were calculated
at all stations (Figs. 4C and D) whereas in spring 2001, one
of the most polluted stations (2Ha) had the lower value at
this site (Fig. 4A).

The relationship between the immunotoxicological index
and the established pollution gradients has been statisti-
cally analyzed. In the present study, among seven sampling
sessions (one per site and per campaign, please refer to
Figs. 4A and B for France and Spain), only six trials could
be considered for analysis, one (site 1/May 2001) being
excluded because as mentioned above, the L station there
had a zero value. The ranking for index values which fitted
with the established gradient occurred five times among six
trials: site 1 for Sept 2001 and site 3 for all campaigns. The
calculated probability to obtain this score (or greater) in
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Fig. 4. Set of integrated immunotoxicological indexes calculated from immunological parameters measured from May 2001 to 2003 at the three sites.
Values obtained for each of the two groups of parameters (immunopathology, white bars, hemocyte immunocompetence, dark bars) were cumulated for
each station: (A) BEEP 01/May 2001; (B) BEEP-05/May 2003; (C) BEEP 02/September 2001; (D) BEEP 04/September 2002. The sampling stations were
located according to the main identified pollution sources to follow a suspected contamination gradient. H, hot spot; L, low pollution level, M, medium.

Sublabels a and b indicate additional stations for a given pollution level.

the case of independence between the index value and the
pollution level was P = 0.00002. This very low value clearly
indicated that the values of the immunotoxicological index
and contamination levels along the expected gradients were
linked.

4. Discussion

The internal defense of bivalve mollusks appears a quite
simple system based on innate mechanisms where cellular
and humoral processes together insure cytotoxic and
antimicrobial functions (Lorteau et al., 1995; Roch,
1999). Nevertheless, this system works with a complex
organization of hemolymph cells—or hemocytes—and
correct assessment of contamination may require examina-
tion of several complementary functions as recommended
by Luster et al. (1989). Using bivalve mollusks as models,
immunotoxicologists have to develop a full set of biological
assays to make a diagnosis of immunosuppression (Auf-
fret, 2005). To assess the immunological status of mussels
and to detect possible alterations linked to contamination
levels, the present multiparametric analysis had to include

different levels of physiological organization and biological
significance. An overall hemolymph status of mussels was
established by measuring immunopathological parameters
reflecting both systemic changes in individuals and cellular
damage.

4.1. Immunological alterations in mussels

Changes in hemocyte counts and serum composition are
among unspecific, early effects of physiological alterations
which are classified as immunopathological parameters.
During this 2-year survey, hemocyte counts greatly varied
among sampling stations. The total cell counts were often
increased in the polluted stations and a relationship with
the expected gradient of contamination could be observed
at the French and Spanish sites. Variations in hemolymph
cellular composition, as total and differential counts, were
among the first physiological disturbances described in
bivalves exposed to environmental stressors (Anderson,
1988; Fisher, 1988). In mussels, exposure to heavy metals
or hydrocarbons generated elevated circulating hemocyte
numbers (Coles et al., 1994, 1995; Pipe et al., 1999). The
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observed increase in circulating hemocytes at the polluted
stations monitored here may indicate a chemical stress
induced by environmental contamination. In bivalve
mollusks, hemocytes normally associated with interstitial
tissues would be transferred in circulation as a consequence
of cell disturbance as a loss in adhesion properties (Auffret
and Oubella, 1997). Such a phenomenon could explain this
alteration of cell counts.

The serum fraction has been analyzed to obtain basic
information on the (i) composition of the internal fluid, (ii)
possible individual physiological alterations originating
from environmental changes, and (iii) xenobiotic-induced
cellular damage. Indeed, the amount of total proteins was
regularly increased at the most polluted areas. This
parameter is known to have a good short-term regulation
capability in response to environmental stress such as
osmotic shocks or to nutritional stress (Hand and Stickle,
1977; Thompson et al., 1978). Experimental chemical
contamination of mussels resulted in release of proteins
from hemocytes (Pickwell and Steinert, 1984). Conse-
quently, under nonpathological conditions, alterations of
protein levels could reflect severe tissue damage or
metabolic disorders triggered by contamination. Since this
parameter and variations of hemocyte numbers appeared
to vary during the present survey in the same trend when
contamination increased, it is suggested that the observed
variations in total serum protein levels reflected early
physiological alterations in mussel hemolymph. Individuals
sampled in autumn appeared more responsive. The fact
that several samples were missing may have obscured
responses in spring. However, taking into consideration
that reproductive cycles in bivalve mollusks induce changes
in the biochemical composition of hemolymph (Thompson,
1977), it is recommended that only individuals sampled in
the same period (i.e., season) and in a given geographical
area should be compared for this parameter.

Cellular organelles such as lysosomes are sensitive
targets of many environmental contaminants that induce
various degrees of membrane destabilization, making
lysosome diagnosis a promising approach for the develop-
ment of key biomarkers (Allen and Moore, 2004). In
mussels, lysosomal disruption is a degenerative process
able to alter hemocyte functions such as phagocytosis
(Grundy et al.,, 1996). Indeed, the NR uptake was
decreased at most French and Spanish polluted areas,
reflecting an alteration of the endocytic ability of hemo-
cytes. These results are not in agreement with observations
by Cajaraville et al. (1996) of increased NR uptake in
mussels sampled at a polluted site. However, these authors
suggested that an enhancement of defense mechanisms
such as endocytosis could have been triggered in a situation
of moderate pollution. In experimental mussels, polycyclic
aromatic hydrocarbons were found to reduce NR uptake
(Grundy et al., 1996), whereas exposure to copper had no
effect (Pipe et al., 1999). Indeed, in this study, areas
contaminated by hydrocarbons such as 1Ha and 2M
provided low values for this parameter.

The level of ACPS, a hydrolase possibly released in the
case of lysosomal membrane disruption, was measured as a
marker of severe cellular damage. In most cases however,
this parameter displayed wide intersample variations with
no correlation with pollution intensity. Finally, no
established relationship appeared between these para-
meters although they were both expected to demonstrate
membrane damage. A possible explanation for this is that
the intensity of damage necessary to trigger ACPS release
or NR uptake reduction requires a different threshold of
contamination.

In addition to the deleterious effects of xenobiotics, the
cellular stress level based on MT expression has been
investigated in circulating hemolymph cells. These proteins
are known as potential indicators of metal ion exposure and
cellular detoxication processes (Roesijadi, 1994). Experimen-
tal exposure to heavy metal induced elevated MT levels in
the digestive gland and gills of oysters (Boutet et al., 2002). In
mussels exposed in situ to high concentrations of metals,
Geffard et al. (2005) reported that MT synthesis may vary
between tissues and seasons, the digestive gland being the
most convenient matrix for MT determination. In the
present study, high MT levels were measured in hemolymph
cells from mussels collected in the hot spot at two sites. In
Spain, the fact that MT induction did not occur in M
stations is particularily meaningful since these sampling areas
mostly received an organic contamination unlike that in
Barcelona harbor where high tracemetal levels were mea-
sured by BEEP participants (see above). This clearly
confirms that the toxicological profile of polluted sites is a
determining factor when MT induction is used as a
biomarker. Unclear differences arose when comparing M
vs. L stations, suggesting that a background stress level in
coastal waters could partially mask the effects of moderate
levels of chemical contaminants. Actually, MTs may be
induced by chemicals other than metals, especially those able
to generate cellular oxidative stress (Klaassen et al., 1999). In
addition, Isani et al. (2000) indicated that, in mollusks, the
physiological state can affect the turnover of these proteins.
It was also noticed in this study that mussels from H stations
displayed a very variable response, possibly related to
individual variability in populations. Further studies on
MT gene polymorphism in mussels could clarify this point.

The capacity of hemocytes to adequately perform their
role in internal defense against pathogens has been assessed
by evaluating their immunocompetence. In laboratory
experiments, chemical contamination impaired the phago-
cytic activity of clam hemocytes (Fournier et al., 2001). An
inhibitory effect was also demonstrated in several species
when hemocytes were incubated in vitro with metals
(Auffret et al., 2002; Brousseau et al., 2000). In September
2001, both phagocytic indexes were reduced at French and
Spanish polluted stations. The conspicuous correlation
between these alterations indicated that the mussels there
experienced a dramatic loss of defense capacity against
pathogenic microorganisms. Reactive oxygen intermedi-
ates are produced by phagocytes upon challenge with
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foreign particles (Badwey and Karnowsky, 1980). This
microbicidal mechanism has been demonstrated in fish
leucocytes (Sharp and Secombes, 1993) and invertebrate
hemocytes (Adema et al., 1991; Anderson, 1994). Altera-
tion in the production of those radicals has been
demonstrated in oyster hemocytes exposed in vitro to
organic pollutants (Anderson et al., 1997) or to heavy
metals (Larson et al., 1989). In this study, decreased ROS
levels were regularly observed but this response did not
appear to be the rule at contaminated sites. Occasionally,
the ROS level rose as a probable consequence of an excess
of oxidant radicals in cells. Some oxidative stress may have
occurred in hemolymph cells of these mussels. This could
be confirmed by complementary measurements of oxida-
tive damage in cells.

4.2. Comparison of sites and campaigns

When data obtained from mussels collected during the 3
years of the survey in the three nonimpacted stations were
compared, a seasonal effect in the variability of immuno-
logical parameters was indicated. Such findings in this
species were mentioned by Beliaeff and Bocquené (2004)
for acetylcholinesterase inhibition levels. As many biologi-
cal functions of bivalve mollusks which undergo marked
seasonal cycles, their immune status may also vary during
the year (Auffret and Oubella, 1994; Oliver and Fisher,
1995). In addition, seasonal environmental factors were
suspected to affect alterations of immunological para-
meters in response to contaminants in mussels and oysters
(Pipe et al., 1995; Fisher et al., 2000). Among immune
parameters measured in this study, changes in cell counts
and phagocytosis-related mechanisms appeared to be
the most affected. Observations of variable numbers of
infiltrating hemocytes in interstitial tissues in mussels from
the Atlantic coast of Spain were indicative that these cells
could be involved in physiological functions other than
immune defense (Cajaraville et al., 1996). Moreover, this
parameter was found to vary on a seasonal basis. In bivalve
mollusks, gametogenesis is probably one of the most
demanding biological events with regard to tissue changes.
Reporting seasonal changes in oyster immune character-
istics, Fisher et al. (2000) warned that such variations might
obscure pollutant related differences among sampling sites.
Recent data in fish on the incidence of pollution effects
depending on sex have revealed differences in metabolic
responses (Koehler and Van Noorden, 2003). In bivalve
mollusks, the observation that pollution altered the
seasonal pattern clearly indicates that natural cycles have
to be considered in sentinel species. Further work is needed
to investigate how sex-related differences but also, in a
more general approach, all metabolic changes could affect
immunological biomarkers.

Another outcome of this long-term study is the
observation of a site effect which indicated that mussels
from different parts of Western Mediterranea were
biologically different. Local environmental conditions

may be suspected rather than populational differences
since Daguin et al. (2001) stated that no genetic differ-
entiation occurred in Mediterranean mussel populations.
Consequently, a site-per-site data processing was required
here and a lightly contaminated station was systematically
included in each area to draw near to reference conditions.
This approach allowed establishment of within-site com-
parisons and validation of immunotoxicological alterations
as biomarkers in these mussel populations.

4.3. Integrated immunotoxicological index: comparison of
sites

The parameter-by-parameter analysis discussed above
has allowed correlation of immunopathological and func-
tional alterations corresponding to immunosuppressive
conditions with high levels of exposure. At that point, any
comprehensive analysis remains hard to achieve for at least
two reasons. First, each mussel sample has provided
between five and seven biological parameters as reported
in Table 1. Second, as for most physiological functions,
immune parameters may be enhanced or depressed in
response to stressful conditions (Luster et al., 1989). This
situation was experienced by Oliver et al. (2001) and Fisher
et al. (2003) who reported stimulated defence factors in
oysters collected from polluted sites. In bivalve mollusks,
functions linked to phagocytosis (internalization, respira-
tory burst) particularly appear to follow this rule (Auffret,
2005). In an attempt to increase the ecophysiological
significance of this multiparameter study, a comprehensive
approach recently proposed by Auffret et al. (2004) was
applied and adapted to the actual set of data. For that
purpose, an immunotoxicological index was calculated for
each sampling station. The calculation of this index
integrated both trends of parameter variations: depression
and stimulation. Reference values per site and per sampling
period (spring and autumn) were obtained from samples
exposed to the minimal pollution level (L stations)
considering that, as mentioned above, a natural immuno-
logical variability occurred among populations and seasons.

When values obtained during this study were examined
with regard to each pollution gradient, the discriminating
power of this index was clearly demonstrated at the
Spanish site. Indeed, Barcelona harbor regularly displayed
the higher value, compatible with heavy pollution originat-
ing from shipping and industrial activities. The lower value
was always obtained in the L station. The uneven index
levels observed near the Ebro delta may reflect a chronic
contamination generated in this river by intensive agricul-
ture.

In France, the 2001 autumn sample provided a
conspicuous index profile with high wvalues for all
contaminated stations. In spring 2001, two of those (1M
and 1Ha) had comparable high indexes. These stations
were localized, respectively, near the delta of the Rhone
river which receives industrial sewage and close to huge
petrochemical plants. However, no real distinction among
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these stations arose from the chemical data provided by
BEEP participants. It is noted that the 1Hb station had a
distinct toxic potential due to urban sewage.

In contrast, this study did not discriminate among
Italian stations. Actually, it appeared that no gradient
emerged from the chemical analysis of tissues and sediment
there. Because a comparable response pattern was ob-
served in 2001 and 2002, it is suggested that more complex
environmental conditions affecting the impact of contami-
nants on mussel populations occurred at this Italian site.

5. Conclusions

Results obtained after this 2-year survey demonstrate
that measurable cellular changes could be detected in the
immune system of mussels collected from several polluted
areas. Especially, immunopathological alterations such as
hemocyte counts in hemolymph and cell membrane
integrity were found correlated with contamination levels.
Among functional parameters, those assessing the phago-
cytic and antimicrobial capacities of hemocytes appeared
interesting discriminant tools. In view of the biological
meaning of these alterations, individuals from several
polluted stations could be considered to suffer immuno-
toxic effects. However, it should be noticed that all
parameters measured here did not always respond simul-
taneously. A differential threshold to trigger these various
responses should be suspected. These considerations
emphasize the need to run a set of parameters in a
multiparametric analysis to establish a pertinent immune
diagnosis for the individuals. By providing a single value
per site (i.e., each mussel sample), the calculation of an
integrated immunotoxicological index allowed recognition
of a gradient of perturbation correlated to the actual
pollution gradient at two sites. However, this profile
appeared inconstant at the French site. It is suggested that
further studies focus on temporal variations of immune
parameters in model species over a pluriannual period at
sites selected for contrasted profiling of the chemical
environment. This approach could enhance the potential
of bivalve immunotoxicology to provide ecotoxicology
with operational effect biomarkers.
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VIl. Synthese

Ce chapitre visait a établir une base méthodologique pour la validation des outils
immunotoxicologiques pour 1’étude du risque chimique environnemental en milieu marin.

Les comparaisons de techniques et de méthodes d’évaluation des paramétres
immunitaires entrepris dans la section II ont mis en évidence I’importance critique du site de
prélevement des hémocytes pour le diagnostic immunotoxique, certainement liés a des
patterns hémocytaires différents. Les ateliers internationaux d’harmonisation dont les résultats
sont présentés dans la section III ont permis de définir un protocole d’analyse, par cytométrie
en flux et en microplaque, adapté a 1’évaluation environnementale individuelle de grandes
populations. Ces résultats pourront étre utilisés dans I’évaluation environnementale de
plusieurs sites ateliers proposés par le Réseau Atlantique Bivalves.

La nécessité de procéder a des études individuelles de toxicité sur le systeme
immunitaire de bivalves de condition physiologique initiale connue, a motivé les travaux de la
section IV et V. Le protocole d’exposition, « in tubo », offre ainsi des conditions d’exposition
individuelle standardisées, la possibilit¢ de mesurer un indicateur de suivi expérimental,

I’activité de filtration tout en réduisant le risque chimique pour I’utilisateur. Ce protocole est

une alternative aux tests in vivo et in vitro adapté a 1’évaluation du risque environnemental en

milieu marin cotier.

Les résultats présentés dans la section VI rendent compte du développement et de
I’utilisation opérationnel d’un indice cumulé immutoxicologique et permet un diagnostic
global du risque chimique environnemental d’un site d’intérét ou d’une substance chimique.

Dans le chapitre suivant, sera étudié I’impact de facteurs autres que chimiques sur les

outils immunotoxicologiques chez les bivalves.
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I. Introduction

L’étude des effets toxiques de substances chimiques sur le systéme immunitaire a
permis 1I’émergence de nouvelles questions, notamment en ce qui concerne les interactions
entre le systtme immunitaire et les autres fonctions physiologiques (Woolhiser et al., 2005).
Chez les rongeurs ou les pinnipédes, les effets immunotoxiques du chlorure de mercure
different selon le sexe. Chez les invertébrés, les paramétres immunitaires, en dehors de tout
contexte de perturbation chimique, peuvent varier au cours des mois (Auffret et Oubella,
1997; Petrovic et al., 2004; Lemaire et al.). L’hypothése de I’implication de facteurs
endogeénes, comme la période de ponte des bivalves (Cartier et al., 2004; Soudant et al., 2004;
Cho et Jeong, 2005) a été avancée mais n’a pas pu étre clairement démontrée faute de suivi du
cycle reproducteur ou de données individuelles. Des facteurs exogeénes, comme Ila
température, la qualité nutritive ou encore la perturbation mécanique, étudiés en tant que
stress aigue, peuvent aussi moduler les paramétres immunitaires chez 1’huitre creuse, I’huitre
de Virginie ou la palourde japonaise (Ballarin et al., 2003; Delaporte ef al., 2003; Hégaret et
al., 2003a, 2003b; Hégaret et al., 2004; Delaporte et al., 2005). Néanmoins, dans ce travail
dont ’ambition est d’étudier les paramétres immunitaires dans des conditions adaptées aux
conditions environnementales des bivalves, il était indispensable d’observer les variations
saisonniéres des paramétres immunitaires en méme temps que les paramétres physico-
chimiques de la colonne d’eau. Ainsi, ce chapitre sera divisé en deux parties. L’étude de
I’impact de la reproduction sur les paramétres immunitaires sera d’abord réalisée chez I’huitre
creuse en comparant deux lots d’individus n’ayant pas la méme ploidie. Ensuite, I’impact des
parametres physico-chimiques du milieu sera étudié¢ chez une espéce qui n’a pas le méme

cycle reproducteur, la moule.



166

Il. Etude des variations saisonniéres des paramétres
immunitaire en fonction du sexe, du stade de maturation et de

la ploidie chez I’huitre creuse, Crassostrea gigas



Chapitre 4. Impact des lacteurs saisonniers et endogénes 167

Seasonal variations of immune parameters in diploid and triploid Pacific

oysters, Crassostrea gigas (Thunberg)

Article accepté a Aquaculture (2007)

Matthieu B. Duchemin® 2’E', Michel Fournierz., Michel Auffret!

"Laboratoire des sciences de 1’environnement marin, UMR CNRS 6539, Institut Universitaire
Européen de la Mer, place Nicolas Copernic, 29 280 Plouzane — France

*Institut Armand Frappier, Institut National de la Recherche Scientifique, Campus Pointe-
Claire, 245 Hymus, Pointe-Claire, 9R 1G6, Quebec — Canada

“tel: +33(0)298498677 fax : +33(0)298498645 email : matthieu.duchemin@univ-brest. fr

Abstract

During the last two decades, knowledge of shellfish immunology has been largely
improved and the immune status of bivalves can be assessed by the measurement of both
cellular and humoral parameters. Previous monitoring studies which the immune status of
bivalve molluscs has been assessed have demonstrated that many parameters may vary greatly
among sites and seasons, suggesting that environmental and endogenous factors may affect
this system. Reproduction may also interfere with the immune system. This study focuses on
the seasonal variations of the immune parameters in two batches of Pacific oysters differing
by their ploidy, diploid’s and triploid’s. The oysters were sampled from a French oyster farm
over two reproductive periods. Selected immune parameters investigating haemocyte integrity
and immunocompetency were analysed monthly by flow cytometry. Histological observations
were made in gonads to discriminate gender and gametogenesis stages. Results indicate that
immune parameters in both diploid and triploid oysters exhibited marked seasonal variations.
Phagocytosis index was significantly low during spawning before reaching a maximum in
autumn. Triploids also appeared to be less sensitive to environmental cues than diploids.
Taken as a whole, alterations observed in maturing individuals corresponded to a depressed
immune status in late spring, at a time corresponding to the spawning period. Furthermore,
grouping by sex of ongoing gametogenesis individuals revealed uneven immune alterations
among males and females. Finally, grouping sexual maturation stages showed evidence of a

peculiar stressful event during early gametogenesis, perhaps under endogenous control.
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1. Introduction

The production of the Pacific oyster, Crassostrea gigas, is the highest in global and
French shellfish production (FAO, 2003). Oysters are reared on coastal producing sites and
therefore are exposed to seasonal environmental changes throughout the annual cycle. Natural
individuals are diploids but triploids' production has been introduced in aquaculture in the two
last decades in order to enhance growth versus reproduction in fish and in shellfish. The
reproductive cycles of diploids and triploids differs largely. Many comparative studies have
hence been performed on growth enhancement, reproduction (Allen et Downing, 1990), and
feeding performance (Kesarcodi-Watson et al., 2001a; Kesarcodi-Watson et al., 2001b).
However no converging results have been published on the efficiency of the immune system
towards pathogens (Nell, 2002). Furthermore no literature exists on the comparison of the
immune parameters of triploids and diploids.

The immune system of shellfish and molluscs has been studied in many bivalve
species of economic value such as clams (Fournier et al., 2001; Ballarin et al., 2003; Soudant
et al., 2004), mussels (Pipe et al., 1995b; Cartier et al., 2004) and oysters (Auffret et Oubella,
1995; Lambert et al., 2003; Goedken et De Guise, 2004). It is an innate immune system
composed of specific cells, the haemocytes (Auffret, 1988) and some humoral effectors (Mitta
et al., 2000) in the circulating fluid, the haemolymph. As the circulatory apparatus is semi
open to the media, the physical and chemical parameters of the water column interferes with
the physical and chemical parameters of the haemolymph and various external agents may
enter the organism (Hine, 1999). The status of the immune system can be estimated by
assessing a number of immune parameters which indicates whether the components of the
immune system are structurally (number of haemocytes, haemocytes’ mortality, aggregation)
capable of performing immune functions (phagocytosis, lysosomal system, oxidative burst)
efficiently (Auffret, 2005). Many studies have shown that this multiparametric approach can
discriminate different polluted or rearing sites (Auffret et al., 2004; Soudant et al., 2004;
Auffret et al., 2006). Laboratory studies have revealed that these parameters can be modulated
by chemicals (Pipe et al., 1999; Fournier et al., 2001; Fournier et al., 2002). But knowledge
on natural seasonal variations of immune parameters is still lacking (Petrovic et al., 2004;
Leinio et Lehtonen, 2005) and is needed to better understand biological critical periods of
local species. A further deficiency is the absence of data of factors, like age, sex, gametogenic
status, nutrition, which can be considered as confounding factors interfering with the immune

system and which may induce the high inter individual variability observed in Bivalve
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statistical populations (Selgrade, 1999; Galloway et Depledge, 2001; Auffret, 2005; Selgrade,
2005). Seasonal variations of biological parameters have two origins: exogenous and
endogenous. Firstly, exogenous factors such as temperature and salinity (Gagnaire et al., ;
Hégaret et al., 2003a, 2003b; Gagnaire et al., 2006a), pH, carbonates, amount and quality of
feeding particles (Delaporte et al., 2003; Hégaret ef al., 2004; Delaporte et al., 2005) or
bacteria or viral concentration (Paillard et al., 2004), modulate structurally and functionally
the immune system of bivalves. Secondly, there is increasing evidence that the immune status
of molluscs is influenced by annual reproductive cycles. Hemocyte migration toward
interstitial tissues and finally, gonadic follicles, has been extensively observed during gamete
atresy (Cajaraville er al., 1996b). This phenomenon leads to variations in circulating
haemocyte counts. Other interactions may arise from molecular regulation pathways. Indeed,
neuro-endocrino-immunology is by far a less documented field of knowledge. The occurrence
of hormonal receptors in haemocytes has been recently observed (Canesi et al., 2004a).
Furthermore, alterations of haemocyte functions appear to be modulated in mussels exposed
to endocrine disruptors depending on gender (unpublished data).

Therefore the aim of this study was to compare the annual pattern of immune parameters
in diploid and triploid Pacific oysters, Crassostrea gigas (Thunberg), and the role of the
reproductive cycle (sex and gametogenic status) on this pattern, considering triploids as

altered-reproduction treated individuals.

2. Material and methods
2.1. Animal handling

Diploid and triploid Pacific oysters from the farm “Huitrerie de la pointe du chateau”,
(Belon, Brittany, France) were reared according to local techniques, pouches full of oysters of
similar age were fixed on tables on the foreshore. Diploid spat had been collected in the
South-West of France (Gujan-Mestras) and were settled at the farm in April 2002. The
triploid spat had been produced by the company SATMAR and triploidy was checked to be
over 99% successful. Triploids were settled at the farm in November 2002. For 15 months,
from May 2003 to August 2004, 10 diploids and 10 triploids, of same age, were sampled
monthly, the same day, and transported in an algae-moisturised cool box to the laboratory. In
November 2003 oysters were not sampled. Until haemolymph processing, oysters were stored
for no more than 15 hours in a thermo-regulated chamber, the cool box at a temperature of

10°C.
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2.2. Haemolymph sampling

Haemolymph was withdrawn from the anterior adductor muscle sinus with a 2ml
syringe and a 21G needle. We collected 1ml haemolymph from each individual into 1.5ml
plastic tube, after filtering (80 pm), and stored on ice before analysis. Samples were examined
under a microscope (1 drop on a glass slide) to ensure the absence of parasites, aggregates or

neoplasia. All analysis was performed individually.

2.3. Total haemocyte count (THC)

THC was performed by flow cytometry (FACSCalibur® Becton Dickinson) from
haemocyte suspensions. The flow cytometer was operated with PBS (400 mOsm.kg") as
sheath fluid. The flow rate was measured to allow absolute cell counts (Auffret ez al., 2006).

The results were expressed as the number of cells per millilitre.

2.4. Haemocyte mortality

In a 5 ml Falcon® tube, 50ul of individual haemolymph was poured into 250ul of
anti-aggregating solution for haemocytes (pH = 6.7; Osmolarity = 920 mOsm) as described by
Auffret and Oubella (1995). Propidium iodide (PI) is impermeable to the membranes of live
cells. Therefore PI is excluded from viable cells and fluoresces in the red when bound to
DNA. PI was added to a final concentration of 10 pg.ml" and tubes were incubated for 10
min at 4°C in the dark before flow cytometry analysis (Facscalibur®, Becton-Dickinson). The
fluorescence was read with CellQuest® (Becton-Dickinson) software. The percentage of

haemocytes that had incorporated propidium iodide was the haemocyte mortality.

2.5. Phagocytic index

This major function parameter was assessed in vitro from Brousseau et a/ (1998) and
was modified as followed. We pipetted 100ul of each individual haemolymph into a well of a
96-well microplate. Then, haemocytes were put into contact with a solution of 2 uM
fluorescent latex beads (Polyscience®, GmbH) according to a beads:haemocytes ratio of 30:1.
After gentle centrifugation (4°C, 300 g, 10 min.), the microplate was incubated for 4 hours at
15°C in the dark. EDT A-saline buffer complemented with trypsin (0.5g.L™") was finally added
to each well and the microplate was agitated for 5 min. The content of each well was then

transferred into cytometry tubes before flow cytometry analysis (Facscalibur®, Becton-
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Dickinson). Each well was visually assessed during this operation to avoid cell loss due to
adherence (Auffret et al., 2004; Auffret er al., 2006). An index of all the phagocytosing
haemocytes (phagocytic index) was calculated by the CellQuest software™ from the
histogram of relative fluorescence intensity distribution as the geometric mean of values
provided by cells having engulfed at least three beads (Lehmann e al., 2000). The results

were expressed in arbitrary units.

2.6. Sex and sexual maturation determination

As sex and maturation stages could be an important source of individual variations
they are important factors to be considered. Histological observation was used on individuals
sampled from May 2004 to August 2004. Gonadal tissue was sampled posterior to the
pericardic sinus and put in Bouin’s fixative solution for 48h. Gonad samples were then
dehydrated and embedded in paraffin® through an automatic carousel. Sections of 5 um were
cut from the samples and put on slides. Haematoxylin-eosin coloration was used to observe
germinal structures. Sex and sexual maturation were defined according to the commonly used
five-stage classification (Lubet, 1959; Gosling, 2003) as follows: (0), resting period; (1),
initiation of gametogenesis; (2), gonadal maturation stage; (3), final maturation stage; (4),

spawning stage.

2.7. Statistical analysis

Dot plots of the 255 observations were first used to exclude extreme data (10 to 100
fold higher than other data). The Kolmogorov-Smirnov test was used to verify the normal
distribution of the values. In case of abnormality, the values were Log-transformed in order to
meet the assumptions for parametric tests (Sokal et Rohlf, 1995). Firstly, a t-test was
performed on the immune parameters in order to compare the duplicated months. Then, an
ANOVA 2 (month and cytogenetic status) was realised to compare the differences between
each groups. An analysis of variance was finally performed on the data to test the effect of
sex, then sexual maturation stages, on the immune parameters. For each test, an Honest
Significant Difference's Tukey test was performed as a post hoc test. Each test was realised
with p = 0.05. For all parameters, since no significant difference (p > 0.05) was observed
between duplicated months it was decided to combine them for further data processing and
statistical analysis. Finally results are presented throughout a year from January to December,

but November.
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3. Results
3. 1. Immunopathology variations

THC varied along the sampling period in diploid individuals. The values varied
between a minimum (below 0.5 x 10° cell.ml™), during winter months, and a non significant
maximum in May (1.3 x 10® £9.6 x 10° cell.ml”'; N = 28). Values remained high during
summer. A significant isolated peak value was observed in March (1.6 x 10® £ 1.2 x 10°
cell.ml™; N = 10). From May to September, THC values remained constant (9.3 x 10°+£7.1 x
10° cell.ml™; N = 73) with high individual variations before decreasing (5.7 x 10° + 5.0 x 10°
cell.ml-1; N = 10) in October (fig. 32A).

In triploid oysters, values were less varying and individual variations were reduced
compared to diploids but still higher in summer than in winter. Furthermore, no peak occurred
in March and the value was significantly lower than for diploids (ANOVA 2, p <0.05).

The haemocyte mortality remained at low values (3.4% + 1.5%; N = 119) along the
sampling period except for two peaks observed in March (9.7% + 2.3%; N = 10), p < 0.05)
and in June (11.6% =+ 6.1%; N = 9, p < 0.05) for diploids only (fig. 32B). In triploids, the
haemocyte mortality remained low (4.2% =+ 3.0%; N = 146), the lowest values were observed

in January and February (2.5% = 1.3%; N = 20).

3.2. Phagocytosis

In both diploids and triploids, the phagocytic index showed a broad and regular
variation over the year (Fig 32C). In September significant highest values were observed
(61.6 + 11.1%, N = 10 for diploids and 57.3% + 14.4%; N = 10 for triploids), compare to the
lowest values observed in July for diploids (31.4% + 11.0%; N = 27) and in June for triploids
(34.43% + 8.14%; N = 9). For this parameter, individual intra-monthly variations remained

within the same range throughout the year and between the two cytogenetic statuses.

3.3. Immune parameters and sex

In diploid as well as in triploid individuals THC and haemocytes mortality are not
different regarding the sex of oysters sampled from May 2004 to August 2004. However,
phagocytic index differences with gender and cytogenetic status were observed. Female
triploids’ phagocytic index was significantly higher than both male triploids and female and
male diploids (table 8).
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3.4. Immune parameters and maturation stages

Taking into account the maturation stages of each group of cytogenetic status and
gender, THC increased (7.4x 10° + 8.4x10° cell.ml-1; N = 6 to 9.5 x 10° + 7.1x10’ cell.ml-1;
N = 6) for diploid females as sexual maturation went on, when a non significant minimum
was reached for stage 3 (5.6 x 10° £3.8 x 10° cell.ml-1; N = 3) in males (fig. 33A).
Conversely, THC decreased for triploid females (1.1 x 10°£5.0 x 10° cell.ml-1; N =2 to 3.8
x 10° £2.9 x 10° cell.ml-1; N = 3) and males (7.6 x 10° + 8.8 x 10° cell.ml-1; N = 4 to 3.9 x
10° £ 2.0 x 10° cell.ml-1; N = 4) as sexual maturation advanced. A significant maximum (p <
0.05) haemocyte mortality was observed for diploid females (12.3% +5.8%; N = 7) at
maturation stage 2, while the maximum was not significant for the other groups of
cytogenetic status and gender (fig 33B). The phagocytic index in diploid females (33.9%
+ 10.9%; N = 23) and males (32.5% + 15.0%; N = 19) did not change from maturing stages to
mature stage (fig 33C). Conversely, for triploid females and males a non significant minimum
of phagocytic index was reached at stage 2 (34.2% = 8.8%; N =4 and 29.0% + 12.9%; N =9

respectively).

4. Discussion
The aim of this study was firstly to describe the variation of selected immune
parameters of diploids oysters along the year and secondly, to compare immune parameters of

triploid and diploid individuals.

4.1. External factors

In the present study, the immune parameters varied between the months. Significant
peaks were observed for diploids structural immune parameters (THC and haemocytes’
mortality) and minima and maxima were observed for the phagocytic index. The number of
circulating haemocytes of Bivalves is a very sensitive parameter which can be modulated by
mechanical (Ballarin ez al., 2003) or chemical disturbance (Auffret et Oubella, 1995, 1997;
Auffret et al., 2004; Auffret, 2005). High values are considered as an early sign of disturbance
in Crassostrea gigas (Auffret et Oubella, 1995), in Crassostrea virginica (Goedken et De
Guise, 2004) and in mussels (Pipe et al., 1999). As well, high mortality of haemocytes is also
a sign of cytotoxicity and media disturbance (Auffret et Oubella, 1997). On the other hand, a

high value of the phagocytic index indicates a better efficiency of the immune system
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(Galloway et Depledge, 2001) and a decrease of the phagocytic index is usually observed in
laboratory studies as a response of haemocytes disturbances due to in vivo or in vitro
exposures to toxic concentrations of xenobiotics (Fournier et al., 2001; Fournier et al., 2002;
Gagnaire et al., 2004). Consequently, the present results give evidence of a depressed immune
status during early summertime in Pacific oysters. Seasonal variations of structural parameters
in Pacific oysters have already been reported in the same area (Auffret et Oubella, 1995). The
role of environmental factors such as temperature, in those temperate regions, is suspected:
lowest values in wintertime and highest in summertime.

Because the phagocytic index decreases from September, when the seawater is the
warmest and the food is largely available, to December when seawater temperature decreases
(IFREMER and DDE29 data), the role of temperature is also suspected in these seasonal
variations. Under laboratory conditions, the same correlation has been observed between
seawater temperature and phagocytic index in Crassostrea gigas (Gagnaire et al., 2006a), in
Crassostrea virginica (Feng et Feng, 1974) in Mytilus edulis (Parry et Pipe, 2004) and in
Haliotis diversicolor (Cheng et al., 2004). Over a maximum of 32°C, the phagocytic index
even falls even lower (Cheng et al., 2004) following the temperature driven curve described
by van der Meer (2006) for physiological process of molluscs. According to other
environmental data (salinity, turbidity, %0,, chlorophyll, and various pollutants
concentrations) no correlation could have been made with the present variations of the
phagocytic index (IFREMER and DDE29). But our results have also shown a very low
phagocytic index while seawater was getting warmer. Because the minimum phagocytic index
is reached during the spawning period, this discrepancy suggests the implication of other

factors in the modulation of phagocytic index, like reproduction, as discuss below.

4.2. Differences between triploids and diploids

Pacific triploid oysters save their glycogen during summer time (Allen et Downing,
1990; Shpigel et al., 1992) for physiological husbandry when diploids use this sugar storage
molecule for gametogenesis. Even if gametogenesis has now been reported in triploids Pacific
oysters, Sydney rock oysters or blue mussels, it is normally delayed compared to diploids
individuals (Allen et Downing, 1990; Shpigel et al., 1992; Cox et al., 1996, Brake et al.,
2004). In C. gigas, sterility has neither been characterized as gametogenic, nor gametic or
zygotic and a higher ratio of hermaphrodite individuals in triploids has been observed (Allen

et Downing, 1990). Yet in our study, no difference between diploids and triploids was
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observed in terms of gametogenesis (data not shown). The comparison between the relative
sensitivity diploids and triploids immune competence following challenges with chemicals or
pathogenic agents is still the object of controversial results as recently reviewed (Nell, 2002).
But in the present study, the phagocytic index of triploids reproduced the same seasonal
pattern as diploids. Moreover, the minimum phagocytic index was observed, as in diploids,
during triploids spawning period, suggesting for a strong link between the reproductive
physiology of the animal and its immune system. Yet, it is interesting to note that triploids
spawned a month earlier (June) than diploids and from this moment, the increase in the
phagocytic index preceded the diploids’ increase in the phagocytic index by one month until
September. The triploids structural immune parameters (THC and haemocytes’ mortality),
however, did not follow the diploids pattern. The nursery origin of the triploids sampled may
explain the reduced heterogeneity within the batch compare to the wild diploids spat. But
since no maximum was observed in triploids, in March and June, for THC and haemocytes
mortality, and fewer variations had been recorded along the year, one can argue for a reduced
sensitivity of these triploids immune parameters to environmental factors. This conclusion

also suggests that other factors drive the variations of phagocytic index.

4.3. Internal factors

High values of the structural parameters have been also observed in clams reared in
poor quality site during or following spawning periods, regardless the gametogenic stages
however (Soudant et al., 2004). In another study, reduced phagocytic index of the pool of
haemolymph, during the spawning period was also observed, in blue mussel reared in the
Gulf of Saint Lawrence, but after a progressive increase (Cartier et al., 2004). The importance
of this stressful period on the bivalve physiology is also highlighted by a maximum of
lysosomal stability of a pool of digestive cells found in natural blue mussel beds of the north
Adriatic coastal waters (Petrovic et al., 2004). All these former studies did not however take
into account either the sex or the gametogenic stages of the sampled individuals. In this study,
a decrease of phagocytic index was observed prior to spawning period in 2003 and in 2004,
even though diploid and triploid oysters did not spawn in 2004. Therefore, the physiological
pathways leading to the spawning process, and not the spawning process itself, may be
responsible for these impairments. Changes in haemocyte’s subpopulation are another internal
factor that may explain the observed pattern. Indeed, it has been demonstrated, in Crassostrea

virginica, that different haemocytes subpopulations draw different phagocytic index
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(Goedken et De Guise, 2004). But in contrast to Crassostrea virginica, Ostrea edulis (Xue et
al., 2001), Mytilus edulis (Dyrynda et al., 1997) and Chlamys farreri (Jing et Wenbin, 2005),
the differential assessment of phagocytic activity in haemocytes subpopulations was not
performed in this study because, it would have involved the use of antibodies or fluorescent
probes that would have interfered, with the phagocytosis process itself. Therefore, we were
not able to follow seasonal changes in haemocyte subpopulation.

The relationship between the immune system and reproductive cycles was studied
through the support of histological observation. Despite the observation that some immune
changes (haemocytes mortality and phagocytic index) appeared to occur at a peculiar
maturation stages, such as stage 2, no clear link between these two functions was shown here.
But as haemocytes are involved in functions other than immune defence such as nutrition,
osmoregulation and endocrine function (Hine, 1999), we cannot exclude that a relationship
between reproduction and immune system can exist in bivalves as in vertebrates (Fournier et
al., 2000). Recent studies have provided evidences of the effects of 17B-oestradiol (E2), a
steroid hormone involved in the reproductive cycle of invertebrates and vertebrates, and E2-
like xenobiotics on the morphology and the intracellular [Ca®"] of blue mussel haemocytes
have been raised (Canesi et al., 2004a; Canesi et al., 2004b). Because Ca*' is implicated in
both cytoskeleton movements and phagocytosis, E2 may be a key molecule in the seasonal
pattern of phagocytic index. However, the role of E2 in the reproductive cycle in bivalves

must be clarified as dopamine and serotonin appear to control this cycle (Gagne et al., 2004).

5. Conclusion

This study has shown that immune parameters, especially phagocytosis, drawn marked
seasonal variations, in relation with reproductive cycle in Crassostrea gigas, in diploid and
triploid individuals. Triploids were shown to respond less to environmental variations than
diploids. Further experiments should now focus on the relationship between reproduction and

immune function and on the toxic effects of xenobiotics on triploids.
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Tableau 8 : Mean and standard deviation of the immune parameters regarding sex and

cytogenetic status. Data were obtained from individuals sampled from May 2004 to August

2004. Statistical analyses are detailed in the text.

THC (x10°cell.ml™") Haemocytes’ mortality Phagocytic activity
n n n
f 6.9+44 15 4.8+3.1 21 446 +16.6 * 21
Triploid
m 56+4.2 18 49+3.2 24 33.5+10.9 23
S/ 8.5+6.9 17 6.0+54 24 33.9+10.9 23
Diploid
m 10.0+£8.9 14 6.2+4.2 19 325+ 15.0 19

(*) indicates significant differences (p<0.05)
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Figure 4.1 : Immune parameters variations (A, THC; B, haemocyte mortality; C, phagocytic

index) analysed during 15 months from May 2003 to August 2004 of diploid and triploid

Pacific oysters. May and July are duplicated and no data have been sampled in November

2003. Arrows indicate the time of spawning in 2003. Points represent the mean value of the

parameter for all the individuals of a month. Vertical bars represent the standard deviation.

Stars (*) or letters indicate significant differences (p<0.05). Statistical analyses are detailed in

the text.
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differences (p<0.05). Statistical analyses are detailed in the text.
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1. Introduction

Bivalves present an innate immune system and cellular mediation relies on
haemocytes, the only cell population in the haemolymph, the circulating fluid (Cheng, 1981;
Fisher, 1986, 1988). Though bivalves have semi-open circulatory system, haemocytes face
physical and chemical changes in the encountered water column. A number of environmental
factors such as temperature (Feng et Feng, 1974; Fisher, 1988; Hégaret et al., 2003a, 2003b;
Gagnaire et al., 2006a), salinity (Auffret et Oubella, 1995; Gagnaire et al., 2006a) or algal
diets (Delaporte et al., 2003; Hégaret et al., 2004; Delaporte et al., 2005) induce variations in
the immune system. But all these factors have been investigated as shocks whereas seasonal
changes occur continuously and as a combination of all these factors. Thereby, it is the
stressful effect of the shock, and not the factor itself, that has been investigated in the former
studies.

Elsewhere, the reproductive cycle of bivalves, especially spawning, was supposed for
a long time to be related to seasonal changes of immune endpoints such as lysosomal stability
(Petrovic et al., 2004; Cho et Jeong, 2005) or phagocytosis (Cartier et al., 2004; Soudant et
al., 2004; Lemaire et al.). But the recent comparison of two batches of Crassostrea gigas
differing from their reproductive efficiency (triploids and diploids) as the adjunction of sex
and gametogenesis assessment has demonstrated that immune parameters were varying with

sex and stages of gametes development.
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As filter feeder, sedentary and ubiquitous animals in estuarine and marine ecosystems,
the blue mussel, Mytilus edulis, is a model species that have been largely utilized in marine
and estuarine researches. Its immune system has therefore been investigated in
ecophysiological studies (Barcia et al., 1999; Mitta et al., 2000; Canesi et al., 2002; Wooton
et al., 2003; Canesi et al., 2004a; Cartier et al., 2004; Canesi et al., 2006; Lemaire et al.,
2006), in ecotoxicological studies (Pipe et al., 1999; Canesi ef al., 2004b; Parry et Pipe, 2004;
Gagne et al., 2006b) and in monitoring programmes (Pipe ef al., 1995b; Cajaraville ef al.,
1996a; Luengen et al., 2004; Aarab et al., 2006; Auffret et al., 2006). But any of the former
studies have considered sex and gametogenesis as confounding factors of the observed
immune changes. Thus it is interesting to utilize this other model species of bivalves in the
current study. Moreover, conversely to the Pacific oyster, this bivalve happens to spawn twice
a year in many geographical zones mainly related to seawater temperature (Gosling, 2003;
MPO, 2003; Figueras, 2006).

To investigate further the hypothesis of the relationship between the immune system
and the reproduction in bivalves, for two years the immune system, the sex, and the
gametogenesis have been monitored in the blue mussel. Moreover, in order to understand the
impact of seasonal changes of environmental factors of the water column on the immune
system, temperature, salinity, chlorophyll concentration, O2, and turbidity have been

monitored with a MAREL buoy throughout the survey.

2. Material and methods
2.1. Mussels
From March 2005 to May 2006, each month 20 mussels (45 mm — 55 mm) were
collected on the natural rocky bed of the Pointe du Diable (Britanny, France), one hour after

low tide and put in filtered seawater 12 h before processing.

2.2. Water column monitoring
Seawater temperature, salinity, dissolved oxygen, and chlorophyll a concentration were
monitored at high frequency with the MAREL Iroise data buoy (Blain et al., 2004). This

device was located at 100 m of the site of the Pointe du Diable.

2.3. Hemolymph withdrawal

For each individual sampled, hemolymph was withdrawn from the anterior adductor
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muscle sinus, with a 2 mL syringe and a 21G needle. A millilitre was collected from each
individual and transferred into 1.5 mL plastic tubes and stored on ice before analysis. All

analysis was performed individually as follows:

2.4. Haemocyte mortality

Propidium iodide (PI) is membrane impermeable and therefore is excluded from
viable cells and fluoresces in the red when bond to DNA. In a 5 mL Falcon® tube, 50 pL of
hemolymph (collected from treated individuals or from treated pools) to be analysed was
poured into 250 pL of anti-aggregating solution (HAAS pH = 6.7; Osmolarity = 920
mOsm.kg'l) according to Auffret and Oubella (1994). PI was added to a final concentration of
10 pg.mL™" and tubes incubated 10 min at 4 °C in the dark before flow cytometry analysis
was undertaken within the hour (Brousseau et al., 1998). The fluorescence level was
measured on FL3 photodetector and further analyzed with CellQuest® (Becton-Dickinson)
software. The percentage of haemocytes that had incorporated PI was used to measure

haemocyte mortality.

2.5. Total haemocyte counts (THC)
THC was assessed by flow cytometry (Facscan® Becton Dickinson) from the former
hemocyte preparations. The flow cytometer was operated with PBS (400 mOsm.kg-1) as
sheath fluid. The flow rate was measured to allow absolute cell counts and the cells were

counted arbitrarily for 52s.

2.6. Phagocytic index and Haemocyte Phagocytic Capacity

The phagocytosis assay was performed ex vivo as described by Auffret et al. (2004), a
protocol slightly modified from Brousseau et al (1998). In summary, a hundred microlitre of
each individual hemolymph was deposited into the well of a 96-well microplate. Haemocytes
were put then into contact with a solution of 2 um fluorescent latex beads (Polysciences®,
GmbH) according to a bead:haemocyte ratio of 30:1. After gentle centrifugation (4 °C, 300 g,
10 min.), the microplate was incubated for 4 h at 15 °C in the dark. To detach the cells from
the well walls, HAAS complemented with trypsin (0.5 g.L") was finally added and the
microplate was agitated for 5 min. The content of each well was then transferred into
cytometry tubes before flow cytometry analysis (Facscan®, Becton-Dickinson). Based on

fluorescence two phagocytic parameters were calculated from CellQuestPro ® (Becton-
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Dickinson) software. The phagocytic index was the relative number of haemocytes that has
engulfed at least 3 beads. The haemocyte phagocytic capacity (HPC) was calculated as the
mean number of engulfed beads within the phagocytic haemocytes population (Lehmann et
al., 2000).

2.6. Sex and sexual maturation determination

Gonadal tissue was sampled in the mantle of the dorsal (right) valve and put in
Bouin’s fixative solution for 48h. Gonad samples were then dehydrated and embedded in
paraffin® through an automatic carousel. Sections of 5 um were cut from the samples and put
on slides. Haematoxylin-eosin coloration was used to observe germinal structures. Sex and
sexual maturation were defined according to the commonly used five-stage classification
(Lubet, 1959; Gosling, 2003) as follows: (0), resting period; (1), initiation of gametogenesis;

(2), gonadal maturation stage; (3), final maturation stage; (4), spawning stage.

2.7. Statistical analyses

For the immune parameters, normality of the phagocytic index was test with the
Kolmogorov-Smirnoff test. THC, hemocyte mortality and HPC were Log-transformed to fit a
normal distribution. An ANOVA 2 was performed to test the month and the sex as explaining
differences among values, followed by a HSD Tuckey test post hoc. Significant value was set
at p = 0.05. The statistical analyses regarding seawater changing and immune parameters

variations are in standby, waiting for the end of data collection.

3. Results

3.1. Monitoring of the reproductive cycle

The monitoring of the gonads revealed last stages of gametogenesis in March and April
2005 and first figures of spawning in May 2005. Resilient mature gametes remained in
gonads from June to October 2005 when first stages of gametogenesis appeared. The second
year, first spawning occurred earlier, in March 2006 while late stages of gametogenesis were

observed the other months (Fig 4.3& 4.4).

3.2. Immune endpoints seasonal variations and sex
The immune parameters showed marked seasonal variations for males and females.

Without regarding sex, from 5.35x10° + 4.58x10° cells.mL” (N = 20), in March 2005, THC
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increased continuously until reaching 12.1x10° + 6.99x10° cells.mL™ (N = 16), in June 2005.
The following three months, THC remained constant at 8.20x10° + 3.54x10° cells.mL™ (N =
60). A slight decrease occurred in October 2005 (6.42x10° £ 2.82x10° cells.mL"; N = 20)
after increasing in November and decreasing back until reaching a plateau (3.6x10° +
6.77x10° cells.mL™"; N = 78) from February to May 2006 (Fig 4.5A). Haemocyte mortality
changing appeared to be more erratic and varied between 3.62% + 1.16 (N = 20), in July
2005, and 9.93% =+ 3.67 (N = 15), in March 2005 (Fig 4.5B). The phagocytic index drawn a
more regular pattern with three maxima in March 2005 (59.2% + 15.3; N = 15), in September
2005 (51.5% + 14.8; N = 20), and in February 2006 (60.4% + 14.8; N = 20), followed by
three minima in May 2005 (40.4% + 11.0; N = 20), in October 2005 (36.2% + 8.94; N = 19),
and in March 2006 (45.1% + 14.4; N = 20), after immediate increase (Fig 4.5C). These
extreme values were significant (p<0.05). HPC started to decrease from February 2005 (14.8
+ 7.9 beads; N = 15) until reaching a plateau (9.74 + 0.26 beads; N = 135) from April 2005 to
November 2005, except the occurrence of a peak in September 2005 (13.1 + 8.52 beads; N =
20). HPC then increased significantly until February 2006 (17.6 + 8.49; N = 20) and started to
decrease again (Fig 4.5D). For each month the immune endpoints did not significantly differ
from males to females (p>0.05) but regarding only the factor sex, males and females

significantly differed (p<0.05) for every parameters (table 9).

3.3. Water column parameters seasonal variations

Seawater temperature varied from the lowest value at the beginning of February 2005
(8.2 °C) to the highest at the beginning of July (17.8 °C). Seawater temperature remained
slightly unchanged until October 2005 when the decreasing occurred (Fig 4.6C). Salinity
varied a lot during autumn and wintertime and the first months of spring 2005 and varied less
during summer. During winter 2006, salinity was lower than in 2005 (Fig 4.6D). Little was
depictured by Chla monitoring, until now, except for the algal bloom observed in mid-May
2005 (Fig 4.6B). O, variations showed usual chaotic decrease in spring and summer followed

by a smoother increase in autumn and winter (Fig 4.6A).
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Figure 4.3: Histogramme empilé des fréquences des stades de maturation des femelles, entre
mars 2005 et mai 2006, chez Mytilus edulis, a la Pointe du Diable (France).
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Figure 4.4: Histogramme empilé des fréquences des stades de maturation des males, entre
mars 2005 et mai 2006, chez Mytilus edulis, a la Pointe du Diable (France).
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Figure 4.5: Seasonal variations of immune Figure 4.6: Seasonal variations of seawater
parameters in Mytilus edulis from February parameters from February 2005 to May 2006
2005 to May 2006. A. THC; B. haemocyte with MAREL-Iroise data buoy. A. O2; B.
mortality; C. phagocytic index; D. HPC. Chla; C. temperature; D. Salinity. Grey bars:
Grey bars: spawning period. spawning period.
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Table 9 : Immune endpoints values of Mytilus edulis females and males measured along a 16-

month survey. Star (*) indicates a significant difference from analysis of variance or Mann-

Whitney test at p = 0.05.

THC Haemoc:y te Phagocytic index HPC
mortality
N mean * sd mean + sd mean * sd mean + sd
Females 144 6.44x10°+ 4.69x10° 5.6% + 3.36 51.3+145 129+ 7.77

Males 108  10.5x10°+ 12.4x10°* 7.08% £4.76 * 458 +14.5* 10.5+3.97*
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4. Discussion

4.1. Seasonal patterns

Monthly variations of immune endpoints have already been observed in Crassostrea gigas
(Auffret et Oubella, 1994; Gagnaire et al., 2006b) as well as in Mytilus edulis (Cartier et al.,
2004; Petrovic et al., 2004; Lemaire et al., 2006). Monitoring over one year the hemogram of
Mytilus galloprovincialis, Carballal et al. (Carballal et al., 1998) have shown that THC as
well as subpopulation haemocyte patterns drew variations. In Mytilus edulis and in
Crassostrea gigas, it has been demonstrated that granulocytes drew higher phagocytic activity
than hyalinocytes, the two main haemocytes’ subpopulations (Pipe et al., 1997; Goedken et
De Guise, 2004). Unfortunately, we did not have the opportunity to use specific antibodies to
discriminate subpopulations of haemocytes in mussels as used by Noel et al. (Noel et al.,
1994) and Dyrynda et al. (Dyrynda et al, 1997). Nevertheless, these variations were
correlated to seawater temperature and to the occurrence of the Marteilia refringens protozoa.
Here, we have observed over a 16-month survey also marked variations of all the assessed
immune endpoints assuming seasonal patterns of the immune system. We wanted to
investigate whether these changes were correlated to changes in the seawater column but the
data recorded did not give evidence of such a correlation. Conversely to these results, all the
measured seawater column parameters have been shown to induce immune variations (see
review by (Oliver et Fisher, 1999). But all these factors have been tested as submitting
various values of them to individuals or haemocytes from non-changing physiological
conditions. In our study, because season cycles are a combination of endogenous and
exogenous variations, the effect of these environmental parameters was tested with

physiologically changing individuals.

4.2. Impact of gametogenesis on immune endpoints

Because lysosomal stability and phagocytic index were drawing significant differences
before and after spawning in Mytilus edulis (Petrovic et al., 2004), Crassostrea gigas (Cho et
Jeong, 2005), and in Ruditapes philipinarum (Soudant et al, 2004), spawning and
reproductive cycle could be a strong explicative factor of these variations in these animal
allowing more than 60% of their energy to reproduction (Pouvreau et al., 2006; van der Meer,
2006; van der Veer et al., 2006). Monitoring immune endpoints and spawning in diploids and
triploids oysters, Crassostrea gigas (Gagnaire et al., 2006b; Duchemin et al, 2007),

minimum of phagocytic index was always observed during spawning period of oysters for
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both ploidy batches. Moreover, triploids’ minimum of phagocytic index occurred one month
earlier than diploids according to gonadal evidence of spawning, even when no gamete
emission occurred (Duchemin ef al., 2007). The importance of studying the seasonal patterns
of immune system in mussels was then to add some evidence to the role of the reproductive
cycle in these changing with a species spawning twice a year (Lubet, 1959; Gosling, 2003;
MPO, 2003). Our data clearly showed the strict concomitance between spawning period and
minimum of phagocytic activity in mussels. But THC data showed also a maximum in
mussels one month after each spawning period. According to Carballal ez al. (Carballal et al.,
1998), THC was not correlated to the accumulation of haemocytes in reabsorbing gonads. We
are now confident to assume a relationship between the immune system and the reproductive
cycle in bivalves. Consequently, these seasonal patterns give evidence of difference of
mussels’ capacity to fight against pathogenic agents occurring in the water column along the
seasons. Second dramatic consequence of our findings is that one must take into account these
patterns if one uses immune endpoint to assess ecosystem quality or one may misinterpret its

results up to 100%.

In Crassostrea gigas, it has been recently observed that the phagocytic index was the
lowest when gonads were in the vitellogenic phase (Duchemin et al., 2007). This could have
been done because of the use of low-hemolymph consuming methods. But in that study the
number of samples to face gametogenic stages and immune response was too low to give
significant differences. In the current study, the gametogenic stage was discriminated for
every mussel sampled for immune endpoints assessment. On a global point of view,
gametogenesis followed variations of phagocytic index and THC. Facing gametogenic stages
and immune endpoints parameters for each individual, we believed we could better
understand these variations. But the first point getting was that minimum of phagocytic index
happened when figures of spawning were observed in only a few individuals. Because
haemocytes could also be involved in nutrient transport (Fisher, 1986, 1988; Hine, 1999;
Ottaviani, 2004, 2006), one could also assume that THC maximum just after spawning could
be related to nutrition of new gonadal tissue. In both cases, individuals in early gametogenesis
were not drawing the lowest values of phagocytic index and the highest values of THC of the
batch. Secondly, mature stages of gonads appeared at nearly all sampled months with a
majority of these stages just before spawning, while the very first stages appeared only at, or

just after the spawning period. These histological data give evidence that the immune
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variations could be linked with some other invisible changing in gonads. Phagocytosis of
mussels’ haemocytes is altered by 2.5uM of in vitro exposure to E2 due to intracellular
changes of [Ca2+] in response to MAP-kinase activation though membrane and nuclear E2
receptors (Canesi et al., 2004a). Exposure of Mya arenaria and Mytilus edulis to E2, and
other estrogens, also induce significant immune changes (Canesi et al., 2006; Gauthier-Clerc
et al., 2006b) and is naturally synthesized along the year in these species (Zhu et al., 2003;
Gauthier-Clerc ef al., 2006a). Therefore oestrogen hormones could be a good candidate of a
messenger between gonadal development and immune competency. But plasma levels have
not been assessed in exposure experiments nor in seasonal studies and to our extent, the role

of oestrogen in the reproductive cycle of bivalve remains poorly understood.

4.3. Impact of sex on immune endpoints

While drawing similar seasonal patterns, there are significant differences for all measured
parameters regarding sex. Males and females draw different immunocompetency in many
vertebrate species, as mice, marine mammals, and Fish. In the current study, the two
parameters assessing the phagocytic activity of individuals, the phagocytic index and the
haemocyte phagocytic capacity, are higher for females. Recent data in Crassostrea gigas, a
protandrous hermaphrodite species, showed that 2-year females draw higher phagocytic index
than same age males (Duchemin et al., 2007). Our data suggest therefore a difference between
males and females to fight against foreign agents and to environmental biological challenges.
These two results on bivalves tend to demonstrate the strong relationship between
immunocompetency and sex physiological changes and again, make us assume of a role of
estrogens which levels in bivalves’ gonadal tissues differ regarding sex (Siah et al., 2003;
Gauthier-Clerc ef al., 2006a). This factor also jams the immunotoxic signal up to 20% and

must, from now, be taken into account in further studies assessing the immune system.

5. Conclusion

From this extensive ecophysiological study in Mytilus edulis regarding the endogenous or
oceanographic footprints on the seasonal variations of the immune function, it was shown that
these factors had to be taken into account when assessing the immune system for health or
risk assessment purposes. Seasonal changing were marked and the reproductive cycle as
gametogenesis weighed more than environmental parameters in these changing. On the other

hand the mechanism of the impact of the spawning period, a crucial time point correlated to
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these changing, remains unclear. Sex played another major impact on the immune system

throughout the year. Finally, further studies should involve hormonal axis in the hemolymph.
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IV. Valeurs synthéthiques des parameétres immunitaires

chez les bivalves

En considérant I’ensemble des observations obtenues lors des suivis mensuels
effectués chez Crassotrea gigas a Belon (Bretagne, France), entre mai 2003 et aotit 2004 et
sur Mytilus edulis, en rade de Brest, a la Pointe du Diable (Bretagne, France), entre février
2005 et mai 2006, on peut définir des valeurs moyennes, mois et sexes confondus, pour les
paramétres immunitaires (Tableau 10). A ces valeurs, les observations hebdomadaires des
parametres immunitaires des moules, prélevées a Métis (Québec, Canada), au mois d’octobre
2004 et juin 2005, peuvent étre ajoutées, a la précision pres que les conditions de transport et
de conditionnement avant analyse ne sont pas les mémes (Cf. partie suivante). Cette
organisation des données permet de considérer que la majorité (50%) des valeurs des
parametres immunitaires de la population considérée est comprise entre ces quartiles. Ce
tableau synthétique peut alors servir lors de comparaisons interpopulationnelles ou

interspécifiques.
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Tableau 10 : Moyennes et valeurs des paramétres immunitaires (THC, mortalité hémocytaire,

indice phagocytaire et HPC) chez 50% d’une population d’huitres creuses (Crassostrea gigas)

élevées a Belon, entre mai 2003 et aolt 2004, d’une population sauvage de moules bleues

(Mytilus edulis) de la Pointe du Diable (Rade de Brest, France), entre février 2005 et mai

2006, et enfin d’une autre population sauvage de moules bleues, a Métis (Québec),

échantillonnées hebdomadairement au mois d’octobre 2004 et au mois de juin 2005. Pour ce

dernier site, les paramétres immunitaires ont été mesurés apres 6 jours en bassin, nourries

7éme

quaotidiennement par 7 iso et 24 h de confinement en tube, le jour.

Crassostrea gigas Mpytilus edulis

Rade de Brest Meétis

n 25% X 75% n  25% X 75% n 25% X 75%
Total Haemocyle 5y 100 556 992 280 355 684 894 115 363 9.04 103
Counts (x10° cells.mL™)
Haemocyte mortality 264 22 45 6.1 280 3.6 62 82 117 34 76 9.0
Phagocytic index 287 352 432 524 280 400 496 59.6 117 545 621 73
Haemocyte Phagocytic 'y g 280 83 116 129 117 155 218 27

Capacity
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V. Synthése

Ce chapitre s’est intéressé a 1’étude des facteurs d’impact, autres que chimiques, sur la
modulation des paramétres immunitaires chez les bivalves.

Ce chapitre a démontré la réalité de I’importance de ces variations sur le systéme
immunitaire, notamment de la phagocytose, chez I’huitre creuse, Crassostrea gigas, et chez la
moule, Mytilus edulis. La phagocytose des hémocytes de ces deux especes de bivalves peut
varier du simple au double au cours des mois.

L’approche expérimentale suivant, par histologie, le stade de maturation des huitres
diploides et triploides, pondant une fois I’an et des moules pondant deux fois dans une année,
a permis de montrer le rdle prépondérant de la période de ponte en terme
d’immunocompétence. La discrimination des paramétres immunitaires selon le sexe a
également mis en évidence que les femelles étaient plus immunocompétentes que les males.
Enfin, les paramétres environnementaux de la colonne d’eau n’ont que peu d’influence sur les
variations des paramétres immunitaires, au regard de la gamétogeneése.

Le chapitre suivant étudiera 1’impact de ces facteurs saisonniers sur les effets

immunotoxiques de polluants présents dans le milieu marin, a ’aide des développements

méthodologiques du chapitre 3.
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|. Introduction

L’utilisateur d’outils immunotoxicologiques doit prendre en compte le sexe et la
période de I’année de son étude en fonction du cycle reproducteur de especes sentinelles
utilisées. Avec le protocole d’exposition individuelle «in fubo », le contrdle accru des
conditions expérimentales permet de mettre en place des séries d’expositions sub-aigues de
contaminants chimiques sur des périodes de temps relativement courtes. Ainsi les résultats
précédents des expérimentations d’écophysiologie et de développement méthodologique
seront mis a profit dans I’étude écotoxicologique suivante. De nombreuses activités
anthropiques générent sur I’environnement marin cotier différents impacts chimiques
(OSPAR, 2000) pouvant se révéler immunotoxiques chez les Invertébrés (Galloway et
Depledge, 2001), notamment chez les Bivalves (Auffret, 2005). Dans 1’étude suivante,
I’impact chimique de certaines activités anthropiques (le transport maritime, 1’agriculture
intensive sur les bassins versants et ’urbanisation ou le tourisme) sur le systéme immunitaire
des bivalves est modélisé, en étudiant des molécules caractérisant ces activités (le
tributylétain, le diuron®, 1’atrazine et le 17p-oestradiol). Mais I’intensité des impacts
chimiques varie en fonction de I’intensité et du rythme des activités correspondantes. Ainsi,
selon le site géographique ou les saisons, les concentrations des polluants dans la colonne
d’eau changent. C’est pourquoi dans I’étude suivante, les effets immunotoxiques des quatre
molécules sont analysés d’abord seuls, a plusieurs concentrations pertinentes du point de vue
environnemental, a deux périodes de 1’année, critiques pour la reproduction. Ensuite, pour une
saison donnée, les effets immunotoxiques de mélanges modélisant différents bassins
d’activités seront présentés. A chaque fois, les résultats seront discutés en fonction du sexe

des individus testés.
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Il. Impacts immunotoxiques des activités anthropiques en

milieu marin
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1. Introduction

Immunotoxic effects are defined as an effect (adverse or not) on one, or several, component
of the immune system (Galloway et Depledge, 2001). The more immunotoxic studies have been
published, the more we have learnt about the toxic effects of chemicals on animal immune system,
even for those that have not been designed to provoke such effects (Woolhiser et al., 2005). The
occurrence of these pollutants in the environment have led to investigate their potency on the
immune system of many model species such as marine mammals (De Guise, 2005), reptiles
(Rooney, 2005), amphibians (Rollins-Smith et Smits, 2005) and invertebrates such as earthworms
(Goven et al., 2005), and bivalves (Auffret, 2005) using a tier of immune endpoints (Luster ef al.,
1992; Luster ef al., 1993; Germolec, 2004).

Estuarine ecosystems are classically defined as a buffer zone between freshwater and ocean.
But these ecosystems are often also a site of human effervescence such as ports, marinas,
aquaculture farms and fisheries, etc. For our present purpose they will be considered as equivalent
to marine coastal ecosystems. Therefore, these peculiar ecosystems are at first line of chemical
impacts of maritime human activities but also from upward industrial or agricultural wastes (table
1). Different estuarine sites exist depending on the importance of the activity basin and may be
characterised by three human activities: human population, maritime transport, and. agricultural
activities. Each of these activities may chemically impact the aquatic environment and is assessed in
the current study by one chemical.

The use of pharmaceuticals and personal care products (PPCP) is related to human habits.
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Most of these chemicals appear in the estuarine ecosystems because they are not treated in
municipal water treatment plants (Ellis, 2006). Therefore PPCPs characterised the chemical impact
of human population. Presently, 85 % of the cities of the Mediterranean border do not treat their
urban sewages (UNEP, 2006). Among this diversity of chemicals 17p-oestradiol (E2) is classically
studied and monitored in aquatic ecosystems (Gagne et al., 2004; Gagne et al., 2006b). This
steroidal hormone is naturally synthesised by animals such as mussels (Zhu et al., 2003) and its
concentration varies with the reproductive cycle of clams (Gauthier-Clerc ez al., 2006a). Although it
is an endocrine disrupter, chronic exposure of clams also induces immunotoxic responses at 10°M
(Gauthier-Clerc et al., 2006b) while acute exposure of mussels haemocytes induces morphological
and intracellular Ca®" changes at 10®M (Canesi et al., 2004a). Finally, xenoestrogens may be a
thousand times more potent than E2 (Canesi ef al., 2004b).

Tributyltin (TBT) is a persistent biocide used in antifouling paints of hulls. It
bioaccumulates through the food web or gets sequestered in sediments and reloaded during
dredging works or storm mediated events (Eggleton et Thomas, 2004). It induces several endocrine
disorders such as delaying gametogenesis in clams (Siah et al., 2003) but also impairs phagocytosis
in several bivalves (Auffret et Oubella, 1997; Bouchard et al., 1999; Gagne et al., 2006c) and other
toxic effects (Hagger et al., 2005) and regardless regulations, it is still measured in many marine
ecosystem around the world (Fent, 1996).

Atrazine is a triazine pesticide used on corn crops. Maximal concentrations found in
European surface waters are 25 pg.L’I and 80ug.L'1 in North American’s (Russo et Lagadic, 2004).
Atrazine impairs the peroxidase activities of haemocytes in Crassostrea gigas (Gagnaire et al.,
2003) and total haemocyte counts in Lymnaea stagnalis challenged with in vivo chronic exposure at
environmental doses (Russo et Lagadic, 2004). This pesticide also regulates the expression of
family genes in Platichthys flesus (Marchand et al., 2006) and in Crassostrea gigas (Tanguy et al.,
2005).

Diuron® is a urea derivate pesticide used on crops and in new antifouling paints. In British
ports or marinas its concentration may be 7 pg.L™ while it is 0.7 pg. L™ in estuaries (Chesworth ef
al., 2004). As for atrazine, it induces differential gene expression in Platichthys flesus (Marchand et
al., 2006) and in Crassostrea gigas (Tanguy et al., 2005), but it also severely impairs the B-
lymphocytes in acute in vitro exposure (Couderc et al., 1983).

As filter feeder, sedentary and ubiquitous animals in estuarine and marine ecosystems,
mussels have been largely utilized in ecotoxicological studies and monitoring programmes. In
Quebec, the blue mussel, Mytilus edulis, has been introduced in 1982 and actual annual production

is 9 000 t (FIGIS, 2006). The blue mussel usually spawns twice a year but in the Eastern coast of
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Canada, it spawns in July and sometimes in September depending on the water temperature (MPO,
2003). Haemocytes are the bivalves’ defence cells circulating in the haemolymph in a semi-open
circulatory system. Many xenobiotics draw toxic effects on the immune system invertebrates such
as pesticides (Voccia et al., 1999; Galloway et Handy, 2003), heavy metals (Pipe et al., 1995b;
Fournier et al., 1998; Pipe et al., 1999; Brousseau et al., 2000; Fournier et al., 2001; Fournier et al.,
2002; Gagnaire et al., 2004) and other xenobiotics (Selgrade, 1999; Galloway et Depledge, 2001;
Auffret, 2005; Selgrade, 2005).

But aquatic immunotoxicology still lacks investigations focusing on the study of
confounding factors of these immune endpoints to be used in risk assessment (IPCS, 1996, 2001;
Selgrade, 2005). Indeed, the reproductive cycle of bivalves, especially spawning, was supposed for
a long time to be related to changes of immunocompetency (Cartier et al., 2004; Soudant et al.,
2004; Lemaire et al.). But the recent comparison of two batches of oysters differing from their
reproductive efficiency (triploids and diploids) as the adjunction of sex and gametogenesis
assessment has demonstrated that immune parameters were varying with sex and stages of gametes
development (Duchemin et al., 2007). A number of environmental factors draw also changes in
immune endpoints such as temperature (Feng et Feng, 1974; Fisher, 1988; Hégaret et al., 2003a,
2003b; Gagnaire et al., 2006a), salinity (Auffret et Oubella, 1995; Gagnaire ef al., 2006a) or algal
diets (Delaporte et al., 2003; Hégaret et al., 2004; Delaporte et al., 2005). Therefore, seasons, which
can be seen as combinations of changes in environmental and endogenous factors, are confounding
factors of immunotoxicological endpoints and must be taken into account for such studies.

Finally, the chemical impact of human activities on estuarine ecosystems may depend on the
seasonal rhythms of certain activities, and on the pattern of the different activities occurring at one
site. But it is still not clear whether chemicals induce different immunotoxic effects depending on
their concentration in the water column or on the point on the reproductive cycle or both. Only a
few studies have focused on the combination of environmental factors changes and immune
responses in bivalves (Nieto-Fernandez et al., 2000; Parry et Pipe, 2004). To investigate the season
and chemical impact factors on individuals’ immune endpoints, a short-term individual exposure
design had to be chosen. The “in tubo” exposure design showed the immunotoxicity of mercury
chloride on 24 h of individual exposures. More, this design offers enhanced chemical safety for
studying the toxic effects of the previous four chemicals listed on Canadian and European black
lists.

The current study investigated the immunotoxic impact of three human activities occurring
in estuaries through three test concentrations modelling low, medium and heavy impacts. In the first

place, these impacts were investigated alone but at two different time periods in accordance to the
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mussel’s reproductive cycle in Québec: summer and autumn. Secondly, the chemical impacts of
different patterns of human basins were investigated in autumn, modelled as five mixtures of

different formerly tested solutions of the four previous chemicals.

2. Material and methods
2.1. Mussels

Before each exposure, mussels, Mytilus edulis, were collected at Metis Beach (Quebec,
Canada) which is free of anthropogenic activities (sewage outputs or harbour activities). Mussels
were transported to our experimental facility in a cool box and placed into acclimation water tanks

and were fed to satiety with a monoculture of phytoplankton daily for six days until exposure.

2.2. Chemicals

Three test concentrations were used for TBT, atrazine and diuron but only two for E2. Each
test solution was obtained from serial dilution into filtered seawater of one working solution for
each chemical. The working solution was prepared in glass ware and the chemical was firstly
diluted with ethanol (Sigma Aldrich 100 %). TBT (Sigma-Aldrich, purum grade = 96%) was tested
for immunotoxic effects at 0.5 pg.L™", 5 pg.L"', and 50 pg. L. Atrazine was tested at 0.8 pg.L", 8
pg.L”, and 80 pg.L’l. Diuron was tested at 0.07 ug.L’l, 0.7 ug.L"', and 7 pg.L’l. E2 was tested at10
"M and 10®M. A solution of maximum possible ethanol concentration (0.01%) diluted into filtered

seawater was prepared as the control.

2.3. Mixtures of chemicals

In October 2005, 15 mussels have been challenged by a combination of the former chemicals
considering the tested concentrations under in tubo scheme. Control treatment was filtered seawater
with the maximum vehicle concentration and a control was systematically set up for each new trial.

In this work, five mixtures were tested (Table 10).

2.4. Individual “in tubo” exposure

In October and in June 2005, the exposures have been performed as previously developed by
Duchemin et al. (submit). After acclimation in tanks mussels were transferred individually into 50
mL falcon® polypropylene tubes with 30 mL seawater. After 2 hours, the seawater was gently
removed and replaced with a syringe by 30 mL of contaminated seawater solution. Each tube was
placed in a hole of a pierced board and the board was partly immersed in a 150 L tank so that every

tube was plunged into the water (fig. 1). The tank was supplied with circulating seawater at the
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ambient temperature of the sampling site. Seawater temperature in tubes was recorded in a 30 mL
seawater mussel-free tube. Therefore, each tube could be considered as an experimental replicate.

For each test concentration 15 experimental units were per se exposed for 24h.

2.5. Clearance rate

To monitor the gross physiological condition of the mussels, clearance rate was measured
after 24h of in tubo exposures with an indirect method, the reduction of algal cells as described by
Duchemin et al.(submitted). The algal solution (T-iso) was used for all acclimation and feeding
phases. A working solution of 2x10%cells.mL™" was prepared. After the exposure period, the treated
solution was gently removed from the tube and replaced by 30mL of the working solution of algal
cells. After 20 min of filtering, 900 pL of the algal solution was removed into a 5 mL falcon® tube
with 100 pL paraformaldehyde (10% final concentration). Three sedimentation control tubes were
also sampled. Algae counting were performed on the red PMT of a Facscalibur cytometer (Becton-

Dickinson).

2.6. Hemolymph withdrawal

For each individual sampled, hemolymph was withdrawn from the anterior adductor muscle
sinus, with a 2 mL syringe and a 21G needle. A millilitre was collected from each individual and
transferred into 1.5 mL plastic tubes and stored on ice before analysis. All analysis was performed

individually as follows:

2.7. Haemocyte mortality

Propidium iodide (PI) is membrane impermeable and therefore is excluded from viable cells
and fluoresces in the red when bond to DNA. In a 5 mL Falcon® tube, 50 pL of hemolymph
(collected from treated individuals or from treated pools) to be analysed was poured into 250 pL of
anti-aggregating solution (HAAS pH = 6.7; Osmolarity = 920 mOsm.kg™") according to Auffret and
Oubella (1994). PI was added to a final concentration of 10 pg.mL™" and tubes incubated 10 min at
4 °C in the dark before flow cytometry analysis was undertaken within the hour (Brousseau et al.,
1998). The fluorescence level was measured on FL3 photodetector and further analyzed with
CellQuest® (Becton-Dickinson) software. The percentage of haemocytes that had incorporated PI

was used to measure haemocyte mortality.

2.8. Total haemocyte counts (THC)

THC was assessed by flow cytometry (Facscan® Becton Dickinson) from the former
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hemocyte preparations. The flow cytometer was operated with PBS (400 mOsm.kg-1) as sheath
fluid. The flow rate was measured to allow absolute cell counts and the cells were counted

arbitrarily for 52s.

2.9. Phagocytic index and Haemocyte Phagocytic Capacity

The phagocytosis assay was performed ex vivo as described by Auffret et al. (2004), a
protocol slightly modified from Brousseau et al. (Brousseau et al., 1998). In summary, a hundred
microlitre of each individual hemolymph was deposited into the well of a 96-well microplate.
Haemocytes were put then into contact with a solution of 2 um fluorescent latex beads
(Polysciences®, GmbH) according to a bead:haemocyte ratio of 30:1. After gentle centrifugation (4
°C, 300 g, 10 min.), the microplate was incubated for 4 h at 15 °C in the dark. To detach the cells
from the well walls, HAAS complemented with trypsin (0.5 g.L'l) was finally added and the
microplate was agitated for 5 min. The content of each well was then transferred into cytometry
tubes before flow cytometry analysis (Facscan®, Becton-Dickinson). Based on fluorescence two
phagocytic parameters were calculated from CellQuestPro ® (Becton-Dickinson) software. The
phagocytic index was the relative number of haemocytes that has engulfed at least 3 beads. The
haemocyte phagocytic capacity (HPC) was calculated as the mean number of engulfed beads within

the phagocytic haemocytes population (Lehmann et al., 2000).

2.10. Sex and sexual maturation determination

Gonadal tissue was sampled in the mantle of the dorsal (right) valve and put in Bouin’s
fixative solution for 48h. Gonad samples were then dehydrated and embedded in paraffin® through
an automatic carousel. Sections of 5 pum were cut from the samples and put on slides.
Haematoxylin-eosin coloration was used to observe germinal structures. Sex and sexual maturation
were defined according to the commonly used five-stage classification (Lubet, 1959; Gosling,
2003) as follows: (0), resting period; (1), initiation of gametogenesis; (2), gonadal maturation stage;

(3), final maturation stage; (4), spawning stage.

2.11. Data management and statistical analysis

The effects of toxicant doses, the sex and the time of the year on the immune system were
analysed. But for the dose factor only significant differences from CTR mussels were taken into
account. Normal distribution of variables was checked from the Kolmogorov-Smirnoff’s test. THC
haemocytes’ mortality and HPC were Log-transformed to meet the assumptions of parametric tests.

A MANOVA (doses, seasons, and sexes) was performed on all variables but the clearance rate. The
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Kruskall-Wallis’ non parametric test was performed to look at the effects of the three factors on the

clearance rate. All tests were performed at p = 0.05 except when specified.

3. Results
3.1. Gametogenic stages

In October 2004, when the decreasing mean seawater temperature during the experiments
was 8 £ 1°C, mussels’ gonads were drawing final stages and first stages of gametes. In June 2005,
when the increasing mean seawater temperature during the experiments was 7.5° + 0.5°C mussels’

gonads were mainly at stage 3 and 4 of gametogenic maturation (Fig 36).

3.2. Single exposure to TBT

In October 2004, TBT induced a stimulation of THC within 24 h at 5 pg.L’I (Figure 5.2). That
same dose provoked an inhibition of the phagocytic index and HPC in both males and females and
in both seasons, sex taken as a whole (Figure 37). However, TBT did not draw changes in

haemocyte mortality whatever the dose, sex and season.

3.3. Single exposure to atrazine

Whereas the clearance rate was not significantly different regarding the three factors,
considering only the females, the clearance rate was significantly lower in June than in October.
Whether the dose-response curves of THC did not show any significant differences among doses or
sex, THC was significantly higher in October than in June (Fig 38). Haemocytes mortality did not
show any significant differences among the three factors. Nevertheless, the dose-response curves
are not the same regarding sex, but the male’s dose-response curve in October follows the female’s,
in June and reversely (Fig 38). In October, the highest atrazine dose (80 pg.L™") drew a significant
(p < 0.05) decrease of the phagocytic index in males whereas atrazine did not impair this endpoint
in females and in June in both sexes (Fig 38). The same response was drawn by HPC. But,
conversely to the phagocytic index dose-response curves, it is the lowest atrazine concentration that
induced a significant (p < 0.05) increase of the number of engulfed beads in October’s males (Fig

38).

3.4. Single exposure to diuron
Diuron exposures did not impair the clearance rate of mussels but it drew immunotoxic
effects. THC of mussels was significantly higher in October than in June (p < 0.05). In October, the

two highest doses of diuron drew also a significant decrease of THC in males while the same dose-
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response curve was observed in females but no significant differences appeared. Finally, both sexes
did not draw significant different THC (Fig 39). Haemocyte mortality did not show any difference
regarding the three factors (Fig 39). The phagocytic index was dramatically lower in June than in
October (p < 0.05). The dose-response curves differed also between both October and June in
males. While diuron drew any impairment in October, it induced a continuous increasing of the
phagocytic index in June significantly due to severe immunotoxic effects (Fig 39). As for the

phagocytic index, HPC was significantly higher in October than in June.

3.5. Single exposure to E2

In October 2004, the clearance rate was significantly higher than in June 2005 but no
differences occurred among sexes and doses (Fig 40). Males in October exert significantly higher
THC than females in October and both sexes in June. But a dose of 10"°M stimulated significantly
THC in June’s males while no differences appeared in female (Fig 40). Haemocyte mortality did
not show any differences among seasons and doses but sexes. Haemocyte mortality in females
sampled in October was significantly higher than in males (Fig 40). The phagocytic index did not
show any significant differences among doses and sexes but the phagocytic index of mussels
exposed in June was significantly higher than the mussels exposed in October (Fig 40). Males
exposed in October drew a significant lower HPC than all the other mussels and drew significant

depressed HPC at 10°M (Fig 40).

3.6. Exposures to mixtures

In autumn, mixtures D and E induced a 2.5 times increase of THC (p < 0.05) compared to the
control while the other mixtures did not induce any differences (Fig 41A). Haemocyte mortality
was 4 times higher in mixtures B and C (p < 0.05) than in the other mixtures (Fig 41B). The
different mixtures did not draw toxic effects on the phagocytic index (Fig 41C), however mixture C
inhibited significantly 40% of control HPC and, with mixture B, were nearly 50% of mixture D
HPC (Fig 41D).

4. Discussion
4.1. Dose-response curves of TBT, atrazine, diuron, and E2

Every single toxicant drew some immunotoxic effects with in tubo exposures compared to
controls.

TBT inhibited 35% of phagocytosis and stimulated by 85% THC at 5 pgL™. TBT in vitro

exposures of haemocytes has already shown inhibition of phagocytosis at this dose but in
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Mactromeris polynyma and in Mya arenaria while the inhibition occurred at 50 ug.L'1 in Mytilus
edulis (Bouchard et al., 1999). Conversely, tributyltin oxide did not altered the phagocytosis of
haemocytes in Mytilus edulis exposed in vivo for seven days at doses as high as 10 pg.L™" while it
induced cytotoxic effects (neutral red assay) above 0.5 pg.L-1 (Hagger ef al., 2005).Yet, the former
study do not give any precision on size and gross physiological condition of the sampled mussels.
The mechanism of TBT toxic effects on phagocytosis reside in the alteration of the calmodulin, a
Ca”" transporter, and Ca>’-ATPase activity as it has been shown in turnicates (Cima et Ballarin,
2004). In the current study, exposure of individuals to TBT has caused global immunotoxic effects
on phagocytosis.

Atrazine impaired phagocytosis (phagocytic index and HPC). Only peroxidase activity was
impaired in Crassostrea gigas facing in vitro and in vivo exposures of atrazine (Gagnaire et al.,
2003) and every doses of atrazine, starting at 10 pg.L'l, induced an increase in haemocyte density
within 96 h of in vivo exposures of Lymnea stagnalis and a significant inhibition of phagocytosis
within 24 h (Russo et Lagadic, 2004). Similar results was shown here with the decrease of the
phagocytic index starting at 0.8 pg.L”, but the current study investigated further phagocytosis
impairment providing evidence of a stimulation at that dose of atrazine followed by an inhibition of
the efficiency of haemocytes to perform phagocytosis.

In this study diuron impaired THC and phagocytic index but not HPC. Diuron was known to
severely impair several PFC responses in mice (Couderc ef al., 1983) but no other data provide
evidence of cellular effects on aquatic fauna. Yet diuron induces differential gene expression in
Platichthys flesus (Marchand et al., 2006) and in Crassostrea gigas (Tanguy et al., 2005). Here,
whereas in tubo diuron exposure revealed no cytotoxic effects, the number of circulating hemocytes
increased. THC changes were already shown in molluscs to be induced by chemicals (Russo et
Lagadic, 2004), heavy metals (Fournier et al., 2001) or environmental factors (Auffret et Oubella,
1997). Diuron also impaired phagocytosis, by increasing the number of phagocytosing haemocytes
among the whole haemocyte population. Subpopulations of haemocytes are usually present in the
haemolymph of molluscs, commonly known as large and small granulocytes, and hyalinocytes
(Cheng, 1981; Auffret, 1988; Hine, 1999). These haemocytes happen to draw different immune
parameters, especially granulocytes are the most active cells in phagocytosis (Pipe ef al., 1997; Pipe
et al., 1999; Goedken et De Guise, 2004). But in this study, diuron made the number of circulating
haemocytes decreased while it was increasing the number of phagocytes. Consequently, we can
assume that this herbicide has killed within 24 h the less phagocytosing cells, the hyalinocytes, or it
has stimulated the phagocytic function of these latter. The second hypothesis is more likely since

haemocyte mortality did not show any changes with doses.
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E2 draw also impairment in THC and in HPC, but not in the phagocytic index. This endocrine
disrupter impairs phagocytosis and lysosomal stability of haemocytes in Mya arenaria and Mytilus
edulis challenging in vivo exposures (Gauthier-Clerc et al., 2006b; Canesi et al., 2007).
Furthermore, in vitro exposures of haemocytes in Mytilus edulis to similar doses of E2 rapidly
changes intracellular [Ca®"] which is related to phagocytosis via MAP kinase cascade (Canesi ef al.,
2004a). These intracellular changes induced a stimulation of the phagocytic activity after 24 h of in
vivo exposures and an inhibition at higher doses, in Myfilus edulis (Canesi et al., 2006). However,
in the present study 107°M of E2 drew also an increase of THC that is 100 times below the dose
altering phagocytosis. Finally, these immunotoxic effects are enhanced by 1000 times with
exposures to other xenoestrogens from chemicals residuals or pharmaceuticals or personal care

products (Canesi et al., 2004b).

4.2. Immunotoxic effects of mixtures

In this work, five mixtures were tested (Table 6), and several induced various immunotoxic
effects. Globally, these effects did not reflect those observed after single exposures. Three models
of toxic effects of mixtures exist presently. The first model states that a mixture exerts toxic effects
as an addition of the toxic effects of the components. The second states that the most toxic
component draws the toxic effects of the mixtures. Conversely to the former models, the third one
defines the toxic effects of each components interacting together provoking antagonist or
synergistic effects. These models depend on the mode of action of the different components (Escher
et al., 2005). Obviously, in the current study the third model appeared to be valid. THC of
individuals exposed to mixtures D and E was increased. TBT and E2 doses are identical in these
two mixtures while atrazine and diuron differ. However, the dose of TBT did not significantly
increase THC as a single exposure. We assume that synergistic effects have occurred here.
Nevertheless, mixture B drew similar doses of TBT and E2 without showing similar effect on THC.
Looking for differences in doses of atrazine and diuron among mixtures B, D, and E did not offer
further explanation. Mixtures B and C was the two most cytotoxic of all tested mixtures since
haemocyte mortality was the highest. Here again, searching for an explanation by looking at the
doses did not happen to be successful. The phagocytic index of haemocytes was not affected by any
of the tested mixtures but mixture C drew 50% of inhibition of HPC and this decrease may be
mainly due to E2 since this mixture is the only one depicturing the highest dose tested in single
exposures.

The aim of investigating immunotoxic effects of these four chemicals was to approximate real
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mixtures in anthropogenic sites. Therefore these mixtures can be seen as five models of sites of
human activities, modelling a small estuary (mixture A), two ports differing by the use of diuron in
the antifouling paints, with E2 water treatment plant downstream a shredder outside the period of
pesticide spreading (mixture B and E), the same site as mixture B, during spreading (mixture C),
same site as mixture B, during spreading but without a E2 water treatment plant (mixture D).
According to this approach this study showed the importance of considering E2 water treatment for

every city.

4.3. Impact of sex and seasons on immunotoxic effects

Apart from the immunotoxic effects, this study aimed to investigate the impact of seasons and
sex on haemocytes immune parameters. Except for TBT, all chemicals drew differential effects in
autumn or in spring. Atrazine and E2 delivered immunotoxic effects in October but did not in June.
Conversely, diuron impaired THC in October and the phagocytic index in June. Furthermore the
immune parameters were significantly differing between these two seasons. Seasons are a
combination of exogenous and endogenous changes. Here the seasons varied by the gametogenic
stages and by the decreasing or increasing changes of seawater temperature. Immune parameters of
mussels were also changing month after month at several producing sites in the Gulf of Saint
Lawrence (Cartier ef al., 2004; Lemaire ef al., 2006) and in Crassostrea gigas, these changes was
mainly related to spawning (Duchemin et al., 2007).

But in the current study, as in this last study in the Pacific oyster, the addition of sex
determination provided evidence of sex differential immunotoxic effects. Thereby, chemicals do not
impair equally males and females within a population and could lead to unbalance it as a first
consequence on aquatic ecosystems. Even if presently the link between changes in immune
parameters and pathogens susceptibility is not fully confirmed (Oliver et Fisher, 1999; Adamo,
2004), these current results should be considered. Moreover, our study assumed the endocrine
disrupting effects of atrazine and diuron.

Combining the impact of season and of sex on the immune sensitivity to chemicals,
endogenous explanations have to be found. E2 is an endogenous hormone produced in mussels
gonadal tissues (Zhu et al., 2003) and in other bivalves such as Mya arenaria (Gauthier-Clerc et al.,
2006a) to play a role in gametogenesis. In vertebrates, E2 is known to immunomodulate immune
cells (Weyts et al., 1999; Fournier et al., 2000b) and to induce changes in ganglionic microglial
cells in mussels. Recently, E2 receptors have been observed by Western blot at the membrane

surface and in the nucleus of haemocytes in Mytilus edulis (Canesi et al., 2004a). Consequently, the
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immunotoxic effects of E2 may be related to the occurrence of these receptors and sex or season
differential effects are likely to be related to differential plasmatic levels of endogenous E2 (Siah et
al., 2003; Gauthier-Clerc et al., 2006a). However, a differential expression of E2 receptors

throughout sex and year is now a new hypothesis to be considered.

5. Conclusion

Several points aroused of this study. Firstly, assessing several immune endpoints in
immunotoxicological studies is critical. Especially, the phagocytic index and the haemocyte
phagocytic capacity happen to be distinct and offer complementary mechanistic information on
toxicants. Indeed, a tier approach exerts the lack of knowledge in bivalves’ immune function.
Secondly, this study has improved our knowledge in invertebrates’ immunotoxicology with the
findings of toxicants that do not aim the immune system but still draw sex and seasons differential
immunotoxic effects. Finally, this study has improved the relevance of using the “in tubo” exposure

design enhancing chemical safety.
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Tableau 11 : Mixtures of TBT, atrazine, diuron, and E2.

TBT Atrazine  Diuron E2
(wg.L”)  (ug.L”) (ug.L’) (mol.L”)
Mixture A 0.05 0.8 0.07 0
Mixture B 50 8 0.7 107°
Mixture C 50 80 7 10°®
Mixture D 50 80 7 107°

Mixture E 50 0.8 0.07 1010
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Atrazine

October 2004 June 2005

Figure 5.1 : Diagram of gametogenic stages of all individuals sampled for each exposure in October

2004 and in June 2005.



Chapitre 5. Impact des xénobiotiques 217

255 - I ookber 2004 o
o Juke 35 = |
A58 =
£ a0t
o~ 2556 =
Eh £ |
E s E
E g x
0 2
T E [t
F = W
=
[l
CTE 05 5 50 TR 03 H 50 TR 03 H 50
]
=2 =
b= =4
- @
= o
= =
=
g E
& e
&

TR 0.3 3 ] TR 0.3 3 30 CTR 0.3 3 30
TET {pg.L ") TET ipg.L ") TET ipg.L '} TET {pg.L ")
Malg Femala Rals Femals

Figure 5.2 : THC, haemocyte mortality, phagocytic index, and HPC immunotoxic effects of TBT on
individually exposed mussels for 24 h regarding seasons and sex. Latin letters indicate significant

differences (p < 0.05) within a dose-response curve.



218

40
2.5E6 Il October 2004 I3
—~ 2E6 % &
a €
£ o
& 15E6 £
=} Q
[
£ 1E6 §'
8}
I £
F ses 8
T
CTR 08 8 CTR 08 8
45
40 a
x 35
o 30
e O 25
2 o
g I 2
S 15
e 10
K=
o 5
o LI
CTR 08 8 80 CTR 0. 8 80
CTR 08 8 80 CTR 08 8 80 Atrazine dose (ug.L")  Atrazine dose (pg.L™)
Male Female Male Female

Figure 5.3 : Clearance rate and immunotoxic effects of atrazine on individually exposed mussels for
24 h regarding seasons and sex. A. Clearance rate. B. Total Haemocyte Counts. C. Haemocytes
mortality. D. Phagocytic index. E. Haemocytes Phagocytic Capacity. Latin letters indicate
significant differences (p < 0.05) within a dose-response curve. Stars (*) indicate significant CTR

seasonal differences and crosses (F and 1) indicate significant sex differences.
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Figure 5.4: Clearance rate and immunotoxic effects of diuron on individually exposed mussels for
24 h regarding seasons and sex. A. Clearance rate. B. Total Haemocyte Counts. C. Haemocytes
mortality. D. Phagocytic index. E. Haemocytes Phagocytic Capacity. Latin letters indicate
significant differences (p < 0.05) within a dose-response curve. Stars (*) indicate significant CTR

seasonal differences and crosses (F and 1) indicate significant sex differences.
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Figure 5.5 : Clearance rate and immunotoxic effects of E2 on individually exposed mussels for 24 h
regarding seasons and sex. A. Clearance rate. B. Total Haemocyte Counts. C. Haemocytes
mortality. D. Phagocytic index. E. Haemocytes Phagocytic Capacity. Latin letters indicate
significant differences (p < 0.05) within a dose-response curve. Stars (*) indicate significant
seasonal differences (October 2004 and June 2005) for same dose and sex. Crosses (f and i)

indicate significant sex differences.
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lIl. Synthése

Ce chapitre avait pour objectif de mettre en condition opérationnelle les résultats des
chapitres précédents.

Tout d’abord, 1’évaluation d’effets immunotoxiques a 1’aide de plusieurs paramétres reste
capitale, notamment en ce qui concerne I’évaluation de la phagocytose des hémocytes par
deux parametres : 1’indice phagocytaire et la capacité de phagocytose. Cette approche apparait
comme complémentaire pour la compréhension mécanistique des effets immunotoxiques des
polluants issus des activités anthropiques. En exposition seule, ’oestradiol a démontré son
role critique dans la perturbation des parameétres immunitaires.

Deuxiemement, des expositions individuelles de moules a des doses actuellement
mesurées dans I’environnement de substances chimiques d’origine anthropique 1’utilisation de
scenarii d’exposition ont induits des effets immunotoxiques. L’évaluation du risque chimique
en évaluant les effets dans des conditions réalistes d’exposition a révélé le degré de sensibilité
des biomarqueurs du systéme immunitaire.

Troisiémement, 1’exposition a des mélanges raisonnés des quatre contaminants
préalablement étudiés a montré des effets plus complexes a mettre en évidence. Une
connaissance des composés majeurs des mélanges d’intérét est toujours indispensable a
I’évaluation environnementale d’un site. L’oestradiol a aussi démontré son rdle critique dans
I’immunotoxicité d’un mélange.

Enfin, la prise en considération du sexe permet de diagnostiquer les effets
immunotoxiques d’un polluant dont le signal aurait ét¢ brouillé autrement. Alors que les
parameétres immunitaires varient en fonction de la période de I’année, ce chapitre a de plus

montré des différences significatives de sensibilité aux xénobiotiques selon la saison. Ces

deux facteurs endogénes et saisonniers doivent impérativement étre pris en compte dans

I’évaluation du risque environnemental de polluants.
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I. Du développement méthodologique

Ces travaux ont porté leur attention sur que la variation individuelle des paramétres
immunitaires. La stratégie était de comparer des méthodes d’analyse de ces parametres ou de
développer un modéle d’exposition en le comparant a ceux existant déja, en utilisant une

substances immunotoxique connue, le chlorure de mercure, comme référence.

Le protocole «in tubo» est une alternative méthodologique a 1’évaluation
toxicologique en milieu aquatique d’une molécule, en réponse aux inconvénients des
méthodes in vivo et in vitro, classiquement utilisées. En effet, il offre des conditions
d’exposition individuelle rigoureusement identiques a chacun des animaux testés. Il permet
d’évaluer, par I’activité de filtration, la condition physiologique globale, avant et aprés
exposition. Cette méthode a en outre ’avantage d’étre non invasive et de réduire au maximum
I’état de stress des animaux par rapport a I’exposition. Enfin, le protocole in tubo offre des
conditions opératoires optimum en réduisant les quantités de toxiques & manipuler lors de la
préparation des contaminants. Néanmoins, ce protocole est opérationnel sous la limite de 24 h
d’exposition. Cette contrainte de temps pourrait étre le fait de 1’accumulation de déchets
métaboliques toxiques de ces animaux ammoniotéles, dans un milieu confiné. En
standardisant au maximum les conditions d’exposition, les réponses immunotoxiques
mesurées a 1’aide de ce protocole présentaient, toujours, une variabilité importante,

confirmant son caractére intrins€éque aux bivalves.

Aprés les conditions d’exposition, les méthodologies pouvaient étre un facteur
explicatif a ces variations. Ainsi, la comparaison de méthodes d’analyse de la phagocytose a
montré leur similitude en travaillant sur le méme matériel biologique a une méme exposition
au chlorure de mercure (PhagoBIM). Par contre, en travaillant dans des conditions opératoires
optimales, mais avec un pool d’hémolymphe issu d’individus de populations différentes, la
comparaison des méthodes a montré des résultats moins convergents pour les fortes doses de
chlorure de mercure (PhagoBIM at home). Ces activités entre laboratoires mettent en
évidence souvent une différence de politique d’assurance qualité dans ces laboratoires (Forbes
et Forbes, 1997). Néanmoins, a ces fortes doses provoquant inévitablement des mortalités

chez les individus aprés 24 h d’exposition « in tubo », la différence de réponse entre les
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méthodes observée suggére une variabilité dans la réponse des survivants a 1’exposition in
vitro. Or, le paradigme actuel est de considérer, a partir de différentes expérimentations, trois
types d’« efficacité » du systéme immunitaire : bas, moyen ou ¢levé, c'est-a-dire établissant
qu’un facteur génétique peut expliquer ces variations interindividuelles. Ainsi, des mesures du
nombre d’hémocytes circulants chez la palourde, Ruditapes philippinarum, répétées chez les
mémes individus, a quelques mois d’intervalles, ont montré, en laboratoire, une constance
dans le niveau relatif des réponses : certains individus présentaient toujours les valeurs les
plus élevées et d’autres toujours les valeurs les plus faibles. De plus, cette étude a montré que
le rapport entre les variations inter et intraindividuelles étaient similaires a celles trouvées
dans la population humaine (Ford et Paillard, 2007). L’étude approfondie des réponses,
statistiquement non significatives, dues a un intervalle de confiance trop grand, pourrait
mettre en évidence des comportements précoces interindividuels différents. Le suivi
individuel des paramétres immunitaires, avant et apres contamination, permettrait de mieux

comprendre le déterminisme de ces variations.

Les études immunotoxicologiques sur les bivalves utilisent des hémocytes prélevés sur
deux sites anatomiques différents. Dans les présents travaux, occultant cette variabilité
individuelle, en mettant en commun 1’hémolymphe de plusieurs individus de lots homogenes,
une différence d’activité de phagocytose, corrélée a 1’existence de schémas de répartition des
sous populations hémocytaires différents, a été mis en évidence. Outre I’importance critique
du site de prélévement pour 1’évaluation des réponses immunitaire que ces résultats indiquent,
les différences de fonctions entre ces sites et les patterns hémocytaires peut étre discuté.
Cytologiquement, les sous populations hémocytaires se distinguent, usuellement en
hyalinocytes, grands et petits granulocytes et cellules séreuses, ces derniéres ¢tant présents
principalement dans la cavité péricardique (Cheng, 1981; Auffret, 1988; Hine, 1999). Les
granulocytes sont le plus souvent associés a la fonction de phagocytose chez Mytilus edulis et
chez Crassostrea virginica (Pipe et al., 1997; Pipe et al., 1999; Goedken et De Guise, 2004)
alors que les hyalinocytes pourraient étre liées davantage a la production de facteurs sériques
microbicides (Mitta et al., 2000) et les cellules séreuses aux fonctions excrétrices (Hine, 1999;
Bachére et al., 2004; Ottaviani, 2006). De plus, les hémocytes peuvent assumer d’autres
fonctions, comme le transport de nutriments ou la réparation et la croissance de la coquille
(Fisher, 1986; Bachere et al., 2004), mais la encore, le processus cellulaire en jeu reste la

phagocytose, fonction cellulaire atavique (Fisher, 1988). En conséquence, les résultats
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obtenus suggerent que les différentes fonctions assumées par la cavité péricardique et par le
sinus du muscle adducteur, lieu de transit des hémocytes, seraient associées a des patterns de

sous populations hémocytaires assumant, eux-mémes, des fonctions différentes.

L’évaluation multiparamétrique des paramétres immunitaires pour le diagnostic
environnemental gagne en pragmatisme avec l’'utilisation d’un outil synthétique
mathématique des outils immunotoxicologiques. Néanmoins, cet outil, seul, ne peut suffire a
I’expertise. Premiérement, il masque les variations de chacun des parameétres immunitaires
(Broeg et Lehtonen, 2006). Or, actuellement, I’approche statistique des variations de ces
parametres et des relations entre ces parametres n’ont pas encore €té ¢tudiées en tant que
telles. Ainsi dans tous les travaux présentés dans ce mémoire, des relations statistiques
existent entre tous les parameétres mesurés, mais aucune n’est convergente. De méme, la
distribution des parametres analysés, a I’exception de 1’activité de phagocytose, pouvait étre
normal ou non. Le facteur explicatif le plus évident, alors, ¢tant 1’expérimentation en elle-
méme. La multiplication des observations sur une méme espéce sur plusieurs cycles annuels,
permettrait de comprendre mieux, statistiquement, le comportement de ces variables et
éventuellement de les pondérer de maniére objective dans I’index multiparamétrique.
Deuxiémement, le lien entre systéme immunitaire et susceptibilité a la maladie déséquilibrant
I’écosystéme n’est pas fait (Adamo, 2004), notamment du fait d’'un manque de connaissances
de I’impact des facteurs saisonniers et endogeénes sur la réponse immunitaire (Oliver et Fisher,
1999), mais aussi de la précocité des perturbations détectées par ces outils. Néanmoins, une
comparaison avec des outils écologiques validés pour I’évaluation environnementale en
milieu marin s’avérerait trés riche d’enseignement. En conséquence, ce calcul est un outil
d’aide a la décision qui rend compte du degré de perturbation global du systéme immunitaire
des organismes sentinelles. Par extension, l'induction de tels effets biologiques est révélatrice
d'une dégradation de la qualité de 1’écosystéme estuarien et marin cotier. Enfin d’autres
approches d’évaluation environnementale privilégient des ¢tudes multicompartiments, en
considérant les réponses des biomarqueurs de plusieurs espéces modéles de 1’écosystéme
aquatique, comme le Rapid Assessment of Marine Pollution (Moore et al., 2004; Bowen et
Depledge, 2006; Galloway et al., 2006). Dans la suite logique des ateliers comparatifs menés
pendant ces trois années, la confrontation de ces outils mathématiques devient également

nécessaire.
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Il. De I'impact des facteurs endogénes et saisonniers

Les saisons, pendant ces travaux, se sont révélées étre des facteurs confondants forts
des outils immunotoxicologiques chez I’huitre creuse, comme chez la moule bleue, pouvant
entrainer des différences de 50% d’activité de phagocytose entre les mois, notamment
pendant la période de ponte (Tableau 7). Des suivis de paramétres immunitaires avaient
montré sur quelques semaines, chez Mytilus edulis, I’'impact potentiel de la reproduction sur
la chute de phagocytose (Cartier ef al., 2004; Lemaire ef al., 2006), mais les résultats obtenus
dans cette étude sur I’immunité, le stade de maturation et le sexe chez les mémes individus
ont modifié la compréhension actuelle du fonctionnement du systéme immunitaire chez les
bivalves. Les saisons, le sexe et le stade de maturation ont un impact majeur sur I’utilisation
des parameétres immunitaires pour 1’évaluation environnementale en milieu marin. De
récentes études (Bataille, mémoire de Master, 2005) sur des moules encagées en différents
points de la Penfeld (Brest, France) ou sur des moules produites a différents points d’impact
du panache des eaux de I’estuaire de la Vilaine (programme ANR-ECCODYN « Ripest »)

intégrent déja ces connaissances.

Néanmoins, d’un point de vue écophysiologique, I’étude de 1’impact des facteurs
saisonniers demeure délicate car il est difficile de découpler les variations des facteurs
endogénes, comme la gamétogenése, des variations des facteurs exogénes, comme la
température ou la nourriture disponible. En effet, il s’agit bien d’étudier 1’effet des variations
des facteurs, et non pas I’intensité de ces facteurs. Chez les Salmonidés, par exemple, ce sont
les changements — et leur signe — de photopériode qui reculent ou avancent la ponte (Bromage
et al., 1993; Bromage et al, 2001). L’utilisation d’huitres triploides permettait, ici,
d’artificiellement bloquer I’impact de la reproduction sur les variations du systéme
immunitaire. Malheureusement, lors de cette expérimentation, les individus triploides ont eu
un cycle de reproduction comparable, mais avancé d’un mois, a celui des diploides. Par
ailleurs, la stratégie envisagée pour suivre les paramétres environnementaux de la colonne
d’eau a proximité de la mouliére étudiée n’a pas encore pu €tre conduite a son terme. Les
résultats bruts ne montrent a priori pas de corrélation entre les variations des parameétres
immunitaires et les parameétres environnementaux. L’analyse statistique manque encore a
cette premiére conclusion, mais trois voies d’interprétation seront a discuter : 1) les données

ne sont pas assez nombreuses pour permettre une telle analyse statistique ; ii) les paramétres
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environnementaux suivis ne sont pas les plus déterminants ; iii) la mesure de ces paramétres
n’est pas en adéquation avec leur impact sur la physiologie de I’individu. En effet, dans cette
étude, les parametres environnementaux ont €té mesurés dans la colonne d’eau et non pas
dans I’environnement immédiat (quelques millimétres) sous 1’influence, par exemple, du
courant inhalant ou exhalant de filtration de I’individu. Un schéma synthétise I’ensemble des

ces impacts (figure 6.1)

L’impact des facteurs du cycle reproducteur sur la modulation du systéme immunitaire
pouvait trés bien étre étudié¢ avec des individus triploides. Pour les mémes raisons que
précédemment citées, cette stratégie n’a pas été complétement satisfaisante. Néanmoins, le
suivi mensuel des paramétres immunitaires et de la gamétogenése chez ces individus, a
permis de confirmer la coincidence de la chute de I’activité de phagocytose avec la période de
ponte, sans pour autant qu’il y ait ponte la deuxiéme année. Paradoxalement, ce sont les
individus en pleine maturation gonadique qui présentaient une immunopathologie plus forte.
En suivant les variations saisonniéres d’une espéce, Mytilus edulis, qui pondait deux fois dans
I’année, I’impact de la période de ponte sur la chute de phagocytose aurait pu étre confirmé.
Les résultats préliminaires obtenus permettent de garder confiance en cette hypothése. Par
analogie a cette méthodologie, le suivi saisonnier des paramétres immunitaires, du sexe et du
cycle reproducteur chez des bivalves vivants dans des régions ou les facteurs
environnementaux seraient drastiquement différents, permettrait de mieux comprendre
I’impact de ces facteurs exogeénes et endogenes sur le fonctionnement de leur systéme

immunitaire.

Considérant la relation entre pattern hémocytaire et activité de phagocytose mise en
évidence dans I’étude comparative des parametres immunitaires des hémocytes prélevés sur
deux sites différents, les variations saisonnieéres observées pourraient étre aussi le fait de
changement dans le schéma de distribution des sous populations hémocytaires dans
I’hémolymphe. L’étude des sous populations hémocytaires a souvent fait appel a des
anticorps monoclonaux chez Ostrea edulis (Xue et al., 2001), Mytilus edulis (Noél et al.,
1994; Dyrynda et al., 1997), ou encore chez Chlamys farreri (Jing et Wenbin, 2005).
Néanmoins, [’utilisation des anticorps dirigés contre les hémocytes d’une espéce sur les
hémocytes de plusieurs espéces de bivalves, montre de nombreuses réactions croisées,

limitant ainsi la pertinence de leur utilisation (Jing et Wenbin, 2006). D’autres études utilisent
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des lectines (Pipe et al., 1997) ou des sondes spécifiques des mitochondries afin d’analyser
par cytométrie de flux les différentes sous populations d’hémocytes de bivalves (Tu et al.,
2007). Cette discrimination permettrait de répondre a des questions plus fondamentales sur la
régulation des patterns hémocytaires, et par la méme, I’hématopoic¢se chez les bivalves. Le
suivi des variations temporelles des patterns hémocytaires, en marquant ainsi les hémocytes,
permettrait de vérifier cette régulation, voire de localiser les tissus hématopoiétiques chez
d’autres bivalves que Chlamys farreri (Xing et Zahn, 2005). L’impact des polluants sur le
systétme immunitaire des bivalves pourrait étre mieux compris, en méme temps que de
progresser sur la connaissance des mécanismes de régulation du pattern hémocytaire, en
¢étudiant les changements de ces patterns en réponse a des expositions a des polluants, comme

le cuivre chez Mytilus edulis (Pipe et al., 1999).

Toutefois, ces études posent la question de la régulation du changement fonctionnel
des hémocytes ou de ce schéma de distribution. Ce changement saisonnier doit répondre
nécessairement a un message. Ce message a travers tout 1’organisme ferait intervenir une
hormone et un récepteur exprimé chez les hémocytes. Actuellement, parce qu’il est présent
dans les gonades de moules tout au long de I’année a des taux différents (Zhu et al., 2003),
qu’il intervient dans la gamétogenése de Mya arenaria (Siah et al., 2003; Gauthier-Clerc et
al., 2006a), qu’il induit des changements immunitaires importants a des doses
physiologiquement significatives chez la moule et chez la mye (Canesi et al., 2004a; Canesi et
al., 2006; Gauthier-Clerc et al., 2006b; Canesi et al., 2007) et que, enfin, les hémocytes
expriment des récepteurs a cette hormone (Canesi et al., 2004a), le candidat messager est
I’E2. Le systéme nerveux et le systéme immunitaire, tous deux assumant des fonctions
analogues vis-a-vis de leur environnement, partagent certains mécanismes cellulaires ou
moléculaires comme les cytokines (Bayne, 2003; Ottaviani, 2006). L’axe physiologique de
transmission de ce message pourrait faire intervenir la triade neuro-immuno-endocrine déja
responsable des effets neurotoxiques et immunotoxiques des métaux lourds chez la moule
(Nieto-Fernandez et al., 2000). L’étude de cette triade chez les bivalves sert également de
modele d’étude de la fonction neuro-immuno-endocrine, encore mal connue, chez les
mammiferes (Ottaviani, 2004). Les expositions « in tubo » de moules a I’E2, ont démontré
que les effets immunotoxiques de I’E2 sur la capacité¢ phagocytaire des hémocytes
dépendaient du sexe et de la saison. Notamment, les méles étaient plus sensibles a ces effets

de I’E2 en octobre, alors que cette hormone ne semblait n’avoir plus aucun effet sur les
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hémocytes des moules des deux sexes exposées en juin. Un suivi saisonnier de 1’expression
des récepteurs cestrogéniques dans les hémocytes permettrait de vérifier la relation entre
variations saisonnieres d’activité de phagocytose et cycle reproducteur. Toutefois, la ponte
chez un bivalve d’eau douce, est régulée par la dopamine ou la sérotonine (Gagne et al.,

2004) dont les effets immunotoxiques ne sont pas encore connus.

En résumé, cette étude montre I'impact de facteurs endogenes et exogenes sur les
paramétres immunitaires des hémocytes. Mais d’autres facteurs pourraient également
intervenir, comme les signaux environnementaux cycliques comme les marées pourraient
moduler ces parametres. Dans toutes les expérimentations en laboratoire ou sur le terrain
menées dans cette étude, les animaux ont été collectés dans les mémes conditions d’heure
marée, de transport et de conditionnement. D’autres facteurs endogeénes peuvent également
moduler ces parametres immunitaires, comme le facteur génétique suggéré par Ford et
Paillard (2007). La diversité de ces facteurs confondants potentiels est & mettre en relation
avec la diversité des fonctions assumées par les hémocytes. Il est alors prudent de revenir sur
le terme de «paramétre immunitaire » des hémocytes. Par exemple, la phagocytose,
paramétre immunitaire largement reconnu en immunologie, est le processus cellulaire
atavique de la nutrition et du transport de nutriments, fonction également assumée par les
hémocytes (Fisher, 1986 ; Bachére, 2004). En conséquence, I’ensemble des paramétres
mesurés rend compte de la fonction immunitaire chez les bivalves, mais leur modulation peut

rendre compte de processus physiologiques indépendants de cette fonction de défense.

lIl. Des impacts des xénobiotiques des activités anthropiques

De nombreuses substances chimiques issues des activités humaines ont démontré leurs
effets déléteres sur le systtme immunitaire d’animaux sentinelles de la qualité¢ de
I’environnement (Galloway et Depledge, 2001; Auffret, 2005; Duffy et Zelikoff, 2005; Goven
et al., 2005; Rollins-Smith et Smits, 2005). Ici, I’évaluation immunotoxique de polluants a des
doses environnementales renforce la pertinence de I’analyse du risque chimique encouru dans
I’environnement. Les réponses immunitaires mesurées suggerent une forte interrogation quant

a ’efficacité des réglementations en cours.
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D’autre part, 1’approche de I’impact chimique des activités humaines par une
substance chimique représentative, permet une vision pragmatique des risques chimiques
associés a cette activité. Ainsi, cette étude peut servir a I’évaluation du risque chimique d’une
activité humaine en fonction de son intensité ou de son rythme d’activité. Comme dans le cas
de I’augmentation récente des concentrations du diuron dans les marinas (Chesworth et al.,
2004), cette approche peut aussi étre utilisée pour prédire des effets consécutifs & une
augmentation potentielle de 1’occurrence du polluant, due a une intensification de son
utilisation ou a une intensification de 1’activité. De méme, 1’étude toxicologique de mélanges
modélisant les impacts chimiques de sites d’activités humaines est une approche, une
approximation, du risque chimique de ces sites. Dans ce cas, 1’absence de différences
immunotoxiques chez les individus contaminés par rapport aux individus témoins ne signifie
en rien de D’absence d’effet au niveau de l’organisme. Au contraire ils révélent des
interactions complexes entre les substances chimiques choisies qui pourraient étre mis en

évidence par des études de mélanges de substances en proportion différente.

Mais cette étude, outre les variations saisonnieres naturelles du systéme immunitaire, a
montré surtout que le systéme immunitaire des bivalves n’est pas également sensible aux
xénobiotiques tout au long de I’année. Sans avoir pu les découpler, le cycle reproducteur
semble plus prépondérant dans cette différence de sensibilité que les parametres
environnementaux. Ce résultat signifie que i) 1’évaluation toxicologique d’une substance
chimique, doit se faire a des saisons différentes, principalement motivées par des moments
clefs du cycle reproducteur ii) 1’étude des effets d’une substance chimique reste critique dans
I’évaluation du risque environnemental. Un schéma synthétise 1’ensemble des ces impacts
(figure 6.1). L’étude mensuelle des effets immunotoxiques d’une substance toxique de
référence, bien que certainement trés instructive sur ses mécanismes immunotoxiques, ne
permettrait pas de conclure sur les réponses immunotoxiques d’autres xénobiotiques selon les

saisons.
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IV. Recommandations pour [I’évaluation du risque

environnemental utilisant les outils immunotoxicologiques

A Tissu de ces travaux, on peut émettre une séric de recommandations i) pour
I’évaluation du risque environnemental de substances chimiques et ii) pour le suivi

environnemental de la qualité d’écosystémes marins cotiers.

La majeure partie de cette étude s’est focalisée sur quatre parameétres immunitaires
chez les bivalves : la cellularité, la mortalité hémocytaire, 1I’index phagocytaire et la capacité
phagocytaire, ces parameétres étant considérés comme les outils, a minima, pour évaluer le
systétme immunitaire. Nombre d’études physiologiques chez les bivalves utilisent, parmi
I’ensemble des biomarqueurs des fonctions physiologiques, un seul paramétre du
compartiment « fonction immunitaire », souvent 1’activité de phagocytose. Cette démarche, a
la lumiére des travaux présentés ici, apparait critiquable. En effet, toutes les études
immunotoxicologiques mettent en évidence le besoin de considérer plusieurs parameétres
immunitaires pour évaluer la perturbation de I’ensemble de la fonction (Auffret, 2005). De
méme, 1’utilisation d’un biomarqueur unique comme la stabilité lysosomale est critiquable
quand elle est appliquée chez les hémocytes. Certes, ce test de toxicité cellulaire est corrélé a
la santé de I’animal (Allen et Moore, 2004), mais il a été d’abord mis au point et étudié sur les
cellules de la glande digestive et n’est donc pas reli€ a la fonction de défense. Enfin, méme
appliquée sur les hémocytes ce test ne rend compte de perturbations cellulaires qu’une fois
que les agents étrangers ont été internalisés par la fonction de phagocytose. C’est pourquoi il
faut distinguer les parametres immunitaires validés pour ce diagnostic environnemental, des
autres paramétres immunitaires utilisés pour 1’analyse du fonctionnement du systéme
immunitaire ou des mécanismes immunotoxiques. Une panoplie d’outils du systéme
immunitaire des bivalves, analogue aux « tier I » et « tier II » établis par Luster ef al. (1992;
1993), est proposée ci-aprés (Tableau 11). Dans le cadre d’études environnementales
harmonisées ou d’évaluation standardisée du risque immunotoxicologique en milieu
aquatique, cette panoplie devra faire I’objet d’intercalibration et de standardisation de
protocoles, I’instar des protocoles figurant dans les guides d’études immunotoxicologiques

appliqués aux vertébrés (Germolec, 2004).
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Tableau 12 : Panoplie d’outils proposés a utiliser selon 1’objectif visé

Paramétres immunitaires Contexte d’utilisation

Batterie 1 :

«  Cellularité (cell.mL™) = Suivi environnemental harmonisé

= Mortalité hémocytaire = Evaluation du risque immunotoxique
= L’activité de phagocytose harmonisée

= La capacité phagocytaire des hémocytes

Batterie 2 : » Etude spécifique sur le fonctionnement
= Stabilité lysosomale du systtme immunitaire

= Especes oxygénées réactives = Etude des mécanismes des effets

= Estérases immunotoxiques de substances

= Mitochondries hémocytaires chimiques
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La présente étude recommande fortement de tenir compte également de sexe et des
stades de gamétogenese des individus échantillonnés, facteurs étant apparus comme pouvant
confondre massivement la réponse immunitaire et modifier la sensibilité aux polluants. De
plus, méme si I’impact réel des facteurs physiques, chimiques et biologiques de la colonne
d’eau n’a pu étre découplé de I’'impact du cycle reproducteur, la mesure des paramétres
environnementaux classiques (température, salinité, chlorophylle a, etc.) doit toujours étre
effectuée, dans le cadre de suivi environnemental, afin de comprendre 1’origine d’éventuelles
anomalies. L’approche méthodologique, écophysiologique et écotoxicologique de cette étude
donnent des éléments concrets pour entrer dans une phase d’harmonisation, telle que voulue
par le Réseau Atlantique Bivalve. Les travaux menés, ici, sur les outils
immunotoxicologiques, s’inscrivent alors dans le cadre d’une harmonisation, a 1’échelle
globale, des suivis environnementaux et des évaluations du risque chimique et de la création
d’un groupe international sur la pollution chimique (IPCP), pour répondre de maniére globale
et harmonisées aux perturbations anthropiques, notamment en milieux marin cotiers et

estuariens (Scheringer et al., 2006; Scheringer, 2007).

A Tl’instar d’études immunotoxicologiques chez les vertébrés (Burchiel et al., 1997),
cette étude suggére ’utilisation de la cytométrie en flux pour I’analyse multiparamétrique des
cellules de la défense immunitaire et comme outil d’harmonisation. L’encombrement des
cytometres était le principal obstacle aux études de terrain mais, les récentes innovations
technologiques ont vu 1’apparition sur le marché d’appareils performants plus compacts et de
plus en plus conviviaux. Ces nouveaux appareils autorisent 1’utilisation de la cytométrie en

flux lors d’évaluation environnementale sur des sites de niveau d’infrastructure faible.

Que ce soit dans un objectif d’harmonisation ou de standardisation des méthodes et
des outils, il est nécessaire que des études, appliquées a 1’évaluation environnementale en
milieu marin cotier ou estuarien, se focalisent sur un référent. Cette référence peut étre
géographique (un site), biologique (un modele biologique ou une population donnée), toxique
(un polluant, comme le chlorure de mercure) ou temporel (une date donnée). L’observation
d’une population d’un site précis permet d’accumuler les données environnementales et
biologiques sur une échelle de temps. Alors, I’encagement d’individus de cette population sur
différents sites d’intérét, permet alors d’évaluer le risque chimique a partir d’'une base

conséquente d’informations. Dans ces conditions, le site de référence devient alors un site
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atelier, offrant la possibilité de répondre aux exigences réglementaires, comme celle de la

directive-cadre sur I’eau européenne et a sa définition d’un « bon état écologique ».

Néanmoins, I’étude du risque chimique d’une molécule nécessite de disposer
également d’une base conséquente de données sur le comportement d’un unique modele
biologique sur lequel il est possible de procéder aux études écotoxicologiques. Actuellement,
la seule possibilité d’obtenir un modele biologique avec une variabilité réduite est de disposer
d’individus issus de I’élevage. La filiere conchylicole pourrait trouver ici un intérét en
s’associant aux organismes de surveillance de la qualité du milieu, comme dans le cas des
réseaux mis en place par 'IFREMER. Des études in vitro sont aussi nécessaires pour évaluer
I’immunotoxicité d’un produit. Dans ce cadre, en ’absence de lignée cellulaire d’hémocytes
chez les bivalves une référence cellulaire en milieu marin cdtier, reconnue par tous, manque.
Mais, de récents développements dans la conservation d’hémocytes de moules sur plusieurs
semaines (Cao et al., 2003), ou dans des bivalves artificiels pourraient offrir des modeles
alternatifs d’évaluation du comportement chimique de polluant dans les prochaines années

(Vrana et al., ; Booij et al., 2006).
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Signal immunotoxique
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Figure 6.1 : Synthése de I’'impact des facteurs confondants sur le signal immunotoxique. Les
xénobiotiques produisent ce signal immunotoxique en perturbant les paramétres immunitaires
selon la dose (DR). Mais, des facteurs endogénes peuvent également moduler la réponse
immunitaire. Parmi ces facteurs, le sexe peut induire des variations de l’ordre de 30%.
Certains de ces facteurs endogénes, comme le cycle reproducteur, varient au cours des
saisons, conjointement avec les facteurs environnementaux naturels et peuvent induire des
différences de réponse a hauteur de 50%. Néanmoins, c’est le cycle reproducteur, notamment
le moment de la ponte et la gamétogenése, qui jouerait un role majeur dans ces variations, par
rapport aux parametres environnementaux mesurés dans cette étude. Enfin, les xénobiotiques
induisent un signal immunotoxique variant selon la dose (DR). De plus, les facteurs
saisonniers et endogénes peuvent modifier la sensibilité aux effets immunotoxiques des

xénobiotiques.
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I. Conclusions de I’étude

Cette étude a mis en évidence, a 1’aide d’un développement méthodologique, d’une
approche écophysiologique et d’une application opérationnelle écotoxicologique,
I’importance des facteurs sexe et cycle reproducteur pour bien utiliser les outils
immunotoxicologiques pour comprendre les effets biologiques des contaminants présents
dans le milieu marin. Sur le plan scientifique, cette étude a montré 1’impact majeur de facteurs
endogénes sur les paramétres immunitaires des bivalves, soulignant le caractere
plurifonctionnel des hémocytes. Sur le plan opérationnel, cette étude a permis de progresser
dans la validation des biomarqueurs pertinents pour le risque toxique et une méthodologie

adaptée.

Ces travaux ont d’abord mis en évidence 1’importance critique du site anatomique de
prélévement des hémocytes pour des études immunotoxicologiques. A la suite d’ateliers
internationaux d’harmonisation de méthodes d’analyses des paramétres immunitaires, un
ensemble de protocoles, a standardiser, a été proposé afin de pouvoir mener des études
multipartenaires et multisites, par exemple dans le cadre de suivi de sites ateliers d’un réseau
de recherche transatlantique en écotoxicologie (Réseau Atlantique Bivalve). Un indice
cumulé immunotoxicologique a été développé, offrant une vision globale de la réponse
immunotoxique. Enfin, cet axe a permis la mise au point d’un nouveau protocole opérationnel
d’exposition individuelle offrant plusieurs avantages. Il est adapté a 1’évaluation du risque
chimique en milieu marin puisque mis au point pour I’exposition de Mytilus edulis. Sa mise
en ceuvre permet de standardiser les conditions d’exposition, d’ajouter la mesure d’un trait de
vie de suivi expérimental tout en réduisant le risque chimique pour I’utilisateur. Dans le
deuxiéme axe écophysiologique, chez Crassostrea gigas, comme chez Mytilus edulis, les
paramétres immunitaires ont montré des variations saisonniéres calées sur le cycle
reproducteur et pouvant évoluer du simple au double. Néanmoins, le suivi des parametres de
la colonne d’eau n’a pu permettre de déconvoluer I’impact de ces derniers sur ces variations
par rapport a la gamétogenese. Grace a I’observation histologique des gonades, le sexe est
apparu comme un facteur confondant significatif pouvant induire des différences
d’immunocompétence de 20%-30% entre les males et les femelles. Enfin, le dernier axe a

montré que le signal immunotoxique de polluants pouvait étre brouillé en ne discriminant pas
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les individus testés selon leur sexe. De méme, la sensibilité¢ immunotoxique aux polluants
pouvait changer radicalement, selon le cycle reproducteur et les autres facteurs saisonniers.
L’importance de ces facteurs confondants dans 1’évaluation environnementale d’activités
anthropiques croissantes ou rythmiques a été mise en évidence avec des doses de polluants

actuellement mesurés dans I’environnement, seuls ou en mélanges.

En ne tenant pas compte de ces facteurs, 1’utilisation des outils immunotoxicologiques
pour le risque environnemental en milieu marin peut aboutir a sous-évaluer le signal du
systétme immunitaire. A 1’inverse, 1’utilisation de ces outils pour 1’évaluation du risque
immunotoxique de substances chimiques sans considération pour ces facteurs, peut conduire a
ignorer des effets toxiques. Le sexe est un facteur pouvant étre responsable jusqu’a 20% du de
la réponse immunitaire alors que la sensibilité aux toxiques peut étre différente selon le sexe.
Le facteur saison peut lui aussi perturber le signal immunotoxique en évoluant du simple au
double en conditions naturelles et pouvant masquer des effets immunotoxiques. Par contre,
cette étude n’a pu mettre en évidence clairement I’importance de la gamétogenése par rapport
aux parametres physiques, chimiques et biologiques de la colonne d’eau. Dans ce contexte
d’analyse du risque chimique des activités anthropiques en milieu marin cétier, cette étude a
validé plusieurs critéres pour 'utilisation des outils immunotoxicologiques pour 1’évaluation
du risque chimique en milieu marin selon les normes de validation des biomarqueurs de

I’Organisation Mondiale de la Santé (tableau 1 et 2 Cf. chapitre 1).

La présente étude a étayé les connaissances sur le comportement de ces biomarqueurs
hors contexte de contamination chez deux espéces de bivalves. De méme 1’estimation de leur
variabilité inter et intra individuelles s’est améliorée avec le protocole d’exposition « in tubo »
et avec les travaux d’intercalibration soulignant le fort caractére intrinseéque de cette
variabilité. Développés chez plusieurs especes de bivalves, les parameétres immunitaires ont
déja montré toutes les caractéristiques premieres des biomarqueurs d’effet, comme leur
capacité a discriminer des populations statistiques avec des niveaux d’exposition différents
ou, ’existence de courbes doses-réponses pour de nombreux polluants (Auffret, 2005). Selon
I’Organisation Mondiale de la Santé, la validation de biomarqueurs nécessite aussi 1’étude
critique de la faisabilit¢ de I’utilisation de ces biomarqueurs. L’expérience tirée des
nombreuses études de suivis ou d’évaluation du risque chimique de xénobiotiques a été

plusieurs fois échangée par les équipes participantes lors des différents ateliers. Les
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conclusions montrent la faisabilité de telles études dans des conditions opératoires qui
peuvent maintenant entrer dans des phases opérationnelles de standardisation, toutefois, en

tenant en compte des recommandations issues de ce travail.

Il. Perspectives de I’'étude

L’originalité de ces travaux réside dans 1’étude des facteurs endogénes qui modifient
les parameétres immunitaires. Néanmoins, les autres études menées présentent des perspectives

sociétales et de recherche intéressantes.

Ces travaux présentent un modele d’exposition adapté a 1’évaluation du risque
chimique en milieu marin (utilisation d’organismes sentinelles du milieu marin, durée
d’exposition courte, révélant des effets toxiques, méme a de faibles doses environnementales).
Le protocole in tubo pourraient étre utilisée pour 1’évaluation des effets toxiques des
perturbateurs endocriniens, des biocides, des produits phytosanitaires, de produits
pharmaceutiques, etc., en application de nouvelles réglementations sur les substances
dangereuses. L application a des polluants types de certaines activités humaines et du mercure
a des doses chroniques environnementales, ainsi que 1’impact de facteurs confondants, a
permis de prendre conscience de la sévérité des conséquences de la présence de ces polluants
dans le milieu marin. Les résultats obtenus trouvent écho dans les nouvelles réglementations
sur les substances chimiques (REACH, TGD) ou sur la protection de I’environnement marin
(directive-cadre eau de la commission européenne, stratégie maritime européenne, travaux des
commissions OSPAR, Barcelone et d’Helsinki). Cette interaction entre recherche et
législation est appelé encore a croitre, tellement les objectifs de protection de I’environnement
et de santé publique sont li¢s. D’ailleurs, Health & environment alliance (HEAL), Health care
without harm (HCWH), en partenariat avec le Centre national de I’information indépendante
sur les déchets (CNIID), trois organisations non gouvernementales, veulent imposer une
interdiction mondiale d’utilisation du mercure au prochain conseil d’administration du
Programme des Nations Unies pour I’Environnement (PNUE) qui s’est déroulée a Nairobi du

5 au 9 février 2007 (SEGHIER, 2007).

Initiés en 2003, la présente étude ouvre des perspectives pour 1’étude des facteurs
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abiotiques et biotiques pouvant moduler la réponse immunitaire chez les bivalves. Les efforts
de recherche quant a I’utilisation de ces outils doivent étre de deux natures différentes.
Premiérement, il est nécessaire d’entreprendre, surtout dans le cadre d’études multisites et
multipartenaires, des études sur le conditionnement du matériel biologique avant analyse. Le
transport des animaux, les conditions d’acclimatation, ou I’impact des variations saisonniéres
de température et de salinité sur les méthodes d’analyse des parameétres hémocytaires doivent
faire I’objet de champs d’investigations renseignés. Deuxiémement, des problématiques
écophysiologiques doivent étre étudiées comme 1’impact des patterns hémocytaires sur les
parametres immunitaires et leur variation saisonniére. Encore, le découplage de 1’impact des
facteurs saisonniers, endogenes, comme le cycle reproducteur, ou exogenes, ne pourra
s’étudier que sur des especes de bivalves dont le cycle de reproduction est différent, ou des

espéces identiques a large répartition spatiale, vivant dans des écosystémes différents.

Par ailleurs d’autres facteurs que ceux étudiés dans cette étude peuvent moduler
potentiellement la réponse immunitaire. Des approches génétiques permettraient de progresser
sur cette variabilité individuelle importante chez les bivalves en suivant I’expression de genes.
D’autre part, I’impact de la ressource trophique, en qualité et en quantité, offre une
perspective intéressante de recherches a mener. En effet, des études sur I’interaction entre
phytoplancton et particules en suspension, source énergétique de ces animaux suspensivores
pourrait permettre de comprendre 1’impact de blooms d’algues toxiques, des variations
saisonnieres de nourriture, mais aussi de la biodisponibilité¢ des polluants sur les parameétres
immunitaires chez les bivalves. L’approche a différentes échelles expérimentales, in fubo, en
aquariums ou en mésocosmes est suggérée. Ce dernier dispositif expérimental permet, en
effet, le contréle d’un ensemble de paramétres environnementaux de la colonne d’eau
(température, salinité, nourriture, etc.) et de reproduire des événements météorologiques ou
anthropiques qui remettent en suspension les sédiments chargés en polluants. Cette échelle
adaptée aux études chroniques autoriserait 1’étude de ces impacts de ces facteurs sur les outils
immunotoxicologiques mais plus largement de comprendre les effets de ces facteurs sur le

fonctionnement du systéme immunitaire.

L’utilisation d’enceintes benthiques ouvre également de nouvelles perspectives. En
effet, ’analyse de la diffusion des contaminants chimiques a D’interface eau-sédiment

(Monperrus et al., 2005), la mesure de parametres physico-chimiques de 1’environnement
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immédiat de bivalves sous influence de leur physiologie et la mesure de paramétres
physiologiques globaux, en regard des paramétres immunitaires, permettraient d’investiguer

au plus pres de la réalité de I’environnement des bivalves.

D’autre part, I’approche écophysiologique de cette étude, mettant en exergue des
variations saisonniéres dans les fonctions hémocytaires ouvre de nouveaux champs
exploratoires de la physiologie des bivalves. En effet les résultats obtenus permettent
d’étudier les autres fonctions hémocytaires, notamment celles liées a la croissance ou la
réparation coquilliére qui restent trés mal connues. Une étude adéquate permettrait de
comprendre, le role des hémocytes dans les variations de la croissance des valves, proxy

utilisé en paléoocénanographie pour retracer les changements de température.

Enfin, les interactions entre la fonction immunitaire et la fonction de reproduction
ainsi que des différences entre les sexes, mis en évidence dans ces travaux, peuvent ouvrir une
perspective de recherche originale en abordant la problématique de 1’effet de 1’oestradiol sur
la réponse immunitaire. Il serait important de connaitre les effets saisonniers in vitro de I’E2
sur Dl’activité de phagocytose des hémocytes. L’étude de I’expression des récepteurs
oestrogéniques et le dosage hémolymphatique de 1’oestradiol au cours des saisons inviterait a
étudier de plus pres la fonction neuro-immuno-endocrine. Les hémocytes étant les seules
cellules circulantes chez les bivalves, ces espéces fournissent des modeles biologiques trés
intéressant pour 1’étude comparée de cette fonction intégratrice. Il faudrait aussi connaitre les
variations individuelles a court (jour) et 4 moyen terme (semaines) chez un méme individu
puis étudier I’effet d’hormones ou de cytokines sur ces variations, ¢tudiant de plus pres la
fonction neuro-immuno-endocrine voire la convergence fonctionnelle entre le systéme

immunitaire et le systéme nerveux (Bayne, 2003; Ottaviani, 2004, 2006).

En résumé des perspectives ouvertes par ces résultats, I’importance d’une approche
pluridisciplinaire et multisite a ét€¢ mise en avant plusieurs fois. C’est cette approche, focalisée
sur les bivalves, que propose d’appliquer le Réseau Atlantique Bivalve, regroupant des
compétences diverses en écotoxicologie et se focalisant sur des sites ateliers de part et d’autre

de I’ Atlantique.
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I. Les zones coétiéres, un contexte humain et social

A. Les zones cétiéres, berceaux de nos civilisations

Les zones cotiéres ont toujours été des sites privilégiés d’activités humaines. Que ce
soit le pourtour méditerranéen, qualifié de berceau des civilisations occidentales, ou encore en
mer de Chine pour les civilisations orientales, c’est le long des cotes qu’ont migré les
premiers hommes puis que se sont forgées de puissantes civilisations. Pendant longtemps, la
puissance d’une civilisation était principalement estimée a partir de la capacité de sa marine
militaire et commerciale.

La péche, au harpon, a la ligne ou au filet, a sirement été 1’une des premiéres activités
humaines dans ces zones, en témoignent les fouilles archéologiques d’anciens villages
néolithiques et de I’Age de Bronze. Artisanale, elle était 1’équivalent de la chasse, a terre, et
pouvait profiter de la richesse et de 1’abondance de la mer. Au gré des innovations
scientifiques et technologiques pour la maitrise du milieu marin, la péche, I’exploration, puis
le commerce, se sont développés sans discontinuité pendant des milliers d’années. Poussées
par les vents, des caravanes de navires appareillaient a des fins scientifiques, militaires ou
commerciales vers des destinations de plus en plus éloignées. Les vikings, puis Jacques
Cartier, ont découvert I’Est du Canada et ses cotes poissonneuses. En remontant haut dans les
terres sur le fleuve Saint Laurent, les Frangais ont développé ainsi le commerce de peaux avec
les Premicres Nations. De récentes données archéologiques et génétiques sur la cote Ouest
canadienne, supposent qu’a la méme époque, 1I’amiral ¢
hinois Zheng He mena pendant 28 ans, des expéditions maritimes pacifiques de grande
envergure, vers le continent américain, 1’Australie, les poles et le cap de Bonne Espérance
(Menzies, 2002). Comme dans le reste de 1’Europe, la Compagnie des Indes Orientales,
fondée par Colbert a fait la renommée de Lorient ou encore celle de ces « Messieurs de Saint
Malo » (Gasnier, 2004).

Places stratégiques de premier ordre pour toute puissance digne de ce nom, les ports
ont été le champ de bataille de nombreuses guerres pour permettre le controle du transit
maritime, 1’accés vers de nouvelles destinations ou encore, la protection des navires
commerciaux alliés face au pillage des pirates ou des corsaires malouins. Mais, les ports ont
aussi €té¢ des creusets civilisateurs en permettant des échanges avec des négociants, des
scientifiques, des ambassadeurs de cultures différentes. Le port fut alors aussi un lieu de

prestige et de rayonnement pour une puissance. Le port d’Alexandrie, avec son phare et sa
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bibliothéque, en reste siirement le plus bel exemple.

B. Les zones cétiéres, exutoire des civilisations
Avec la révolution industrielle, a partir de la moitié du 19°™ sigcle, les zones cotieres
se sont confortées comme des zones économiques privilégiées. L’intensité des activités
traditionnelles (péche ou aquaculture), industrielles (transport maritime, travaux maritimes),
et le développement de nouvelles activités (tourisme et loisirs) ont certes développé
localement 1’économie, mais ont aussi eu des répercussions économiques qui dépassent
largement les frontiéres de la région. Ainsi, le poids économique de valeur produite par la
« France maritime » représente 35 milliards d’euros en 2005 et 315 000 emploi directs dans
tous les métiers de la mer et métiers connexes (assurances, banques, bureaux d’étude, etc.) qui
forment le cluster maritime frangais (IFM, 2005). Ce chiffre ne prend pas en compte, par
contre, les retombées économiques de ces activités sur 1’économie des territoires qui
dépendent de I’acces a un port. Malheureusement, ces zones privilégiées d’activités humaines,
nécessaires et profitables a la société, géneérent intrinséquement des perturbations. En
conséquence, ’intensification de ces activités augmente également la pression anthropique
sur D’environnement marin et ses ressources. Elle peut également mettre en péril le
développement durable, a court terme et a long terme, de ces activités. Outre les pollutions
accidentelles liées a la nature des cargaisons, le transport maritime est intrinséquement source
de perturbations que ce soit par 1’établissement et I’entretien de voies navigables comme par
I’utilisation de peintures antisalissures. D’autre part, les zones cotiéres sont aussi affectées par
les risques chimiques des activités industrielles et agricoles installées dans ces régions, mais
aussi dans les zones situées en amont des fleuves et des rivieres émissaires des bassins
versants. La contamination de I’environnement marin peut se faire aussi a I’interface air-eau
par des polluants atmosphériques. Enfin, la présence et le mode de vie méme de la population
cotiere peuvent perturber 1’environnement marin. En effet, les nouvelles substances
émergentes issues de 1’utilisation de produits pharmaceutiques et cosmétiques se retrouvent

dans la colonne d’eau.

C. Les générations futures

Considérant alors le millier de nouvelles molécules organiques mises sur le marché
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chaque année, le flux démographique croissant vers les zones cotieres ainsi que les activités
humaines connexes, les écosystémes marins sont indéniablement soumis a une pression
anthropique, de nature entropique. Cette pression et ces facteurs aggravants ont leur role dans
le « changement global ». Ce terme intégre le changement climatique accéléré par les activités
humaines, mais aussi le changement de la qualité de I’environnement dans lequel I’Homme
évolue. Une approche systémique, par exemple, de I’augmentation de la fréquence des
tempétes en hiver qui remettent en suspension dans la colonne d’eau des contaminants,
jusque-la séquestrés dans les sédiments et agir ainsi sur la qualité de la ressource (Lacroix et
al., 2001; Fournier ef al., 2002). De la méme fagon, que penser de la remise en suspension
massive de sédiments lors d’événements telluriques ou météorologiques extraordinaires et sa
conséquence sur la prise en considération de la santé des populations locales dans I’étape de

reconstruction ?

Références
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MORTALITE HEMOCYTAIRE - TEST IP

Matériel nécessaire :

SAAH (réfrigérateur)

lodure de propidium (solution stock dans la porte du réfrigérateur a
concentration de travail 1 mg.mL™")

1 pipette automatique Eppendorf®

1 pipetman Gilson ® + embouts (125ul, 1250 pl et 12,5 mL)

1 tube faclon ® 5 mL par huitre

glace pilée

boite polystyréne + couvercle

Temps minimum : 10 min

200 pl de SAAH (solution antiagrégante) avec la pipette automatique
Eppendorf® par tube

50 ul d’hémolymphe par tube

Quand I’hémolymphe a été ajoutée a tous les tubes, ajouter 2,5 ul de IP avec le
pipettman® + embout 125l Concentration finale d’IP : 10pg.mL"’

Laisser incuber 10 min dans la glace dans le noir

Passer au cytometre sur FL-3 H (settings moule IP_DIOC)
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PHAGOCYTOSE

Temps minimum : 4h25.

e Déposer 100 pl d’hémolymphe au fond de 2x5 puits d’une plaque 96 puits maintenu
sur glace

e Vérifier la concentration au cytométre avec IP et DIOC &

e Ajouter la solution de billes pour avoir 30 billes pour un hémocyte.".

e Centrifuger a 1250 rpm pendant 10 min a 4 °C O

e Incuber les plaques a 15 °C (tp) pendant 4 heures @

e ajouter 10 ul de SAAH-trypsine 5x $<

e laisser incuber pendant 5 min a 25 °C

e ajouter 10 pl d’hémofix (1 :10)
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PROTOCOLE IN TUBO

Objet : le protocole in tubo permet [’exposition individuelle de moules mesurant entre
4 et 5 cm pendant 24 heures. Il permet d’utiliser des volumes moindres de
toxiques. La mesure de la clairance d’une eau riche en phytoplancton peut
étre faite a la fin de I’exposition pour donner un indicateur physiologique

global de la moule.

Mise en place

Une plaque (polystyréne, bois) percée de trous de 30mm exactement, équidistants les
uns des autres, est posé sur un bac rempli d’eau de mer circulant. Ce bac agit comme

un thermostat (Cf Figure 1).
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Figure 0.1: mise en place du dispositif in fubo




Utilisation

Mussel in tubo




Avertissement: On nous a souvent demandé ce que nous faisions comme travail de
recherche. Malgré tous nos efforts pour rester vagues et un peu compréhensibles, nos parents,

nos amis répliquaient invariablement a nos explications: 'oui, oui..." en soupirant plus ou
moins, plus intrigués que jamais. Aussi nous sommes nous résignés a raconter aux masses
étonnées non pas notre travail, mais ce qu'est la vie du thésard. Il semblerait que nous ayons

réussi, a en croire les premiéres réactions.

Le petit Nicolas en

these

Le Directeur de These

Pour commencer une
thése, il faut avoir un

patron. Un patron, c'est

: s o
un monsieur trés, trés _ €7 st

e
. = -}-"FJ:..
fort qui me pose un ?.\%(i : {_«
L
probléme et qui va fm' ff
m'aider a le résoudre. G
LI

La, c'est mon patron

photographié par Christian Mercatier-Bresson.

La Recherche
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Au début, c'est tellement compliqué, on n'y comprend rien.
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On peut passer des heures et des heures a chercher sans rien trouver. Dans ces moments-1a,
mon papa et ma maman sont drélement inquiets et quand ma maman demande si c'était une
bonne idée de faire faire une thése au petit (c'est moi), mon papa ouvre la bouche sans parler,

il agite les bras, et il s'en va lire le journal dans le salon.
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La Découverte

Des fois, c'est super, parce que je découvre des trucs que
mon patron m'avait demandés. Evidemment, ¢a peut arriver a
n'importe quelle heure, et mes parents ne sont pas toujours

ravis.
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Ils se demandent si je ne deviens pas

[ferel. complétement fou, mais ma maman sait
=ok

que mon papa n'aime pas qu'elle le lui

Moi, je trouve ¢a plutét normal

d'étre content. D'ailleurs, quand mon JE 5. A1 o g
£ .,c?r:'.ffif
patron trouve un théoréme, il est R b %

ns (qui P M [HE )
super fier et ses copains (qui sont . d;./;-{i- L
R =
. \ Y e
aussi des gens tres, trés forts) sont |, i — {5/ {1
. . L o 7 \/&_ﬁ‘r
super contents de lui. Mais ¢a mes, "'/t F1ifi rii A

parents, ils ne le savent pas.

Des fois aussi, ¢a se passe mal, parce que je me trompe.
Et quand je me trompe, avec mon patron, ¢a ne rigole
pas, mais alors pas du tout. 'Regardez-moi dans les
yeux, Nicolas', il me dit, pas content du tout. 'Vous
appelez ¢a du travail, peut-étre ?' qu'il me demande. Eh

ben, 1a, ¢a a l'air d'une question, mais il ne faut surtout

pas répondre, parce que sinon, il se fache tout rouge !

Les Séminaires

De temps en temps, un monsieur treés, trés important et vachement fort (mais pas aussi fort
que mon patron, quand
méme) vient nous parler
de trucs super-

compliqués. ¢a s'appelle
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un séminaire, et pendant un séminaire, ¢a ne rigole pas non plus. Quand le monsieur a fini de
parler, mon patron lui pose des tas de questions tres compliquées, et il ne sait pas toujours

répondre. Et 1a c'est pas juste, parce que lui, il ne se fait pas disputer !
La Soutenance

Quand j'aurai fini, il y aura une grande
cérémonie avec plein de gens trés, trés forts
(il y aura méme d'autres patrons, c'est dire)
et il y aura un vieux monsieur trés, tres
important qui me dira que c'est tres bien,
mon petit, les chemins de la Recherche me
sont glorieusement ouverts et je suis

I'honneur de mes parents et l'orgueil de

mon pays, et tout le baratin. Et apres, il y
aura un super goliter avec tous mes amis.

Génial !

Et quand il lira tout cela dans le journal, mon
papa sera trés fier et ma maman sera tellement
contente qu'elle me servira deux fois de la
créme renversée, mon dessert préféré. Clest

vraiment super, une these, a la fin !

La Gloire
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D'ailleurs les filles, ¢a
les impressionne
drolement de savoir
qu'on a fait une these de
mathématiques et qu'on
a trouvé des tas de
théorémes compliqués et
tout, et tout. Méme la
maman de  Marie-
Edwige, elle me fait des
grands sourires
maintenant, alors qu'elle
trouvait que j'étais un
petit gargon trés

turbulent.
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