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Résumeé

Introduction

Le guestionnement sur les conséquences sanitageseskais nucléaires aériens et des
accidents d’installations nucléaires reste toujaliastualité. En effet, des dizaines d’années
aprés ces événements, différents radionucléidesariculier le*'Cs et [€”°Sr, sont toujours
présents dans I'environnement du fait de leur démilongue (Fairlie 2007; Kashparov et al.
2001). Ces radionucléides ont progressivement riétdgs ecosystemes et les chaines
alimentaires menant a 'lhomme, et encore aujourdies populations importantes ingerent
guotidiennement de faibles quantités de ces rattioghts, bien que des études aient montré
une réduction de l'ingestion de radionucléides aeetemps (Assimakopoulos et al. 1995;
Cooper 1992; Paasikallio et al. 1994; UNSCEAR 200D¢s deux radionucléides sont
principalement retrouvés dans les champignons, engsi dans le lait et les produits laitiers
pour le®°Sr (de Ruig and van der Struijs 1992; Hoshi etl@94). Les effets sanitaires non
cancéreux de l'ingestion de ces petites quantig@sratdlionucléides pendant de longues
périodes restent mal connus. Des études chez lpslgtons vivant sur les territoires
contaminés de Tchernobyl ont montré des déséceslibies systemes hématopoiétique et
immunitaire: par exemple une augmentation des inaglabulines G et M circulantes chez
des enfants (Titov et al. 1995), une diminutionl'detivité du thymus et du nombre de
lymphocytes chez les liquidateurs (Yarilin et a093), une modification des populations
lymphocytaires sanguines (Vykhovanets et al. 2000) une diminution de la réponse
proliférative des lymphocytes apres activation giferents mitogenes chez les liquidateurs
(Kuzmenok et al. 2003). Cependant, ces études pasipermis d’établir un lien direct entre

l'ingestion chronique de radionucléides et lestsftdbservés.

Notre laboratoire a lancé le programme de recheldtéIRHOM, dans le but d’étudier les
modifications non cancéreuses des grandes fongbloysiologiques de 'organisme a la suite
d’'une telle contamination. Dans un premier temgs études ont été centrées sut’l€s.
Ces études ont montré que la contamination indugiqgues modifications dans différents
systemes physiologiques des modeéles de rongelisgsitiPar exemple, une modification des
cycles veille-sommeil chez des rats (Lestaevel.€2G06) a été démontrée, ce qui peut étre

associé a une réaction neuro-inflammatoire (Leslaeat al. 2008). Egalement des



modifications du systeme cardio-vasculaire (dimomutde la pression artérielle) (Gueguen et
al. 2008), du métabolisme de la vitamine D (dimiotde la vitamine D3 active dans le
plasma) (Tissandie et al. 2006; Tissandie et aD920du métabolisme du cholestérol
(augmentation de différents cytochromes intervedant la transformation du cholestérol et
des acides biliaires) (Racine et al. 2009; Racinale2010b; Souidi et al. 2006) et du
métabolisme des hormones stéroidiennes (Grignaatl 2008)ont été montrées. Cependant,
la plupart des modifications observées sont au anivenoléculaire (telles que des
modifications d'expression génique ou la variati® la synthése des protéines) sans

conséguences majeures sur |'état de santé desuanfbestaevel et al. 2010).

En revanche, d’autres études n'ont montré aucuniiocation des systemes hématopoiétique
et immunitaire aprés l'ingestion chroniqued€s (Bertho et al. 2011; Bertho et al. 2010).
Ceci suggére que f8Sr pourrait étre impliqué dans les effets des systthématopoiétique
et immunitaire observés chez I'homme. Ce radiondeléest d'origine exclusivement
anthropogénique et du fait de ses propriétés pbyiamiques, persiste a long terme dans
'environnement, ce qui a notamment conduit a latamination chronique par ingestion de
populations humaines en Russie, Ukraine et Biéfpeud 'induction de tumeurs osseuses
liées a la fixation dd°Sr dans les os aprés une contamination interné Efement décrite
dans différents modeles animaux (Galle 1982, 19R&dabe et al. 1981b). Par contre,

I'occurrence d’effets non cancéreux est beaucoupsrimen connue.

Son accumulation privilégiée au niveau de I'os paiticonduire a une modification de la
physiologie de la moelle osseuse et du fait dertximité entre I'os et la moelle osseuse
(Calvi et al. 2003; Taichman 2005), il est possibjge l'irradiation localisée par les
rayonnementsp” induise des effets sur la différenciation hématépgie et sur le

développement du systeme immunitaire.

L’objectif de cette étude est donc de déterminallgs sont les modifications fonctionnelles
des systémes hématopoiétique, immunitaire et osgends une contamination chronique par
ingestion & faible niveau d8Sr. L'étude est menée en paralléle sur deux modislesvo
(souris Balb/c) comme modele de la situation desufaions humaines, eh vitro (pré-
ostéoblastes et cellules souches mésenchymatgusesdtudier les mécanismes d’actions du

Ogy,



Biocinétigue de®’Sr et doses absorbées

Pour le modéldn vivo, nous avons d'abord déterminé la biocinétique®ie aprés une
contamination chronique par ingestion de I'eau disdon (20 kBg/l, correspondant a une
ingestion ciblée de 120 Bg/jour par animal a I'agklte) dans un modele murin juvénile et
adulte. La concentration utilisée a été utiliséesdas études précédentes (Bertho et al. 2011;
Bertho et al. 2010) et correspond a différentesumessde contenu en radionucléides dans le
bol alimentaire des populations exposées. Pourl@eie juvénile, la contamination a débuté
chez les parents avant I'accouplement et s’estgoiirvia I'eau de boisson aprés sevrage.
Les descendants ont été sacrifies entre la nassn@ge de 20 semaines, que ce soit pour la
détermination de la concentration ®8r dans les os ou pour les différents tests detitors

hématopoiétique, immunitaire et osseuse.

La premiére étape a consisté a déterminer la kdqgie de®Sr. Aucune modification
significative du poids des animaux n’a été obseprédee les animaux témoins et contaminés,
en tenant compte du sexe. Les animaux contamintémgéré entre 40 et 91 Bq d%r par
animal et par jour, selon I'age et le sexe. Cettstion quotidienne d8Sr correspond aux
estimations de présence ¥8r dans un bol alimentaire moyen dans les tereisobontaminés
(de Ruig and van der Struijs 1992; Hoshi et al.4)9R’excrétion était plus importante par les
féces que par les urines, ce qui montre qiéSien’est pas absorbé en totalité durant le transit

intestinal.

Les résultats ont montré 'accumulation @8r dans les os. Ceci est en accord avec d'autres
études expérimentales dans divers modeles aninGillet{ et al. 1992; Lloyd et al. 1976;
Raabe et al. 1981a), y compris des rats (Gran 19@€son 1970) et conformément avec le
modéle biocinétique de strontium précédemment m®pmar la CIPR (ICRP 1993; Leggett
1992; Lloyd et al. 1976). Les modéles juvénilesa@tiites ont montré des tendances tres
différentes de I'accumulation d®%r dans les os. Pour le modéle juvénile, le taalstirption

du *°Sr dans les os a été rapide pendant les premi@mesirges, puis atteint un niveau plateau
a l'age adulte. Ce niveau plateau d'accumulation’8e & I'age adulte a également été
observée dans une étude avec des beagles quig#ré ichroniquement difSr in utero
jusqu'a 1,5 ans (Parks et al. 1984). Comme Boolaletl'ont montré, ce taux élevée

d'accumulation d&°Sr est corrélée avec la croissance osseuse (Babk¥82). Par ailleurs,



il a été deécrit que le niveau d'absorption du d$iwom est limitée par la disponibilité de
calcium. En effet le strontium et le calcium padrigles mémes mécanismes de transport a
travers la paroi intestinale et sont donc absodEedacon compétitive (Apostoaei 2002;
Hollriegl et al. 2006a; Hollriegl et al. 2006b; Hwset al. 1994). Une étude menée par
Sugihira et al. a montré que le ratio de I'accurtiihastrontium vs. calcium dans les os était
plus élevée au cours des ages jeunes, probablémemise a une plus grande efficacité de
l'absorption de strontium par l'intestin gréle abut de la vie (Sugihira et al. 1990). Ces
mécanismes peuvent expliquer & la fois l'augmemtatpide de I'accumulation d®sr & un

jeune age et le niveau plateau observé a I'agéeadul

En revanche, pour le modéle adulte, une augmentatintinue du taux d®Sr dans les os a
été trouvée au cours des 20 semaines de l'ingedtimmique. Cela est probablement di au
faible niveau d'ingestion quotidienne qui ne perpet d'atteindre I'équilibre entre I'ingestion,
I'excrétion et I'accumulation dans l'os, mais ads$ limitation de 20 semaines de durée
d'ingestion. Le taux réduit de I'accumulation®@@r dans le modéle adulte est conforme avec
d'autres études montrant que I'accumulatioff8iedans les os adultes est principalement liée

au remodelage osseux (Dahl et al. 2001; Momerli @9@6a; Momeni et al. 1976b).

Par ailleurs, pour les deux modeéles, I'accumulatiofi’Sr est systématiquement plus élevée
dans les os des femelles que chez les méales, qoquait étre lié a la régulation hormonale
de la physiologie osseuse (Chiu et al. 1999; Hassh&nd Brommage 2000; Kalyan and Prior
2010), essentiellement a cause des cestrogenegu@pldans la régulation de la physiologie
osseuse. En effet, une étude a montré que les btetézs expriment des récepteurs

d'cestrogénes qui, une fois activés, favoriseniff@renciation des ostéoblastes (Marie 2001).

De plus, des différences ont été observées setodifi@rents sites du squelette. Ceci a été
également observé dans d’autres modéles animatexauine ingestion chronique ¥sr et
pourrait dépendre des différences dans le remoel@sgeux local et le débit sanguin régional
(Dahl et al. 2001; Momeni et al. 1976a; Momenilei&76b).

Dans tous les autres organes testés (sang, ftée,reins, thymus, cceur, poumons, systeme
nerveux central, muscle, peau), le taux “d8r était inférieur & la limite de détection.
Néanmoins, de petites quantités @8r ont été trouvées dans le tube digestif. La needur

taux de’Sr dans les différents segments du tube digestibifeac, gréle, caecum et colon)



d'animaux a montré que les quantités®®r étaient uniquement détectables dans l'intestin
gréle mais pas dans les autres segments. Celarsyggét une rétention faible d&sr dans

les villosités de la muqueuse intestinale qu’'uneuawlation vraie dans le tissu intestinal,
comme décrit précédemment pour l'ingestion d'uran(iDublineau et al. 2007; Dublineau et
al. 2005).

Les doses absorbées au corps entier qui résuttergtt accumulation osseuse’t®r ont été
calculées en utilisant des facteurs de converstodode (FCD) pour un modele de rat publié
par la CIPR. Il en résulte que les animaux du nedgévénile recevaient une faible dose
absorbée au corps entier variant de 0.3 + 0.1 mf@aynaissance a 10.6 + 0.1 mGy a I'age de
20 semaines, avec des différences entre malesnetlés. Le calcul des doses absorbées par
des DCF a été veérifié en utilisant une méthode aleut de dose basée sur des fractions
d'absorption spécifique (FAS) pour un fantdme derisovoxelisé de Stabin et al. (Stabin et
al. 2006) et une simulation Monte Carlo avec uridfare de souris voxelisé du Laboratoire
d'Evaluation de la Dose Interne (LEDI) de 'IRSNn&Jbonne corrélation entre les doses
estimeées par les méthodes FCD, FAS et LEDI ontedtéuveées. De plus, le LEDI a calculé
gue la dose absorbée pour le squelette a été hgaptos élevée que les autres tissus et

atteint 55 mGy pour le modéle juvéniles aprés 20aees d’'ingestion chronique &Sr.

Par conséquent, des effets éventuels de l'ingestimnique d€’Sr pourraient étre observés

sur la physiologie osseuse et le systtme hématapeé en raison de la localisation des
cellules souches hématopoiétiques (CSH) prés si€¢Calvi et al. 2003; Howard and Jannke
1970; Taichman 2005). En effet, un modeéele dosimétria décrit que des doses de
rayonnement beaucoup plus élevées peuvent attdeslieellules souches hématopoiétiques
en raison de la proximité de I'os (Eckerman an8i8t2000). Comme la moelle osseuse est le
site anatomique principal de la différenciation dgsphocytes B, des effets pourraient

également étre observés sur le systeme immunitaire.

L'utilisation du modele juvénile pour étudier leffets potentiels de la contamination par
lingestion chronique d&’Sr sur la physiologie osseuse et les systémes bpoiétique et
immunitaire semble étre d'un intérét particulierceaque le rayonnement absorbé est plus
élevé que dans le modéle adulte. En effet, leegyet hématopoiétique et immunitaire se

développent essentiellement pendant la vie foetgd@stnatale et les juvéniles montrent une



sensibilité accrue envers de nombreux composégjuesj y compris les radionucléides
(Blakley 2005; Hoyes et al. 2000; Lindop and Rdttk@62; Preston 2004).

Effets sur la physiologie osseuse

Pour la physiologie osseuse, nous n'avons paswibgee modification des taux plasmatiques
de calcium et de phosphate pour les animaux conénmar rapport aux animaux témoins. Ni
les concentrations plasmatiques des hormones tralgiques (vitamine D3 active et hormone
parathyroidienne) ni les marqueurs de la formatisseuse (alkaline phosphatase spécifiqgue
(bALP), protéine morphogénétique osseuse 2 (BMR2precollagene 1 propeptide N-
terminal (PINP)) n’ont été modifiés. En revanchag taugmentation significative du taux
plasmatique du marqueur de la résorption osseuso@eptide du collagene de type 1 (CTX)
a été observée chez des males contaminés. Del’pigestion de®Sr et son accumulation
dans I'os a induit une modification de I'expressitEs genes impliqués dans la formation et la
résorption osseuse, avec un déseéquilibre favorisardsorption osseuse. Nous avons donc
examiné la morphologie osseuse chez les animai@ga dle 20 semaines. Nous n’avons pas
observé de modification significative de I'épaigsee la plaque de croissance ni de la surface
osseuse. Ceci suggére donc que le déséquilibré patue®Sr dans le remodelage osseux ne
conduit pas a l'apparition des modifications moidpgaues. Cependant, nous ne pouvons
pas exclure qua un temps plus tardif (au-dela de semaines), des modifications
morphologiques au niveau du tissu osseux puissest @servées pour les animaux

contaminés.

Comme nous avons observé une modification de libguide la formation et la résorption
osseuse au niveau de I'expression des genes edesntrations plasmatiques aprés une
contamination chronique déSr, il serait intéressant d’étudier les effets rhotpgiques a des
temps plus tardifs et de compléter I'étude par’memunohistologie et des mesures de la

microarchitecture osseuse et de la solidité des os.

Effets sur le systéme hématopoiétique

Pour le systéme hématopoiétique, différents paraméint été étudiés et les effets sur le
systeme hématopoiétique étaient limités. Le F&Ad était significativement diminué a la



naissance chez des femelles contaminées. Ce tépaliarait indiquer une hématopoiese
modifiée mais ceci n'a pas été confirmé ni paral\se phénotypique des cellules 0n
kit"SCA-1I" dans la moelle osseuse, ni par la fréquence dmgépiteurs dans la moelle
osseuse et la rate. En revanche, des differengedficitives au cours du temps (sans
influence de l'état de la contamination des anijaomt été observées pour certains
parametres, liés au développement normal du syshé&mmeatopoiétique au cours de la vie
post-natale (Tavian and Peault 2005).

Nos résultats suggérent que l'ingestion chronige€®8@r a des faibles concentrations ne
provoque pas un changement significatif dans lallnaesseuse de souris. Toutefois, des
méthodes plus sensibles devraient étre utiliséas dd confirmer cette hypothése. Par
exemple en regardamt situ les cellules souches hématopoiétiques (CSH) dangh& ou
d'effectuer des dosages plasmatiques des facteun®idsance spécifiques de 'hématopoiese,
comme SDF-1 (facteur 1 dérivé des cellules strogpal&PO (érythropoiétine), TPO
(thrombopoiétine) ou SCF (facteur des cellules Besic(Tarasova et al. 2011; Wognum et al.
2003).

Effets sur le systéme immunitaire

Mis a part quelques différences ponctuelles, néagons pas observé d'effets sur le systeme
immunitaire & I'état d’équilibre chez les animawsnt@minés par |€°Sr. Bien que nous
n'‘ayons pas observé une modification majeure supdpulations des lymphocytes T et B,
nous ne pouvons pas exclure l'induction d’'un vgg#ment accéléré du systeme immunitaire

qui pourrait étre observeé a des temps plus tardifs.

Par ailleurs, des augmentations significatives dangourcentage des CDBD4'CD25
lymphocytes T régulateurs (Treg) ont été obserpées les animaux contaminés a lI'age de 16
et 20 semaines. Ces cellules sont connues pourréuiation négative sur la réponse
immunitaire des lymphocytes T et B et des celllNés (natural killer) et le contrble de la
réponse auto-immunitaire (Jager and Kuchroo 20E0)tant que tel, une augmentation du
pourcentage de Tregs pourrait suggérer une répogthdte aux antigenes. Ainsi, bien

gu'aucun changement majeur n'ai été observé daystieme immunitaire a I'état d’équilibre,
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nous avons supposé que la contamination °&@r pourrait induire des changements

fonctionnels du systeme immunitaire.

Afin de répondre a cette question, nous avons étlaliréeponse vaccinale. Nous avons
effectué ce test fonctionnel avec des antigenesfapées soit de la toxine tétanique (TT) soit
de 'hémocyanine de patelle (KLH), qui sont claasigent utilisés dans des expériences de
toxicologie (Luster et al. 1993; Luster et al. 1992

Nous avons observé une diminution significative ide@aunoglobulines G spécifiques ala TT
pour les animaux contaminés et vaccinés TT en coaigmen aux animaux témoins et
vaccinés TT. De plus, I'analyse phénotypique désles de la rate ont révélé une diminution
significative du pourcentage des lymphocytes T GIE¥" et lymphocytes B CD4ED19’
pour ces animaux. Basé sur ces faits, nous avaisé&si la balance Th1/Th2 de la réponse
immunitaire avait été modifiée. Nous avons obsedans la rate des diminutions
significatives des géenes T-bet (T-box exprimé daszellules T, Thl), Gata3 (protéine 3 liée
a Gata, Th2) et FoxP3 (Forkhead box P3, Treg) fEsuanimaux contaminés et vaccinés TT
ou KLH en comparaison aux animaux témoins et va&sciiil ou KLH. Au niveau protéique,
la diminution significative de I'expression de T-ppeur les animaux contaminés et vaccinés

TT a été confirmée.

En conclusion de cette expérience avec les ansg€mest KLH pour évaluer la capacité du
systeme immunitaire a répondre a une stimulatioig@mque a montré une diminution
significative des immunoglobulines spécifiques, difeérenciation lymphoide B perturbée et
un changement possible dans la balance Th1/Tha dipbnse immunitaire dans la rate chez
les animaux vaccinés. Cela suggére un effet indited'accumulation di’Sr dans les os des
animaux sur leur systéme immunitaire et cet effefrmit étre di & I'irradiation par 1&Sr des

cellules stromales médullaires.

Pour compléter cette étude, il serait intéresséeffedtuer une analyse phénotypique et
histologique des cellules de la moelle osseusejatiiér les cellules B dans la rate et la
moelle osseuse par histologie et de confirmerdssltats par mesure des taux de cytokines de
la balance Th1/Th2 dans la rate.
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Mécanismes duf°Sr

Afin d'examinerin vitro les mécanismes d'action dr, nous avons utilisé la lignée des
cellules pré-ostéoblastiques MC3T3-E1, qui étaipamavant utilisé pour explorer les
mécanismes moléculaires de la prolifération, métmaet différenciation des ostéoblastes
(Davis et al. 2000; Gal et al. 2000; Wang et a9 Plusieurs techniques ont été mises au
point afin d'étudier les effets d&’Sr sur la mortalité cellulaire, la prolifération &t
différenciation des pré-ostéoblastes. Aux concéntra de’Sr utilisées (jusqu'a 100 kBg/ml
dans le milieu de culture) aucun effet n'a été oliseEn revanche, il a été montré
précédemment par des irradiations extergngse les cellules MC3T3-E1 sont sensibles aux
radiations ionisantes, et que leur survie et lelifgration peuvent en conséquence étre
affectées (Dudziak et al. 2000; Gevorgyan et @082&zymczyk et al. 2004).

Cependant, une étude préliminaire a montré l'indactle fociy-H2AX dans des cellules
souches mésenchymateuses (CSM) contaminées avenéle®s concentrations d&Sr,
indiquant Iinduction des cassures d'’ADN doublenbpar le *Sr. Des expériences
complémentaires seront nécessaires pour confirraerésultat et il serait intéressant de
détecter des protéines de réparation des cassiéigbl @louble brin tels quATM et MRE11
(Czornak et al. 2008; Garner and Costanzo 2009).

Conclusion et perspectives

Nos résultats suggérent qu'aprés ingestion chrenigu faible concentration dé’Sr,
I'accumulation d€’Sr dans I'os, essentiellement durant la phase aissemce osseuse, est &
I'origine de modifications de la physiologie ossewd immunitaire. Nous ne pouvons pas
exclure que l'ingestion chronique ¥&r pourrait par exemple provoquer une accélération
vieillissement hématopoiétique qui pourrait étreavleée a des temps plus tardifs. Cependant,
le choix d'une durée de 20 semaines de contammekimnique dans notre modele juvénile
était basé sur I'hypothése que cette durée sefffigamte pour observer des effets éventuels
dus a l'exposition précoce. En effet, pendant ka feetale et post-natale les systemes
hématopoiétique et immunitaire sont trés sensilés nombreux agents toxiques, y compris
des radionucléides (Blakley 2005; Gran 1960; Hagteal. 2000; MacDonald 1962; Preston
2004; Ruhmann et al. 1963; von Zallinger and TempeB).
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Nous avons supposé que nos modeles de sourigsitient représentatifs de la situation des
personnes vivant sur des territoires contaminésanié@ins, dans le contexte de la
radioprotection, il serait intéressant d'effectuee étude dose-réponse afin de déterminer a
quelle concentration d'ingestion ¥8r la dose sans effet nocif observé (NOAEL) esirate.

Par ailleurs, du point de vue toxicologique, unedét dose-réponse avec des doses plus
élevées de’Sr serait intéressante pour confirmer les conahissformulées sur la base des
résultats obtenus. De plus, il serait intéressarttlider un mélange de radionucléides dans
l'eau potable pour nos modeles de souris, éveatnelit en combinaison avec des métaux
lourds ou d'autres polluants chimiques, afin d'gtos pertinent par rapport a la situation a la

suite d’'un accident nucléaire.

Les mécanismes par lesquels I'accumulatiof’8ledans les os méne & une diminution de la
capacité du systeme immunitaire a réagir aux stiextérieurs restent a élucider. Cependant,
on peut proposer un mécanisme hypothétique badé fait que les CSM et les ostéoblastes,
qui sont tous deux des régulateurs clés de I'hgo@se, sont situés a proximité du site de
l'accumulation dd°Sr. Ainsi, nous ne pouvons pas exclure que l'iatili locale des MSC
et/ou des ostéoblastes conduisent non seulemerd dénégulation de la physiologie osseuse,
mais aussi a une dérégulation de I'hématopoiesa. €3¢ soutenu par notre observation
préliminaire de fociy-H2AX dans des MSC et ostéoblastesiitro en présence d&Sr. De
méme, on ne peut pas exclure que®r irradie des CSH dans la niche endostéale. En
conséquence, lrradiation localisée & faible duesele®Sr pourrait induire des changements
sur la différenciation des cellules B et/ou de iécenciation précoce des cellules T. Bien
gue dans notre étude ceci n'est pas visible surplegipaux parametres du systeme
immunitaire, tel que l'analyse phénotypique, degnglements fonctionnels dans la réponse

immunitaire pourraient étre induits.

Les effets mécanistiques dfSr pourraient étre élucidés par une étude des dgesna
I'ADN in situ sur des coupes de moelle osseuse avec la détdetsofociy-H2AX, ATM et
MRE11 phosphorylés (Czornak et al. 2008; Garner @ostanzo 2009; Suzuki et al. 2006).
De plus une étude de I'apoptose induite dans Iksles stromales de la moelle osseuse, un
examen histologique de la niche endostéale partifjeation des CSM nestifieou SDF-1 et
des CSH exprimant CXCR4 (Matrtin et al. 2003; Nagas&t al. 2011), et le suivi de la
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différenciation des lymphocytes B selon I'age dasiaux par la quantification des cellules

pré-B IgM’, IgD" et CD20 dans la moelle osseuse et la rate (Chu et al.)2006

En conclusion, nos résultats suggérent que I'actation de®°Sr dans les os aprés ingestion
chronique de’Sr est responsable de changements dans I'os g$téene immunitaire. Nos
résultats contribuent a améliorer les connaissasoedes conséguences non cancéreuses
aprés une exposition chronique a de faibles quéantile radionucléides rejetés
accidentellement. Selon les systemes physiologiqest®s nous avons observé différents
niveaux de réponse, de la moelle osseuse dandlaqueun effet significatif n'a été observé
et du systeme immunitaire dans lequel un effet omag été observé. Ainsi les effets
biologiques de la contamination chronique peuvertey non seulement en fonction de la
concentration en radionucléides, mais aussi sedomysteme physiologique étudié. Il est
important de poursuivre ce travail car il est dhiBrét majeur pour la santé publique. Ceci est
montré par l'accident nucléaire de Tchernobyl e pEcemment de Fukushima, au cours
desquels de nombreux radionucléides, y compri®Se ont été libérés dans I'environnement.
Aujourd’hui des questions sur les conséquencetagaside ces accidents demeurent, méme

25 ans apres l'accident de Tchernobyl.
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Foreword

Nuclear weapon tests and nuclear power plant actsdeaused the release of many
radionuclides in the environment. Most of thesaaawiclides decayed during the transport in
the atmosphere or have decayed in the months fiolgpafter their deposition on the ground.
However, two radionuclides remain above all in émgironment due to their long half-life:
cesium-137 '€’Cs) and strontium-90°Sr). These two radionuclides have in the course of
time progressively integrated the ecosystems aedfdbd chains conducting to humans.
Consequently, large populations living on contar@daterritories ingest on a daily basis
small quantities of them. The effects on the hurhaalth of long term ingestion of small

guantities of these radionuclides remains until nmwiear.

Some data obtained for populations living on cormtated territories around Chernobyl,
where a major nuclear accident happened in 1986 avitnassive release of radionuclides,
suggest that’’Cs accumulates in skeletal muscles, heart musoteshe thyroid after chronic
ingestion. Experimental studies showed on the oftaerd showed that’Sr accumulates

preferentially in the skeleton and teeth after olwangestion.

Other studies showed changes in the immune systetigudators and inhabitants of

contaminated territories of Chernobyl as a consecgieof the accumulation of these
radionuclides in the human body. Although it isfidiflt to make a link between the nature
and amount of radionuclides ingested and the obdechanges in the immune system, it is
suggested that chronic ingestion of radionuclidadd significantly alter the immune system
and induce changes in the frequency of allergicopportunistic diseases among these

contaminated populations.

As part of the program ENVIRHOM, the Laboratory Bkperimental Radiotoxicology
(LRTOX) of the french National Institute of Radigpection and Nuclear safety (IRSN)
developed over the past years a research prograstutty functional changes in the
hematopoietic and immune system after chronic imyesf**’Cs at small amounts. Obtained
results for the mouse model used suggest that ichirgestion of small amounts &f'Cs in

drinking water in the long term does not have amgiogically relevant effect on the

hematopoietic or immune system.
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However, while*'Cs is predominantly found in the environment, ottstionuclides might
be involved in the effects observed in populatilviag on contaminated territories. Of these
radionuclides®Sr is an interesting candidate. Inde®8y can be found in significant amounts
on contaminated territories even 25 years afterGhernobyl accident. It is f emitter and
induces a high local energy deposition in its aaglation site, the bone tissue. In fact, several
experimental studies showed the appearance ofsastamma in animals following a chronic
contamination by ®Sr. Moreover, a close interaction between bonescelhd the
hematopoietic niche in the bone marrow was showather studies. Therefore it is possible
that the local accumulation 81Sr in bone tissue induces changes in the bone qbygi as

well as in the homeostasis of the hematopoieticieamiune system.

While **'Cs has previously been investigated, little infaioraon the non-cancerous effects
after °°Sr long term chronic ingestion at small quantiiswvailable up to now. The aim of
this thesis is to determine what changes can aggsearesult of suctiSr chronic ingestion to
the bone physiology, and what are the possibletimmal consequences of these changes to

the hematopoietic and immune system.
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Introduction

1.Release of radionuclides in the environment

Radionuclides found in the environment can be dtinah or anthropogenic origin. In this
chapter we focus of’Sr, an anthropogenic radionuclide released in thér@nment after
nuclear weapon tests and power plant accidenthidrchapter, these events will be discussed
in detail. However, one has to note that these teverieased large amounts of also other
radionuclides in the environment, with the natuf¢he radionuclides being variable and the

mixture complex.

1.1. Nuclear weapon tests and power plant accidents

Atmospheric nuclear weapon tests and differentdecds at nuclear installations have lead to
the release of°Sr in significant amounts in the environment (Clodsuleas et al. 2011).
Small amounts of°Sr are also be released by the normal operatiomuofear power and
reprocessing plants and are as such found in aieband water effluents. However, these
releases are considered insignificant when comptretie amounts o1°Sr released from
atmospheric nuclear weapon tests and accidentschgan installations. Effluents of the plants
are mostly arriving at waterways or the sea ansual an important dilution takes place. It is
considered that the dilution is such that the aedation of°Sr in marine species is very low
and that the accumulation takes mainly place insttedeton of fish or shells of crustaceans
and molluscs, which are not consumed by humansth8se releases are considered to
contribute only for a very small part to tA%r found in the environment and will not be
further discussed (Muck et al. 2001).

A description and the main consequences for both géhvironment and contaminated
populations of some events in the past that leaddjor releases ofSr in the environment
are given in this chapter. Recently, on March 1112 a natural disaster caused substantial
damage to the Fukushima Daiichi nuclear power pdntapan. The Nuclear and Industrial
Safety Agency (NISA) of Japan estimates that thease of radionuclides in the atmosphere
was approximately 10 % of the Chernobyl acciddrd,major nuclear accident ever occurred.

The exact levels of radionuclides released by thleughima accident in the environment are
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until now not certain and the impact of this acoiden the population’s health is so far

unknown (Bolsunovsky and Dementyev 2011; Christtekmiet al. 2011).

1.1.1.Atmospheric nuclear weapon tests

Above ground testing of nuclear weapons resultethénwide dispersal of°Sr and other
radionuclides in the environment. Te bulk of thelear fission products that were released
into the atmosphere from the past until now waa essult of tests taking mainly place in the
northern hemisphere during the 1950s and 1968ble 1). In function of the power of the
nuclear weapons, the altitude and place of exphpgiadioactive particles were spread in
different layers of the atmosphere (Balonov 199gim@r et al. 1957; Muck et al. 2001).

Country Time period Number Power (Mt)

ex-USSR 1945-1962 193 138.6
USA 1949-1962 142 357.5
United Kingdom 1952-1962 21 16.7
France 1960-1974 45 11.9
China 1964-1980 22 20.7

Table 1. Distribution of atmospheric nuclear weapon testsveen 1945 and 1980. 1 Mt is the equivalent of the
power released by an explosion of £ 16n of trinitrotoluene (TNT) (data from Balonov 98 Comar et al.
1957; Lawson 1994; Muck et al. 2001; Stamoulis.e1299).

A detailed table of nuclear explosions was publishg Lawson et al. for the period 1945-
1994. According to the authors, during this peri@8] nuclear weapon tests were performed
above ground and in the atmosphere. It is estimé@dabout 18 Bq of °°Sr were released
in the atmospherand subsequently deposited on the earth and iro¢bans by the tests
during the first half of this period (1945-1965Fr¢idevaux et al. 2006; Lawson 1994;
Stamoulis et al. 1999)Another study showed that the release®®r in the atmosphere

reached a maximum in 1963, with declining leveterafards Figure 1) (Galle 1997).
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Figure 1. Annual release oi%r in the atmosphere by above ground nuclear weagsting, the blue line

represents the northern hemisphere and the gmeethié southern hemisphere (from Galle 1997).

At the end of 1963, the so-called “Nuclear Test Bamaty” was signed by the United States,
the former Soviet Union (USSR) and the United Kioigd This meant the prohibition of all

test detonations of nuclear weapons above grouddveas made to slow the arms race
between the different nations and to stop the exeesrelease of radionuclides into the
planet's atmosphere. Since the signing of the “MaciTest Ban Treaty”, the airborne
concentrations o’Sr have dropped steadily due to deposition andaative decay.

The *°Sr released by these atmospheric nuclear weapts wess transferred to humans
predominantly via the consumption of contaminateitk (Balonov 1997) which will be
discussed further in detail.

1.1.2.Techa river

One of the main military plutonium production plsuatf the former Soviet Union (USSR) for
the fabrication of nuclear weapons was situatethenUral Mountains and included the so
called “Mayak” production plant. This plant had arface over 100 kfmand was located
between the cities of Chelyabinsk and Ekatrinbalygut 1200 km east of Moscow. People
living along the banks of the nearby Techa Riveremexposed to contaminated drinking
water and food following discharges of radioactwaste into the river between 1949 and
1956 from this production plant (Balonov 1997; Tygkh et al. 2011b).

20



Technical flaws and lack of expertise in radioastiwaste management led to the
contamination of vast areas and the population was informed about the releases.
Protective measures as evacuations, restrictiortee@nse of flood lands and river water for
agricultural and domestic purposes were implemetdedate. As such, during the years of
the releases, 39 settlements, with a total pomuiaif about 28 000 people, located along the
banks of the Techa River were exposed (Balonov ;1B@gteva et al. 1994; Tolstykh et al.
2011b). The peak of most releases of radionuchdes during 1950-1951 (Kossenko et al.
1997) with an estimated release of 1 to 2 PBY$f during this period (Apostoaei and Miller
2004; Balonov 1997).

The radioecological situation in the riverside Isatents was followed by Peremyslova et al.
They showed that the specific activity B8r in the water below the river mouth was 44.4
Bg/l in 1961 and decreased to 3.2 Bg/l in 2088 in fish muscles was 18 Bg/kg in 1977 and
decreased to 2 Bg/kg in 2002. An averdir specific activity in milk was 10.2 Bg/l in 1961
and 1.2 Bqg/l in 2001 (Peremyslova et al. 2009). t®huet al. performed in 2002
environmental measures in the two villages clogetite Mayak production plant and showed
that soils were contaminated with 100 to 1000 kBghT°Sr. What concerns the foodstuff
collected, vegetables were rather weakly contarathét to 2 Bg/kg). However, milk (0.1 to
20 Bg/kg of?°Sr) and fish (from the Techa river, 2 to 130 BgKg’°Sr) contained higher
levels of*Sr (Shutov et al. 2002).

It was estimated that the riverside residents iregean average of 3 MBq 81Sr, with 95 %
of the ®°Sr being ingested in the short period of time frBeptember 1950 to October 1951
(Shagina et al. 2003b; Tolstykh et al. 2011b). hother study °Sr intake for breast-fed
infants of the riverside settlements was calculaied a’°Sr intake between 60 and 80 Bq for
the period 1950-1951 was found (Tolstykh et al.8d0The same authors measured afso
body burden of approximately 15 000 individualswesn 1974 and 1997 with use of a
special whole body counter (WBC). They found tHatast the entire amount 6fSr had
been deposited in the cortical part of the skelépf5 years following intake (Tolstykh et al.
2011a). This result was confirmed by Shagina etbgl.direct measurements &fSr
concentration in different types of bones of rivéesresidents (Shagina et al. 2003b).
Moreover, Tolstykh et al. found a significant negatrelationship between the cortical bone
resorption rate and’Sr body burden or doses absorbed by the riversidients. The

observed decrease in bone remodelling rate can tmuse of the increased degenerative
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dystrophic bone pathologies observed in the expgsadons (Tolstykh et al. 2011a).
Furthermore Degteva et al. estimated absorbed dmsethe bone marrow of riverside
residents. It was estimated that the mean dodeetbdne marrow was about 0,4 Gy and for
about 5 % of the individuals a dose to the boneomawas in excess of 1 Gy was estimated
(Degteva et al. 1994).

1.1.3.Kyshtym accident

A major nuclear accident took place in the wintér 1957-1958 at a nuclear weapon
production plant near the city of Kyshtym at thealUvlountains in the USSR. At that time
period, the city of Kyshtym counted about 32 OO@aipitants. It is supposed that an explosion
took place of a stored nuclear waste containemurase of about 1500 Knaround Kyshtym
was contaminated with radioactive strontium anduresAbout 12 PBq of°Sr was released
in the environment. Populations were contaminatethb consumption of contaminated milk
and vegetables. Balonov et al. estimated that vkeage effective dose in the most exposed

group of residents reached 0.5 Sv (Balonov 1997).

1.1.4.Chernobyl accident

The most severe accident ever occurred in the audhelustry took place in Chernobyl,
Ukraine, about 20 km south of the border with BedarAfter atmospheric nuclear weapon
tests, this accident is the most significant souoéeenvironmental contamination by
radioactive materials. The impact of this accidamthe workers and local residents has been

both serious and enormous (Balonov 1997).

On April 25" 1986, operators of the Chernobyl nuclear powantpshut down the graphite-
moderated light water reactor number 4 to tesethergency power system in the event of a
power loss. After a series of failures and humaarsy the reactor number 4 exploded in the
early morning of April 28. The explosion completely destroyed the reactwared pressure
tubes and water coolant channels, and dislodgedipper shield of the reactor, weighing
1400 tons. The explosion ejected a large cloucdibactive fission products and debris from
the core and reactor 7 to 9 kilometres into theoafrhere. About a day later, combustible
gases from the disrupted core caught fire, and ignged the graphite moderator, which
burned for the next 10 days (Fairlie 2007). The foontinued the massive release of

radionuclides in the environment. The quantity aflionuclides released after 10 days
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following the accident was estimated, based onnhentory of the nuclear core of the reactor
and measures of radionuclide deposition in therenment, to be 12 000 Pbg. About 85 PBq
of *'Cs and 8 PBq ol°Sr were released in the atmosphere (UNSCEAR 20a.terms of

Becquerel, the total radioactivity released fromefiobyl was 200 times higher than that

released by the atomic bombs at Hiroshima and N&gésairlie 2007).

After the accident, hundreds of thousands measurenoé *'Cs levels in the environment
were carried out by low altitude flights and analy®f soil samples. The obtained data have
been mapped{gure 2) and indicated a very widespre&dCs contamination. Over 40 % of
the surface of Europe was contaminated¥gs at levels higher than 4 kBofinA smaller
area, about 2.3 % of the surface of Europe, was mw@e contaminated, to levels higher than
40 kBg/nf. Particularly large areas of Belarus, Ukraine &udsia were contaminated with
high levels of radionuclides (Fairlie 2007; Molkmd Mousseau 2006).

Figure 2. Distribution of *’Cs deposition (kBg/A) in May 1986 as a result of the Chernobyl disaiem
UNSCEAR 2000).
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Being less volatile thatt’Cs particles®Sr particles had a greater deposition near theceour
of the accident (Hirose et al. 1993; Outola et2809). The largest part of tieSr released
was deposited in the former Soviet Republics intétasEurope Figure 3) and the rest was
blown northwest by winds and dispersed as falloetr dNorthern Europe (Fairlie 2007; Muck
et al. 2001). Measures for instance in France dfier passage of the radioactive plume
showed a mean density ¥8r deposition between 1 and 600 Bgfor *°Sr and between 120
Bg/m? and 3560 Bg/for **'Cs (Renaud et al. 1999).
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Figure 3. Distribution of °Sr deposition (kBq.r) in May 1986 as a result of the Chernobyl disagem
UNSCEAR 2000).

Several years after the accident Kashparov etiédlladge-scale soil sampling (at about 1300
sampling sites) in the 30 km exclusion zone arotimel destroyed nuclear reactor of
Chernobyl. The total content 8Sr on the ground surface of this zone (without rérector
site and the radioactive storages) was estimatdm 8.1 18 Bq in 1997 (Kashparov et al.
2001).
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Furthermore, Fairlie et al. did an estimation cfidaal amounts of radioactive radionuclides

in the environment around Chernobyl over a perib80years until 2056 and the results are

shown inTable 2for *°Sr and**’Cs (Fairlie 2007).

Nuclide PBq released in| PBq remaining | PBqg remaining | PBq remaining
1986 in 1996 in 2006 in 2056
*Sr 8 6 4.9 1,5
B'cs 85 68 54 17

Table 2. Estimation of residual radionuclides in the enmir@nt of Chernobyl (from Fairlie 2007).

Over 600 000 people have been registered as bemtyed in the clean up operation during

and after the accident. Of this total, about 200 &overy operation workers were employed
in the 30 km exclusion zone. A total of 100 00ddests from 75 settlements were evacuated
from the area and relocated (Balonov 1997; Cherenlad. 2004; Moysich et al. 2011).

Since 1987, populations still living on contamiraterritories around Chernobyl have on the
long term essentially been contaminated'®¢s and®Sr, either by external exposure of
these radionuclides deposited on the ground aednial exposure due to the contamination of
local foodstuff. For foodstuff, the highest levelsradionuclides were mainly found in milk,
dairy products, mushrooms and wild berries of toeedt (Balonov 1997). The most
significant radionuclide found in contaminated fomds**'Cs, with lower levels of°Sr.%°Sr
radioactivity measurements by de Ruig et al. ondf@ooducts sampled in 1990 in the
contaminated areas ranged between 1.8 and 340 Beky mass. Mushrooms were very
highly contaminated: from 7.8 up to 340 Bqkdilk products had a content of 3.6 Bgkg
The authors conclude that the contamination ofadd products was below stated limits,
except for mushrooms (de Ruig and van der Str@B2l Measures of’Sr in foodstuff in
1991 by Hoshi et al. showed levels of 118 Bi.lkg fresh mushrooms and 6.5 Bgkn
powder milk (Hoshi et al. 1994). Furthermore, tmetnational Atomic Energy Agency
(IAEA) performed in the 1990s in selected settletean three former USSR republics a
study of radioactivity in food estimate internalses. Thé®Sr concentration ranged form 0.1
to 7.9 Bq.kg' wet mass in foodstuff. In mushrooms a maximtfi&r concentration was
measured of 165 Bqg.Kgdry mass. Calculated internal doses dué’®w in the diet, ranged
from 0.01 to 0.08 mSv per year (Cooper 1992). Osihadies showed that 270 000 people in
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the most contaminated areas received internal dostwgeen 5 and 50 mSv during the first
year after the accident (Balonov 1997; Cherenlal.e2004; Moysich et al. 2011).

Although the consumption of local foodstuff in caminated areas around Chernobyl has
been banned, there is evidence suggesting thaaroomted milk, dairy products and forest

products (i.e. mushrooms) are still widely consurbgdmportant populations (Sekitani et al.

2010).

1.2. Radionuclides released in the environment

The events described above show that large amaintisfferent nuclear fission products
were released in the environment after nuclear weapsts and power plant accidents. The
most important for human health are the long teemmants*’Cs and®Sr, which will be

described further in detail, and short-lived radioge iodine isotopes.

The major long-lived radionuclide detected'{&s with a half-life of 30.1 years. Its high
solubility in water and high mobility in the envimment results in a wide distribution in plants
and animals™®'Cs has a biological behaviour close to that of gsitan (Leggett et al. 2003).
Although it was demonstrated tHafCs competes with potassium and may induce a bleckad
of K* channels in smooth muscle cells (Cecchi et al.71,98'Cs is considered to be a
radionuclide with low toxicity, mainly linked to ¢hemission off (514 keV) and/ (662 keV)

rays during its disintegration (Balonov 1997).

The major short-lived iodine isotope released dytirese events i$4. The half-life of thisy
emitter is 8 days and therefore once releasederetivironment, it is dissipated fairly soon.
However, it is demonstrated that after its accutindain the thyroid**Yi can cause thyroid
cancer (Moysich et al. 2011). Indeed, differentdss on the Chernobyl population found
evidence for an increased thyroid cancer incidencgoung people in the aftermath of the
accident (Moysich et al. 2011; Prysyazhnyuk e2@07).

2.Post accidental situation and conseguences on
human health

The below described health effects in humans aft@irexposure t8°Sr are based mostly on

long term studies of the Techa riverside populati@me has to note that although this
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population was mainly exposed 18r, they were also exposed ¥5Cs and lower levels
(Tolstykh et al. 2008).

Riverside residents were reported to have immuncdbgchanges, which included
granulocytopenia, decreased antigen expression ifférahtiating T-lymphocytes, and
decreased T-lymphoblast transformation (Akleyealef010). Furthermore, a slight increase
in lethal chromosomal anomalies and a significactraase in the incidence of leukaemia
were observed in this population (Kossenko 1996d¢€ako et al. 1994).

Furthermore, several scientific groups did immugalal monitoring of persons affected by
the Chernobyl accident, as little was known ofeffects of chronic exposure of low radiation

doses to the immune system,.

A study evaluated T-cell immunity in 134 clean uprkers. Peripheral blood mononuclear
cells (MNCs) were used to analyze their phenotype @oliferative response to mitogens in
vitro. Evaluation of the MNC phenotype did not ralva significant disturbance in the T-cell
subpopulations content except for an increase ir8"CD16 CD56  natural killer cells.
Phenotyping of phytohemagglutinin (PHA)-activatedN®s demonstrated suppression of
CD4" T-cell propagation and augmentation of COBcell propagation in vitro compared to
control individuals (Kuzmenok et al. 2003). T-celimber and serum concentrations of
thymic hormones were studied by Yaralin et al. Inpéople 5 years after they were affected
by the Chernobyl accident, either working at thev@oplant during the accident or taking
part in the clean up operation. Total T-cell numdned seruna;-thymosin concentration were
decreased in all groups of affected persons and 6D8D4 cell number were decreased in
the low dose and the high dose exposed peopleatasgg (Yarilin et al. 1993). Peripheral
blood MNCs were also examined of 23 clean up warkgr Chumak et al. The percentage of
CD4" cells was significantly increased in heavily iietdd men, whereas the percentage of
CDS§' cells tented to decrease with higher doses (Chughak 2001).

The immediate and long term effects (from 1986 #92) of radiation on the B-system
immunity of children affected by the Chernobyl agit were studied by Titov et al. They
carried out a complete clinical and immunologicehmination of more than 6000 children.
Decreased levels of B-cells and immunoglobuling Kigand G were observed short after the

disaster. Long term effects of low doses of radiashowed increased concentrations of IgM
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and IgG (Titov et al. 1995). Furthermore, in cheldy lymphocyte subsets in the peripheral
blood were assessed by Chernyshov et al. in 120rehiof 6 to 13 years old with recurrent
respiratory diseases and living on highly contatedareas around Chernobyl. Significantly
lower percentage of CD@D4" T-helper cells was observed for these childrenpamed to
control children also having recurrent respiratatigeases (Chernyshov et al. 1997).
Vykhovanets et al. also analysed blood lymphocyibssts in children with recurrent
respiratory diseases living around Chernobyl andy ttobserved significantly lower
percentage of T-cells and higher percentage of Bl compared to control children with

recurrent respiratory diseases (Vykhovanets (4l0).

In a study by Senyuk et al. peripheral blood of ir#%h working at the “shelter” object of the
demolished nuclear reactor number 4 at Chernobys wevestigated. An increased
manifestation of signs of common inflammatory reat was observed, such as increased
number of leukocytes, an unproportionally high nembf monocytes and neutrophiles, and
increased in plasma cytokine levels, such as mtenfo. (IFN- o) and tumor necrosis fact@r-
(TNF-B) (Senyuk et al. 2002).

The above described studies showed that in the I® tyears after the Chernobyl accident
many clean up workers and children had quantitativenges in their cellular and humoral
immunity. These changes were mainly expressed tigceease in the general number of T-
and B-lympocytes, changes in the ratio of subpdjuula of T-lymphocytes, a decrease in the
levels of serum IgG and IgM immunoglobulins, imedirproduction of cytokines and an
activation of neutrophilic granulocytes.

Apart from the events described above, several teaghthousand people were exposed to
radioactive fallout from atmospheric nuclear weapletonations at nuclear test sites carried
out in the 1950s and 1960s. A study by Taooka .ebladerved increased T-cell receptor
(TCR) mutations in peripheral blood from radiatierposed residents near such a former
nuclear test site in the ex-USSR (Taooka et al6200

Little or no association between oral exposuré’8r from worldwide fallout and cancer
incidence has been found in epidemiological studies example, a study by Hole et al. used
data collected between 1959 and 1970 frotfSa monitoring program in Scotland to identify

risk cohorts for leukaemia, non-Hodgkin’s lymphonagute myeloid leukaemia and bone

28



cancer. Based on the degree of fallout, three ¢shegre identified and included: a high risk
group born between 1963 and 1966 (exposed to kighd of fallout, i.e2°Sr at young age), a
medium risk group born between 1959 and 1962 (eegs high levels at an older age) and a
low risk group born after 1966. The study foundewadence for increased risk of leukaemia,
non-Hodgkin’s lymphoma or acute myeloid leukaenoa ¢dohorts born during the highest
radioactive fallout period (between 1963 and 1988 few cases of bone cancers showed a
statistically non significant increase for childrearn during the high risk period (Hole et al.
1993).

Finally, there is little information concerning sifec °°Sr toxicity in humans. One study
describes effects for workers in paint factoriesCirechoslovakia, Switzerland and Poland
that were exposed to luminescent colours contaiffig and®*®Ra. No significant clinical
changes could be observed in the exposed persareptehe signs of radiation dermatitis in
some cases. An increase in the frequency of chromalsaberrations in blood lymphocytes
was observed, and was correlated with absorbedsddgbe bone marrow (Miller 1966). On
the other hand, more information is available on remioactive strontium effects in humans.
Non radioactive strontium under the form of strontiranelate has namely been reported to

enhance bone formation and to decrease bone lastaaporosis patients (Dahl et al. 2001).

3.What are the respective roles of each of the
radionuclides ingested?

As can be deduced from the above described studies,unclear if the human health
consequences of chronic ingestion of radionucliaies due to either internal radionuclide
contamination or external irradiation exposure awdich radionuclides are exactly
responsible for the observed effects. Thus, ouorktbry launched the research program
ENVIRHOM, which is dedicated to the study of nomecarous effects of chronic ingestion of
low quantities of radionuclides. The type of conitzetion used for the ENVIRHOM
program, i.e. chronic ingestion, is representativithe mode of contamination for populations

living on contaminated territories after nucleacidents.
The first studies conducted at our laboratory wieised on the effects of chronit’'Cs

contamination by ingestion. A rat model of chroitigestion of**’Cs by drinking water (at

6500 Bq/l, corresponding to 150 Bg/rat/day) wasduseesults showed that the contamination
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induced some modifications in various physiologisgdtems. A modification of sleep-wake
cycles in rats (Lestaevel et al. 2006) was dematesty which may be associated with a
neuro-inflammatory reaction (Lestaevel et al. 2008)so modifications on the cardio-
vascular system (decrease in arterial pressureed@®@n et al. 2008), the vitamin D
metabolism (decrease of active vitamin D3 in plas(i@sandie et al. 2006; Tissandie et al.
2009), the cholesterol metabolism (increase inediffit cytochromes intervening in the
transformation of cholesterol and bile acids) (Raat al. 2010a; Racine et al. 2009; Souidi et
al. 2006) and the steroid hormone metabolism (Grigret al. 2008) were shown. Obtained
results showed thus that the chronic ingestiomwafduantities of*’Cs over a long period of
time induced some non-cancerous modifications m physiology of animals, however

without major consequences on their general hsédiis.

Furthermore, the effects of thi¥Cs chronic intake on the hematopoietic and immuyseem
were studied, as earlier mentioned studies sugy#isé in humans chronic ingestion of long-
lived radionuclides may be responsible for modifaas in thymic physiology (Yarilin et al.
1993), in blood Ig levels (Titov et al. 1995) amdblood lymphocyte subsets (Vykhovanets et
al. 2000). In order to detect non-cancerous maaifims in these physiological systems
during the course of a chronic ingestion8€s, our laboratory used a mouse model, at which
Balb/c mice were chronically contamined BYCs through contaminated drinking water (at
20 kBqg/l). The obtained results showed however rmobically relevant effect on the

hematopoietic or immune system (Bertho et al. 2@Ettho et al. 2010).

Thus, the modifications of the immune system olegrwithin contaminated human
populations may be due to other causes. In factjsee a single contaminant in a controlled
environment and we cannot exclude that anothepnadiide, or a combination of different
radionuclides, may have different effects on the&t@poietic and immune systems. Precisely
Sr presents in this context interesting propertidhis radionuclide accumulates
preferentially in bone tissue and there exist &elmteraction between bone cells and the
hematopoietic niche in the bone marrow. The progerof this radionuclide will now be

discussed in detail.

30



4. Strontium-90

4.1. Origin and utilisation

Strontium is named after Strontian, a village imot&nd near the lead mine where this
element was first discovered in 1790. The ratet@ingium in the earth crust is rather weak
(0.034 %). Natural strontium is non radioactive @@ mixture of four stable isotop&sSr
(0.56%),%°Sr (9.86%)27Sr (7.02%) and®Sr (82.56%). For the first time it was isolatednfro
its mineral form in 1808 in England and it occurestty in the mineral forms of strontium
sulphate (celestite, Sr@0and strontium carbonate (strontianite, SgC(@alle 1997; Pors
2004).

The first large scale application of non radioaetrontium was in the production process of
sugar from sugar beet, this by a crystallisatiaacess using strontium hydroxide. Nowadays,
stable strontium is used in combination with ramaltid as a pharmaceutical agent to prevent

osteoporosis, as it has been shown to stimulate gawth.

Radioactive strontium on the other hand is artifieind, like many other radionuclides, was
discovered in the 1940s in nuclear experiments ected to the development of the atomic
bomb. Of the sixteen unstable isotopes known, tostrimportant aréSr, °Sr and*°sr.
During the 1960s and 19708Sr was used for research of the skeleton. Howeltes, to its
half-life of 65 days and its relatively highenergy emission of 0.51 MeV, this radionuclide
was no longer used after the 1970s as it causeseqaent irradiation of patients. Nowadays
83r is replaced by other bone tracers like labetigdphosphates anti™Technetium. The
isotope®’Sr has also a short half life and is still usedaaseatment to alleviate bone pain
secondary to metastatic bone tumors. As stronticis l&ke calcium, which will be discussed
further, the administration SfSr results in the delivery of radioactive emissioirectly to

bone sites with increased osteogenesis (Galle 1997)

The isotope®Sr is a by-product of the fission reaction of utamiand plutonium. A%Sr is
one of the best long-lived high enerdy emitters known, the heat generated Bgr
radioactive decay can be converted to electriotty lbng lived portable power supplies.
Indeed,*°Sr is often used for remote locations, such asgadiginal beacons, remote weather

stations and spacecraft. Moreover, it is also uaeda heat source in many Russian
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radioisotope thermoelectric generators (RTGs), liysimthe form of strontium chlorid€’Sr

is also used as a radioactive tracer in medicalagmitultural studies, as a radiation source in
industrial thickness gauges, in luminous signs @eddetection devices of airplane wings.
Finally, controlled amounts of°Sr have been used a treatment for bone cancer and
ophthalmic diseases (Galle 1982, 1997).

4.2. Physicochemical and radiological characteristics

Strontium, like calcium, magnesium, barium and ueadi belongs to group 2 of the periodic
classification table of elements. [hable 3 one can find the properties of the most
biologically important elements of this group (i@lcium, magnesium and strontium) and
their distribution in the body of a 70 kg standardn (Pors 2004).

Element Atomic number | Atomic weight | Amount (g) | % of body mass in
in man man
Ca 20 40.08 1000 1.4
Mg 12 24.32 19 0.027
Sr 38 87.63 0.32 0.00044

Table 3. Physical properties of the most biologically imiamt elements of group 2 of the periodic system and

their distribution in the body of a 70 kg standeran.

Strontium is a silver-white alkaline earth metatidarns yellow when exposed to air. It has
atomic number 38 and its standard atomic weigh87$3 g.mof. Because of its high

reactivity, the element strontium alone is not fdun nature. Strontium exists only as
molecular compound with other elements, mostlyxadey hydroxide, nitrate or chloride salt,

which are soluble in water, or as sulphate or phatgpsalts, which are relatively insoluble.
As mentioned before, the most important radioadsaéopes of strontium af&Sr, #°Sr and

Sy (Table 4). ®Sr is ay emitter with a half life of 65 days, whiféSr and®Sr arep” emitters
with half-lives of 50 days and 28.8 years respetyiv
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Radioisotope Half life Principal emissions
%sr 65 days y (0.51 MeV)
8gr 50 days B (1.49 MeV)
sy 28.8 years B (0.54 MeV)

Table 4.Characteristics of the principal radioactive is@spf strontium.

%9Sr has 52 neutrons and 38 protons and results drfission chain reaction 8fBr (Figure
4). By B disintegration, in the form of an energetic elestod maximum 0.54 Me\P%Sr will
conduct to the ytrium 90%Y), which is also an unstable radioisotop¥. is ap” emitter (2.26
MeV) with a short half-life of 64 hours and decatgelf to stable zirconium 9G%r). The
long half-life period of?°Sr and the short half-life period ofY make that these two

radionuclides reach a secular equilibrium withirethweeks.

a0 a0 . - 90
3Br — = S Kr —— ith — ggSr —= ig‘i —= ir
19s 32s 1535 285y 64 h stable

Figure 4. Fission chain reaction 81Br and disintegration ofSr.

The two successivig emissions of°Sr and™Y deposit their energy within a small volume in
the vicinity of the decaying nuclei. The route béf emission depends of its energy. It is in
the order of a meter in air and some micrometergater and tissue. An aluminium paper of
some micrometers thickness can block the partidie. energy off” particles is sufficient to

produce ionizations and excitations of moleculetheir path. However, due to a rather weak

linear energy transfer (LET), tifi¢ emissions not highly ionizing.

4.3. Transfer of °°Sr in the environment

%Sr is mainly found in the environment after atmasjihnuclear weapon tests or nuclear
accidents as described earlier. For all radionaslideleased in the atmosphere, their
dispersion and ground deposition are governed bywyméactors. Apart from the
characteristics of the explosion, the size of pkesi emitted, topography of surrounding
territories and weather conditions are decisiveat\doncerns the weather conditions, speed
and wind direction and temperature gradient coowitthe movement of the radioactive
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plume. Furthermore, rainfall causes leaching ofdaineand increases the rate of deposition of

radionuclides on the ground (Galle 1997).

The radionuclides deposited on the ground will lble & penetrate the soil, migrate and settle
there, more or less rapidly, at depth. Once indbié radionuclides are absorbed by soil
constituents with whom they form complexes. The a@itmigration of radionuclides depends
on the nature and stability of these complexesyalkas physical and chemical properties of
the soil, such as its composition, pH, permeabdityl water holding capacity (Comar et al.
1957). Strontium shows rather a moderate mobititgails and sediments. It has been shown
that the absorption of strontium is highest in grdsiwith weak levels of calcium and that the
migration rate is about 0.2 to 0.4 cm.y&aBome studies in contaminated territories showed
that radioactive strontium is mainly found in thgperior layers of the soil, about fifty percent
in the first four centimetres and the rest up tiotlcentimetres deep (Balonov 1997; Galle
1982, 1997).

Rather lowly fixed by soil constituents, strontiui® easily transferred to plants. The

penetration of strontium in plant tissues can barf@r by root. Foliar uptake of strontium is

low but once retained by the leaves, strontiumeis/ymobile in the plant. Root uptake from

soil is more important and the absorption is depahdn the mineral composition of the soil.

Indeed, it has been shown that there can be utwl8 differences among the transfer
factors of plants in different soils. Furthermaitee competition between radioactive isotopes
and stable isotopes or chemically similar stabéneints in the soil limits the uptake by the
roots. For this reason the absorption of stronthyrplant roots is inversely proportional to

the concentration of exchangeable calcium in thié €f course, root uptake is also

dependent on the type of plant. After uptake byrtws, strontium is distributed in the plants
and fixed in their stems and leaves (Balonov 194asikallio et al. 1994; Putyatin et al.

2006).

4.4. Exposure pathways

Animals like cattle can be contaminated by ingest these’®Sr contaminated plants and
also, but to a lesser extent, by inhalatior’’sf particles. The duration of contamination by
inhalation is usually short and only contaminatipningestion continues on the long term.

Given the long half-life of%Sr, its accumulation in the soil and its mode ahsfer to plants,
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animals mostly become contaminated for long peribdthese animals, strontium will follow
calcium metabolism and distribution in differengans and body fluids and will be excreted
primarily in urine and milk (Assimakopoulos et 4095; Balonov 1997; Fabbri et al. 1994).

Human exposure t&Sr can result from consumption of contaminated fabéhking water,

or the incidental ingestion of soil or dust contaated with®Sr. As for animals, the exposure
by inhalation seems to be for humans only a miaphyway (Comar et al. 1957; Putyatin et al.
2006). The primary route of exposure’{8r is considered through ingestion of contaminated
food and drinking water. Contaminated vegetatiomsconed by animals such as cows, goats,
reindeer may eventually transféSr to the human food chain through the human
consumption of beef, milk or other dairy produds.the transfer of°Sr throughout the food
chain is similar to that of calcium, milk and dajpyoducts are the main food in whictsr

will be found (Assimakopoulos et al. 1995; Fablirale 1994).

Studies show that global populations consume daitying amounts of strontium, depending
on the source of food and water, leading to tharaapresence of small amounts of it in their
soft tissues, blood and bones. One study showeddatnarmal diet contains between 0.023
and 0.046 mmol of strontium per day (Marie et @Il02) and another study showed that a
normal diet in Western countries contains 2 to 4afgtrontium per day, mostly derived from
vegetables and cereals (Pors 2004). Furthermateidg showed that the average daily intake
of °°Sr in North America is less than 0.05 Bq per day$®R 2004). For populations living
on contaminated territories around Chernobyl ondtier hand, the daily ingestion ¥Sr
was estimated to be up to 100 Bqg per day, mainlyhbyconsumption of contaminated local
dairy products and mushrooms (de Ruig and van tleijsS1992; Hoshi et al. 1994).

4.5.°°Sr intake recommendations

An annual limit on intake (ALI) of 10Bq for *°Sr ingestion intake and 7 1®q for *°Sr
inhalation intake was proposed by the Internatid@aimission on Radiological Protection
(IRCP) (ICRP 1979).

In drinking water, a maximum value 10 Bq*88r per litre was recommended by the World

Health Organisation (WHO) (WHO 2011). On the othand, the European Union (EU)
recommended 0.06 Bq 81Sr per litre (Euratom 2000).
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Furthermore, the EU recommended 0,2 Bqsf per litre in milk and 0,1 Bq o¥’Sr per

person per day in a mixed diet (Euratom 2000).

4.6.°°Sr levels in bone and teeth

One study has recorded the levels of activity®r in the milk teeth of children from
different regions of Switzerland since the firgiratc explosions in the atmosphere from 1950
to 2002. It is assumed that teeth are an exterdfiohe skeleton and accumulate stable and
radioactive bone seeking metals that enter the .bbag®°Sr activity peaked at 0.421 Bg/g of
calcium (Ca) at the beginning of the sixties, calimgg with the detonation of many large
nuclear devices. Following the “Nuclear Test Bapaly”, a steady and significant decrease
in 9°Sr activity in milk teeth was observed (down to3Bq/g of Ca for children born in
1994). The effect of th€Sr deposition from the Chernobyl accident was lyareasurable in
the milk teeth. Furthermore, no effect was obserffvech nearby Swiss nuclear power plants
(Figure 5) (Froidevaux et al. 2006).
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Figure 5. ®°Sr activity in milk teeth extracted from Swiss chién since 1950 for three different regions in
Switzerland (n>5 teeth for each point, from Froigiex et al. 2006).

A similar study performed in the United States aon$ the peak ot°Sr concentration in milk
teeth at the beginning of the sixti¢ggure 6). However, in this study an increase’i8r has
been observed in the milk teeth of children liviigse to nuclear power plants (Mangano et

al. 2003). In another study by the same authork tegth of only people born during the
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atmospheric nuclear weapon testing years were sedlyinterestingly the authors showed
that average€’Sr levels in milk teeth of persons who died froomazx were significantly
greater than for matched controls (Mangano andrise2011).

AVERAGE SR-90 IN BABY TEETH, U.S.
1954-97 (Mostly CA., FL, NJ, NY, PA)
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Figure 6. “°Sr activity in milk teeth extracted form United &= children (n=6-836 for the different time

periods, from Mangano et al. 2003).

Others collected adult teeth in Ukraine for measemnts of°Sr activity. The teeth were
grouped according to the age and sex of dofid8s.activity was lower by a factor of 10 for
teeth in the 1990s compared to teeth in the 1960<.870s. An interesting feature of the data
was a 3 fold increase 81Sr levels for teeth in the 1990s in the 25-45 y@drage group of
the male population compared to the female popmrabf the same age. The authors
suggested that this age group contained a signtfisamber of men who were mobilized
immediately after the Chernobyl accident for clgarmaperations within the 30 km zone

around the damaged nuclear power plant (Kulev. &t9$14).
Stamoulis et al. have compiled data from more ®@rstudies to show mean values’¥8r

concentration in bones throughout the world asretfan of the calendar yeaFigure 7)
(Stamoulis et al. 1999).
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Figure 7. World-wide mean annual values®$r concentration in bones grouped by age. Data atenpilation
of more than 20 studies from the period 1957-13&8r( Stamoulis et al. 1999).

Since the start of nuclear weapon tests in the 4980eral studies have been conducted to
measure’Sr concentration levels in bone and teeth. In amich, the studies discussed here
indicate that the’Sr environmental contamination which resulted frtine atmospheric

nuclear weapon tests exceed by far ¥@r environmental contamination caused by the

Chernobyl accident (Stamoulis et al. 1999).

Shagina et al. measured over a period of 24 yé&ars (1974 to 1997°Sr levels in bones of
15 000 individuals living near the Techa river. hethors showed that almost all of 18r
was in the cortical part of the skeleton by 25 geddter initial intake (Shagina et al. 2003b).
Retrospective analysis of post-mortem measuren®ntsSr levels in bones from riverside
residents was performed by Tolstykh et al. fromQL861982. It was shown th&Sr levels in
bones of residents that lived in settlements |latak@vnstream from the river mouth was 5
times higher than averad®r levels in bones of general Russian residentseter, dietary
%Sy intake was reconstructed by the authors frorsetheeasurements. The mean totar
dietary intake for the period 1950 to 1975 was al@ikBqg and the mean absorbed dose in
the red bone marrow after 25 years accumulated toGy (Tolstykh et al. 2010).

Other studies used the radionuclide contaminatieasurements in soil and food samples in

order to reconstruct population exposure doses.'F@s for instance, there is a good

correlation between the radioactivity measured ait and food samples of contaminated
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territories of Chernobyl and human whole body countresults (Sekitani et al. 2010;
Takatsuji et al. 2000). One study on the other hsimaved a good correlatiofrigure 8)
between soil contamination levels of villages nisar “Mayak” nuclear production plant and

%93y levels measured in teeth of cows living on thexsies (Toyoda et al. 2010).

“Sr in teeth [Ba/g]

1 10 100

Contamination in soil [kBq.'mQ]

Figure 8. Correlation between soifSr levels and®Sr levels measured in teeth of cows living on thesis.
The curve shown is the best fit line for all 64 géas (from Toyoda et al. 2010).

Another study by Ryabokon et al. measut®&t levels in soil and bank voles captured using
live traps at five monitoring sites with differegrtound deposition of radionuclides at different
distances from the destroyed Chernobyl nucleartoeatvestigations were started in the
year of the accident and continued until 10 yeatsr] The®Sr levels in the bank voles

increased in the period 5 to 10 years after thelantand correlated well with tHéSr levels
of the soil (Ryabokon et al. 2005).

5.Biokinetics of strontium(-90)

The biokinetics of strontium have mostly under fitien of strontium chloride been examined
in different species after oral administration.estjon or inhalation. These studies will are

discussed in detail in this chapter as well assthentium biokinetics model proposed by the
ICRP.
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5.1. Absorption

It is recognized that the absorption of calcium atibntium occurs mostly in the small
intestine, especially in the jejunum and ileum, anal little absorption takes place in the
stomach or large intestine. Some data indicateal@instant ratio of calcium and strontium
absorption exist throughout the small intestine étial. 2006, 2008; Wasserman 1963;
Wiseman 1964). Dahl et al. reported gender diffegenin the gastrointestinal absorption of
strontium as in experimental studies with rats amzhkeys, plasma strontium levels were

higher in males than females (Dahl et al. 2001).

The transport of strontium through the enteralscaéems to be mediated by the same
membrane carriers used for calcium (Hollriegl et 2006a; Hollriegl et al. 2006b; ICRP
2006; Sugihira et al. 1990). It is assumed thatgastrointestinal absorption of strontium
takes place, at least partly, by an active traspwchanism involving calcium-binding
proteins (Dahl et al. 2001). However, althoughdhemical behaviour of strontium is similar
to that of calcium, strontium is not as efficiendllgsorbed or retained as calcium (Comar et al.
1957; Gran 1960; Sugihira et al. 1990; Wassermd@B)L9dt is estimated that the ratio of
intestinal absorption of calcium to strontium i$2 humans and 3 for rats (ICRP 2006). One
hypothesis of the preferential absorption of caitis attributed to its relatively smaller size
(Cohn et al. 1963; Pors 2004).

On the basis of available human data, the ICRP tadogn average gut to blood transfer
factor (, value) of 0.3 for adults, with ranges from 0.150td5 (ICRP 1993). Values from
studies with animal species are generally simifaijita 1965; Hollriegl et al. 2006a; ICRP
1993, 2006; Li et al. 2006).

Data on a possible elevated absorption of strontlunmg growth period are contradictory. A
study with 7 day old infants fed with cow’s milk@ked an intestinal absorption greater than
0.73 (Widdowson et al. 1960). On the other handtualy with 5 to 15 year old children
showed same intestinal absorption ratios for candas for adults (Bedford et al. 1960).
Anyhow, based on the available information, the RC§et higher gut to blood transfer factors
of 0.4 to 0.6 for infants (ICRP 1993).
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In table 5%°Sr ingestion dose coefficients proposed by the I@RPshown for different age
groups. The dose coefficients are significantlyhkigfor children and teenagers (Balonov
1997; ICRP 1993).

Age (years)

Radionuclide <1 1-2 2-7 7-12 12-17 >17

DOy 230 72 47 60 79 28

Table 5.%Sr ingestion dose coefficients for different ageups (nSv of effective dose per Bq intake) (datanfr
Balonov 1997; ICRP 1993).

It has been shown that the intestinal absorptiofiSifis better whef’Sr is taken in with an
aqueous solution than with food. Alginate, a speaifutrional factor and food additive,
reduces significantly strontium absorption (Hollieet al. 2006b; Li et al. 2006, 2008). On
the other hand, some studies show that milk diets/ mmcrease strontium absorption
(Hollriegl et al. 2006b; ICRP 2006; Li et al. 2006fasserman 1963). A number of factors
have furthermore been found to increase strontitsstinal absorption, including low dietary
levels of calcium, magnesium and phosphorus; fgstiitamin D; lactose and some amino
acids (i.e. L-lysine and L-arginine) (Apostoaei 20Gran 1960; Hollriegl et al. 2006b; ICRP
2006; Kargacin and Kostial 1982; Li et al. 2006;y9P@004; Wasserman 1963; Wiseman
1964). A study with human volunteers showed tha&roght fasting resulted in an increase in
strontium absorption from about 25 % to 55 % artkerease in calcium content of the diet
by 75 % raised strontium absorption from 20 % t@4QICRP 2006). Another study showed
that a low calcium diet enhances the expressioallofenes involved in the transcellular
pathway for calcium absorption in the intestinebatadly by activation of the vitamin D
endocrine system (Perez et al. 2008). Indeed, st been shown that the active form of
vitamin D, calcitriol (1,25-dihydroxyvitamin D3),egulates the transcellular pathway of
calcium absorption, through the activation of itited channels TRPV6 and TRPV5,
PMCAy, and the N¥C&* exchanger (NCX1). Calcitriol molecules bind to itheuclear
receptors and this complex interacts with spe@idA sequences inducing the transcription
and increasing the expression levels of TRPV5 aR®#Vb6, calbindins and the extrusion

systemsftigure 9) (Apostoaei 2002; Perez et al. 2008).
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Figure 9. Schematic representation of mechanisms involvedhi intestinal calcium (G absorption.

Calcitriol (1,25-(OH) vitamin D3) stimulates the individual steps of seellular C&" transport (from Perez et
al. 2008).

Under the condition of an increased absorption as lbeen shown that the degree of
discrimination between strontium and calcium ionsthe small intestine is often reduced
(Wasserman 1963). Different studies showed that yimung animals and humans, the
intestinal absorption is very effective and that discrimination between strontium and
calcium exist (Comar et al. 1957; Galle 1997; ICE®6; Kulp et al. 1960; Wiseman 1964).
It has been suggested that the mechanisms disatimgrnthe uptake of strontium and calcium
develop gradually during maturation, and as sudt the high efficiency of strontium
absorption by the small intestine early in life nieydue to a deficiency in this discrimination
(Dahl et al. 2001; Sugihira et al. 1990).

Finally, what concerns inhalation exposure, expental studies with beagles showed that
Sr is rapidly translocated from the lung to thedolqBenjamin et al. 1975; Gillett et al.
1987a).

5.2. Distribution

It is assumed that strontium follows the movemehtcalcium in the body with slight

differences in the pattern of distribution. Whehmere is a metabolically controlled passage of
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ions across a biological membrane in the livinganigm, calcium seems to be transported
more efficiently than strontium (Cohn et al. 1968&hl et al. 2001; Harrison et al. 1967).

After passage of the intestinal or pulmonary bariéSr enters the blood circulation and
binds to plasma proteins. The plasmatic half Iéeestimated to be a couple of hours
(Leeuwenkamp et al. 1990). Experimental studiesnimals and humans indicated that only
very low concentrations of strontium can be foumdlood and that there is no evidence for
the accumulation o’Sr in the erythrocytes (Li et al. 2008).

According the ICRP, 99 % of absorb&$r is accumulated in the skeleton and teeth (ICRP
1993; Leggett et al. 1982). Marie et al. suggesked the distribution of strontium in the
skeleton seems to be directly proportional to pkaseels (Marie et al. 2001).

Bone mineral consists mainly of a crystalline fraictmade of apatite and crystalline calcium
phosphate complexes and strontium is incorporamead it by two mechanisms: surface
exchange and ionic substitution (Dahl et al. 20Wtl)s assumed thaf’Sr is predominantly

fixated in metabolic active regions of bones and th function of the bone growth and
remodelling rate. Indeed, autoradiography of tibrad femurs of young rats, who were
contaminated witti°Sr at 148 kBq/g by single intramuscular injectishowed thaf’Sr was

fixated in metabolic active regions of bone growraf and Lafuma 1963). However,

strontium seemed to be less incorporated into mawve ithan calcium (Cohn et al. 1963).

The skeletal repartition of strontium seems toddated to the relative cortical and trabecular
proportions of bone, because bone turnover is high&abecular than in cortical bone, and
newly formed bone is more abundant in trabeculan tbortical bone (Dahl et al. 2001). A
study measured’Sr levels in human femurs and vertebrae. Calculatshowed that of the
%93r that reached the skeleton, half went to thdéazdrbone and half to the trabecular bone.
Furthermore, it has been shown in the same stumtyuiptake and turnover varied with age
(Papworth and Vennart 1984). On the other handgiShaet al. measured over a long period
of 24 years®’Sr levels in bones of 15 000 individuals living néze Techa river and almost
all of the®Sr was in the cortical part of the skeleton by 2arg after initiaf°Sr intake. The
authors explained the fact th#iSr remained mainly in cortical bones by a more dapi
elimination of °Sr from trabecular bone, as the rate of trabedotare remodelling is six

times higher than for cortical bone (Shagina e2@03b).
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Experimental animal studies suggested that therpacation of strontium in bone is gender
and skeletal site dependent and varies in functdndose, duration and mode of
administration (Dahl et al. 2001; Gran 1960; Mage al. 2001; Parks et al. 1984).
Administration of strontium to rats at 5 to 500tsgver million (ppm) in drinking water for 12
weeks showed a dose dependent increase in stroatidrdecrease in calcium in bones (Xu et
al. 1997).Rats given strontium up to 0.5 % in their feed &out four weeks beginning at
weaning showed dose dependent effects on calciunfienmurs. At the highest dose,
corresponding to 0.875 micromoles per day of stumomt calcium was markedly decreased in
both serum and femur (Morohashi et al. 1994). btualy by Ruhmann et al., pregnant rats
received’®Sr by injection and the offspring showed a contéhirerease in strontium burden
from birth until weaning (Ruhmann et al. 1963).

Dahl et al. showed in rats that after repeated aidtnation for a sufficient period of time (at
least 4 weeks), strontium concentration in bonelred a plateau level. The strontium levels
in bone varied according to the anatomical site laoake structure. Higher levels were found
in trabecular bone than in cortical bone (Dahlle2801). In another study, this time with
beagles exposed t8Sr beginning in utero and by continuous ingestipriai540 days of age,
the continuous ingestion &fSr resulted in &°Sr burden that steadily increased with age.
However, a plateau level was reached at the timekelietal maturity. When th&8Sr intake

was stopped after 540 days of age, sz levels in bone decreased due to mineral exchange

and skeletal remodelling (Parks et al. 1984).

Overall, these experimental data have suggestadstimtium levels in bone increase with
the administered dose and at higher administeredsjdhe strontium levels in bone tend to
reach a plateau level. One likely explanation fus tplateau effect is a saturation of the
gastrointestinal absorption mechanisms. Sugihiraletshowed that higher strontium to
calcium ratios in all tissues of young rats couédfbund compared to old rats and assigned
this fact to the high efficiency of strontium abstion by the small intestine early in life
(Sugihira et al. 1990).

What concerns the distribution of strontium througga placental barrier, it is assumed that
once administered to the mother, strontium trawerapidly the placental barrier. As for the
intestinal barrier, there exists a preferentiahsfar of calcium (Gran 1960; MacDonald 1962;

Ruhmann et al. 1963). Mice experiments evaluatad thiscrimination and showed a
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maximum discrimination early in pregnancy whilethé end of pregnancy strontium and
calcium were transported at almost equal propastiaeross the placenta (von Zallinger and
Tempel 1998).

5.3. Metabolism

In animal experimental studies strontium showedilammetabolism action in bone like
calcium. In fact, the chemical properties of sthamt seem to be similar enough to calcium so
that it can exchange with calcium in bone and otieiular components. However, specific
biological effects for strontium exist. For exampl@on radioactive strontium at
pharmacological doses may affect the rate of bormeover by increasing osteoblastic activity
and decreasing osteoclastic activity (Marie 2008)e biological effects of non radioactive

strontium and radioactiv®Sr are described further in this thesis.

5.4. Elimination

It is assumed that elimination of strontium fromnbohappens by different processes:
clearance from exchangeable pools in bone, displace of strontium (presumably by
calcium) from sites within the bone matrix by loteym exchange processes, and volume
removal from the bone matrix by osteoclastic reBonp Theoretical models of strontium
elimination from the skeleton revealed an initiapid elimination followed by a slower
elimination (Dahl et al. 2001).

Shagina et al. measured over a long period of 24sy&r levels in bones of 15 000 Techa
riverside residents and calculated the rat&®f elimination from bone. The authors showed
that women had higher rates of elimination than mesr the entire range of observation, and

for both sexes the elimination 88r increased with increasing age (Shagina et a3i20

In comparison with other elements, strontium se&mbe excreted rather slowly from the
body. The urine appears to be the major route ofetion of strontium from the plasma. A
study showed that urinary excretion was maximal dag of administration and decreased
progressively afterwards (Hollriegl et al. 2006k)is assumed that calcium and strontium
share a common tubular transport path in the ran@s (ICRP 2006; Pors 2004). It was
shown that the mammalian kidney excretes strontmane rapidly than calcium. Studies
suggest that the renal clearance of strontiumasrat 3 times higher than for calcium. The
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discrimination between both elements seems to beipally situated at the tubular re-
absorption, with a smaller tubular re-absorptiorstwbntium, probably due to the larger size
of the strontium elements (Dahl et al. 2001; Helitiet al. 2006b; ICRP 2006; Pors 2004).

Apostoaei et al. showed that in the first daysradtsingle ingestion dPSrCh, most of the
strontium eliminated in feces was of exogenousimiige. not absorbed into the body fluids).
However, small amounts of strontium of endogenonugiro (i.e. absorbed into the blood
fluids and been returned to feces) were also exdrdiive to six days after a single ingestion,
the entire amount of strontium eliminated in feeems of endogenous origin (Apostoaei
2002). Another experimental animal study confirntldt strontium was secreted in tiny
amounts directly from the plasma into the intestiRalmer and Thompson 1961). Other
studies indicated that biliary secretion accouricednly a small portion of the total secretion
of strontium, calcium, into the alimentary tracCRP 2006; Wasserman 1963; Wiseman
1964).

In a study with strontium chronically fed mice,neination of strontium happened mainly by
the feces (Wiseman 1964). In a study wifsr chronically fed rats?’Sr levels in feces

increased over time. On the other hand, the urinewvgls of *°Sr were low and stayed
constant over time (Gran 1960).

%93y could be found in milk of lactating rats. Howewvereferential transfer for calcium from

blood to milk was observed (Gran 1960).

5.5. ICRP strontium biokinetics model

A biokinetic model mathematically characterizes tih@vement, transfer, fate, deposition and
excretion of a substance in a living system. Suchodel predict where a substance goes in
the body, how long it there remains, and as suchigethe calculation of internal doses and

risk to specific tissues and organs as well asviingle body.

The ICRP developed a such a biokinetic compartialenbdel for alkaline earth elements,
including strontium, which is applicable to childreadolescents and adultBiqure 10)
(ICRP 1993). This model is based on a nearly idahtmodel previously developed by
Leggett et al. (Leggett 1992). The model is degigiwesimulate oral exposures and cannot be
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applied to other routes of exposure without modiian. As well it is designed for human

applications and cannot be applied to other speakk®ut modification.
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Figure 10.1CRP model of strontium biokinetics (from Li et 2006).

The fraction of ingested strontium that is absorbgdhe small intestine is assumed to vary
with age and has values of 0.6 in children up tenbths of age, 0.4 from 12 months of age
through 15 years, and 0.3 from 15 years of agautir@dulthood. Once absorbed, strontium
that enters the blood plasma is assumed to digtritauthe skeleton, liver and other tissues.
Blood plasma in the model is treated as a uniformlyed pool. Since the alkaline earth

elements have little affinity for red blood celilsis compartment is not considered explicitly.
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Liver and kidneys are treated separately from ofiodt tissues, because these organs show

sometimes higher concentrations of radionuclidaes the average soft tissue (Leggett 1992).

In the ICRP model, bone is divided into corticatlarabecular components, each of which is
further divided into bone surface and bone voluifil@e model assumes that 99 % of the
strontium that enters the body and not being egdres ultimately transferred to the skeleton
and only 1% to soft tissues. Skeletal depositioasisumed to distribute initially to the bone
surface of either cortical or trabecular bone, fratmich it can exchange relatively rapidly
with plasma or more slowly with the bone volume.oTpools are assumed to exist within the
bone volume, an exchangeable pool that communicsitdsthe surface bone, and a non
exchangeable pool from which strontium can be netdrto plasma only as a result of bone

resorption (Leggett 1992).

Excretion is assumed to occur only in urine an@g$eStrontium in urine is assumed to have
passed directly from plasma to the urinary bladded, strontium in feces is assumed not been
absorbed or have passed directly form plasma togtmsdrointestinal tract. The biliary

excretion pathway is considered of limited impoc&nFurthermore, it is assumed that

strontium secreted into the gastrointestinal tiat reabsorbed (Leggett 1992).

The transfer rate coefficients between compartmanés assumed to be age and gender
specific (Apostoaei and Miller 2004; Shagina et2003a). However, originally the ICRP
(ICRP 1993) did not account for age dependenceérontum elimination in elderly persons.
Indeed, because the model was created for a sthridanan of undefined sex, gender
dependence was not taken into account either. tApeset al. calculated on the basis of
available human metabolic data that transfer ratestrontium from plasma to cortical and
trabecular bone and subsequent elimination rateage dependent. Moreover they calculated
that the elimination rate of strontium from thebiaular bone is slightly gender dependent
(Apostoaei and Miller 2004).

Besides the above described systemic biokineticeleinathe ICRP developed also a
gastrointestinal model (Gl) for strontium. This @bdel is used to describe the movement of
swallowed or endogenously secreted strontium thrahg stomach and intestines. The Gl

model developed divides the Gl tract into four caniments: stomach, small intestine, upper
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large intestine and lower large intestine. Like slystemic biokinetics model, the GI model

assumes that absorption of strontium occurs ombutih the small intestine (ICRP 2006).

6.Biological effects of non radioactive strontium

6.1. Generalities

The processes of bone formation and resorptionigindy regulated by a variety of systemic
and local regulatory agents, of which calcium ig of them. Strontium, which is chemically

related to calcium, is also found to exert efferidone cells (Marie et al. 2001).

Many studies showed that non radioactive strontha® a positive effect on bone formation.
In anin vitro study with human bone derived cells (HOB), it wlasnonstrated that strontium
(510 M SrCh) increased the expression of type 1 collagen mR&A reduced the
production of matrix metalloproteinases (MMP) (Braat al. 2011). Another study observed
that strontium (1mM SrG) enhanced the ability of osteoblasts to form naheed nodulesn
vitro and increased the expression of Runx2, one of ghdiest osteoblast specific
transcription factors (Lymperi et al. 2008). Moreavin a study by Boanini et al., the
response of primary cultures of rat osteoblaststtontium substituted hydroxyapatite was
investigated. Increased levels of cell proliferatialkaline phosphatase (ALP) and collagen 1
were observed (Boanini et al. 201[).vivo studies in normal rats and mice indicate that low
doses of strontium (up to 4 mmol/kg/day S)CGhay increase bone mass at different skeletal
sites by increasing bone formation and reducingeb@sorption (Marie 1984; Marie et al.
2001). Lymperi et al. showed that strontium treatece had increased number of osteoblasts,
increased bone volume and trabecular thicknessh whte trabeculae having more
interconnections within the bone marrow cavity (lpen et al. 2008)On the other hand, a
study with mice fed with a high concentration ofostium (2 % SrC@ in rodent chow)
throughout pregnancy, showed inhibited bone dewvetoy in the offspring, presumably by

affected bone calcification (Shibata and Yamaskii@l).

Given its potential beneficial effect on bone fotio@, the use of strontium has been thought
to have an interest as a treatment for osteopordsis bone disorder of mainly post-
menopausal women is characterized by low bone neasgnced bone fragility and fracture
risk. This may be due to oestrogen deficiency, ioguan imbalance between bone resorption

and bone formation, and impaired intestinal absompadf calcium (Dahl et al. 2001). As such,
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this led to the development of the drug strontiummetate, which has been proven its
efficiency to reduce the bone fracture incidencesteoporotic patients (Cortet 2010; Pors
2004).

6.2. Strontium ranelate

Most in vitro studies used the anti-osteoporotic drug strontimanelate (5-
[bis(carboxymethyl) amino]-2-carboxy4-cyano-3-thiemeacetic acid distrontium salt,
S12911, Protel§s Servier, France)Figure 11) to investigate the effects of strontium.
However, until now cellular and molecular mecharssaf action have not yet been fully
elucidated. This drug, composed of two atoms dflstatrontium (St) and an organic part
(ranelic acid) was found to stimulate bone growtbrease bone density, and lessen vertebral,

peripheral and hip fractures (Dahl et al. 2001).

Figure 11.Chemical structure of strontium ranelate (S1291ften Baron and Tsouderos 2002).

Different in vivo studies suggested that strontium ranelate redboes resorption and
increases bone mineral density and some markdysra formation (Ahmet-Camcioglu et al.
2009; Ammann 2006; Marie 2006). A study with femadés showed that a 2 year period of
exposure to strontium ranelate significantly insezhbone mechanical properties of vertebrae
and femurs. All the determinants of bone strengdasared were positively influenced by the
treatment, like bone mass and microarchitecturenanm 2006). Results of another study by
histomorphometric analysis demonstrated that loggntadministration (104 weeks) of
strontium ranelate at dose levels up to 1800 md&gincreased bone formation and reduced
bone resorption in normal male and female mice, muleased bone volume without

deleterious effect induced on bone metabolism (reds et al. 2002).
Moreover, strontium ranelate showed its anti-freetiefficacy in a study with mice

overexpressing Runx2, which is a model of seveueldpmental osteopenia associated with

spontaneous vertebral fractures. Strontium ranelae able to decrease vertebrae fracture
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through an improvement of bone microarchitectureai@oy et al. 2010). Treatment with
strontium ranelate prevented also the effect ofiegeomy on bone strength (Ammann 2006).
Strontium ranelate (625 mg/kg/day for 52 weeksattreent showed improved bone strength

in ovariectomized rats (Bain et al. 2009).

In vitro studies showed that strontium ranelate reducezbolstst differentiation and induced
even apoptosis of these cellsigure 12) (Baron and Tsouderos 2002; Marie et al. 2001).
Moreover, it was shown that strontium ranelate ddependently decreased osteoclastic
activity in vitro (Ammann 2006). Another study showed a decreasssl @rresorption pits of

osteoclasts (Takahashi et al. 2003).

On the other hand, strontium ranelate induced gaftin of pre-osteoblasts, synthesis of
collagen and ALP activity (Barbara et al. 2004; &lanet al. 1996; Marie 2006; Marie et al.
2001). A study suggested that interaction of stoomtwith the G-protein-coupled calcium-
sensing receptor (CaSR), might be one of the egfilams of the mechanism of actidviore
precisely, strontium ranelate has been shown teoea&se the accumulation of inositol
phoshatase (which derives from phospholipase C JRic@vity) in the cultured cell lines, an
effect that might occur through CaSR activation (lBmbe et al. 2004)However, this
potential mechanism and eventual other mechanisdependent of the CaSR remain to be
fully eludicated (Ammann 2006; Pi et al. 2005; Rid&uarles 2004).
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Figure 12. Strontium ranelate exerts antiresorbing and bonmifig effects which results in bone gamnvivo
(from Marie 2006).
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7.Biological effects of°Sr

7.1. Generalities

%93y is chemically similar to calcium and as sucks tadionuclide is capable to exchange for
calcium in tissues, especially in bone which hdsigh calcium content, and consequently
exert there biological effects. MoreovéfSr may affect other calcium utilizing processes
including enzymes, secondary messenger systemgarsgporter systems. The stable forms
of strontium might not pose a significant healtatrbut the radioactive isotop&r, which
emits high energetiff” particles, can lead to various bone disorderseumh other adverse
health effects®Sr that incorporates into bone and irradiate boelés anay also irradiate
hematopoietic tissue in the bone marrow or otherosmding soft tissues. As such,
hematopoietic and immune cells located in the bnaerow may be susceptible to injury as
well. These facts, coupled with the proven carcamig effects of ionizing radiation ari@sr
long half-life, make it a potential toxic hazard fxposed humans. At equal levels, children
may even exhibit an enhanced respons®3p exposure. Due to a higher intake of strontium

during growth, younger organisms could be moreepiiigle to the toxic effects 6fSr.

Considerable animal experimental work has beenopedd in order to predict the
radiobiological effects ofSr once absorbed in the human body. Animal stuitielsided
acute and chronic exposures in dogs, rodents, payss and monkeys. Particularly a wide
range of studies have been conducted since thes1860g beagles. Growing concern about
health effects after radioactive fallout exposurent atmospheric nuclear weapon tests
conducted in the 1950-60s was the starting shtitesfe studies. Beagles were chosen because
of the physiological similarities of their skeletand lungs to these of humans, and for their
relatively long life span, which is roughly complalea to the time required for the latent
effects of radiation exposure to become manifesthumans (Gillett et al. 1987a). Of
particular interest are studies at the UniversitgZalifornia at Davis and at the University of
Utah at Salt Lake City involving beagles that reedi®*Sr chronically both in utero and by
daily ingestion in their feed afterwards (Book etl®82; Dungworth et al. 1969; Momeni et
al. 1976a; Nilsson and Book 1987; Parks et al. 18&abe et al. 1981b; Raabe et al. 1981a;
White et al. 1993).
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The observed adverse effects included bone and ekiddamage, hematological,
immunological and developmental effects, cancerdwath. All the observed effects could be
directly correlated to th&’Sr doses used. Especially young animals have Hemmnsto be
vulnerable to°Sr exposure, which was linked to their immaturdetke having a higher rate

of bone remodelling.

7.2. Acute toxicity of °°Sr

In experiments with young and adult rats, Casatedi. reported a 80 % reduction in survival
at five months when young rats were given at |2asv1Bq of*°Sr per kg per day for 10 days
by drinking water. The survival of adult rats or tther hand was unaffected. The increased
mortality of the young rats, which was 20 timesheigthan for adults, was attributed to the
increased skeletal burden®d8r in the young rats. Approximately 19 % of adatsringesting
2.4 MBq per day in drinking water for 10 days deysd chronic interstitial nephritis. Rats
drinking water for five days at doses higher thai BIBq per day suffered from bone
malformations, cartilage detachments, and boneuras (Casarett et al. 1962). Another study
with rhesus monkeys given daily oral doses of 37qMB°Sr showed that the animals died
within four months from pancytopenia (Casarettlefl62). Cragle et al. reported deaths in
four out of six young cows given 2 GBq USr orally for five days. Deaths occurred from
radiation sickness including severely decreasekioleyies and platelet counts after 80 days
(Cragle et al. 1969).

A study showed the appearance of bone tumours @e after single injection at high doses
(up to 59.2 kBg/g) of?r. It was shown furthermore that not only latetioye and tumor
frequency but also the type and location of tumweese related to the dose (Nilsson 1970).
Also a study with beagles showed the appereanastebsarcomas after single injection at
high doses of°Sr (Nilsson and Book 1987). A single injection & BBq/g in rabbits at the

time of weaning led to a significant reductionte tength of tibias (Galle 1997).

Hematological effects after a single administrataf’Sr by inhalation was examined in
adult beagles by Gillett et al. Dogs were obsethedughout their life span and showed bone
marrow hypoplasia, pancytopenia, thrombocytopendcreutropenia (Gillett et al. 1987b). A
single high dose injection 8fSr (300 to 740 kBg/g) by rat induced leucopeniarisheriod
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neutropenia, transitory reticulopenia, fluctuatimgriations in thrombocyte numbers and

finally blood anemia (Galle 1997).

7.3. Chronic toxicity of °°Sr

7.3.1.Life expectancy

Several studies showed a decrease in survivaldgnts orally exposed on the long term to
%9Sr. Hopkins et al. reported a 36 % reduction irvisat of young rats ingesting 3.8 MBq/kg
per day of’°Sr for 30 days (Hopkins et al. 1966). In rats fathvt8.5 up to 74 kBaq/kg per
day of°°Sr for their postweaning lifetimes, Zapol'skayaktreported that lifespans shortened
by 18 to 30 % compared to control rats (Zapol'skatyal. 1974). Regular administration of
9Sr at 0.74 kBg/kg per day during 3 years in micedtmted to perturbations in the
development of offspring and a decrease in lifeeetancy (Galle 1997). In another study,
mice were fed up to 1147 kBqg/kg per day¥r from the time of conception through the rest
of their life. Their parents received the same ambhdhrough conception to lactation. No
effects on litter size, survival of offspring orcrease in malformations were noted. However,
survival of offspring was shortened at doses alddve kBqg/kg per day and was attributed to

an increased incidence of bone marrow cancers €Fir$60).

A study with beagles by White et al. reported thedgles given up to 1.3 MBag/kg 88r per
day for 540 days and maintained until death hadaed survival of 18, 64, and 85 % at the
three highest dose levels (0.1 ; 0.4 and 1.3 MBp#&wmday respectively) when compared with
control dogs. Concentrations USr in feed at or below 1.6 kBqg/kg per day had npaaent
effect on survival and there were no reported bsameoma deaths in these dose groups,
whereas bone sarcomas were noted in the highergtogps (White et al. 1993). In another
study, Book et al. exposed 15 beagle dogs fromatiestll age day 21 throughout their
lifetime to 0; 0.05; 0.15 or 0.44 MBq 6fSr/kg per day. The median survival times of the
groups were 15; 12.5; 6.5 and 5.2 years respegti@dteodystrophy was observed in the
highest dose group. The two main causes of radiatinduced mortality were
myeloproliferative syndrome and skeletal sarcorBa®k et al. 1982).

Multigenerational effects were studied by Clarkeaktin swine fed with 0.037 up to 114.7
MBq of *°Sr per day only during the period of mating. Naeeffon fertility or fecundity was
observed. Some sows receiving the highest dosaalidurvive gestation. Offspring of sows
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fed 23.13 MBq per day showed reduced weight at imgeend did not survive to nine months

when fed with®Sr after birth, even though parent sows fed theesdoses survived well past

breeding age (Clarke et al. 1970). In another stuglyicClellan et al., sows ingesting 115

MBq per day from the age of nine months did novisertheir first pregnancy, succumbing

from the destruction of hematopoietic tissue in blome marrow. Sows exposed to 0.9, 4.6
and 23 MBq per day, showed increased mortalityr dffe 5 and 1 year respectively. Effects
on the F1 generation females exposed from timeoateption were more severe. None of
these females exposed to the highest dose surmieed than nine months (McClellan et al.

1963).

7.3.2.Bone cancers

Bone injury and bone cancers were frequent in studith beagles chronically fed witfsr.
Momeni et al. evaluated beagles exposed to diffetencentrations of°Sr with as highest
dose 1.3 MBq/kg of°Sr per day. Increased skeletal changes, i.e. ezmloahd periosteal
cortical sclerosis and thickening, were noted fogsiexposed at doses above 49 kBg/kg per
day (Momeni et al. 1976b). White et al. reporteat theagles fed between 4 and 125 kBqg/kg
per day of*°Sr developed bone sarcoma, chondrosarcoma, hensangpona, fibrosarcoma
and leukemia. Multiple tumors occurred only at kighest dose levels. Of the 66 sarcomas
reported in this study, 75 % were osteosarcomast@n al. 1993). Nilsson et al. showed
that among beagles fé8Sr during skeletal development, the incidence afebtumors was
dose dependent. Bone tumors appeared sooner amd mae often multiple in animals
receiving higher doses. Long bones were the sitesevmost of the tumors appeared after the
highest dose level (Nilsson and Book 1987). Gilktttal. showed that beagles that were
exposed td°Sr by inhalation, chronic ingestion or injectionveiped bone tumors, which
were different in their skeletal distribution andtblogical phenotype, dependant of the route
of exposure. Furthermore, bone tumors tended taraaiclater times after exposure in dogs

exposed t3°Sr by chronic ingestion (Gillett et al. 1992).

Other animal studies also showed that 8P8F exposure increased the incidence of bone
tumors. Adult rats developed osteosarcomas indystinen fed 1.2 up to 2.4 MBq per day of
%Sy over 10 days. Rats given 29.2 MBg®®8r over 30 days showed a 27 % increase in the
incidence of osteosarcoma, hypoplasia of the boaaw, a 11 % increase in skin sarcoma
and a 6 % increase in leukemia incidence (Casetreft 1962). Rats fed 18.5 up to 74 kBg/kg
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per day during lifetime showed an 18 % increasenalignancies compared to control rats.
The malignancies included osteosarcoma and leulkaéfapol'skaya et al. 1974). In a study
with young rabbits fed with 218 kBq/kg per day oreiage for 224 to 280 days, multiple
osteosarcomas developed in the skull and the sagrdwing ends of long bones within 6 to
8 months (Downie et al. 1959). In a study with miaore swine, Howard et al. showed that
most bone tumors occurred in the skull, includimg thandible and maxilla, and arose near or
within the periosteal surface of the bone (Howardl €1969).

In a multigenerational study with miniature swirel fwith*°Sr up to 114.7 MBq per day for
life developed different cancers. In the parentgeloid neoplasms were observed but no
bone cancer developed. The F1 and F2 offspringseg&rom conception developed myeloid
metaplasia and osteosarcoma. The osteosarcomalbaden latency period and occurred at
the higher doses. The myeloid metaplasia develspeder and were more frequent in the F1
and F2 generations (Clarke et al. 1970).

7.3.3.Hematologic malignancies

Dungworth et al. reported that beagles chronicedyosed up to 530 kBqg/kg per day’8r

by ingestion showed myeloproliferative disorderghe highest dose groups. Other effects
seen were abnormal erythrocyte morphology, drophématocrit levels, leukopenia, an
abnormal amount of immature granulocytes, reductionplatelets, and splenomegaly
(Dungworth et al. 1969). In a six year chronic stird which beagles were fed wiffiSr at
14.8 kBg/kg per day, Dungworth et al. reported thbbut 1 % of the exposed animals
developed myeloid metaplasia of the spleen (Duntivetral. 1969).

Howard et al. demonstrated the induction of hen@aj disorders, such as myeloid
metaplasia, myeloid leukaemia, lymphocytic leukaeamnd stem cell leukaemia, in miniature
swine after chronic®Sr feeding up to 114 MBg/day (Howard and Clarke ()97
Osteonecrosis, hematopoietic disorders and boneomdryperplasia were commonly found
by Clarke et al. among swine that died after iriggsa diet containing’Sr levels of 1 or 114
MBqg/day (Clarke et al. 1972).

In rabbits, chronic administration by ingestionlof concentrations of°Sr (100 Bq/g per
day) led to an instability of the erythrocyte systand weakening of the hematopoietic

function (Galle 1982). Hypoplasia of the bone marrdeading to anemia and
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thrombocytopenia developed in rabbits fed with B8 of *°Sr/kg per day for 31 to 280
days. Moreover, reduced osteocyte numbers afteiag8 were reported (Downie et al. 1959).
Another study showed that rats receiving chronycatlore than 18,5 kBg/kg per day had
significantly depressed hematopoiesis (Zapol'skdyd. 1974).

Long term exposures f8Sr resulted also in impaired immune function imaais. Howard et
al. reported that pigs fed with 23,13 MBq per day riine months had significantly reduced
antibody response to Brucella bacteria or phytolygdinin stimulation (Howard and
Jannke 1970).

8.Physiological systems studied

As explained in the foreword we decided to study tion-cancerous effects on the bone
physiology and hematopoietic and immune systenes afironic®°Sr ingestion at low dose
for this thesis. These physiological systems argcrilged in this chapter with particular
attention for the parameters evaluated.

8.1. Bone physiology

8.1.1.Generalities

The skeleton provides structural support for th&t @& the body, permits movement and
locomotion by providing levers for the muscles,tpots vital internal organs and structures,
provides maintenance of mineral homeostasis, seasea reservoir of growth factors and
cytokines and provides the environment for hematsgi® within the bone marrow spaces
(Taichman 2005).

The four general categories of bones of the skelate long bones, short bones, flat bones
and irregular bones. Flat bones are formed by manuwus bone formation, whereas long
bones are formed by a combination of endochondaedl membranous bone formation
(Clarke 2008; Marie 2001). The long bones are caagoof a hollow shaft, or diaphysis;
cone-shaped metaphyses below the growth platesfcamiled epiphyses above the growth
plates Figure 13).
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Diaphysis

Figure 13. The long bone (here represented by a

femur) is composed of the proximal and distal
\’) epiphyses, metaphyses, growth plates and the

Metaphysis 3
Growth plate . .
i diaphysis.

Epiphysis

It is assumed that the adult human skeleton is ogexb of 80 % cortical bone and 20 %
trabecular bone (Clarke 2008). The diaphysis ispmsad primarily of dense cortical bone,
whereas the metaphysic and epiphysis are compdssabecular meshword bone surrounded
by a relatively thin shell of dense cortical bo@artical bone is dense and solid, whereas
trabecular bone is composed of a network of trabequates and rods. Both cortical and
trabecular bone are composed of ostedingufe 14). Cortical osteons are called Haversian
systems. Haversian systems are cylindrical in shee: form a branching network within the
cortical bone. Trabecular osteons are called pacletd composed of concentric lamellae.
Cortical bone and trabecular bone are normally &mnin a lamellar pattern, in which
collagen fibrils are laid down in alternating oti@tions. The normal lamellar pattern is absent
in woven bone, in which collagen fibrils are laidwh in a disorganized manner. As such,
woven bone is weaker than lamellar bone. Woven bign@ormally produced during
formation of primary bone (Clarke 2008yhe collagen fibril diameter is regulated by
osteonectin (Clarke 2008). It is a glycoprotein radantly expressed in bone undergoing
active remodeling (Sila-Asna et al. 2007).
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Figure 14. Hierarchical structural organization of bone: watt and trabecular (cancellous) bone; osteons with
Haversian systems; lamellae; collagen fiber assemidif collagen fibrils; bone mineral crystals, ogdia
molecules, and non-collagenous proteins (from Mittlwmechanism.com/mechanical-properties-and-the-

hierarchical-structure-of-bone).

The periosteum is a fibrous connective tissue shiwtt surrounds the outer cortical surface
of bone, except at joints where bone is lined byileage. The endosteum is a membranous
structure covering the inner surface of corticahdyotrabecular bone and the blood vessel

canals (Volkman’s canals) present in bone (Claf@B82.

Bone is a heterogeneous and complex tissue madef warious proportions of cellular
content, extracellular matrix and mineral contebepending on the species, age of the
species, the type and location of bone, these otmtan vary. The inorganic fraction makes
up to 70 % of tissue weight of the mature bone,diganic fraction up to 20 % and water
accounts for the remaining 10 %. Calcium phosphateerals are present in the matrix as
hydroxyapatite [Ca(POs)s(OH);]. Bone crystals provide mechanical rigidity andade
bearing strength to bone, whereas the organic xyatovides elasticity and flexibility (Clarke
2008). The organic matrix of bone is composed afiyrdiverse materials but collagen makes
up to 90 % of the matrix of the tissue. Collagepetyl fibres constitute the majority of the
matrix and are arranged generally as parallel I§bof even diameter. Their orientation
changes through the thickness of the tissue. Thmireng 10 % of the matrix consists of
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noncollagenous material and is made up of proteprsieoglycans, lipids and other

substances with the bulk being noncollagenous m®{€larke 2008; Sila-Asna et al. 2007).

A main noncollagenous protein present in bone kalime phosphatase (ALP). This protein
plays a role in the mineralization process of bdnkydrolyzes mineral deposition inhibitors
such as extracellular pyrophosphate and cleavespplate groups into inorganic phosphate
ions, which are used for mineral deposition (Alaidlet al. 2006; Clarke 2008; Mackie et al.
2008). The upregulation of ALP activity is used asmarker for differentiation of pre-
osteoblasts in mature osteoblasts. The final pbassteoblast development is characterized
by the formation of mineralized extracellular matand once this mineralization starts, ALP
activity decreases significantly (Coetzee et a0

Osteopontin (OPN) is another abundant noncollagepootein in the bone. It is produced by
osteoblasts and osteoclasts. OPN plays a key domgromole both in cell attachment and bone

resorption (Yoshitake et al. 1999). Moreover, ORAS h critical role in the regulation of the

physical location and proliferation of HSGs.vitro studies suggested that OPN inhibits HSC
proliferation (Haylock and Nilsson 2006; Nilssora&t2005).

Furthermore, bone sialoprotein (BSP) is also a magmcollagenous matrix protein and is
produced by osteoblasts, osteoclasts, osteocytehygrertrophic chondrocytes. It mediates
cell attachment. Its role is furthermore associat@ti the formation of the hydroxyapatite
crystal on one hand and osteoclastogenesis andresomption on the other hand (Boudiffa et
al. 2010; Clarke 2008; Sila-Asna et al. 2007; Vedeeet al. 2008).

8.1.2.Mesenchymal stem cells and osteoblasts

Bone marrow contains a small population of mesematystem cells that are able to give rise
to several cell types such as osteoblasts, choladitsband adipocyteg&igure 15 (Bonfield
and Caplan 2010; Disthabanchong et al. 2007; Bjigteet al. 1999; Thompson et al. 1998).
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Figure 15. Mesenchymal stem cell differentiation (from Boidi@and Caplan 2010).

Mesenchymal stem cells can differentiate into imuratosteoblasts through the action of
Runt-related transcription factor 2 (Runx2), ostesind B-catenin. Runx2, also known as
Core-binding factor alpha 1 (Gidf), is a transcription factor of the Runt domaimegéamily
that is essential for bone formation. Runx2 direcigltipotent mesenchymal cells to an
osteoblastic lineage, and inhibits them from ddfdgrating into the adipocytic and
chrondrocytic lineages (Geoffroy et al. 2010). Af@SC differentiation to pre-osteoblasts,
Runx2,B-catenin and osterix direct these cells to immatsteoblasts, which produce bone
matrix proteins, blocking their potential to diféstiate into the chondrocytic lineage.
Moreover, Runx2 inhibits osteoblast maturation #reldtransition into osteocytes, keeping as

such osteoblasts in an immature stage (Komori 22089).

The immature pre-osteoblasts are spindle-shapedeapdess high levels of OPN. Pre-
osteoblasts that are found near functioning oséstblare usually recognizable because of
their expression of ALP. They differentiate into tmm@ large cuboidal differentiated
osteoblasts, which express high levels of osteot&@2CN). This is a major noncollagenous
protein of the matrix, synthesized and secretedusikely by osteoblastic cells in the late
stage of maturation and is considered as a lateatat of osteoblast differentiation. OCN
expression is modulated by parathyroid hormone (Pamtl other factors. OCN binds with
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high affinity to hydroxyapatite crystals and redatabone crystal growth (Sila-Asna et al.
2007).

QOste astic i \ iate
Jsteoblastic Precursor cell Pre_osteoblast Differentiated
marker osteoblast

ALP >
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OPN

BSP —
OSC —_—
PTHx —

Figure 16. Some principal expressed genes during osteohiféstesciation (ALP: alkalin phosphatase, Coll 1:
collagen 1, OPN: osteopontin, BSP: bone sialopnp@®iSC: osteocalcin, PTHr: parathyroid hormone pearg
(from Marie 2001).

Active mature osteoblasts that synthetize bone im#&iave large nuclei, enlarged Golgi
structures, and extensive endoplasmatic reticullimese osteoblasts secrete type 1 collagen
and other matrix proteins (fibronectin, OPN, ostiim, OCN and BSP) vectorially towards
the bone formation surface. Osteoblasts and bamgglcells are found in close proximity and
joined by adherent junctions (Marie 2001).

Growth factors produced by osteoblasts, includiveyliin-like growth factor (IGF), fibroblast
growth factor (FGF), bone morphogenetic protein @Mand transforming growth factfr-
(TGF), are important for bone growth and osteogend&digy are capable of stimulating
both osteoblast cell proliferation and differentat (Baek and Kang 2009; Tsumaki and
Yoshikawa 2005). BMP signalling for instance is uiegd for normal rates of onset and

progression of chondrocyte hypertrophy (Mackiel €2@08).

The mature osteoblasts are embedded in the bonexn@tbecome osteocytes (Komori
2006). Osteocytes represent terminally differeatlabsteoblasts and support bone structure
and metabolism. They do not express ALP but do esgrOCN. It is suggested that

osteocytes may undergo apoptosis (Clarke 2008adtbeen shown that osteocytes in bone

62



produce FGF-23, a 1,25-(OHjitamin D3 regulating hormone, and as such bomgcgzates
in the regulation of vitamin D and mineral homes&gQuarles 2008).

8.1.3.0steoclasts

Osteoclasts are specialized cells for bone reswrptia ruffled borders and clear zones
(Figure 17) (Shibata and Yamashita 2001). They are multirate® cells formed by
cytoplasmic fusion of their mononuclear precursavhjch are in the myeloid lineage of
hematopoietic cells that also give rise to macrgpsaThe switch to osteoclast differentiation
requires expression in osteoclast precursors ais;-& RANKL activated transcription factor
(Baron and Tsouderos 2002; Boyce and Xing 2007).

Osteoclasts bind to bone matrix via integrin receptBinding of osteoclasts to bone matrix
causes them to become polarized, with the bonehiegpsurface developing a ruffled border.
The ruffled border secretes”Hons via H-ATPase and chloride channels and causes
exocytosis of cathepsin K and other enzymes like MMin the acidified vesicles. Upon
contact with bone matrix, the fibrillar cytoskeletof the osteoclast organizes into an actin
ring, which promotes formation of a sealing zoneuad the periphery of osteoclast
attachment to the matrix. As such, the sealing zemeounds and isolates the acidified
resorption compartment from the surrounding bonéasa (Boyce and Xing 2007). The low
pH of the so called resorption pit activates thetgwlytic enzymes and promotes dissolution
of crystalline calcium phosphate of the bone mathu et al. 2008).
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Figure 17. Diagram of the formation of osteoclasts and thelationship to osteoblasts. CFU-GM: colony-
forming unit for the granulocyte-macrophage serMsCSF: monocyte-macrophage colony-stimulating dact

CI" : chloride ion, H: hydrogen ion, HATPase: H-adenosine triphosphatase, HCQrarbonate ion, OPG:

osteoprotegerin, PTH: parathyroid hormone, PTH-&akhyroid Hormone Receptor, RANK: receptor actvat

factor of nuclear factekB, RANKL: RANK ligand.

Osteoblasts regulate osteoclast maturation andgrailon by cytokines such as macrophage
colony-stimulating factor (M-CSF) (Baek and Kangd2p and receptor activator of nuclear
factor«B ligand (RANKL) (Figure 18) (Boyce and Xing 2007; Lymperi et al. 2008; Wu et
al. 2008). RANKL belongs to the tumor necrosis da¢i NF) superfamily and is produced by
osteoblasts and osteoblast precursors to stimokstEoclast recruitment and activation. It
interacts with membrane-bound molecules on nedngysécreted RANKL) or adjacent (by
membrane-bound RANKL) osteoclasts and its precar@®aek and Kang 2009; Boyce and
Xing 2007). The effects of RANKL are counterbalashd®y osteoprotegerin (OPG), which
protects the skeleton from excessive bone resarfyobinding to RANKL and preventing it
from binding to its receptor RANK (Baek and Kan@20Boyce and Xing 2007).
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Figure 18. Signaling pathway for normal osteoclastogend®NKL produced by osteoblasts binds to RANK
on the surface of osteoclast precursors and recth# protein TRAF6, leading to N&B activation and
translocation to the nucleus. NdB- increases c-Fos expression and c-Fos interattsNATc1 to trigger the
transcription of osteoclastogenic genes. OPG itshibie initiation of the process by binding to RANKNFAT,
nuclear factor of activated T cells; NdB, nuclear factokB; OPG, osteoprotegerin; RANKL, receptor activator
of nuclear factokB ligand; TRAF, tumor necrosis factor receptor agsed factor from (Boyce and Xing
2007).

8.1.4.Bone growth, modelling and remodelling

Bone undergoes longitudinal and radial growth, nilode and remodelling during life.
Longitudinal and radial growth occurs during chiddd and adolescence. At growth plates,
longitudinal growth occurs before subsequently ugoieg mineralization to form primary
new bone (Clarke 2008). Bone modelling on the otiaerd is the process by which bone
changes its overall shape in response to physmlafuences or mechanical forces, leading
to the gradual adjustment of the skeleton to tiheefthat it encounters (Clarke 2008).

The main recognized functions of bone remodellmgude preservation of bone mechanical
strength by replacing older micro-damaged bone witver healthier bone and calcium and
phosphate homeostasis (Clarke 2008). Remodelliginbebefore birth and continues until
death. Remodelling involves continuous removalis€rte packets of old bone, replacement
of these packets with newly synthesized bone mad#mxi subsequent mineralization of the
matrix to form new bone. The bone remodelling imitomposed of a tightly coupled group
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of osteoblasts and osteoclasts that sequentiailty oat resorption of old bone and formation
of new bone (Clarke 2008). At skeletal maturitye firocess of bone remodelling occurs less
intensively than previously. Later on with age, thiensity of osteoclastic resorption begins

to increase, leading to a net loss of bone mass {R96).

Studies with female humans and animals showed @samgbone remodelling during the
menstrual cycle with monthly episodes of increasaoke resorption (Chiu et al. 1999; Gass et
al. 2008; Hotchkiss and Brommage 2000; Kalyan amgrP2010). Women undergo
significant bone mass loss during menopause wisidimked to oestrogen deficiency leading
to increased bone remodelling with an excess ajrpti®n over formation (Windahl et al.
2009; Xing and Boyce 2005)n vitro studies have shown that oestrogen enhances the
proliferation and differentiation of osteoblastdgmmomotes osteoclast apoptosis (Hughes et
al. 1996; Marie 2001). Moreover, oestrogen decidise production of M-CSF and tumor
necrosis factorn (TNF-a), two cytokines involved in osteoclast formatiodatie 2009;
Srivastava et al. 1999; Srivastava et al. 1998)thEumore, oestrogens increase the
expression of 1,25-(OH)vitamin D3 receptor in osteoblasts, which was dithko an anti-
apoptotic effect of these cells (Duque et al. 20@strogen also decreased the production of
RANKL and increased the production of OPG, whiclevents osteoclast differentiation
(Zallone 2006). Cao et al. showerdvitro that oestrogen activates BMP, and as such favours
the differentiation of pre-osteoblasts and ostesibl§Cao et al. 2003). Finally, it has been
shown that testosterone has some antiresorptieetefaind helps maintain bone formation
(Baek and Kang 2009).

8.1.4.1.Intramembranous and endochondreal bone
formation

Intramembranous bone formation happens mostlyainbbnes. With intramembranous bone
formation, bone arises directly from mesenchymadlscahich condense and directly

differentiate into osteoblasts to deposit bone m&Ehung et al. 2004; Cohen 2006).

Endochondreal bone formation happens on the otfued mostly in long bonesigure 19).

It involves a cartilaginous precursor template frairich bone and bone marrow develops. At
the onset of endochondreal bone formation, MSC edifftiate into chrondrocytes.
Chondrocytes then proliferate and produce a matriiorm primordial cartilageX). Shortly

after formation of the primordial cartilage, prelifiting chrondrocytes in the central region of
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the cartilage undergo differentiation into hypepti@ chondrocytes . These exit the cell cycle
and synthesize another matrix. The hypertrophidilage is invaded by blood vessels,
osteoblasts, osteoclasts and hematopoietic cedsylting in the formation of primary
ossification centersB(). The hypertrophic cartilage matrix is degradedchgndroclasts, the
hypertrophic chondrocytes die and bone marrow andoehondreal bone replaces the
disappearing cartilageCj. A collar of bone surrounding the surface of tagtilage model
results from intramembranous ossification. As tloatf nears the end of the long bone, distal
chondrogenesis elaborates a cartilaginous grovete gfigure 20) that serves as a continual
source of cartilage conversion to bone, resultmtnear growth of the long bone. Secondary
centres of ossification at the ends of the longebappear during late fetal life and early
childhood. Articular-epiphyseal growth cartilage H&C) remains under the permanent
articular cartilage ). Long bones cease growing at the end of pubertyvaith time the
growth plates are replaced by bone and the onlwiréng cartilage is the permanent articular
cartilage at each end of borte) (Chung et al. 2004; Cohen 2006; Mackie et al.82@Rratt
1957; Tsumaki and Yoshikawa 2005).
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Figure 19.Development of an endochondreal bone (from Maekid. 2008).
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Figure 20. Schematic representation and photomicrograph efglowth plate of an endochondreal bone
demonstrating chondrogenesis, hypertrophy of chumydes, vascular invasion, and osteogenesis (froieg
2006).

8.1.4.2.Bone remodelling cycle

The bone remodelling cycléigure 21) starts with resorbing osteoclasts secreting yeino
ions via H-ATPase proton pumps and chloride channels in tbgir membranes into the
resorption pit to lower the pH within at 4,5 whiblelps mobilize bone mineral. Resorbing
osteoclasts secrete tartrate-resistant acid phtegghdTRAP5b), cathepsin K, MMP-9 and
gelatinase from cytoplasmic lysosomes to digestntiagrix (Baek and Kang 2009; Clarke
2008). TRAP5b has two distinct enzymatic activittesparticipate in the degradation of
matrix components. It can function as a phosphatdsacidic pH and as a generator of
reactive oxygen species (ROS) at neutral pH. Matagradation products are endocytosed
together with cathepsin K into osteoclasts andsparted through the cell in transcytotic
vesicles. Vesicles containing TRAP5b are fusedhasé¢ vesicles. When the vesicles move
away from the resorption lacuna their pH is changedneutral, providing an optimal
environment for the ROS generating activity of TRRAP ROS finalize degradation of the
matrix components during their transcytosis. Finathe matrix degradation products are
released from the osteoclast into the blood citmriatogether with TRAP5b (Vaaraniemi et
al. 2004). During osteoclastic bone resorptionglogeptide degradation products from type
1 collagen (CTX) are released into the circulatiodeed, in a rat model, it was shown that an
increased concentration of CTX in the serum is @aged to an enhanced degradation of the
bone matrix (Brzoska and Moniuszko-Jakoniuk 200%a,
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During a reversal phase, bone resorption transittorbone formation. At the completion of
bone resorption, resorption pits contain a variefymononuclear cells, including pre-

osteoblasts recruited to begin new bone format@me coupling signal linking the end of
bone resorption to the beginning of bone formatsohGF{3, which is released form the bone
matrix and decreases osteoclast resorption by itmfgbRANKL production by osteoblasts

(Clarke 2008). The osteoblasts synthesize new gmlaus organic bone matrix. During
collagen synthesis, procollagen 1 N-terminal proiplep(PINP) is released. This propeptide is
ultimately secreted into the blood circulation. €&stl formed is the unmineralized, organic

portion of the bone matrix that forms prior to thature mineralized bone tissue.

The end result of each bone remodelling cycle & phoduction of a new osteon. The
remodelling process is essentially the same incarand trabecular bone (Clarke 2008). At
the completion of bone formation, osteoblasts ugoleapoptosis or become osteocytes or
bone lining cells. Bone-lining cells may regulatéux and efflux of mineral ions into and out
of bone extracellular fluid, thereby serving asl@d-bone barrier. They can redifferentiate

into osteoblasts upon exposure to PTH or mechafuoegs (Clarke 2008).
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Figure 21. The bone remodelling cycle.
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8.1.5.Vitamin D and bone metabolism

The process of osteogenesis is controlled by systeormones and growth factors. Two of
the main regulators of calcium homeostasis are-(&h, vitamin D3 and parathyroid
hormone (PTH) (Baek and Kang 2009).

Vitamin D is crucial to the overall health and laportant functions in calcium homeostasis
and bone metabolism. After absorption or skin potida of vitamin D, the liver synthesizes
25-OH vitamin D and the kidneys subsequently predbmlogically active 1,25-(OH)
vitamin D3, also called calcitriolHgure 22). 1,25-(OH) vitamin D3 functions through the
binding with a vitamin D receptor (VDR) in targeglicnuclei, regulating gene expression in
these cells, including osteoblasts and chondrocfiasuyama et al. 2006). Serum 1,25-
(OH), vitamin D3 is responsible for maintaining seruncaah and phosphorus and does this
primarily by stimulating intestinal absorption odlcium and phosphorus (Samadfam et al.
2008; Tissandie et al. 2006). The effect of vitamion bone is complex and many studies
conducted botin vitro andin vivo have brought conflicting results. It is suggedteat 1,25-
(OH), vitamin D3 exert both anabolic and catabolic @feon the skeleton (Duque et al.
2005; Samadfam et al. 2008).

On one hand 1,25-(Oklyitamin D3seems to be an osteotropic hormone that stimutetes
resorption. In vitro experiments showed that VDR signalling in chongites directly
regulates osteoclastogenesis by inducing RANKL esgion (Baron and Tsouderos 2002;
Masuyama et al. 2006)n vivo, 1,25-(OH) vitamin D3 inhibited osteoclastogenesis by
decreasing the pool of osteoclast precursors irbtme marrow and removal of osteoclasts
from the resorption site by apoptosis (McKennal.€2@00; Shibata et al. 2002). On the other
hand, vitamin D seems to stimulate mineralizatibthe bone matrix. Several studies showed
that vitamin D deficiency leads to impairment ofnBomineralization. Vitamin D promoted
differentiation of osteoblasts and stimulated asl&stic expression of OPN and OCN and
regulated collagen post-translational modificatiarsd maturation in an osteoblastic cell
culture system (Clarke 2008; Marie 2001; Nagaokal.e2008). Anin vivo study with rats
showed that 1,25-(OH)itamin D3 improved mechanical strength in an @aomized rat
model (Fu et al. 2009).
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Figure 22.1,25-(OH) vitamin D3 production (from http://chemistry.grggwvaves.com/CHE452/).

Generally, it is assumed that 1,25-(QHjitamin D3 at lower doses seems to have
predominantly an anabolic effect on bone, wherddsigh doses seems to stimulate bone
resorption (Suda et al. 2003). Furthermore, 1,28)(Qritamin D3 inhibits PTH production
both by direct action on the parathyroid glands iadldrectly by raising serum calcium levels.
PTH is recognized as being a major regulator afigal homeostasis and bone remodelling.
In vivo, PTH exerted both anabolic and catabolic effectdone. Intermittent injections of
PTH increased bone mass, while continuous infusfddTH caused bone loss (Choudhary et
al. 2008; Dempster et al. 1993; Lymperi et al. 20@8rie 2001; Samadfam et al. 2008). It
has been shown that PTH has direct effects on b@a®TH receptors in osteoblasts and
increases calcium and phosphate efflux from thénaxgeable bone compartiment (Quarles
2008).

1,25-(OH) vitamin D3 production is itself stimulated by PTHhus providing an effective
control loop Figure 22). Indeed, some studies showed a compensatorynsspo vitamin D
deficiency by the stimulation of PTH secretion, dhdt hyperparathyroidism increased bone

turnover and bone loss (Baek and Kang 2009).

Finally, glucocorticoids inhibit calcium absorptidrom the gut by opposing the actions of

vitamin D and by decreasing the expression of §pecalcium channels in the duodenum
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(Baek and Kang 2009). Furthermore it has been shitah glucocorticoids increase the
expression of RANKL, inducing osteoclastic diffetiation. Some studies showed that
glucocorticoid dexamethasone inhibits proliferatadipre-osteoblasts and induces on the long
term reduction of bone formation (Marie 2001; Xismgd Boyce 2005). Another study on the
other hand showed that dexamethasone inhibits leserption by indirectly inducing

apoptosis of osteoclasts (Warabi et al. 2001).

8.2. Hematopoietic system

8.2.1.Generalities

Hematopoiesis is defined as the whole of mechanisating to the continuous and regulated
production of functional and mature blood cellg(re 23) (Ceredig et al. 2009). The
hematopoietic tissue is situated mainly in the borarow for adult humans and in the bone
marrow and spleen for adult mice. In adult huméaose marrow can be found in short bones
and long bones, in particular femurs, hip bonesteteae, ribs and the skull (Cristy 1981).
The hematopoietic tissue includes four cellular partments: the hematopoietic stem cells
(HSC), progenitors, precursors and mature celle HSC proliferate and are capable to
differentiate in progenitors, then precursors andlfy mature cells. This process is strictly
controlled by stromal cells of the bone marrow #mel medullar micro-environment through

growth factors and adhesion molecules.
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Figure 23. Diagram of hematopoietic cell differentiation. Mgiel progenitor differentiation is stimulated by
granulocyte macrophage colony stimulating factavi{GSF), granulocyte differentiation by granulocgtdony
stimulating factor (G-CSF), monocyte-macrophagéedéitiation by macrophage colony stimulating fa¢id-
CSF), erythrocyte differentiation by erythropoietifPO) and platelet differentiation by thrombopimigi PO).

8.2.2.Hematopoietic stem cell

The HSC have an auto-renewal capacity and as theyraltipotent, are capable to
differentiate in medullar, blood and thymic celBne strategy by which HSC can accomplish
these two tasks is asymmetric cell division, whgrebch stem cell divides to generate one
daughter with a stem cell fate (self-renewal) ané daughter that differentiates. HSC can
also use symmetric divisions to self-renew andewegate differentiated progeny. Symmetric
divisions are defined as the generation of dauglals that are destined to acquire the same
fate, i.e. two daughter stem cells or two differateid cells. As such, these symmetric
divisions can expand the HSC number. HSC seenvidadasymmetrically under steady-state
conditions and divide symmetrically to restore stesll pools depleted by injury or disease
(Martinez-Agosto et al. 2007; Morrison and Kimbl&08; Morrison et al. 1997).
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The existence of HSC has been put in evidence byarfd McCulloch in a mouse model fifty

years ago in which a lethal medullar aplasia camsezto an irradiation of 10 Gy was treated
with bone marrow transplantation (Till and Mc Cealol1961). Furthermore, this work put in
evidence the existence of clones in the spleenctware called colony forming units-spleen
(CFU-S), that contain progenitors capable to garesaythroid, granulocyte, monocyte and

megacaryocyte colonies.

Even if the existence of HSC is known for some whiheir characterisation stays difficult.
Indeed, these cells are not frequent in the boneowaand present no specific morphologic
characteristics recognizable by cytological coloraimethods. On the other hand, these cells
can be characterized by functional engraftmentstesth as the competitive repopulation
assay (for mouse cells) and the severe combinediimardeficient (SCID) repopulation assay
(for human cells) (Dick et al. 1997; Harrison 19&Zilvassy and Cory 1993; Yahata et al.
2003).

The absence of markers of differentiation of HS@e@dge negative) makes them difficult to
identify. However, certain markers, which are sps@pecific, can be expressed during early
hematopoiesis. By men, the most important markérasluster of differentiation 34 (CD34),
which is expressed during differentiation (Civinakt 1984). However, as CD34 can also be
found on the surface of some medullar stromal @lid endothelial cells (Fina et al. 1990;
Simmons and Torok-Storb 1991), other positive agatige selection markers are used in
association with CD34 in order to characterize H&Gr example, the absence of CD38,
CD33 (myeloid marker) and CD19 (B lymphocyte maykmarkers (Andrews et al. 1989;
Terstappen et al. 1991) and the presence of CDAB30 and C1gRp markers can be used
(Baum et al. 1992; Bonnet 2003; Boxall et al. 20D@&net et al. 2002). Moreover, HSC
express a certain number of receptors for cytokameschemokines. KDR, CD184 (CXCR4)
and CD117 (c-Kit) for example, with the latter aeptor for stem cell factor (SCF) (Wright et
al. 2002; Ziegler et al. 1999). SCF is known torpote stem cell proliferation (Wognum et al.
2003). By mice, the markers are a bit different, tne way to characterize HSC is similar,
with the positive and negative selection of speaifiarkers. Stem cell antigen-1 (Sca-1) is a
murine cell surface antigen identified on HSC tisa¢xpressed at varying levels throughout
HSC differentiation and plays a role in HSC prabifitlon (Okada et al. 1992). To conclude,
mouse HSC can be defined as lérKit" Sca-f CD45' (Li and Li 2006; Osawa et al. 1996;
Ramos et al. 2003).
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8.2.3.Hematopoietic progenitors, precursors and mate
cells

HSC differentiation gives raise to new cells withsttong clonogenic potential, called
hematopoietic progenitorg-igure 24). These progenitors are characterized by culbwati

technique in semi-solid medium in the presence miwth factors (Dexter et al. 1977;
Spangrude et al. 1988). Indeed, in the 1960s, Byadhd Metcalf generated colonies of
macrophages and polynuclear cells from bone macedis (Bradley and Metcalf 1966). The
hematopoietic progenitors as such characterizedcalled colony forming cells (CFC),

colony forming unit (CFU) or burst forming unit (Bf. Different types of progenitors could
be characterized, including CFU-GEMM (capable ohegating colonies of granulocytes,
macrophages, megakaryocytes and erythroid cell))-GM (capable of generating colonies
of granulocytes and macrophages) and BFU-E (capatbigenerating colonies of erythroid
cells) (Dingli and Pacheco 2010).

The progenitors differentiate into precursors amgresent one of the last stages of
hematopoietic cell maturation. These precursorsnayeloblasts, promyelocyte basophils,
promyelocyte eosinophils, megakaryoblasts and lwbfasts. They are recognizable by
morphological characteristics. Finally, the matioratf the hematopoietic precursors leads to
the formation of mature circulating cells, suchgaanulocytes (essentially neutrophils, but
also eosinophils and basophils), monocytes (whicthér differentiate into macrophages),
erythrocytes, thrombocytes and lymphocytes. Ther&rminating their differentiation in the
bone marrow (B-lymphocytes) or in the thymus (T-pjmocytes) Figure 24) (Dingli and
Pacheco 2010).
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Figure 24. Hematopoiesis has a tree-like structure with thmdtopoietic stem cells at the root of the process.
Each cell division gives rise to progeny cells tbah retain the properties of their parent celllifferentiate. As
the progeny move further away from the hematopomem cell (HSC), their pluripotent ability is reasingly
restricted. CMP: common myeloid progenitor, CLPmeooon lymphoid progenitor, CFU-GEMM: granulocyte
erythrocyte megakaryocyte monocyte, BFU-E: erythtmirst forming unit, CFU-GM: granulocyte-macropbag

colony-forming unit (from Dingli and Pacheco 2010).

8.2.4.Bone hematopoietic niche

Hematopoietic stem cells reside in the bone marawty in a specific microenvironment
known as the HSC niche. The hematopoietic nichesists of different stromal cell types
such as endothelial cells, fibroblasts, adipocyed osteoblasts that regulate survival, self-
renewal, migration, proliferation and differentati of HSC (Lam and Adams 2010; Moore
2004).

Osteoblasts have been shown to regulate hematapbigproducing a vast array of growth
factors and cytokines, important for the maturatddrhematopoietic progenitors (Taichman
and Emerson 1994, 1998). On the surface of oststbl@Angiopoietin-1 regulates HSC
number through the activation of Tie-2/Ang-1 sidingl pathway, whereas the Notch receptor
ligand, Jagged 1, modulates HSC self-renewal (Lemkis and Moore 2003; Zhu and
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Emerson 2004). Furthermore, OPN patrticipates in l$@tion and is a negative regulator of
their proliferation (Lymperi et al. 2008). A studsupports the notion that N-cadhérin
osteoblasts are fundamental in the hematopoieticen{Zhang et al. 2003). Increasing the
overall number and function of osteoblasts whithmdreasing N-cadherincells is not
sufficient to enhance HSC quantity and functionug lalthough osteoblasts are indeed a key
functional component of the niche, HSC number setente correlated with the number of a
subset but not the overall number of osteoblastmleri et al. 2008).

Furthermore, stromal fibroblasts of the bone marf@mve been shown to produce a large
number of molecules, such as stem cell factor (SGRnulocyte colony-stimulating factor
(G-CSF) and Flt-3 ligand, which are capable to state the proliferation and maturation of
hematopoietic progenitors (Lisovsky et al. 1996;rfsidie 1993). It also seems that
hematopoiesis is regulated by endothelial cellsadigdocytes, the latter by the action of their

leptin and adiponectin production (Laharrague €1998; Yokota et al. 2003).

8.2.5.FIt-3 ligand

Flt3-ligand (fms-like tyrosine kinase 3 ligand) ydaa central role in the proliferation,
survival, and differentiation of early hematopagbrecursor cells, but also at later stages of
hematopoiesis such as early B cell lineage diffemgéan and expansion of monocytes and

immature dendritic cells.

Flt3-ligand is a cell surface transmembrane protieait can be proteolytically processed and
released as a soluble protein (McClanahan et &6)19t is structurally related to stem cell

factor (SCF) and colony stimulating factor (CSF)afiHum et al. 1994). Despite the
widespread expression of Flt3-ligand mRNA, the figdnd protein has only been found in
stromal fibroblasts present in the bone marrow ogovironment and T-lymphocytes (Brasel
et al. 1996; Lisovsky et al. 1996). Both the membraound and soluble isoforms of Flt3-
ligand are biologically active and stimulate theosmne kinase activity of FIt3 receptor

FIk2/FIt3 (Rappold et al. 1997). The Flt3 recep®iexpressed predominantly on primitive
hematopoietic progenitors and is restricted to CD&4lIs lacking lineage-specific markers
(Matthews et al. 1991). Flt3-ligand mediated trigigg of FIt3 receptor induces a receptor
autophosphorylation at tyrosine residues and aadiveof multiple cytoplasmic molecules

(Rosnet et al. 1996).
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Administration of Flt3-ligand to mice resulted ixpansion of HSC and significant
stimulation of hematopoiesis, whereas administnatdd Flt3-ligand to mice and rabbits
subjected to lethal doses of irradiation proteck#8C and allowed rapid hematopoietic
recovery (Gratwohl et al. 1998; Hudak et al. 1998preover, results of a marked reduction
in number of dendritic cells and natural killer IsegfNK cells) in mice lacking Flt3-ligand

expression indicate that Flt3-ligand is also imaottfor the development and function of the
immune system (McKenna et al. 2000).

Regulation of Flt3-ligand is based on intracellularention of preformed of Flt3-ligand and
its release from intracellular stores, dependingthan status of the stem cell compartment.
During steady-state hematopoiesis, Flt3-ligandxpressed constitutively but little of the
cytokine is released by cells. Release of Flt3ddyaay be triggered by stem cell deficiency
in the bone marrow. The increase in Flt3-ligandelsweflects a compensatory response
whose aim is to restore the HSC compartment areldeeturn to normal upon hematopoietic
recovery. In radiation accidents, the measured-ligthd levels were indicative of the
severity of bone marrow aplasia (Bertho et al. 2@drtho et al. 2009; Bertho et al. 2008;
Huchet et al. 2003; Prat et al. 2006; Wodnar-Fiimz 2003).

8.3. Immune system

8.3.1.Generalities

The immune system is involved in the regulationmadst pathological processes and it is
known that impaired immunity promotes disease megipon and, in some cases, disease

initiation. The immune system is highly susceptiiol@adiation in addition to other factors.

The immune response includes two types of mechanidma non specific immunity or innate
immunity and the specific acquired immunity or atikag immunity. Although few specific,

the innate immunity assures an immediate respansa tinfection. On the other hand, the
innate immune response has no memory of antigenosuetered, this in contrast to the
adaptive immune response. The principal actorhefadaptive immunity are lymphocytes,
which use receptors for the recognition of spec#itigens. Adaptive immunity has the
advantage of an immunological memory, but depemdg¢he innate immunity for initiation

and orientation of the response.
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Cells involved in the immune system are principakéndritic cells, macrophages and natural
killer (NK) cells for the innate immunity and T- é@nB-lymphocytes for the adaptive
immunity. Whatever the immune type activated, tb#sccan release regulating molecules,
which are called cytokines and chemokines. Cytakare a diverse group of soluble peptides
that signal between cells and elicit biological p@sses, including cell activation,
proliferation, growth, differentiation, migratioma cytotoxicity (Tarrant 2010). Chemokines
are substances that attract cells to migrate inadicplar direction (chemotaxis). Like
cytokines, they operate via binding to receptorghtanouter surface of immune cells (Kidd
2003).

8.3.2.Granulocytes

Neutrophils, basophils and eosinophils are polymonuiclear granulocytes, named after their
nucleus multilobulated shape. The granules presettieir cytoplasm contain biochemical

mediators that serve inflammatory and immune famsti Moreover, enzymes present in their
cytoplasm are capable of destroying microorganiants catabolyzing debris ingested during

phagocytosis (George-Gay and Parker 2003).

Neutrophils are the most abundant type of whitedloells and form an essential part of the
innate immune system. Highly motile, they are isp@nse to acute inflammation or infection
one of the first to arrive at the site of inflammat They migrate through the blood vessels
and then through interstitial tissue, following wotfieal signals such as interleukins and
leukotrienes. Neutrophils quickly congregate atdite of inflammation and release cytokines
which amplify inflammatory reacions by several atbells. In addition neutrophils play a key
role in the front line defence against invading hpgens by directly attacking micro-
organisms (by phagocytosis or release of granudéems) (Mantovani et al. 2011; Nathan
2006; Segal 2005; Witko-Sarsat et al. 2000).

Eosinophils circulate in blood and migrate to inflaatory sites in tissues in response to
chemokines and leukotrienes. Following activatioosieophils combat parasites and
infections by the production and release of gramulgeins, enzymes (i.e. elastase), lidid
mediators (i.e. eicosanoids), growth factors antblkiges (i.e. interleukins). The granule
proteins released by eosinophils can create togrespin the membranes of target cells

allowing potential entry of other cytotoxic moleeslto the cell, can induce the degranulation
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by mast cells and can form reactive oxygen spebegspromote oxidative stress in the target
cells, causing cell death by apoptosis and necrt&iseover, eosinophils are implicated in
antigen presentation to T lymphocytes (Hogan e2@0D8; Rothenberg and Hogan 2006; Shi
2004).

Basophils are the least common type of the whi@odlcells. They appear in many
inflammatory reactions, particularly those that smuwallergic symptoms. When activated,
basophils degranulate to release histamine, prhytesgs (i.e. heparin), proteolytic enzymes

(i.e. elastase), leukotrienes or cytokines (i.e4)Jl(Schroeder 2009).

8.3.3.Non-granulocytes

Non-granulocytes are white blood cells that dohaote granules in their cytoplasm. Inclusive

in this group are monocytes/macrophages and lymjésc

8.3.3.1.Monocytes/macrophages

Monocytes are the largest of the white blood catid are young cells found freely circulating
in blood. Once the young monocyte leaves the bkioshm and enters tissue, it transforms
into a mature macrophage. They are usually thedat to engulf and process the antigen and
present it to the immune cells (lymphocytes) in anmer that will stimulate a specific
immune response to that particular antigen (Ge@gg-and Parker 2003).

8.3.3.2.Lymphoid cells

Lymphocytes are also non-granulocytes and are th& mumerous circulating white blood
cells after neutrophils. There are 2 classes ofplyoeytes: T- and B-lymphocytes. Both T-
and B-lymphocytes can be sorted into subtypes basetharacteristic surface molecules on

them called cluster of differentiation (CD).

8.3.3.2.1. T-lymphocytes

The growth of T-lymphocytes from pluripotent steell€ happens by different developmental
stages which start in the bone marrow and endenhtyimus (Geenen et al. 2003).
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During the early stages of differentiation the intama T-lymphocyte cells are double-
positive: they express both CD4 and CDS8. In a nghéase, single-positive CDAT
lymphocytes are selected by their interaction witHC class Il molecules and the CD®
lymphocytes selected on the basis of their intevacvith MHC class | molecules (Callard
2007; Geenen et al. 2003; Germain 2002).

During their differentiation, lymphocytes expresstigen-specific receptors, called T-cell
receptors (TCR) (Nemazee 2000). TCR recognize gmeallides consisting of 10 to 12 amino
acids presented by antigen presenting cells (APfehiiecke and Wiley 2001; Kidd 2003).
TCR are associated with a CD3 complex and theiukameous signals are essential for the
activation and proliferation of T cells. T cellsathare unable to recognize own major
histocompatibility complex (MHC) molecules die bgaptosis and those that do recognize
own MHC molecules, receive a signal from the pribtecepithelial cells in the cortex of the
thymus so that they do not undergo apoptosis. iBhiglled the positive selection step in T-
lymphocyte differentiation. In a next step, negatselection occurs through an interaction
with dendritic cells and macrophages in the medoilthe thymus. The T-lymphocytes that
have a high affinity for own MHC molecules (aut@acéve T-lymphocytes) undergo

apoptosisFigure 25 (Alam and Gorska 2003).

Thymic education
I

Posifive selection Negative selection

[

Double- Double- ~ ()

negative posifive J 7 SrlJnsglJrlii-e
(DN) (DP) (SP)
T-cell T-cell T-cell

©O—0 —

TEC

@)

Nt/
Apoptaosis Induced apoptosis
by neglect in T-cells with high
of T-cells affinity for self MHC or
that fail fo for self MHC + self
recognize peptides
"self” MHC

Figure 25.Positive and negative selection steps in T-lymptedifferentiation (from Delves 2011).

During rearrangement of the gene segments encdbda@ntigen-specifie/p TCR, certain

chromosomal sequences are excised to produce egdiddNA by-products, called TCR
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rearrangement excision circles (TRECSjg(re 26). More in detail, the gene segments
encoding TCR delta (TCRD) protein chain reside initthe TCR alpha (TCRA) locus in
human and mice. Functional rearrangement of TCR#e gegments first requires deletion of
the TCRD locus. Two elements flanking the TCRD kbgaueferentially recombine, resulting
in deletion of the TCRD locus, the so called TRBtogrs et al. 2002). TRECs are stable, not
duplicated during mitosis, and diluted out with leaellular division (Broers et al. 2002).
Measurement of TRECs in thymocytes and periphdodT cells has been used to study
thymus output as a quantitative analysis of thymiell production (Castermans et al. 2007;
Dion et al. 2007; Geenen et al. 2003; Sempowsi. &002).

TCRA
TCRA —rr T

i TREC
TCRD

Figure 26. Schematic representation of TCR gene rearrangefitent Delves 2011).

T-lymphocytes play a central role in cell-mediateainunity. Several subsets of T cells exist,
each with a distinct function. T cells recognizé¢igans and modulate the immune response.
To enhance contact with antigens, lymphocytes k&tewcontinuously in different tissues and
naive T-lymphocytes migrate mainly to the lymph esdin order that T-lymphocytes could
recognize antigens, exogenous proteins are presenielymphocytes by APC in the context
of either class | or class Il MHC moleculdsgure 27). These APC are mainly monocytes,
dendritic cells or B lymphocytes and are able tpta@ antigens and degrade them by

proteosomes (Hennecke and Wiley 2001).
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Figure 27.Helper and cytotoxic T-lymphocyte subsets are ieirby MHC class (from Delves 2011).

The CD4 T-lymphocytes can differentiate into T helper I€Th1), T helper 2 cells (Th2)
or T helper 17 cells (Th17), distinguishable by grefile of their cytokine releas@igure
28) (Alam and Gorska 2003). The so called Th1/Th2rxaas further discussed in detail.

Antigen-activated naive CD4T cells may also differentiate into regulatory &llg (Treg).
These cells play an essential role in the immuneadustasis. They stimulate or inhibit the
functions of other cells involved in the innate aamhptive immune response (Chen et al.
2010; Langier et al. 2010). The specific mechanibgn#hich these cells act are not yet fully
elucidated. Belonging to the group of regulatoryyphocytes are CD€D25 regulatory
T-lymphocytes (Treg) and natural killer (NK) celtSD4'CD25" cells represent only a small
fraction of the CD4 T cells and play an important role in the prevemtof organ-specific

autoimmunity and the maintenance of self tolergakaguchi et al. 1995).
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The CD8 lymphocytes are known as cytotoxic T lymphocyt€sese lymphocytes have
perforines and Fas ligan#igure 29). The perforines nestle in the membrane of tacgéds
and forms pores in it (Shresta et al. 1998). Thidilhgse pores enter granular enzymes within
the cytosol of the target cell leading to apoptadithe target cell. The Fas ligand binds to its
receptor, which leads to apoptosis of the targikbgeactivation of caspases (Russell and Ley
2002).

Death receptor-dependent

Tc (CTL) killing Target cell

Figure 29. Cytotoxic T-lymphocytes can Kkill target

Granule-dependent
killing

cells by apoptosis via granule dependent or Fasitig

Apoptosis offorget el e nendent pathways (from Delves 2011).
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8.3.3.2.2. B-lymphocytes

B-lymphocytes play a role in the humoral immunepoese. These cells make antibodies
against antigens, perform the role of APC and exadlyt develop into memory B cells after

activation by antigen interaction.

Like T-lymphocytes B-lymphocytes originate from leomarrow. Unlike T-lymphocytes,
these cells undergo their whole differentiatiorthe bone marrow (Rolink et al. 2006). IL-7
seems to induce the differentiation of common lynighprogenitors into CDI9B cell
progenitors and initiates the transition of pro-Blix into early pre-B cells. Mature B-
lymphocytes bring membrane-bound immunoglobulig} @ expression. Unlike the TCR, B-
cell receptors (BCR), which are membrane-bound $owh Ig, recognize directly foreign
antigens in the form of large peptides. BCR recogrsecondary and tertiary structures and

even entire proteins (Delves 2011).

B-lymphocytes leave the bone marrow and are aetivan the periphery, but only after
contact with an antigen. When B-lymphocytes do nwet antigens, they will die by
apoptosis after a few weeks. When a specific antijeds on the other hand to the BCR, the
B-lymphocyte differentiates into a plasmocyte ameh produce high quantities of specific

antibodies against the antigen (Delves 2011).

Memory B-lymphocytes will bring a much larger andona efficient response after a
subsequent exposure to an antigen. Cytokines peddog T cells as IL-4, IL-5, IL-6, IL-2

and IFNy can stimulate the proliferation and differentiatiof B-lymphocytes into antibody
producing plasmocytes. Naive B-lymphocytes prodigkl and IgD on their surface.
However, when stimulated, they develop into plasytex: producing 1gG, IgA or IgE (Alam

and Gorska 2003).

8.3.4.The immune response

During the first contact with antigen, there is mgaition of this antigen by cells of the

immune system. This entails an immune responsetditeagainst the antigen or a state of
tolerance to the same antigen. As mentioned befioeeimmune response can be cellular or
humoral. How the immune response is turned in ananmther of these types of answer

depends on how the antigen is presented to thehgoypes. In many cases the response is
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mixed cellular and humoral. During the second ccintdath the antigen, the type of response
is largely determined by the effect of the firshtact, but the intensity and quality of the

immune response is differeriigure 30).
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Figure 30. Synthesis of immunoglobulines G (IgG) and M (IgM)}he primary and the secondary responses to

antigen (from Delves 2011).

One theory of immune response regulation involveméostasis between T-helper 1 (Th1l)
and T-helper 2 (Th2) activity. The Th1/Th2 hypoikesrose from 1986 research suggesting
mouse T-helper (Th) cells expressed different dyek (Mosmann et al. 1986). This
hypothesis was adapted to human immunity, with Tédd Th2- cells directing different
immune response pathways (Kidd 2003). Upon recgigignals through the binding of an
antigen to the TCR in the presence of polarizintpkipes, the naive Th precursor cells

differentiate into Thl or Th2 effecter cells thag aefined by their function and the cytokines

they secreteHigure 31).
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Figure 31.The generation of Th1 and Th2 CDB-cell subsets.

Th1 cells produce large amounts of interferon-gan{ifiid-y) and also in a smaller extent IL-
12 (via Stat4 signalling auto-inducing Thl develemt) and IL-2. These cytokines are
responsible for cell-mediated immune defence agamacellular pathogens, by activating
inflammatory pathways mainly via macrophage acibratThey also play a central role in

organ-specific autoimmune diseases.

Th2 cells defend the host against extracellulangitgs and take part in atopic and allergic
reactions. The signature Th2 cytokine is IL-4 (\8#at6 signalling auto-inducing Th2
development) which can be measured early in Th2ldpment. Other cytokines produced by
Th2 Ilymphocytes include IL-6, IL-10 an IL-13. Theytakines secreted by Th2 cells
upregulate antibody formation via B cells and statei mast cells and eosinophils (Chakir et
al. 2003; Kidd 2003; Szabo et al. 2000; Tarrant®¥amashita et al. 2004).

Furthermore, Thl and Th2 cells differ by the leweélexpression of different membrane
molecules. The chemokine receptors CCR5 and CXCR3eapressed on human Thl
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lymphocytes, while CCR3 and CCR4 receptors areesgad on Th2 cells (Lebrec et al.
2001).

Among the many signals that influence the develoginoé naive Th cells, two have been
suggested to be master regulators of Thl and T ehtiation, respectively expression of
the transcription factors T-box expressed in Tscdll-bet) and Gata-binding protein-3
(Gata3). T-bet is thought to initiate Thl developmewhile inhibiting Th2 cell
differentiation. Gata-3 plays a role in the deveh@mt of the Th2 phenotype while inhibiting
Th1 cells (Chakir et al. 2003; Szabo et al. 200@m4dshita et al. 2004).

A key feature of the Thl and Th2 cells is that thay antagonize each other’s actions, either
by blocking polarized maturation of the oppositdl ¢gpe or by blocking its receptor
functions Figure 32). For example, IFN-secreted by Thl cells can block the proliferatbn
Th2 cells, and high concentrations of IL-4 and B.-dan block the generation of Thl cells
form naive T cells. However, other immune cell péke regulatory T cells, can also
intervene to block either Thl or Th2 activity orthh@Callard 2007; Kidd 2003). Commitment
to Thl or Th2 cells appears to be final, sincer&dfto reverse such differentiated cells have
not been successful (Callard 2007; Kidd 2003).

Figure 32. Antagonism between Th1l and Th2 T-lymphocyte subfatjpns (modified from Delves 2011).

8.3.5.IFN+y, IL-4 and IL-7

IFN-y is produced primarily by T lymphocytes and NK sellhe production of IFN-is
induced by antigenic challenge and by cytokineh agclL-12. Besides its anti-viral activity,
IFN-y has been shown to play a key role in host defdnsexerting antiproliferative,
immunoregulatory, and proinflammatory activitieSNky induces the production of cytokines
and upregulates the expression of class 1 and 2 EHi@ens. Furthermore, IFNmodulates
macrophage effector functions and potentiates ¢oeeion of antibodies by B cells. IFN-
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has also been shown to increase IL-12 induced Tévkeldpment and stimulate HSC to

proliferate (Baldridge et al. 2011).

IL-4 is produced primarily by activated T-lymphoegt but also by mast cells and basophils.
This interleukin has multiple immune response-mating activities on a variety of cell
types. IL-4 induces IgE production in B lymphocytesd is an important modulator of the
differentiation of precursor Th cells to the Thbset (Delves 2011).

In the thymus, IL-7 induces the proliferation ofple negative immature thymocytes,
participates in TCR rearrangement, and suppresggb éxpression in favour of CD8 on
single positive T cells. In the periphery, IL-7 tdbutes to homeostatic proliferation and
survival of naive CD4and CDS8 T cells and promotes the formation and survivaheimory
CD4" and CDS8 T cells (Bradley et al. 2005).
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Material and methods

1.In vivo studies

1.1. Animal models

1.1.1.Balb/c mice

Balb/c mice were purchased from Elevage JanvieiGerest Saint Isle, France). Before start
of experiments a minimal adaptation period of oree=kvwas given to the animals. Animals
were housed in standard cages and were kept atstacd room temperature (21°C + 2°C)
with a 12-hour daylight cycle (day from 8 AM un8l PM). In all described experiments
animals receivedad libitum water and standard rodent chow containing a medcium
concentration of 9 g Gikg (normal calcium diet, RO3-type chow, Safe, ByHsur-Orge,

France).

The animal care committee of the Institut de Raditgrtion et de Shreté Nucléaire (IRSN)
reviewed and approved all the animal experimentsghvwere conducted in accordance with
French regulations for animal experimentation (Mliry of agriculture Act No. 8 7-848, 19

October 1987, modified May 29, 2001).

1.1.2.Contamination of models

Drinking water (Evian, Danone, Paris, France) wastaminated with &°Sr source ¥SrCh

in 0,1 N HCIl, AREVA-CERCA LEA, Pierrelatte, Francélhe animals were contaminated
with through drinking water containing 20 kBq 88r per liter. This concentration was also
used in a previous study at our laboratory to deitez the biokinetics of*’Cs after chronic
contamination (Bertho et al. 2011; Bertho et all®0and represents an expected mean daily
intake of 100 Bq per animal. This daily intake lese tot the daily estimated ingestion by
populations living on contaminated territories diegthobyl (Cooper 1992; de Ruig and van
der Struijs 1992; Handl et al. 2003; Hoshi et &94). Based upon an assumed daily water
consumption of 5 ml per animal per day at adult, @f8Sr contamination of about 100 Bq

per animal per day at adult age was expected.

Contamination of animals was verified by measurenm®n®Sr in femurs of sacrificed

animals, which is discussed further in detail.
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1.1.3.Juvenile model

Two groups of mice were constituted throughoutt# experiments. One control group
receiving normal drinking water and one group reiogj drinking water containing 20 kBd.|

of °°Sr (CERCA-LEA). Male and female parents receivedmad or °°Sr containing water
starting two weeks before mating and until theitedaf sacrifice Fig 33). Control and
contaminated breeding groups were constituted @néhmale and two females for one week.
Male parents were one week after start of matiresthretized by intraperiteoneal injection of
a mixture of ketamine (Imalgene, Mérial, Villeurlan France) and xylazine (Rompun, Bayer
Healthcare, Monheim, Germany) and killed by cerviiglocation. Births within breeding
groups were carefully recorded. Three weeks afitéin,b.e. at the time of weaning, female
parents were anesthetized and killed by cervicdbdation. Sexing of the offspring was made
and the mice were separated into groups of 6-24raloand 10-24°°Sr ingesting animals,
with a sex ratio of 1:1. In order to avoid possiliteer effects, groups of sacrifice were
constituted with males and females originating frdiffierent litters. Surplus animals were
sacrificed. The animals continued to receive norondfSr contaminated drinking water until
their sacrifice at the age of 3, 6, 12, 16 or 2@&kgefig 33) for organ sampling. So the
contamination started with parents before matirgdy@mntinued for offspring until the time of
sacrifice. As such, offspring were contaminatedpltacental transfer during foetal life, by
lactation before weaning and by drinking water rafserds.

1.1.4.Adult model

As for the juvenile model, two groups of mice wemmnstituted throughout the experiments.
One control group receiving normal drinking watadane group receiving drinking water
containing 20 kBq:t of °°Sr (CERCA-LEA). Groups of 6 controls and ¥8r ingesting nine-

week old mice were formed, with a sex ratio of Ifhe animals were sacrificed after the
same time periods as for the juvenile mouse madelafter 3, 6, 12, 16 or 20 weeks of

chronic ingestionKig 33).
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Figure 33. Summary of thé°Sr ingestion schedules (hatched boxes) for thenjlevand the adult mouse model.

The time periods of sacrifice of animals are inthdafor both models (vertical lines in the hatchedes).

1.1.5.Vaccination model

The experimental schedule was the same as desdoib#tk juvenile model described above,
except that at the time of weaning, experimentaligs were constituted with male offspring
only. The mice were separated into 3 groups ofdrtrol and 3 groups of 1¥Sr ingesting

male animals. The animals continued to receive abon’Sr contaminated drinking water

until their sacrifice at the age of 24 weekgy(34) for organ sampling.

Response to antigen injection was tested in 3-kwé&kand 20-24 week-old animals. At the
age of 3 weeks, 100 of tetanus toxin (TT, Pasteur Vaccins, ParisnEea 1:20 dilution in
saline) or keyhole limpet hemocyanin (KLH, 0.5 miirin saline, Sigma-Aldrich, Saint-
Quentin Fallavier, France) were injected intrapedally in 12 males from each of the
control and®Sr chronic ingesting groups. A second injection weade at the age of 20
weeks. 12 males from either control®®8r chronic ingesting groups were injected withreali
(0.9 % NaCl) as an experimental control (placelmug). During 4 weeks after each injection,
blood samples were weekly drawn by jugular punctatehe age of 24 weeks, animals were

sacrificed as described above and organs werectadiéor analysisKig 34).
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Figure 34. Summary of thé®Sr ingestion schedule (hatched boxes) for the mation mouse model. The first
injection with tetanus toxin (TT), keyhole limpettocyanin (KLH) or saline (placebo) was given ateks of
age and the second injection at 20 weeks of agaiofals. During 4 weeks after each injection, blsathples

were weekly drawn by jugular puncture (checkerexebh Animals were sacrificed at 24 weeks of age.

1.2. Methods

1.2.1.Body mass, food and water consumption

A weekly record of individual body weight of eachimal was made together with a weekly
follow-up record per cage for food and water congtiom. For the juvenile model this was
done from the time of weaning. The mean food antemeonsumption per animal and per

day was obtained by calculation on the basis ofhtimaber of animals per cage.

1.2.2.0rgan sampling

For the juvenile model at age of birth, 3, 6, 12 ahd 20 weeks or for the adult model at 3, 6,
12, 16 and 20 weeks &1Sr ingestion duration, 6-24 control and 10-24 comitated animals
with equal number of males and females were angztkeby an intraperiteoneal injection of
a mixture of ketamine (Imalgene) and xylazine (Ranp Blood was drawn by intracardiac
puncture using heparinised tubes (Choay, SanofnfAsz/eParis, France) and the animals were

killed by cervical dislocation.

For animals used in tH&Sr biokinetics study, the following organs werdected: skin, liver,
spleen, kidneys, digestive tract (from stomachh® rectum), heart, thymus, lungs, skeletal
muscle, femurs, central nervous system (CNS). Ranmitissues were separated into two

parts: legs, tail, and skin on the one hand, aedré#maining upper part of the body (the
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carcass) on the other hand. All samples were weighefore®Sr measurements. Animals
used for the determination 6fSr content at different skeletal sites were samifi as
described above and internal organs were removadaSses were then treated entirely for 1
hour in boiling water and then overnight at 56°Cthie presence of papain (1 mg/ml final
concentration, Sigma, Saint Quentin Fallavier, Eedn Bones were isolated and grouped
according to the different skeletal sites under iamerted microscope befor@’Sr

measurements.

To study the hematopoietic system, blood was drixam animals as described before and
spleen, thymus and femurs were isolated for ph@mdl analysis of hematopoietic cells

and/or determination of hematopoietic progenitoyste colony forming cell (CFC assay).

After flushing the bone marrow of femurs, femursreveveighted and used to verify the
presence o1°Sr in bones.

To study the bone physiology, the protocol was firedliby isolating both femurs and tibias

from animals. One femur was immediately frozenigaid nitrogen, stored at -80°C and used
for genetic expression analysis. The other femuws @ecalcified with chlorhydric acid (RDC

agent, CML, Nemours, France), fixed in 4 % formalkte (VWR, Fontenay-sous-Bois,

France) and used for histological analysis. Thegitwere weighted and used to verify the
presence of°Sr in bones.

For animals used for the study of the immune systdood was drawn by jugular puncture
and spleen, thymus and mesenteric lymph nodes wgetated for genetic and protein

expression analysis and phenotypical analysis #§.cBemurs were used to verify the
presence of’Sr in bones as described above.

Blood cell count was performed with a MS-9 (Melehi®ssing, Osny, France) veterinary
automatic blood counter and plasma was isolatedeoyrifugation of blood at 5000 rounds
per minute (rpm) for 5 minutes (min). Obtained plaswas stored at -80°C for subsequent

analysis.

1.2.39Sr measurements

To measur€®Sr in organs, these were first calcined at 500°@rinoven during 5 hours.
Ashes were dissolved in nitric acid (HN®7 %) and hydrogen peroxide fBb, 30 %, both
from VWR) in a 2:1 ratio and gently heated untilnguete evaporation. This step of
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dissolution in HNQand HO, was repeated twice for each sample. This wholeguhare was
repeated twice. Samples were then redissolvednm ditric acid (HNQ, 10 %) by shaking
overnight.

Fifteen ml of scintillation liquid was added (UltanGold AB, Perkin Elmer, Courtaboeuf,
France) to each sample aftr measurements were made witfp @ounter (TRI-CARB
2700TR Liquid Scintillation Analyzer, Perkin EImefySr activity was measured at least one
month after organ sampling, the time necessargach a secular equilibrium at the time of
counting between initial®Sr content in samples arlflY. The counting time per sample of
organs was 2 hours. The count rate (in counts peutey cpm) obtained for each sample was
converted to activity per mass uAi (in Bg.g*) using the following equation:

Ar= (CPMgross = CPMeontro)/ (60 ¥ E ¥ m)/100)

where CPMyoss iS the gross measurement of the sample (cpdBMeonror the mean
background cpm of 10 control samplesthe mass of the samples (g) dhthe efficiency of
%Sr detection. This efficiency of detecti@{%) was determined with the following equation:

E= (CPMads ~ CPMyrosd/((60 X Augd)/100)

whereCPM,gq is the gross measurement of the sample afterinediefictivity of 2Bq of°Sr
was added (cpm) anBlaqq the defined activity of°Sr added (2 Bq). Organs from control

animals were counted under the same conditions.

The whole body specific activity was then calcullages the sum of’Sr activities (Bq) in all
organs divided by the total body weight of the aalsn(g). The detection limit ofSr was
between 0,45 Bq and 0,75 Bq per sample dependitigeairgans.

1.2.4.Metabolic cages

Before sacrifice, animals used for tA%r biokinetics study were placed individually in
metabolic cages. After an adaptation period feceb @ine were collected over a whole

period of 48 hours and were measured$sr content.
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1.2.5.Transfer rate calculations

1.2.5.1.Daily intestinal absorption ratio

The daily intestinal absorption ratitAR) of °Sr was calculated using the following equation:
IAR = (I = FE)/I

werel is the mean daily°Sr ingestion calculated on the basis of weekly messents (as
described above) in BgidandFE is the measured individudiSr excretion through feces in
Bg.d™.

1.2.5.2.Rate of*°Sr accumulation in bones

The rate of*°Sr accumulation in boneBq, (in Bg.day') was calculated with use of the

following equation:

Bau = (Ba: — Bg-1)/(4t)

whereBg andBaq.; are the total activity (in Bq) df'Sr measured in bones at the tirhesdt-

1 respectively andt the number of days between the two time pdiaisdt-1.

1.2.6.Calculation of absorbed doses

1.2.6.1.Total body activity, body mass and mass class

For absorbed dose calculation purpose ¥8e total body activity of each animal during each
time interval was taken to be the mean of the todaly activity measured in the animal at the
time point of sacrifice and the mean of total boalgtivities measured in all animals

euthanized at the previous time point, startingif@at the time of mating.

As described earlier, animals were followed up vidiially for their body mass since
weaning (3 weeks old) until their date of sacrifide for °°Sr total body activity, the body
mass was estimated as the mean of the observeel aiathe time point of sacrifice for each
specific animal and the mean of masses of animalsasized at the previous time point,
starting from O at the time of mating.
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1.2.6.2.Dose conversion factors used for dose
calculation

Dose conversion factors (DCF) expressed in (WG )&8g.kg?) and used for absorbed dose
calculations are indicated table. DCF proposed by the ICRP take into account theylizer
products of radionuclides, provided that the hiédf-of these daughter products is less than 10
days, i.e. only in case secularly equilibrium cobkl reached during the exposure (ICRP
2008). This is in fact the case f96r, which daughter producfy, has a half-life of 2.7 days.

_ _ External exposure in an uniformly
Radionuclide Internal exposure _ _
contaminated soil
oSy 1.5x10° 3.0x10’

Table 6. Dose conversion factors (DCF) used in this stupressed in (uGy.day/(Bg.kg"), according to
ICRP 2008.

For each time of sacrifice the radiation dosB; absorbed from the timiel to the tima was

calculated according to the following formula:

Di =DCF x T x A/ M

whereT; is the time period since previous euthanadi&xpressed in dayg; andM; the total
body activity and body mass in the time intervalto i in Bq and kgespectively. The total
dose absorbed up to a given time poiist thus the sum of dos&s calculated for each time

pointj <i.

1.2.7.General biochemical parameters

An automated spectrometric system (Konelab 20, mbeElectron Corporation, Cergy-
Pontoise, France) with the manufacturer’s biololgoteemistry reagents was used to measure
levels of calcium (Ca), phosporus (P), alkalineggi@tase (ALP), aspartate aminotransferase

(AST), alanine aminotransferase (ALT), creatinicreatinine kinase and urea in plasma.
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1.2.8.Plasma dosages

1.2.8.1.Enzyme linked immunosorbant assays

To evaluate the hematopoietic system, plasma Hilgehd and IL-7 concentrations were
measured by commercial available enzyme linked imysarbant assay (ELISA) following
the according manufacturer’s recommendations (R&Bte&3ns, London and Abingdon, UK).

The detection limits of the tests were 5 pgtmhd 15 pg.mtrespectively.

To evaluate the bone physiology, plasma conceatratiof parathyroid hormone (PTH,
Immunotopics, San Clemente, CA, USA, detection tlinfdl): 3 pg.mt), 1,25-
dihydroxyvitamin B (1,25(OH}Ds, Immunodiagnostics Systems, Paris, France, dl: 2.5
pg.ml?), bone morphogenetic protein-2 (BMP-2,USCN LiféeBice Inc., Wuhan, China, dI:
6.7 pg.mM), osteocalcin (OCN, USCN Life Science Inc., dI2 5g.ml*), bone-specific
alkaline phosphatase (bALP, USCN Life Science 1dt.0.143 UJ/l), procollagen type 1 N-
terminal telopeptide (PINP, Immunodiagnostics Qystedl: 0.7 ng.mt), osteoclast-specific
tartrate resistant acid phosphatase 5b (TRAP5b,NUB& Science Inc., dl: 0.29 U/ml) and
collagen type 1 C-telopeptide (CTX, ImmunodiagrestSystems, dl: 2 ng.il were
measured by commercial available ELISA accordingn@anufacturer's recommendations.
Optic density (OD) was measured with a MRX 2 mit¢atg reader (Thermo Labsystems,

Palaiseau, France).

1.2.8.2.Immunoglobulin detection

Immunoglobulins (Ig) were measured using specifit3A tests developed in our laboratory.
96-well plates (Nunc, Dominique Dutcher, Brumathart€e) were coated overnight with 100
ul of anti-mouse 1gG or IgM (both from Sigma) at @ancentration of 1qug.mi™ in 0.1 M
sodium carbonate buffer. Wells were then saturafigd 100l of a 5 mg.mil* bovine serum
albumine (BSA) solution in Tris buffer (TBS, Sigm&fter washing with TBS-Tween 0.1%,
serial dilutions of plasma (1:1000; 1:3000 and 100@) in TBS were distributed in wells.
Control IgG or IgM (both from Sigma) at concentoas of 1; 0.1; 0.01; 0.001 and 0.0001
ng.ml* as well as a negative control were used in eactS&lplate. After 2 hours of
incubation, wells were washed and biotinylated -&g@ or anti-lgM (20 and 100 ng.i|
respectively, in TBS, both from Sigma) were addadif hour. After washing, a streptavidin—

peroxidase complex (1:200 dilution in TBS, R&D ysst) was incubated for 1 hour, wells
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were washed and tetramethylbenzidine (TMB) subst{aD Biosciences, Le Pont de Claix,
France) was added for 30 min. The substrate reaetes stopped by the addition of 2 N
H,SO,. The OD was read at 490 nm, and concentrationlg®for IgM were calculated

according to a regression analysis made with ORionétl for serial dilutions of control IgG

or IgM.

For detection of IgG specific for TT or KLH, theate-described ELISA protocol was used
with a modification of the coating step. KLH or IO ug.mi™) in carbonate buffer were

used for coating ELISA plates, and IgG anti-KLH (Ebsciences) or IgG anti-TT (Abcam,

Paris, France) with serial dilutions (25 down té Ag.ml™") were used as controls in order to
calculate the plasma concentration of specific &g@inst TT or KLH.

1.2.9.Phenotypical analysis

Femurs, thymus and spleen from animals were celfieahd bone marrow was flushed from
femurs with a syringe containingMinimal Essential Medium Eaglex{MEM, Invitrogen,

Cergy-Pointoise, France). Thymus and spleen wenshed in a Tenbrock’s Potter. Cell
suspensions were harvested washed, counted antlityiaas assessed by Trypan Blue

(Invitrogen) exclusion.

Suspension of bone marrow, thymic or spleen cebisevadjusted to 1 x i@ells.mt* in
phosphate buffered salt solution (PBS, Invitrogeapplemented with 0.5 % bovine serum
albumin (BSA, Sigma). One hundred microliter ofl slspension was then mixed with pre-
defined concentration of a mix of directly coupkgukcific antibodies as indicatedTable 7.
Cells were then incubated for 20 min at 4°C. Aftexrshing in PBS 0.5 % BSA, cells were
then analysed onto a FACSort flow cytometer (BDsBiences) with at least 10,000 events

per point and data was analysed with Cellquestvsoét (BD Biosciences).
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Bone Marrow
Tube number FL1 FL2 FL3
1 IgG1-FITC IgG2b-PE IgG2a-PECYS5 Control
2 CD3e-FITC CD4-PE CD8-PECy5 T-lymphocytes
3 CD45-FITC CD19-PE - B-lymphocytes
4 CD45-FITC CD11b-PE - Granulocytes
5 CD45-FITC CD49b-PE - NK cells
6 Lin-FITC SCA1-PE c-kit-PECy7 Stem cells
7 Lin-FITC IgG2b-PE IgG2a-PECy7 Control
Thymus
Tube number FL1 FL2 FL3
1 IgG1-FITC IgG2b-PE IgG2a-PECYS5 Control
2 CD3e-FITC CD4-PE CD8-PECy5 T-lymphocytes
3 CD44-FITC CD25-PE CD8-PECy5 Immature thymic cells
4 CD44-FITC CD25-PE CD4-PECy5 Immature thymic cells
5 CD44-FITC CD25-PE +ngépg|§é§5 Immature thymic cells
Spleen
Tube number FL1 FL2 FL3
1 IgG1-FITC IgG2b-PE IgG2a-PECYH Control
2 CD3e-FITC CD4-PE CD8-PECy5 T-lymphocytes
3 CD3e-FITC CD25-PE CD4-PECy5 T-regulatory cells
4 CD45-FITC CD19-PE - B-lymphocytes
5 CD45-FITC CD11b-PE - Granulocytes
6 CD45-FITC CD49b-PE - NK cells
7 CD62I-FITC | CD45RB-PE| CD4-PECy5 Naive/Memory cellg
8 CD62I-FITC | CD45RB-PE| CD8-PECYy5 Naive/Memory cellg

Table 7. Mix of antibodies used for phenotypical analysishematopoietic cells in the bone marrow, thymus

and spleen.
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Antibody Clone Supplier Reference
Control FITC (Hamster 1IgG1) A19-3 BD Pharmingén 853
Control PE (Rat 19G2b) A95-1 BD Pharmingen 553989
Control PE-Cy5 (Rat IgG2a) R35-95 BD Pharmingen A3
Control PE-Cy7 (Mouse IgG2a) G155-178 BD Pharmingen 552868
PE-Cy7 anti mouse CD117 (c-Kit) 2B8 BD Pharmingen 58153
FITC anti-mouse CD44 5035-41.1D Abcam ab23557
FITC anti-mouse CD62L (L-Selectin) MEL-14 Beckmaoulter 732183
FITC anti-mouse CD3 KT3 Beckman Coulter IM2768
FITC anti-mouse CD45 13/2.3 Beckman Coulter 732147
AlexaFluor 488 mouse lineage mixture
(Lin) CALTAG MLM20
PE anti-mouse Ly-6A/E (Sca-1) D7 Beckman Coulter 732230
PE anti-mouse CD25 PC61 BD Pharmingen 553866
PE anti-mouse CD4 (L3T4) H129.19  BD Pharminden 5336
PE anti-mouse CD49b Hi2 BD Pharmingen 558759
PE anti-mouse CD19 6D6 Beckman Coulter 733273
PE anti-mouse CD11b/Macl M1/70 Beckman Coulter 733270
PE anti-mouseCD45RB C363.16A Beckman Coylter 732166
PE-Cy5 anti-mouse CD8a 53-6.7 BD Pharmingen 553034
PE-Cy5 anti-mouse CD4 (L3T4) H129.19  BD Pharmingen 553654

Table 8. Characteristics of antibodies used for phenoty@inalysis of hematopoietic cells.

1.2.10.Colony forming cell (CFC) assay

Femurs and spleen from animals were collected seatetd as described above. Cells were
plated at 2 x 10for spleen cells and 2.5 x Lébr bone marrow cells in 1.1 ml of complete

methylcellulose medium with cytokines (Stem cetihieologies, Vancouver, Canada) in 30
mm diameter petri dishes (Greiner Bio-One, CourtaioFrance). Cultures were incubated at

37°C in a humidified atmosphere with 95% air and Ga
Colony-forming units-granulocyte macrophage (CFU-)GMurst-forming units-erythroid

(BFU-E) and CFU-granulocyte erythrocyte monocytegakaryocyte (CFU-GEMM) were
scored on day 12 of culturgig 35).
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CFU-GM BFU-E CFU-GEMM

Figure 35.Representative photos of a CFU-GM, BFU-E and CHEM® (60x).

1.2.11.Genetic expression analysis

1.2.11.1. Extraction of messenger RNA

Genetic expression analysis was performed on splaesenteric lymph nodes, thymus and
femurs. Except femurs, extraction of RNA was realiavith use of a column-based RNA
extraction kit (Rneasy Total RNA Isolation kit, Q&n, Courtaboeuf, France) according to the

manufacturer’s instructions.

About 30 mg of samples were lysed in 600 pl of sislysolution containing RLT buffer

(buffer containing guanidine-thiocyanate with styaskenaturation potential) completed with
1% B-mercaptoethanol. Lysis of samples was performeld uge of a ribolyzer-homogenizer
(Fastprep, BIO101, QBiogene). After centrifugatid®000g during 3 min), the lysate was
harvested and homogenized in 350 pul ethanol 708tder to increase the specific binding of
RNA to the membrane of the column. This mixture viemnsferred to a mini column

containing silicium resin. Then centrifugation tqalce during 1 min at 16000g. A first wash
buffer was applicated on the column and centrifugeadin at 16000g. Residual DNA was
eliminated by adding DNAse during an incubationpsié15 min. Then a second wash buffer
was deposited on the column and centrifugation & ati 16000g took place. 25 pl of
sterilized RNAse-free water was deposited on thensn. A last centrifugation step took

place for 1 min at 16000g to recuperate the RNA.
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RNA concentration was checked by OD measuremen3nm (Thermo Scientific

NanoDrop 1000, ND-1000 spectrophotometer, LabtPelgiseau, France). RNA quality was
verified by measurement of the ratio of the OD &@r#n / 280nm (which has to be between
1.75 and 2.1). Integrity of RNA was checked by gjelctrophoresis on a 1 % agarose gel in

denaturation condition, with ethidium brome forektion. RNA was conserved at -20°C.

Extraction of RNA from femurs was realized with ufea Trizol reagent (Sigma) according
to the manufacturer’s instructions. Frozen femuesenpulverized using a T25 Ultra-Turrax
(IKA, Staufen, Germany) and total RNA was isolafienn bone powder using Trizol reagent.
Obtained RNA was purified by RNeasy Total RNA Isimla Kit (Qiagen) as described

earlier.

1.2.11.2. Reverse transcription (RT)

1 pg of total RNA was reverse transcribed with mandchexamers by use of the high-capacity
cDNA Reverse Transcription Kit according to mantifiaer's recommendations (Applied
Biosystems, Courtaboeuf, France). Synthesis of temmgntary DNA (cDNA) was performed
with 50 units of reversal transcriptase (Multiseriteverse transcriptase) in a 20 ul reaction
buffer (containing RT buffer, Random primer, dNTRNase-free water). The steps for
reverse transcription include a first step duri@gnin at 25°C, a second step during 120 min
at 37°C and a third step during 5 min at 85°C. ¢B&lA samples were conserved at -20°C

until their use.

1.2.11.3. Polymerase chain reaction (PCR) in real time

cDNA was amplified with use of forward and revema@ners listed inTable 9 for genes
studied for the bone physiology andTiable 10for genes studied for the immune system.
Primers used for the amplification of cDNA were gimed from bibliographic study or
determined by use of “Primer Express” software (lgup Biosystems). Primers were

obtained from Invitrogen-Life Technologies or AmgdiBiosystems.

Expression of genes was measured by polymerastore@CR) in real time on plates with

96 wells or 384 wells. 5 or 10 ng of cDNA was arfigdl in duplicates for each reaction using
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SYBR Green PCR Master Mix or Tagman fast univelP&@2R Master Mix (both from Applied
Biosystems).

For 96 well plates, it was realized with 5 pl of B diluted at 1/28 (10 ng of cDNA) and
20 pl of a mixture with SYBR Mix (polymerase, dNTRalts, intercalating fluorescent,
fluorophore of internal control, Power SYBR Gredipfflied Biosystems) or Tagman Mix
(83 % vlv), sterilized water (14.5 % v/v) and fordand reverse primers of genes of interest
(2.5 % viv).

For 384 well plates, it was realized with 4 pl 8i¢A diluted at 1/58 (5 ng of cDNA) and 6

pul of a mixture with SYBR Mix (polymerase, dNTP,Itsa intercalating fluorescent,
fluorophore of internal control, Power SYBR Greépfilied Biosystems) or Tagman Mix
(83 % vlv), sterilized water (14.5 % v/v) and fordiand reverse primers of genes of interest
(2.5 % viv).

Amplification and detection of PCR products wasf@ened with the Abi Prism 7900
Sequence Detection System (Applied Biosystemshguttie following steps: 50°C during 2
min, 95°C during 10 min to activate AmpliTag GoldNEB polymerase for 40 cycles of
amplification including 15 sec of denaturation &® and 1 min of hybridizing-elongation at
60°C. SYBR green has the characteristics to ingatpoon a non specific manner at double
strand DNA while emitting fluorescence at 530nm.

The raw, background-subtracted fluorescence dateiqed was analysed by SDS software
(Applied Biosystems). PCR products (using SYBR gréschnology) were subjected to a
melting curve analysis to confirm the specificiytoe amplification.The resulting fractional
cycle number of the threshold (Ct) was used fandcapt quantification. Expression level of
each sample was normalized by the expression levelan intern reference gene.
Glyceraldehyde 3-phosphate dehydrogenase (GAPD$ibéan chosen as the reference gene.
Results were normalized to GAPDH transcription émpensate for variation in input RNA
amounts and efficiency of reverse transcriptionafe expression to the control group was
calculated for each gene by tH&*3' method described by Livak et al. (Livak and Schayeit
2001).
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Genes Forward primer Reverse primer Accession nmnber
Faunx? AAATGOCTCCGCOTGTTATGAA GCTCCGOCOCCACAMATCT MM_001145920.1
ALP CCGATGGRACACCTGCTT GAGGCATACGCCATCACATG MLI_007431.2
BSP ACCCCAAGCACAGACTTTTGA CTTTCTGATCTCCAGCCTTCT MLI_005318.3
OPN CCOCGOToAMA GTGACTGATTC ATGGUTTTCATTGGAATTGC WII_009263.2
OCN CCGGLAGCAGTGTCAGCTTA AGGCGCGTCTTCAAGCCATACT MM_007541.2
Colll CTTCACCTACAGCACCCTTGTG CTTGGTGGTTTIGTATTCGATCACT MI_007742.3
Coll3 TTCCTGAAGATGTCGTTGATGTG TITITGCAGTGGTATGTAATGTTCTG WII_009930.2
FankL TCAGCTGATGGTGTATGTCGTTAA TTCGTGCTCCCTCCTTTCAT MM 0116133
OPG GOGUGTTACCTGGAGATCG GAGAGAACCCATCTGGACATTT MLI_005764.3
TRAP Sh CATGACTTTGCCAGTCAGTAGT GCACATAGCCACACCGTTCTC MII_007388.3
PTHr TGGGTCGGTOTCAGAGCA A CCTGCATGATCCACTTCTTGTG NM_001083956.1
GAPDH Product mumber 4352932-0804021, Applied Biosystems, Courtaboeuf, France

Table 9.List of genes studied for the bone physiology drarelated forward and reverse primers used.

Genes Forward primer Reverse primer Accession number
T-bet ACCAGAACGCAGAGATCACTCA CAAAGTTCTCCCGGAATCCTT NM_019507.2
IFN-y AGAGCCAGATTATCTCTTTCTACCTCAG CCTTTTTCGCCTTGCTGTTG NM_0083373

GATA-3 CTACCGGGTTCGGATGTAAGTC GTTCACACACTCCCTGCCTITCT NM_008091.3
I.-10 AGAGAAGCATGGCCCAGAAAT CGCATCCTGAGGGTCTTCA NM_010548.2
Foxp3 CCCAGGAAAGACAGCAACCTT TTCTCACAACCAGGCCACTTG NM_054039.1

GAPDH Product number 4352932-0804021, Applied Biosystems, Courtaboeuf, France

Table 10.List of genes studied for the immune system anddlaed forward and reverse primers used.

1.2.12.T cell excision circle (TREC) detection

5 x 10 thymic cells were used for DNA extraction usin@smp DNA Mini Kit (Qiagen).

After quality control of DNA by gel electrophoresis a 0.8 % agarose with 5Q@.mi™*

ethidium bromide, DNA concentration was adjusted2cbpg.ml™.
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50 ng of DNA was then used for TREC detection byRR@ real time using Tagman fast
universal PCR master mix (Applied Biosystems). F&®EC, the following primers were
used: sense primer: 5-CAA GCT GAC AGGGCA GGT TT-3nti-sense primer: 5-TGA
GCA TGG CAA GCA GTA CC-3'. The reference gene uset the gene encoding for the
constant part of the T cell receptor antigen alghain (TCRA), with the following primers:
sense: 5-TGA CTC CCA AAT CAA TGT G-3', anti-sensg:GCA GGT GAA GCT TGT
CTG-3'. The specificity of the PCR products was teolted using the following probes:
FAM-TGC TGG ACA TGA AAG CTA TGG A-TAMRA for TREC, ad FAM-TGC TGT
GTG CCC TAC CCT GCC C-TAMRA for TCRA.

All amplifications were made on the ABI prism 7968guence detection system (Applied
Biosystems). Results, expressed as the numberctdscyeeded to obtain a significant signal
for TREC (CtTREC) and for TCRA (CtTCRA), were usta calculating the difference
between control and contaminated anima€t{TREC andACtTCRA) at each time point.
Results were then normalised by calculating at damk point the ratio according to the
following formula:R = (Erred ~*“""EC/(Ercra) ~“""RA whereE is the efficiency of the PCR

reaction, as determined by the slope of the stanclawe made with serial dilutions of DNA.

1.2.13.Protein expression analysis

1.2.13.1. Extraction of total proteins

Total proteins from spleen were extracted with aise lysis buffer from the Mammalian Cell
Lysis Kit (Sigma), using 500 pl of buffer for 10 mfjtissue. The lysis buffer was composed
of 250 mM Tris-HCl and 5 mM EDTA Buffer, 750 mM N§@©.5 % SDS lauryl sulphate, 2.5
% deoxycholic acid, 5 % Igepal CA630 and 1 % ofktait of protease inhibitors.

Samples were homogenized by gentle agitation d@thgiin at 4°C and the obtained lysate
was refined during 10 sec with a ribolyzer-homogeni(Fastprep, QBiogene, lllkirch,
France). After centrifugation (20 min, 12000 rpnfC3% supernatant was harvested and

conserved at -80°C.

1.2.13.2. Measure of protein concentration

Protein concentration of samples was determinerhagiford method (Bradford 1976), with a

standard curve of bovine serum albumin (BSA) a®resfce. This method relies on the
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characteristic of Coomassie Blue (Protein Assayrd&l, Marnes la Coquette, France) to

change of absorbance from 465nm to 595nm wherbinhds to proteins.

1.2.13.3. Protein analysis by western blot method

Proteins of spleen were denaturated (5 min at 95f@)laemmli buffer (containing 125 mM
Tris-HCI pH 6.8, 20 % glycerol, 4% SDS, 0.02 % bophenol blue and 10 9%-
mercaptoethanol).

40 g of proteins were deposited on a 12 % SDSagojjamide gel in denaturing conditions.
Components of the gel are listed Trable 11 After separation, proteins were electro-
transferred to a nitrocellulose membrane (Invitrggauring 2 hours. Aspecific binding sites
of the membrane were blocked during 1 hour at réemmperature in tris saline buffer (TBS)
with 5 % of non-fat dry milk. Then the membrane viiasubated with a primary antibody
(diluted in TBS with 2 % of non-fat dry milk) ovaght at 4°C and afterwards with the
corresponding secondary antibody (diluted in TB#Wi % of non-fat dry milk), coupled at
horseradish peroxydase (HRP), during 1 hour at reammperature. The antibodies used are
listed inTable 12 After each incubation step with an antibody, eeof washing with 0.025
% TBS-Tween were realized (5 times 5 min at roomperature). Chemiluminescence
(Millipore, Cergy Pontoise, France) permitted twaa the signal of the immune complexes
and these were detected with a CCD camera (Las;3agidilm, Raytest, France). Reaction
intensity was determined by computer-assisted ttnstry with use of MultiGauge software
(Fujifilm). The intensity of the bands was normatizto the intensity of the protein band of

glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

Stacking gel Running gel
dH,O 1.4 ml 3.3 ml
Acrylamide 330 pl 4.0ml
Tris 1,5 M pH 8,8 2.5 ml
Tris 0,5 M pH 6,6 250 pl
SDS 10 % 20 pl 100 pl
APS 10 % 20 l 100 pl
Temed 2 ul 4 ul

Table 11.Components of the 12 % polyacrylamide gels useavéstern blot method.
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Molecular Primary antibody Secondary antibody
Protein weight Ref Supplier Ref Supplier
(kDa)

Thet 62kDa 4B10 (sc-| Santa Cruz| Goat anti{ sc-2005 Santa Cruz
21749) mouse

Gata 3 51kDa ab-32858 Abcam Goat anti- sc-2004 Santa Cruz
rabbit

Foxp3 50kDa ABE75 Millipore Goat antiq sc-2004 Santa Cruz
rabbit

GAPDH 37kDa FL335 (sc{ Santa Cruz| Goatanti4{ sc-2004 Santa Cruz
25778) rabbit

Table 12.Primary and secondary antibodies used for westietrmethod.

1.2.14.Bone histology and histomorphometric analysis

1.2.14.1. Preparation of samples

After being decalcified with chlorhydric acid (RD&gent, CML), femurs were conserved in

formaldehyde 4%. Then femurs were put in cassettesthese were put in an automatic
apparatus for dehydration (Tissue-Tek VIP, Sakwtidleurbanne, France). This apparatus
performs different steps to dehydrate samples aolides them in paraffin. The different

steps performed are: a step for dehydration whegitaces water content of cells by alcohol
100 %, a step which replaces alcohol 100 % by twuend a final step to replace toluene by
paraffin. The different steps and accompanyindineat times are given ihable 13
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Solution Time (minutes)
Formol 10
Ethanol 80 % 10
Ethanol 80 % 25
Ethanol 95 % 10
Ethanol 95 % 25
Ethanol 100 % 25
Butanol 15
Butanol 15
Toluene 40
Xylene 40
Paraffin 15
Paraffin 30
Paraffin 60
Paraffin 60

Table 13.Steps for dehydration of samples.

Femurs were then embedded in paraffin and senmitiedinal sections of 7 pm thick were
obtained using a microtome (Microm Microtech, Fiamglle, France). Sections cut were

unfolded in warm water at 37°C and put on glastesli

1.2.14.2. Removal of paraffin

Removal of paraffin was done with an automatic apips (DRS 601, Sakura), following the
steps given imable 14
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Solution Time (minutes)

Xylene 3

Xylene 3
Ethanol 100 %
Ethanol 100 %
Ethanol 100 %

dH,O 15
Triton X-100 0,1 % 10
dH,0 5
H,0, 3 % 10
dH,0 15

Table 14.Steps for removal of paraffin.

After being deparaffinized, 6 sections per femuremesed for modified Trichrome Goldner
staining and subsequent quantitative analysis akbnorphometric parameters. Some extra
sections were colored by hematoxylin eosin saftéBS) method to examine morphologic
structures.

1.2.14.3. Histological staining

1.2.14.3.1. Hematoxylin eosin safran (HES)

This coloration was performed by an automatic agipar(DRS 601, Sakura) following steps

given inTable 15

111



Solution Time (minutes)
dH,O 2
Hematoxylin 15
dH,O 1,5
dH,O 1,5
Alcohol HCI 1 % 0,5
dH,O 0,5
dH,O 1,5
Lithium carbonate 2
dH,O 0,5
dH,O 1,5
Erythrosine 1 % 0,1
dH,O 0,5
dH,O 1,5
Ethanol 100 % 1
Ethanol 100 % 1
Safran 4
Ethanol 100 % 0,5
Ethanol 100 % 1
Xylene 1
Xylene 2

Table 15.Steps for hematoxylin eosin safran coloration roéth

1.2.14.3.2. Modified trichrome Goldner

Slides were incubated overnight in picric acid (bMerDarmstadt, Germany) at 4°C and
washed afterwards with running tap water. Slidesewincubated for 10 min at room
temperature with fuchsine (Merck) and rinsed witolacetified water. Then slides were
incubated for 5 min at room temperature with phospblybdic acid (Merck) and for 10 min
at room temperature with Fast Green solution (S)grikdes were rinsed with 1% acetified
water (Sigma) and dehydrated with 100 % ethanol emathylcyclohexane (VWR) and

mounted with Entallan (Merck).
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1.2.14.4. Analysis of samples

The distal diaphysis of femurs was examined by d ®M4000B light microscope and
images were captured using a digital Sony XCD-UIR@3@mera. Images were analysed with
Histolab 7.6 software (Microvision instruments, ¥Vfrance).

Mean thickness of the growth plate per section determined from 3 measurements (red
lines) at set distances along the growth plate.iMteackness of the growth plate per femur
was then determined from 6 sections. Finally gropltte thickness per group was averaged

of 8 femurs from different animals in the group.

Furthermore a tissue surface (green contour) céstriin a 2 mm region (yellow line) from
the growth plate (which was included) was determhife analysis Fig 36 3. Automated
quantification of bone surface in the tissue swfeenfined was performed by user predefined
parameters and the ratio between them (in %) wésuleted Fig 36 b). Results were
averaged for every femur from 6 sections, givirflgoae volume (BV) to tissue volume (TV)
ratio. Finally this BV/TV ratio per group was avgea of 8 femurs from different animals in

the group.

Fig 36.Representative images of bone histology and histphwmetry.Fig a: distal diaphysis of femur stained
by modified Trichrome Goldner. Mean thickness @& ttowth plate was determined from 3 measuremeads (
lines) at set distances along the growth plate atidsue surface (green contour) restricted innan2 region
(yellow line) from the growth plate (which was inded) was determined for analysis of bone morphiaenet
parameterskig b: automated quantification of bone surface in tbgue surface confined was performed by user
predefined parameters.
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2.In vitro studies

2.1. Cell culture models

2.1.1.Pre-osteoblastic cells

The used cell line MC3T3-E1 is derived from mouse@steoblastic cells. MC3T3-E1 mouse
pre-osteoblasts are clonally derived from murinédvazéae and this cell line maintains

osteoblast phenotype despite repeated subcultivatio

The cells were purchased from ATCC (American Tisshidture Collection, Illkirch,
Strasbourg, France) and had the following referen€&kL-2593 MC3T3-E1 for subclone 4
(preosteoblast mouse), CRL-2594 MC3T3-E1 for suteld4 (bone calvaria mouse), CRL-
2596 MC3T3-E1 for subclone 30 (calvaria mouse) @Rl.-2595 MC3T3-E1 for subclone
24 (preosteoblast mouse).

Cells were conserved at -150°C. At the moment d@fvation, cells were thawed the fastest
as possible and were put in cell culture mediun tes previously warmed at 37°C. Cell
culture medium used was-Minimal Essential Medium Eagleo{MEM, Gibco, Cergy
Pontoise, France), supplemented with 1 % peniestiieptomycin (Gibco), 1 % L-glutamin
(Gibco) and 10 % fetal bovine serum (Gibco). Celése centrifuged during 10 min at 450g.
Cell pellet was retaken in new cell culture mediana distributed in cell culture flasks at 20
x 10° cells per crh Cells were maintained in culture 75%tissue culture flasks at 37°C, in a
humidified atmosphere of 95 %p,@nd 5 % CQ

2.1.2.Mesenchymal stem cells (MSC)

Mesenchymal stem cells (MSC) are isolated from boaerow from femurs or subcutaneous
and ovarian fat tissue of female Sprague Dawley o&t7 weeks old. MSC are capable to
differentiate into immature osteoblasts in the eneg of specific factors (Pittenger et al.
1999). Bone marrow was flushed from femurs witly@nge containingi-MEM cell culture

medium (Gibco). Fat tissue was cut asaMEM cell culture medium and digested under
stirring in 0.1 % collagenase type 1 (Sigma) solutiuring 30 min at 37°C. The obtained cell
suspension was filtered with a 100 um filter antlagenase was neutralized by fresh cell

culture medium.
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Cells collected were cultivated in cell culturesita of 75 crfy in o-MEM cell culture medium
supplemented with 20% of fetal calf serum (Thermshé&r Scientific, lllkirch, France), 1 %
of penicillin/streptavidin (Gibco) and 1 % L-glutame (Gibco). Cells were kept in culture at
37°C, in a humidified atmosphere of 95 % and 5 % CQ@ After 24 hours, cell culture
medium was removed to eliminate non adherent ¢bksnatopoietic cells). The adherent
cells (MSC) were then washed 3 times in phosphatieted saline solution (PBS) (Gibco).
Fresh cell culture medium was added and cells weipe in culture at 37 °C, in a humidified
atmosphere of 95 %Land 5 % CQ

The presence of MSC specific markers (CD90, CD#8) the absence of HSC specific
markers (CD45, CD34) were verified by phenotypa@lysis. For this, MSC were harvested
and the cell density was adjusted to 1 X &6lls per ml with PBS. Then the cells were
labelled with the specific markers described abaiwvé°C in the dark for more than 30 min.
Cells were washed once with PBS and then analysém @ FACSort flow cytometer (BD
Biosciences) and data was analysed with Cellquéstare (BD Biosciences).

2.1.3.Contamination of cell cultures

%Sy solutions were prepared from*%r source ¥SrCh in 0,1 N HCI, AREVA-CERCA
LEA). For contamination of cell culture¥Sr was dissolved in cell culture medium to obtain
%9Sr concentrations from 312 Bg/ml up to 100 kBg/ftie pH of the solutions was verified

and adjusted to a neutral pH of 7.

Non radioactive strontium was prepared from strontidichloride hexahydrate (Sefl
powder (Sigma), dissolved in deionised and stedikzb0. The solution was filtered on a 0.22
pum filter and SrGlwas dissolved in cell culture medium to obtaincantrations from 0.01
mM up to 10 mM.

Some cells used were irradiated with"*4Cs source (IBL 637, Cishio, Saclay, France).
Irradiation of cells was realized in cell culturkates, at room temperature, with a radiation
dose of 0.5 Gy foyH2AX foci detection and doses from 0.5 Gy up to ¥ fGr cytotoxic

tests. Control cells were treated in the same @xjertal conditions.
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2.2. Methods

2.2.1.Cell cultivation and maintenance

All cells were cultivated ii-MEM (Gibco) cell culture medium supplemented wiih % of
fetal bovine serum (for MC3T3-EL1 cell line) (Gibom) 20 % of fetal calf serum (for MSC)
(Thermo Fisher Scientific), 1 % of penicillin/sttapidin (Gibco) and 1 % L-glutamine
(Gibco) in an incubator at 37°C, with 95 % of oxggend 5 % of CQ

Cell culture medium was changed twice a week @&®i% of confluence of cells. In this case
cells were passaged. For this, cell culture medias removed from the cell culture flasks
and replaced by PBS (Gibco) in order to eliminag#tutar debris and cell culture medium
containing fetal calf or bovine serum, which coulthibit the action of trypsin. PBS is
replaced by a solution of trypsin (Gibco) and iraiglol with trypsin during 5 minutes at 37°C.
After detachment of cells, cells were centrifugechi® at 1500 rpm. Cell pellet is retaken in
cell culture medium at 37°C and cells were numberigl Trypan blue (Gibco) and seeded at
a lower cell density at 5 x @ells per crhifor MC3T3-EL1 cells and 1 x f@ells per crafor

MSC in new cell culture flasks of 75 ém

For cell culture differentiation and contaminatichemicals were added to fresh cell culture

medium.

2.2.2.Cell culture differentiation

Differentiation of cells was induced in cell cukuplates of 6, 12 or 24 wells. Differentiation
of pre-osteoblastic or mesenchymal stem cells astieoblasts was induced by addition of
specific factors to the cell culture medium: 50 mig/ascorbic, 18 M and 10mM B-
glycerophosphate (all from Sigma). The use of shigplemented medium is customary when
investigating mineralization properties of cellsipplemented medium containing ascorbic
acid andp-glycerophosphate stimulates greater collagen mtomiu and cross-linking. The
synthetic glucocorticoid dexamethasone further eobs osteogenesis.
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2.2.3.Cell mortality test

Lactate dehydrogenase (LDH) is an enzyme excreted €ells when their cell membrane is
damaged. As such, the measurement of this enzymedséo estimate cell mortality. The

guantification of LDH in cell lysate is realized tivithe Cytotoxicity Detection Kit Plus

(Roche Diagnostic, Meylan, France) according to thanufacturer's recommendations.
Briefly, in a 96 well plate 50ul of reaction mixeumwas added to 50ul of recuperated cell
lysate and this mixture was incubated for 20 mirthie dark. 25 ul of a stop solution was
added and spectrophotometer analysis was perfoatn4@0 nm and 630 nm. The intensity of

the final colour reflected the LDH released fronisce

2.2.4.Cell viability test

The MTT test (Roche Diagnostic) permitted to teability of cells. The assay is based on the
cleavage of the yellow tetrazolium salt MTT (3-MiiBnethylthiazol-2-yl)-2,5-diphenyl
tetrazolium brome) to purple formazan crystals stabolic active cells. Briefly, tetrazolium
salt MTT was added to the cell culture medium andng) different times (24, 48, 72 or 96
hours) this salt was metabolized by the livings€llhe obtained colour was homogenized by
a buffer solution and the intensity of the finalao reflected the viability of cells in the wells
and their cellular metabolic activity. Colour ingily was measured by spectrophotometer

analysis at 595 nm and 630 nm.

2.2.5.Differentation assays

2.2.5.1.Alkaline phosphatase activity test

Alkaline phosphatase (ALP) activity was determingsing a ALP Assay Kit (Alkaline
Phosphatase Blue Microwell Substrate Solution, &igactcording to the manufacturer’s
specificationsAs a positive control, IOM calcitriol (Sigma) was used. Briefly, cell pefe
were retaken in 250 ul of PBS supplemented with%,Iriton X-100 (Sigma). Cells were
sonicated (100W) during 30 sec and seeded on aef¢plate. Alkaline substrate solution (5-
bromo-4-chloro-3-indolyl phosphate (BCIP) and nitstue tetrazolium (NBT) was added
during 15 min in the dark. A stop solution was atlded colour intensity was measured by
spectrophotometer analysis at 595 nm. Obtainedesaluere normalized to the protein

concentration measured by Bradford method (Bradi®rib).
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2.2.5.2.Mineralization tests

Formation of mineralizing plaques was visualizedMon Kossa staining and Alizarin Res S

staining techniques.

For Von Kossa staining, cells were rinsed threeesirm 0,9 % NaCl solution (pH 7,2) and
fixed in 4% paraformaldehyde (Sigma) in 0,9 % NaGlution at room temperature for 10
min. Cells were then rinsed three times in deiahdistilled water (dKHO), incubated with 3
% AgNO; (Sigma) in the dark for 30 min, and exposed toaulblet light for 30 min. Cells
were then washed in dB and counterstained with Toluidine Blue (Merck) fomin. The
total area of nodules ((nper well was analysed with Histolab software (Midsion

instruments).

For Alizarin Red S staining, cells washed twicehw#BS (pH 7,4) and fixed with ice-cold 70
% ethanol at -20°C for 20 min. Then the plates weashed two times with distilled water
and incubated with 40 mM Alizarin Red S (pH 4,29r8a) for 10 min at room temperature
under gentle agitation. After removing Alizarin R8dsolution by aspiration, the cells were
then washed thoroughly with deionised water. THEs eeere subsequently destained for 30
min with 10 % cetylpyridinium chloride (Sigma) ird InM sodium phosphate (pH 7). The
extracted stain was then transferred to a 96-watepand the optical density at 595 nm was

measured.

2.2.5.3.Collagen synthesis test

The effects on collagen production were measuretthébirius Red method. Cell layers were
washed with PBS and fixed for 1h in Bouin’s fixa&tivlhe fixation solution was removed by
suction, the wells were washed by immersion in mgtap water for 15 min and cell culture
plates were dried overnight. 0,1 % Sirius Red F3BAition (Chroma, Stuttgart, Germany) in
satured picric acid was added. After 1 h of stgnimder gentle agitation, cell layers were
washed in running tap water and again in 0,01 N Glemove the non-bound dye. Cell
morphology was photodocumented and for quantibcatf collagen content, the dye was
dissolved in 0,1 NaOH. The dye solution was tramsteto microtiter plates and the optical

density was measured at 550 nm.
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2.2.6.Immunohistochemical study of-H2AX foci

For this study Lab-Tek chamber slides (Nunc, VWBitaining 2 chambers of 4 éreach
were used. The immunostaining technique was based protocol previously described
(Roch-Lefevre et al. 2010) farH2AX immunostaining and foci analysis. Briefly,lisewere
washed with PBS, and fixed with 2 % paraformaldeh{felFA, Sigma) for 10 min. Then they
were permeabilized with 0,1 % of Triton for 10 nand incubated at 37°C with PBS-BSA
2% for 30 min. Cells were immunostained using ampry monoclonaly-H2AX antibody
(Upstate-Millipore, USA) for 1h at 37°C, washed BBS, and incubated with a FITC
conjugated goat anti-mouse secondary antibody @®idior 1h at 37°C. After extensive
washing, slides were mounted with DAPI Vectashistdution (Vector Laboratories, Les
Ulis, France) and covered with cover slips. Slidesre viewed with an epifluorescence
microscope (Provis AX70, Olympus, Japan) and anooledd CDD camera was used to
acquire images. Fields were selected on the bdsBA®I-counterstained nuclei. Image
analysis was performed using Cartograph and Histetdtware (Microvision instruments).
Parameters for focus detection and analysis wenmetaimaed constant during all the study and

at least 100 cells per condition were analysed.

3. Statistical analysis

All results are presented as mean * standard davigED) unless otherwise indicated.
Comparisons between groups were made with eithedeBt t test or 2-way ANOVA

(analysis of variance) test, as indicated in the. tBifferences were considered statistically
significant for a p value less than 0.05. All statal analyses were performed using

Sigmaplot software (Systat software Inc., San JOsg,
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Results

1.Biokinetics of °°Sr

1.1. Reproduction data

We analysed the birth of animals for the whole of experiences. We had a total of 90
reproduction groups, each consisted of 2 femaldslamale per cage, for each of the control
animals and th&°Sr ingesting animals. Despite a similar total numifditters (n=52) for the
control and thé’Sr ingesting animals there was no significant défifee (Student t test, p =
0.149) in the number of animals per litter at biodtween the two group&i@) 37). For the
control group, we had a mean of 5.0 + 2.4 animaldlifier and for thé’Sr ingesting group a

mean of 5.7 + 2.8 animals per litter.

10 1

Number of animals per litter

0 T T
control strontium 90

Figure 37.Number of animals per litter for each group ofitreent. No significant difference between the two
groups was observed by Student t test analysisqi.49). Results are presented as mean * standaiaktidn

(SD), with n=52 for control mice arfdSr ingesting mice.

1.2. General health parameters

In order to verify the general health status of animals, we measured creatin kinase,
creatinin, urea, alanine aminotransferase (ALATY aspartate aminotransferase (ASAT)
levels in blood plasma (data not shown). Overall significant difference was detected
between control an&’Sr ingesting animals (2-way ANOVA analysis, p>0.08)h a single

exception for creatinin for females at 16 weekug8ént t test, p<0.001; 44.2 £ 2.8 uM and

52.7 + 3.1 uM for control anfSr ingesting animals respectively (n=5)).
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1.3. Distribution of °°Sr in the juvenile model

1.3.1.Body mass

A regular weight gain was observed for males anshafes Fig 38). No significant
modification of body weight of animals has beenested between control arfftSr ingesting
animals, whatever the age or sex of the offspriagzgy ANOVA analysis, frs0)= 1.06, non
significant (n.s.) for males angifsg)= 0.017, n.s. for females), although a dispersioinody
weight was observed in males between 16 and 20snafekge. The reason for such dispersed
body weight in males remains unclear, but time sjgestatistical analysis (using Student t
test) did not showed significant differences. A paeeight of 30.7 £ 5.2 g for control males,
28.7 + 5.2 g for°Sr ingesting males, 25.8 + 4.7 g for control feraalad 25.6 + 1.6 g fofSr

ingesting females was reached after 20 weeks ekiran.
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Figure 38. Evolution of the body weight (g) of control ai®r ingesting animals from the juvenile model,
according to the age and sex of animals. No siganifi difference between control aft$ringesting animals
was observe@-way ANOVA test, h, 50)= 1.06, n.s. for males ang ks = 0.017, n.s. for femalesResults are
presented as mean + SD, with n=3 to 9 for contickrand n=6 to 24 fot"Sr ingesting mice, depending on the

age.

1.3.2.Water intake and ingestion of°Sr

A weekly follow-up of food and drinking water comsption per cage was made starting from
the time of weaning. The mean food and water infakeanimal and per day was obtained by
calculation on the basis of the number of animats page. Based on these data the
corresponding daily ingestion 8fSr was calculatedF{g 39). Results indicated thafsr
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ingestion increased rapidly the first weeks posgmireg, reaching 68.2 + 9.7 Bg.animalay

! for males and 71.2 + 7.7 Bg.animalay" for females at 6 weeks of chronic ingestion. No
significant difference if°Sr ingestion was observed between males and femalesever
their age (2-way ANOVA analysis,ifies)= 1.042, n.s.). The mean daily intake®®r over
the whole period of 20 weeks of chronic ingesticasw4.3 + 14.6 Bq for males and 69.0 +
11.6 Bq for females. This was lower than the exgbatgestion of 100 Bg per animal per day
at adult age and was caused by a lower drinkingmmtake than expected. In fact, the mean
daily water intake per animal over the whole perdd®0 weeks was 4.6 + 0.9 ml.dajor
control males, 3.7 + 0.7 ml.ddyfor °*Sr ingesting males, 3.4 + 0.5 ml.dfajor control

females and 3.5 + 0.6 ml.d&yor °°Sr ingesting females.
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Figure 39.%Sr intake (Bg.animdiday') through drinking water, according to the age aex of animals from
the juvenile model. No significant differences wetleserved between males and females (2-way ANOMA te
Fa, 165y= 1.042, n.s.). Results are presented as mean wi&Dn=3 to 9 for control mice and n=6 to 24 08r

ingesting mice, depending on the age.

1.3.3%Sr concentration in femurs

In order to investigate the distribution ¥Sr after chronic ingestion, tH8Sr content was
measured in different organs (skin, liver, spldadneys, digestive tract (from stomach to the
rectum), heart, thymus, lungs, skeletal muscleufsnand central nervous system (CNS)) of
male and female animals from both control @fifir ingestion groups®Sr was below
detection limit in organs of control animals. Thetettion limit of*°Sr was between 0.45 Bq
and 0.75 Bq per sample. F3iSr ingesting animals, the highe¥sr concentrations were
found in the bones. It has to be noted 8 content in femursFHg 40) was measured

without separating the bone from the bone marrowcotding to the age of animals a
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significant increase if°Sr content in femurs was seen (2-way ANOVA analyBis e4)=
266.5, p<0.001), reaching at 6 weeks 79.7 + 9.4/Bgnd 75.4 + 9.9 Bq.gfor females and
males respectively. At adult age (6 weeks to 20keeé offspring),°Sr content in the femurs
seems to be stabilized at 72.6 + 7.0 Bgfgr males and 75.0 + 2.1 Bgdor females. No
significant difference appeared in the evolution®®r in the femurs between males and
females (2-way ANOVA analysis, Fes = 0.521, n.s.) even if a punctual difference was
evidenced at 12 weeks old (Student t test, p=0.035)
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Figure 40. °°Sr concentration (Bg-Y in the femurs of%Sr ingesting animals from the juvenile model, adauy
to the age and sex of animals. All the resultspresented as mean + SD, with n = 6 per group. Bpexific

differences between males and females are signiffoa *: p<0.05 (Student t test).

1.3.4%°Sr concentration in the digestive tract

Sr was below the detection limit in all other orgatested (data not shown) with the
exception of the digestive tradti¢ 41). A significant variation with age was observedn2y
ANOVA analysis, ks, 64= 17.3, p<0.001) with a peak &ISr content at 12 weeks (3.0 + 1.8
Bg.g* for males and 2.0 + 1.1 Bqg'gfor females) and a decrease afterwards. Again, no
significant difference was found between males fanthles (2-way ANOVA analysis,iFea)

= 1.36, n.s.) with the exception of a punctualatiéhce at 12 week-old (p=0.031). In order to
delineate more precisef/Sr location in the digestive tract’Sr activity was measured in
different segments of the digestive tract, namké/stomach, the small intestine, the caecum

and the colon. Results showed th%r was only detectable in the small intestine veth
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maximum activity of 0.7 + 0.3 Bggboth at 6 and 20 weeks and not in other segmdata (
not shown). Since the villi of the digestive trace highly prominent in the small intestine,
this result suggests that tfSr retention was mainly due to a mechanical rateriti the villi

of the small intestine.
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Figure 41 *°Sr concentration (BgY in the digestive tract of’Sr ingesting animals from the juvenile model,
according to the age and sex of animals. All tlseilte are presented as mean * SD, with n = 6 mepgTime-

specific differences between males and femalesignéficant for *: p<0.05 (Student t test).

1.3.5.Whole-body’°Sr activity

The mear™Sr whole body activity ig 42) was calculated by dividing the sum of #i6r
activity detected in all organs by the body weidRésults show that between birth and 12
weeks of offspring, a significant increase in theam whole body activity is seen (2-way
ANOVA analysis, ks, 62y= 72.32, p<0.001). After 12 weeks of chronic ingestthe mean
whole body activity showed a slight decrease owee ffor both males and females, down to
4.9 + 0.6 Bq.d for males and 5.6 + 0.3 Bg'dfor females at 20 weeks of age of offspring.
With the exception of 6 weeks (3.6 + 2.2 BYfgr males and 2.7 + 1.6 Bq-dor females),
the mean whole body activity of females was alwlaigher than for males with significant
differences between them at 3 weeks (Student,tgebt043) of age of offspring.
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Figure 42 Mean whole body°Sr activity (Bqg.g") in ®°Sr ingesting animals from the juvenile model, adiuy
to age and sex of the animals. All the results@esented as mean £+ SD with n = 6 animals per grAup
significant evolution of whole body specific activiaccording to the age of animals was observed/d2-
ANOVA test, Fs 64y = 72.32, p<0.001) but not according to the sexawiimals. Time-specific differences

between males and females are significant for 9.9 (Student t test).

1.3.62°Sr accumulation at different skeletal sites

As °°sr preferentially accumulates in bones, we investig if there is a difference in tA%r
content at the different skeletal sites. We isaldbe whole skeleton from animals of 6 and 20
weeks old from the juvenile model by papain treatmBesults showed that tfi%Sr uptake

in the skeleton depends on both gender {dn)= 24.4, p<0.001 at 6 weeks and o)= 41.9,
p<0.001 at 20 weeks) and skeleton sitgs(fs0)= 27.3, p<0.001 at 6 weeks an@sFi20)= 3.4,
p<0.001 at 20 weeks), whatever the age of test.Hidieest®*Sr accumulation was found in
teeth both in males and in femal&sgy(43) which indeed are continuously growing in rodents,
thus accumulating®Sr over ingestion duration. For other bones, thegeaof *°Sr
concentrations were between 110.7 + 48.9 Baagd 154.9 + 16.8 B gfor females and
between 97.5 + 14.2 Bq'gnd 135.5 + 15.5 Bg-gfor males at the age of 20 weeks. These
variations are in a lower range than the obsenations in humans (Kulp 1960). Overall,
higher °°Sr concentrations were consistently found in fesi@s compared to males in all
skeleton sites, with the exception of ulna at the af 20 weeks. One should note that the
mean *°Sr concentration is higher in this set of experitaeas compared to previous

experiments inKig 40) for the same age. This is due to the differencéhé method used to
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obtain bones. In fact, bones were isolated by snmgi$section and mechanically cleaned
(using a scalpel) in previous experiments whil¢hie present experiment bones were isolated
by enzymatic treatment which removes completelysait tissues, including bone marrow
and cartilages. However, in both cases females stidiigher®Sr concentration in bones as

compared to males.
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Mandibles

Dorsal vertebrae

|
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Femurs

|
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Tarsial bones -—f‘
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Figure 43 %°Sr content (Bq.g) at the different skeletal sites #Sr-ingesting male (closed bars) and female
(open bars) animals of 20 weeks old of the juveniledel. All the results are presented as mean 06B
animals per group. Differences between males anthlfes are significant for *: p<0.05 and **: p<0.001
(Student t test).

1.4. Distribution of °°Sr in the adult model

1.4.1.Body mass

A continuous weight gain was observed for males fanthales, reaching a body weight of
29.7 + 1.5 g for control males, 30.0 + 1.2 g 8r ingesting males, 24.4 + 0.7 g for control
females and 24.2 + 1.4 g f&iSr ingesting females after 20 weeks of ingestiomtien Fig
44). No significant differences in weight gain betmemntrol and’Sr-ingesting animals was
observed (2-way ANOVA analysis1Faa4)= 3.71 for males and444)= 3.56 for females,

n.s.).
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Figure 44. Evolution of the body weight (g) of control (clossgmbols) and’Sr ingesting animals (open
symbols) from the adult model, according to the agd sex of animals. No significant difference hesw
control and°Sr-ingesting animals was observgdway ANOVA test, [, 242y= 3.71, n.s. for males ang fass)=
3.56, n.s. for femalesResults are presented as mean + SD with n = 3féo €ontrol mice and n = 6 to 30 for

sr ingesting mice.

1.4.2.Water intake and ingestion of’sr

The mean calculated daily ingestion®®r per animal was 91.1 + 16.2 Bq for males and 75.4
+ 14.3 Bg for females over the whole period of 28eks of ingestion with a significant
higher®°Sr intake by males as compared to females (2-wa@¥N analysis, k1, 416= 192.3,
p<0.001) Fig 45. This was due to lower water intake by femalesfdct, the mean daily
water intake per animal over the whole period ofx@&ks of ingestion was 5.1 + 1.0 ml.day
for control males, 4.6 + 0.8 ml.dayor Sr-90 ingesting males, 4.0 + 0.8 ml.ddpr control
females and 3.8 + 0.7 ml.d4yor °°Sr ingesting females (data not shown). As for thejile
model, the mean daiffSr ingestion was lower than envisaged and was damgsen overall
lower water intake than expected. One should H@e4Sr intake showed important week-to-
week variations, especially in the first 3 weekexeriment. The reasons for these variations
are unclear. Since these variations are linkedat@tron in water intake, one can propose that
this is due to variations in temperature of tharaticare that in turn induced variations in
water intake by animals. Nevertheless, one alsaldhoote that there was no significant
difference in water intake between control &8 ingesting animals, and that all animals

showed a regular weight gain.
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Figure 45.%Sr intake (Bg.animadlday®) through drinking water according to the age aex &f animals from
the adult model. A significant difference MSr intake was observed between males and femalesy2
ANOVA test Ry, 416= 192.3, p<0.001). Results are presented as m&ih with n = 3 to 9 for control mice and

n = 6 to 30 for’Sr ingesting mice.

1.4.3%°Sr concentration in femurs

A significant continuous increase 6fSr content in femurs was found (2-way ANOVA
analysis, [z, 50)= 29.6, p<0.001)Rig 46). At 20 weeks of chronic ingestion, this resulied
%9Sr concentration of 33.6 + 5.2 B.dor males and 39.5 + 2.8 B -dor females2-way
ANOVA analysis did not show overall significant féifences between males and females (F
s0) = 1.42, n.s.), although a significantly higher woalation was found in females after 20
weeks of ingestion as compared to males (Studiest,tp<0.05). It has to be noted that after
20 weeks of ingestion th&Sr content in the femurs from adult animals (36.5.% Bq.g')

was lower than from juvenile animals (73.6 + 6.9dY,
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Figure 46.%°Sr concentration (Bg:Y in the femurs of contaminated animals from thelmhodel, according to
the age and sex of animals. All the results arsged as mean £ SD with n = 6 animals per poimeT

specific differences between males and femalesignéficant for *; p<0.05 and **; <0.001 (Studentetst).

1.4.4%°Sr concentration in the digestive tract

Sr was below the detection limit in all other orgatested (data not shown) with the
exception of low quantities detected in the digestract Eig 47). The mear?®Sr content
over the whole 20 weeks period of ingestion durati@s 0.3 + 0.2 Bqg:for males and 0.3 +
0.2 Bq.g' for females. Significant variation with age wasetved (2-way ANOVA analysis,
Fua, 50)= 13.1, p<0.001) with a peak #I5r content at 3 weeks (0.6 + 0.3 By fgr males and
0.5 + 0.2 Bq.d for females). No significant difference was fouretween males and females
(2-way ANOVA analysis, [, so)= 2.84, n.s.). In order to delineate more precisesr
location in the digestive tracfSr activity was measured in different segments h&f t
digestive tract, namely the stomach, the smalktirie, the caecum and the col@milarly

to what was observed in the juvenile model, moshef’Sr activity was detected in the small
intestine (data not shown). The lowdSr concentrations found in the adult model as
compared to the juvenile model may be due to a&beteéaning of the different segments of

the digestive tract.

130



o

g 1,0

[11]

“: — Males

g Females
£ 0,8 1

[ 4]

=

$ 0.6

2

=

=

= 04

2

s

0,2 -

@

Q

5

<o 0,0 f 1 1 i }
7 3 6 12 16 20
(=]

(]

Contamination duration (weeks)

Figure 47. °Sr concentration (Bq) in the digestive tract of°Sr ingesting animals from the adult model,
according to the age and sex of animals. All tieallte are presented as mean + SD, with n = 6 pripgNo

significant time-specific differences between malad females were found (Student t test).

1.4.5.Whole-body’°Sr activity

The mear?®Sr whole body activityRig 48) showed also a continue increase over time (2-way
ANOVA analysis, ks0p = 90.85, p<0.001), with females having systemdyicand
significantly a higher mean whole body activity*8r than males (2-way ANOVA analysis,
Fa, s0)= 41.33, p<0.001). After 6 weeks of contaminattumation, this increase was mainly
observed for females, while in males the m&ar whole body activity remained stable. At
20 weeks of contamination duration, a mean coraé@t3 + 0.4 Bq.g for males and 3.7 +
0.5 Bq.g' for females was found in their body (Student t,tps0.001).
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Figure 48 Mean whole body*Sr concentration (Bql) of contaminated animals from the adult model,
according to the age and sex of animals. All tisailte are presented as mean = SD with n = 6 anipsalpoint.
Time-specific differences between males and fematessignificant for *: p<0.05 and **: <0.001 (Stnt t
test).

1.5. Rate of *°Sr accumulation in bones

We calculated the rate 81Sr accumulation in the bones (Bq.dqypf animals from both the
juvenile and the adult moddFig 49). For both models, an increase in this rate wased
during the first 12 weeks of ingestion, with sigeaintly higher rates for the juvenile than the
adult model. At 12 weeks the rate ®88r accumulation in the bones was for males 2.53+ 0.
Bqg.day' for the juvenile model and 0.8 + 0.2 Bq.dafpr the adult model (Student t test,
p<0.001) and for females 2.6 + 0.5 Bq.ddgr the juvenile model and 0.5 + 0.2 Bq.dapr
the adult model (p<0.001). After 12 weeks of ingesthe rate of°Sr accumulation in the
bones decreased for both models, even becomingivef@a some time points in the juvenile
model. Overall, these facts show that the accunemaif *°Sr in the bones is different during

bone growth in the juvenile period and bone remodgtiuring the adult period.
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Figure 49. Rate of°°Sr accumulation in the bones B8r-ingesting males (left panel) and females (rjzgmel)
from the juvenile (open bars) and adult (closedsparouse models. Results are presented as meanaf 6D
animals per point. Time-specific differences betw@esenile and adults animals are significant fop%0.05

and **: p<0.001 (Student t test).

1.6. Metabolic cage experiment in the adult model

1.6.12°Sr concentration in feces

In order to follow the eliminatiofiSr during chronic ingestion, animals of the adutidel
were housed in metabolic cages for 48 hours befuthanasia and their excreta were
collected Fig 50). The level of*°Sr elimination through faeces was dependent updh bo
ingestion duration (2-way ANOVA analysisuFso) = 41.4, p<0.001) and sex of animalg (F

50 = 7.1, p<0.05), with a low level 8fSr excretion at 3 weeks of ingestion.
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Figure 50.%°Sr excretion during 24 hours in the faeces (Bjaf “°Sr-ingesting animals from the adult model,
according to the age and sex of animals. Resulispegsented as mean = SD of 6 animals. Time-specifi

differences between males and females are signiffoa *; p<0.05 and **; p<0.001 (Student t test).

1.6.2°°Sr concentration in urine

%Sy excretion through urine appeared similar in lyghder (2-way ANOVA analysis ifso)

= 4.0, n.s.) and constant over ingestion duratibbwgy ANOVA analysis, fs0) = 2.1, n.s.),
with mean®Sr contents of 1.1 + 0.3 Bg'gor males and 1.5 + 0.3 B dor females Fig

51).
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Figure 51.%Sr excretion during 24 hours in the urine (BY.gf **Sr-ingesting animals from the adult model,

according to the age and sex of animals. Resudtprasented as mean + SD of 6 animals.
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1.6.3.Dalily intestinal absorption ratio

Starting from these results and the calculatedyd8r ingestion we calculated the daily
intestinal absorption ratio (IAR) as indicated Ime tmaterial and methods section. This IAR
takes into account both dired?Sr intestinal uptake an®Sr actively re-excreted in the
intestine, as previously described both in humars ia rodents (Wiseman 1964). Results
indicated that for the adult model, the IARId 52) varied according to both the duration of
ingestion (2-way ANOVA analysis,fs0) = 48.1, p<0.001) and the sex of animalg, @) =
5.02, p<0.05). The highest IAR was observed at &kaeof ingestion and decreased
thereafter. This may be explained by a similardaditéSr intestinal absorption throughout the
experiment, but an increase of actif&r re-excretion in the intestine from 6 weeks of
ingestion to the end of the experiment. Moreovendgr differences may be explained by
increased intestinal absorption of strontium inesalas it was previously suggested in rats
and monkeys (Dahl et al. 2001).
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Figure 52. Daily intestinal absorption ratio (IAR) for the @timodel calculated as described in the materidl a
methods section. Results are presented as meanaf &Bnimals. Time-specific differences betweernemand

females are significant for *: p<0.05 (Studentst}e

1.7. Calculation of absorbed doses

In order to facilitate the interpretation of obsanivbiological effects, it is of importance to
know the absorbed radiation dose due to the chnmgiestion of studied radionuclides. In
order to answer this question, we used the mearewtmly radionuclide concentration as
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previously measured and a model proposed by theP I@&blication 108 (ICRP 2008) to
calculate absorbed radiation doses for environnhestigation protection purposes.

The model of the ICRP is based upon three refergaet and nine reference animals,
representing most of the ecosystems (ICRP 2008&in#plified geometry was defined for
each of these plants and animals. For the rat mddeheometric representatidriid 53) is a
solid ellipsoid of 20 cm length and 5 and 6 cm mema secondary diameters, and a mass of
314 g. For each of these organisms, dose conveladbors (DCF) from the whole organism
activity concentration to the resulting dose rateravdefined in (uGy.day/(Bg.kg") for
numerous radionuclides. Several hypotheses were maatdition to the simplified geometry
of animals (ICRP 2008). Notably, the organism iasidered as a medium of homogeneous

density in which the radionuclide is homogeneouatstyributed.

We used the rat model of ICRP and corresponding BER’Sr, given in the material and
methods section, combined with the time-dependetintity concentrations discussed above,
in order to calculate absorbed radiation doses famonic ingestion exposure through

ingestion of°Sr.

h

20 cm

Figure 53. Geometric representation of a rat by the ICRP ipatibn 108 (ICRP 2008).

1.7.1.Absorbed doses during foetal life

Animals are exposed during foetal life to both atadiation due to internal contamination
of the foetus and external irradiation due to titernal contamination of the mother. In order
to take into account this external irradiation tm¢he mother, we used DCF corresponding to

an external irradiation due to a contaminated soitounding the animal together with the

136



mean body burden of the mother. Thus, as an appatian, the mother is assimilated to a
medium of homogeneous density with a homogeneoantagonation, as it was previously

proposed for modelling radiation doses to the emigigRP 2001).

Mean body burden for the mother obtained was 1®@4kBq.kg" for °°Sr. ResultsKig 54)
show that the total absorbed radiation dose ah I§rt0.3 + 0.1 mGy for animals ingesting
%Sr. For comparison, mean body burden for the maih&ined in a previous study f6¥Cs
ingestion (Bertho et al. 2010) was 13.8 + 1.3 kBd.knd resultsRig 54) show that the total
absorbed radiation dose at birth is 2.3 + 0.2 m@ythose animals ingesting'Cs. The
results show that the absorbed radiation dose @ueternal contamination of the foetus is
similar for both radionuclides. By contrast, thenttbution to the total dose of external
irradiation of the foetus due to the internal comtzation of the mother is close to 85% in the
case of*'Cs and less than 1% in the casé®8f. This is due to the highly penetratipgays
emitted by**"™Ba, which was taken into account due to its shaltlife (153 seconds) for
the establishment of DCF f&f'Cs.
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Figure 54. Absorbed doses calculated for foetal life (blaeksh and distribution between external dose due to
the mother (hatched bars) and dose due to interadiation (open bars). Results are presentedessim SD of

5 animals.

1.7.2.Whole-body absorbed radiation doses

As shown before, the evolution of body weight *8r ingesting animals of the juvenile

mouse model showed a slower body weight increagemiales than in male&ig 38 andFig
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55). Males were significantly heavier than femaleeraé weeks and a stabilisation of body
weight was observed from 16 weeks. Results showthigaevolution of absorbed radiation
dose Fig 55) is close to linearity until 20 weeks, when the@ibed radiation dose is up to
9.7 £ 0.1 mGy in males and 10.6 £0.1 mGy in femé®&tadent t test, p<0.001). However, the
absorbed radiation dose increases more rapidlyemalkes as compared to males with
significant differences appearing as soon as 3 syemhkd mainly after 12 weeks of age. This
is linked to the meaf’Sr body burden which increases faster in femalas th males Fig
42).
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Figure 55. Mean body mass (vertical bar) and body absorbéidtian doses calculated using DCF (circles and
lines) for contamination experiments through cheangestion of°Sr for the juvenile mouse model. Results are
presented as mean * SD of 5 animals. Differencésdes males (white circles and bars) and femallesxKb

circles and bars) are significant for *: p<0.05 arfdo<0.001 (Student t test).

The comparison betweefiSr and™*'Cs (data used from Bertho et al. 2010) resultstter
juvenile mouse model shows that the absorbed dmsedses faster fiSr ingesting animals
than in**'Cs ingesting animald={g 56), although it is lower at birth. This seems tolibked

to the higher energy deposition of beta rays ffi8r in body tissues as compared to the

gamma rays from'Cs.
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Figure 56. Comparison of body absorbed dose evolution in fesngblack symbols) and males (white symbols)

contaminated by?'Cs (circles) or by°Sr (triangles). Results are presented as mean af Stanimals.

For the adult mouse model, body weight result&’sf ingesting animals showed an overall
higher body weight for males than femal&sy(44 and Fig 57). The evolution of absorbed
radiation doseKig 57) is close to linearity until 20 weeks of ingestiavhen the absorbed
radiation dose is up to 3.8 + 0.1 mGy in males 47d+ 0.1 mGy in females (Student t test,
p<0.001). However, the absorbed radiation doseeasas more rapidly in females as
compared to males with significant differences apiog at 12 weeks. This is linked to the

mean®°Sr body burden which increases faster in femalas ith malesKig 49).
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Figure 57. Mean body mass (vertical bar) and body absorbéidtian doses calculated using DCF (circles and
lines) for contamination experiments through cheanigestion of’°Sr for the adult mouse model. Results are
presented as mean * SD of 5 animals. Differencésde®m males (white circles and bars) and femallesKb

circles and bars) are significant for *: p<0.05 arfdo<0.001 (Student t test).

1.7.3.Validation of the DCF calculation method

In order to confirm the above described dose catmiis made with DCF, more sophisticated
dose calculations considering cross irradiationrgiins were performed by the Laboratory of
Internal Dose Evaluation (LEDI, under the directafrE. Blanchardon) of IRSN. To that aim,

a mouse voxel (volume x elements) phantom of Stabial. (Stabin et al. 2006) was used.
This phantom is composed of ten segmented orgashsises specific absorbed fractions of

energy (SAF) to calculate absorbed doses.

Calculated body absorbed doses were in the range@3 + 0.1 mGy at birth up t0 9.7 £ 0.1
mGy at 20 weeks o’Sr ingestion in our juvenile mouse modeig58). In order to make a
direct comparison between the DCF and SAF calarathethods, the external radiation
doses due to the mother during foetal life werettzmias they are negligible f3iSr Fig 54).
2-way ANOVA analysis showed significant differenoetween the two calculation methods
both for males (circles, 50 = 31.3, p<0.001) and for females (squaregsd-= 44.0,
p<0.001), especially after 12 weeks 8r ingestion. However, one can note that the body
absorbed doses were only slightly overestimated ®EF calculations as compared to SAF

calculations and are in this context of absorbeédhten dose calculations insignificant.
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Figure 58. Comparison of two methods for calculation of badsorbed doses by animals contaminated with
sy, using either DCF (ICRP 2008) (black symbols)specific absorbed fractions of energy (Stabin 3006
(white symbols). Results are presented as mean sf$Danimals. Differences at each time point betwthe
two calculation methods for females are significimt*: p<0.05 and **: p<0.001 and for males for p<0.05

and ++: p<0.001 (Student t test).

1.7.4.Absorbed doses at the skeleton

In collaboration with our laboratory, the LEDI démeed a three dimensional mouse voxel
phantom to calculate by Monte Carlo simulation abed radiation doses for the whole body
and more interesting for specific organs after aomhation with different radionuclides. This
mouse voxel phantomFig 59) was created from magnetic resonance imaging (MRI)

segmentations.

The LEDI calculated for our juvenile mouse modeitithe absorbed dose is 10.2 mGy for the
whole body, which confirms the whole body absorbdede calculated by us with use of the
DCF from the ICRP publication 108 as described ab@ZRP 2008). More interesing, the

LEDI calculated an absorbed dose of 55.0 mGy ferskeleton in our juvenile mouse model

after 20 weeks of chronf@Sr ingestion.
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Figure 59. The three dimensional mouse voxel phantom crelayetie Laboratory of Internal Dose Evaluation
(LEDI) from magnetic resonance imaging (MRI) segtaéons in order to calculate whole body and specif

organ absorbed radiation doses.

2.Effects on the bone physiology

2.1. General plasma parameters

Calcium, phosphorus and alkaline phosphatase (Ad\®)Is were measured in blood plasma
by an automated spectrometric system in blood @a@hy 60). Time-specific significant
differences between control afr ingesting animals were only observed for calcatm.2
weeks for males (p=0.021), for phosphorus at 20ke/éer males (p=0.020) and for ALP at
birth for males and females (both p<0.001) by Sttidetest analysis. Overall, with the
exception of ALP for males (2-way ANOVA analysis( do, p<0.001), these plasma

parameters in our juvenile mouse model were necet by’°Sr chronic ingestion.
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Figure 60. Calcium (mM)(A), phosphorus (mMJB) and alkaline phosphatase (ALP, t).(C) levels in blood
plasma. Results are presented as mean + SD ol % &mimals. Time-specific differences between adrand

Sr ingesting males or control affiér ingesting females are significant for *: p<O&fd **: p<0.001 (Student
t test).

2.2.Bone specific plasma parameters

Specific plasma parameters for the bone physiolagye measured by enzyme linked
immunosorbant assays at 6 weeks and 20 weeks obfageimals of our juvenile mouse
model (able 16. We measured bone specific alkaline phosphatd#d KR), bone

morphogenetic protein 2 (BMP2), osteocalcin andccpitagen type 1 N-terminal propeptide
(PINP) as markers for bone formation and tartratiel @hosphatase 5b (TRAP5b) and C-
telopeptide of collagen (CTX) as makers for borsorption. Moreover parathyroid hormone
(PTH) and 1,25-dihydroxyvitamin D3 (1,25(O4)y) were measured, both having multiple

roles in the bone physiology as described in th@duction section.
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A significant difference for the bone resorptionrkea CTX was found between control and
%Sy ingesting male animals at 6 weeks (Studenttt pe€.039) and at 20 weeks (Student t
test, p=0.023), witA’Sr ingesting males having higher levels of CTX thantrol males (18.6

+ 3.2 ng.mttvs. 15.8 + 3.7 ng.riflat 6 weeks and 9.9 + 5.8 ng-hvis. 6.4 + 1.6 ng.mfl at 20

weeks).

Moreover, we evaluated PINP, CTX and PTH plasmalsewver the whole ingestion period

for the animals of the juvenile mouse mod&p(61).

A significant decrease in PINP and CTX plasma ewsluld be observed over time (2-way
ANOVA analysis, for example in males for PINPy F= 102.4, p<0.001 and for CTX,
Fu.so= 33.3, p<0.001) however without an effect of camtation status (2-way ANOVA
analysis, for example in males for PINRy, #=0.003, p= n.s. and for CTX,afso= 2.5, p=
n.s.), despite the earlier mentioned time-spedignificant differences at 6 and 20 weeks
(Student t test, p=0.039 and p=0.023 respecti@@yveen control antfSr ingesting males.

For PTH, an increase in plasma levels could bergbdeover time (2-way ANOVA analysis,

for males, k40~ 17.6, p<0.001), with significant differences fomles at 12 weeks and 16
weeks (Student t test, p=0.022 and p=0.028 resabgti
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Figure 61. Bone specific plasma parameters procollagen typetdrminal propeptide (PINP) (ng.MI(A), C-
telopeptide of collagen (CTX) (ng.M)l (B) and parathyroid hormone (PTH) (g:Hl(C) of animals of the
juvenile mouse model. Results are presented as me@b of 5 to 16 animals. Time-specific differences

between control and’Sr ingesting males or control af®r ingesting females are significant for *: p<0.05

(Student t test).

2.3.Gene expression analysis

Gene expression analysis was performed of genebcatgd in the bone formation (runt
related transcription factor 2 (Runx2), ALP, bonalaprotein (BSP), osteopontin (OPN),
osteocalcin (OCN), collagen 1 and 3 and in the boesorption (parathyroid hormone
receptor (PTHr), TRAP5b, receptor activator for leac factork  ligand (RankL) at femurs
of 6 and 20 weeks old control afr ingesting animals of the juvenile mouse modeb{e

17).

What concerns genes implicated in the bone formasignificant decreases in the expression
of ALP (Student t test, p=0.027) and OCN (Studetast, p=0.018) were observed between
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control and®®Sr ingesting animals for males of 6 weeks and éondles of 20 weeks of age
respectively. For genes implicated in the bone rgm, a significant increase in the
expression of RankL (Student t test, p=0.036) wasenved forSr ingesting females of 20

weeks of age compared to control females of theesage.

The obtained results of this gene expression aisar® summarized ifiable 18 At 20
weeks of chronic contamination BYSr ingestion, the gene expression balance (at 8mur
between bone formation and bone resorption seerhg tmodified with bone resorption in

favour of bone formation.

%3r ingesting males %sr ingesting females

Bone formation | Bone resorption | Bone formation | Boneesorption
6 weeks V¥V (*ALP) v - -
20 weeks v A /- ¥ (*OCN) A (*RankL)

Table 17. Summarized table of gene expression analysisnatree of 6 weeks and 20 weeks 88r ingesting
males and females (results are shown®i8r ingesting animals in comparison with controlnaails with same
sex and age). ALP: alkaline phosphatase, OCN: cateio and RankL: receptor activator for nucleatdax 3

ligand. Time-specific differences between contrad #Sr ingesting males or control af$r ingesting females

are significant for *; p<0.05 (Student t test).
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2.4.Bone histomorphometry

In this report bone histomorphometry results aresented for femurs from 20 weeks old

animals of the juvenile mouse model.

Firstly we used hematoxylin eosin safran (HES)nstg@ to evaluate the overall structure of
the femur area used for further histomorphometlyais, i.e. the distal femur enBig 62).
Collagenous structures are colored in orange, medllei in blue and cytoplasm in red.
Cortical bone is colored in orange, as the boneixniat mainly composed of type | collagen.
The growth plate appears in dark purple as thia &genade up of newly synthesized bone
and chondrocytes whose nuclei are revealed in lyudES staining. The growth plate is at
the boundary between the epiphyseal and metaphpsetbf the bone. The bone marrow
cells have their nucleus stained blue and theiopigsm stained red resulting in an overall
purple color of the bone marrow space.

1.5 mm

Figure 62. Longitudinal section of a femur after HES stain{@gbx). We can distinguish the bone marr@y (
surrounded on both sides by cortical bobeagnd distally by the growth plate)( The diaphysisd), epiphysis
(e) and metaphysid) are also shown.

As decribed in the material and methods section,quantified after modified trichrome
Goldner staining the bone tissue volume (BV) intalttissue volume (TV) defined in a 2 mm
region from the growth plate with Histolab softwdifedg 63). After automated analysis,

orange and brown colors defined by Histolab areesogposed on the bone tissue area, while
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green color is superimposed on the bone marrow. drea obtained analysed image is

consistent with a HES stained femur section.

Figure 63. Longitudinal section of a femur stained with maetiftrichrome Goldner and analysed by Histolab

software (2.5x). Bone tissue is shown in orangekaown colors, bone marrow is shown in green color.

2.4.1.Total surface analysed

To perform the histomorphometry analysis, it wasessary to ensure that the total surface
(TV) analysed for each femur was the same forrallgs Fig 64). Overall, the average total
surface analysed per animal for all four groups ®ast + 1.0 mrhand no significant
differences between the control afi8r ingesting animals were observed (Student t fest,
males p=0.328 and for females p= 0.164). As suwhstudy could be performed without the

risk of bias in the delimitation of the area ofardst.
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Figure 64.The average total surface (TV) analysed @nper animal for each group of 20 weeks old aniréls
the juvenile mouse model. After comparing the gsohp Student t test analysis, no significant déferes were

observed (p>0.05). Results are presented as mstamdard deviation (SD), with n=8.

2.4.2.Growth plate thickness

The thickness of the growth plate is expressechasniean for all animals of each group
determined from three measurements at set distahweg the growth plate per slide. Overall,
the average growth plate thickness per animal lfdoar groups was 142.6 = 4.6 pamd no
significant differences were observed between trerol and®®Sr ingesting animals (Student
t test, for males p=0.195 and for females p=0.§Bk) 65).

180 4

T 160 4
=1 T T [
o 140 4 T
]
g
= 120 4
=
£ 100 -
ot
& 80
=%
-g 60 4
2 40
L]
20 4
1] T T T T
Control Strontium 90 Control Strontium 90
Male Female

Figure 65. The average growth plate thickness (um) per anfaraéach group of 20 weeks old animals of the
juvenile mouse model. After comparing the groups3tydent t test analysis, no significant differeneeere
observed (p>0.05). Results are presented as mstamdard deviation (SD), with n=8.
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2.4.3.BV/TV ratio

No significant differences were observed betweendtntrol and®Sr ingesting animals for
the bone volume to tissue volume (BV/TV) ratio (@&t t test, for males p=0.803 and for
females p=0.350). Overall, the average BV/TV raigo animal for all four groups was 35.9 £
2.0 % Fig 66).

50 -

o [ | I

30

20

BV/TV ratio (%)

10

Control Strontium 90 Control Strontium 90

Male Female

Figure 66. The average bone volume (BV) to tissue volume (Tatjo (%) per animal for each group of 20
weeks old animals of the juvenile mouse model. IAtemparing the groups by Student t test analysis,
significant differences were observed (p>0.05).uUResare presented as mean * standard deviatiol, (&

n=8.

3.Effects on the hematopoietic system

3.1.Blood cell count

Blood cell count was made in offspring of the judenmouse model, with differential for
white blood cells, lymphocytes, monocytes, granyties, red blood cells and blood platelets.
Moreover hemoglobin and hematocrit levels were mnes Overall, with the exception for
white blood cells (Student t test, p=0.03Big(67) and lymphocytes (Student t test, p=0.013)
(data not shown) of males of 12 weeks old, we ditl setect any significant difference
between control groups andSr ingesting groups by 2-way ANOVA analysis (p>(,05
taking into account possible effects of age. A igant increase in red blood cell number (2-
way ANOVA analysis, for malesds g»s7 157.3, p<0.001 and for femalegd-gosr 38.5,
p<0.001) and blood platelets number (2-way ANOVAalgsis, for males s, soir 6.6,
p<0.001 and for femalesgsh, 9817+ 6.2, p<0.001) was observed with increasing aganim
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before age of 6 weeks. This increase in both reddtells and blood platelets corresponds to

the development of the hematopoietic system duhegost-natal life in the mouse.

A B
1e+11 1e+14
= —e— Male control —._ —e— Male control
< —0— Male ¥'sr g —o— Male “sr
3 —&— Female control A —m— Female control
o —1— Female *"Sr 3 —— Female Sr
8 k]
3 * +]
+
2 1e+10 g let13 z ﬁﬁ===a-$—ﬂ
— L -
= L
= s
[Te. .
5 3
2 £
E Z fer12 - . . : : ,
= le+9 T T T r | 0 4 8 12 16 20
0 4 8 12 16 20 Age (weeks)
Age (weeks)
C D
1e+12 70
I
E" 60
[5]
K z 50
= <
° £ 40
8 S
f —a— Male control E 30 —a&— Male control
e —o— Male *'sr S 5 —o— Male *'sr
2 —&— Female control T —&— Female control
g —O— Female *'sr 10 —— Female "Sr
Z qesr11 . . . . . o L. . . . . .
0 4 8 12 16 20 0 4 8 12 16 20
Age (weeks) Age (weeks)

Figure 67. Evolution of the number (per liter) of white blogdlls @A), red blood cellsg), blood platelets®)
and and hematocrit (%) leveDY in control andSr ingesting animals. All the results are presea®anean +
SD, with 5 to 14 animals per group. Time-specififfedlences between control arfftSr ingesting males or

control and°Sr ingesting females are significant for *: p<O(@Budent t test).

3.2. Flt3-ligand

We used plasma Flt3-ligand concentration as a gicdd indicator of bone marrow function
(Prat et al. 2006). The highest concentrations wdreerved at birth, with a significant
decrease with increasing age of the animals (2AM@VA analysis, for males Fa7= 47.3,
p<0.001 and for femalesshaz= 51.1, p<0.001)Kig 68). For females at birth a significant
difference was found in plasma Flt3-ligand concatitn between control arfdSr ingesting
animals (Student t test, p<0.001).
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Figure 68. Evolution of Flt3-ligand concentration (pg:filin blood plasma of animals of the juvenile mouse
model. All the results are presented as mean 80,5 animals per group. Time-specific differenbetween

control and®Sr ingesting males or control afftbr ingesting females are significant for **: p<010(Student t

test).

3.3. Phenotypic analysis of bone marrow cells

We evaluated the hematopoietic system by phenotypatysis of the following bone marrow
cells: LinC-kit'SCA-1" early progenitors and stem cells, CO®4" and CD3CD8" T
lymphocytes and CD4ED19" B lymphocytes Eig 69).

For all cell populations studied, significant difaces over time were observed (2-way
ANOVA analysis, p<0.001), without influence of thentamination status of animals (2-way
ANOVA analysis, p>0.05). Indeed, only punctual eifinces between control an@sr
ingesting animals were observed in the percent&dendC-kit"SCA-1"cells for males at 6
and 16 weeks (Student t test, p=0.003 and p=0.€4j2ectively) and for females at 16 weeks
(Student t test, p=0.041); in CDBD4" T helper lymphocytes for females at 16 weeks
(Student t test, p=0.002); in COBD8" T cytotoxic lymphocytes for males and females at 6
weeks (Student t test, p<0.001 and p=0.010 resd}i and in CD45CD19 B lymphocytes
for males and females at 16 weeks (Student t pe<t,005 and p=0.028 respectively) and
females at 20 weeks (Student t test, p=0.021).
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Figure 69. Phenotypical analysis of bone marrow cells of aénof the juvenile mouse model. PercentCin
kit"'SCA-1" early progenitor and stem ce(ls), CD3'CD4" T helper lymphocytesB), CD3'CD8" T cytotoxic
lymphocyes(C) and CD45CD19" B lymphocytes D). All the results are presented as mean * SD, With
animals per group. Time-specific differences betweentrol and®Sr ingesting males or control afi@sr
ingesting females are significant for *; p<0.05 &Mdp<0.001 (Student t test).

3.4. Colony-forming cells

As a functional test we evaluated the frequencgaddny forming cells (CFCs) in the bone
marrow and the spleen by a methylcellulose CFC yasAasignificant difference in the
number of the progenitors was observed over timavg® ANOVA analysis, p<0,001)
without influence of the contamination status oinzads (2-way ANOVA analysis, p>0,05)
(Fig 70). However, some time-specific significant diffeces between control anfSr
ingesting animals could be observed. For the bom@aw assays significant differences were
observed for colony-forming units-granulocyte ergttyte monocyte macrophage (CFU-
GEMM) of females at birth and for males at 6 weégaident t test, p=0,030 and p=0,045
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respectively); for CFU-granulocyte macrophage (CEM) of females at 16 weeks (Student t
test, p=0,007); and for burst-forming units-erytdrdBFU-E) of males at 6 weeks and
females at 16 weeks (Student t test, p<0,001 af0@s respectively). For the spleen assays
significant differences were observed for CFU-GEM¥females at birth and at 3 weeks
(Student t test, p=0,007 and p=0,033 respectivahyd of males at birth (Student t test,
p<0,001); and for CFU-GM of females at 12 weeksi@8nt t test, p=0,039).

It should be noted that the number of cells hardeftom femurs and spleen of animals were
not significantly different between control arfitSr ingesting animals (data not shown),
indicating that the absolute number of CFCs renthimechanged iff°Sr ingesting animals

when compared to the control animals.
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Figure 70. Colony forming cells (CFCs) in the bone marrow apteen of animals of the juvenile mouse model.
CFU-GEMM: colony-forming units-granulocyte erythgde monocyte macrophage; CFU-GM: colony-forming
units-granulocyte macrophage and BFU-E: burst-fogminits-erythroid. The number of progenitors akeig

for the bone marrow per i@lated bone marrow cells and for the spleen pérpldted spleen cells. All the
results are presented as mean = SD, with 5 anipalgroup. Time-specific differences between cdrdaral
sr ingesting males or control affiér ingesting females are significant for *: p<O&f **: p<0.001 (Student

t test).
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4.Effects on the iImmune system

4.]1. Steady-state immune system

4.1.1. Thymus parameters

4.1.1.1.Phenotypic analysis of thymic cells

Results showedr{g 71) some time-specific significant differences betweentrol and°Sr
ingesting animals for the T lymphocyte subsetsetési.e. CDACD8 double negative
thymocytes, CD4CDS8" double positive thymocytes, CD@D8 T helper lymphocytes and
CD4CD8" T cytotoxic lymphocytes. Indeed, time-specific reéfigant differences were
observed between control aff$r ingesting animals for CD&DS8' cells of males at 6 weeks
and at 16 weeks (Student t test, p=0.026 and p20:@8§pectively), for CDLDS cells of
males and females at 16 weeks (Student t test, fpe®001) and for CDEDS" cells of
males at 6 weeks (Student t test, p=0.011). Howéere was no overall significant variation
according to either th&Sr ingestion status or the age of animals as detmated by 2-way
ANOVA analysis (p>0.05). As a result, the CD@D8" ratio seemed not to be affected by

chronic ingestion of°Sr.
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Figure 71. Phenotypical analysis of thymic cells of animalgte juvenile mouse model. Percent CO28
double negative thymocyteA), CD4'CD8" double positive thymocyte®), CD4CD8 T helper lymphocytes
(C) and CDACDS8' T cytotoxic lymphocytes[). All the results are presented as mean + SD, Svitimimals per
group. Time-specific differences between contral &r ingesting males or control aftr ingesting females
are significant for *: p<0.05 and **; p<0.001 (Sant t test).

4.1.1.2.TRECs

We used T cell excision circle (TREC) detectionaas indicator of T cell receptor gene
rearrangement, which is a central process durihgriphocyte differentiation. No significant
variation of the ratio of TRECSF({g 72) was observed in comparison with the reference
dotted line, indicating that the frequency of TRE&a&s not significantly different between

control andSr ingesting animals.
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Figure 72.Ratio of T cell excision circles (TRECSs) in thyngells. All the results are presented as mean * SD,

with n=9-10.

4.1.2.Blood parameters

4.1.2.1.Interleukin-7

Interleukin-7 (IL-7) concentration in plasmgig 73) was used as a bio-indicator of T cell
homeostasis. There was a significant influencéefage of animals on IL-7 concentration (2-
way ANOVA analysis, males: a4y = 7.8, p<0.001 and femaless ks) = 11.1, p<0.001). No

influence of the contamination status of animals whserved (2-way ANOVA analysis,

p>0.05), with a time-specific exception at birtm foales (Student t test, p=0.002).
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Figure 73. Evolution of IL-7 concentration (pg.i)l in blood plasma of animals of the juvenile mousedel.
All the results are presented as mean * SD, witb 2 animals per group. Time-specific differencesween

control and®Sr ingesting males or control af®r ingesting females are significant for *: p<0(®udent t

test).

160



4.1.2.2.Immunoglobulins G and M

Circulating immunoglobulins G (IgG) and M (IgMFrig 74) were measured as indicators of
B lymphocyte function. No significant differencestiveen control and’Sr ingesting animals
were observed, although a significant evolutiomg® and IgM levels according to the age of
animals was observed by 2-way ANOVA analysis (p80)0 This suggests that the main
immune function of B lymphocytes, i.e. immunoglabuproduction, was not affected by
chronic ingestion of°Sr.
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Figure 74.lImmunoglobulins G (IgG) (A) and M (IgM) (B) leve{sig.mi*) in blood plasma of control ardSr
ingesting animals of the juvenile mouse model. Kmificant differences were observed between coratnal

Sr ingesting animals for the same age and sex.|Rese presented as the mean + SD of 5 animalgrpep.

4.1.3.Spleen parameters

4.1.3.1.Phenotypic analysis of spleen cells

Phenotypic analysis of spleen cells showEd) (75 some significant differences between
control and®°Sr ingesting animals for the cell populations tesiee. CD3CD4" T helper
lymphocytes, CD3CD8" T cytotoxic lymphocytes, CD48D19" B lymphocytesand
CD3'CD4'CD25" T regulatory cells. Indeed, time-specific significadifferences were
observed between control aftr ingesting animals for CDBD4" cells of females at 3
weeks (Student t test, p=0.029) and of males awvéeks and 20 weeks (Student t test,
p=0.003 and p=0.033 respectively); for COBS" cells of females at 3 weeks (Student t test,
p=0.005) and of males at 12, 16 and 20 weeks (&tudest, p=0.002, p=0.030 and p=0.005
respectively); for CD45CD19" cells of males at 6 weeks (Student t test, p<Q.Goid
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females at 6 weeks and 12 weeks (Student t te6tpp4 and p=0.022 respectively); and for
CD3'CD4'CD25" cells of females at 16 weeks (Student t test, @0. and males at 20
weeks (Student t test, p<0.001). However, theremnagverall significant difference between
control and®Sr ingesting animals for all the cell populatioested, as demonstrated by 2-
way ANOVA analysis. As a result, the CI)@D8" ratio seemed not to be affected by chronic
ingestion of°Sr.
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Figure 75. Phenotypical analysis of spleen cells of animélthe juvenile mouse model. Percent COB4" T
helper lymphocytesA), CD3'CD8" T cytotoxic lymphocytes ), CD45CD19" B lymphocytes(C) and
CD3'CD4'CD25 T regulatory cells@). All the results are presented as mean + SD, @idéimimals per group.
Time-specific differences between control afifir ingesting males or control aft6r ingesting females are
significant for *; p<0.05 and **; p<0.001 (Studertest).
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4.2. Immune response to KLH and TT antigens

4.2.1.Specific immunoglobulins

We used a vaccine challenge experiment as a furatttest to study the immune system of
our animals. Tetanus toxin (TT) and keyhole limpemocyanin (KLH) antigens were used,
both classically used in toxicological experimenfhis experiment was made with 3 week
old control and®Sr ingesting animals. Two antigen injections werdm the first one at 3
weeks of age and the second one at 20 weeks oh agder to evaluate both the primary and
secondary vaccine response. The concentration®aigl IgM specific for either TT or KLH
was followed for 4 weeks after each injection. Rissfrig 76) indicated that very low levels
of specific immunoglobulins for either TT or KLH weefound in placebo injected animals,
either form the control group or from tA%r ingesting group, throughout the experiment and
without any significant evolution according to tinf2way ANOVA analysis, p>0.05). In
antigen injected groups a time dependent increapéasma concentration of specific 1IgG or
IgM against TT or KLH was observed by 2-way ANOVAadysis (p<0.001). Furthermore
specific time point significant differences weresebved especially for IgG specific to TT
between control ant’Sr ingesting TT vaccinated animals (2-way ANOVA |gsis Ri175) =
12.9, p<0.001).

163



1e+6 3 —a— Control placebo 1e+5 ; *
—&— Control TT —a— Control placebo
= o— 9gr placebo Sk = —a— Control KLH
E je45] O TsrTT = t —0— *sr placebo
o '€ 9 letd{ —— *°SrKLH
= £
- * I
= <
2 1et+a ] o 1e+3 ;
© =
= o
5 = — & 5503
2 * 8
o 1e+3 4 2 1e+2 4
o ]
2 m 9 *
= o
1e+2 T T T T T T T 1e+1 T T T T T T T
0 2 4 6 8 20 22 24 0 2 4 6 8 18 20 22 24
Age (weeks) Age (weeks)
C
10000 —e— Control placebo
— —&— Control KLH
E —o— *°gr placebo
9 —0— *'SrKLH
I
.|
X
o 1000 - ﬁ
(2]
E
[*]
I3
o
(]
=
=)
100

0 2 4 6 8 18 20 22 24

Age (weeks)
Figure 76. Specific immunoglobulin response of control afiflr ingesting male animals injected with either
tetanus toxin (TT) or keyhole limpet hemocyanin @Lor saline (placebo). Results were analysed séggr

for saline, TT or KLH injected animals using a 2ywANOVA test. Each point is the mean = SD from 12

animals. Time-specific significant differences ardicated for *: p<0.05 and **: p<0.001.

4.2.2.Phenotypical analysis of spleen cells

Phenotypical analysis of spleen cellBig( 77) of vaccinated animals at 24 weeks was
performed for the following cell populations: CIED4" T helper lymphocytes, CD@DS" T
cytotoxic lymphocytes, COL£D25 T regulatory cells and CD46D19" B lymphocytes.
Significant differences were observed for CDOB4' cells between control arfdSr ingesting
TT vaccinated animals (Student t test, p=0.044) famdCD45CD19" cells also between
control and’®Sr ingesting TT vaccinated animals (Student t f&s®.009).
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Figure 77.Phenotypical analysis of spleen cells of contral ¥Sr ingesting animals injected with either saline
(placebo), keyhole limpet hemocyanin (KLH) or tetaroxin (TT). Percent CO8D4" T helper lymphocytes,
CD3'CDS8" T cytotoxic lymphocytes, COED25 T regulatory cells and CD46D19" B lymphocytesn the
spleen are given for each group. All the resulis presented as mean + SD, with 6 animals per group.

Differences between groups are significant for<o@5 (Student t test).

4.2.3.Gene expression analysis

Gene expression analysis of genes implicated in differentiation of naive CD4 T
lymphocytes towards T helper 1 cells (Thl), T helpecells (Th2) or T regulatory cells
(Treg) was performed at the spleen of control #8d ingesting animals of 24 weeks of age
(Fig 78). For Th1l cells we analysed the gene expressidnrtmix expressed in T cells (Tbet)
and interferon gamma (IFNg), for Th2 cells the gempression of Gata-binding protein 3
(Gata3) and interleukin-10 (IL-10) and for Treglse¢he gene expression of Forkhead box P3
(FoxP3). For all genes we observed significantedéhces by Student t test analysis (p<0.05)
between control and®Sr ingesting KLH or TT vaccinated animals, with wesignificant
decreases in both Thet and Gata3 gene expressidfsfangesting KLH and TT vaccinated

animals compared to control KLH and TT vaccinatenals (Student t test, p<0.001).
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Figure 78.Expression of genes implicated in the differentiatof naive CD4 T lymphocytes towards T helper
1 cells (Thl), T helper 2 cells (Th2) or T regutstoells (Treg) at the spleen of 24 weeks male afsrimjected
with either saline (placebo), keyhole limpet heraty (KLH) or tetanus toxin (TT). Thet: T-box expsed in
T cells, Gata3: Gata-binding protein 3, IFNg: ifégeon gamma, IL-10: interleukin-10, FoxP3: forkhdsuk P3.
Expression of genes for all groups is relativen® ¢ontrol placebo group and GAPDH is used asesfer gene.
Results are presented as mean * standard erroeari (8EM). Differences between groups are sigmifiéar *:
p<0.05 and **;p<0.001 (Student t test) and n=8-11.

4.2.4.Protein expression analysis

Moreover we analysed the expression of Thet, GataBFoxP3 at the protein level in the
spleen of control and’Sr ingesting animals of 24 weeks of d&ég 79). For KLH and TT
vaccinated animals we found a decrease in Tbekiprdévels for®Sr ingesting animals
compared to control animals, although this decresseonly statistically significant fofSr
ingesting TT vaccinated animals (Student t tes@.@23). On the other hand, for Gata3 and
FoxP3 no significant differences were found betweentrol and®°Sr ingesting animals,
whatever the vaccination status of the animalsd@&itt test, p>0.05).
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Figure 79. Protein expression levels of Thi), Gata3(B) and FoxP3C) in the spleen of control arfdSr
ingesting male animals of 24 weeks injected withegi saline (placebo), keyhole limpet hemocyanibHKor
tetanus toxin (TT). Representative images of pnoteands are shown for each group. Protein levele we
normalized to the protein level of glyceraldehydph®sphate dehydrogenase (GAPDH). Results arergegse

as mean = SD. Differences between groups are gigntffor *: p<0.05 (Student t test) and n=5-6.
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5.Cell culture models

To examine the mechanisms of action®®r we used the pre-osteoblastic MC3T3-E1 cell
line. This cell line has been shown to be a vialedel for exploring the molecular
mechanisms of osteoblast proliferation, maturatiod differentiation (Gal et al. 2000). It has
been shown that MC3T3-E1 cultured in the preseh@saorbic acid anfl-glycerophosphate
display a time-dependent and sequential expresgiosteoblast characteristics analogous to
the bone formation process in vivo. The cells &tyiveplicate, express alkaline phosphatase
(ALP) activity and synthetize a collagenous extiat@ matrix which progressively

undergoes mineralization (Barbara et al. 2004, [@aaat al. 1992).

5.1. Differentiation potential

To validate the previous mentioned studies we inyated the differentiation potential of
pre-osteoblastic MC3T3-E1 clone 4 cells in the pnegs of ascorbic acid (AA) ang
glycerophosphate (BglyP). Moreover we investigdtedeffects of non-radioactiV&SrCh on

bone matrix mineralization, collagen synthesis alkdline phosphatase activity.

5.1.1.Bone matrix mineralization

We examined by Von Kossa staining bone matrix naileation of MC3T3-E1 clone 4 cells
treated with cell culture medium alone (controlpdium supplemented with 10 mfisrCh,
or medium supplemented with AA + BglyP during 7,dfd 14 daysHKig 80). A significant
increase over time in bone matrix mineralizatiorswaly observed for MC3T3-E1 clone 4

cells treated with AA + BglyP.
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Figure 80. Representative images (10x) of Von Kossa staininlylC3T3-E1 clone 4 cell cultures after 7, 10
and 14 days of treatment with cell culture medidome (control), medium supplemented with 10 ff&rCl, or
50ug/ml acid ascorbic (AA) + 10 mBtglycerophosphate (BglyP).

Bone matrix mineralization was also examined byz&iin Red S stainingF{g 81). An
increase in mineralization was again only obsefeedMC3T3-E1 clone 4 cells treated with
AA + BglyP. The presence &fSrCh in cell culture medium at the concentration ofri®!

didn’t seem to affect bone mineralization in oupesments.
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Figure 81. Mineralization (% difference treated vs controf)MC3T3-E1 clone 4 cell cultures after 7 and 14
days of treatment with cell culture medium suppleted with 10 mM*®SrCl, or 50ug/ml acid ascorbic (AA) +
10 mM B-glycerophosphate (BglyP). Results are presentedeas + SD of 2 independent experiments.
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5.1.2.Collagen synthesis

Collagen synthesis was examined by Sirius Red istaifrig 82). The presence of 10 mM
83rCh in cell culture medium didn’t stimulate collagepnthesis by MC3T3-E1 clone 4
cells. However collagen synthesis was increasedlfather conditions tested, i.e. cell culture
medium supplemented with AA, AA + 10 mf#srCLor AA + BglyP.
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Figure 82.Collagen synthesis (% difference treated vs ctndfdVIC3T3-E1 clone 4 cell cultures after 7 and 14
days of treatment with cell culture medium suppleted with 10 mM®8SrCh, 50pg/ml acid ascorbic (AA),
50pug/ml AA + 10 mM®8SrClL, or 50pg/ml AA + 10 mMB-glycerophosphate (BglyP). Results are presented as
mean * SD of 4 independent experiments.

5.1.3.Alkaline phosphatase activity

We examined alkaline phosphatase (ALP) activityMeen 3 and 21 days of MC3T3-E1
clone 4 cells in the presence of 10 i@rCh in cell culture medium (supplemented with AA
+ Bglyp) (Fig 83). A significant increase in ALP activity was obged between 3 and 10
days and declined slightly afterwards. However,significant difference was observed in
ALP activity of the cells contaminated wifiSrCL and supplemented cell culture medium

alone in this experiment.
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Figure 83. Effect of 10 mM®SrCl, on alkaline phosphatase (ALP) activity (OD at 595hmg protein) by
MC3T3-E1 clone 4 cells at 3, 7, 10, 14 and 21 ddyseatment. Results are presented of 1 experiment

5.2. Cell mortality and viability

Our results of bone matrix mineralization, collageynthesis and alkaline phosphatase
activity tests confirmed that MC3T3-E1 cells cu#tdrin the presence of AA and BglyP
display a time-dependent and sequential expresgiosteoblast characteristics analogous to
the bone formation process in vivo. Howev&fSrCh in cell culture medium at a
concentration of 10 mM didn’t have any influencetba differentiation potential of this cell

line.

In a next step we investigated’fSr has an influence on the cell mortaliBig 84) and cell
viability (Fig 85) of the MC3T3-E1 clone 4 cells. We used differeancentrations of°Sr
(from 3.125 kBqg.mt to 100 kBq.mif) in cell culture medium but didn't observe any
significant modification on the mortality and vility of MC3T3-E1 clone 4 cells in the

presence ot°Sr.
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Figure 84. Effect of different concentrations &5r (3.125 kBg/ml up to 100 kBg/ml) and 10 nif&rC on the
cell mortality (measured by the release of lactigieydrogenase (LDH)) of MC3T3-E1 clone 4 cellsra?4, 48

and 96 hours treatment witfsr or®®SrCh. Results are presented as mean + SD of 4 indepeagperiments.
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Figure 85. Effect of different concentrations &1Sr (3.125 kBg/ml up to 100 kBg/ml) and 10 nff&rCl, on the
cell viability (measured by MTT assay) of MC3T3-Elbne 4 cells after 24, 48 and 96 hours treatmaéifit RSr

or ¥SrCh. Results are presented as mean + SD of 4 indepeagperiments.

5.3.y-H2AX foci

In preliminary experiments we detectgeH2AX foci, as markers of DNA double-strand
breaks (DSB), in MC3T3-E1 clone 4 cells that weradiated with a dose of 0.5 Gy and foci
per cell were counted after 30 minutésy(86). One has to note that the numbelry-¢12AX

foci in control non-irradiated cells was highee, i7.6 = 3.6 foci per cell for the 3 experiments

taken together, than normally expected for nordiated cells. For the irradiated cells 13.3 +
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5.6 foci per cell were observed for the 3 experite¢aken together. This higher number-of

H2AX foci indicates more DNA double-strand breaksrradiated cells.
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Figure 86. Number ofy-H2AX foci per cell of MC3T3-E1 clone 4 cells irrated at a dose of 0.5 Gy for 3
independent experiments. Results are presenteccas nSD of 100 evaluated cells per condition. é&é&hces

between control (0 Gy) and irradiated (0.5 Gy) g®are significant for **:p<0.001 (Student t test).

Because of the observed high numbey-6f2AX foci already present in the control MC3T3-

E1 clone 4 cells, we decided to use for furtheregixpents mesenchymal stem cells (MSC).

We repeated the above described experiment (itradiat 0.5 Gy) Fig 87) and observed a
lower number ofy-H2AX foci for the control MSC than for the MC3T3tEcells (1.0 £ 0.1
foci per cell for both experiments vs. 7.6 + 3.@ifper cell respectively). Furthermore, a
higher number of-H2AX foci were observed for the irradiated MSCO(Z 1.0 foci per cell
for both experiments) compared to the control MSC.
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Figure 87. Number ofy-H2AX foci per cell of MSC irradiated at a dose @5 Gy for 2 independent
experiments. Results are presented as mean + SID®Evaluated cells per condition. Differences leetw
control (0 Gy) and irradiated (0.5 Gy) groups agmificant for *;p<0.05 and **:p<0.001 (Studentetst).

Finally we evaluateg-H2AX foci in MSC after’®Sr contamination. MSC were contaminated
by 1 kBg.mi* or 10 kBq.mf" during 30 minutes, 24 hours or 72 houfi(88). Experiments
showed morey-H2AX foci in *°Sr contaminated MSC than control MSC for almost all
experiences. This demonstrates the induction of R¥Able-strand breaks in MSC cells by
radiation of*°Sr. However, at longer exposure times’¥r present in cell culture medium

(i.e. 72 hours), fewer-H2AX foci per cell were observed and thus indiegtDSB reparation.
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Figure 88. Number ofy-H2AX foci per cell of MSC contaminated with 1 kBaj/ of *°Sr (A) and 10 kBg/ml of
sr B) after 30 minutes, 24 hours and 72 hours’8f contamination. Results for 2 independent expamim
and presented as mean * SD of 100 evaluated ceflscgndition. Differences between control aff§r

contaminated groups are significant for **;p<0.q&tudent t test).
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Discussion
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Discussion

For several years the research program ENVIRHOMuatlaboratory has been dedicated to
the study of non-cancerous effects of chronic itigef low quantities of radionuclides. The
type of contamination used, i.e. chronic ingestiwas chosen because it is representative to
the mode of contamination for populations living @dionuclide contaminated territories
after nuclear accidents. These accidents led taligy@ersion of many radionuclides in the
environment. On the long term, two radionuclidesas important for chronic contamination
by ingestion,**'Cs and®°Sr (Fairlie 2007; Kashparov et al. 2001). Indeesliesal studies
showed that due to the Chernobyl accident imporpogulations are already chronically
exposed to small amounts '6fCs and®Sr by ingestion, although studies showed a reduictio
of radionuclide ingestion with time (Cooper 1992;Ruig and van der Struijs 1992; Hoshi et
al. 1994; UNSCEAR 2000).

The first studies conducted at our laboratory wieised on the effects of chronit'Cs
contamination by ingestion. These studies showed the contamination induced some
modifications in various physiological systems aident models used. For instance, a
modification of sleep-wake cycles in rats (Lestdeateal. 2006) was demonstrated, which
may be associated with a neuro-inflammatory reactibestaevel et al. 2008). Also
modifications on the cardio-vascular system (desgeia arterial pressure) (Gueguen et al.
2008), the vitamin D metabolism (decrease of actit@min D3 in plasma) (Tissandie et al.
2006; Tissandie et al. 2009), the cholesterol nwisin (increase in different cytochromes
intervening in the transformation of cholesteroti dmle acids) (Racine et al. 2010; Racine et
al. 2009; Souidi et al. 2006) and the steroid harenmetabolism (Grignard et al. 2008) were
shown. However, most of the observed modificatiaresat the molecular level (such as gene
expression modifications or variation in proteimthesis) without any major consequences
on health status of animals (Lestaevel et al. 20B9)contrast, studies on the hematopoietic
and immune systems showed no modifications aftesnit ingestion of*’Cs (Bertho et al.
2011; Bertho et al. 2010).

Overall, results obtained showed that chronic itigasf **'Cs has limited effects on animal

physiology. Furthermore modifications on the herpatetic and immune systems as

observed for populations living on contaminateditimies, as described in the introduction
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section, were not observed. Thus it was sugges$igdtihese observed effects were due to
other radionuclides thaf®’Cs and we decided to investigate the effects obrihr®®Sr

contamination by ingestion.

The effects of°Sr after administration by injection, inhalationingestion have been under
study for several decades using laboratory aniffidek et al. 1982). Most of these studies
were performed using large animals, mainly beagigsdand involved a relatively short
period of administration, by single injection, mpike injections, or inhalation, or longer
periods of administration, by ingestion. Howevehe tbulk of these studies mainly

investigated cancerous effects affi&r contamination at high quantities of this radicite.

1.°°Sr biokinetics

We used a juvenile and adult mouse model and congédion was performed by drinking
water containing &°Sr concentration of 20 kBd\] as previously used by Bertho et al.
(Bertho et al. 2011; Bertho et al. 2010). This @riation corresponds to a daily ingestion of
%9Sr by populations living on contaminated territerigf Chernobyl, mainly by consumption
of dairy products and mushrooms (de Ruig and vanSdeiijs 1992; Hoshi et al. 1994).
Indeed, we expected that animals used in our shgbsted on average 5 ml of water per day,
which gives &°Sr contamination of 100 Bq per day. Our resultsagwbthat for our animals
the daily’Sr intake ranged from 40 Bq up to 91 Bq per anirdapending on its age and
gender. Thus our protocol of chronic contaminatitirough ingestion appears as

representative of what is going on in contaminaéedtories.

We detected®Sr mainly in bones is in agreement with other eixpental studies in various
animal models (Gillett et al. 1992; Lloyd et al.789 Raabe et al. 1981) including rats (Gran
1960; Nilsson 1970a, b) and in accordance withbib&inetic model of strontium previously
proposed by the ICRP (ICRP 1993; Leggett 1992; d.ley al. 1976). The juvenile and the
adult models showed very different patterns®r accumulation in bones. The rate®t@r
uptake in bones was rapid during the first weeksftsdpring’s life, reaching a plateau level
afterwards at adult age. A plateau leve!%fr accumulation at adult age was also observed in
a study with beagles which ingested chronic3§r from in utero to 1.5 years of age (Parks
et al. 1984).
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As shown by Book et al., this high rate *88r accumulation is correlated with bone growth
(Book et al. 1982). Moreover, it has previously theemonstrated that the level of strontium
uptake is limited by calcium availability (Aposto&@®02; Hollriegl et al. 2006a; Hollriegl et
al. 2006b; Hoshi et al. 1994). In fact, in the prdsstudy the animals received a diet with
normal levels of calcium, thus limiting the absawptof strontium. Other studies showed that,
due to their chemical similarities, strontium analcaim share similar transport system
mechanisms across the intestinal wall and are bedarompetitively (Apostoaei 2002; Hoshi
et al. 1994). A study by Sugihira et al. showed tha ratio of Sr/Ca accumulation in bones
was higher during young ages, possibly due to adnigfficiency of Sr absorption by the
small intestine early in life (Sugihira et al. 1990hese mechanisms may explain both the
rapid increase in°Sr accumulation at young ages and the plateau kevéhe adult age
observed in the juvenile model. Further they sugtges °°Sr accumulation in bones may be
limited even in immature skeletons that have thgh ftalcium turnover associated with early

life.

By contrast, in our adult mouse model, a contintinagease of°Sr content in the bones was
found during the 20 weeks of chrofifiSr ingestion and no plateau level was reached. i$his
probably due to the low level of daily ingestioniahh may not allow reaching equilibrium
between ingestion, excretion and bone accumulationhalso to the limitation to 20 weeks of
ingestion duration. Furthermore, the reduced rdté°®r uptake in our adult model is in
accordance with other studies showing figt uptake in adult bones is mainly linked to bone
remodelling (Dahl et al. 2001; Momeni et al. 1978@meni et al. 1976Db).

In all the other organs tested (blood, liver, splekidneys, thymus, heart, lungs, CNS,
muscles, skin)?°Sr was below the detection limit. In fact, sinceypous studies showed that
more than 90% of absorbed strontium is accumulatdabnes (ICRP 1993), this indicates
that, according to the daily rate 81Sr intestinal absorption between 0.1 and 0.4 in our
models, less than 3.5 Bg may be found in all otrgans than the skeleton. This estimation
strongly suggests that, onc&Sr is present in the liver, kidney and/or bloode fiSr

concentration is below the detection limit in oundels.

Nevertheless, small amounts®88r were found in the digestive tract. Measuré’sf content
in different segments of the digestive tract (stomasmall intestine, caecum and large

intestine) of animals of both models showed tff&r was only detectable in the small
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intestine and not in the other segments. This sstggather a weak trapping 88r in the villi
of the intestinal mucosa than a real accumulatiorthie intestinal tissue, as previously
described for uranium ingestion (Dublineau et AD2 Dublineau et al. 2005). However, this
local retention may have influence on the inflamomatstatus of the intestine due Rsr
irradiation, similarly to the inflammatory reactiombserved in a rat model of uranium

ingestion (Dublineau et al. 2007).

Furthermore, gender differences were observetiSn uptake. For both models high8sr
contents were found in the bones of females as amdpto males. This difference between
males and females was observed whatever the dkslttatested at the age of 6 and 20
weeks. It is well known that bone remodelling iglenthe dependency of hormonal cycles in
females (Chiu et al. 1999; Hotchkiss and Bromma@@02 Kalyan and Prior 2010) and this
may explain the observed discrepancy’i&r accumulation in bones between females and
males, despite the low&lSr intestinal absorption in females as comparedates. Especially
the oestrogen hormone seems to be involved inetipgdation of the bone physiology. Indeed,
a study showed that osteoblasts express oestregeptors, which once activated promote

osteoblast differentiation (Marie 2001).

Differences in’Sr content were also observed according to theergifit skeletal sites.
Previously a study with monkeys who were chronjcetintaminated by’Sr ingestion for 26
weeks showed that the incorportation ¥8r into bone depended upon skeletal site.
Differences in®°Sr content were observed in the femoral diaphysisbar vertebra and iliac
crest (Dahl et al. 2001). A difference in skeletalention was also observed in beagles
following ingestion or injection of°Sr (Momeni et al. 1976a; Momeni et al. 1976b). The
variations in uptake of Sr between various skelsitals may depend on differences in local

bone turnover and regional blood flow (Dahl et28l01).

Our results confirmed that the skeleton is the predrential site of storage of°Sr along
the course of a long term chronic ingestion. We adsshowed that the incorporation of
sr was age, gender and skeletal site dependant atids must be taken into account in

future studies on the potential effects of°Sr chronic ingestion on the long term.
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2.Absorbed*°Sr doses

We calculated absorbed radiation doses based upse @bnversion factors (DCF) for a rat
model published by the ICRP (ICRP 2008).

Results show that the application of these DCRumexperiments with chronic contamination
through ingestion ot’Sr allowed calculating absorbed radiation dosesdzn 0.3 + 0.1 mGy
and 10.6 + 0.1 mGy. More precisely, after 20 weeks’Sr ingestion, they were 9.7 + 0.1
mGy for males and 10.6 £ 0.1 mGy for females injthenile model and 3.8 £ 0.1 mGy for
males and 4.7 £ 0.1 mGy for females in the aduld@ehcAs such, absorbed radiation doses to
the whole body due to the chrofifiSr intake and accumulation in bones remained lowuin

model.

However, the setup of DCF relies on some hypothesks first one is the simplified
geometry of animals and their environment. Thisaismajor limitation, since energy
deposition in living tissues depends on the sotaioget geometry. In fact, the model used for
a rat representation is a solid ellipsoid with regkd of 20 cm, diameters of 6 and 5 cm, and a
mass of 315 g. This is approximately 12 fold largean an adult mouse. The DCF model
considers also that plants and animals are made maedium of homogeneous density in
which radionuclides are homogeneously distribut€2RP 2008). Obviously, results from
biokinetic experiments demonstrate that radioneslidcare heterogeneously distributed.
Indeed °Sr for example seems to be strictly localized indm(Synhaeve et al. 2011; Dahl et
al. 2001) and®*'Cs content varies from 2 kBqg.:Xgn the skin up to 30 kBg.Kgin striated
muscles in the adult mouse (Bertho et al. 201®sue density on itself also varies, although
in lesser proportions, from less dense tissues aadhngs up to more dense tissues such as

bones and teeth.

The use of a soil uniformly contaminated surrougdime animal as a substitute to calculate
the external radiation dose due to the mother duoetal life is another important limitation.

Other limitations are parameters linked to anin@lding such as the litter contamination, the
presence of the bottle of drinking water containing radionuclide in the upper part of the
cage and the cross irradiation of animals by neaghd Litter contamination may be taken

into account by using DCF proposed for a supelficeontaminated ground (ICRP 2008),
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but other parameters would need additional modgllhowever, due to the short distance
travelled byp particles emitted by°Sr, the external radiation doses due to these peas
seems to be negligible in the case’¥r contamination experiments, as it was the case fo
external irradiation due to the contamination of thother during fetal life. On the other
hand, they may induce a significant external imtidn in the case of'Cs contamination
experiments. This hypothesis is supported by tHeulzion of external radiation doses
during foetal life due to mother contamination.

However, we were able to verify that the use of idemodel proposed by the ICRP as a
surrogate for the mouse does not induce large taictes on the calculation of mean whole
body absorbed radiation doses f88r and*®*'Cs used in our studies. In fact, by using a
method of dose calculation based upon specific ratisa fractions (SAF) previously
established in a mouse voxel phantom by Stabih €s&bin et al. 2006) we observed a good
correlation between the doses estimated by the B@# SAF methods. Moreover, in
collaboration with our laboratory, a three dimensiomouse voxel phantom was created by
the Laboratory of Internal Dose Evaluation (LEDBy Monte Carlo simulation they
calculated for our juvenile mouse model an absodiesk of 10.2 mGy for the whole body
after 20 weeks of°Sr chronic ingestion, which confirms the whole batgorbed dose at the
same time point calculated by us with use of thé=DQverall, the DCF calculated absorbed
radiation doses to the whole body were very sintitathe values obtained with the mouse
voxel phantom of the LEDI. In conclusion, the DGHctlation method allows estimating in a
simple and rapid way whole body radiation dosesowddesl by laboratory rodents in
contamination experiments on the long term, pravithat data on organ mass and biokinetics

are available.

Furthermore, absorbed radiation doses for specifjans could be calculated by the LEDI
with use of their mouse voxel phantom. As expectieel,absorbed dose for the skeleton was
much higher than other tissues and reached 55.0 fmGyur juvenile mouse model after 20
weeks of°Sr ingestion. Consequently, potential health egf@ft°Sr chronic ingestion may
be observed on the bone physiology and also thatogmietic system, due to the location of
the hematopoietic stem cells close to the bonev(@alal. 2003; Howard and Clarke 1970;
Taichman 2005). Indeed, a dosimetric model desdribat much higher radiation doses may

arise to hematopoietic stem cells due to the priyiof bone (Eckerman and Stabin 2000).
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As the bone marrow is the main anatomical site dfyBphocyte differentiation, potential

effects may be observed on the immune system.

For our mouse models absorbed radiation doses toghwhole body remained low. On the
other hand, absorbed doses for the skeleton were i higher and could have an impact
on bone physiology as well as on the hematopoietiod immune systems.

The use of a juvenile mouse model to study poteefiacts of*°Sr contamination by chronic
ingestion on the bone, hematopoietic and immuntgesys seemed to be of particular interest
because the absorbed radiation is higher. The logoiatic and immune systems which
mainly develop during late fetal and post-nata &hd juveniles show an enhanced sensitivity
towards many toxic compounds including radionudi@Blakley 2005; Hoyes et al. 2000;
Lindop and Rotblat 1962; Preston 2004). Moreoveejrtlifespan makes them the primary

targets for potential long-term effects.

3.Effects on the bone physiology

Different phases of the skeletal development wardiad to estimate the effects of a chronic
%Sr contamination by ingestion on the bone physipldgring bone growth and bone
maturity. For this purpose, we analysed calciungsphate and alkaline phosphatase (ALP)
plasma levels but also more specific biochemicalkera of bone turnover in plasma which
allowed us estimating the processes of bone foomatnd bone resorption. We evaluated also
plasma concentrations of the calciotropic hormah@&-(OH) vitamin D3 and parathyroid
hormone (PTH) which both influence bone metabolisyplaying a crucial role in the
regulation of calcium and phosphate homeostasiekBad Kang 2009; Morgan 2001).
Finally on femurs, expression analysis of geneslired in the bone formation and resorption

and a morphological study by histomorphometry wesdormed.

First of all, we didn’t observe a modification ialcium and phosphate plasma levels*f@r
ingesting animals compared to control animals. idgitvere the plasma levels of 1,25-(@QH)
vitamin D3 and PTH modified, which by acting on timestine, bone and kidney, strictly
regulate the plasma concentrations of these elememortant in bone mineral status (Baek
and Kang 2009; Brzoska and Moniuszko-Jakoniuk 20B5&arnero et al. 2003; Tissandie et
al. 2006).
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On the other hand, significant increased plasmaldewf the bone resorption marker C-
telopeptide degradation products from type 1 celta(CTX) were observed MSr ingesting
males at the age of 6 and 20 weeks. Previouslgtimodels, it was shown that an increased
concentration of CTX in plasma is associated toeahanced degradation of bone matrix
(Brzoska and Moniuszko-Jakoniuk 2005a, b; Garnerd. 003). Surprisingly this effect was
observed in males and not in females. The lattee I fact a skeleton which is supposed to
be more susceptible to damage resulting from vaniatin calcium levels associated to
hormonal cycles, pregnancy, lactation cycles ortrpesopausal changes in the hormone
profile (Riis 1996; Xing and Boyce 2005). By comtabone formation markers measured in
plasma, i.e. bone-specific ALP, bone morphogermitein 2 (BMP2) and procollagen 1 N-
terminal propeptide (PINP) were not modified acoogdto the contamination status of

animals, either in males or females.

At the same time points, i.e. during skeletal groamd at maturity, we observed a significant
decrease in the bone formation activating genes &tdPosteocalcin (OCN) and a significant

increase in the bone resorption gene RANKL in fesraff’Sr ingesting animals.

The results of plasma markers of bone turnovergere expression at femurs may indicate
that*°Sr accelerates the age related loss of bone massHancing the rate of bone turnover.
Indeed, if bone resorption is enhanced and bomadton impaired, the amount of bone that
is lost by continuously occurring bone resorptisnncompletely restored by bone formation
and as such results in a net bone loss. We thkedoat bone morphology at the age of 20
weeks of animals. Nevertheless, at the morpholbtgeal, we could not observe differences
in growth plate thickness and ratio of bone voluméissue volume betweefiSr ingesting

animals and control animals of 20 weeks of age. ¢l@r, we cannot exclude that at later
time points morphological changes at the bone gissuel can be observed f8Sr ingesting

animals.

At 20 weeks of chronic®®Sr contamination by ingestion bone specific plasmanarkers
and gene expression balance at femurs between bofeemation and bone resorption
seemed to be modified with bone resorption in favouof bone formation. At the same

time point no modifications at the morphological le@el could be observed. However, it i

\*2J

not excluded that they could be observed at laterrhe points.
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In conclusion, as we observed a modification intihkance between bone formation and bone
resorption at the gene expression level and plaewel at 20 weeks of chroni’Sr
contamination by ingestion, it would be interestiogmplete to study the effects at the
morphological level at later time points and conlthis study by immunohistology, bone

microarchitecture and bone strength measurements.

4.Effects on the hematopoietic system

As mentioned before, potential health effect®’sf chronic ingestion may be observed on the
hematopoietic system due to the location of thediepoietic stem cells in the bone marrow
close to the bone (Calvi et al. 2003; Porter anlhi@®08; Taichman 2005). Moreover, it is
known that the hematopoietic system is one of thetmadiosensensitive tissues and as such
the effects of external irradiation or radionuclascumulation have already been studied on
hematopoietic stem cells (HSC) (Bertho et al. 2@4&iniak 2002; Svoboda and Klener 1972;
Svoboda et al. 1985).

As such it has been shown that irradiation induanesmportant reduction in the number of
HSC and hematopoietic progenitors in the bone markowever, as the hematopoietic cells
don’t have all the same activation status (restisgproliferating), they don’t have all the
same radiosensitivity. Indeed, HSC located in tichenare in general quiescent and as such
relatively radioresistant. On the other hand, hepaietic progenitors are highly
proliferating, making them more radiosensitive. e opposite, hematopoietic precursor
cells and differentiated mature hematopoietic ¢ellsh the exception of lymphocytes, are
less proliferating and consequently more radiotasts Furthermore, irradiation of medullar
stroma cells affects regulation of hematopoiesisnogification of the expression of growth
factors (Dainiak 2002; Fliedner et al. 1988; Gotlettal. 1997; Laver 1989). Thus, the
hypothesis of an indirect effect of strontium accletion in bones on HSC early

hematopoiesis is substantiated by current knowledge

We investigated the influence of a chrofSr ingestion on the hematopoietic system by
analysing blood cell counts, plasma Flt3-ligandasoriration (as a biological marker of bone
marrow function) (Prat et al. 2006), progenitorgirencies in the bone marrow and spleen
(reflecting the general status of hematopoiesisaii@e and Bueren 2004) and phenotypical

analysis of bone marrow cells.
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With the exception of some punctual time-speciiftedences, we did not detect significant
differences between control animals afir ingesting animals in terms of the parameters
measured. Moreover, we did not observe significkffiérences between males and females.
However, one can note that Flt3-ligand was sigaiftty decreased ifSr ingesting females
at birth. This result could indicate a modified l&apoiesis but was not confirmed by
phenotypical analysis of Li@-kit"'SCA-1" cells in the bone marrow nor by progenitor

frequency both in the bone marrow an in the spleen.

By contrast, significant differences over time (waitit influence of the contamination status of
animals) were observed for some parameters, assoorith normal development of the

hematopoietic system during post-natal life (Tawseuwd Peault 2005). This was for instance
the case for FIt3-ligand concentration, red bloell count and progenitor frequencies in the

bone marrow and the spleen.

Although the parameters used in this study coulddiesufficiently sensitive to detect subtle
variations in the homeostasis of hematopoiesisresurlts strongly suggest that a chrofi@r

intake does not induce a significant modificatidnhe hematopoietic system.

As discussed before, effects on the bone physiolwgye observed after chroni®Sr
ingestion. Surprisingly for the hematopoietic systinis was not the case. Different reasons
can explain this discrepancy. Firstly, strontiund asalcium are both without any known
chemical toxicity (Dahl et al. 2001; Leggett 19%2yrs 2004). Thus the potential toxic effect
may be exclusively linked to the emission of ionigiradiation by’ °Sr. Secondly, thé’Sr
concentration used in this study was low, with esponding radiation doses to the
contaminated animals also being low, i.e. 10 mGytlie whole body and 55 mGy for the
skeleton after 20 weeks of chroni@Sr ingestion. Such radiation doses are possibly
insufficient to induce cell death in detectable amts when compared to the background.
Thirdly, the hematopoietic system is a hierarctycalganized physiological system that is
able to produce from a reduced pool of stem callge numbers of mature and functional
cells per day (Blank et al. 2008; Ceredig et ab®90Consequently, the hematopoietic system
is able to respond to stressful situations, sucbxa®sure to external high dose irradiation,
that lead to significant cell loss (Grande and Bne2004; Prat et al. 2006). In a similar way,
the hematopoietic system may also be able to resfmoan internal exposure with low doses

from ingested“Sr. However, more sensitive methods should be imsertter to confirm this.
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For instance by looking in situ at the HSC in thehe or performing plasma dosages of
specific growth factors of hematopoiesis like stabntell derived factor 1 (SDF-1)
erythropoietin (EPO), thrombopoietin (TPO) or steatl factors (SCF) (Tarasova et al. 2011,
Wognum et al. 2003).

Our results suggest that chronic ingestion o’Sr at low concentrations does not induce a

significant change in bone marrow function of mice.

5.Effects on the immune system

We studied potential effects of chrorfiSr intake on the immune system as earlier studies
suggested that chronic ingestion of long lived eadclides in humans may be responsible for
modifications in thymic physiology (Yarilin et al993), in immunoglobulin levels in blood
(Titov et al. 1995) and in blood lymphocyte subgatgkhovanets et al. 2000). Moreover,
other studies demonstrated a link between the laodeimmune systems by molecular and
cellular interactions, for instance between lymphes and osteoclasts (Hanada et al. 2011;
Takayanagi 2007). Furthermore, it has been showahdbkteoblasts and mesenchymal stem
cells (MSC) can interact with cells of both theaten and adaptive immune systems, leading
to the modulation of several of their effector ftions (Lorenzo 2000; Lorenzo et al. 2008;
Uccelli et al. 2008; Zhu et al. 2007).

First of all we analysed T-lymphocyte differentmatiby phenotypical analysis of thymic cells
and intrathymic T cell differentiation by TREC ewation, being an indicator of TCR gene
rearrangement (Broers et al. 2002; Ciofani and ganiflucker 2007; Sempowski et al.
2002). In fact, in a previous study it was proposet T-lymhocyte deficiencies observed in
victims of the Chernobyl accident were due to a ification of intrathymic T-lymphocyte

differentiation (Yarilin et al. 1993). Our resulshowed no modifications for the T-

lymphocyte subsets tested and for TRECs after éhingestion of’°Sr.

We then looked at mature T lymphocytes in the spl#fecontaminated animals. Analysis of
various T-lymphocyte subsets and the associated /ICD8" T-lymphocyte ratio are indeed
frequently used methods for evaluating the immuatus in various situations including long
term effects of chronic low dose external irradiator internal contamination (Chang et al.
1999a; Chang et al. 1999b; Vykhovanets et al. 2086)vever, percentage of T-lymphocyte
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subsets and CDACD8" T-lymphocyte ratio were not affected by the cheanigestion of°Sr

in our mouse model.

Furthermore, we evaluated interleukin-7 (IL-7) phas levels as an indicator of T cell
homeostasis (Bradley et al. 2005). Also for thisapgeter no significant differences were

observed between control aff&r ingesting animals.

Phenotypic analysis of B lymphocytes in the splegether with determination of circulating
immunoglobulins G (IgG) and M (IgM) in the plasmaoyided a global analysis of B
lymphocyte lineage as were previously used in dystf atomic bomb survivors and a study
of children exposed to the Chernobyl fallout (F@na et al. 1994; Titov et al. 1995). In our
mouse model with chronic ingestion 88r on the long term however, neither B lymphocyte

numbers nor IgG or IgM concentrations were affected

Our results show no major effects on the steady smimmune system of mice after

chronic ingestion of°°Sr at low concentrations.

Although we didn’t observe a major modification ®nand B-lymphocyte populations, we
cannot formerly exclude that potential effects bfamic °°Sr intake might include induction
of accelerated ageing of the immune system thalddo@ observed at later time points. In
fact, some time-specific changes were observeSningesting animals for the parameters
tested, for instance in the percentage of T hedpdrT cytotoxic cell populations in the spleen

at different time points and in IL-7 plasma levebath.

Furthermore, one can note that significant increasehe percentage of CO3D4'CD25 T
regulatory lymphocytes (Treg) were observed 8r ingesting animals at the age of 16
weeks and 20 weeks. Tregs are known to negatiegiylate the immune response from B, T
and NK cells and to control the autoimmune respddager and Kuchroo 2010). As such, an
increase in the percentage of Tregs may suggesidaced response to antigens. Thus,
although no major changes were observed in thedwt®ate immune system, we

hypothesized thafSr contamination could induce functional changethé&immune system.

In order to answer to this question, we investidatiee immune response to a vaccine

challenge. We performed this functional test with specific antigens tetanus toxin (TT) and
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keyhole limpet hemocyanin (KLH), which are clasBicaised in toxicology experiments
(Luster et al. 1993; Luster et al. 1992).

For the circulatory immunoglobulins, we observegh#icant decreases in the levels of IgG
specific to TT for®°Sr ingesting TT vaccinated animals compared torobfftT vaccinated
animals. Moreover, phenotypic analysis of spledis cevealed significant decreases in the
percentage of CDOED4" T helper lymphocytes and CD45D19" B lymphocytes for these

animals.

Based on these facts we evaluated if the Th1l/Thlune response balance was modified
after antigen challenge. First of all we examinadthe spleen the expression of genes
implicated in the differentiation of naive CD#-lymphocytes towards T Thl, Th2 or Treg
cells. We found significant decreases for the g@nrbex expressed in T-cells (T-bet) (Thl),
Gata-binding protein-3 (Gata3) (Th2) and Forkhead B3 (Treg) for’°Sr ingesting TT or
KLH vaccinated animals compared to control TT orHKlaccinated animals. At the protein
level the significant decrease in T-bet expres$mn®Sr ingesting TT vaccinated animals
compared to control TT vaccinated animals was ca&il. This ensemble of results gives an

indication of a modified Th1/Th2 balance and everinamunosuppressive effect §8r.

In conclusion, the vaccination challenge test wWithand KLH to evaluate the functionality of

the immune system after stimulation with antigelngweed a significant decrease in specific
immunoglobulins, an impaired B-lymphocyte diffeiatibn and a possible change in the
Th1/Th2 balance in the spleen in vaccinated aninTdigs suggests an indirect effect of the
%9Sr accumulation in the bones of animals on theimime system and this effect could be

due to the irradiation of bone marrow cells*sr.

A functional test with vaccine challenge demonstrad that the chronic ingestion of°Sr
in the long term modifies the ability of the immunesystem to respond to an antigenic

stimulation.

To complete this study, it would be interestinget@luate this immune response also at the
spleen after the first injection with antigens aowimpare these results with the above
described results after the second injection witigans. We could complete our study by
evaluating the Th1/Th2 balance at the spleen atékw/ (before vaccination), at 7 weeks (end
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of first vaccination) and at 20 weeks (before seceaccination). Furthermore this study can
be extended by phenotypical and histological amalgé bone marrow cells, histological
evaluation of B cells at the spleen and bone marramd to confirm our results by
measurement of Thl and Th2 cytokine levels in piees.

6.°°Sr mechanistic effects

To examine the mechanisms of action®®8r we used the pre-osteoblastic MC3T3-E1 cell
line, which was previously used for exploring theolezular mechanisms of osteoblast
proliferation, maturation and differentiation (Dawet al. 2000; Gal et al. 2000; Wang et al.
1999). As such it has been shown that MC3T3-Elucedt in the presence of ascorbic acid
(AA) and B-glycerophosphate (BglyP) display a time-depenadak sequential expression of
osteoblast characteristics which are analogousa@tocesses during bone formation in vivo.
For instance, the MC3T3-E1 cells actively replicad®press alkaline phosphatase (ALP)
activity and synthetize a collagenous extracellutatrix which progressively undergoes
mineralization (Barbara et al. 2004; Quarles e1882).

To validate these characteristics we investigabeddifferentiation potential of MC3T3-E1
clone 4 cells in the presence of AA and BglyP ascdeed above. Moreover we investigated
the effects of non-radioactiv&SrCh on bone matrix mineralization, collagen synthesid a
alkaline phosphatase activity. Our results of borarix mineralization, collagen synthesis
and alkaline phosphatase activity tests confirmeat tMC3T3-E1 cells cultured in the
presence of AA and BglyP display a time-dependedt sequential expression of osteoblast
characteristics (Al-Jallad et al. 2006; Davis et28l00; Dudziak et al. 2000; Gal et al. 2000;
Nakano et al. 2007; Quarles et al. 1992). Howe¥#SrChL in cell culture medium at a
concentration of 10 mM in our study didn’t have amyuence on the differentiation potential
of this cell line. By contrast, in studies using BI3-E1 cells and comparable concentrations
of non-radioactive strontium ranelate, increasedPAdctivity and collagen synthesis could be
demonstrated (Barbara et al. 2004; Nie and Riclbar@909; Quarles et al. 1992). Thus, the
chemical form of strontium coupled with ranelatgegrs crucial for its activity on the bone
physiology. This in turn may suggest ti8r has only a radiation toxicity in vivo and may

explain that we observe an effec@r on bone resorption in vivo.
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What concerns the action 8Sr on MC3T3-E1 clone 4 cells, we investigated fifSPSr had
an influence on the cell mortality and cell viatylliof these cells. We used different
concentrations ot°Sr (up to 100 kBgq.rfl) in cell culture medium but couldn’t observe any
significant modification on the mortality and vilityy of MC3T3-E1 clone 4 cells in the
presence of°Sr at the concentrations used. By contrast, itpgrasiously been shown that
MC3T3-E1 cells are sensitive to ionizing radiati@amd that their cell survival and
proliferation can in consequence be affected (Daldet al. 2000; Gal et al. 2000; Gevorgyan
et al. 2008; Szymczyk et al. 2004).

On the other hand, in some preliminary experimearits MC3T3-E1 clone 4 cells that were
irradiated with a dose of 0.5 Gy we detected aregse in phosphorylated H2AX-H2AX)
foci, which are early markers of DNA double-stram@aks (DSB) (MacPhail et al. 2003;
Roch-Lefevre et al. 2010). However, the numbel-6f2AX foci in control non-irradiated
cells was higher than normally expected for noadiated cells. This may be due to the facts
that MC3T3-E1 cells continuously proliferate an@ tknowledge thaf-H2AX foci appear
during cell division (MacPhail et al. 2003; Rochféwre et al. 2010).

Because of the observed high numbey-6f2AX foci already present in the control MC3T3-
E1l clone 4 cells, we decided to use MSC for furtkgperiments. Indeed, we observed a
lower number ofy-H2AX foci for the control MSC than for the MC3T3kEcells.
Furthermore, in these MSC we confirmed a higher memofy-H2AX foci in irradiated cells

than control cells.

Ultimately we evaluateg-H2AX foci in MSC after’®Sr contamination. Results showed more
y-H2AX foci in °°Sr contaminated MSC than control MSC. This demausstt the induction
of DNA double-strand breaks in MSC by radiation’®r. However, one can note that at
longer exposure times t8Sr present in cell culture medium, lesBI2AX foci per cell were
observed and was probably associated to DSB reparat

In vitro results didn’t show an influence of chronic °°Sr contamination on pre-
osteoblastic MC3T3-E1 cell line viability, mortality or differentiation potential at the
concentrations of *°Sr used. On the other hand, morey-H2AX foci in MSC were
observed after chronic®°Sr contamination, indicating an increase in DNA doble strand
breaks by *°Sr.
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It is necessary to confirm results of our studypg®rforming supplementary experiments
under the same conditions. In addition, it wouldifteresting to detect DSB repair proteins
such as ATM and MRE11 (Czornak et al. 2008; Gaamet Costanzo 2009) to confirm our

interpretation of results.

{ .Perspectives

In this study we used a single concentratiof’sf in drinking water. Our results showed that
the daily intake of°Sr in was in agreement with estimates of daily stigen by humans living
on contaminated territories (Cooper 1992; de Ruid @an der Struijs 1992; Hoshi et al.
1994). Moreover, théSr ingestion resulted i?PSr contents in the skeleton similar to those
measured in human bones (Shagina et al. 2003btyKblst al. 2011b; Tolstykh et al. 2011a).
We thus assumed that our mouse models of chr88icingestion are representative for the

situation of people living in contaminated terries.

Nevertheless in the radioprotection context, it ddae interesting to perform a dose response
study to determine at what concentratior”%r ingestion a No Observable Adverse Effect
Level (NOAEL) is reached, i.e. the highest concatiin of *°Sr chronic ingestion at which
no effects on the studied physiological systemsoaserved. Moreover, from a toxicological
viewpoint, a dose response study with higher do§&%r would be interesting to confirm the

conclusions formulated on the basis of our obtamesdlts.

One can remark that the length of follow-up in gtwdy may not be representative of the
existing situation of populations living in contarated territories. In fact, effects fSr
could be cumulative and may lead to the appearaht@e bone, hematopoietic or immune
defects as it was observed for chrofi@r ingesting beagles, swine or rats (Clarke etQi2;
Dungworth et al. 1969; Howard and Clarke 1970; Wit al. 1993; Zapol'skaya et al. 1974).
Indeed, we cannot exclude that chrorfiSr ingestion might for instance induce an
acceleration of hematopoietic aging that may beedesl at later time points. However, the
choice of a 20 week duration 81Sr intake in our study was based upon the hypcttbsit
this duration would be sufficient to observe evahteffects due to early exposure. This is
based on the fact that during fetal and early pas#l life the hematopoietic and immune
systems are highly sensitivity to many toxic agentsduding radionuclides (Blakley 2005;
Gran 1960; Hoyes et al. 2000; Lindop and Rotbl&@2lMacDonald 1962; Preston 2004,
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Ruhmann et al. 1963; Verfaillie 1993). In fact,aocordance with other studies (Gran 1960;
MacDonald 1962; Ruhmann et al. 1963; von Zallinged Tempel 1998), we observed a
passage of’Sr through the placenta during fetal life®3Sr was detected in offspring at birth.
Moreover, as far as mice and humans are compairalsiech a simple way, our duration of
contamination corresponds to approximately 30 %whan life expectancy, including the

early period of life (Quinn 2005).

Moreover one can remark that in our study we usetihgle contaminant in a controlled
environment and that this represents a simplificatf existing situations. Indeed, we cannot
exclude that a combination of radionuclides, ingigdfor example€®Sr, **'Cs and"*'Cs, may
have different effects on the physiological systetuslied. Moreover, this mouse model takes
into account only one exposure route. By contrlsthan populations in contaminated
territories are exposed to both external and iatdrradiation (Kuzmenok et al. 2003; Yarilin
et al. 1993). This induces an uncertainty aboutdiael of either external exposure or internal
contamination. However a recent study based on teng external and internal radiation
exposure measurements of residents around Chernobigated that the proportion of
effective doses from internal contamination is (@asingly) more important as body burdens
are decreasing more slowly than the external expogBernhardsson et al. 2011).
Furthermore, other studies used also estimatesxpbsere based upon soil and food
contamination data and did not include whole boolynting for example (Chernyshov et al.
1997; Titov et al. 1995; Vykhovanets et al. 2008phwever, we agree that it would be
interesting to use a mix of different radionuclidasdrinking water for our mouse model,
eventually in combination with heavy metals or ottleemical pollutants, in order to be more

relevant to the post accident situation.

What concerns the effects of chrorfiSr ingestion on the bone physiology and immune
system, it was surprising that we observed effatthe low dose and dose rate in our study,
even taking in account the exposure over long tef®.discussed before, the whole

absorption radiation dose of our animals was omamee 10 mGy after 20 weeks of chronic
93y intake, which correspond to a dose rate of aBqu6y per hour. However, others have
also shown effects on the immune system of midevatlose and dose rate irradiation, i.e. by
a reduced percentage of CDdnd CD8 T lymphocytes in lymph nodes and spleen or a
decreased level of immunoglobulins, both after Ioeign y irradiation at 10 cGy per year

(Courtade et al. 2001; Lacoste-Collin et al. 200/9reover in studies at our laboratory, other
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physiological systems were shown to be modified chyonic *'Cs intake at low dose
(Gueguen et al. 2008; Lestaevel et al. 2006; Rastira. 2010a; Souidi et al. 2006; Tissandie
et al. 2006).

The mechanisms by which the accumulatioi’sf in bones conducts to a reduced ability of
the immune system to respond to external stimuatiaia to be elucidated. However, one can
propose a putative mechanism based upon the faicMBC and osteoblasts, which are both
key regulators of early hematopoiesis, are situatetthe site of°Sr accumulationFig 89).
Thus we cannot exclude that local irradiation of®/&d/or osteoblasts conduct not only to a
disregulation of the bone physiology but also @ tbgulation of early hematopoiesis. This is
supported by our preliminary observationyegfi2AX foci in MSC and osteoblasts cultured in
the presence of’Sr. As well, one cannot exclude tha8r irradiates HSC in the endosteal
niche. As a result, we expect that this low levad #ocalized irradiation by’Sr may induce
changes in B cell differentiation and/or early Tl céferentiation. Although in our study not
visible on main parameters of the immune systenh g phenotypic analysis, this may
induce functional changes in the immune responsgh&rmore, it can not be exlcuded that
the differentation of other cells of hematopoietidggin may be affected by’Sr. In this
context the differentiation of dendritic cells amécrophages may be changed, wich may alter

their antigen presenting capacity and as such mduf immune response.

Secondary lymphoid organs:
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A e el e e i s — "
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. / \\ | |
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Figure 89. lllustration for hypothesis 6fSr mechanisms.

The mechanistic effects 8fSr could be elucidated by: DNA damage detectiositu (on
bone marrow slides) by-H2AX foci and phosphorylated ATM and MRE11 fociteetion
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(Czornak et al. 2008; Garner and Costanzo 2009wt al. 2006); study of apoptosis of
stromal cells in the bone marrow; histological exation of the endosteal HSC niche by
quantification of nestih or SDF-I mesenchymal stem cells and CXCR4 expressing
hematopoietic cells (Martin et al. 2003; Nagasawaak 2011); and follow-up of B
lymphocyte differentiation according to the ageaofmals by quantification of Igkj IgD*

and CD20 pre-B cells in the bone marrow and spleen (Chu.e2@06). Marcrophage and
dendritic cell populations could be investigated Ioyantification of respectively
CD68'CD14 and CD80OCDA40" cells in the spleen (Vremec and Shortman 1997;¢\éral.
2009).

In conclusion, our results suggest that the accatiounl of °°Sr in bone after chronit’Sr

ingestion is responsible for changes in the borg iammune systems. Our results help to
improve the knowledge on non cancerous consequegites chronic exposure to small
qguantities of radionuclides discharged accidentalgcording to the physiological systems
tested we observed various levels of response, thenbbone marrow in which no significant
effect was observed, to the immune system in wiaicmajor effect was observed. Thus
biological effects of chronic contamination may ywaot only according to the radionuclide
concentration, but also according to the physi@algsystem. It is important to continue this
work as it is of major interest for the public hbalshown by the nuclear accidents of
Chernobyl and more recently of Fukushima, at whigdny long remaining radionuclides,
including *°Sr, were released into the environment. Nowadaysstipns about the health

consequences of these accidents remain, and #ms25vyears after the Chernobyl accident.
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Scientific publications accepted or submitted

Biokinetics of (90)Sr after chronic ingestion in puvenile and adult mouse model.
Synhaeve NStefani J, Tourlonias E, Dublineau I, Bertho JM.
Radiat Environ Biophys. 2011 Nov; 50 (4): 501-1pu& 2011 Jun 18.

Radiation doses from chronic ingestion of Cs-137%r90 by mice.
Bertho JM,_ Synhaeve ,NMiloudi H, Stefani J, Desbree A, Blanchardon Epbneau |.
Radioprotection. 2011. (Submitted)

Scienfic publications in preparation

Influence of chronic 90Sr contamination by ingesticon the mouse bone and

hematopoietic systems.

Other publications

Influence of Sr-90 chronic ingestion on blood andhe marrow parameters in a

juvenile mouse model.
Synhaeve NStefani J, Grandcolas L, Bertho JM
Toxicology Letters. 2011 Aug; 205S: S54 (OS9-7).

Biokinetics of Sr-90 after chronic ingestion in aiyenile and adult mouse model.

Synhaeve NStefani J, Tourlonias E, Bertho JM
Toxicology Letters. 2011 Aug; 205S: S136 (P1250).

Oral presentations

Ingestion chronique de strontium-90: biocinétiqudpses absorbées et effets sur les
systémes immunitaire et hématopoiétique.

Sirlaf, 10éme Colloque International de Radiobig@dgondementale et Appliquée, Anglet,
France, 11-16 Sept 2011
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Biokinetics of Sr-90 after chronic ingestion in aiyenile and adult mouse model.
Eurotox, the 47 congress of the European Toxicology SocietiessP&rance, 28-31 Aug
2011.
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Cs-137 ou de Sr-90.
SFRP, Congrés National de Radioprotection, Touemde, 21-23 June 2011.

Biokinetics of Sr-90 in a mouse model of chronicgastion and effects on the

hematopoietic system and bone physiology.
ERR, the 38 annual meeting of the European Radiation Resezwochety, Stockholm,
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Fluctuating asymmetry as a tool to compare relatiexicity of radionuclides.
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Le Strontium 90 ¥Sr) est un radionucléide d’origine anthropogéniqedaché en grandes
guantités dans l'environnement a la suite d’essaisléaires aériens ou d’accidents
d’installations nucléaires. L'8Sr persiste & long terme dans I'environnementuceanduit &

la contamination chronique par ingestion de popaiat des territoires contaminés.
L'induction de tumeurs osseuses liées & la fixatiof’Sr a été largement décrite. Par contre,
'occurrence d'effets non cancéreux est beaucounsnoonnue. Nous avons utilisé un
modéle murin avec une contamination chronique pgestion d’eau contenant 20 kBqg/l de
%Sr. Une étude de biocinétique a confirmé I'accutinmade *°Sr dans les os, avec un taux
d’accumulation plus rapide durant la croissancewss. Cette accumulation est plus élevée
dans les os des femelles que chez les males. Ises @sorbées au corps entier varient de
0.33 + 0.06 mGy (naissance) a 10.6 + 0.1 mGy (20agmes). La dose au squelette peut aller
jusqu’a 55 mGy. L'ingestion dé’Sr induit une modification de I'expression des géne
impliqués induisant a un déséquilibre favorisanéksorption osseuse, mais sans répercussion
sur la morphologie de l'os. Aucun effet majeur nédaé observé pour le systéme
hématopoiétique. Par contre, des modifications ungse du systeme immunitaire ont été
observées. Afin d’évaluer la fonctionnalité du sysé immunitaire, un test de vaccination
avec les antigénes TT et KLH a été utilisé. Leaultéss montrent chez les animaux
contaminés une diminution significative de la prctthn d’immunoglobulines spécifiques,
une modification de la balance Th1/Th2 dans la s=dteine différenciation lymphoide B
perturbée. Ces résultats permettent de mieux comdpecertaines des conséquences non
cancéreuses de I'exposition chronique a faible dosles radionucléides a demi-vie longue
pouvant étre rejetés accidentellement.

Mots clés : °°Sr, ingestion chronique, faible dose, biocinétiqpdysiologie osseuse, systéme
hématopoiétique, systéeme immunitaire

Strontium 90 {°Sr) is a radionuclide of anthropogenic origin reksin large quantities in the
environment as a result of nuclear atmospheric testaccidents at nuclear facilitiedSr
persists on a long-term basis in the environmesddihg to chronic contamination by
ingestion of populations living on contaminatedriteries. The induction of bone tumours
associated with the fixation 6fSr has been widely described. However, the occoerer
non-cancer effects is much less known. We used @senmodel with chronic contamination
by ingestion of water containing 20 kBg/l 8fSr. A biokinetic study confirmed the
accumulation of°Sr in the bones, with an increased rate of accuioalauring bone growth.
This accumulation was higher in the bones of femdlean in males. The whole-body
absorbed doses ranged from 0.33 £ 0.06 mGy (biah)0.6 + 0.1 mGy (20 weeks). The
absorbed dose for the skeleton was up to 55 m@gestion of’°Sr induced a change in the
expression of genes inducing an imbalance in faebtione resorption, but without effect on
bone morphology. No significant effect was obserf@dthe hematopoietic system. On the
other hand, minor modifications were observed fog tmmune system. To evaluate the
functionality of the immune system, a vaccinatiesttwith TT and KLH antigens was used.
Results showed in contaminated animals a signifidecrease in the production of specific
immunoglobulins, changes in the Th1/Th2 balancethe spleen and a disrupted B
lymphocyte differentiation. These results improve wnderstanding of some of the non-
cancerous consequences of chronic exposure at dge aof radionuclides with a long half-
life, which can be accidentally released.

Keywords : *°Sr, chronic ingestion, low dose, biokinetics, bgrigssiology, hematopoietic system,
immune system
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