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RESUME 
 

La dégénérescence maculaire liée à l9âge (DMLA) est la première cause de cécité parmi la 

population de plus de 50 ans dans les pays développés. Il est possible de traiter la forme 

exsudative, mais il n9existe pas encore de thérapie efficace pour la DMLA atrophique. En 

raison de la lenteur de développement et de progression de l9atrophie chez l9homme, les 

chercheurs ont besoin de modèles animaux fiables et qui peuvent être créés rapidement. Les 

mécanismes immunitaires et le stress oxydatif sont les facteurs connus provocants la DMLA 

atrophique et sont la base de création d9un modèle murin 2-(ω-carboxyéthyl)pyrrole « CEP 

âgé » en 3 mois au lieu d9une année comme décrit au préalable chez les souris jeunes. Le but 

de cette thèse est de développer ce modèle et de caractériser l9altération de la fonction 

visuelle avec des tests de seuil optocinétique et de perception visuelle. 

 

(145 mots) 
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INTRODUCTION 
 

La dégénérescence maculaire liée à l9âge (DMLA) est une dégénérescence acquise de la 

rétine centrale conduisant dans son stade avancé à une déficience visuelle sévère (1). Elle est 

caractérisée par la dégradation de fonction et de l9anatomie de l9épithélium pigmentaire 

rétinien (EPR) et des couches externes rétiniennes dans la région perifovéolaire ; ces atteintes 

anatomiques mènent à une perte de fonction visuelle dans une région responsable de la vision 

centrale comprenant la vision des détails fins et la plupart de la vision des couleurs. Elle 

comprend une dysrégulation des voies immunologiques, angiogéniques, lipidiques et de la 

matrice extracellulaire (2). Les patients atteints de cette maladie sont à risque d9avoir une 

perte de l9acuité visuelle jusqu9à la cécité légale, d9une diminution de la vision des contrastes 

et de développer des symptômes tel que les scotomes centraux ou les métamorphopsies 

(déformation des lignes droites observées) ; en effet, la DMLA représente une cause majeure 

de cécité irréversible chez la personne âgée (3). La prévalence de la DMLA augmente avec 

l9âge et on estime qu9elle affectera 288 millions patients en 2040 (4). 

La DMLA comporte 2 formes cliniques : la forme atrophique (atrophie géographique), de 

progression lente sur des mois et années, et la forme exsudative conduisant à une baisse de 

vision rapide en quelques jours ou semaines. Nous disposons d9un traitement très efficace 

contre la forme exsudative depuis 2007 sous forme d9injections intravitréenes d9anti-VEGF 

(Vascular Endothelial Growth Factor) (5). Jusqu9à récemment, il n9y avait aucun traitement 

contre la forme atrophique ; depuis début 2023, la FDA (Food and Drug Administration) a 

approuvé deux traitements par injections intravitréennes d9inhibiteurs du complément C3 et 

C5 (6, 7), mais ils n9ont pas encore démontré une efficacité fonctionnelle et leur utilité dans 

la pratique clinique reste débattue (8). 

L9atrophie géographique touche environ 1 million de personnes aux Etats-Unis et représente 
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un quart des cas de cécité légale (9). Les facteurs de risque de la maladie comprennent l9âge 

(10), les antécédents familiaux (11), l9ethnie caucasienne (12), la consommation de tabac (13, 

14) et le régime riche en acides gras polyinsaturés (15). 

La progression lente de l9atrophie géographique rend les projets de recherche sur ce sujet 

laborieux, couteux et complexes. Afin de pouvoir démontrer les bénéfices de potentiels 

traitements dans les études cliniques, il faut utiliser l9analyse de la superficie de l9atrophie, la 

microperimetrie, la vision en faible contrastes et la vitesse de lecture (6, 16). En plus, les 

études nécessitent une longue durée d9observation afin de pouvoir démontrer un effet 

significatif (6, 7). Pour ces raisons, les chercheurs ont besoin de modèles animaux fiables et 

rapides pour pouvoir tester leurs hypothèses et mieux comprendre la maladie.  

La thèse a comme objectif d9immuniser les souris C57BL6 âgées par 2-(ω-

carboxyéthyl)pyrrole conjuguée à l9albumine murine (CEP-MSA) et caractériser leur 

potentiel visuel à l'aide de deux méthodes de test visuel. 

 

 

VIEILLISSEMENT DE LA RÉTINE ET PATHOGENÈSE DE LA DMLA 

 

La macula est une région centrale de la rétine qui se trouve en temporal de la papille optique ; 

elle est responsable de la vision photopique. La macula est délimitée par les arcades 

vasculaires en supérieur et inférieur. C9est une zone de diamètre de 6 mm, soit 4% de 

superficie de la rétine (17). Sa partie la plus centrale de 2 mm de diamètre est appelée la 

fovéa et comprend la plus grande densité des photorécepteurs de type cônes (17, 18). La 

région fovéolaire permet la vision précise à 10/10eme  et c9est pour cette raison qu9une 

maladie qui touche la fovéa génère un trouble visuel important et dégrade la qualité de vie 

(16). 

Le stade précoce de la DMLA, appelé la MLA 3 maculopathie liée à l9âge, comprend une 
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accumulation de drusen entre les cellules de l9EPR et la membrane de Bruch (19). Les drusen 

sont des déposits extracellulaires composés de lipides, protéines et débris cellulaires ; ils sont 

présents chez 24% des personnes après l9âge de 75 ans (20). Ces drusen sont visibles 

cliniquement lors de l9examen du fond d9Sil sous forme des dépôts jaunâtres de moins de 63 

μm pour les petits drusen, entre 63 - 124 μm pour les drusen moyens et de plus de 124 μm 

pour les grands drusen (21). Ce sont les grands drusen qui sont le plus à risque de progression 

vers les stages plus avancés de la maladie (21).  

La MLA peut progresser vers une DMLA, soit dans sa forme exsudative, caractérisée par la 

présence d9une néovascularisation maculaire, soit dans une forme non-exsudative, ou 

atrophique, appelée l9atrophie géographique (Fig 1). Cette dernière se caractérise par une 

atrophie de la rétine externe par perte des photorécepteurs, de l9EPR et de la choriocapillaire 

(22). Les lésions atrophiques s9étendent avec le temps conduisant à une perte du champ 

visuel paracentral et enfin de l9acuité visuelle centrale lorsque la fovéa est atteinte (23, 24). 

Dans les stades avancés de la DMLA, la forme atrophique peut se compliquer par une 

néovascularisation ou vice versa une atrophie apparaitre chez les patients atteints de la forme 

exsudative (24). 
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Fig 1. L9image de l9OCT (tomographie à cohérence optique) de la rétine. Les drusen (flèche 

jaune) se trouvent sous l9épithélium pigmentaire rétinien (EPR) dans la membrane de Bruch. 

Elles sont associées à l9atrophie des couches externes rétiniennes (flèche bleue). Les 

photorécepteurs et la rétine externe normale sont indiqués par la flèche verte. 

 

La pathogenèse de la DMLA est multifactorielle : le stress oxydatif, le système immunitaire 

et du complément et sa dysrégulation sont impliqués dans son développement. Les patients 

atteints de la maladie démontrent des taux élevés de produits d9activation du complément et 

de marqueurs de l9inflammation dans le sang, dans l9Sil au sein des drusen et en bordure de 

lésions d9atrophie géographique (25-27). En outre, les études génétiques ont fortement lié le 

polymorphisme des gènes et la voie de complément avec le risque de DMLA (28, 29). 
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LES MODÈLES ANIMAUX ET MURINS DE LA DMLA ATROPHIQUE 
 

De nombreux modèles de la DMLA ont déjà été développés chez différentes espèces 

animales, telles que, la souris, le rat, le lapin, le cochon et le singe (30). Même si ces modèles 

reposent sur différents facteurs causaux de la DMLA, comme le stress oxydatif, 

l'inflammation, les mécanismes immunitaires ou le métabolisme des lipides, il n'existe aucun 

modèle animal capable de simuler la DMLA chez l'homme au niveau anatomique et 

physiopathologique. Cependant, ces modèles sont très importants pour la compréhension de 

la DMLA et son traitement. 

 

Voie du complément 

Plusieurs modèles de DMLA basés sur la dysrégulation de la cascade du complément ont été 

développés. Trois des principaux modèles sont présentés ci-dessous. Les souris Cfh-/- 

démontrent une activation incontrôlée de C3 et développent une glomérulonéphrite 

membranoproliferative et des lésions rétiniennes similaires à la DMLA (31, 32). Les lésions 

rétiniennes associées à la glomérulonéphrite membranoproliferative, de type II la plus 

agressive, sont déjà bien connues chez l9homme mais démontrent un caractère stationnaire et 

ne se compliquent qu9occasionnellement par une néovascularisation rétinienne (17, 21, 33). 

Les souris transgéniques CFH Y402H étaient ensuite développées ; elles présentent plus de 

drusen et dépots de C3d mais elles n9ont pas présenté une atrophie des photorécepteurs (34). 

Finalement, les souris transfectées avec un adénovirus exprimant le C3 ont développé des 

lésions rétiniennes d9atrophie géographique incluant une atrophie des photorécepteurs mais 

elles ont eu un taux élevé de décollement de rétine, ce qui n9est pas caractéristique de la 

DMLA (35). 
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Chémokines 

Les chémokines comprennent une groupe de protéines de bas poids moléculaire qui 

influencent la migration des leucocytes et d9autres cellules comme les cellules endothéliales 

(36). Dans la DMLA, il existe une activation et une migration des macrophages et des 

microglies sous la rétine (37, 38). L9axe CCL2/CCR2 est important dans la mobilisation des 

macrophages ; il était exploité pour développer les souris Ccl2-/- et Ccr2-/- qui développent 

des lésions rétiniennes mais elles sont différentes de celles trouvées dans la DMLA et ne 

présentent pas une atrophie rétinienne (39-41).  De nombreux autres modèles tels que Cx3cr1-

/- ou souris double knockout Ccl2-/- et Cx3cr1-/- ont été développés, mais leurs lésions 

rétiniennes peuvent être attribuées aux autres facteurs (42, 43). 

 

Age, métabolisme du glucose et des lipides, exposition à la lumière 

Plusieurs études ont analysé des souris nourries avec un régime riche en lipides, glucides 

simples et exposées à la lumière bleue. Il a été retrouvé chez ces souris un épaissement de la 

membrane de Bruch et l9apparition de drusen (1, 44, 45). Bien que ces facteurs soient bien 

connus comme facteurs de risque de la dégénérescence maculaire chez l9homme (2, 9, 10, 12, 

19, 20), ces modèles induisent une souffrance aux animaux et peuvent prendre jusqu9au 24 

mois à être créés (1).  En outre, les lésions présentées dans ces modèles sont plutôt 

caractéristiques de la MLA et non la DMLA ce qui limite leur utilité (1, 44). De manière 

intéressante, les souris âgées étaient plus susceptibles au développement de ces lésions 

rétiniennes par rapport aux souris jeunes, soulignant l9importance du vieillissement dans cette 

maladie (44). 

 

Stress oxydatif 

La rétine est un tissus très actif de point de vue métabolique et susceptible au stress oxydatif à 
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cause d9haute concentration d9acides gras polyinsaturés et de molécules photosensitives 

comme la rhodopsine et lipofuscine (46). En conséquence, des multiples modèles emploient 

le stress oxydatif chez les animaux, par exemple : les souris exposées à la fumée de tabac 

développent des drusen rétiniens (47). Les souris Sod1-/-, knockout pour la super oxide 

dismutase qui est un anti-oxydant puissant, développent des lésions oxydatives à l9EPR et à la 

membrane de Bruch après 7 mois de vie et peuvent aussi développer des lésions 

néovasculaires (48, 49). 

 

Le modèle CEP 

L9acide docosahexaénoïque (DHA) est un acide gras polyinsaturé enrichi en  phospholipides. 

Il est très répandu dans la rétine et le cerveau et est très susceptible à l9oxydation à cause de 

six liaisons homoconjugées C=C (50, 51). L9oxydation de DHA peut conduire à la formation 

de 2-(ω-carboxyéthyl)pyrrole (<<CEP>>) et des protéines CEP-modifiées (Fig. 2), présentes 

dans les drusen de patients avec la DMLA (52, 53). En outre, un taux plus élevé des protéines 

CEP-modifiées et d9anticorps contre ces protéines était retrouvé dans le sang de patients 

atteints de la DMLA en comparaison avec la population générale (54).  

 

 

 

Fig 2. Synthèse de protéine-CEP grâce à la réaction avec ester méthylique 9-fluoreneylidè du 

4,7 3 dioxoheptanoate suivi par élimination de groupe 9-floureneylidène méthyle après 

réaction avec 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU). Cette méthode est caractérisée par 

un niveau élevé des modifications CEP des protéines (55). 
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Hollyfield a créé un modèle murin de la DMLA atrophique basé sur les immunisations de 

l9albumine murine CEP-modifiée (CEP-MSA) (56, 57). Il a décrit deux protocoles 

d9immunisation avec CEP-MSA dans l9adjuvant de Freund : un « protocole court» ou les 

souris sont immunisées de manière intensive sur 3 mois et un « protocole long »  ou 

l9immunisation a pris 1 année. Après 3 mois, les souris du « protocole court » ont démontré 

des dépôts de complément C3d dans la membrane de Bruch, des dépôts sous RPE, une 

tuméfaction et une lyse des cellules RPE, l9invasion des macrophages et l9apoptose des 

photorécepteurs. Les souris du « protocole long » ont démontré des modifications focales 

réticulaires, des dépôts sous EPR et un grossissement de 3 à 5 fois de la lamina vitrea (56). 

Bien que les protéines CEP-modifiées stimulent la néovascularisation et l9angiogenèse par la 

voie indépendante du VEGF (58), il n9y a pas de lésions exsudatives dans le modèle CEP 

murin ce qui le rend valable dans l9étude de la DMLA atrophique (56). 

L9avantage du modèle CEP est la simplicité de créer de nombreux modèles animaux avec des 

immunisations faciles, l9absence de manipulation génétique et l9absence de nécessité 

d9induire un stress prolongé chez les animaux par l9exposition à la fumée du tabac, à la 

lumière forte ou à la modification de leur régime. 

Les inconvénients comprennent son temps de création (12 mois) et donc son coût lié à 

l9hébergement prolongé des animaux. 

 

 

VISION ET MÉTHODES DE MESURE DE L’ACUITÉ VISUELLE 
 

Le processus de la vision est complexe et nécessite une parfaite anatomie de l9Sil, du nerf 

optique et du cerveau notamment du cortex visuel afin d9assurer le traitement des 

informations lumineuses perçues par la rétine. La mesure de la meilleure acuité visuelle 
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corrigée (MAVAC) est le plus souvent établie en pratique clinique avec des optotypes, par 

exemple avec les échelles ou les décimales de Snellen développées en 1862 (59). Ces tests 

nécessitent une collaboration du patient et ne peuvent pas être employés chez des enfants à 

l9âge préverbal ou chez des animaux. 

Les souris ne sont pas particulièrement connues pour leurs capacités visuelles. En effet ce 

sont des animaux nocturnes qui s9appuient sur leur ouïe, olfaction et leurs moustaches pour 

recueillir des informations sur leur environnement (60). Malgré ces caractéristiques, elles 

sont devenues populaires comme modèles pour différentes maladies oculaires grâce à leur 

facilité d9élevage, à leur popularité et familiarité dans le monde scientifique et aux techniques 

transgéniques et de knockout (30, 61-63). Les chercheurs ont donc besoin de méthodes 

efficaces pour déterminer leur acuité visuelle.  

Le nystagmus optocinétique est une combinaison de mouvements lents et rapides de l9Sil en 

réponse aux stimulus visuels sur la rétine (64). Il est composé d9une phase lente de poursuite 

de l9objet, jusqu9à sa disparition du champ visuel, et ensuite d9une phase rapide de saccade 

vers l9endroit où l9objet était initialement perçu (65). Les exemples fréquents de la vie 

quotidienne de nystagmus optocinétique comprennent les poursuites des arbres ou poteaux 

téléphoniques lors de voyage en train. Chez l9humain, il peut être recherché en pratique 

clinique avec un tambour de Barany (Fig. 3) ou une écharpe avec des bandes alternées 

verticales noires et blanches que l9on déplace devant les yeux. Ce test peut être utilisé dans le 

cas de baisse de vision non organique ou chez des patients non coopératifs car il repose sur 

un réflexe et ne nécessite pas de choix conscient de la part du patient. 

 



 14 

 

Fig. 3 Tambour de Barany 

 

On peut utiliser le test du nystagmus optocinétique en augmentant la fréquence des bandes 

(en cycles par degré c/d) pour quantifier le seuil d9acuité visuelle 3 une fréquence plus grande 

que le seuil va être perçue comme du gris sans différenciation des bandes et ne déclenchera 

pas de nystagmus (66, 67). Le seuil d9acuité visuelle est donc la fréquence la plus haute qui 

déclenche encore le nystagmus.  

Ce principe a été utilisé par Prusky et al. (66) qui a développé un appareil qui permet de 

mesurer l9acuité visuelle chez la souris (OptoMotryHD, Cerebral Mechanics Inc, Medicine 

Hat, Alberta, Canada) (Fig. 4).  La souris est placée sur une plateforme au milieu d9une arène 

entourée par 4 moniteurs affichant les bandes verticales noires et blanches en mouvement. Le 

chercheur observe son comportement grâce à une caméra et contrôle la fréquence et la 

direction des bandes avec un logiciel. La souris se déplace librement sur la petite plateforme 

et le centre de rotation de cylindre est centré sur sa tête avec un tracking manuel ; quand elle 

s9arrête et poursuit le mouvement des bandes une telle fréquence est considérée comme 

89perçue99 et le chercheur augmente la fréquence des bandes jusqu9à la valeur de seuil. 

L9avantage de cette méthode est l9absence de nécessite d9entrainement des souris et donc la 
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rapidité de disponibilité des résultats 3 en quelques minutes seulement comparé à plus d9une 

semaine avec les tests de discrimination visuelle. Les valeurs d9acuité visuelle obtenues avec 

le test optocinétique sont moindres par rapport à celles de la discrimination visuelle 0.4 c/d 

versus 0.5 3 0.6 c/d pour les souris C57BL/6 (66, 68-70). Cette discrépance de résultats peut 

être due au fait que l9information visuelle perçue par la rétine est analysée par différents 

étages de la voie visuelle. Les réponses optocinétiques sont commandées par les voies 

subcorticales de fréquence spatiale basse (65, 71) tandis que l9information visuelle dans les 

tests comportementaux de la discrimination visuelle se base sur les voies corticales de plus 

grande fréquence spatiale (72, 73). 

 

 

Fig 4. L9appareil de mesure de nystagmus optocinétique chez des rongeurs (74) 
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Le deuxième groupe des méthodes de mesure de l9acuité visuelle chez la souris sont les tests 

comportementaux de la discrimination visuelle (60, 69, 75) ; ces tests sont chronophages car 

ils nécessitent plusieurs sessions d9entraînement pour chaque souris afin d9assurer l9exécution 

correcte de la tâche visuelle. Un exemple de ce test est une tâche de discrimination visuelle 

dans la piscine Acumen (Cerebral Mechanics Inc, Medicine Hat, Alberta, Canada) (Fig. 5). 

Elle est composée d9une piscine d9eau en forme d89Y9 d9une longueur de 140 cm ; les 

derniers 40 cm sont séparés par un diviseur. Au fond de chaque bras, il y a un écran qui 

affiche soit des bandes verticales alternantes noires et blanches (« optotype ») soit un fond 

gris. La souris est d9abord entraînée à ce qu9une plateforme d9évacuation se trouve sous 

l9écran qui affiche l9optotype. Ensuite, elle nage de l9autre côté de la piscine et quand elle 

arrive au diviseur elle est confrontée à un choix entre 2 bras. Le chercheur établit le seuil de 

l9acuité visuelle en enregistrant ses choix pendant plusieurs sessions de natation avec une 

fréquence de bandes variable. Une bonne performance dans le test Acumen nécessite non 

seulement une bonne fonction visuelle mais aussi l9absence de déficience moteur et trouble 

d9apprentissage. En effet, certaines souches de souris ont des résultats médiocres dans le test 

Acumen mais leur comportement pendant le test suggère qu9elles sont capables de percevoir 

le stimulus visuel (60, 75). La souche C57BL6J est connue pour une capacité visuelle 

normale et des bons résultats dans le test Acumen avec un seuil de vision d9environ 0.375 - 

0.51 c/d (68, 75). 
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Fig 5. Tâche de discrimination de l9acuité visuelle dans l9eau. La souris est entrainée à nager 

vers le moniteur qui affiche les bandes verticales alternantes noires et blanches (S+) afin 

d9atteindre une plateforme cachée sous la surface de l9eau (75). 

 

OBJECTIF DE CETTE THÈSE 

L9objectif de ce travail était de développer un model murin CEP amélioré de la DMLA 

atrophique plus rapide et plus humain que celui décrit par Hollyfield et al. (56, 57) grâce à 

l9utilisation des souris C57BL6 âgées et à l9immunisation plus intensive dans le jarret et la 

nuque. Le but était de caractériser les capacités visuelles des souris contrôles et DMLA avec 

le test de réponse optocinétique et de discrimination visuelle. Le model CEP amélioré était 

ensuite analysé par S. Tobalem avec des analyses fondoscopiques, imageries in vivo (OCT), 

histologiques et immunohistochimiques (thèse UNIGE no 11059) afin caractériser les lésions 

dégénératives. 
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DISCUSSION ET CONCLUSION  
 

Les dernières avancées des scientifiques ont permis de mieux comprendre l9atrophie 

géographique, mais un traitement aussi efficace que pour la DMLA exsudative reste loin 

d9être une réalité (8). Les études sur les modèles animaux sont un lien naturel entre les 

expériences cellulaires et tissulaires et les études cliniques sur l9être humain. Pour cette 

raison, la science a besoin de modèles animaux fiables, peu couteux et rapides tout en évitant 

une souffrance induite aux animaux. La récente approbation de la FDA d9injections 

intravitréennes de bloqueurs de la voie du complément (pegcetacoplan (6) et avacincaptad 

pegeol (7)) suggère l9utilité du modèle CEP qui a démontré l9accumulation des produits de 

cascade de complément dans la rétine externe (56). 

Cependant, le modèle CEP proposé par Hollyfield et al. prend une année pour être crée (56) ; 

cela ralenti les projets scientifiques et génère des couts. On peut aussi argumenter que le 

modèle reflète moins la réalité car les immunisations sont effectuées chez des souris jeunes, 

capables de lutter contre le stress oxydatif induit par les immunisations et formations des 

protéines CEP-modifiées (76). Pour cette raison, l9utilisation de souris déjà âgées de plus de 

12 mois permet de raccourcir le temps de formation des lésions dégénératives d9une année à 

3 mois, comme il l9a été démontré dans notre article et dans la thèse de S. Tobalem (UNIGE 

no 11059). Le modèle comporte un protocole d9immunisation renforcé par rapport à celui de 

Hollyfield et al. avec injections dans le jarret au lieu du coussinet (56). Les souris « CEP 

âgée » ont développé après 90 jours des lésions de type drusen au fond d9Sil (Fig. 3 de 

l9Annexe 1) et une dégénérescence de l9EPR et de la rétine externe en histologie (Fig. 5 de 

l9Annexe 1). De plus, elles ont manifesté une activation et une migration de microglie dans la 

rétine et une augmentation d9expression de vitronectine sur immunofluorescence (Fig. 7 et 8 

de l9Annexe 1). 
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Un point essentiel de ce travail était la caractérisation fonctionnelle du modèle « CEP âgée » 

(Fig. 2 dans l9Annexe 1) ; il est important de démontrer l9atteinte de l9acuité visuelle en 

parallèle des altérations rétiniennes. Le test du nystagmus optocinétique a démontré une 

baisse de l9acuité visuelle progressive avec le vieillissement des souris et une atteinte visuelle 

encore plus significative dans le groupe des souris CEP. Le test de discrimination visuelle 

dans l9eau, quant à lui, a confirmé une baisse significative de la vision chez les souris CEP 

par rapport aux souris âgées contrôle. Dans l9étude, l9acuité visuelle mesurée avec le test 

optocinétique était moindre par rapport à celle mesurée avec le test de discrimination dans 

l9eau ce qui était attendu et est conforme avec la littérature (66, 75). Les résultats absolus 

mesurés avec ces deux tests chez les souris âgées étaient aussi moins bons que ceux décrits 

chez les souris C57BL/6 jeunes, confirmant un déclin naturel de l9acuité visuelle avec l9âge 

chez la souris (66, 75) encore plus exacerbé par les immunisations CEP. Hollyfield et al. 

n9ont pas décrit la vision dans leur modèle et pour cette raison on ne peut pas directement 

comparer nos résultats (56). 

Finalement, le choix du site d9injection dans le jarret dans le modèle « CEP âgée » est plus 

éthique, aussi efficace et diminue la souffrance des animaux. Le modèle proposé par 

Hollyfield (56) comprend l9immunisation dans le coussinet 3 une méthode bien décrite, facile 

à effectuer et souvent utilisée dans les protocoles d9immunisation (77). Cependant, la souris 

dépend de ses pattes arrières pour supporter son poids et une inflammation locale dans le 

coussinet entraîne une souffrance (78). L9immunisation dans le jarret est plus humaine car 

elle est moins douloureuse, préserve mieux la mobilité et l9agilité des animaux et réduit le 

risque d9infection (78, 79). 

Pour conclure, le modèle « CEP âgée » améliore le modèle CEP existant en étant plus rapide, 

moins cher et en évitant une souffrance pour les animaux. En effet, grâce à l9utilisation des 

souris âgées, leur plus grande susceptibilité au stress oxydatif et un protocole d9immunisation 
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renforcé, il est possible de produire un modèle animal de la DMLA atrophique en 3 mois. Il a 

prouvé une atteinte fonctionnelle sur le plan visuel et des lésions anatomiques rétiniennes 

similaires à celles trouvées chez l9être humain atteint de la maladie. Le modèle peut ensuite 

être utilisé dans les tests précliniques des médicaments, la thérapie génique ou d9autres études 

permettant la meilleure compréhension de la DMLA atrophique. 
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ANNEXE 1 : Functional and anatomical characterization of 
atrophic age-related macular degeneration in an aged mouse 

model 
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Abstract 

Purpose: To develop an animal model of atrophic 

age-related macular degeneration (aAMD) in aged 

mice that more closely mimics the natural progression 

of the disease.  

Methods: 12- and 18-month-old CBl57/6JRj mice 

were immunized with murine serum albumin (MSA) 

conjugated with carboxyethyl pyrrole (CEP). The 

immunization, given into the hock, was followed by 3 

booster injections into the neck over a 3-month period. 

Immunized mice and age-matched controls were 

trained for a visual discrimination and an optokinetic 

response task to determine the objective visual 

threshold (OVT) at arrival and at 3 months; 

funduscopy and ocular coherence tomography were 

performed. After sacrifice, the eyes were enucleated 

for histological, immunofluorescent and electron 

microscopy analyses.  

Results: Retinal imaging confirmed that all mice had 

normal retinas upon arrival. Three months after mice 

were immunized the normal retinal age-related 

alterations were significantly more pronounced in 

CEP-immunized than in control mice as evidenced by 

drusenoid alterations, increased retinal thickness, 

immune activation, signs of retinal degeneration, 

decreased OVT. Electron microscopy indicated 

degeneration of the retinal pigment epithelium (RPE). 

Conclusions: The retinal and behavioral changes in 

the aged CEP-immunized mice will be useful for the 

investigation of novel treatments of aAMD.  

Translational relevance: The enhanced Aged-CEP-

Mouse model enables the generation of results highly 

transferable to human patients and promotes the 

development of efficient, safe AMD therapies. 

 

1. Introduction 

In industrialized countries excellent health care and 

progress in medicine have increased life expectancy 

and the number of elderly people [1], with 

concomitant increase of age-related diseases such as 

age-related macular degeneration (AMD) [2]. It is 

estimated that the number of patients suffering from 

early and late AMD will increase from 15 and 2.7 Mio, 

respectively, to 21.5 and 4.8 Mio respectively by 2040 

[3]; approximately 80% of these patients will suffer 

from atrophic AMD (aAMD). No current approved 

therapies are available to treat aAMD. Even though 

several promising treatment approaches are being 

considered, which focus on visual cycle modulation, 

neuroprotection, suppression of inflammation and 

complement inhibition [4], progress is hampered by 

the absence of an appropriate animal model. 

 

A significant cause for age-related diseases, including 

aAMD, is cellular oxidative stress with the resultant 

accumulation of reactive oxygen species, which 

damages and causes cell death [2]. Several animal 

models of aAMD have been developed; however, 

animal models that develop choroidal 

neovascularization (CNV) [5-7], which is not a feature 

of aAMD are time-consuming [6,7] or cause rapid 

retinal degeneration [7,8] are not suited for the 

analysis of therapeutic approaches that endeavor to 

interfere with the development of aAMD at an early 

stage of the disease. 

 

Hollyfield et al. developed a model of aAMD in mice 

by immunizing 2-month-old mice with carboxy-

ethylpyrrole coupled to murine serum albumin (CEP-

MSA); CEP is an oxidation adduct produced from 
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docosahexaenoic acid and is elevated in the vitreous 

and plasma of aAMD patients [9,10]. Here, we report 

a modification of the model of aAMD that Holyfield 

developed in young mice [9,10] by modifying the 

immunization protocol and using old mice 

establishing a model of aAMD that better recapitulates 

to the human disease without accompanying adverse 

events and thus, permits the generation of results 

highly transferable to human patients, which promotes 

the development of new aAMD therapies. 

 

2.Methods 

2.1 Chemicals 

 Isoflurane (Baxter AG, Deerfield, USA); Ketamine 

(Ketalar®, Pfizer, New York, USA); Medetomidine 

(Domitor®, Orion Pharma, Dhaka, Bangladesh); NaCl 

(Laboratrium Dr. G. Bichsel, Unterseen, Switzerland); 

Thiopental Inresa (Ospedalia AG, Hünenberg, 

Switzerland); complete (CFA) and incomplete (IFA) 

Freund’s adjuvants (Santa Cruz Biotechnology, 

Dallas, USA); glutaraldehyde (GDA, Polysciences, 

Warrington, USA); cacodylate buffer, osmium 

tetroxide, propylene oxide, Epon and N-benzyl-

dimethylamine, paraformaldehyde (PFA), Dulbecco’s 

Phosphate Buffered Saline (PBS), hemalum 

(Haemalum Mayer's) solution for microscopy, eosin 

(Eosin Y), citrate acid monohydrate, BSA, Tween 20 

(Merck, Darmstadt, Germany); Vectamount (Vector 

Laboratories, Burlingame, CA, USA); ProLong™ 

Gold Antifade Mountant with DAPI (ThermoFisher 

Scientific, Waltham, MA, USA); MSA was kindly 

provided by Prof. Scapozza (University of Geneva, 

Geneva, Switzerland).  

 

2.2 Reagents and Analytical Procedures for the 

Synthesis of CEP-conjugated MSA  

All reagents for the synthesis were purchased from 

Sigma-Aldrich (Merck, St Louis, Missouri) with a 

purity greater than 98% and used without prior 

purification. Anhydrous solvents kept over 4 Å 

molecular sieves (Acroseal® 100 mL bottles) were 

used for reactions (ThermoFisher Scientific, Waltham, 

MA, USA). Solvents of analytical or HPLC grade 

were used for purifications and reaction treatments 

(ThermoFisher Scientific, Waltham, MA, USA). For 

working under inert conditions argon (PanGas 6.0 

quality, Dagmersellen, Switzerland) was used. Flash 

chromatographic purifications were performed on an 

automated Grace Reveleris® apparatus and using a 

pre-packed silica gel column (FlashPure® ID Silica 4 g 

or 12 g, 0.040-0.060 mm mesh, Büchi Labortechnik, 

Flawil, Switzerland). Reactions were monitored by 

thin layer chromatography (TLC) on precoated silica 

gel plates (Merck silica gel 60 F254) and observed 

with a UV lamp at 254 nm and 366 nm. A Bruker 

Avance III HD 600 MHz NMR (Nuclear Magnetic 

Resonance) spectrometer equipped with a QCI 5 mm 

Cryoprobe and a SampleJet automated sample changer 

(Bruker BioSpin, Rheinstetten, Germany) was used to 

perform 1H and 13C DEPTQ (Distortionless 

Enhancement by Polarization Transfer including 

detection of quarternary carbons) NMR experiments. 

Names of compounds follow IUPAC rules and 

molecules are drawn by ChemDraw Professional 

software (version 16.0). All chemical shifts are 

expressed in parts per million (ppm) relative to the 

peak of deuterated chloroform (CDCl3). The following 

abbreviations are used to explain the observed 

multiplicities of signals: s, singlet; d, doublet; dd, 
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doublet of doublet; ddd, doublet of doublet of doublet; 

t, triplet; td, triplet of doublet; q, quadruplet; m, 

multiplet. The device used to record low resolution 

mass spectra (LRMS) was an Advion ExpressionL 

CMS operating in electrospray positive and negative 

mode (ESI) simultaneously. 

 

2.3 Animals and immunization  

Male 12 and 18-months old CBL57/6JRj mice (Janvier 

Labs, Le Genest Saint Isle, France) were housed at the 

University of Geneva animal facility under standard 

animal facility conditions on a 12 h light/dark cycle, 

with food and water available ad libitum. For short-

term anesthesia mice were placed for 30-60 sec in a 

gas-tight, acrylic glass box containing 5% isoflurane 

and 95% O2. Long-lasting anesthesia was induced by 

intraperitoneal (i.p.) injection of Ketamine (75 mg/kg) 

and Medetomidine (0.36 mg/kg) diluted 1:2 in 0.9% 

NaCl. Animals were sacrificed by an overdose of 

Thiopental Inresa (150 mg/kg i.p.). Animal 

experiments were approved by the cantonal 

Département de la sécurité, de l'emploi et de la santé, 

Domaine de l’expérimentation animale, Geneva, 

Switzerland (no. GE/82/18) and complied with the 

ARVO Statement for the Use of Animals in 

Ophthalmic and Vision Research. 

 

The immunization procedure is based on studies of 

Hollyfield et al.  [9,10] and Kamala et al.  [11]. 

Briefly, animals were injected subdermally (s.d.) into 

the hocks with CEP-MSA, emulsified in CFA 

followed with 3 booster injections in the neck with 

CEP-MSA in IFA at 10, 20 and 90 days. Tolerability 

of the procedure was documented qualitatively in a 

score sheet based on criteria including weight, 

spontaneous standing on back legs, local signs of 

inflammation, general agility, fur, and grimace scale. 

 

2.4 Synthesis of CEP-conjugated MSA  

The strategy for grafting the CEP entity onto MSA has 

been inspired by the synthesis work published by 

Salomon et al.  [12] and Lu et al.  [13]. Briefly, the 

synthesis consists of five steps (Figure 1). The first 4 

steps of the CEP-conjugated albumin synthesis consist 

in the synthesis of 9-fluorenylmethyl (Fm) ester of 4,7-

dioxoheptanoic acid (DOHA) to be then coupled via 

Paal-Knoor reaction to the activated MSA during step 

number 5. The first 4 steps were performed under inert 

atmosphere of argon while the fifth step was 

performed in PBS. Reactions were monitored by TLC 

and compounds were purified by flash 

chromatography. The identity of each synthetized 

product was assessed by 1H and 13C DEPTQ NMR and 

LRMS. 1H and DEPTQ 13C NMR spectra as well as 

LRMS analysis are provided in supplementary 

material. The purity was evaluated from the quality of 

the 1H NMR spectra and monitored by 

chromatography. 

 

2.5 In vivo retinal imaging and intraocular pressure 

(IOP) measurement  

Before funduscopy and ocular coherence tomography 

(OCT), five IOP measurements were done in non-

sedated mice and the mean calculated automatically 

using the Tonovet® device (Icare, Vantaa, Finland). 

Anesthetized mice were then placed on a heated 

platform with an attached fundus camera 

interchangeable with an OCT objective (iVivo® Small 

Animal Funduscope and iVivo® Small animal OCT 

system, Ocuscience, Henderson, USA). Alternatively, 
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OCT was performed using the Spectralis® HRA+OCT 

(Heidelberg Engineering GmbH, Heidelberg, 

Germany). The uEye Cockpit software version 

4.91.0000 (IDS Imaging Development Systems 

GmbH, Obersulm, Germany) recorded fundus videos, 

while the Discovery InSightTM software recorded a 

series of ≥ 32 OCT images (Ocuscience, Henderson, 

USA). The examinations were done before 

immunization (M0), at three (M3) and eight (M8) 

months post-immunization. Retinal thickness was 

determined from OCT images and expressed in 

arbitrary units (AU); choroid thickness was assumed 

to be stable and used to align OCT images from both 

the Ocuscience and the Spectralis devices; retinal 

thickness values measured at a distance of 1.2 AU 

from the optic nerve (ON) head from Ocuscience-

derived images were corrected using a factor of 1.4.  

 

2.6 Determination of the objective visual threshold 

(OVT) 

OVT was quantified as optokinetic (OKT) and visual 

perceptual thresholds (VPT); OKT analyzes an 

involuntary response (OKT) while VPT adds a 

psychophysical dimension. In both cases the 

frequency of bars measured in cycles per degree (c/d) 

was used to quantify OVT; the higher the frequency, 

the higher is the OVT. OKT [14, 15] was analyzed on 

a platform enclosed by four monitors showing bars of 

different frequencies circling around the platform 

(OptoMotry HD, Cerebral Mechanics Inc., Medicine 

Hat, Alberta, Canada). The shift in frequency 

provokes a reflexive eye and head movement known 

as optokinetic response. Six tests/mouse/day were 

performed, repeated 3 times and the mean highest 

frequency was recorded as OKT. Visual perception 

and memory (VPT) were determined as bars shown as 

stimulus on a monitor in increasing frequencies in a 

water visual discrimination task [15] (Acumen, 

Cerebral Mechanics Inc., Medicine Hat, Alberta, 

Canada). A platform beneath the active monitor takes 

advantage of the fact that rodents are instinctive 

swimmers but prefer to escape from water. The tank is 

Y-shaped filled with 22°C tap water containing milk 

powder to conceal the escape platform; mice released 

at the foot of the Y, have to choose which arm of the 

Y will lead to the platform and escape from the water, 

indicated by the active monitor. Before determination 

of VPT, mice were familiarized with the tank 

equipment and trained for 7 days; each training session 

comprised 12 runs with distance from tank entry to 

platform increasing from first to last run. Training 

started with a stimulus of 0.052 c/d (square stimulus 

shown in a pseudo-random sequence) and comprised 

36 runs/day until a success rate of ≥ 90% was reached; 

tired mice were given a 5-10 min rest period, or the 

training stopped. During determination of VPT, the 

frequency was increased after every successful 

completion of a set of 3 stimuli (≥ 2 correct out of 3 

choices). A ≥ 70% success rate was considered the 

VPT.  

 

2.7 Toluidine staining and electron microscopy 

Tissue processing and electron microscopy were done 

according to Dosso et al.  [16]. Briefly, globes were 

fixed in 2% PFA and 1% GDA in 0.1 mol/L cacodylate 

buffer. The posterior segment was post-fixed for an 

additional 5 h at RT in 2.5% GDA, rinsed in 0.1 M 

cacodylate buffer, and incubated for 60 min in 0.5% 

osmium tetroxide in cacodylate buffer. The fixed 

tissue was dehydrated, perfused by propylene oxide 
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and Epon (1:1) overnight at RT, embedded in Epon 

with N-Benzyl-dimethylamine (50:1) and 

polymerized at 60°C for 2-3 d. Semi-thin sections 

(1 µm) were stained with toluidine blue and thin 

sections (0.08 µm) with uranyl acetate and lead citrate. 

 

2.8 H&E and immunofluorescent staining  

For histology, globes were fixed in 4% PFA at RT. 

After 24 h, the globes were rinsed in PBS, dehydrated 

through an ascending EtOH series, embedded in 

paraffin, rehydrated in a descending EtOH series and 

5 µm thin sections prepared. The sections were stained 

with hemalum (4 min), washed with tap water (40°C, 

2 min), rinsed in EtOH with 0.4% HCl (37%) and 

stained with 0.25% eosin (3 min). After repeated 

dehydration, sections were mounted using 

Vectamount. For antigen retrieval, sections were 

boiled for 10 min in citrate buffer (citrate acid 

monohydrate 0.01 M, pH 6.0 in H2O dist.) before 

blocking in 3% PBS-BSA and 0.1% Tween 20 for 45 

min at RT. Sections were incubated overnight at 4°C 

with primary antibodies followed by incubation with 

the secondary antibodies for 1 h at RT in the dark, 

stained with DAPI and mounted. The primary and 

secondary antibodies used diluted in 3% PBS-BSA are 

detailed in Table 1. Vitronectin expression was 

quantified by determining the average gray value of a 

standardized area placed in the center of the 

micrographs, using ImageJ v1.53c (NIH, USA); the 

gray value indicates the brightness of a pixel and the 

mean, reported in arbitrary units, is calulated by 

converting each pixel to grayscale. To quantify C3, a 

score scheme “(Table2)” was designed to evaluate all 

micrographs. For vitronectin and C3, at least 3 images 

per animal were analyzed. The “In Situ Cell Death 

Detection Kit® Fluorescein” (Merck) was used to 

detect apoptotic cell death in paraffin-embedded 

retinal sections according to the manufacturer’s 

instructions.  

2.9 Statistics  

Statistical analysis was performed using GraphPad 

Prism v8.4.3 (GraphPad Software, San Diego, CA, 

USA). A D’Agostino-Pearson normality test was 

performed to determine sample distribution. 

Differences in OVT, retinal and choroid thickness 

were calculated by performing a Kruskal-Wallis and 

Dunn’s multiple comparison post-tests or using a 

Mann-Whitney test, while vitronectin and C3 were 

analyzed using an ANOVA and Tukey’s multiple 

comparison post-tests. The rate of fundus 

abnormalities was analyzed by performing a Chi-

square test for trend. Data are expressed as mean ± SD 

and a p-value of <0.05 was considered statistically 

significant; only significant differences are reported in 

the text and shown in the graphs by asterisks.
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Table 1: Antibodies used in the study. 

 

Table 2: Score scheme for semi-quantitative expression analyses of C3. 

 

The score has been created to include all information of the micrographs in the analysis but excluding false positives 

by background or autofluorescence (e.g. erythrocytes). 

 

Table 3: Optimized immunization technique. 

 

CEP-MSA, CEP-conjugated mouse serum albumin; CFA, complete Freund’s adjuvant; IFA, incomplete Freund’s 

adjuvant; s.d., subdermal. 
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3.Results 

3.1 Optimized immunization protocol for aged 

mice To improve transferability of the CEP aAMD 

model [9,10] to the human condition and refine the 

protocol according to 3R rules [17,18], a new 

immunization regimen was used in ≥12 months old 

mice (Table 3). Even though immunization of rodents 

by footpad injection, which is painful, reduces 

mobility and risks infection, is not recommended, it is 

still used [19-22].  

 

Kamala et al. proposed the hock as an alternative 

injection site [11], which we have used to optimize the  

CEP-MSA immunization protocol. On day 0, thirty 

mice of 12 (n=10) and 18 months (n=20) of age were  

injected with 200 µg CEP-MSA emulsified in 120 µL 

CFA, 60 µL in each hock; 40 aged-matched untreated 

mice served as controls (AgM). At 10, 20 and 90 days, 

experimental mice received a booster injection s.d. in 

the neck containing 100 µg CEP-MSA suspended in 

60 µL IFA. Mice were anesthetized using the sedative 

and analgesic Medetomidine in combination with 

Ketamine since anesthesia with Ketamine plus 

Xylazin produced keratopathy in 25% of CBL57/6JRj-

aged mice, whereas Ketamine plus Medetomidine 

produced keratopathy in only 1.7% of the mice 

(unpublished data). Hock immunization and the low 

concentration of CEP-MSA used for the booster 

injections resulted in excellent tolerability with no 

adverse events observed and no difference in mobility 

between control and immunized mice. 

 

3.2 Preparation of CEP-conjugated protein 

Protein modifications in which the -amino group of 

lysyl residues is combined into a 2-CEP using the 

well-known, efficient Paal-Knoor synthesis, have been 

developed a few years ago. However, efforts at 

preparing the corresponding CEP derivatives of 

proteins by treatment with unprotected DOHA 

generally caused precipitation and aberrant reactivity. 

Indeed, Lu et al.  [13], observing the absence of the 

characteristic CHO signal in 1H NMR, postulated that 

was probably due to an intramolecular cyclization into 

a spirolactone hemiacetal of the starting material 

giving instability compared to what is obtained in the 

case of longer chain carboxyalkylpyrroles. 

Consequently, Salomon et al.  [12] and Lu et al.  [13] 

reported an efficient synthesis of CEP derivatives, 

which is specific and efficient for proteins. Their key 

finding was that the protected DOHA 9-

fluorenylmethyl ester reacts with primary amines to 

provide 9-fluorenylmethyl esters of CEP-modified 

proteins that can be later deprotected in situ with a 

weak base like 1,8-diazabicyclo [5.4.0] undec-7-ene 

(DBU) instead of classical piperidine without causing 

protein denaturation. The optimized synthetic route 

developed by Salomon et al.  [12] and Lu et al. [13] 

and used for the synthesis of the CEP-MSA in this 

work is summarized in Figure 1. 

 

3.3 Synthesis of DOHA-Fm  

A Grignard reagent derived from 2-(2-bromoethyl)-

1,3-dioxane was acylated with methyl 4-chloro-4-

oxobutanoate to afford the methyl ester (I) in a 96% 

good yield. The desired ester 9H-fluoren-9-ylmethyl-

4,7-dioxo-heptanoate (DOHA-Fm, (IV)) was then 

obtained after three additional steps. Firstly, a 

saponification to release the free carboxylic acid (II) 

was performed. Then, the new esterification with 9-

fluorenylmethanol (FmOH) protecting group was 
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carried out using 1.2 equiv of FmOH under stirring for 

19 h. The full protected compound (III) was delivered 

in 77% yield after a single column chromatography on 

silica gel. Finally, the acetal cleavage in acidic media 

at 50°C for 5 h provided the keto-aldehyde DOHA-Fm 

(IV) as a crystalline solid after drying in vacuum and 

cooling in the fridge. Protocols and purifications 

followed are taken from the previous papers [12,13]. 

The key intermediates have been characterized by 1H, 

13C and LRMS to assess their identity and are shown 

in the text here (Figures 11-15). 

 

3.4 Synthesis of CEP-MSA adducts (V) by Paal-

Knoor synthesis from DOHA-Fm  

The last step of the synthesis is the insertion of the 

CEP motif on MSA via a Paal-Knoor reaction using 

the freshly prepared key intermediate DOHA-Fm (IV) 

(Figure 1). To do so, we used strictly and rigorously 

the methodology developed by Lu et al.  [13], of which 

here are the main steps in a few words: A DOHA-Fm 

solution (18.5 mg, 0.055 mmol) in anhydrous DMF (8 

mL) was added slowly to a solution of 100 mg MSA 

in 18 mL of 10 mM PBS (pH 7.4). One equivalent of 

DOHA-Fm was used for each lysine group present in 

MSA. The mixture was stirred under argon for 4 days. 

Then, 360 L of DBU was added to the mixture and 

stirred overnight under argon. Then, low molecular 

weight contaminants were removed by successive 

dialysis: first, two 24 h dialyses (Mr cutoff 14000) 

against 1 L 20% DMF in 10 mM PBS (pH 7.4) 

followed by two additional dialyses (24 h each) 

against 1 L of 10 mM PBS (pH 7.4) at 4°C. 

Analytically, enzymatic digestion with fragment 

analysis by LC-MS / MS was carried out. The 

sequence coverage of the LC-MS/MS (Liquid 

Chromatography-Tandem Mass Spectrometry) 

analysis was excellent. This study revealed 

characteristic fragments possessing respectively 1, 2 

or 3 CEP moieties on lysyl residues demonstrating that 

CEP-MSA was formed. The fragmentation as well as 

the observed recurrences were in agreement with those 

described by Lu et al.  [13]. It should also be noted that 

no CEP-Fm units were detected after deprotection 

with DBU showing the effectiveness of the dialysis-

based purification method. Finally, the final protein 

concentration was determined by the Pierce 

bicinchoninic acid (BCA) protein assay. 

 

3.5 Determination of OKT and VPT  

To examine how structural retinal modifications affect 

and whether they are associated with functional visual 

impairments, OVT was determined using two 

complementary tasks, i.e., OKT and VPT. A 

statistically significant decrease in OKT was observed 

in both CEP-MSA immunized and control mice, 

specifically from 0.2263 c/d in pre-immunized 12-

month-old to 0.1960 c/d in 15-month-old control mice 

(AgM M3) and to 0.1827 c/d in 15-month-old CEP 

mice (CEP M3). A Kruskal-Wallis variance analysis 

revealed a significant difference between the groups 

(p=0.0018); post-hoc comparisons additionally 

revealed a significant decrease from “M0” to “CEP 

M3” (p=0.0038) (Figure 2a). A similar statistically 

significant decrease in the VPT (p=0.0075) was 

evident from 0.3280 c/d pre-immunization (12-month-

old) to 0.3176 c/d in 15-month-old control mice and to 

0.2839 c/d in 15-month-old CEP mice (p=0.0155) 

(Figure 2b).  
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3.6 Retinal imaging and intraocular pressure (IOP) 

determination  

Funduscopy and OCT were performed in 12- and 18-

month-old mice upon arrival (M0) at our animal 

facility and repeated at 3 (M3) and 8 months (M8) 

post-immunization. From videos of the fundus a 

screenshot was captured that showed the optic nerve 

head, central and peripheral retina. Pathological 

alterations were enumerated and categorized as small 

or large lesions (Figure 3 a-c) and the percentage of 

eyes per group with drusenoid alterations was 

calculated (Figure 3d). In normal animals the number 

of eyes with pathological alterations of the fundus 

increased with age from 12.50% (18-month-old, M0) 

to 40.63% (26-month-old, M8) whereas in CEP-

treated mice the increase by percentage in pathological 

alterations with age was 72.20% (26-month-old, M8) 

“(p=0.0043)” OCT was done immediately after 

funduscopy and images were recorded with the optical 

nerve (ON) head at the center.  

 

The best image in terms of sharpness, centrality of the 

ON head and cell layer visibility was chosen from each 

mouse to quantify retinal thickness expressed as 

arbitrary units (AU), measured at 1.2 AU left or right 

from the ON head. Retinal thickness increased with 

age and the increase was more pronounced in CEP-

treated mice (ANOVA: p<0.0001). Mean retinal 

thickness was 0.44 AU at M0 and increased to 0.55 

AU at M8 in AgM mice. In CEP mice, thickness was 

0.44 AU at M0 and increased to 0.53 AU at M3 and to 

0.57 AU at M8 post-immunization (M0 vs. AgM M8: 

p=0.0004; M0 vs. CEP M8: p<0.0001) (Figure 4a). 

Immunization did not affect the intraocular pressure 

(IOP) (AgM: 8.3±1.5 mmHg; CEP: 8.1±0.7 mmHg; 

p=0.5809). 

 

3.7 Histology, immunofluorescence, and electron 

microscopy  

Figure 5 shows representative micrographs of retinal 

sections of AgM and CEP mice at M3 and M8. In the 

upper row two retinal sections from control mice show 

a slight photoreceptor (PR) outer segment 

disorganization without other signs of degeneration 

(Figure 5a, b); all retinal layers are present and 

identifiable. The bottom two micrographs from CEP 

mice show retinas with significant degeneration, 

increased thickness and less organized retinal cell 

layers indicative of an inflammatory response. PR 

outer segments (POS) are disorganized or 

degenerated, creating large vacuoles; the RPE shows 

vacuolization and swelling. The retinal degeneration 

was visible at 3 months post-immunization (M3) and 

became more pronounced by 8 months post-

immunization (M8), with obvious PR degeneration, 

accumulation of subretinal deposits, cell migration, 

fibrotic remodeling in the retinal ganglion cell (RGC) 

layer and evident vacuolization of RPE and PR cells. 

Hypertrophic RPE cells suggest pyknotic cell death. 

 

To determine the presence of apoptotic cells, TUNEL 

staining was performed on PFA-fixed retinal sections 

and two positive controls (Fig. 6, upper row: cornea, 

left panel; DNase-treated retina, right panel). In the 

DNase-treated retina positive control, all cell nuclei 

are TUNEL-positive while in the cornea positive 

control, apoptotic cells can be found only in the 

surface layer of the corneal epithelium (CEC) that is 

regularly replaced. No apoptotic cells were identified 
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in retinas from either AgM or CEP mice at any time 

point, (Figure 6 lower row). A panel of antibodies was 

used for immunofluorescent characterization of 

inflammatory reactions of the retina, specifically 

GFAP, Iba-1; rhodopsin was used to examine PR 

degeneration; RPE65 was used to examine RPE cell 

status; vitronectin and C3 were used to 

examine for the presence of subretinal deposits. It is 

evident from Figures 7a and b that there is an 

approximately 50% thickening of the retina following 

CEP-MSA immunization, which is most obvious for 

the outer nuclear (ONL) and layer PR; also note the 

disorganization, holes and loss of POS. Iba-1 staining 

revealed increased microglia (green) in CEP retinas 

(Figure 7b). No differences in GFAP and RPE65 

expression were observed in CEP-immunized retinas 

(Figure 7c). Vitronectin, a known constituent of 

drusen, was found subretinally between the PR and the 

RPE at 3 months; the expression of vitronectin 

increased with age between 3 months and 8 months 

(AgM 3M vs. AgM 8M, mean difference 1.910, 

p=0.0418; CEP 3M vs. CEP 8M, mean difference 

3.494, p=0.0002) and the increase was significantly 

larger in CEP-MSA immunized mice at 8 months 

(AgM 8M vs. CEP 8M, mean difference, 1.639 

p=0.0207) (Figure 8a, b). Similar trends were obtained 

for the expression of C3; however, the differences are 

not statistically significant (Figure 8c, d).  

 

3.8 Toluidine staining and electron microscopy: 

Toluidine-stained semi-thin sections and uranyl 

acetate and lead citrate-stained thin sections of retinas 

from one CEP-treated and one age-matched control 

mouse at 3 months post-immunization were analyzed 

for CEP-induced alterations by light and electron 

microscopy, respectively. Figure 9a and b illustrate the 

toluidine blue-stained retinal morphology of the 

control and CEP-treated mice; note the increased 

thickness of the retina of the CEP-treated mouse 

(Figure 9b). Increased thickness of the OPL, optic 

nerve (ONL) and RGC layers are shown at a higher 

magnification (Figure 9c). RPE layer degeneration in 

CEP-treated retinas is apparent (Figure 9d) evidenced 

by holes, vesiculation and cell lysis. Figure 9e 

demonstrates invasion at the PR-RPE association zone 

by what are likely immune cells. PR are swollen and 

degenerated in both, the inner and outer segment layer 

(Figure 9f, g). Debris accumulation is evident beneath 

the PR layer (Figure 9h).  

 

Electron microscopic micrographs from the control 

mouse retinas do not show significant signs of 

degeneration; however, we observed PR outer 

segment integrity loosening that suggests minor, age-

related structural modifications (Figure 10a). In the 

CEP-treated retina, degeneration is obvious (Figure 

10b), disruption and disorganization of the PR layer 

(Figure 10c) are present, as well as the accumulation 

of lipid droplets in the RPE cells, cystic structures and 

vacuoles (Figure 10d, e), the thickened Bruch’s 

membrane (Figure 10f), and laminar deposits 

accumulated at the PR-RPE connection zone and at the 

Bruch’s membrane-RPE border (Figure 10g). 

Infiltrating cells migrate to the RPE-PR intermatrix, 

disrupting cell connections and the normal retinal 

architecture (Figure 10h).  
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Figure 1: Synthesis of a 9-fluorenylmethyl (Fm) ester of DOHA or said DOHA-Fm IV followed by the synthesis of 

CEP-protein adducts V by Paal-Knoor reaction. Reaction’s yields of the first 4 steps until the synthesis of DOHA-

Fm are indicated with h symbol. 

 

Figure 2: Analysis of the OVT determined by a visual discrimination task and by measuring the optokinetic 

response. 

a) In the visual discrimination task, VPT differs significantly between groups (p=0.0075) with an additional significant 

decrease in the multi-comparison post-test from M0 to CEP M3 (p=0.0155). Data are expressed as mean±SD (n=3-

10). 

b) The OKT differs significantly between groups (p=0.0018) and decreased significantly in CEP mice M3 compared 

to M0 (p=0.0038), while the decrease in AgM controls was not significant. OVT, objective visual threshold; OKT, 

optokinetic threshold; VPT, visual perception threshold. 
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Figure 3: Fundus analysis 

The fundi of AgM controls and CEP mice were monitored at M0, M3 and M8; lesions were identified from screenshots 

and enumerated. a) Fundus of an AgM mouse at M8; no pathological alterations are visible. b) Fundus of a CEP 

animal at M3; small yellow spots are visible (magnified in the insert), which are probably drusen deposits. c) At M8, 

the size and number of drusen bodies increased in CEP mice. The insert shows a magnified area with large drusen 

deposits. d) Quantification shows drusen deposits in 12.50% of retinas at M0, which increased to 40.63% in AgM and 

to 72.2% in CEP mice at M8 (p=0.0043**). All images are representative for their respective groups. Data are shown 

as mean±SD of n=8-11 animals/group. 

 

 

Figure 4: OCT imaging. 

 a) OCT measurements were done at M0, M3 and M8. Retinal thickness quantified in AU increased with increasing 

age; for AgM retinal thickness was 0.44 AU at M0 and 0.55 AU at M8, p=0.0004. Retinal thickness for CEP-treated 

mice was 0.53 AU at M3 and 0.57 AU at M8, p<0.0001). The difference in retinal thickness between control and 
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CEP-treated mice at M8 was not statistically significant. b) The upper panel shows a control retina at M8 and the 

bottom panel shows a retina from a CEP-treated mouse at M8. Data are shown as mean±SD of n=8-11 animals/group. 

 

 

Figure 5: H&E staining. 

a) The retina of a 15-month-old AgM mouse at M3 shows a slight POS disorganization (red arrow); however, all 

retinal layers are present and intact without signs of degeneration. b) At M8 (AgM) there is still only a slight 

disorganization of the POS without other signs of inflammation or degeneration. c) The CEP retina at M3 (15-month-

old) shows increased retinal thickness, disorganized POS with large holes, vacuolization and swelling of RPE cells 

(black arrows).  

d) POS in CEP retina at M8 are almost completely degenerated (red arrow) and increased RPE degeneration (black 

arrow) is evident. The RGC layer is swollen with an accumulation of cells and fibrotic remodeling (yellow arrow). 

Micrographs are representative of n=8-9 animals/group (Magnification of 200x).  
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Figure 6: TUNEL staining. 

Both, cornea and retina of mice pre- and post-immunization were stained. The upper row, left, illustrates a retina 

treated with DNase showing a high number of TUNEL positive cells (green). On the right, a representative cornea 

from a CEP mouse shows few apoptotic corneal epithelial cells, indicating normal cell replacement. The lower two 

panels show representative retinas of a CEP (left) and an AgM mouse (right) at M8 (20-month old) without any 

evidence of apoptotic cells. The control cornea and the CEP-retina are from the same animal. Micrographs are 

representative of n=4-6 animals/group (Magnification of 200x). 

 

 

Figure 7: Morphologic analysis of retinal sections by immunofluorescence. 

a) Rhodopsin (red) staining of retinas of CEP mice illustrates the increased retinal thickness, especially evident in the 

PR and ON layers (white bars); PR degeneration (white arrow) is evident. b) Iba-1 staining (green) revealed an 

increase in migration and activation of microglia in retinas of CEP mice, mainly in the inner (IPL) and outer (OPL) 

plexiform layers (white arrow). c) GFAP (red), indication of inflammatory processes, was only weakly expressed in 
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The Muller cells of AgM and CEP mice. d) Similar levels of RPE65 (red) was expressed in both groups of animals. 

The micrographs in the figure are from retinas of AgM and CEP mice without reference to age, since no age-dependent 

differences were observed. Micrographs are representative of n=8-10 animals/group (Magnification of 200x). 

 

 

Figure 8: Immunofluorescence of vitronectin (VTN) and complement component C3. 

a) Panels are brightfield and DAPI-stained retinal images merged with images of sections stained with anti-VTN 

(green) from an AgM control (bottom) and a CEP mouse (top) at 8 months after immunization (26-month-old); note 

the increase in the expression of VTN. b) Retinal brightfield and DAPI-stained sections stained with anti-C3 from an 

AgM control (bottom) and a CEP mouse (top) at 8 months after immunization (26-month-old); note the increase in 

the expression of C3. Arrows indicate VTN and C3 expression. b-d) Quantitative analyses revealed a statistically 

significant age-related increase in VTN expression (AgM 3M vs. AgM 8M: p=0.0418) as well as a larger increase at 

8 months in retinas of immunized mice (AgM 8M vs. CEP 8M p=0.0207) (Magnification of 400x). Similar trends 

were obtained for C3 expression, but the differences were not statistically significant.  
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Figure 9: Morphologic analysis of semi-thin toluidine blue stained retinal sections. 

a) Normal retina from an AgM control animal. All layers are distinguishable, POS are present and intact, and the RPE 

shows no signs of degeneration. b) The retina of the CEP-mouse shows increased thickness; the OPL and the RGC 

layers seem especially thicker. The organization of PR seemed less regular. Cells have migrated into the tissue and 

accumulated at the PR-RPE association zone, where the RPE shows holes and irregularities. c) The enlarged section 

of the micrograph a) shows that the PR and RPE cell layers are normal without visible cell or outer segment 

degeneration. d) The enlarged area of micrograph b) shows signs of degeneration, i.e., holes in the RPE layer (arrow), 

vesiculation and cell lysis. e) Note the accumulated, migrated cells in the PR-RPE association zone (arrow), swollen 

PR (arrow), f) PR lost their stringent order in both, the outer (red arrow) and inner segment layer (black arrow). g) 

Loss of the PR-RPE connection (red arrow) and deposition of debris (black arrow) are evident. Magnification: 200x.  

 

Figure 10: Ultrastructural images of retinal cross sections. 
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Electron microscopy from ultra-thin sections (0.8 µm) illustrates the ultrastructural pathological modifications in the 

retina of CEP-treated mice at M3. a) The micrograph shows a representative region of the retina of an AgM control 

mouse. No significant signs of degeneration are visible; however age-related early-stage structural modifications, i.e., 

loosening of PR outer segment integrity, are present. b) Cross-section of the retina of the CEP mouse shows 

morphological disorganization. c) Disruption (yellow arrow) and disorganization of POS. d) Lipid droplets (yellow 

arrow) in RPE cells. e) Cystic and vacuolar structures (yellow arrow) in RPE cells. f) Thickened Bruch’s membrane 

(yellow arrow). g) Accumulation of laminar deposits (yellow arrow) at the Bruch’s membrane-RPE border, h) 

Deposits (yellow arrow) and cell (black arrow) infiltration in the RPE-PR intermatrix, disrupting inter-cell 

connections. Magnification: 1900-2000x 

 

1H, 13C and LRMS characterization of the key intermediates 

 

Figure 11: methyl 6-(1,3-dioxan-2-yl)-4-oxohexanoate (1H and 13C characterization). 

 

Chemical Formula: C11H18O5. Molecular Weight: 230.26 g.mol-1. 1H NMR (600 MHz, CDCl3) δ 4.56 (t, J = 4.9 Hz, 1H), 4.07 

(dd, J = 10.7, 5.0 Hz, 2H), 3.74 (td, J = 12.4, 2.5 Hz, 2H), 3.67 (s, 3H), 2.74 (t, J = 6.6 Hz, 2H), 2.60 - 2.56 (m, 4H), 2.09 - 2.00 (m, 

1H), 1.89 (td, J = 7.3, 5.0 Hz, 2H), 1.35 - 1.30 (m, 1H) ; 13C NMR (151 MHz, CDCl3) δ 208.4 (C=O), 173.4 (COO), 101.0 (CH), 

67.0 (CH2), 51.9 (OCH3), 37.3 (CH2), 36.8 (CH2), 29.1 (CH2), 27.9 (CH2), 25.9 (CH2) ; MS (ESI)+ m/z : 253.1 [M+Na]+. 

 

 

Figure 12: 6-(1,3-dioxan-2-yl)-4-oxohexanoic acid (1H and 13C characterization). 

 

Chemical Formula: C10H16O5. Molecular Weight: 216.23 g.mol-1. 1H NMR (600 MHz, CDCl3) δ 4.57 (t, J = 4.9 Hz, 1H), 4.07 

(dd, J = 10.8, 5.0 Hz, 2H), 3.74 (td, J = 12.4, 2.3 Hz, 2H), 2.74 (t, J = 6.5 Hz, 2H), 2.63 (t, J = 6.5 Hz, 2H), 2.58 (t, J = 7.2 Hz, 2H), 

2.10 - 1.99 (m, 1H), 1.90 (td, J = 7.2, 4.9 Hz, 2H), 1.33 (dt, J = 13.5 Hz, 1H) ; 13C NMR (151 MHz, CDCl3) δ 208.4 (C=O), 177.1 

(COOH), 100.9 (CH), 67.0 (CH2), 37.0 (CH2), 36.7 (CH2), 29.1 (CH2), 27.7 (CH2), 25.9 (CH2) ; MS (ESI)+/- m/z : 239.0 [M+Na]+, 

271.0 [M+MeOH+Na]+, 471.0 [2M+K]+, 214.9 [M-H]-. 
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Figure 13: (9H-fluoren-9-yl) methyl 6-(1,3-dioxan-2-yl)-4-oxohexanoate (1H and 13C characterization). 

 

Chemical Formula: C24H26O5. Molecular Weight: 394.47 g.mol-1. 1H NMR (600 MHz, CDCl3) δ 7.77 (d, J = 7.6 Hz, 2H), 7.60 

(d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.4 Hz, 2H), 7.32 (td, J = 7.4, 0.9 Hz, 2H), 4.56 (t, J = 4.9 Hz, 1H), 4.38 (d, J = 7.2 Hz, 2H), 4.22 

(t, J = 7.2 Hz, 1H), 4.07 (dd, J = 10.7, 5.0 Hz, 2H), 3.73 (td, J = 12.4, 2.4 Hz, 2H), 2.73 (t, J = 6.8 Hz, 2H), 2.67 (t, J = 6.9 Hz, 2H), 

2.56 (t, J = 7.2 Hz, 2H), 2.10 - 2.00 (m, 1H), 1.90 (td, J = 7.2, 4.9 Hz, 2H), 1.35 - 1.30 (m, 1H) ; 13C NMR (151 MHz, CDCl3) δ 

208.33 (C=O), 172.89 (C=O), 143.94 (C), 141.44 (C), 127.92 (CH), 127.27 (CH), 125.22 (CH), 120.15 (CH), 100.97 (CH), 66.98 

(CH2), 66.70 (CH2), 46.92 (CH), 37.21 (CH2), 36.74 (CH2), 29.12 (CH2), 28.14 (CH2), 25.88 (CH2) ; MS (ESI)+ m/z : 417.0 

[M+Na]+, 433.0 [M+K]+. 

 

Figure 14: (9H-fluoren-9-yl) methyl 4,7-dioxoheptanoate (1H and 13C characterization). 

 

Chemical Formula: C21H20O4. Molecular Weight: 336.39 g.mol-1. 1H NMR (600 MHz, CDCl3) δ 9.79 (s, 1H), 7.77 (d, J = 7.5 Hz, 

2H), 7.59 (d, J = 7.5 Hz, 2H), 7.41 (t, J = 7.5 Hz, 2H), 7.32 (t, J = 7.4 Hz, 2H), 4.39 (d, J = 7.1 Hz, 2H), 4.22 (t, J = 7.1 Hz, 1H), 

2.80 - 2.72 (m, 6H), 2.69 (t, J = 6.4 Hz, 2H) ; 13C NMR (151 MHz, CDCl3) δ 206.76 (C=O), 200.46 (CHO), 172.74 (COO), 143.89 

(C), 141.44 (C), 127.93 (CH), 127.27 (CH), 125.19 (CH), 120.16 (CH), 66.70 (CH2O), 46.91 (CH), 37.64 (CH2), 37.09 (CH2), 

34.74 (CH2), 28.14 (CH2) ; MS (ESI)+ m/z : 337.1 [M+H]+, 359.1 [M+Na]+. 
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Figure 15: CEP-MSA conjugate spectra (LRMS characterization). 

 

4. Discussion 

Recent studies have shown the importance of chronic 

oxidative damage, inflammation, immune 

dysregulation, and lipid metabolism in aAMD 

pathophysiology [4]. The successful transfer of new 

treatments from bench to bedside depends on suitable 

in vivo models that correspond as much as possible to 

the human condition. The ideal model of aAMD 

should reliably reproduce disease pathophysiology 

and phenotype while being inexpensive, easy, and 

rapid to generate, and respect animal welfare. In 

addition, critical parameters to ensure transferability 
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are immunity (complement regulation), anatomy 

(retinal structure), and treatment regimen considering 

the complex interplay of species, strain, age, trigger, 

symptoms, induction stimulus and follow-up time [7]. 

Several animal models have been developed 

mimicking human aAMD using genetic modifications, 

pharmacological or physical stimuli [6]. Murine 

models that are most similar to human aAMD are the 

Ccl/r2-/-, Ccl2/Cx3cr1-/-, SOD2 knock-down (KD), 

mcd transgenic and NRF2-/- genotypes and the “CEP 

model”. However, none of these models fully 

reproduces all the characteristics of aAMD and show 

all conditions of an optimal animal model. The mcd 

transgenic, as well as the chemokine-acting models 

Ccl/r2-/- and Cx3cr1-/-, manifest AMD features slowly 

over 9 months. the Ccl2-/-/Cx3cr1-/- double KO 

develop the disease at 6 weeks but 15% of the animals 

develops CNV [5,6,8]. Other models have been 

developed, e.g. light stimulation and sodium iodate 

injection models, that, in a few days (1-7 days), 

manifest significant retinal degeneration [20,23,24]; 

however, these models, which have the advantage of 

limiting animal suffering, only mimic the final disease 

stage. The senescence accelerated OXYS rat model 

mimics the human pre-atrophic stage of aAMD at the 

young age of 1. 5-4 months with signs of 

inflammation, drusen, and atrophic alterations in the 

RPE and choriocapillaris and presents irreversible 

degenerative damages including hemorrhagic 

detachment and neovascularization at 24 months [21] 

that are not found in the human disease. The SOD2 KD 

model, which is complex to generate and responsible 

for early animal death [22], causes increased CEP 

levels, which are known to be elevated in the plasma 

and vitreous of aAMD patients [25,26]. CEP, an 

oxidation adducts produced from the docosahexaenoic 

acid, is generated following dysfunctions of the Nrf2 

pathway [22].  

 

The orginal “CEP model” by Hollyfield [9,10] is a 

murine model where 2-month-old mice were 

immunized with CEP-MSA. Animals were divided 

into a “short-term” group receiving a strong 

immunological challenge over three months and a 

“long-term” group inoculated with a weaker challenge 

over one year. Immunized mice developed antibodies 

to CEP, fixed C3 in BM, accumulated drusen below 

RPE during aging, showed decreased a- and b-wave 

amplitudes in response to light, and developed lesions 

in the RPE mimicking geographic atrophy [9,10]. The 

model presents many advantages: no secondary 

neovascularization, relatively rapid and “physiologic” 

disease progression [9,10]. However, the model that 

Hollyfield developed in young animals does not 

consider age-related influences of human aAMD that 

typically occur in aged patients.  

 

To model disease progression that takes into account 

ageing in human aAMD, we have modified the 

Hollyfield CEP model [9,10] by using 12- or 18-

month-old C57BL/6J mice [27]. We found that 

immunization with CEP-MSA induces symptoms of 

aAMD disease within 90 days, i.e., thickening of 

Bruch’s membrane, sub-RPE deposits, drusenoid 

structures, RPE hypoplasia/atrophy, complement 

deposition, immune cell accumulation and PR atrophy 

[7,9,10]. The CEP-old-mouse model reproduces the 

pre-atrophic stages of aAMD including the influence 

of age. It is also less traumatic for the animal injecting 

CEP-MSA into the hocks [11] instead of the foot pad 
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and by injecting smaller quantities into both hocks. All 

30 mice used in our study tolerated the procedure 

without signs of pain and side effects, despite their 

advanced age. The symptoms resembled a mixture of 

the short-term and the long-term models presented by 

Hollyfield et al. [9,10] combining a maximum 

immune response with an age-related increase of 

symptoms. In Hollyfield’s short-term model, RPE 

alterations, i.e., vesiculation, swelling of cells, C3 

presence and cell death, were observed whereas 

thickening of Bruch’s membrane was only observed in 

the long-term model. In our model we also observed 

significant vesiculation, cystic structures, lipid droplet 

accumulation (Figures 5, 9-10), Bruch’s membrane 

thickening, and complement C3 expression (Figure 8). 

We observed PR swelling, disorganization and 

degeneration accompanied by invading cells, which 

accumulated at the RPE-PR intermatrix like the 

monocytes observed by Hollyfield et al. [10] in the 

short-term model. Basal deposits and drusenoid 

structures, documented for the long-term model, were 

observed in the present model by H&E (Figure 5) and 

toluidine blue (Figures 9) staining; we also observed 

increased vitronectin and C3 expression (Figure 8); 

drusenoid structures and a thickened retina were 

observed by funduscopy and OCT (Figures 3-4). The 

retinal thickening that we have observed by 

microscopy (Figures 4-5, 7) has not been reported in 

several other models [23,24,28,29]; however, these 

models are end-stage aAMD models with atrophy and 

cell death as prominent disease features, while the 

model we have developed reproduced the pre-atrophic 

stage of human aAMD that comprised cell swelling 

and vesiculation as shown in other models [30]. 

Similarly, we did not observe apoptotic cell death 

(Figure 6) as reported in other models [23,29]. In that 

sense, Hollyfield et al. detected propidium iodide 

positive RPE cells assuming rather necrotic processes 

in this phase of the disease.  

 

In addition to the morphological alterations, we have 

found that there is an age-related decrease in the OVT 

that is greatly increased in CEP-treated mice, based on 

the visual perceptual test (VPT) and optokinetic 

threshold test (OKT) (Figure 2). In general, AgM 

controls demonstrated retinal alterations analogous to 

CEP mice that progressed with age, but the retinal 

alterations in CEP-treated mice were substantially 

greater; for example, vitronectin and C3 expression at 

the Bruch’s membrane was present in 15-21-month-

old control mice (Figure 8), but the expression was 

increased significantly in CEP mice (vitronectin AgM 

8M vs. CEP 8M, p=0.0207). A limitation of the results 

reported here is the small group size. The strength of 

the study, i.e., development of the disease in aged mice 

similar to human aAMD patients, allows 

transferability to humans, though the analysis of the 

immunization effect in CEP-immunized retinas 

discrete from age-related alterations may be impeded 

in aged mice. Thus, the enhanced Aged-CEP-Mouse 

model is of high translational relevance promoting the 

development of efficient and safe aAMD therapies. 

 

In conclusion, the age-related model of aAMD we 

have reported here, recapitulates the alterations 

observed in human retinas of early aAMD including 

drusenoid structures, thickening of Bruch’s 

membrane, RPE and PR degeneration, as well as some 

loss of vision, which has been observed in early aAMD 

patients. These alterations in the Aged-CEP-Mouse 
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model that mimic early human aAMD, makes the 

model ideally suited to test innovative early aAMD 

treatment strategies. 
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ANNEXE 2 : Details de projet et répartition des tâches de 
travail 
 
 

La thèse fait partie d9un projet de recherche financé par le fonds national suisse (bourse FNS no. 

31003A_160195/1 - Task 5.2) réalisé au laboratoire de la Professeure Gabriele Thumann et de la 

Docteure rer. nat. Martina Kropp au sein de l9Université de Genève.  Ce travail a été poursuivi 

par mon successeur, S. Tobalem, qui a décrit les altérations anatomiques de ce modèle (Task 5.3) 

(thèse UNIGE n° 11059). 

Dans cette étude, j'ai créé les premières souris âgées immunisées avec des injections répétées et 

j'ai pu démontrer la diminution du leur potentiel visuel à l'aide d'une tâche de discrimination 

visuelle et en mesurant la réponse optocinétique. Ensuite, le Dr Tobalem a poursuivi le projet en 

décrivant les changements morphologiques (histologiques et immunohistochimiques) de la rétine 

et nous avons réussi à publier un article dans lequel nous avons pu établir un lien entre la 

dégénérescence de la rétine et la perte de fonction dans notre modèle. 
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Tâche 
Mateusz 
Kecik 

Stéphan 
Tobalem 

Dr. rer. nat. 
Martina 
Kropp  

Pr. Gabriele 
Thumann 

Techniciens  

Conception du 
projet 

20%  40% 40%  

Immunisations 80% 20%    

Tests visuels 90% 10%    

Tests 
morphologiques 

10% 90%    

Bien-être des 
animaux 

40% 40%   20% 
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