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Abstract in English 
 

In the vertebrate retina, the cells whose role is to detect photons are called 

photoreceptors. Two types of “classical photoreceptors” (PRs) can be distinguished based on 

their structure and function: rods and cones. Because of their primordial role in visual acuity, 

integrity of cones is essential for good vision. The study of physiology and pathology of 

cones is hence crucial but hampered in classic laboratory rodents (mice and rats) due to their 

rod dominant retinas (97-99 %). Our laboratory possesses the world’s only breeding colony 

of the diurnal rodent: Arvicanthis ansorgei, whose retina has 33 % of cones. 

The aims of the study were: 1st, to establish an in vivo model of retinal 

degeneration in which cone pathogenesis can be easily observed, permitting comparison 

with that of rods; and 2nd, to characterize the effects of degeneration at the structural, 

physiological and behavioural levels. 

To induce retinal degeneration, two types of published approaches were used: bright 

light exposure and N-methyl-N-nitrosourea (MNU) injections. Exposure of Arvicanthis to 

bright light, irrespective of the paradigm used, never induced any reproducible retinal damage 

either at the structural or functional level. In an alternative approach, high doses of MNU 

were injected into Arvicanthis to induce retinal degeneration. At the structural level, the 

degeneration commenced approximately 11 days after injection, and presented regional 

variability in that the upper hemisphere was damaged first, followed by the degeneration of 

the inferior one. Cones were markedly more resistant than rods during the degeneration 

process. ERG recordings at late post-treatment times showed decreased amplitudes of 

responses driven by either rods or cones, demonstrating that visual function is highly 

compromised. However, because retinal degeneration was never complete in Arvicanthis, in 

order to examine the effects of MNU-induced retinal degeneration on light-evoked behaviour, 

we chose to use rats in which photoreceptor loss is total. Abilities of control and MNU-

treated rats to photoentrain to light/dark cycles of different light intensities were compared. 

Results showed that MNU-treated rats did not entrain their locomotor activity when light 

intensity was low whereas control rats were still synchronized. 

The ensemble of this work has provided: 1st, extensive characterization of 

Arvicanthis ansorgei retina, particularly at the functional level; 2nd, evidence for 

remarkably high resistance of Arvicanthis to retinal damage; 3rd, establishment of a 

validated model for the study of rod and cone degeneration within the same retina; 4th, 

extensive description of structural and functional characteristics of MNU-induced retinal 
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degeneration in Arvicanthis; and 5th, evidence of an impaired photoentrainment ability in 

MNU-treated rats. 
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Résumé en Français 
 

Introduction 

 

L’œil est l’organe responsable de la détection, du traitement primaire et du transfert de 

l’information lumineuse aux structures cérébrales. L’ensemble de ces fonctions est réalisé en 

grande partie par un tissu tapissant l’intérieur de l’œil : la rétine. Ce tissu est structuré en 

plusieurs couches formées de différents types cellulaires. L’empilement de ces couches est 

perpendiculaire à la trajectoire du faisceau lumineux de sorte que la lumière traverse 

successivement l’ensemble des couches avant d’être détectée. L’information lumineuse arrive 

au niveau de la couche la plus externe, composée des photorécepteurs (PRs). Ces cellules 

ont pour rôle de capter les photons et de traduire le message lumineux en un message nerveux 

qui sera éventuellement transmis aux cellules ganglionnaires dont les axones véhiculent 

l’information visuelle vers les centres supérieurs.  

 

Deux types de PRs sont distingués, en fonction de leur structure, mais aussi de leurs 

fonctions. Les bâtonnets contiennent un seul pigment visuel (ou opsine) : la rhodopsine. Ils 

sont très sensibles à la lumière et sont sollicités lorsque l’intensité lumineuse est faible (à la 

tombée de la nuit ou à la pénombre). Ils sont essentiels à la détection des mouvements et des 

formes. Les PRs du deuxième type, les cônes, sont répartis en trois types en fonction de la 

longueur d’onde du pic d’absorption de leur opsine. Chez les rongeurs, il existe des cônes 

MW (Middle Wavelength ou longueur d’onde moyenne) qui absorbent principalement la 

lumière verte et des cônes SW (Short Wavelength ou longueur d’onde courte) qui absorbent 

principalement la lumière bleue. Chez l’Homme, un troisième type de cône absorbe 

principalement la lumière rouge.  Etant donné leur faible sensibilité à la lumière, les cônes 

sont principalement sollicités dans des conditions où l’intensité lumineuse est forte. Chez 

l’Homme, les cônes permettent la détection des couleurs et une grande acuité visuelle; leur 

bon fonctionnement est le garant d’une bonne vision. En cas de dégénérescence des PRs, 

c’est d’ailleurs lorsque les cônes sont touchés que le handicap visuel est le plus important. 

L’étude de la physiologie et de la pathologie des cônes s’avère donc indispensable. 

Cependant, il existe très peu de données à l’heure actuelle sur la physiopathologie des cônes. 

Ceci est lié en grande partie au fait que les modèles animaux utilisés le plus fréquemment 

dans les laboratoires, généralement des rongeurs tels que rats et souris, ont des rétines très 

pauvres en cônes (seuls 1 à 3 % des PRs sont des cônes, le reste étant de type bâtonnet). Il 
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existe des espèces à rétines riches en cônes, comme l’écureuil, le porc, ou la musaraigne, mais 

elles ne sont pas faciles à élever en laboratoire et les outils biologiques ne sont pas forcément 

applicables à l’étude de ces espèces (sondes, anticorps, généralement développés chez le rat 

ou la souris). Au laboratoire nous possédons une espèce de Muridés diurne dont le nom 

scientifique est Arvicanthis ansorgei et dont la rétine a été caractérisée récemment (Bobu et 

al., 2006). L’analyse immunohistochimique avec des anticorps spécifiques des différentes 

opsines a révélé une forte proportion de cônes : environ 33 % des PRs (soit 10 fois plus que 

dans les rétines de rat ou de souris).  

 

Les dégénérescences rétiniennes sont une cause fréquente de cécité dans les pays 

développés. L’étude de l’induction et de la cinétique de l’apoptose des cônes et des 

bâtonnets lors de la dégénérescence rétinienne est une étape clef de la recherche sur la 

prévention des pathologies rétiniennes et la protection de la rétine. La plupart des modèles de 

dégénérescences rétiniennes sont des modèles génétiques de mutations naturelles ou induites 

par génie génétique. Parmi les protéines dont la mutation entraîne une dégénérescence 

rétinienne, on trouve notamment des protéines de la phototransduction (comme la 

rhodopsine : mutations rd) et des protéines nécessaires au recyclage des pigments visuels 

(comme la RPE65). Ces modèles génétiques ont été très utilisés pour étudier les mécanismes 

de la dégénérescence rétinienne et tester des approches thérapeutiques. Cependant, ils 

présentent plusieurs inconvénients qui rendent leur utilisation difficile. Les mutations 

génétiques sont, à l’heure actuelle, principalement effectuées sur des souris, espèce dont la 

rétine possède très peu de cônes ce qui rend ces modèles difficilement adéquats pour l’étude 

de la physiopathologie de ce type de PR. De plus, en fonction des gènes invalidés, une 

mutation peut avoir des conséquences non seulement sur la rétine mais aussi sur d’autres 

organes compromettant la survie de l’animal ou les études au niveau comportemental. Enfin, 

il est difficile, avec les modèles génétiques, de moduler le moment auquel la dégénérescence 

apparaît et d’étudier sa progression à l’âge adulte, étant donné que la plupart des 

dégénérescences liées à des mutations ont une initiation précoce. Des modèles non génétiques 

de dégénérescences rétiniennes permettent de pallier ces inconvénients. Parmi les approches 

couramment utilisées, on trouve les dérégulations métaboliques par hypo- ou hyper- glycémie 

ou les lésions mécaniques par augmentation de la pression intraoculaire, pour mimer les 

caractéristiques du glaucome par exemple. La toxicité induite par la lumière a été 

expérimentalement établie en 1966 (Noell et al., 1966) et, depuis, les mécanismes de 

dégénérescence rétinienne suite à une exposition à la lumière ont été amplement étudiés. Il 
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existe aussi des modèles liés à la toxicité d’une substance. En effet, de nombreuses substances 

toxiques entraînent des dommages rétiniens. C’est le cas des agents alkylants, connus pour 

induire la formation de tumeurs, mais qui peuvent aussi entraîner la dégénérescence des 

photorécepteurs. En 1967, Herrold découvrait les effets délétères d’une injection de N-

méthyl-N-nitrosourée (MNU) sur la rétine du hamster doré (Herrold, 1967). La MNU 

entraîne notamment une dégénérescence complète des PRs sous 7 jours, et ce, chez de 

nombreuses espèces (Tsubura et al., 2003a). 

  

La rétine a la propriété de capter la lumière et de transmettre un message 

préalablement traité aux centres supérieurs. La fonction la plus classiquement connue de la 

rétine est la fonction de formation d’images dont le but final est la perception de 

l’environnement par la modalité visuelle. Cette fonction est rendue possible grâce aux PRs, 

aux cellules de la couche nucléaire interne et aux cellules ganglionnaires (RGCs). Les axones 

de ces dernières forment le nerf optique qui conduit l’information visuelle aux corps 

genouillés latéraux et aux feuillets intergéniculés latéraux du thalamus. Ces informations sont 

par la suite envoyées au cortex visuel pour un traitement plus approfondi. L’intégrité de la 

fonction visuelle peut être évaluée chez l’animal par l’utilisation de tests basés sur des tâches 

de placement, de repérage spatial ou sur les réactions d’anxiété des animaux face à des 

environnements visuels nouveaux. La rétine a aussi une deuxième fonction : la capacité de 

détecter la présence ou l’absence de lumière, appelée aussi message photique, nécessaire à 

la synchronisation des processus rythmiques circadiens (dont la période est d’environ 24 h), 

mais aussi au fonctionnement normal du réflexe pupillaire qui permet de réguler la quantité 

de lumière arrivant au niveau de la rétine. L’évaluation de la synchronisation photique de 

l’horloge circadienne peut être établie en enregistrant par exemple l’activité locomotrice d’un 

animal maintenu en cycle obscurité/lumière de 12-h/12-h. Dans ces conditions, un animal 

nocturne sera actif principalement pendant la nuit, et un animal diurne, pendant le jour. En 

cas de détérioration du système détectant et intégrant les signaux photiques, le rythme de 

l’activité peut s’en trouver perturbé. Au niveau comportemental, les effets d’une 

dégénérescence rétinienne peuvent donc être évalués, soit via l’étude de fonctions visuelles, 

soit via l’étude de fonctions non visuelles. 

 

Les caractéristiques d’une dégénérescence rétinienne ou les effets thérapeutiques 

d’agents protecteurs peuvent être évalués à la fois aux niveaux structural, physiologique et 

comportemental. Au niveau structural, les techniques d’histologie peuvent être combinées à 
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des techniques d’imagerie in vivo en temps réel, type SLO (Ophtalmoscopie par balayage 

Laser) qui permettent d’avoir une vue globale du fundus et d’observer notamment la 

vascularisation rétinienne en utilisant des sources d’excitation différentes, ou par OCT 

(Tomographie par Cohérence Optique), une technique qui permet d’avoir une vue 

transversale de l’épaisseur de la rétine. L’enregistrement des réponses électrophysiologiques 

(ERG) de l’ensemble de la rétine suite à un stimulus visuel permet quant à lui d’évaluer 

l’intégrité de la rétine au niveau fonctionnel.  

 

Objectifs 

Les objectifs du travail de thèse étaient : 1, la mise en place d’un modèle in vivo de 

dégénérescence rétinienne dans lequel les cônes soient facilement repérables et l’étude de 

leur apoptose possible et comparable à celle des bâtonnets ; 2, l’établissement des 

caractéristiques des effets de la dégénérescence rétinienne aux niveaux structural, 

fonctionnel et comportemental. 

 

 

1. Résistance de Arvicanthis à la Dégénérescence 

Rétinienne induite par la Lumière (?) 

 

Lors de nos travaux, nous avons utilisé deux types d’induction de dégénérescence : 

l’exposition à la lumière intense et l’injection d’un composé toxique. 

Dans un premier temps, les Arvicanthis ont été exposés à différents types de sources 

lumineuses en modulant les paramètres expérimentaux. Les premières expositions ont été 

réalisées à la lumière blanche en s’appuyant sur les paramètres trouvés dans la littérature. 

L’étude histologique des coupes de rétines des animaux exposés n’a révélé aucune différence 

structurale ou morphologique par rapport à celles des animaux témoins élevés en cycle de 

lumière/obscurité  avec une intensité lumineuse de 200 lux. Nous avons alors varié la durée 

entre le moment de l’exposition et celui du sacrifice afin de détecter des événements précoces 

de la dégénérescence comme l’initiation de l’apoptose 36-h après exposition, ou des 

événements tardifs tels que la diminution de l’épaisseur de la couche nucléaire externe 

(généralement visible au bout d’une semaine). L’aspect structural des rétines contrôles et des 

rétines exposées était similaire pour tous les temps testés. Nous avons augmenté la durée 

d’exposition à une semaine sans pour autant observer de modifications structurales. Des 

études ont montré une influence du temps circadien auquel l’exposition avait lieu sur 
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l’apparition ou non d’une dégénérescence (Organisciak et al., 2000). Nous avons donc exposé 

les Arvicanthis à différentes périodes de leur temps circadien. Pour toutes les périodes 

étudiées, l’ensemble des rétines étaient structurellement intactes. Des paramètres d’exposition 

plus extrêmes ont par la suite été utilisés comme une exposition sous anesthésie avec un 

éclairage à fibre optique pouvant générer une intensité d’environ 20 000 lux. Là encore, 

aucune dégénérescence des rétines des Arvicanthis n’a été mise en évidence.  

Afin d’étudier si les éventuels dommages induits par la lumière pouvaient avoir des 

conséquences au niveau physiologique et si l’intégrité structurale de la rétine ne cachait pas 

une altération fonctionnelle, nous avons analysé les réponses électrophysiologiques 

d’Arvicanthis exposés à la lumière et les avons comparées à celles d’Arvicanthis contrôles. 

Cette étude a révélé une physiologie rétinienne non altérée. 

Enfin, nous avons utilisé la lumière bleue, connue pour avoir des effets plus délétères 

sur la rétine. Chez la souris, la lumière bleue induit une dégénérescence sévère après 5 

minutes d’exposition. Des Arvicanthis exposés pendant 15 ou 30 minutes à cette même 

source lumineuse ne présentaient aucun dommage au niveau de leur rétine. Seul l’animal 

exposé pendant 45 minutes présentait une lésion rétinienne sur une zone limitée. 

L’ensemble de ces résultats suggère une grande résistance de Arvicanthis à la 

dégénérescence induite par la lumière. Cette résistance peut être liée au fait que Arvicanthis 

est un animal pigmenté et que son épithélium rétinien offre donc une protection naturelle 

contre la toxicité induite par la lumière. Mais cette résistance peut aussi être liée à l’écologie 

de l’Arvicanthis qui nécessiterait au niveau oculaire une protection face aux agressions 

lumineuses. Arvicanthis est une espèce diurne et qui est donc active principalement dans des 

conditions de forte luminosité. Un mécanisme de défense face aux dommages de la lumière à 

forte intensité paraît indispensable. Il est aussi probable que les cônes soient moins sensibles à 

la phototoxicité que les bâtonnets, étant donné qu’ils sont actifs de jour et beaucoup moins 

sensibles à la lumière à faible intensité. Des études ont aussi montré que le mécanisme 

d’action de l’effet néfaste de la lumière sur la rétine passait par l’activation du pigment visuel 

des bâtonnets : la rhodopsine (Grimm et al., 2000b). Arvicanthis possédant une forte 

proportion de cônes, cela expliquerait qu’il soit moins sensible et particulièrement épargné 

face à la phototoxicité par rapport à des espèces à rétine riche en bâtonnets. En clinique la 

relation causale entre exposition à la lumière et apparition de dégénérescence rétinienne, type 

dégénérescence maculaire liée à l’âge, n’a jamais été clairement établie et les résultats des 

études épidémiologiques restent controversés. La lumière ne constitue sûrement pas un 
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facteur initiateur de dégénérescence, mais reste sans aucun doute un facteur aggravant d’une 

pathologie préexistante. 

 

 

2. Caractérisation de la Dégénérescence Rétinienne 

induite par la MNU chez Arvicanthis ansorgei 

 

Afin de déterminer si Arvicanthis est une espèce particulièrement résistante à la 

phototoxicité ou résistante à tout type de stress rétinien de manière générale et dans le but de 

poursuivre notre quête d’un modèle de dégénérescence des cônes, nous avons décidé 

d’utiliser une approche alternative pour endommager la rétine. 

Nous avons utilisé le modèle MNU, décrit pour induire une dégénérescence rapide et 

complète des PRs. La MNU a déjà été utilisée chez de nombreuses espèces (souris, hamster, 

rat, musaraigne, macaque) en tant qu’inducteur de dégénérescence rétinienne (Herrold, 1967 ; 

Tsubura et al., 2003a). Lors de nos travaux, nous avons remarqué que la MNU injectée à la 

même dose que celle généralement utilisée chez le rat (75 mg/kg) n’entraînait aucune 

modification de la rétine de Arvicanthis, même après 25 jours. En revanche, cette dose de 

MNU injectée chez le rat Long Evans (souche pigmentée) induisait une dégénérescence 

complète des PRs après 7 jours. 

Lorsque la MNU était utilisée à plus forte dose (100 ou 150 mg/kg) chez Arvicanthis, 

elle entraînait une dégénérescence continue des PRs observable par histologie, commençant 

11 jours après l’injection et continuant après 25 jours. Afin d’évaluer les effets 

physiologiques généraux de la MNU sur Arvicanthis, la masse corporelle et la prise 

alimentaire quotidienne des animaux ont été mesurées à partir de J-5 avant injection et 

jusqu’au jour du sacrifice. L’analyse des résultats a montré, chez les animaux traités à la 

MNU, une prise alimentaire et une prise de poids identiques à celles des animaux témoins, 

une dizaine de jours après injection. Les effets structuraux rétiniens de la dégénérescence 

suite à une injection de MNU chez Arvicanthis ont été évalués sur des coupes histologiques. 

A 3 jours après injection, les segments externes des PRs se sont révélés plus courts. Jusqu’à 

25 jours post-injection l’épaisseur de la couche nucléaire externe diminuait jusqu’à disparaître 

totalement. En revanche, les couches internes de la rétine (couche nucléaire interne et couche 

des cellules ganglionnaires) ne semblaient pas affectées par l’injection. Le même constat a été 

fait à 3 mois après une injection de MNU à 100 mg/kg. La MNU semblerait donc 

endommager sélectivement les PRs au sein de la rétine. Cette sélectivité a aussi été détectée 
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in vivo par la technique OCT où l’observation transversale de la rétine mettait en évidence 

une diminution drastique de l’épaisseur des PRs et une épaisseur des couches rétiniennes 

internes non modifiée. 

Afin d’évaluer si la dégénérescence des PRs était homogène au niveau de la rétine, 

une étude topographique de la dégénérescence a été réalisée sur des coupes histologiques en 

mesurant l’épaisseur de la couche des photorécepteurs (segments externes et internes, et 

couche nucléaire externe) par rapport à l’épaisseur de la couche nucléaire interne. Cette 

analyse a permis de mettre en évidence une évolution non homogène de la perte des PRs le 

long de l’axe inférieur/supérieur. Au 11ème jour après injection, l’épaisseur de la couche des 

PRs des rétines traitées à la MNU était sensiblement réduite par rapport aux rétines contrôles. 

Cette réduction s’amplifiait les jours suivants avec une réduction plus marquée dans 

l’hémisphère supérieur, comparativement à l’hémisphère inférieur, notamment aux niveaux 

médian et central. L’observation des fundi de ces mêmes animaux par SLO avait aussi montré 

que l’atteinte était plus importante au niveau de l’hémisphère supérieur où des inclusions 

lipidiques et du matériel fluorescent étaient visibles. 

En utilisant des anticorps dirigés contre les protéines spécifiques des cônes et des 

bâtonnets, nous avons montré que les bâtonnets étaient les premières cellules touchées, et que 

la dégénérescence des cônes suivait. L’analyse de la distribution de cellules apoptotiques 

marquées par la méthode TUNEL a permis de montrer que dans un premier temps les cellules 

apoptotiques se trouvaient au niveau interne de la couche cellulaire externe (emplacement des 

corps cellulaires des bâtonnets) et notamment dans l’hémisphère supérieur au niveau central, 

puis, que toutes les cellules de la couche nucléaire externe étaient touchées et que la 

progression s’étendait ensuite à l’ensemble du pôle supérieur et à une partie de l’hémisphère 

inférieur. La dégénérescence tardive des cônes par rapport à celle des bâtonnets a aussi été 

mise en évidence par immuno-empreinte où le ratio de la quantité de rhodopsine par rapport à 

la quantité d’arrestine des cônes a été comparé dans des rétines contrôles et des rétines 

traitées à la MNU. Ce ratio est réduit de plus de 84 % après injection de MNU, signifiant qu’à 

un moment donné de la progression de la dégénérescence, la perte des bâtonnets est plus 

importante que celles des cônes. Au niveau fonctionnel, nous avons montré par ERG que les 

amplitudes des ondes a et b étaient réduites aussi bien dans des conditions dans lesquelles le 

système des bâtonnets était sollicité que dans celles où seule la réponse générée par 

l’activation des cônes était observable. Ce dernier résultat signifie que, bien que les cônes 

semblent être relativement épargnés par l’injection de MNU au niveau structural, leur 

intégrité fonctionnelle est cependant compromise.  
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L’étude de la dégénérescence rétinienne suite à une injection de MNU chez 

Arvicanthis a permis : 1, de confirmer la relative résistance de la rétine de Arvicanthis 

déjà observée lors d’un stress lumineux ; 2, d’établir un modèle de dégénérescence 

induite des deux types de PRs ; 3, de caractériser cette dégénérescence aux niveaux 

structural et fonctionnel ; 4, de mettre en évidence une dégénérescence relative des 

cônes plus lente que celle des bâtonnets ; 5, de mettre en évidence une progression 

régionale de la dégénérescence, avec des dommages plus importants au niveau de 

l’hémisphère supérieur. 

 

 

3. Effets de la Dégénérescence Rétinienne induite par 

la MNU sur le Photoentraînement chez le Rat  

 

La dégradation drastique des PRs chez le rat et Arvicanthis et la faiblesse des réponses 

de l’ERG chez Arvicanthis suggèrent une perte notable de la fonction visuelle après une 

injection de MNU. Nous avons souhaité évaluer l’effet de cette dégénérescence marquée par 

une perte des PRs sur une autre fonction de la rétine : la synchronisation de l’activité 

locomotrice à l’alternance lumière/obscurité aussi appelée le photoentraînement. Nous 

avons choisi d’utiliser le rat traité avec la MNU comme modèle d’étude, espèce chez laquelle 

la dégénérescence des PRs est quasi-totale après quelques jours. Des rats Long Evans injectés 

avec le solvant seul ou une solution de MNU à 75 mg/kg ont été placés dans des cages 

individuelles munies d’une roue dont le nombre de révolutions est enregistré en temps réel. 

Le rythme de l’activité locomotrice des animaux a été enregistré au cours de 3 cycles LD 

successifs d’intensité lumineuse décroissante : 300, 15 et 1 lux.  

L’analyse des enregistrements par actimétrie a montré que les rats contrôles 

synchronisaient leur activité locomotrice pendant les 3 cycles, mais que leur angle de phase 

lors du cycle de 1 lux était plus important que celui qu’ils présentaient à 300 et 15 lux. La 

capacité de photoentraînement des rats traités avec la MNU n’était pas altérée à 300 lux. A 15 

lux, les rats MNU avaient toujours la capacité de se synchroniser, mais leur angle de phase 

était plus important que celui trouvé à 300 lux et que celui des animaux contrôles pour le 

même cycle. A 1 lux, les rats MNU perdaient totalement leur capacité à synchroniser leur 

activité locomotrice. Après le cycle de 1 lux, un dernier cycle de 300 lux a été mis en place 

afin de vérifier que la perte de la synchronisation observée à 1 lux n’était pas liée à une 

évolution de la dégénérescence, mais plutôt à un effet spécifique de l’intensité lumineuse. 
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Dans cette condition, les animaux MNU étaient à nouveau photoentraînés. On sait que dans 

des conditions de luminosité très faible (comme c’est le cas pour 1 lux), seuls les bâtonnets 

sont photosensibles. Ce résultat important met donc en évidence le fait que dans des 

conditions de faible luminosité le système des bâtonnets serait sollicité pour la fonction de 

photoentraînement, alors qu’à forte intensité d’autres cellules photosensibles pourraient 

intervenir, comme les cellules à mélanopsine.  

Les animaux ont ensuite été sacrifiés et les rétines ont été prélevées pour évaluer et 

quantifier l’expression de protéines spécifiques des bâtonnets et des cônes (pigments visuels 

et protéines de la phototransduction) et de la mélanopsine, une protéine synthétisée par une 

sous-population de cellules ganglionnaires et dont le rôle dans le photoentraînement a déjà été 

démontré (Panda et al., 2002). L’analyse histologique des rétines de rats traités à la MNU a 

confirmé la dégénérescence complète des PRs au moment du sacrifice. Afin de confirmer que 

la rétine était déjà dégénérée au début des enregistrements, une coupe de rétine de rat sacrifié 

9 jours après injection a aussi été comparée aux rétines contrôles et a montré que la 

disparition des PRs était déjà quasi complète dès 9 jours post-injection. L’étude histologique 

a aussi révélé une préservation de l’intégrité structurale des couches internes de la rétine. 

L’analyse histologique de l’expression des protéines spécifiques des bâtonnets et des cônes a 

montré une disparition presque totale des bâtonnets, une perte des cônes et une dégradation de 

leur segment externe. De plus l’expression des protéines de la phototransduction des 

bâtonnets et des cônes était significativement réduite. Le nombre de cellules marquées 

positivement avec un anticorps anti-mélanopsine sur coupes et sur rétines montées à plat a été 

déterminé et les cellules à mélanopsine se sont révélées moins nombreuses dans les rétines 

traitées avec la MNU. L’expression de la mélanopsine a été quantifiée par la méthode 

d’immuno-empreinte et l’expression totale de la protéine était réduite de plus de 80 % après 

traitement à la MNU. L’ensemble des résultats a montré qu’une perte des PRs associée à 

une diminution de l’expression de la mélanopsine après injection de MNU chez le rat 

entraînait une perte de la synchronisation au cycle LD à basse intensité lumineuse.  

 

 

En conclusion, l’ensemble de ce travail de thèse a permis :  

 

1 : La caractérisation plus en détail, aux niveaux structural et fonctionnel,  de la 

rétine d’un modèle de rongeur à forte proportion de cônes: Arvicanthis ansorgei.  
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2 : La mise en évidence de la relative résistance de la rétine de Arvicanthis à deux 

types de stress aux mécanismes différents.  

3 : La mise en place d’un modèle pour l’étude de la dégénérescence induite des 

cônes permettant de comparer au sein du même animal la cinétique de dégénérescence 

des deux types de photorécepteurs.  

4 : La détermination des caractéristiques rétiniennes, structurales et 

fonctionnelles, du modèle MNU chez Arvicanthis.  

5 : La mise en évidence de la perte du photoentraînement, une fonction réalisée 

par la rétine, chez le rat tarité à la MNU. 
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1. DOWN TO BASICS: ANATOMY AND PHYSIOLOGY OF 

THE VERTEBRATE RETINA  
In Vertebrates, only two organs can undergo biochemical changes in the presence of 

light: skin, which to the delight of many people will turn brown after sun bathing, and eyes. 

Nevertheless, the eye is the only real gate of light into the body and allows the transformation 

of photic energy to an electric signal. Light rays are focussed through the transparent cornea 

and lens upon the retina (Figure 1). Although all parts of the eye are important for perceiving 

light, the most crucial ocular structure is the retina, an essential region of the brain (derived 

from the neural tube) that gets direct stimulation from the outside world of light and images. 

 

Figure 1  Drawing of light rays pathway through the eye. 
 

Light rays enter the eye through the cornea and are refracted twice with help of the lens to finally be focused on 
the retina, lining the posterior wall of the eye. 
 
Modified from © Mayo Foundation for Medical Education and Research.

retina

lens

cornea

 



Introduction / Anatomy and Physiology of the Vertebrate Retina  

 32

1.1. Basic Anatomy of the Retina 

The retina is a thin (500 µm in human and 200 µm in mice) tissue that lines the inner 

surface of the eyeball (Figure 1). 

With the use of electron microscopy, microelectrode recording techniques, and 

pharmacology, retinal structure and function are nowadays very well understood. The first 

anatomical description of the retina was performed more than a century ago by Santiago 

Ramón y Cajal who used Golgi silver staining to describe the cell types constituting the retina 

in a number of vertebrate species (Cajal, 1892). Even if the detailed connections of the 

different cell types were wrong, the overall anatomical structure of the layers was very 

accurate (Figure 2A). 

 

As clearly described by Cajal, we now know that vertebrate retinas are composed of 

three layers of cell bodies and two layers of synapses (Figure 2B). The outer nuclear layer 

(ONL), located nearest the sclera, contains the cell bodies of the classical photoreceptors 

(PRs) (rods and cones). The inner nuclear layer (INL) contains the cell bodies of the 

bipolar, horizontal and amacrine cells, as well as those of the principal glial cells of the 

retina, the Müller cells. The most internal nuclear layer, the ganglion cell layer (RGCL) 
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Figure 2  Radial section of the mammalian retina tissue. 
 
Representation of the retinal structure with: A: a drawing made by Cajal around 1880; and B: a schematic
representation of the structure of the retina as viewed nowadays. 
 
GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer
plexiform layer.  
A. From "Structure of the Mammalian Retina" c. 1900 by Santiago Ramón y Cajal. B. Modified from 
www.skidmore.edu. 
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contains cell bodies of ganglion cells (RGCs), displaced amacrine cells and retinal 

astrocytes. Dividing these cell layers are two interplexiform layers where synaptic contacts 

are made between the different neurons. Most externally is the outer plexiform layer (OPL) 

where connections between PRs in the ONL, and bipolar and horizontal cells in the INL 

occur. The inner plexiform layer (IPL) is formed of synapses made between bipolar 

amacrine and ganglion cells.  
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1.2. Light Signal Transmission, the Classic 

Pathway 

Vertebrate PRs respond to light by virtue of their apical specialisation: the outer 

segment (OS). This structure is filled with stacks of plasma membranes containing visual 

pigments: molecules composed of a protein called opsin and a chromophore derived from 

vitamin A and known as retinal. Each OS contains millions of visual pigment molecules. 

The first event in light perception is absorption of a photon by retinal. Upon 

absorption of a photon of light, the retinal isomerizes from the 11-cis form to all-trans retinal 

which triggers conformational changes in the molecule resulting in bleaching. Opsin 

undergoes a conformational change to metarhodopsin II. Metarhodopsin II dissociates into 

opsin and all-trans retinal. The opsin activates transducin located in the cytosol, causing it to 

exchange bound guanosine diphosphate (GDP) for guanosine triphosphate (GTP), leading to 

dissociation of the alpha subunit from the beta and gamma subunits of transducin, with the 

GTP still bound to the alpha subunit. The alpha subunit-GTP complex activates 

phosphodiesterase (PDE) that hydrolysis cyclic guanosine monophosphate (cGMP) to 5'-

GMP, lowering the concentration of intracellular cGMP which in turn leads to closure of the 

sodium channels within the plasma membrane. Closure of the sodium channels causes 

hyperpolarization of the cell due to the ongoing potassium current (Figure 3). 

Figure 3  Representation of molecular steps in photoactivation. 
 
Drawing of an OS disk in a rod. Step 1: A  photon (hv) is absorbed and activates a rhodopsin molecule (R*)
resulting in a conformational change in the disk membrane to R*. Step 2: Next, R* makes repeated contacts 
with transducin molecules, catalyzing their activation to G* by the release of bound GDP in exchange for
cytoplasmic GTP. The α, β and γ subunits separate. Step 3: G* binds inhibitory γ subunits of the
phosphodiesterase (PDE), releasing the active its α and β subunits. Step 4: Activated PDE hydrolyzes cGMP.
Step 5: Guanylyl cyclase synthesizes cGMP, the second messenger in the phototransduction cascade.
Reduced levels of cytosolic cGMP cause cyclic nucleotide gated channels to close preventing further influx of 
Na+ and Ca2+. 
 
cGMP: cyclic guanosine monophosphate; G*: transducin; GC: guanylyl cyclase; GDP: guanosine diphosphate; 
GTP: guanosine triphosphate; OS: outer segment; PDE: phosphodiesterase; R*: rhodopsin. 
 Modified by J.J. Corneveaux from (Leskov et al., 2000). 
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Hyperpolarisation of the photoreceptor results in a decrease in release of the 

neurotransmitter glutamate in the OPL, which constitutively released in the dark. The effect 

of glutamate is to close a glutamate-activated Na+ channel at the synaptic contact between 

PRs and depolarizing bipolar cells. Therefore, during a light stimulus, lowered release of 

glutamate onto the bipolar cell reduces the number of glutamate-activated Na+ channels that 

are closed and the bipolar cells subsequently depolarize. This depolarization causes 

increased transmitter release onto the RGCs which depolarize and produce action 

potentials which are relayed to cortical visual processing centres via the optic nerves. This 

pathway (PR – bipolar cells – RGCs) is known as the vertical pathway of light signal 

transduction (Figure 4). 

PR signals can also be transmitted laterally using a horizontal pathway by 

horizontal and amacrine cells that intermix, combine and modify the synaptic signal prior to 

final transmission to RGCs. These changes allow adjustment of sensitivity for bright and dim 

light vision, and permit shaping of visual responses by such processes as lateral inhibition, 

that increase contrast and sharpness of the image. 
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Figure 4  Representation of vertical and horizontal phototransduction pathways. 
 

Light hits the visual pigment located in the OS of the PR (highlight). Upon this reaction, PRs activate bipolar cells
that subsequently activate RGCs. Once the visual pigment has been activated, it requires regeneration through 
the visual cycle in the apposing RPE cells. The horizontal pathway is composed of horizontal and amacrine cells.
 
OS: outer segment; PR(s): photoreceptor(s); RGCs: retinal ganglion cells; RPE: retinal pigment epithelium.
Modified from www.mitre.org. 
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The cells acting as photon detectors are the PRs which OS are oriented vertically 

towards the exterior of the eye. The cells whose role it is to transmit the light message out of 

the retina are the RGCs, located at the inner part of the retina. Therefore light must travel 

through the thickness of the retina before striking and activating the PR (Figure 4). This 

arrangement is necessary because OSs have to be in contact with the retinal pigment 

epithelium (RPE), a monolayer located behind the retina that is vital for photosensitivity. 

Isomerisation of a visual pigment upon light absorption renders the protein insensitive to 

further light stimulation, and restoration of light sensitivity requires chemical re-isomerization 

of retinal via a multistep enzyme pathway, called the visual cycle, that takes place in part in 

the RPE. Hence, RPE cells are essential for the recycling of retinal molecules. Also, RPE 

cells are loaded with melanin granules that absorb stray photons and free radicals, providing 

an important protective shield. 

 

In this classic view of the light signal transmission pathway, uniquely rods and cones 

are able to detect photons. We will later see that a sub-population of RGCs is also capable of 

light detection. 
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2. IN QUEST OF A CONE MODEL 
Two types of classic PRs exist in the vertebrate retina: rods and cones. They can be 

distinguished by their structure, their physiology and their respective roles.  

 

2.1. Rods vs. Cones: Different Equipment, 

Different Functions 

Rods and cones share a common property: they detect photons and undergo 

subsequent biochemical and physiological changes upon their absorption. But these two PRs 

differ in structure, topography and roles.  

 

2.1.1. DIFFERENT (ULTRA)STRUCTURES 

The PR cell consists of: an OS that - as seen previously - is filled with stacks of 

membranes containing the visual pigments, an inner segment (IS) containing the apparatus 

necessary for protein synthesis and ATP formation (mitochondria, Golgi apparatus, 

ribosomes…), a cell body containing the nucleus, and an axon extending to a synaptic 

terminal where neurotransmission to bipolar and horizontal cells occurs. Rods and cones 

both possess the same overall morphology but fine structure differs in several respects. 

 

rodrod conecone

cell body 
(with nucleus)

inner segment
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cell body 
(with nucleus)
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Figure 5  Rod and cone structures. 
 
Both types of PRs contain an outer segment, an 
inner segment, a cell body, an axon and a 
synaptic terminal that can be distinguished for 
rods and cones. 
 
Modified from thebrain.mcgill.ca. 
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First, whereas rod OS (ROS) are slim cylindrical structures reaching to the RPE, 

cone OS (COS) are shorter, robust and more conical with a wider base and tapering shape 

(Figure 5).  

 

Second, ROS are filled entirely with closed discs of double membranes enveloped 

by a separate plasma membrane, whereas COS are composed of successive folds in a single 

plasma membrane, and thus are open to the extracellular space on one face (Figure 5). 

 

Third, rod synapses are known as spherules are different to those of cones called 

pedicles. Rod spherules are small round enlargements of the axon (3-5 µm diameter) or 

extensions of the cell body. The less numerous cone pedicles, in contrast, are large, conical, 

flat end-feet (8-10 µm diameter) of the axon. Rod spherules lie packed between and above the 

cone pedicles (Figure 6). 

 

 

 

 

 

Figure 6  Synaptic terminations of rods and cones. 
 
Reconstruction from electronic microscopy of a cone pedicle
(centre) surrounded by rod spherules (sides). 
 
From H. Jastrow (University of Mainz, Germany). 
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2.1.2. DIFFERENT TOPOGRAPHIES 

Besides their structure, rods and cones also differ by their distribution within the 

retina. 

Cone cell bodies (CCBs) lie along the scleral border of the ONL, with rod cell bodies 

(RCBs) making up the remainder of the ONL between and below the cone cell bodies. Cone 

inner segments are massive compared to the thin rod IS (Figure 4). 

Rods and cones also have different lateral distributions that vary depending on the 

species considered. In the human retina, rods are distributed all over the retina except for a 

small spot totally devoid of rods where 100 % of the PRs are cones (Figure 7). This region, 

called the foveola, corresponds to the central point for image focus. In a radius of 1 mm 

around the foveola, the fovea, cones constitute over 50 % of the PRs, while over the entire 

retina cones average 5 % of total PRs (Curcio et al., 1991). Instead of a fovea, some 

vertebrate retinas have other specializations of the central retina, as the area centralis or the 

visual streak. These are regions with high density of ganglion cells located within a central 

field. Unlike the visual streak whichs forms a horizontal band, the area centralis is arranged in 

a spot. The visual streak is present in many vertebrates and particularly in reptiles.  

 

 

 

Figure 7 Distribution of rods and 
cones on the horizontal meridian of the 
human retina. 
 
In the foveola, only cones are present, 
whereas in the rest of the retina, most of the 
PRs are rods.  
 
From (Osterberg, 1935). 
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2.1.3. DIFFERENT CONNECTIONS 

Rod and cone pathways are strictly separated in the outer retina; rods connect to rod 

bipolar cells and cones to cone bipolar cells. In the inner retina, cone bipolar cells form 

synapses with RGCs. Rod bipolar cells do not directly contact RGCs but feed into cone 

bipolar cells via a population of amacrine cells in the inner retina. The wiring connection 

systems of rods and cones with RGCs, in the peripheral and central retina, are different. In 

the periphery, there is a high convergence of the rods onto their postsynaptic neurons: one 

RGC carries information of a large number of photoreceptors (Figure 8, left panel). In 

contrast, in the cone-rich fovea, a low ratio of PRs to ganglion cells is found: one cone cell is 

connected to one bipolar cell itself contacting one RGC (Figure 8, right panel). 

 

2.1.4. DIFFERENT PIGMENTS 

Visual pigments of rods and cones belong to two different families of vertebrate 

opsins depending on their evolutionary histories. Rods contain the visual pigment rhodopsin 

and cones contain cone opsins. Also, they possess different homologous proteins and 

amplification factors of the phototransduction cascade (Curcio et al., 1991; Nathans, 1999; 

Roorda and Williams, 1999). 

 

central retina
(fovea)

peripheral retina

conerod

Figure 8  Connectivity of rod in the peripheral- and cone in the foveal retina of human. 
 
In the peripheral retina, one RGC is contacted by several rods via the bipolar cells. In contrast, in the fovea, 
one cone contacts one bipolar cell which in turn contacts one RGC. 
 
Modified from thebrain.mcgill.ca. 
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The spectral sensitivity of a given pigment is determined by the amino acid sequence 

of the opsin. Rhodopsin is sensitive to one wavelength range only with peak sensitivity 

around 498 nm. Cones can further be subdivided depending on the exact structure of their 

opsin molecule. Three classes of mammalian cone opsins are named by acronyms roughly 

reflecting their spectral sensitivity maxima (Figure 8). Cones are either maximally sensitive to 

long wavelength light: LW cones (564 nm); medium wavelength light: MW cones (533 

nm); or short wavelength light: SW cones (437 nm). Most mammalian species are 

dichromats, containing as well as rods only MW and SW sensitive cones in their retinas. 

Human and Old World primates possess all three types of cone opsins (Nathans et al., 1986; 

Jacobs, 1998). 

 

2.1.5. DIFFERENT ROLES 

The high convergence of rods onto RGCs in the more peripheral retina causes image 

resolution to suffer. By contrast, the low convergence of cones improves the signal-to-noise 

ratio. Therefore, cones are responsible for high visual acuity, and are of utmost importance 

in human eyesight. Improving acuity is the fact that in the macula, bipolar and ganglion cells 

displaced laterally allowing the light rays to fall directly on cones with no loss of light 

intensity. Moreover, the difference of convergence, renders rhodopsin exquisitely light 

sensitive (Cicerone, 1976; Rodieck and Rushton, 1976) and operational under dim light 

Figure 9  Absorption spectra of visual pigments in humans. 
 
Rhodopsin, the visual pigment of rods has a maximum sensitivity around 498 nm. SW opsin, the visual pigment
of blue cones has a maximum peak around 437 nm, MW for green cones has a peak at 433 nm and LW opsin
for red cones has a maximum at 564 nm. 
 
From (Bowmaker and Dartnall, 1980) 
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environments, whereas cone opsins require relatively high light levels to be activated (Sugita 

and Tasaki, 1988). Hence, rods are functional in dim light and cones are used in daylight. 

Cones of different wavelength sensitivity and consequent pathways of connectivity to 

the brain are, of course, the basis of colour discrimination in the human visual world. In 

primates, three different cone types can be detected with behavioural, psychophysical and 

physiological testing. This is the basis of the so called trichromatic vision of humans.  

 

2.2. Focus on Cones: Why Studying Cones is such 

a Major Concern… 

As seen in the previous section, rods and cones are different cell types and useful 

human vision is very largely afforded by cones, which permit high acuity in the macula and 

chromatic eyesight. 

Due to these particular functions, the major visual handicap encountered in 

hereditary blindness occurs through loss of cones, even though these cells are often not the 

site of the genetic lesion. This is the case for Retinitis Pigmentosa and age-related macular 

degeneration (AMD) (Curcio et al., 1996; Adler et al., 1999; Bhatti, 2006).  

In other diseases such as the macular dystrophy known as Stargardt’s disease, macular 

cones are very damaged whereas there is only little structural or functional damage to 

surrounding rods (Cibis et al., 1980; Zhang et al., 1995). The molecular basis of Stargardt’s 

disease is not entirely known, and how the mutation of a gene expressed in both rods and 

cones (Allikmets et al., 1997; Rozet et al., 1999; Papaioannou et al., 2000) leads to such 

clinically specific lesions in the macula, is still not understood. It is known that the mutation 

results in build-up of toxic lipid adducts in the RPE (Mata et al., 2000). The biochemical 

pathways underlying genesis of these lipids is quite well understood in rod PR (Sparrow and 

Boulton, 2005), but it is currently unknown how such adducts may form in cone PR, or why 

cones should be so vulnerable to RPE malfunction. Molecular events during cone 

pathological processes need to be further investigated. 

Also, factors influencing cone survival are largely unknown - even if a diffusible 

factor produced by rod PR which may be critical for cones has been identified (Leveillard et 

al., 2004), the mechanism by which this effect occurs is currently unknown. Moreover, there 

is currently very little information available on direct effects of neurotrophic factors or 

environmental insults (e.g., intense light exposure) on cone survival (Cicerone, 1976; Cortina 

et al., 2003). 
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There is therefore a great need for a model permitting scrutiny of cone 

pathophysiology under controlled experimental conditions, in order to obtain basic 

information that may help prevent or reduce visual handicap caused by cone death.  

 

2.3. Models for Cones Studies 

2.3.1. WHY CLASSICAL RODENTS DON’T – ENTIRELY – MAKE 

THE CUT? 

Mice (Mus musculus) and rats (Rattus norvegicus), the traditional species used for 

experimental research, are often attractive models for studies involving genetic 

manipulation, development, or electrophysiological experiments. These species are the most 

popular models as transgenic technology is far advanced, breeding is rapid and prolific, and 

animal housing is inexpensive. Another advantage is the rapid progression of the disease 

process, which can be measured in weeks as opposed to years in humans. 

As for other fields of biology, use of mice and rats has led to great advances in vision 

research, such as the description of cellular and molecular mechanisms underlying rod cell 

degeneration in a wide range of blinding diseases, and potential avenues of therapeutic 

neuroprotection or gene replacement (Faktorovich et al., 1990; Humphries et al., 1990; 

Bennett, 2000; Travis et al., 2007). 

However, mice and rats have an important drawback for investigations directed 

at vision, especially cone-based vision. Both of these species are nocturnal, burrowing 

animals that do not rely heavily on vision and have poor natural visual acuity (Prusky et al., 

2000). 

Moreover, if rodents - and particularly mice - are not generally considered to be a 

“visual animal”, this is also because of the widespread occurrence of the retinal degeneration 

(rd1) mutation in mice, which induces rapid degeneration of rods followed by cones PR 

(Chang et al., 2002). This mutation (in cGMP-PDE) occurs in many common laboratory 

strains and renders all of the mice in these strains incapable of normal responses to light 

(Low, 1987). 

Also problematic for the use of mice and rats in cone pathophysiology research is the 

low cone to rod ratio and the lack of a macula in their retinas, rendering them less suitable 

for questions regarding cone disease. Mice possess a number of cones estimated at 2.8 % total 

PRs (Carter-Dawson and LaVail, 1979b; Jeon et al., 1998) and at < 1 % for rats (Szel and 

Rohlich, 1992). 
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Although this has not prevented the study in these species of several important aspects 

of cone biology, including differentiation (Kelley et al., 1995), phenotype (Szel et al., 1993), 

function (Biel et al., 1999) and degeneration (Usukura et al., 1994; Xu et al., 2000), it has 

nevertheless hindered cone studies on a large scale and rendered very difficult the study of 

reproducible principal features of cone pathological processes. For example, even if several 

transgenic mice models manifest different salient features of AMD (Ambati et al., 2003; 

Rakoczy et al., 2006), none of them recapitulate the entire spectrum of pathological changes 

seen during the progression of the pathology. This is maybe due to the fact that rods actually 

die prior to cones even in macular diseases such as AMD (Jackson et al., 2002), or that the 

particular structure of Bruch’s membrane, the basal membrane of the RPE, somehow 

sensitizes particularly the macula to metabolic stress (Chong et al., 2005). Both of these 

characteristics are difficult to evaluate in cone-poor retinas. 

 

2.3.2. CONE CELL LINES 

Photoreceptor cells are terminally differentiated, specialized neuronal cells with a 

limited capacity for cell division. Hence, to establish a line of photoreceptor cells, it has been 

essential to transform tumour cells with viruses.  

Two immortalized human retinoblastoma cell lines: Y-79 and WERI-Rb11, are 

available for the study of photoreceptors. Initially, it was thought that the Y-79 cells were of 

cone cell origin (Bogenmann et al., 1988) but more recently it has been shown that these cells 

express rod-specific antigens, such as rhodopsin, rod transducin, PDE, and recoverin (Di Polo 

and Farber, 1995; Wiechmann, 1996). A mouse photoreceptor-derived cell line, designated 

661W has been immortalized by the expression of a simian virus under control of the 

promoter of interphotoreceptor retinoid-binding protein (al-Ubaidi et al., 1992). Cellular and 

molecular analyses have shown that these cells express cone but not rod photoreceptor 

markers, which suggests that the cells arise from a cone photoreceptor lineage (Tan et al., 

2004). Interestingly, 661W cells respond to light and can undergo light-induced cell death 

(Krishnamoorthy et al., 1999) and have been used successfully to study molecular events 

involved in the apoptotic process (Kanan et al., 2007). Kanan et al. showed the activation of 

multiple proteases by light-induced stress, a relevant finding for studies conducted to 

investigate the use of pharmaceutical agents to retard or cure the loss of cone photoreceptors 

observed in AMD and other degenerative retinal diseases. 

However, even if these results appear promising for in vitro studies of cone death, the 

661W cell line exhibits some drawbacks as a model of cone cells. Cells derived from this 
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cell line do not exhibit cone PR morphology, such as formation of OS-like membranes, and 

expression of some OS structural proteins. Moreover, cone opsins are distributed all over the 

cell and not restrained to OS as in vivo. A potential explanation for these unnatural PR 

characteristics could be that RPE would be essential to establish polarity and form OS 

through production of factors or proper physical contact with PR. 

Therefore, even if cone cell lines could be a useful tool for studying cone 

pathophysiology, there are still some inherent potential limitations, including loss of native 

tissue architecture, selective loss of specific cell phenotypes/functions, tumoral nature of the 

cells, lack of functional feedback from other retinal cell types, and the potentially 

questionable relevance of in vitro findings. 

 

2.3.3. NATURALLY CONE-RICH ANIMAL MODELS 

As seen previously, mice and rats possess a low cone to rod ratio, probably due to the 

fact that both of these species are nocturnal animals. In such an ecological niche, rod-

mediated vision is advantageous in allowing detection of very dim light. Even though many 

diurnal mammals still possess excess rods compared to cones (such as in humans, still 20:1), 

higher cone numbers would be predicted in such organisms. In the wild, several species with 

rich or even “pure” cone retinas have been identified. Many diurnal teleosts, reptiles, and 

birds possess four cone types. Within the fish taxon, goldfish (Carassius gibelio) and 

zebrafish (Brachydanio rerio) are interesting laboratory species whose cone types (Robinson 

et al., 1995) are arranged in a mosaic pattern (Larison and Bremiller, 1990). Among 

amphibians, Xenopus laevis possesses 47 % of cones (Wilhelm and Gabriel, 1999). These 

three species have served to study rod-cone interaction (Frumkes and Eysteinsson, 1987; 

Witkovsky et al., 1989; Joselevitch and Kamermans, 2007; Ribelayga et al., 2008), cone 

visual cycle (Trevino et al., 2005; Fleisch et al., 2008), rhythmic processes such as cone OS 

shedding (Yacob and Kunz, 1977) and cone opsin expression (Halstenberg et al., 2005). Also, 

they have been widely used for studies involving cone degeneration after mutation (Ulshafer 

et al., 1990; Nishiwaki et al., 2008), or after light or chemical exposure (Hyatt et al., 1996; 

Vihtelic and Hyde, 2000). Fish retinas have also been studied for their unique property of 

regeneration (Cameron and Carney, 2000; Vihtelic and Hyde, 2000). Among birds, cones of 

chicken (Gallus gallus) retinas have been isolated in culture for in vitro studies (Okano et al., 

1989) and their survival capacity has been investigated (Coleman et al., 2004) along with 

identification of cone survival factors (Leveillard et al., 2004). 
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Even if use of these species has generated interesting results, non-mammalian cones 

may be difficult to use as a model of human cones due to different physiological 

characteristics. For example, most non-mammalian cones possess coloured oil droplets at the 

outer end of their IS. These droplets are coloured filters that modify the spectral content of 

light reaching the visual pigments (Graf and Norren, 1974; Bowmaker et al., 1997) and are 

totally absent in mammalian cones. Moreover, use of non-mammalian species may also be 

difficult for practical reasons as they are not easy to rear and because biological tools 

available for rodents or primates can hardly be used on non-mammalian material.  

All mammals possess rods and cones, and diurnal species show a large range of cone 

proportions from 8 % to 95 % cones (Ahnelt and Kolb, 2000; Peichl, 2005). Most diurnal 

mammals that have been examined still have rod-dominated retinas, such as pigs (Sus 

domestica) who possess 15 % – 20 % cones (Hendrickson and Hicks, 2002). Only a few 

diurnal species are known to have more cones than rods: the ground squirrel (Spermophilus 

beecheyi) has about 85 % (Kryger et al., 1998), and tree shrew (Tupaia belangeri) about 95 

% (Muller and Peichl, 1989). Most non-primate mammals possess two spectral cone types: 

LW and SW that show a centro-peripheral density gradient, coinciding with the ganglion cell 

density gradient. Highest densities are present in the area centralis and lowest densities in the 

retinal periphery. Cats (Felis catus) who possess a real macula with a rod/cone ratio of 10.6 

(Steinberg et al., 1973) were used to study the fate of cones in rod/cone degeneration 

(Narfstrom et al., 2001) during which the cone system is morphologically abnormal in young 

cats at an earlier stage of disease. Rabbit (Oryctolagus cuniculus) is another highly visual 

species and has been used as a model of cone-rich retina (Poznanski, 2005; Yasukawa et al., 

2007). Non-human primate retinas are of course a very good model of human retina, but 

they have experimental and ethical constraints that limit their applications. 

All these mammalian species have aided in exploring cone degeneration (Farber et al., 

1983), trophic factor effects (Traverso et al., 2003), turnover (Long et al., 1986), visual cycle 

(Wolf, 2004), basic principles of cone function and cone-specific circuitry (DeVries et al., 

2002; Li and DeVries, 2004; Rebrik and Korenbrot, 2004) and recovery of cone function 

following injury such as retinal detachment (Jacobs et al., 2002; Linberg et al., 2002). 

However, these models present certain drawbacks, such as difficulties in husbandry (pig) or 

surgery, drawbacks to breeding in captivity (cats, squirrel), and lack of genetic information 

and utilisation of pre-existing antibodies or databank sequences (cats, squirrel). 
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2.3.4. TRANSGENIC ANIMAL MODELS 

Two strains of functionally rodless mice have been generated with a deletion of the 

gene for rod transducin alpha-subunit or for rod arrestin (Xu et al., 1997). These strains are 

interesting to study cone-driven electrophysiological responses, without interference of rod-

driven responses but are not ideal for histological and biochemical studies. Cone-rich 

transgenic mouse models are also available in the form of Rho-/- mice (Humphries et al., 

1997) or Nrl-/- mice (Mears et al., 2001). Several disadvantages of these transgenic models 

have emerged. First, cones in such strains may not be fully normal: in Rho-/- mice the “cone-

rich” state lasts only a short time before they die secondarily to rods, and Nrl-/- are SW cones 

formed through a default developmental programme. In the latter case, recent data shows they 

display typical cone features by a wide range of structural and functional criteria: (Pugh et al., 

2005). Second, as rods are completely absent or non-functional, it is impossible to compare 

pathological features of the two photoreceptor populations within the same animal. 
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2.4. Arvicanthis ansorgei (Thomas 1910): a 

“Gold Standard” for Cone Studies? 

The considerations above argue strongly for the need for new animal models are 

required to facilitate experimental research into cone function and survival and to examine 

cone degeneration. 

Ideal models would of course exhibit the key feature of possessing a large percentage 

of easily identifiable cones. They should also be suitable for a wide variety of experimental 

techniques including monitoring of behavioural patterns, studying whole animal physiology, 

slice physiology, ease of performing anatomical and molecular studies, and investigations 

involving genetic or anatomical experimentation. Finally, they should also possess practical 

advantages such as ease of handling, housing and breeding in captivity. One group of our 

laboratory is interested in the molecular mechanisms regulating diurnality and nocturnality 

(Dardente et al., 2004; Mendoza et al., 2007; Tournier et al., 2007). For these purposes, a 

breeding colony of a diurnal rodent species Arvicanthis ansorgei Thomas 1910 (Figure 10), 

was initiated in Strasbourg in 1998, from animals trapped in the southern and central part of 

Mali. This West African species ranges from Senegal to Niger and Burkina Faso in 

subtropical or tropical scrubland. The diurnal activity has been confirmed in our laboratory by 

actimetry measurements (Challet et al., 2002). 
 

Figure 10  Arvicanthis ansorgei in its 
natural environment. 

 
Picture of an adult Arvicanthis ansorgei in 
semi-captivity by B. Sicard (Institut de 
Recherche pour le développement, Mali). 
 

 

 

 

 

 

 

Cytogenetic and molecular analyses have demonstrated the monophyly of this genus 

with estimated times of divergence from other Muridae divisions ranging from 4 to 13 million 

years (Ducroz et al., 1998). The phylogenetic match to laboratory mice and rats is crucial to 

optimize exploitation of existing databanks and available antibody probes of mice and rats. So 

far, many Arvicanthis homologues of neurotransmitter and visual pigment genes, have been 

cloned successfully based on the closeness of match to murine sequences. Also, all tested 
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antibodies, raised against either mouse or rat sequences of retinal proteins, cross-reacted fully 

with Arvicanthis (Bobu et al., 2006). 

An initial characterization of the retina of Arvicanthis ansorgei performed in our 

group (Bobu et al., 2006) revealed that this species possesses 33 % cones, that is 

approximately 10 times more than mice and rats. Moreover, it was shown that cones are 

arranged in two regularly aligned cell layers at the scleral surface of the ONL, distributed 

uniformly across the entire retina and easy to distinguish from rods by their position and 

nuclear morphology. The presence of both rods and cones greatly facilitates comparison of 

the two populations in the face of stress and injury, and in their responses to prospective 

neuroprotective treatments. 

Importantly, Arvicanthis ansorgei can be bred successfully in captivity (5-7 young 

per litter). The gestation and weaning times are similar to other laboratory-housed rodents (21 

days and 1 month respectively), and their estimated lifespan is approximately 2.5-3 years. 

Recently, the retina of another Arvicanthis species has been described: Arvicanthis 

niloticus (Gaillard et al., 2008). The two species are very similar in terms of retinal 

architecture. To conclude we can say that even if existing animal models will continue to be 

important, Arvicanthis ansorgei constitutes a very promising experimentally-accessible 

mammalian model with a cone-rich retina. However, the histological and functional 

characterization of its retina needs to be completed. 

 

In this manuscript, for convenience, I will use indifferently the terms A. ansorgei, Aa 

or Arvicanthis to refer to Arvicanthis ansorgei species or animals. 
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3. RETINAL DEGENERATIONS AND THEIR MAMMALIAN 

MODELS 

3.1. Human Retinal Degenerations 

Retinal degenerations (RD) constitute the leading cause of blindness in Western 

countries. We will mention just a few examples of prevalent forms that concern PR. 

Age related macular degeneration (AMD) is a common retinal pathology of the 

elderly. It affects a very significant percentage of the ageing population, and constitutes the 

largest threat to vision-related public health in the industrialized world (Gehrs et al., 2006). 

The macular area including the central fovea becomes compromised due to the degeneration 

of the RPE and the formation of drusen (the lipidic material built up in Bruch's membrane), 

with ensuing cone death and central visual loss. 

Retinitis pigmentosa is a family of hereditary retinal diseases for which there is no 

cure at present. Large numbers of genetic mutations have been identified, most of which are 

located in rods that begin to degenerate in early stages of the disease. Patients become night 

blind as more and more of the peripheral retina becomes damaged, eventually reduced to 

tunnel vision.  

Macular dystrophies, such as Stargardt’s disease, are dominated by severe cone 

degeneration, with often little structural or functional damage to surrounding rods (Cibis et 

al., 1980; Zhang et al., 1995). 

 

3.2. Genetic Animal Models of RD 

Numerous genetic animal models of RDs have been described over the years. Studies 

using animals that have naturally-occurring mutations affecting specific populations of cell 

types have been useful for analysing visual function and the phototransduction process, as 

well as pathogenic mechanisms underlying death. The most well studied inherited mutant 

strains are the “retinal degeneration” (now termed rd1) and “retinal degeneration slow” (rd2) 

mice, both autosomal recessive conditions implicating respectively mutations in rod-specific 

cGMP, PDE and peripherin/rds proteins (Farber et al., 1989; Travis et al., 1991). In addition, 

the Royal College of Surgeons (RCS) rat (Bourne et al., 1938) harbours a mutation in the 

mertk tyrosine kinase receptor involved in retinal phagocytosis (D'Cruz et al., 2000). 

Although most of the mutations affect rods, some mutations concern cones. The 

cone photoreceptor function loss 1 (cpfl1) mutation is the first naturally-arising mutation in 



Introduction / Retinal Degenerations and their Mammalian Models  

 51

mice to cause cone function loss. Electrophysiological responses of cpfl1-/- mice show no 

cone-mediated response but normal rod-mediated responses from 3 weeks to 15 months of 

age (Chang et al., 2002). Histological studies of cpfl1-/- mice at parallel ages show an overall 

normal retinal structure with cone photoreceptor cell degeneration. 

More recently, transgenic engineering has been used. Mutations of protein of the 

phototransduction as rhodopsin are commonly used: P23H mutation in mice (Olsson et al., 

1992) and rat (Machida et al., 2000), or Rdta mutation (McCall et al., 1996). Targeted cone 

cell loss has also been performed (Soucy et al., 1998). 

Although genetic models have already provided a wealth of data in understanding the 

process of retinal degeneration, they present certain disadvantages. First, transgenic 

technology is almost entirely restricted to mice, even if other transgenic species including rats 

and pigs have been engineered. Mice and rats, as seen previously, do not possess many cones 

and therefore are not so suitable as models for cone pathologies. Second, genetic models 

present some technical difficulties such as the constant need for checking the genotypes. 

Third, some drawbacks inherent to transgenic models do not allow full comparisons with 

human degenerations. Indeed, genetic models of RD can be associated with degeneration of 

structures important for cognitive functions and whose alterations could be a problem for 

visual behavioural testing. This is the case for the pcd mutants which exhibit a moderate 

ataxia beginning at 3 to 4 weeks of age. Also, with both natural and genetically induced 

mutations, cell degeneration occurs often very early in development (Rd1, pcd, nr), and even 

when progression is slow (rds), such features do not reflect most examples of human 

blindness that usually appear in adulthood.  

 

3.3. Non-Genetic RD Animal Models 

3.3.1. GENERALITIES 

As seen in the previous section, although genetic models of RD are very useful, they 

present certain drawbacks. Some of these disadvantages may be prevented using non-genetic 

induced RD models. These latter models mimic most of the risk factors that can influence the 

progression of a genetic based RD. For example, models based on metabolic impairment like 

hyper- or hypo-glycaemia have been used to induce RD (Rabin et al., 1973; Umino et al., 

2006). Advantages of these types of protocols are that dosage and post-injection time can be 

varied to obtain differential effects on visual structure and function. For our studies, we used 
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two different approaches to induce acute RD: bright light exposure and toxic chemical 

injection.  

 

3.3.2. THE LIGHT-INDUCED RD MODEL  

“People may injure their bodily eye 
By observing and gazing on the sun during an eclipse 
Unless they take the precautions 
Of only looking at the image reflected 
In the water or some similar medium”  

 

This citation of Socrates in Phaedo shows that 380 BC the harm caused to the eye by 

directly looking at the sun was already known. Blindness caused by looking at eclipses and 

the reflection of light on snow have also been commonly reported. About forty years ago, 

major concerns were expressed about retinal damage caused by high intensity light, laser or 

thermal radiations. At that time, only very high intensity light or emissions with particular 

wavelengths were known to cause eye damage. It was only in 1966 that Noell et al. 

discovered that albino rats exposed to constant illumination at normal light intensity undergo 

dramatic retinal degeneration (Noell et al., 1966). In humans, light is considered as a very 

crucial key factor for the progression of inherited RD. Light exposure was found to accelerate 

RD in various animal models (Hafezi et al., 1997; LaVail et al., 1999). Since then, the animal 

light damage model has been widely used to study the mechanisms of stress-induced PR cell 

death, with the goal of obtaining insight into the mechanisms of cell death in human RD.  

 

3.3.3. CHEMICALS AND MNU MODELS  

The mammalian eye is also highly sensitive to toxic substances, and several chemicals 

have been shown to cause RD in animals (Heywood and Gopinath, 1990). Most commonly 

recognized drug-induced retinopathies have a particular affinity for the RPE, such as anti-

malarials (Matsumura et al., 1986; Das et al., 2008), the phenothiazines (Alkemade, 1968), 

ethambutol (Spekreijse et al., 1991) and sodium iodate (Kiuchi et al., 2002). Even, sildenafil, 

the active molecule of Viagra®, has been shown to induce retinal dysfunction (Gonzalez et 

al., 1999). However these compounds are not suitable for all species and delivery is not 

always easy. 

N-methyl-N-nitrosourea (MNU) is an alkylating agent of SN1 type (reacting by 

nucleophilic substitution with an unimolecular rate-determining step) classically used in 

biology as a potent tumour-inducing agent in mammals (Bernard et al., 1986). Herrold was 
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the first to report PR degeneration in Syrian golden hamsters after systemic administration of 

MNU (Herrold, 1967). Later, it was shown that RD can be induced by a single systemic 

administration of MNU in a variety of adult animals, including mice (Smith and Yielding, 

1986), rats (Murthy et al., 1972; Nakajima et al., 1996a) shrews, but also non-human primates 

(Tsubura et al., 2003a). The mechanisms underlying cell degeneration after MNU injection 

have been studied, and it is now known that pro-apoptotic factors are up-regulated 

(Yoshizawa et al., 2000; Grimm et al., 2001) while anti-apoptotic factors are down-regulated 

(Doonan et al., 2003; Yang et al., 2005; Oka et al., 2007; Yang et al., 2007), and that the 

degeneration occurs via apoptotic processes (Yoshizawa et al., 1999; Grimm et al., 2000b). 

Although the triggering mechanisms of pathogenesis are different from human RP, MNU-

induced PR degeneration may be useful for testing of therapeutic strategies since the drug can 

be delivered easily via systemic injection and induces RD in several species. 

 

3.4. Fate of Cones in RD 

As mentioned previously, data regarding the pathology of cones during RD are very 

limited. The few existing studies regarding cone fate give conflicting results demonstrating 

either increased (Cortina et al., 2003) or decreased (Cicerone, 1976) vulnerability compared 

to rods. 
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4. RETINA VISUAL AND NON VISUAL FUNCTIONS 
Photosensitive cells of the retina detect light and relay this information through a 

multi-synaptic pathway to higher cortical structures via RGCs. These retinal outputs support 

not only pattern vision but also non-image-forming (NIF) functions. 

 

4.1. The World as seen by the Eye: Image 

Forming Function of the Retina 

Eyes are tremendous sensory organs allowing us to appreciate all the beauty (or not…) 

of the world we live in, to explore and gain knowledge and to express and receive thoughts 

and desires through visual expression and visual arts. For humans, vision is the most 

fundamental of our senses. A certain degree of integration of visual information is achieved 

within the retina, at the level of the OPL where cone pedicles pass electrical messages 

between each other and with rod spherules so that a small amount of rod and cone signal 

mixing occurs at this layer (Kolb and West, 1977; Nelson, 1977). Amacrine and horizontal 

cells play also great roles in the integration of the retinal visual message as they help to 

extract certain features of interest such as contrast and spatial patterning of the environment, 

and transmit the result of these computations through the optic nerve to the brain. Another 

important aspect of human vision is colour, due to the different cone opsins. Shape and 

motion perceptions are mostly integrated in the visual cortex. 

 

4.2. Retina Beyond Images  

Even if retina can accomplish very complex processes, it has also a more “modest” 

role as a light sensor for processes not related to image construction. 

 

4.2.1. NON-IMAGE FORMING FUNCTIONS: WHICH? 

Daily rhythms of almost 24-h in mammalian physiology and behaviour are called 

circadian rhythms (from the Latin circa = about and dies = day). These rhythms are 

controlled by a tiny cluster of cells of the ventral hypothalamus: the suprachiasmatic nuclei 

(SCN). SCN neurons possess a unique molecular clock that allows them to autonomously 

generate oscillations with a period of almost 24-h, which ultimately leads to daily changes in 

animal behaviours such as sleep/wake cycles. However, as periodicity of this clock is not 

exactly 24-h, the SCN must be entrained (or reset) in order to adjust to the daily light/dark 

(LD) cycle. This latter process, which adjusts circadian rhythms, is known as 
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photoentrainment. In circadian studies, activity cycles are represented as actograms which 

for convenience sake are mainly double-plotted and the time at which the synchronizer (also 

called Zeitgeber for “time giver” in German) is given is called “Zeitgeber 0” or ZT 0. In the 

case of photoentrainment, ZT 0 corresponds to the time of lights on. 

In order to make constant the amount of light entering the eye, the diameter of the 

pupil is negatively correlated with light intensity. At high light intensity, the iris decreases the 

area of the pupil by 95 % (full constriction) in comparison with dark-adapted conditions (full 

dilation). This mechanism is known as the pupillary light reflex (PLR). The structures 

involved in PLR control are the olivary pretectal nucleus (OPN) that sends projections to 

the Edinger Westphal nucleus (EW) (Hultborn et al., 1978), and the ventral lateral 

geniculate nucleus (VLGN) and the intergeniculate leaflet (IGL) (Harrington, 1997). 

Photoentrainment and PLR are both light-regulated mechanisms and - not surprisingly 

- they both disappear after bilateral enucleation in humans and animals (Nelson and Zucker, 

1981; Foster et al., 1991; Czeisler et al., 1995), proving that both mechanisms are under the 

control of ocular photoreception. 

 

4.2.2. NON CONE, NON ROD PHOTORECEPTION? 

For the greater part of the last 150 years, it was assumed that the mammalian retina 

contained only two types of photosensitive cells: rods and cones. However, in 1923, Keeler 

made a number of interesting observations from mice that had severe RD. Though they 

lacked most of their rods and cones, and were considered functionally blind, these mice were 

still able to generate a number of visual reflexes, including constriction of their pupils in 

response to light (Keeler et al., 1928). A similar observation was made later by Foster et al. 

who showed, 70 years later, that rd/rd mice had circadian responses to light that were 

indistinguishable from mice with normal retinas (Foster et al., 1991). The same group used 

genetically engineered mice with no rods or cones to show that these mice maintained the 

ability to shift their daily biological rhythms in accordance with shifting light cycles 

(Freedman et al., 1999). Also, some blind patients with no conscious perception of light, and 

supposedly no rod or cone photoreception, maintain melatonin suppression, a phenomena 

directly under photic input control (Czeisler et al., 1995). 

This series of observations strongly suggested that, besides rods and cones, some other 

photosensitive ocular cell type must be present in the retina. 
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4.2.3. MELANOPSIN PIGMENT DISCOVERY 

While studying the dermal melanophores of frogs, Provencio et al. cloned a novel 

opsin molecule responsible for redistribution of skin pigmentation in direct response to light 

(Provencio et al., 1998b). Orthologues of this opsin, which they called melanopsin, were also 

found to be selectively expressed in a small subset (1-3 %) of the RGCs in the mouse retina 

(Provencio et al., 1998a; Provencio et al., 2000). 

 

4.2.4. ARGUMENTS IN SUPPORT OF MELANOPSIN AS A 

POTENTIAL COMPONENT OF THE PHOTORECEPTIVE SYSTEM 

1. Due to their RGC nature, these photoreceptive cells have the ability to 

communicate directly with other structures of the brain. These cells send their projections 

directly to the SCN (Gooley et al., 2001; Hannibal et al., 2002), forming the 

retinohypothalamic tract (RHT), an anatomically, developmentally and physiologically 

distinct route from the visual pathway. Melanopsin RGCs also project to the OPN and onto 

the EW, the retino-recipient sites responsible for PLR. These anatomical projections were 

confirmed by Hattar et al., who used transgenic mice in which the reporter gene galactosidase 

was fused to the melanopsin promoter (Berson, 2003; Hattar et al., 2006). 

2. Patch-clamp recordings in absence of rod and cone signals (after mechanical 

isolation or with the use of pharmacological blockers) showed that melanopsin-

immunopositive cells were intrinsically photosensitive (Berson et al., 2002; Hattar et al., 

2002). Therefore, the melanopsin expressing cells are also called ipRGCSs. Early 

controversies regarding melanopsin’s ability to function as a true photopigment have been 

laid to rest with a series of experiments in which the melanopsin gene was expressed in 

multiple normally light-insensitive cell types. When these cells express the melanopsin gene, 

they become able to robustly respond to light, indicating that melanopsin functions as a true 

photopigment (Melyan et al., 2005; Panda et al., 2005; Qiu et al., 2005). 

3. ipRGCSs express specific physiological features not found in other PRs and RGCs. 

They have sustained light responses under conditions of continuous bright illumination, 

faithfully encoding stimulus energy over relatively long periods of time, and are also much 

less sensitive to light (Barlow and Levick, 1969; Berson, 2003). Another remarkable 

physiological feature of ipRGCS is the ability of their dendrites to respond directly to light 

(Berson et al., 2002), which, combined with their large overlapping dendritic fields 

(Provencio et al., 2002), leads to poor spatial resolution but wide field coverage. These 

unique functional and anatomical properties of ipRGCSs all match perfectly with their role in 
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signalling diffuse ambient light levels for tonic behaviours such as photoentrainment and 

PLR, that require long integration times of ambient light levels (Panda et al., 2002; Lucas et 

al., 2003). Finally, ipRGCSs depolarize in response to light with a spectral sensitivity that 

closely matches the behavioural action spectrum of circadian photoentrainment and PLR, 

with a maximum of sensitivity between 460 and 481 nm (Lucas et al., 2001; Berson et al., 

2002; Hattar et al., 2003). 
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4.2.5. PHOTOENTRAINMENT AND PLR AFTER MELANOPSINERGIC 

SYSTEM ALTERATION 

The generation of melanopsin knock-out animals (Opn4-/-) (Panda et al., 2002) has 

provided direct support in favour of a role of melanopsinergic cells in the regulation of 

circadian photoentrainment and PLR. Melanopsin knockout animals (Opn4-/-) display a 

significantly attenuated phase shifting response to brief flashes of light (Panda et al., 2002) 

(Figure 11) and have diminished PLR at high light intensity levels (Lucas et al., 2003). 
 

 
Figure 11  Attenuated circadian light input in Opn4-/- mice.  
 
A single 15-min pulse of monochromatic light of 480 nm (circle) was administered 3 h after the onset of activity, 
which produced a smaller phase shift in the activity rhythm of the Opn4-/- animal (B) than in the wild-type 
littermate (A). The phase shift (gray bar) on the day after the light pulse was determined with Clocklab software 
(Actimetrics, Evanston, IL). (C) The light-induced phase-shift defect in the null mice is evident at all irradiance 
levels tested. Means (±SEM) of phase-shift measurements for the Opn4-/- mice (black) and the littermate wild-
type mice (gray) are shown (n = 5 to 17 mice per group). Data were analyzed by t test (two tailed, equal 
variance), and a statistically significant difference (P < 0.05) was observed between the genotypes at all 
irradiances tested. Sham animals handled in the same way but that did not receive a light pulse show no 
significant difference between genotypes. (D) An attenuated lengthening of period was observed in Opn4-/-  mice 
(black) relative to wild-type mice housed in constant light but not in constant darkness. Asterisk indicates a 
statistically significant difference (P < 0.05). SEM: standard error mean.  

Opn4-/-: melanopsin knock-out. From (Panda et al., 2002). 
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However, melanopsin defective animals retain relatively normal circadian rhythms, 

and do not display any overt dysfunction in their ability to entrain to light (Panda et al., 

2002) (Figure 12). 

Figure 12  Opn4-/- mice exhibit normal photic entrainment and light suppression of activity. 
 
Littermate Opn4+/+, Opn4+/-, and Opn4-/- mice were entrained to a LD cycle and then allowed to free run under 
constant darkness. The respective period lengths (means ± SD) under constant darkness were 
23.7 ± 0.14 (Opn4+/+), 23.6 ± 0.14 (Opn4+/-), and 23.7 ± 0.12 (Opn4-/-) hours with no significant difference among 
genotypes (two-tailed, equal variance t test; n = 6 to 12 per genotype group). Representative activity traces of 
Opn4+/+ (A) and Opn4-/- (B) mice are shown. Activity traces from the last 4 days of entrainment (LD) and 22 days 
of constant darkness (DD) are shown. Each horizontal line represents data from a single day. Con- secutive days 
are plotted beneath each other, and 1-min bins of activity are represented as deflections from the horizontal line. 
Normal light suppression of activity in Opn4+/+ (C) and Opn4-/- (D) mice is shown. A 300-lux white light pulse (18) 
was administered during the dark phase of entrainment. The light pulse acutely suppressed activity compared 
with activity at a similar phase in the preceding or following days (9 Opn4+/+ and 11 Opn4-/- animals tested). 
Representative records from one Opn4+/+ and one Opn4-/- animal are shown. White background indicates the light 
phase and gray background indicates the dark phase. The light pulse was administered on day 6 at 2 hours after 
lights off.  

Opn4-/-, melanopsin knock-out; SD, standard deviation. From (Panda et al., 2002) 
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The insignificant change in photoentrainment of melanopsin knockout animals can be 

explained by rod and cone inputs to ipRGCSs, adding a second source of photic input to the 

SCN. This idea was tested directly by evaluating photoentrainment abilities of melanopsin 

knockout mice that lack both rod and cone photodetection systems (Hattar et al., 2003). 

Triple knock-out animals were unable to entrain to LD cycles or to constrict their pupils in 

response to light (Hattar et al., 2003) (Figure 13). 

Figure 13  Triple knock out mice do not photoentrain their activity rhythm to LD cycles. 
 
The illumination was approximately 800 lx white light. The numbered lines represent successive days. Activity 
levels (in total number of revolutions in 10-min bins) are given in 15 quantiles, with the first being 1–55 
revolutions, the second 56–110, and so on. The bar below the actograms indicates light (white) and dark (black) 
periods. a, Triple heterozygote (Opn4+/-Gnat1+/-Cnga3+/-). The locomotor activity had a cycle very close to 24 h 
and was phase-locked to darkness, showing photo-entrainment. b, Triple-knockout (Opn4-/-Gnat1-/-Cnga3-/-). The 
animal free-ran with a period of less than 24 h, showing lack of photo-entrainment. 
 
Cnga3: cyclic nucleotide gated channel alpha 3 ; Gnat1: Guanine nucleotide binding protein (G protein), alpha 
transducing activity polypeptide 1From (Hattar et al., 2003). 

 

 

 

A last argument in favour for a role of melanopsin in non-visual functions is that 

ectopic expression of melanopsin in rd/rd mice has recently been shown to restore the PLR 

(Lin et al., 2008). 

 

This ensemble of evidence strongly suggests that ipRGCSs constitute the mysterious 

third PR type predicted by Keeler almost 80 years earlier, and that melanopsin is its 

associated visual pigment. 
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5. EVALUATION OF RD AND RD PROTECTIVE 

TREATMENT EFFECTS 
The function of the mouse visual system and integrity of its anatomical structures can 

be tested in a variety of ways. As for any living tissue, retina can be analyzed with classical 

biological techniques using anatomical, biochemical, molecular, physiological and 

behavioural approaches. These techniques are useful to determine gross loss of cells, up or 

down-regulation of expression of structural proteins or factors and their corresponding 

mRNA in different tissues, to test functional electrical responses of circuit and ability of the 

circuit to drive a particular behaviour. Interestingly for RD studies, some tests are dedicated 

to detect particular forms of degenerations associated with apoptotic processes (in situ cell 

death detection, DNA ladder formation).  

In this section only specific techniques related to retinal analysis will be discussed. 

The retina offers several advantages for the study of neural processing. It constitutes a well-

defined neural circuit, the general function of which is well known. It can be removed from 

the eye without damage to internal connections, and continues to survive and function in vitro 

for many hours (even days or weeks). The retina is one of the few regions of the central 

nervous system for which the natural input, light, is fully known and easily controlled and 

retina generates a clearly defined output, namely action potentials in the RGC axons. 

 

5.1. Retina Structural Evaluation 

5.1.1. CLASSICAL HISTOLOGICAL STAINING TECHNIQUE 

It is important to keep in mind that the pioneering studies of Cajal using Golgi 

techniques form the basis of retinal anatomy still used today (Figure 2A). All the descriptions 

of cells and circuits that have followed have been achieved using modern techniques but 

always with the morphological data from Golgi staining as a basis. 

Histological examination of the retina can be performed after serial sections through 

the optic nerve head (ONH), a preparation that allows comparison on the same section of 

central and peripheral retina characteristics, as for example numbers of cells or thickness of 

the different layers. Examination of the retina can also be made on flat-mounted preparations. 

Also, with the advent of electron microscopy, histological, immunochemical staining 

techniques and electrophysiological single cell recording and staining, neural circuits in the 

retina can now be directly elucidated. 
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5.1.2. SCANNING LASER OPHTHALMOSCOPY (SLO) 

The Scanning Laser Ophthalmoscope (SLO) was invented by Webb, Pomeranzeff, 

and Hughes in 1979. The SLO provides real-time images of the ocular fundus. Basically, it 

uses a very narrow moving beam which has the ability to bypass most ocular media opacities 

(i.e. corneal scars, cataracts, vitreous haemorrhage) to reach the surface of the retina and 

observe its structure. Some devices use the Doppler laser interferometry principle to provide a 

two-dimensional mapping of ocular perfusion and an accurate measurement of blood flow. 

Angiographies performed using the SLO are recorded at 30 images per second, producing a 

real-time video sequence of ocular blood flow. With these new devices, features not seen with 

fundus inspection are readily detectable. Macular drusen, for example, appear as yellow spots 

on SLO. Angiography using SLO allows tracking of cells such as leukocytes that play a 

central role in the pathogenesis of retinal and choroidal inflammatory disease. The infiltration 

of these cells into retinal and choroidal tissues may lead to tissue destruction and vision loss. 

A confocal SLO system has been designed with blue (488 nm) and infrared (795 nm) lasers 

exciting fluoresceine and indocyanine green. As an example of advantages and limitations of 

the approach, SLO can highlight macular holes (Figure 14) and the fluid surrounding them, 

but does not provide a quantitative assessment of the degeneration. 
 
 
 
Figure 14  SLO imaging of a human fundus. 
 
Fundus photography of a patient with a macular hole (arrow).  
 
SLO: scanning laser ophthalmoscopy. From (Rudolph et al., 
2002). 
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5.1.3. OPTICAL COHERENCE TOMOGRAPHY (OCT) 

Optical Coherence Tomography (OCT), is a non-contact, non-invasive imaging 

technique used to obtain high resolution cross-sectional images of the retina. OCT is 

analogous to ultrasound B-scan imaging except that light rather than sound waves are used in 

order to obtain a much higher longitudinal resolution of approximately 10 µm in the retina. 

OCT has been shown to be clinically useful for imaging thickness of macular holes, macular 

edemas, retinal detachment and retinal inflammatory diseases (Figure 15). In addition, OCT 

allows in vivo measurements of the thickness of the different retinal cell layers that might be 

different from histology in which tissue shrinkage or modifications due to treatment can 

hinder correct evaluation. The topographic mapping protocol is useful for longitudinally 

monitoring animals and for evaluating the progression of RD or the action of a protective 

treatment. 

 
Figure 15  OCT imaging of a 
human retina. 
 
Optical coherence tomography of a 
human retina showing serous, foveal 
neurosensory detachment. Note the 
high signal areas intraretinally and 
subretinally, corresponding to 
intraretinal exudates (arrow) and 
subretinal fibrinous material noted 
clinically (arrowhead).  
 
OCT: optical coherence tomography. 
From (Olson et al., 2006). 

 

 

 

 

Although these techniques provide a good indication of retinal health, the anatomy of 

the retina does not provide a reliable measure of retinal function. For example, structural 

evaluation will not reveal defects at the molecular level or in the apparatus responsible for 

synaptic transmission. Therefore, the use of electrophysiological approaches is crucial to 

assess normal or pathological functional status. 
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5.2. Retina Electrophysiological Evaluation 

Electroretinography records the full-field light-evoked diffuse electrical response - or 

electroretinogram (ERG) - generated by retinal cells after light stimuli. It was first identified 

in recordings from a frog eye in 1865 by the Swedish physiologist Alarik Frithiof Holmgren. 

It is now established that ERG represents the combined electrical activity of various cell types 

in the retina, including the PR (rods and cones), inner retinal cells (bipolar and amacrine 

cells), RGC and glial cells. 

The retinal potential can be recorded by means of corneal electrodes in all vertebrate 

species. During a recording session, animals are exposed to standardized light stimuli and the 

resulting signal is displayed showing the time course of the signal's amplitude (voltage). 

Signals are very small, and typically are measured in microvolts or nanovolts.  

ERG can be recorded under different stimulus conditions in order to elicit stronger 

responses from certain components. Retinal responses can be recorded under two conditions 

of light adaptation, either adapted to darkness: scotopic conditions; or adjusted to bright 

light: photopic conditions (Figure 16). In the mouse, under scotopic conditions the a-wave 

will mostly result from the activity of rods (Lyubarsky et al., 1999), whereas under photopic 

conditions it will reflect the activity of the cone system. In addition, two patterns of light 

stimulation can be used: wholefield illumination or patterned illumination (multifocal ERG) 

used to record separate responses for different retinal locations. Dynamic properties of the 

ERG can also be assessed by repetitive stimulation (flicker) of a certain frequency. Most 

alterations of retinal function can be appropriately analyzed by applying the flash and flicker 

protocols (Tanimoto et al., 2009). 
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By adjusting the adaptation conditions and the type of light stimulation, the 

characteristic ERG wave components can be used to assay the activity of restricted sets of 

neurons. The relationships between ERG and neuronal activity have not been as well 

characterized in the mouse as in some other species. The scotopic ERG measured at the 

corneal level of a fully dark-adapted mouse in response to a bright whole-field flash stimulus 

consists of an initial negative deflection at the cornea, the a-wave, followed by a positive b-

wave of short duration, followed by a larger, longer-lasting, positive c-wave. The c-wave is 

well understood and results from hyperpolarisation originating in the RPE. The a-wave can be 

used as a highly quantitative monitor of the electrical activity of the rod and cone PR 

(Peachey et al., 1995; Goto et al., 1996; Lyubarsky and Pugh, 1996). The cellular basis for the 

b-wave is not as well defined as those of the a- and c-waves, and subsequent work has led to 

the conclusion that the b-wave arises largely from the activity of bipolar cells (Gurevich and 

Slaughter, 1993; Robson and Frishman, 1995; Tian and Slaughter, 1995; Hood and Birch, 

1996; Robson and Frishman, 1996). Even though the b-wave originates from neurons that are 

postsynaptic to the PRs, it can serve as a useful indirect measure of certain aspects of rods 

and cones. Under the appropriate conditions, the b-wave may be particularly useful in the 

Dark Adapted Light Adapted

 

Figure 16 Rabbit ERG responses under 
different conditions 
 
Under dark adapted conditions, responses are 
high and amplitudes of a- (red arrow) and b- 
(blue arrow) waves increase with stimulus 
intensity. Under light adapted the amplitude of the 
waves are decreased due to saturation of the rod 
system. 
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investigation of murine cone function (Lyubarsky et al., 1999), since the cone a-wave is very 

small and difficult to measure. 
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B. AIMS OF THE STUDY 

The first goal of our study is to complete the characterization of the Arvicanthis 

retina. The structure and constitution of the ONL has been well characterized with 

histological and immunohistochemical approaches (Bobu et al., 2006; Bobu et al., 2008). We 

intend to extend these analyses of fixed tissue through the use of real time in vivo imaging 

techniques to analyze the morphology of the retina in the living animal. Secondly, there are 

currently no data on light-evoked electrophysiological responses of Arvicanthis ansorgei 

retina. Therefore it is essential to acquire baseline visual response information from this 

species displaying a high percentage of cones and compare it with mice and rats whose cone 

percentage is low.  

 

The second goal of the project is to produce a standardized, reliable and 

reproducible RD model in which rod and cone degeneration and death can be followed 

as separable events. For this purpose, we used two approaches to induce RD in Arvicanthis 

ansorgei. The first consisted of a phototoxic approach, the second of a chemical approach, 

using alkylating agent MNU. We sought to define the environmental (time), chemical (drug 

concentration) and physical (light intensity, duration, spectral quality) parameters necessary 

to induce quantifiable damage and death of cone (and rod) photoreceptors by the two 

techniques  

 

The third goal of the study was to analyse the impact of a RD on photic 

entrainment. Specifically, these experiments were designed to evaluate whether stimulus 

strength could have a differential effect on synchronizing the circadian clock of the SCN. 

Even if the role of melanopsinergic cells in photoentrainment has now been fully 

demonstrated, the roles of cones and rods are still not clear. As RD was not complete in 

Arvicanthis (see the Results section), this study was realized on Long Evans rats. 
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1. ANIMALS 
All animals used were 2 to 6 months old at the time of experiments. 

Animals were housed in a temperature-controlled environment (22 ± 2°C) and had 

access to water and standard rat chow ad libitum. Animals were kept under LD 12:12 cycle 

conditions (lights on 7 h-19 h in summer and 8 h-20 h in winter). Light intensity at the level 

of cages was between 50 and 300 lux, depending on their location on the shelf and their 

proximity to the light source. During the dark phase, animals were exposed to a constant dim 

red light with intensity inferior to 5 lux. For light-induced degeneration and ERG recording 

experiments animals were dark adapted for at least 12-h. Also, for some light-induced 

degeneration experiments, animals were reared in dim light during the light period for 2 

months prior to experimentation. 

For our experiments, three species of rodents of the Muridae family were used: 

Arvicanthis ansorgei, rats (Rattus norvegicus) and mice (Mus musculus). Arvicanthis 

ansorgei came from our own breeding colony in the laboratory. Two strains of rats were 

used: pigmented Long-Evans rats were purchased from Janvier Laboratories (le Genest-Saint-

Isle, France) and albino Wistar rats were supplied by our own colony. Two strains of BALBc 

albino mice were used ordered either from Charles River (l'Arbresle, France) or from Harlan 

Laboratories (Gannat, France). Animals delivered from laboratories were always left for 48-h 

adaptation before experiment. 

Animals were sacrificed by decapitation following CO2 intoxication or isoflurane 

anaesthesia. 

Experiments were performed according to international (Association for Research in 

Vision and Ophthalmology Guide for Use of Animals in Vision Research: www.arvo.org) 

and institutional guidelines (David Hicks, the principal investigator, possesses a current 

animal experimentation licence, #67-132, issued by the Chief Veterinary Inspector, Ministry 

for Agriculture).  
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2. BRIGHT LIGHT EXPOSURE 

2.1. General Procedures 

Animals were dark adapted for at least 12-h prior to exposure. Unless otherwise 

indicated, bright light exposure started 3-h after lights on and animals were kept in clear 

plastic cages wrapped on the outside with aluminium foil to increase light intensity within the 

cages.  

For all light exposure experiments with pigmented animals, pupils were previously 

dilated. Pupillary dilation was done by serial topical application onto the cornea in red light. 

To obtain full midriasis (pupil dilation/iris constriction) and cycloplegia (paralysis of the 

ciliary muscle), a drop of cyclopentolate 0.5 % (Skiacol®, Alcon Laboratories, Houston, TX, 

USA) was first applied to the cornea 30 min before exposure. Fifteen minutes later (or 15 min 

before exposure) a drop of phenylephrin 5 % (Neosynephrine Faure, Europhta, Monaco, 

France) or tropicamid 2 mg/0.4 mL (Tropicamide® Faure, Novartis Pharma, Bern, 

Switzerland) was put on the cornea. Dilation was effective for about 8-h. 

For high light intensity and blue light exposure experiments, animals were 

anaesthetised. Arvicanthis ansorgei were anaesthetised with a mixed solution of ketamine 

(Ketamine Virbac, Carros, France) at 150 mg/kg and xylazine (Rompun® 2 %, Bayer 

Pharma, rue Jean Jaurès, Puteaux, France) at 10 mg/kg injected at 0.5 mL/100 g body weight 

(b.w.). Rats were anesthetised with a mix of tiletamin/zolazepam (Zoletil® 20, Virbac, 

Carros, France) at 0.4 mg/kg and xylazine (Rompun® 2 %) at 0.67 mg/kg injected at 0.25 

mL/100 g b.w. Injections were given intraperitoneally; the body was stretched by pulling the 

tail and injection was made in the lower left quadrant of the abdomen to avoid vital organs. 

Following light exposure, animals were returned to darkness for one night. 

Control groups were maintained under the same conditions as each experimental 

group, and underwent the same anaesthetic procedure, but did not receive pupil dilation 

treatment and were not exposed to bright light. 
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 2.2. White Fluorescent Lamp 

The illumination apparatus was manufactured according to the same specifications as 

used by another group working on light damage (Laboratory of Retinal Cell Biology, 

University Hospital, Zürich, Switzerland; Head: Prof. Grimm). It consists of a custom-made 

aluminium frame with an overhead lamp housing two cool white Philips TL-D 36W/965 

fluorescent lamps (Figure 17). The frame can be adjusted in height to vary light intensity 

without varying the spectral composition of the light. Light intensity was measured by a 

hand-held luxmeter at the base of the cage (see Light Intensity Measurement section below). 

 

2.3. Fibre-Optic Light 

To increase light intensity at the corneal level, we used a fibre-optic cold light source 

(CL 1500 ECO, Carl Zeiss MicroImaging GmbH, Gottingen, Germany). With a twin-arm 

goose neck for oblique reflected light, fibre-optic illuminates the cornea precisely with 

intensive infrared-free light (Figure 18). A wide range of intensities can be achieved at the 

corneal level (from a few lux to more than 20,000 lux), depending on the distance between 

the light source and the cornea. 

Figure 17 White fluorescent lamp exposure 
device 
 
A. Illumination apparatus. B. Spectrogram of the cool 
white Philips TL-D 36W/965 fluorescent lamp. 

Figure 18  Fibre-optic light exposure. 
 
Animals lay on the side with one eye exposed to the 
fibre-optic lights and the controlateral one hidden. 
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2.4. Blue Light Exposure 

The experiments with blue light were realised in the Laboratory of Retinal Cell 

Biology under the kind supervision of Prof. Charlotte Remé. The blue light exposure system 

(Figure 19) consisted of a xenon short-arc reflector lamp (230 V, 50 Hz, 120 W; Intralux 

MDR 100; Volpi, Schlieren, Switzerland) with interference filters to eliminate ultraviolet 

(UV) and infrared radiations and a liquid fibre-optic light guide (8 mm in diameter) to the 

animal’s cornea (Grimm et al., 2000a). The optical system included a switch holder for blue 

403 ± 10 nm bandwidth interference filter. A heat sink was also provided to maintain animal 

body temperature constant during the time of light exposure. 

 

Figure 19 Illumination device for blue light 
exposure. 
 
Light generated by a xenon short-arc reflector 
lamp with interference filters to eliminate UV and 
IR radiation was condensed by a silica lens and 
uniformly distributed on the cornea by a thin 
Teflon hemisphere. To evenly illuminate the 
retinas, the device is placed directly above the 
moisturized eye of an anesthetized animal. 
 
IR: infra-red; UV: ultraviolet.  
From (Grimm et al., 2000a).  
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3. MNU PREPARATION AND INJECTION 
N-methyl-N-nitrosourea (MNU) was purchased from Sigma-Aldrich Chimie S.a.r.l. 

(Saint-Quentin Fallavier, France) and kept at 4°C in the dark. 

MNU solution was freshly prepared in NaCl 0.9 % immediately prior to injection. 

Vehicle was prepared using a combination of 0.9 % NaCl solution with a 0.05 % acetic acid 

solution (as the data sheet of MNU indicates that the commercial solution contains 2.3 % of 

acetic acid). 

Solutions of MNU were prepared at 10 mg/mL concentrations (solubility: 1.4 %). 

They were given by intraperitoneal (i.p) injections with 25 G 5/8” needles. Arvicanthis were 

injected at 75, 100 or 150 mg/kg b.w. dose. Rats were always injected at a 75 mg/kg b.w. 

dose. 

N.B. It is important to keep in mind during the entire procedure of preparation and 

injection, that MNU is a toxic and highly carcinogenic compound promoting tumours across 

many animal species via different mean of application (i.p., sub-cutaneous and oral). In 

humans, it is probable that it acts as a carcinogen and may also cause reproductive harm.  
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4. MORPHO-STRUCTURAL ANALYSIS 

4.1. Histology 

4.1.1. TISSUE SAMPLINGS 

Retinas to be analysed by Western blotting were collected in Eppendorf tubes, snap 

frozen in liquid nitrogen (-195.79°C), and then kept in a freezer at -80°C until protein 

extraction.  

Eyes taken for immunohistochemistry were quickly removed for immersion fixation 

in buffered 2 or 4 % paraformaldehyde in 0.01 M Phosphate Buffered Saline (PBS), pH 7.4. 

They were kept at 4°C in the dark for 4-h or overnight and then transferred into fresh PBS 

0.01 M for minimum 1-h. For orientation purpose and to facilitate penetration of fixative to 

the retina, a hole was made in the nasal pole of the ora serrata using a 25 G needle before 

removal. Eyes were dissected under a binocular dissecting microscope: cornea, lens and 

vitreous were removed. Histological analyses were either performed on retinal sections or on 

entire flat-mounted retinas. If sections were to be made, eye cups were bisected by making a 

cut with a clean scalpel blade, running through the optic nerve head along a superior to 

inferior axis (using the nasal hole as a reference).  

 

4.1.2. TISSUE TREATMENTS 

Routine histological examination (and selected immunohistochemistical studies, if the 

given antigen resisted the embedding procedure; see Figure 20) was performed on paraffin 

wax-embedded eyes. For this purpose, they were first transferred in ethanol 70° for 30 min 

(two changes), 2-ethoxyethanol for 1-h (two changes) and butanol solution overnight. Then 

the semi-eye cups were transferred to fresh butanol solutions for 1-h (two changes) and 

finally for 2-h in paraffin (two changes) (Histosec® pastilles without DMSO, Merck KGaA, 

Darmstadt, Germany) at 60°C. Eyes were then oriented in the paraffin mold with the optic 

nerve head facing down. Paraffin blocks were cut by microtome (Reichert-Jung Biocut 2030, 

Leica, Heidelberg, Germany) at 4 µm, and sections floated on 40°C hot water before being 

mounted on gelatin-coated glass slides. Before performing immunohistochemistry and 

histological staining, paraffin was removed from sections using solutions of toluene (2 x 10 

min) and descending solutions of ethanol gradient (100, 90, 80, 70 and 50°) and then PBS. 

Frozen sections, were embedded in Tissue-Tek® O.C.T™ compound (Sakura Finetek 

Europe, Zoeterwoude, The Netherlands). Prior to embedding, semi eye-cups were transferred 

to an ascending gradient of sucrose solutions (10, 20 and 30 %) for cryoprotection until the 
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tissue was totally immerged. Specimens were then put in a mold in Tissue-Tek® O.C.T™ 

compound and frozen on liquid nitrogen. Sections of 10 µm were made using the Leica 

CM3050 S cryostat (Leica Instruments, Heidelberg, Germany), mounted on gelatin-coated 

glass slides and kept at -20°C until needed for histological staining. 

Retinal flatmounts were prepared after fixation and dissection, and washed in PBS 

0.01 M. 
 

 

4.1.3. HEMATOXYLIN/EOSIN (H/E) STAINING AND 

CONSTRUCTION OF SPIDER GRAPHS 

Deparaffinized sections were briefly washed in distilled water. They were then stained 

with Mayer’s or Carazzi’s hematoxylin 6.67 mg/L solution for 5 minutes. Sections were 

washed in warm running tap water for 3 minutes to allow stain to develop. Sections were 

rinsed in distilled water and dipped in hydrochloric acid (HCl) 0.37 % for 10 sec to adjust 

staining, especially outside the nucleus. In a second step, sections were counterstained with 

eosin (0.25 % in acetic acid 0.16 %) for 30 seconds. Dehydration was made through 

ascending baths of 5 min of ethanol solutions from 70 to 100 %. Ethanol was cleared with 

two baths of toluene of 5 min each and sections were then covered with coverslips in xylene 

based mounting medium (Eukitt®; O. Kindler GmBH, Fribourg, Switzerland).  

Retinas were used for morphometric examination (measurement of retinal layer 

thickness) to identify any loss of specific cell types. Sections were taken in a systematic 

manner along the vertical meridian at the level of ONH across the entire retinal surface in 

order to construct spider graphs to demonstrate topographical changes retinal cell layers. 

Measurements were made at 275 µm intervals extending from the ONH in both superior and 

inferior ora serrata, using the ImageJ analysis software (version 1.37v; National Institutes of 

Health, USA) (Figure 21). 

 

Figure 20 Immunofluorescent 
labelling on paraffin and frozen 
sections. 
 
Paraffin and frozen sections were both 
incubated with anti-cone arrestin 
antibody. Staining is much apparent on 
frozen than on paraffin section. Scale: 
20 µm. 
 
COS: cone outer segments; CCB: 
cone cell bodies. 
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Figure 21 Quantification over an entire retina section for 
spider-graph construction. 
 
The image of an entire section stained with H/E of retina was 
reconstructed from images taken at × 5 magnification. 
Measurements were made at regular interval along the vertical 
meridian (yellow arrows). 
 
H/E: haematoxylin/eosin. Scale: 300 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.4. IMMUNOHISTOCHEMISTRY 

Immunohistochemistry was performed on sections or flatmounted retinas.  

Sections were permeabilized with 0.1 % Triton X-100 for 5 minutes and then 

saturated with PBS 0.01 M, pH 7.4, containing 3 % BSA, 0.05 % Tween-20, and 0.1 % 

sodium azide (NaN3) for 30 minutes. The primary antibody was diluted in the saturation 

buffer and left overnight at 4°C. Primary antibodies used for immunohistochemistry are 

reported in the Table 1. Sections were washed three times for 10 min with 0.01 M PBS. 

Secondary antibody incubation was performed at room temperature for 2-h with Alexa goat 

anti-rabbit or anti-mouse IgG-conjugated antibodies coupled with 594 or 488 Alexa 

(Molecular Probes Ltd., Eugene, OR, USA; 5 µg/mL). Cell nuclei were stained with 4,6-

diamino-phenyl-indolamine (DAPI; Sigma) diluted at 1:500. The sections were again washed 

three times with PBS 0.01 M and then mounted using a glycerol/PBS solution 1:1 

volume/volume. 
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Table 1  Primary antibodies used for immunohistochemistry staining. 
 
aa: amino-acid; c-arr: cone arrestin; CCB: cone cell body; COS: cone outer segment; Gαt1: rod-transducin; Gαt2: 
cone-transducin; GFAP: glial fibrillary acidic protein; RCB: rod cell body; ROS: rod outer segment 
Abcam, Cambridge, UK; DAKO A/S, Glostrup, Denmark; Santa Cruz Biotechnology, Inc. Santa Cruz, CA, USA 

 

For wholemount immunohistochemistry, retinas were permeabilized in 0.3 % Triton 

X-100 for 1-h, saturated in blocking buffer overnight and incubated with primary antibodies 

for 3 days at 4°C under gentle agitation. After extensive washing (8-h with six changes of 

PBS solution), retinas were incubated with the same secondary antibody as mentioned above 

for 2-h at room temperature and flattened under coverslips in 1:1 PBS-glycerol. 

 

4.1.5. IN SITU CELL DEATH DETECTION (TUNEL ANALYSIS) 

Several methods have been described to identify apoptotic cells. Endonucleolysis is 

considered as the key biochemical event of apoptosis, resulting in cleavage of nuclear DNA 

into oligonucleosome-sized fragments. Therefore, this process is commonly used for 

detection of apoptosis by the typical “DNA ladder” on agarose gels during electrophoresis. 

This method however can not provide information regarding apoptosis in individual cells nor 

relate cellular apoptosis to histological localization.  

In our experiments, apoptosis was assessed by an enzymatic in situ cell death 

detection technique, using the “Cell Death Detection Kit” (Roche Diagnostics, Basel, 

Switzerland). The principle of the method is based on the cleavage of genomic DNA during 

apoptosis that may yield double-stranded, low molecular weight DNA fragments (“nicks”) in 

high molecular weight DNA. Those DNA strand breaks can be identified by labelling in an 

enzymatic reaction involving Terminal deoxynucleotidyl Transferase (TdT), which catalyzes 

ANTIBODIES 
(anti-)  Antigen Type Reference Structures 

stained 
Concentration/

(Dilution) 

rhodopsin Rho4D2 N-terminal monoclonal (Hicks and Molday, 
1986) 

ROS +++ 
and RCB + 1 µg/mL (1:200) 

rod-transducin 
(Gα t1) 

K-20 Human peptide polyclonal 
(rabbit) 

Santa Cruz: 
sc-389 

RCB 4 µg/mL (1:50) 

cone-transducin 
(Gα t2) 

I-20 Bovine peptide polyclonal 
(rabbit) 

Santa Cruz: 
sc-390 

CCB 4 µg/mL (1:50) 

MW opsin - Mouse peptide polyclonal 
(rabbit) (Zhu et al., 2003) COS 1 µg/mL (1:200) 

cone arrestin 
(c-arr.) 

- Mouse peptide polyclonal 
(rabbit) (Zhu et al., 2002) CCB 1 µg/mL (1:50) 

GFAP - GFAP isolated from 
cow spinal cord 

Polyclonal 
(rabbit) DAKO: No. Z 0334 astrocyte 10.25 µg/mL 

(1:400) 

melanopsin - 
Synthetic peptide 
corresponding to 

aa 1-19 of rat 

polyclonal 
(rabbit) Abcam: ab19306 entire cell 5 µg/mL (1:200) 
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polymerization of labelled modified nucleotides to free 3’-OH DNA ends in a template-

independent manner. The tailing reaction using TdT is called TUNEL for “TdT-mediated 

dUTP nick end labelling”. In a second step, fluorescein labels are incorporated in nucleotide 

polymers.  

Practically, the kit is composed of two components (Enzyme Solution and Label 

Solution). The TUNEL mixture is prepared immediately before use and kept on ice. The 

solution mixture is placed on sections in a dark humid chamber at 37°C for 1-h according to 

the manufacturer instructions guideline. Sections are then washed twice with PBS and 

mounted with PBS:glycerol 1:1. 

 

4.1.6. COMBINED FLUORESCENT IMMUNOHISTOCHEMISTRY AND 

TUNEL TECHNIQUES 

To assess with certainty the identity of TUNEL-positive cells, we combined IHC with 

in situ cell death detection. 

For this purpose, the TUNEL reaction was performed between incubation with 

primary antibody and incubation with secondary antibody. 

Briefly, sections were permeabilized with 0.1 % Triton X-100 for 5 minutes and then 

saturated with the saturation buffer for 30 minutes. The primary antibody was diluted in the 

saturation buffer and let overnight at 4°C. Sections were washed three times for 10 min with 

0.01 M PBS. Freshly prepared TUNEL reaction mixture was applied on each section and left 

in a humid dark chamber for 1-h at 37°C. Sections were then washed thoroughly and 

incubation was performed in a dark humid chamber at room temperature for 2-h with DAPI 

and corresponding secondary antibody. Sections were again washed three times with PBS 

0.01 M and finally mounted in a glycerol/PBS solution 1:1. 

 

4.2. in vivo Imaging 

Imaging techniques were realized after ERG recordings on still anesthetised animals. 

Imagery procedures along with some of the ERG experiments were performed in the group of 

Prof. Mathias Seeliger in Tubingen. 

 

4.2.1. SCANNING LASER OPHTHALMOSCOPY (SLO) 

Dr. Susanne Beck was in charge of the SLO imaging technique. Retinas of the still 

anaesthetized Arvicanthis were observed by SLO imaging with a Heidelberg Retina 



Materials and Methods / Morpho-Structural Analysis 

 85

Angiograph (HRA I, Heidelberg Engineering, Germany), a confocal scanning-laser 

ophthalmoscope (SLO), according to previously described procedures (Seeliger et al., 2005). 

The HRA features two argon wavelengths (488 nm and 514 nm) in the short wavelength 

range and two infrared diode lasers (795 nm and 830 nm) in the long wavelength range. Laser 

wavelengths used for fundus visualization were: 830 nm (IR, infrared channel), 514 nm (RF, 

red-free channel) and 488 nm for autofluorescent images (AF). Additionally, the 488 nm and 

795 nm lasers were used for fluorescein (FL) and indocyanine green (ICG) angiography, 

respectively. ICG injections were performed in the ventral tail vessel by Dr. Edda Fahl. 

Appropriate barrier filters of 500 and 800 nm, respectively, were used to remove the reflected 

light with unchanged wavelength and only allow passage of light emitted by the dye upon 

stimulation. Two device settings for the field of view were used: for fundus overview, the 

focus was adjusted to 20°; and for magnification and detailed view, the focus was set at 10°. 

 

4.2.2. OPTICAL COHERENCE TOMOGRAPHY (OCT) 

Spectral Domain Optical Coherence Tomography (SD-OCT) imaging was done with a 

commercially available Spectralis™ HRA + OCT device from Heidelberg Engineering 

featuring a broadband super-luminescent diode at λ = 870 nm as low coherent light source. 

Each two-dimensional B-Scan recorded at 30° field of view consists of 1536 A-scans, which 

are acquired at a speed of 40,000 scans per second. Optical depth resolution is approximately 

7 µm with digital resolution reaching 3.5 µm (Wolf-Schnurrbusch et al., 2008). Imaging was 

performed using the proprietary software package Eye Explorer (version 3.2.1.0, Heidelberg 

Engineering, Germany). Outer and inner retinal layers thickness was quantified using 

horizontal slides, located 1,500 µm distant from the optic nerve head. Outer retina was 

defined as proximal of the highly reflective layer presumably representing the 

RPE/choriocapillary complex up to the OPL; inner retina as proximal of the OPL up to the 

inner limiting membrane. 
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5. WESTERN BLOT ANALYSIS 
Retinas were immediately frozen in liquid nitrogen and maintained at -80°C until 

protein extraction.  

Samples were prepared in an extraction buffer solution containing 20 mM Tris-Base, 

150 mM NaCl, 1 % Triton X-100, 1 mM EDTA, pH 7.4. Just before use, 4 % of protease 

inhibitor cocktail (Roche Diagnostics GmbH. Roche Applied Science, Mannheim, Germany) 

and 1 mM DTT were added to the buffer. A volume of 200 µL of buffer was added for one 

retina and incubated on ice for 30 min. Retinas were then mechanically dissociated using an 

ultrasonic ultrasound power generator (Vibra-Cell 75186, Sonics & Materials, Newtown, CT, 

USA): 15 sec, pulse 30/10 and amplitude 50 %. 

Protein content of the extracts was determined using the Lowry method (Lowry et al., 

1951), using Bovine Serum Albumin (BSA) as standard (ascending concentrations 0.125, 

0.250, 0.500, 0.750 and 1 mg/mL). 

Retinal proteins were separated by loading onto SDS-polyacrylamide gels (4-10 %) 

and running in a gel tank (Bio-Rad, Munich, Germany) in electrophoresis buffer, for 2-h at 

100 V. Proteins were then transferred to a PVDF (Polyvinylidene Fluoride) membrane with a 

transblotter cell (1-h, 90 V) (Bio-Rad) (Figure 22). Composition of gels and buffers are 

reported in Table 2. After blotting, the membrane was washed in methanol and dried for 15 

min. After the membrane is totally dry, it is put back in methanol and then rinsed with Tris 

Buffer Sodium (TBS). This step is necessary to clean the membrane of any remaining blotting 

buffer. Membranes were first blocked with TBS containing 0.1 % Tween 20 and 3 % fat-free 

powdered milk (pH 7.3) for 1-h at room temperature. In a second step, membranes were 

incubated with the primary antibodies and incubated overnight at 4°C under agitation (for 

antibodies description, see Table 3). The membranes were washed thoroughly and then 

incubated with secondary antibody coupled to horseradish peroxidase diluted to a final 

concentration of 0.08 µg/mL (1:10,000; Jackson ImmunoResearch Laboratories, West Grove, 

PA, USA). Immunoreactive bands were visualized with chemiluminescence (ImmobilonTM 

Western, Millipore, Bedford, MA, USA), according to the manufacturer’s instructions. 

Apparent molecular masses were estimated by comparison to pre-stained molecular size 

markers (Invitrogen-Life Technologies, Gaithersburg, MD, USA). When needed, the 

membranes were incubated with RestoreTM Western Blot Stripping Buffer (Thermo Fisher 

Scientific, Rockford, IL, USA) 20 min at room temperature, and the same procedure as 

described above was performed. 
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Figure 22  Western blot analysis procedure. 
 
Samples are loaded on a polyacrylamide gel. Electrophoresis is run and proteins are subsequently transferred on 
a PVDF membrane. The membrane is latter incubated with primary antibody, washed, and incubated with 
secondary antibody. Chemiluminescence reaction with adequate substrate reveals stained bands. 
 
PVDF: Polyvinylidene Fluoride. 

Table 2  Buffers used for Western Blot analysis. 
 
APS: Ammonium persulfate; SDS: sodium dodecyl sulfate; TEMED: Tetramethylethylenediamine. 

 

 

 

 

 

 

 

 

 Composition pH 

10 % Acrylamide Running Gel Tris-HCl 0.37 M; SDS 0.1 %; Acrylamide 10 % /Bis Acrylamide 0.27 %; 
APS 0.1 %; TEMED 0.1 % 8.8  

4 % Acrylamide Stacking Gel Tris-HCl 0.12 M; SDS 0.1 %; Acrylamide 4 % / Bis Acrylamide 0.1 %; APS 
0.1 %; TEMED 0.1 %  6.8 

Electrophoresis Buffer Tris 0.025 M; Glycine 1.44 %; SDS 2.5 % 8.3 

Blotting Buffer Tris 20 mM; Glycine 192 mM; Methanol 20 % 7.4 

Tris Buffer Sodium NaCl 14.6 %; Tris 1.2 % 7.4 

  Antigen Type Reference Concentration/
(Dilution) 

cone arrestin 
 (c-arr.) - Mouse peptide polyclonal 

(rabbit) (Zhu et al., 2002) 0.008 µg/mL 
(1:6,000) 

cone-transducin 
(Gα t2) 

I-20 Bovine peptide polyclonal 
(rabbit) 

Santa cruz:  
sc-390 

0.004 µg/mL 
(1 :50,000) 

melanopsin - Synthetic peptide corresponding 
to aa 1-19 of rat 

polyclonal 
(rabbit) Abcam: ab19306 0.004 µg/mL 

(1:250,000) 

NF-68 8A1 Human brain peptide monoclonal 
(mouse) 

Santa Cruz:  
sc-20012 

50 µg/mL 
(1:4,000) 

rhodopsin Rho4D2 N-terminal monoclonal 
(mouse) 

(Hicks and 
Molday, 1986) 

0.04 µg/mL 
(1:5,000) 

rod-transducin  
(Gα t1) 

K-20 Human peptide polyclonal 
(rabbit) 

Santa cruz:  
sc-389 

0.0004 µg/mL 
(1:50,000) 

Table 3  Primary antibodies used for Western-blot analysis. 
 
aa: amino-acid. 
 
Abcam, Cambridge, UK; DAKO A/S, Glostrup, Denmark; Santa Cruz Biotechnology, Inc. Santa Cruz, CA, USA.
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Films were developed and fixed using an automatic film processor, (Hyperprocessor 

RNP 1700, Amersham, Les Ulis, France). Protein band densities were determined by 

scanning the blots on a professional scanner (Epson Perfection 4990 Photo, Seiko Epson Co., 

Nagano, Japan) at 1,200 dpi resolution. Each image was subjected to quantification using the 

ImageJ analysis software (version 1.37v; National Institutes of Health, USA). 
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6. ELECTRORETINOGRAPHY 
Electroretinography experiments were performed in collaboration with two partner 

laboratories. The initial ERG recordings were made with Dr. Niyazi Acar (Eye and Nutrition 

group, UMR FLAVIC, INRA, Dijon, France). Subsequent experiments were performed with 

Dr. Naoyuki Tanimoto in the group of Prof. Mathias Seeliger (University Hospital, Tubingen, 

Germany). Both of the teams possess all the equipment, technical and theoretical expertise 

necessary for ERG recordings. This section describes the materials used in Prof. Seeliger’s 

group, but similar material is found in the laboratory in Dijon. 

Animals were dark adapted overnight before the experiments and their pupils were 

dilated with tropicamide (Mydriaticum Stulln; Pharma Stulln, Nabburg, Germany) and 

phenylephrine 5 % (Neosynephrin-POS 5 %; Ursapharm, Saarbruecken, Germany) eye drops. 

Animals were anaesthetised by intraperitoneal injection of a combination of ketamine 

(Virbac, Carros, France) at 150 mg/kg b.w. and xylazine (Rompun® 2 %, Bayer Pharma, 

Puteaux, France) at 10 mg/kg b.w. 

Animals were positioned on a temperature controlled (38°C) cushion on a sliding 

platform. Silver needle electrodes served as reference (forehead) and ground (tail) electrodes, 

and gold-wire ring electrodes as active electrodes. Methylcellulose (Methocel; Ciba Vision, 

Wessling, Germany) was applied to ensure good electrical contact and to keep the cornea 

hydrated during the entire procedure.  

ERGs were performed according to previously described procedures (Seeliger et al., 

2001; Tanimoto et al., 2009). The ERG equipment consisted of a Ganzfeld bowl, a direct 

current amplifier, and a PC-based control and recording unit (Multiliner Vision; VIASYS 

Healthcare GmbH, Hoechberg, Germany). ERGs were recorded from both eyes 

simultaneously after the animals were placed in the Ganzfeld bowl. Band-pass filter width 

was 1 to 300 Hz for single-flash and flicker-stimuli recordings. Band-pass filter cutoff 

frequencies were 0.1 and 3,000 Hz. Single-flash and flicker recordings were obtained both 

under dark-adapted (scotopic) and light-adapted (photopic) conditions. Light-adaptation was 

performed with a background illumination of 30 cds/m2 presented 10 minutes before 

recording to reach a stable level of the photopic responses. Illumination strength was varied 

using different actinic filters placed below the lamp housing. Single white-flash stimulus 

intensity ranged from -4 to 1.5 log cd×s/m2 under scotopic and from -2 to 1.5 log cd×s/m2 

under photopic conditions, divided into 10 and 8 steps, respectively. Ten responses were 
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averaged with an inter-stimulus interval of either 5 seconds (for -4, -3, -2, -1.5, -1 and -0.5 log 

cd×s/m2) or 17 seconds (for 0, 0.5, 1 and 1.5 log cd×s/m2) 
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7. ACTIMETRY  
Wheel-running activity of singly housed animals was recorded continuously and data 

(number of revolutions) were stored in 10 min bins using the data acquisition system CAMS 

(Circadian Activity Monitoring System, INSERM, France). 

Behavioural re-entrainment was analyzed using the Clocklab software package 

(Actimetrics, Evanston, IL, USA). The time of locomotor activity onset was determined using 

the onset fit algorithm. Animals were considered re-entrained to the new LD cycle when their 

activity onset remained stable for at least the following five days, and when the period of 

activity was close to the 24-h period of the new LD cycle. Period was calculated with a χ2 

periodogram analysis (ClockLab, Actimetrics Software, Evanston, IL, USA). 

The phase angle of entrainment (ψ) was defined as the time of the onset of activity 

relative to the time of lights off. To evaluate differences in the phase angle of entrainment 

between groups, we compared the mean of the ψ for the last five days of each LD cycle in 

both groups. 

Quantification of activity during the light period was performed for each cycle. To 

avoid any effect of the transition cycle, only the period at which animals were fully entrained 

was considered. An exception was made for animals that did not synchronize even after 

extended periods. 
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8. LIGHT INTENSITY MEASUREMENTS 
We measured light intensity with a Digital Light Meter (DLM2000AC, General Tools 

& Instruments Co., New York, NY, USA) providing light levels in lux covering a 0 to 20,000 

lux range. The lux is the International Unit of illuminance. It is used in photometry as a 

measure of the apparent intensity of light hitting or passing through a surface. Some 

examples of illuminance correspondences can be found in Table 4.  

 

Like all photometric measures, illuminance has a corresponding "radiometric" 

measure: irradiance. Irradiance is measured in watt/metre2. The difference between 

illuminance and irradiance is that irradiance is based on physical power, with all wavelengths 

being weighted equally, while illuminance takes into account the fact that the eye is more 

sensitive to some wavelengths than others, and accordingly every wavelength is given a 

different weight. Therefore, there is no single conversion factor between lux and watt/metre2; 

Illuminance Example 

10-5 lux Light from the brightest star (Sirius) 

10-4 lux Total starlight, overcast sky 

0.002 lux Moonless clear night sky with airglow 

0.01 lux Quarter moon 

0.27 lux Full moon on a clear night[ 

1 lux Full moon overhead at tropical latitudes 

3.4 lux Dark limit of civil twilight under a clear sky 

50 lux Family living room 

80 lux Hallway/toilet 

100 lux Very dark overcast day 

320 lux Recommended office lighting 

400 lux Sunrise or sunset on a clear day. Well-lit office area 

500 lux Lighting level for an office according to the European law UNI EN 12464. 

1,000 lux Overcast day  typical TV studio lighting 

10,000–25,000 lux Full daylight (not direct sun) 

32,000–130,000 lux Direct sunlight 

Table 4  Examples of illuminance correspondences. 
 
Sources: Paul Schlyter, Radiometry and photometry in astronomy FAQ (2006); "Petzl reference system for 
lighting performance" (2007): http://en.petzl.com; (Bunning and Moser, 1969); "Electro-Optics Handbook"; Pears, 
Alan (June, 1998), "Chapter 7: Appliance technologies and scope for emission reduction", Strategic Study of 
Household Energy and Greenhouse Issues, Australian Greenhouse Office (2008); Australian Greenhouse Office 
(2005), "Chapter 5: Assessing lighting savings". 
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Figure 23 Representation of 
illuminance and luminance 
measures within a Ganzfeld bowl. 
 
Light emitted within the Ganzfeld 
bowl hits the interior of the bowl. The 
total luminous flux incident on the 
interior surface, per unit area is 
called illuminance and is measure 
in lux unit. The amount of light that 
is emitted from this area, and falls 
within a given solid angle is called 
luminance and is measured in 
candela per square metre (cd/m2). 

there is a different conversion factor for every wavelength, and it is not possible to make a 

conversion unless one knows the spectral composition of the light.  

The peak of the luminosity function is at 555 nm (green) as the human eye is more 

sensitive to light of this wavelength than any other. For monochromatic light of this 

wavelength, the irradiance needed to make one lux is minimal at 1.464 mW/m2. That is, one 

obtains 683.002 lux per W/m2 (or lumens per watt) at this wavelength. Other wavelengths of 

visible light produce fewer lumens per watt. The luminosity function falls to zero for 

wavelengths outside the visible spectrum.  

To further complicate the situation, older publications use other units to express 

illuminance such as foot candles. 

 

In practical applications, as when measuring room illumination, it is very difficult to 

measure illuminance more accurately than ± 10 %, and getting precise measures of light 

intensity in the cage of an animal is quite impossible. Therefore, when illuminance was 

measured at the level of a cage, 3 measures were taken at 3 different points and the average 

was computed. 

For ERG experiments, light intensity is given in candela per square metre (cd/m2). 

This is the unit of luminance, a photometric measure that describes the amount of light 

emitted from a particular area, and falling within a given solid angle (the solid angle 

subtended by the eye's pupil). Luminance is used to characterize emission or reflection from 

diffuse surfaces and indicates how much luminous power will be perceived by an eye looking 

at the surface from a particular angle of view indicating how bright the surface will appear. In 

the case of ERG, luminance represents the amount of light re-emitted via the interior of the 

Ganzfeld bowl (Figure 23). The Table 4 gives some example of natural scene luminance 

levels in cd/m2. The Table 5 shows the physiological processes in the retina in relation with 

different luminance levels. 

Illuminance (lux)
Luminance (cd/m2)

 



Materials and Methods / Light Intensity Measurements 

 94

 

 

 

 
  

 
 

 

 

Table 5  Examples of luminance correspondences. 
 
Approximate luminance of the sky near the horizon in cd/m2.  
 
Source: (Middleton, 1952). 

Environment Luminance level (cd/m2) 

Clear sky at noon 104 

Cloudy sky at noon 103 

Grey sky at noon 102 

Cloudy sky at sunset 10 

Clear sky, a quarter hour after sunset 1 

Clear sky, a half hour after sunset 10-1 

Night sky - Full moon 10-2 

Night sky - Clear without moon 10-3 

Night sky - Cloudy without moon 10-4 

Significance Lum level (log cd/m2) 

Absolute Threshold -6 

Scotopic Start - 

Cone Threshold -3 

Scotopic End - 

Mesopic Begin - 

Rod Saturation Begins 2 

~ Mesopic End - 

~ Photopic Begin - 

Damage Possible 8 

Table 6  Levels of luminances and their corresponding significance at the level of retinal physiology. 
 
Rods are activated at ~ -6 log cd/m2 before cones, which need a ~ -3 log cd/m2 luminance level to be active. The 
condition in which only rods are active is called scotopic. When both cells are active, this is the mesopic 
condition. When rods saturate at ~ -2 log cd/m2 it is the inititation of the photopic condition. 
 
Source: (Hood and Finkelstein, 1986). 
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1. FURTHER CHARACTERIZATION OF ARVICANTHIS 

RETINA 
In a previous study, our group described the structure of Arvicanthis retina and 

particularly the PR layer (Bobu et al., 2006). The rod to cone ratio was quantified and the 

distribution of SW cones investigated. Through application of complementary techniques, we 

investigated new features of the Arvicanthis retina. 

 

1.1. Structural Features Investigated with 

Real-Time Imaging Techniques 

1.1.1. SCANNING LASER OPHTHALMOSCOPY (SLO) 

Arvicanthis fundus visualization was accomplished by SLO imaging, and photographs 

were compared with those of C57Bl6 mice and Wistar rats (Figure 24). Fundus visualization 

with IR and RF channels did not reveal any major changes in Arvicanthis fundus compared to 

mice and rats. None of the species show AF materials. Angiography with both FL, displaying 

mainly the retinal vessels, and ICG which allows analysis of the choroidal vessels 

additionally, did not reveal any striking differences in the retinal vascular anatomy among 

species. 

However, on the Arvicanthis fundus, a region located in the median part of the 

superior hemisphere (located at the inferior part of the picture because SLO pictures are 

shown inverted) appears lighter than the rest of the retina (region surrounded in red; Figure 

24). This region is not seen in retinas of rat and mouse, but resembles the visual streak found 

in other species. 
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Figure 24  Scanning Laser Ophthalmoscopy imaging of Arvicanthis, mouse and rat retina. 
 
SLO imaging of Arvicanthis, mouse and rat retinas with different excitation channels taken at 10° and 20° 
focus setting. Overall fundus structure along with retinal vessels appears very similar among the three 
species. A light zone (red line) reveals a putative visual streak in the superior hemisphere of the Arvicanthis 
retina, which is not seen in mouse or rat. 
 
AF: autofluorescence; FA: fluorescein angiography; ICG: indocyanine green angiography; IR: infrared; RF: 
red-free; SLO: scanning laser ophthalmoscopy.  
Images: Dr. Susanne C. Beck. 
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Figure 25  Optical Coherence Tomography imaging picture of Arvicanthis retina compared to two 
pictures of H/E stained retinal sections. 
 
A and C: images of two retina sections of Arvicanthis stained with H/E compared to B: OCT imaging image of 
Arvicanthis retina. Depending on the section, layers can be enlarged compared to in vivo layers. 
 
H/E: haematoxylin/eosin; INL: inner retina layer; IPL: interplexiform layer; IS: inner segment; OCT: optical 
coherence tomography; ONL: outer nuclear layer; OPL: outer plexiform layer; RPE: retinal pigmentary 
epithelium.  
Scale: 30 µm.  
OCT images: Gesine Hubert. 

1.1.2. OPTICAL COHERENCE TOMOGRAPHY (OCT) 

OCT imaging was used to study the structure of Arvicanthis retina in vivo, and 

particularly the transversal structure. On OCT photographs, very dense structures (such as 

nuclear layers) appear white whereas diffuse structures (such as synaptic layers) appear dark. 

In Figure 25, an image taken with OCT technique is compared with two microscope 

pictures of tissue sections after cryostat sectioning and H/E staining. 

 

It should be noted that tissue treatment/sectioning can lead to artefactual appearance 

of layers more or less detached from one another (Figure 25A and C). When comparing 

histological sections (Figure 25A and C) with OCT image (Figure 25B), the first notable 

observation is that overall Arvicanthis retina after tissue processing and histological staining 

is wider than the retina observed in vivo in real time with OCT imaging, due to swelling. 

Particularly, the IPL appears much wider in histological sections. 
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1.2. Electrophysiological Responses of the 

Arvicanthis retina: when Cones do not go 

Unnoticed 

To assess the functional characteristics of Arvicanthis retina, ERG data were 

compared to those of mice and rats. 

Under dark-adapted conditions (scotopic conditions; Figure 26 upper panels), 

Arvicanthis responses appear totally different compared to those of mice and rats. It is 

important to note that the ERG responses of mice and rats constitute very characteristic 

“signatures”. Responses to stimuli of -2.0 log cd×s/m2 and below are generated exclusively by 

the rod system (Seeliger et al., 2001; Tanimoto et al., 2009). In this low intensity range, flash 

ERG responses in Arvicanthis were significantly smaller than those of mice. In the intensity 

range above -1.0 log cd×s/m2, response onset and amplitudes of a- and b-waves were quite 

similar for both species. However, a prominent difference was that the b-wave in Arvicanthis 

was considerably shorter in duration. 

Under light-adapted conditions (photopic conditions, Figure 26 bottom panels), 

where rods are normally saturated by background light, single flash responses of Arvicanthis 

became apparent at lower intensities (-1.5 log cd×s/m2) compared to those of mice and rats (-

0.5 log cd×s/m2). Also, the latency time of Arvicanthis responses was smaller, suggesting 

higher sensitivity of cones. B-waves of Arvicanthis are shorter, have larger amplitudes and 

are accompanied by larger a-waves than those of mice and rats. The small, high frequency 

oscillations superimposed on the b-wave, called oscillatory potentials, were in contrast less 

evident in Arvicanthis than in mouse. 
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Figure 26  ERG responses of Arvicanthis, mouse and rats with single flash scotopic and photopic 
protocols. 
 
Mouse (black), rat (blue) and Arvicanthis (red) ERG responses obtained with a single flash protocol under 
scotopic or photopic conditions. Mouse and rat responses are very similar whereas Arvicanthis are drastically 
different. Responses of both nocturnal rodents are much higher than Arvicanthis’ in scotopic conditions at low 
intensities whereas in photopic conditions Arvicanthis responses are much higher than those of mice and rats. 
 
Recordings: Dr. Naoyuki Tanimoto. 
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Figure 27  ERG responses of Arvicanthis, mouse and rats with scotopic and photopic 
Flicker protocols. 
 
Mouse (black), rat (blue) and Arvicanthis (red) ERG responses obtained with a Flicker protocol 
under scotopic or photopic conditions. The sustained response at high frequencies stimulation for 
Arvicanthis is striking. 
 
Recordings: Dr. Naoyuki Tanimoto. 

Responses to Flicker stimulations at different frequencies were also registered for the 

three rodent species (Figure 27). By comparing scotopic and photopic Flicker responses of 

Arvicanthis, we observed that the scotopic Flicker response at 2 Hz is similar to that of 

photopic responses. Therefore, we can assume that the scotopic response at 2 Hz is generated 

entirely by cones. This is not the case for other species whose scotopic and photopic 

responses are totally different below 10 Hz frequency, with particularly the b-wave being 

longer in scotopic conditions. Also, the a-wave is clearly visible in Arvicanthis for all 

frequencies and under both conditions. This is not the case for mice and rats whose a-wave is 

not visible in photopic conditions, or in scotopic conditions above 1 Hz for rats, and 7 Hz for 

mice. This again suggests a much higher sensitivity of the cone system in Arvicanthis. It is 

also interesting to note that the critical flicker fusion frequency (CFF), the frequency that 

the visual system can no longer resolve is at about 30 Hz in both mice and rats whereas it is 

much higher in Arvicanthis, whose responses do not show a major drop in amplitude at 30 

Hz. This demonstrates the enhanced visual frequency resolution of Arvicanthis, typical for 

diurnal 

species. 
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Figure 28  ERG responses of mouse and Arvicanthis with 6 Hz Flicker protocol. 
 
Mouse (black) and Arvicanthis (red) ERG responses obtained with a Flicker protocol at 6 Hz with increasing 
intensities. Responses are much higher in Arvicanthis compared to those of the mouse. Right panel: 
Representation of the amplitude of b-waves shown in left panels. Responses of mice show a first peak at -2 log 
cd×s/m2 corresponding to the rod response. Only the ascending portion of cone peak response is visible at 1 
log cd×s/m2. On Arvicanthis, only one peak is visible. 
 
Recordings: Dr. Niyazi Acar. 

 

Responses to a 6 Hz Flicker protocol (flash frequency kept at 6 Hz while increasing 

light intensity), show that at low intensities, where principally rods are activated, responses of 

Arvicanthis resemble those of mice (Figure 28). Responses for higher intensities, where cones 

are active, are totally different for both species. Arvicanthis cones begin to respond around 

0.4 to 1 cd×s/m2 (log -3). Amplitudes of the responses are much higher than those of mice. 
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2. (NO) LIGHT-INDUCED RD IN ARVICANTHIS (?) 
After the in vivo examination of non-pathological Arvicanthis retinas, our second goal 

was to produce RD in Arvicanthis in order to obtain a reproducible model to study rod and 

cone pathophysiological processes. 

The first approach we used was the bright light exposure. 

 

All experiments using light exposures were conducted after full pupil dilation (see 

Materials and Methods section). Some experiments were performed with free moving animals 

which were housed in individual cages. Also, during exposure the litter was removed and no 

food or water was left on the cage grill, to avoid any shadow formation within the cage. 

Except for the experiments described in the section “2.7: Use of Classical Rodents as 

(Positive) Controls”, all exposure experiments were performed on young adult male or female 

(depending on availability among the colony) Arvicanthis ansorgei. 

Control animals were kept in the same conditions as exposed animals, but while 

exposed animals were undergoing bright light exposure, control animals remained in light 

with intensity equal to that during rearing.  

The same device was used for broad band white light exposures (see Materials and 

Methods 2.2.), except for the experiment described in 2.4. where optic fibres were used, 

and 2.5. where blue light was used. 

In order to induce RD, several parameters were tested. 
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2.1. Use of Classical Parameters 

2.1.1. BASIC PARAMETERS 

In our first experiment, we used parameters found in the literature known to induce 

RD in rats and mice and used them on Arvicanthis. 

Arvicanthis were exposed to either 5,000 lux or 12,000 lux during 30 min, 1-h or 2-h. 

One control animal was unexposed to light. Animals were sacrificed 60 min or 30-h after 

exposure. 

Eyes were fixed, cut and sections were prepared for histological analysis. None of the 

exposed retinas showed any structural or morphological changes compared to the unexposed 

retinas (Figure 29). No TUNEL staining was seen on sections of exposed retinas taken 30-h 

after exposure. Moreover, there was no overexpression of GFAP. 

 

The only noticeable difference is a slight delocalization of rhodopsin present in the 

cell bodies of exposed retinas, compared to the retinas of unexposed animals where rhodopsin 

is localised to the OS. Redistribution of proteins has been seen to occur in other PR 

degenerations (Hagstrom et al., 1999). 

GFAP

control

exposed

TUNEL rhodopsin

ONL

INLONL

INL

ONL

INL ONL

ONL

 
Figure 29  IHC and TUNEL staining on unexposed control and exposed (12,000 lx for 120 min) 
Arvicanthis retinas. 
 
No difference was seen between exposed and control animals in GFAP expression. On exposed retina, no 
TUNEL positive cells were found. Only a delocalization of rhodopsin normally located to the OS was seen around 
the nucleus in the ONL in exposed retinas. 
 
GFAP: glial fibrillary acidic protein; INL: inner retina layer; ONL: outer nuclear layer; OS: outer segment;  
TUNEL: TdT-mediated dUTP nick end labelling. Scale: 10 µm. 
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Figure 30  Structural and phenotypic aspects of Arvicanthis retinas taken at different times after an 
8-h light exposure at 15,000 lux. 
 
Eyes of Arvicanthis were taken at 36 h, 48 h, 60 h and 1 week after exposure. DAPI staining shows that 1 week 
after exposure, the overall retina structure remains intact. No TUNEL expression was seen at anytime after 
exposure. Rhodopsin and MW opsin staining did not show any decrease in the time course. (At 1 week 
exposure, secondary antibodies were reversed and rhodopsin staining is shown in red.) 
 
DAPI: 4’,6-diamidino-2-phenylindole dihydrochloride; MW opsin: middle-wave opsin; TUNEL: TdT-mediated 
dUTP nick end labelling. Scale: 30 µm. 

2.1.2. INCREASED TIME AFTER EXPOSURE 

Since 30-h was maybe too late to detect apoptotic nuclei by the TUNEL method, and 

too early to see structural changes, we exposed animals for 8 h and sacrificed them at 12 h, 24 

h, 36 h, 48 h, 60 h or one week after exposure. Intensity was also increased to 15,000 lux. 

All the exposed retinas showed a normal regular structure and an absence of TUNEL 

staining (Figure 30). 
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2.1.3. EXPOSURE UNDER ANAESTHESIA 

To avoid the possibility that animals were sheltering their eyes from light during 

previous experiments, animals were exposed under anaesthesia. It has been shown that 

halothane mediated anaesthesia protects the retina from light-induced damage (Keller et al., 

2001), and thus animals were anaesthetised through an intraperitoneal route with 

Zoletil/Rompun (same dose as rats). Sedated animals were carefully positioned below the 

lamp under an intensity of about 6’000 lux. A drop of ophthalmic gel (Methocel®) was gently 

put on both corneas to prevent desiccation. The animal’s head was placed on the side so that 

only the left eye was exposed to direct light. Right eyes were hidden from light so that each 

animal served as its own control. Exposure lasted 9-h. 

H/E staining on sections showed that all left exposed retinas had the same structure as 

their contralateral unexposed retinas (not shown). 

 

2.1.4. ONE WEEK EXPOSURE 

All the experiments mentioned so far involved exposures lasting between 30 min and 

8-h. In a fourth experiment, the duration of exposure was increased to one week. Animals 

were exposed at 5,000 lux for one week and sacrificed 36-h after the end of exposure. 

It is known that under constant light conditions (LL), the circadian system is severely 

disturbed (Ohta et al., 2005; Bobu and Hicks, 2009). To make sure any putative observed 

damage was really due to light effects and not to problems of circadian system malfunction, 

control animals were kept in LL at 20 lux during the same time as bright light exposed 

animals. 

No structural change could be seen on any of the exposed retinas (not shown). 

 

2.2. Influence of the Circadian Time 

It has been shown for rats that light damage is under circadian control, since exposure 

during the night leads to far greater damage than the same exposure conditions during the 

daytime (Organisciak et al., 2000). This differential effect is maintained under DD conditions 

(animals exposed during subjective day or subjective night), and can be phase-shifted 

(Vaughan et al., 2002). Such effects are completely unexplored for a diurnal species, or for 

possible cone effects. It is plausible that diurnal animals, analogous to nocturnal species, 

would be more sensitive to retinal light-induced damage during their active phase (in this case 

during daytime). In our studies to date, animals were always exposed during daytime and no 
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degeneration was observed. However, it is more likely that the circadian mechanism 

modulating light damage susceptibility does not depend on the active phase of the species, but 

is synchronised with fluctuations in ambient light. Therefore, Arvicanthis would also be more 

sensitive when exposed during night time. 

In a new series of experiments, animals were all exposed for 4-h at 1,500 lux. One 

group was exposed during the middle of the active phase (5-h after lights on, ZT 5), and one 

group was exposed during the middle of the resting period (5-h after lights off, ZT 17). 

Animals were killed 50-h after exposure. 

None of the exposed retina showed differences compared to unexposed controls as 

revealed by classical histological staining, rhodopsin and MW opsin immunostaining. 

Moreover, no positive TUNEL staining was seen (not shown). 
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2.3. Influence of Light Rearing History 

It is known that the light-rearing environment is a factor that greatly influences the 

extent of retinal light damage. It has also been known for many years that light history of an 

animal affects its susceptibility to light-induced apoptosis. 

Early studies by Noell and Albrecht found that the retinas of albino rats raised in 

darkness conditions were more damaged than those from animals raised in cyclic light (Noell 

and Albrecht, 1971; Birch and Jacobs, 1980). Dark-reared animals also had longer ROS with 

a higher density of rhodopsin packing than light-reared animals. However, animals placed in 

DD have their circadian system in a particular state, and therefore dim LD cycle is a better 

choice to rear animals. Later, Penn et al. reported that albino rats born and raised in bright 

cyclic light (800 lux) were protected from light damage, whereas rats born and raised in 5 lux 

cyclic light were not (Penn et al., 1987). There were also significant morphological changes 

in the retinas of the dim light-reared animals: outer segments were shorter and much more 

disorganized in these animals, and cells had the appearance of impending cell death. This 

observation was also made with mice; retinas of albino mice are protected from light-induced 

apoptosis when reared in bright-cyclic light: retinas of mice raised in 400 lux cyclic light are 

more protected from light damage than animals born and raised in 5 lux cyclic light (Kaldi et 

al., 2003). 

In our animal facility, light intensity at the level of the cage varies between 50 and 300 

lux depending on the location of the cages on the shelf and the proximity to the lamp. Thus, 

the lack of degeneration seen so far with Arvicanthis could be due to a protection coming 

from a bright light rearing condition. 

In a new experiment, animals were reared in LD cycles with dim light (20-50 lux) 

during 4 weeks before 8-h exposure at 6,000 lux. As for the previous experiments, animals 

remained in the dark for 12-h immediately prior to exposure. 

None of the dim light-reared retina sections showed typical apoptotic staining (not 

showed).  
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2.4. Influence of Light Intensity 

Another possibility to explain the lack of visible degeneration was that light intensity 

was not sufficient to induce damage in Arvicanthis’ retina. Therefore, animals were exposed 

to higher light intensities. As our frame device could not generate more than 15,000 lux at the 

corneal level, we used directed illumination from optical fibre lamps (as used for dissection 

with binocular microscopes). Fibre guides were adjusted in a manner such that anaesthetised 

animals received 20,000 lux at the level of the left cornea.  

Animals were reared for 10 days in dim light (20 lux), then anaesthetised and exposed 

for 2-h during their active phase (daytime) at 20,000 lux. 

No structural damage was seen in any of the bright light exposed retinas (not shown). 

 

 

2.5. Influence of Wavelength: Blue light 

Exposure 

It is known that the spectral quality of light radiation is an important parameter of 

retinal damage: broad white or narrow spectrum green light (~ 550 nm) normally leads 

mainly to acute PR damage; short wavelength blue light (~ 400 nm) leads to damage of the 

RPE and PR. There are some data that suggest blue light may be particularly injurious to 

cones (Sperling, 1986; Reme, 2005). The potential differential effects of wavelength upon rod 

and cone damage in a diurnal animal are however unknown. 

We tested Arvicanthis for retinal blue light damage. Sample conditions were chosen 

based on consultation with the laboratory of Prof. Grimm (City University Hospital, Zurich, 

Switzerland). From their experience, 1 min exposure is sufficient to induce threshold damage 

with blue light of 410 nm at 30 mW/cm2 at the corneal level on pigmented and albino mice. 

Being aware of the potential light damage resistance of Arvicanthis, we chose to expose 

animals during 5, 15 or 45 min. 

The global structures of the exposed retinas are shown in Figure 31. Only the retina 

exposed for 45 min showed a degeneration of a localized spot ~ 1-2 mm2 in the central retina. 

Within this area, there was complete degeneration of all three cell layers, as seen by H/E and 

DAPI staining. 
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Figure 31  Overall structural aspects of sections of Arvicanthis retinas after blue light exposure. 
 
Animals were exposed during 5, 15 or 45 min with narrow spectrum blue light (403 ± 10 nm). Sections were 
stained with H/E or DAPI. Only the retina exposed for 45 min showed a complete RD at a very precise spot 
(arrows). 
 
DAPI: 4’,6-diamidino-2-phenylindole dihydrochloride; HE: haematoxylin/eosin. Scale: 1,000 µm. 
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Expression of rhodopsin, c-arr and GFAP was also investigated in these retinas. In the retina 

exposed for 45 min, at the level of the injury there was disappearance of PR markers, along 

with a generalised upregulation of GFAP expression across the retina (Figure 32). Retinas 

exposed for 5 to 15 minutes did not show any differences compared with controls. 

Figure 32  Structural and phenotypic aspects of Arvicanthis retina after blue light exposure. 
 
Retinal structure of Arvicanthis exposed for 5 or 15 min with narrow band blue light (403 ± 10 nm) did not differ 
from control retina as seen with H/E and DAPI staining; expression of rod (rhodopsin) and cone (cone opsin) 
specific proteins was not different from control, neither did expression of GFAP. After 45 min exposure, the 
retina of Arvicanthis appeared much damaged at a small central spot, in which the entire retina is missing as 
seen with H/E staining and right panels of DAPI, rhodopsin and c-arr. Also, GFAP expression is upregulated 
throughout the cytoplasm of Müller glia. 
 
c-arr: cone arrestin; DAPI: 4’,6-diamidino-2-phenylindole dihydrochloride; GFAP: glial fibrillary acidic protein; 
H/E: haematoxylin/eosin Scale: 40 µm. 
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Figure 33  ERG responses of control and light-exposed Arvicanthis with scotopic and 
photopic single flash protocol. 
 
Data of exposed animals (n = 4) are represented with box-plots. The upper line corresponds to the 
results of 95 % exposed, the bottom line to 5 % exposed animals and the grey box to 50 % 
exposed animals. × represents the median. Red lines indicate data of control animals (n = 3), the 
upper line corresponding to 95 % and the bottom line to 5 % control animals. 
 
Recordings: Dr. Niyazi Acar. 

2.6. ERG Recordings  

Except in the experiment with 45 minutes exposure to intense blue light, histological 

evaluation of light-exposed retinas of Arvicanthis did not show any detectable damage. We 

hypothesized that damaging treatments maybe were not visible by structural analysis, but 

could still have a functional impact. Therefore, exposed animals were tested for retinal 

electrophysiological responses. Animals were reared in dim light (20 lux) before an 8-h 

exposure at 6,000 lux during active phase. 

ERGs were performed in Dijon with Dr. Niyazi Acar. Seven exposed animals and 6 

controls were analyzed for their retinal electrophysiological responses. Two protocols were 

used. For one group of animals, composed of 3 control and 4 exposed animals, regular 

scotopic and Flicker protocols were used. A second group composed of 3 exposed and 3 

control animals were submitted to the 6 Hz protocol. 

The scotopic responses did not show any difference between exposed and control 

animals, either for latency time or for amplitudes (Figure 33). For photopic responses, there 

was no difference between groups. However, for low intensities, exposed animals showed an 

increased latency time of the b-wave. This may indicate early effects of degeneration that 

affected only a particular population or a different response mechanism (i.e. the one for low 

intensities), as the latency time was similar between test and control groups at high light 

intensities.  
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Figure 34 ERG responses of 
control and light-exposed 
Arvicanthis with 6 Hz protocol. 
 
Responses of control and exposed 
animals did not differ greatly. Only 
amplitudes of b-waves were slightly 
reduced at higher intensities (right 
panel) for the exposed animals. 
 
Recordings: Dr. Niyazi Acar. 

 

The second group was submitted to a 6 Hz protocol. Except at high intensities for 

which the b-wave amplitude is smaller in exposed animals, there were no major differences 

between control and exposed animals on this protocol (Figure 34). 
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Figure 35  in situ cell detection by TUNEL method in control and BALB/c exposed mice exposed 
in Zürich. 
 
No TUNEL positive cells are seen on control retina sections. Almost all the PRs of the exposed retinal 
section are stained. 
 
TUNEL: TdT-mediated dUTP nick end labelling. Scale: 50 µm. 
Sections: Dr. Andrea Wenzel. 

2.7. Use of Classical Rodents as (Positive) 

Controls 

Our protocol, light device and evaluation of retinal integrity method were verified 

through the use of mice and rats, classic models of light-induced RD. 

 

2.7.1. EXPOSURE OF MICE 

In a first experiment we tested our TUNEL kit on sections of control and exposed 

BALBc mice (provided by Dr. Andrea Wenzel, Zürich). Mice had been exposed for 1-h at 

5,000 lux during their sleeping phase with broad band white light, and killed after 72-h. No 

positive TUNEL reaction was seen on control sections, while in light-exposed animals the 

majority of PR nuclei show intense TUNEL staining, reflecting a high number of apoptotic 

cells (Figure 35).  

 

 

control exposed
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Figure 36  in situ cell detection by TUNEL method in control and exposed BALB mice. 
 
Retinal sections of exposed BALB/c mice from Harlan Laboratories showed several apoptotic nuclei at the 
ONL level as revealed by TUNEL method. 
 
ONL: outer nuclear layer; TUNEL: TdT-mediated dUTP nick end labelling. Scale: 30 µm. 

To check if our exposure device was effective, we exposed the same strain of BALBc 

mice using our own broad band exposure apparatus. Animals were exposed at 5,000 lux for 1-

h and recovered for 36-h before sacrifice. Intense TUNEL positive staining was seen on 

exposed sections (Figure 36). 

 

control exposed
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Figure 37  Retinal structure and rod/cone-specific protein expression in control and bright light 
exposed rat retinas. 
 
DAPI staining showed a regular layer structure of the rat retina even after a 12,000 lux exposure. Rhodopsin 
staining showed a decrease of OS length in exposed rats. GFAP was not over-expressed upon exposure. 
 
DAPI: 4’,6-diamidino-2-phenylindole dihydrochloride; GFAP: glial fibrillary acidic protein; OS: outer segment. 
Scale: 30 µm. 

2.7.2. EXPOSURE OF RATS 

Wistar rats were exposed to 12,000 lux white light for 3-h during their sleeping phase 

(daytime). They recovered for 24-h before sacrifice. DAPI staining of sections of exposed 

retinas revealed a normal ONL structure and thickness. Rhodopsin staining showed that OS 

length was slightly reduced upon exposure (Figure 37). MW opsin staining showed normal 

OS length. However, exposed animals had rhodopsin staining around the PR nucleus whereas 

control animals had rhodopsin localized exclusively in the OS. No overexpression of GFAP 

was seen in exposed animals. 
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Figure 38 General structure of rat and 
Arvicanthis retinas at 9 and 20 d.p.i. of 
MNU at 75 mg/kg. 
 
Sections of Long-Evans rat and Arvicanthis 
retinas were stained with H/E after a MNU 
injection at 75 mg/kg. At 9 d.p.i., MNU-treated 
rat retinas appeared drastically degenerated. 
ONL thickness was much reduced and RPE 
was attached to the remaining INL. At 20 
d.p.i., ONL was quasi-absent. In contrast, 
MNU-treated Arvicanthis retina appears 
unchanged at 9 and 20 d.p.i. 
 
HE: haematoxylin/eosin; MNU: N-methyl-N-
nitrosourea; ONL: outer nuclear layer. Scale: 
30 µm. 
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3. MNU-INDUCED PR DEGENERATION IN 

ARVICANTHIS 
The findings on light-induced stress indicate that Arvicanthis is remarkably resistant to 

this kind of trauma. In order to test whether this species is resistant to other types of retinal 

stress and to achieve our initial goal of developing a model of cone degeneration, we used 

another approach to induce degeneration of cones and rods: MNU i.p. injection. 

 

3.1. Regular MNU doses: is Retina of 

Arvicanthis an Ironclad Structure??? 

Arvicanthis were injected with a 75 mg/kg dose of MNU. Wistar and Long Evans rats 

were also injected with the same dose, to serve as positive controls. Animals were sacrificed 9 

and 20 days post injection (d.p.i.).  

Sections of rat and Arvicanthis retinas were stained with H/E. At 9 d.p.i., MNU-

treated rat retinas appeared greatly affected and the ONL was virtually absent (Figure 38). 

The same features were observed at 20 d.p.i. In contrast, MNU-treated Arvicanthis retinas did 

not show any difference with controls at 9 d.p.i. or 20 d.p.i. 

 

3.2. Stronger MNU Doses: Achille’s Heel of the 

Arvicanthis Retina! 

In a second set of experiments Arvicanthis were injected with 33 or 100 % higher 

doses of MNU (i.e. 100 and 150 mg/kg respectively) and the effects were analyzed at the 

structural and functional levels. 

 

 

 

First Article 

(under submission) 
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Abstract 

Background: Cone photoreceptor breakdown underlies vision loss in many blinding diseases. 

Cone loss is often secondary to that of rods, but little experimental data are available on the 

relationship between the two populations. We used a cone-rich rodent to explore changes in 

rod and cone survival and function during induced retinal degeneration.  

Methodology/Principal Findings: Adult Arvicanthis ansorgei – a cone-rich rodent species – 

were injected with N-methyl-N-nitrosourea (MNU), and changes in retinal histology, 

phenotype, apoptosis (TUNEL staining) and functionality (scotopic and photopic 

electroretinography) were monitored as a function of post-treatment time and retinal 

topography. Control animals were injected with solvent solution. Injected animals showed 

time-, region- and population-specific changes as measured by morphological, 

immunochemical and functional criteria. Histological and phenotypical modifications were 

first observed in superior central retina, in rods before cones, and gradually spread 

peripherally into the inferior hemisphere. Rods showed clear signs of apoptosis whereas 

cones were unaffected in many samples. Electroretinographic measures performed at late 

post-injection times showed that both rod and cone functions were severely compromised by 

3 months post-treatment. 

Conclusions/Significance: MNU-induced retinal degeneration in Arvicanthis follows a 

predictable spatial and temporal pattern allowing clear separation of rod- and cone-specific 

pathogenic mechanisms. 
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Introduction 

Age-related Macular Degeneration (AMD) and Retinitis Pigmentosa (RP), two retinal 

pathologies responsible for a major part of blindness in Western countries (World Health 

Organization 2008 data), are both characterized at a structural level by retinal degeneration 

(RD). The deficit that is most debilitating in RD is the loss of central vision (high acuity 

discrimination) in daylight, mediated by foveal cone photoreceptors (PRs). It has become 

apparent that death of cone PRs occurs secondarily to that of rods in several forms of RD, 

both in animal models (e.g. rd1, rho-/-) and humans [1], and that malfunction and 

degeneration of cones actually form the major reason for visual handicap even in diseases not 

directly concerning them. For example, although mutations in rod-specific genes underlie the 

majority of forms of RP, most severe vision loss occurs from secondary cone death [2]. 

Similarly, debilitating blindness in AMD is due to cone death within the central cone-rich 

macula. Elucidating the mechanisms involved in the dysfunction of cones is thus of 

paramount importance. Little is known concerning cone PRs pathophysiology in part because 

suitable experimental animal models have not been available. The principal laboratory 

models, rats and mice, are rod-dominated animals (~ 97 % rods of the total PRs) [3,4,5]. A 

few “pure” cone-rich species have been characterized [6] but these species exhibit various 

drawbacks for experimentation, such as lack of pre-existing antibodies or databank sequence 

information, or captive rearing. Cone-rich transgenic mouse models, e.g. Nrl knock-out mice, 

have become available [7], but cones in such strains may not be fully normal (although recent 

data show that they display typical cone features by a wide range of structural and functional 

criteria [8]). Moreover, in all-cone species, due to the absence of rods, the surrounding tissue 

environment of cones must be different from the human macula. In order to determine true 

relative rates of degeneration, one must obtain comparable information for both rods and 

cones at matched locations in the same well-characterized species. 

In addition to genetic models of RD [9], several approaches involving 

“environmental” insults exist. RD can be induced by light [10], modified diet [11], increased 

intraocular pressure [12] or toxic chemicals [13,14,15,16,17,18,19]. In all these models, data 

on cones are very limited or lacking. The scarce references pertaining to cone phototoxicity 

are contradictory, indicating either decreased [20] or increased [21] toxicity compared to 

rods. Among retinotoxic agents, the alkylating derivative N-methyl-N-nitrosourea (MNU), 

appears suitable for inducing RD because: 1. A single intraperitoneal injection induces a PR-

specific degeneration; 2. Dosage and post-injection time can be varied to obtain differential 

effects on visual structure and function; 3. Onset and progression of the degeneration are 
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usually very rapid [22,23,24]; 4. MNU injections induce comparable effects in a wide variety 

of many mammalian species [25]. 

Our team recently described the retina of Arvicanthis ansorgei, a murid rodent from 

West Africa whose retina presents two important characteristics: a high cone content (33 % of 

the total PRs or tenfold higher than classic laboratory rodents), and their organization into a 

strict double cell row layer at the scleral surface of the outer nuclear layer (ONL) [26], 

resembling somewhat the human peripheral macula [27]. Here, we characterized the 

morphological, structural and functional effects of an acute injection of MNU on the retina of 

Arvicanthis ansorgei. We observed a clear separation of rod and cone responses to chemical 

poisoning, in terms of structure, phenotype and function. 

 

Results 

Growth and Food Intake  

Because MNU is known to induce tumours [28] and was injected via an intra-peritoneal 

route, overall physiology was observed. Control and treated Arvicanthis appeared in good 

health, with equivalent levels of locomotor activity (wheel-running activity, data not shown) 

and no animals were moribund. We monitored MNU-injected animals for potential feeding 

difficulties and growth (Figure 1A and B). After the injection, control animals did not show 

any difference in their daily food intake (Figure 1A; dark symbols). In the treated group, one 

animal showed no change in daily food intake and two animals showed a reduction of a few 

grams of their daily food intake, that returned to normal around 10 days post-injection (d.p.i.). 

In the MNU group, a slight body weight (b.w.) loss: less than 7 % occurred compared with 

injection day and reaching a maximal decrease at 9 d.p.i., but thereafter the animals in this 

group gained body weight similar to those injected with solvent (Figure 1B). 
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Morphology of Arvicanthis MNU-degenerated retina 

In order to measure the temporal progression of induced degeneration, we performed 

morphometry on retinal histology at 3, 5, 8, 11, 15 and 20 d.p.i. after a 150 mg/kg MNU 

injection, and 3 months after a 100 mg/kg MNU injection. None of the control animals killed 

at the end of the experiment exhibited any structural changes of the retina. 

The first change observed at 3 d.p.i. of MNU was a slight decrease in OS length (Figure 2A). 

This shortening progressed with time, followed by a gradual continuous decrease in the PR 

layer thickness. It is important to note that the other layers: inner nuclear layer (INL) and 

ganglion cell layer (GCL), remained unaffected. 

Figure 1  Growth and food intake of control and MNU-treated animals over a 25 days period. 
 
Daily food intake (A) has been measured 6-7 days before and 25 days after solvent (dark symbols) or MNU at 
150 mg/kg (open symbols) injections for three animals for each group. Body weights have been computed over
the same period (B) and are presented as a percentage of body weight at the day of injection (day 0; arrow). 
 
MNU: N-methyl-N-nitrosourea. 
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Figure 2  Morphometric analysis of retinas of control and MNU-treated Arvicanthis. 
 
Control and MNU-treated retinas 3, 5, 8, 11, 15 and 20 d.p.i. at 150 mg/kg, and 3 months after a 100 mg/kg
injection. A. Representative photomicrographs of haematoxylin/eosin-stained paraffin sections. The area 
comprised between the two arrowheads corresponds to the PR layer. Scale bar: 50 µm. B. Spider-graph 
representations of the measurements of PR thickness (after normalisation to INL width) along the vertical
meridian. Means ± SEM for control (open symbol; n = 3) and MNU (close symbol; n = 3) animals are shown. 
Symbols represent statistical difference for the same point between control and MNU group: * P < 0.05; # P < 
0.01. C. Graphic representation of the averaged measurements over superior and inferior hemispheres at
different d.p.i. (* P < 0.05). 
 
 INL: inner nuclear layer; MNU: N-methyl-N-nitrosourea; PR, photoreceptor. 
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To assess whether the degeneration was generalised or localised to a particular region 

of the retina, topographic analysis of the degeneration was performed (Figure 2B). There was 

no significant difference between control and MNU-treated animals in PR cell loss, as 

reflected by PR layer thickness measurements, until 11 d.p.i. of MNU. ONL reduction started 

at 11 d.p.i., thereafter decreasing constantly to reach very advanced cell loss by 20 d.p.i. 

However, PR layer thickness reduction was not uniform along the vertical meridian, with 

greater loss seen in the superior compared to inferior quadrants: at 11 d.p.i., the PR layer of 

MNU-treated animals was significantly different to that of control animals in both central 

inferior and central superior regions (P = 0.017 and P = 0.005 respectively). At 15 d.p.i., the 

difference between the thickness of PR layer of MNU-treated and control retina was 

significant in the far superior region (P = 0.026). At 20 d.p.i., all regions were statistically 

different between MNU and control retinas (P < 0.001), except the far inferior region (P = 

0.121). Interestingly, within the 20 d.p.i.-MNU group, PR layer thickness of median and far 

regions over the superior hemisphere differed significantly from the corresponding regions in 

the inferior hemisphere (P = 0.017 and P < 0.001 respectively). At 3 months post-injection, 

the results were similar to those at 20 days: all regions of MNU-treated and control retinas 

differ significantly (P < 0.001) except the far inferior region (P = 0.878); and within the 

MNU group, median and far regions differ significantly with respect to their belonging to 

superior or inferior hemisphere (P = 0.006 and P < 0.001 respectively). It is important to note 

that none of the regions was statistically different between retinas of the group MNU 20 days 

injected at 150 mg/kg and MNU 3 months injected at 100 mg/kg (P = 1). The difference 

between superior and inferior hemispheres for the combined far, median and central regions 

is represented graphically in Figure 2C. The difference is statistically significant for 20 days 

and 3 months post-injection (P = 0.001 and P < 0.001 respectively). 



Results / MNU-Induced PR Degeneration in Arvicanthis 
 

 129

Progressive loss of rod- and cone-specific proteins 

Analysis on retinal sections 

To determine whether rods or cones were selectively affected by the degeneration, we 

performed immunohistochemistry with rod specific (rhodopsin, rod transducin) and cone 

specific- (MW opsin and cone arrestin) protein antibodies on adjacent sections of a control 

retina and a retina 3 months after a 100 mg/kg MNU injection (Figure 3). Eight regions of 

interest located at different points of the MNU-treated retinal section were selected, based on 

the distance from the optic nerve head and differential expression of rod and cone proteins. 

Control retina showed a normal morphology, with DAPI-stained nuclei aligned into the three 

regular layers, and rhodopsin labelling located mainly in the OS, and rod transducin staining 

in the cell bodies, of the rods. MW cone opsin was abundant and restricted to the OS of 

cones. Cone arrestin was located throughout the cone cell bodies, from the OS to the synapse. 

Region A (inferior far periphery) showed no difference in aforementioned protein staining to 

control retinas. In region B (inferior medial/far periphery), a reduction of ONL thickness was 

seen with DAPI staining, rhodopsin and rod transducin staining were reduced and patchy, 

while MW cone opsin and cone arrestin staining did not show differences to either region A 

or control retina. At region C (inferior medial periphery), only faint scattered rod 

immunostaining remained, and the ONL was only two cell rows thick. At region D (inferior 

centre), only one row of cells remained in the ONL, rod staining was no longer present and 

immunostaining of cones began to decrease as well. In region E, close to the optic nerve head 

(ONH) in the inferior hemisphere, rod immunostaining was absent and cone staining was 

almost gone. Region F, located close to the ONH in the superior hemisphere, also seemed 

void of both rod and cone PRs. Regions G and H (superior mid- and far periphery 

respectively) were characterized by an almost complete lack of rod staining and sparse cone 

staining. 
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Figure 3  Immunohistochemistry labelling showing progressive loss of rod- and cone-specific proteins. 
 
Fluorescence microscopy of an entire retinal section of 3 months 100 mg/kg MNU-treated Arvicanthis stained with 
DAPI (scale: 250 µm) showing the gradient of the degeneration along the vertical meridian from superior (top) to 
inferior (bottom) hemisphere. The entire section has been reconstructed with adjacent images taken at × 20 
magnification. Focus on eight different regions (A-H) of this section is shown (scale: 50 µm). A-E regions are located 
at the inferior hemisphere and F-H regions are located at the superior hemisphere. Optic nerve head is shown with a 
white arrow. Same regions of adjacent sections labelled with rhodopsin, MW opsin, rod transducin (r-trans.) and 
cone arrestin (c-arr.) are shown in small panels. Control (Ctrl) retina labelled with the same antibodies is given as a 
reference. 
 
DAPI: 4',6-diamidino-2-phenylindole; INL: inner nuclear layer; MNU: N-methyl-N-nitrosourea; MW: middle-wave; 
ONH: optic nerve head; ONL: outer nuclear layer; R/C-CB: rod/cone cell bodies; R/C-IS: rod/cone inner segments; 
R/C-OS: rod/cone outer segments. 
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Western-Blot analysis 

We quantified the relative amounts of rhodopsin and cone arrestin in retinas of control 

and MNU-treated animals. A representative immunoblot after 20 d.p.i. is given in Figure 4, 

and shows the expression of both proteins was highly reduced in MNU-treated animals 

compared to controls. In order to measure the comparative degeneration of rods and cones, 

we calculated the ratio of immunoreactive rhodopsin and cone arrestin in control and MNU-

treated animals. This ratio was significantly smaller in MNU-treated animals, indicating the 

greater loss of rods compared to cones during this period (P = 0.001). 
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Figure 4  Rod vs. cone proteins expression in control and 20 d.p.i. of MNU 150 mg/kg
Arvicanthis retinas. 
 
Western-blot analysis on retinas shows that rhodopsin and c-arr reactivity bands are greatly reduced 
in MNU-treated retinas. The graphic representation shows that the rhodopsin to cone arrestin optic 
density ratio is reduced after MNU treatment (n = 6; t4 = 8.08; P = 0.001). 
 
c-arr: cone arrestin; MNU: N-methyl-N-nitrosourea; MW: middle-wave. 
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Characterization of the degeneration 

Detection of apoptosis was performed in situ with the TUNEL method. Control retina 

did not show any positive TUNEL staining, as neither did sections from 5 d.p.i. retina. By 11 

d.p.i. apoptotic figures were evident across the retina, with an asymmetrical distribution as 

seen above. In the inferior hemisphere, TUNEL-positive nuclei were localized within the 

innermost rows of the ONL, corresponding to the position of rod cell bodies. In contrast, in 

the superior hemisphere, TUNEL staining was seen throughout the entire depth of the ONL. 

This pattern was also seen at 15 and 20 d.p.i., with increasing numbers of TUNEL-positive 

nuclei appearing. Semi-quantitative analysis of the numbers and distribution of TUNEL-

positive cells showed a spreading wave, moving from rods only within the inferior 

hemisphere to both rods and cones in the superior hemisphere (Table 1). In no cases were 

TUNEL-positive nuclei seen in either the INL or GCL. However, generalised retinal stress 

was induced by MNU treatment, as testified by a widespread up-regulation in GFAP levels in 

treated retinas compared to controls (Figure 5). 

 

rod/cone 5 d 11 d 15 d 20 d 3 mo

Far Sup -/- -/- ++/++ ++/++ -/- 

Med Sup -/- +++/+ +++/++ +++/+++ -/- 

Centr Sup -/- +++/++ +++/++ +++/+++ -/- 

Centr Inf -/- ++/- ++/- +++/++ -/- 

Med Inf -/- +/- +/- +++/- -/- 

Far Inf -/- -/- -/- -/- -/- 

 

Table 1 TUNEL positive cells (rod/cone) 
across complete sections of 150 mg/kg MNU-
treated retinas at 11, 15 and 20 d.p.i. and 100 
mg/kg 3 months after injection. 
 
Rods and cones are discriminated according to 
their position across the ONL. - corresponds to 
no positive cells and +++ corresponds to a 
situation where virtually all the PRs of one type 
are stained. Cells have been counted on n = 6 
(11 d), n = 10 (15 d) and n = 7 (20 d) sections. 
 
ONL: outer nuclear layer; MNU: N-methyl-N-
nitrosourea; PRs: photoreceptors 
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Functional effects of MNU injection in Arvicanthis 

To correlate deleterious structural changes in rods and cones with retinal function, 

single flash ERGs were recorded from control and 100 mg/kg MNU-treated animals (3 

months post-injection) under scotopic and photopic conditions (Figure 6 MNU-treated 

Arvicanthis showed significant reductions in amplitudes of both scotopic (85% decrease at 

maximum intensities, Figure 6A) and photopic (70% loss at maximum intensities, Figure 6B) 

ERG responses, indicating alterations of both rod and cone system components. As the initial 

portion of the a-wave (open arrows) reflects the primary light response of PRs, the 

remarkable attenuation of the a-wave up to the highest intensity (i.e., 1.5 log cd×s/m2) 

observed in MNU-treated Arvicanthis indicates almost complete PR dysfunction. The b-wave 

(solid arrows) and the oscillatory potentials, markers for retinal circuitry downstream to the 

PRs, were also strongly reduced. Figsure 6C and D show graphic representations of averaged 

b-wave amplitudes for control and MNU groups under scotopic and photopic conditions 

respectively.  

Figure 5  Characterization of the Arvicanthis retinal degeneration induced by MNU. 
 
Sections of control retinas were compared with those of retinas at 20 d.p.i of MNU at 150 mg/kg. in situ cell death 
was detected with the TUNEL method. TUNEL staining is absent from the control retinas. In the inferior retina, the
most inner region of the outer nuclear layer is stained, whereas in the superior retina, the whole remaining of the
ONL cells are stained. GFAP is overexpressed in MNU-treated retina. Scale: 10 µm. 
 
GFAP, glial fibrillary acidic protein; MNU, N-methyl-nitrosourea; ONL, outer nuclear layer; TUNEL, terminal 
deoxynucleotidyl transferase mediated dUTP Nick End Labeling. 
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Figure 6  Electroretinographic data from control and MNU-treated Arvicanthis. 
 
ERGs of control and 100 mg/kg MNU-treated animals at 3 months post-injection are shown under scotopic (A; 
dark-adapted) and photopic (B; light-adapted) conditions for single flash stimuli. Box plot representation of 
scotopic and photopic b-wave amplitudes of control (black, n = 5) and MNU-treated animals (grey, n = 5) as 
a function of the logarithm of the flash intensity are shown. Boxes indicate the 25 % and 75 % quantiles range, 
whiskers indicate the 5 % and 95 % quantiles; the × symbol indicate the median of the data.  
 
ERG: electroretinogram; MNU: N-methyl-N-nitrosourea. 
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Scanning Laser Ophthalmoscopy (SLO) 

Some RDs lead to degenerative changes in vasculature, and we examined the aspect of 

the retinal circulation in MNU-treated Arvicanthis. Control animals showed a normal 

structure of retina, retinal blood vessels and nerve fibre layer (Figure 7A; control In contrast, 

100 mg/kg MNU-treated animals displayed distinct changes associated with the degenerative 

processes, namely reduction of retinal vessel diameter, “optical gaps” corresponding to the 

visualisation of deep structures behind the RPE and choroid, and lipofuscin and related 

autofluorescent (AF) material (Figure 7A; MNU). AF analysis in control animals (Figure 7B) 

showed a regular, diffuse baseline “glow” due to the normal lipid amount and distribution. In 

MNU-treated animals, bright AF patches were present, typical for the deposits formed from 

PR debris during retinal degenerative processes. 

 

Figure 7 Scanning Laser 
Ophthalmoscopy (SLO) imaging of 
control and MNU-treated Arvicanthis. 
 
MNU animals were examined at 3 months 
after a 100 mg/kg injection. Native SLO 
images obtained with 514 nm excitation (A) 
or AF (488 nm; B). Photographs were taken 
either with 20° magnification for fundus 
overview, or with 10° magnification for 
more precise observation of the retinal 
centre. MNU-treated retinas show typical 
signs of degenerative processes 
particularly in the superior hemisphere 
(lower part of the images).  
 
AF: autofluorescence; MNU: N-methyl-N-
nitrosourea; SLO, scanning laser 
ophthalmoscopy. 
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Figure 8  Optical Coherence Tomography (OCT) imaging of control and MNU-treated Arvicanthis. 
 
Control (A-C) and MNU-treated (D-F) Arvicanthis (300 mg/kg, 3 months post-injection) OCT imaging are shown. A, 
D: Vertical histology-analog OCT sections at positions indicated on the corresponding fundus images (B, F). The 
horizontal white line indicates the position of the section (A, D). Details of retinal layers (C, E) indicate the quasi 
complete loss of the PR layer (arrowheads) in the MNU-treated animals (E). IR layers appear unchanged. G: 
Graphic representation of measurements taken from OCT imaging. OR and IR thicknesses were determined in 
control and MNU-treated Arvicanthis. Layer thickness difference between both groups was significant for OR (t8 = 
23.24; P < 0.00001) and not significant for IR (t8 = -0.28; P = 0.79). 
 
IR: inner retina; MNU, N-methyl-N-nitrosourea; OCT: optical coherence tomography: OR, outer retina. 

Optical Coherence Tomography (OCT) 

 Morphological alterations in the retina of MNU-treated Arvicanthis were also identified with 

optical coherence tomography (OCT; Figure 8). This technique provides histology-analogue 

vertical sections in vivo. Enlarged images (Figure 8C and E) demonstrate that inner retina 

(IR) thickness is virtually unchanged, whereas the PR layer is essentially degenerated. Figure 

8G shows averaged IR and OR thicknesses for both groups, highly significantly different for 

PR (P < 0.00001) and not significant for IR (P = 0.79) thickness. 
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Discussion 

Our study describes a novel informative model for RD: MNU-treated Arvicanthis. In 

this model, degeneration is localized exclusively to the ONL, and rod and cone PR degenerate 

with markedly different kinetics and topography. Notably, cones display a remarkable 

resistance to trauma, although both the structural and functional integrity of retinas are 

eventually impaired by MNU-injections. 

It has been established that in many retinal pathologies, cone death occurs secondarily 

to that of rods. This is seen in the rd1 mouse, in which initial rapid rod death is followed by a 

second slower decline in cone survival [29,30]. It has also been documented in human RP, 

where careful counting of PR numbers reveals that loss of more than 75 % rod OS is 

necessary before detectable cone loss is seen [1]. Rod loss is also reported to precede cone 

loss in AMD, where methodical counting of PRs in the perifoveal ring reveals significant rod 

disappearance prior to cone death [31]. Secondary cone loss is also seen in animal models in 

which degeneration is induced by light damage [32]. Secondary cone death is proposed to be 

either due to deprivation of essential neurotrophic factors, such as “rod derived cone viability 

factor” [33,34] or insulin [35]; or to “poisoning” by oxidative stress [36,37] or iron [38]. All 

of these animal studies have relied upon mice, in which the cone population is very minor [4]. 

Although cone behaviour and responses can be isolated, their paucity and distribution renders 

analyses difficult. On the other hand, use of cone-rich animals such as the zebrafish has given 

somewhat different results: in a zebrafish light damage model, rod and cone degeneration 

seem to proceed together (although rod breakdown is more complete and rapid than that of 

cones) [39,40]. So far, to the best of our knowledge, a practical, reproducible mammalian 

model of retinal degeneration permitting detailed longitudinal analysis of rod and cone fate 

does not exist. We took advantage of the high cone content and clear laminated distribution of 

the retina of Arvicanthis [26] to discriminate rod and cone fates after MNU-injection. The 

data show that rod and cone degeneration are clearly separable events, as seen with rod- and 

cone-specific protein expression and localization of TUNEL positive cells in the ONL. In 

human retina, macular cones are surrounded by large numbers of rods. In this respect the 

retina of Arvicanthis is quite similar to the situation in the human macula, and it can be 

speculated that pathogenic events may occur in a similar manner between the two tissues.  

MNU-induced degeneration exhibits a distinct and reproducible spatial- and temporal-

dependent progression. The initial signs of ONL changes occur within the upper hemisphere, 

while the lower hemisphere remains intact for several more days. This asymmetry of cell loss 

has been previously reported in studies using intense light exposure to induce RD 
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[41,42,43,44,45]. It is hypothesized that the superior retina receives more light from overhead 

illumination, and it is plausible that the same phenomenon happens here, a double insult of 

light damage and chemically-induced lesion being necessary to induce cell loss. However, in 

inherited animal models of RD like the rd1 mouse, the superior quadrant is the most resistant, 

with patches of late-surviving cones [30]. In addition, regional loss of PRs is also reported in 

RP [1]. In the present studies it is remarkable that this topographical difference is visible from 

early in degeneration, and does not seem to reflect a temporal delay in inferior relative to 

superior regions. This is because apoptosis is visible throughout the ONL in superior retina 

from the earliest time points, and that within the inferior hemisphere cones persist even many 

months later, a situation without parallel in other MNU-injected species. Impairment of rod-

mediated ERG responses is consistent with the quasi-total disappearance of rod PRs. 

However, the residual cone population could permit cone function to persist. This was not the 

case, as also in photopic conditions visual responses were very reduced for MNU-treated 

animals. However, it is known that rod and cone pathways are anatomically connected or 

coupled by gap junctions [46,47], a type of electrical synapse at which rod or cone input can 

enter the cone or rod circuit respectively and thereby reach ganglion cells. Therefore, the 

more rapid disappearance of rods would have functional consequences on cone-mediated 

visual responses. Moreover, ERG response decreases could also be linked to damage of 

second order neurons due to MNU injection. In the event the IR was also affected, a selective 

reduction of these components relative to the PR component would be present. However, in a 

situation where input signals from PR are much reduced, all downstream responses are 

similarly low too, so it is not possible to investigate a potential additional functional 

impairment of the IR. 

To our knowledge, this is the first study presenting in vivo images of Arvicanthis 

retina. SLO was used to observe overall fundus integrity along with retinal vessel structure in 

control retinas. In MNU-treated retinas, the predominant loss of PRs leads to a reduced 

demand for oxygen and metabolites, which becomes visible as a marked reduction of retinal 

vessel diameter in comparison to controls. Translucent areas become visible as bright spots in 

fundoscopy, suggesting the existence of “optical gaps” that allow to visualize deeply lying 

structures below the RPE and choroid. These optical gaps are due to reduced metabolism 

inducing changes in the RPE/choroidal interface. Lipofuscin and related AF material are 

prominent in AF imaging [48] and suggest PR degeneration, particularly of their lipid-rich 

outer segments. Despite these changes, the dramatic changes in PR survival are unlikely to be 

due to vascular remodelling. OCT was used to assess the PR thickness reduction in vivo. 
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Histological approaches, even though essential to study several structural and phenotypical 

aspects, do not give an absolute indication of structure in living tissue as processing usually 

leads to structural changes (such as thickness or degradation). Therefore, the OCT technique 

is a useful supplementary approach to allow ongoing non-invasive assessment of RD. The 

technique confirmed the drastic decrease in PR thickness and showed that the IR was not 

structurally affected by MNU injection, and that MNU leads to specific destruction of PRs. 

In summary, no previously described mammalian model allows such a clean 

separation of rod and cone pathogenic changes, and the use of Arvicanthis retina will greatly 

facilitate analysis of PR type specific pathways underlying demise and death. 

 

 

Materials and Methods 

Animals  

Young adults, 2 to 6 month old, male (~ 150 g) Arvicanthis ansorgei were obtained 

from our breeding colony raised in our animal facilities in Strasbourg. Animals were kept in 

an air-conditioned room at 22 ± 2 °C under a 12:12 h light/dark cycle. Half of the cages with 

experimental animals were put on the top shelf (where room light intensity is higher) and the 

other half on the bottom shelf (where light intensity was minimal). The same was done for 

control cages as to prevent any bias from a light intensity effect on MNU-induced 

degeneration [49]. Animals were supplied ad libitum with water and standard rat chow. 

Animal treatment and experimentation adhered to rules established within our institution, and 

guidelines in the ARVO Statement for the Use of Animals in Ophthalmic and Vision 

Research. Food intake and body weight were recorded on a daily basis during the entire 

experiment. Animals were humanely killed after CO2 anaesthesia at different time points after 

MNU injection. 

 

MNU injections 

MNU was purchased from Sigma-Aldrich Chemie S.a.r.l. (Saint-Quentin Fallavier, 

France) and kept at 4°C in the dark. 

Immediately before use, MNU powder was dissolved in physiological saline at 10 

mg/mL. Experimental Arvicanthis ansorgei received a single intraperitoneal injection of 100 

or 150 mg/kg body weight MNU. Control animals were injected with a corresponding bolus 

of physiological saline combined with 0.05 % of acetic acid, as contained in the commercial 

MNU compound. 
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Morphologic Evaluation by Quantitative Histology 

Eyes were quickly removed for immersion fixation in buffered 4 % paraformaldehyde for 4 h. 

A hole was made in the nasal ora serrata with a 25 G needle to facilitate entry of fixative to 

the retina and for orientation purposes. Eyes were then transferred in 0.01 M Phosphate 

Buffered Saline pH 7.4 (PBS). Fixed eyes were bisected along the superior-to-inferior axis, to 

access the vertical meridian of each hemisphere, embedded in paraffin, and 4 µm thick 

sections were taken along the vertical meridian, to allow comparison of all regions of the 

retina in the superior and inferior hemispheres. Sections were then stained with 

haematoxylin/eosin staining and examined by light microscopy. 

For morphometry, we used a modified version of a method previously described [50]. 

Adjacent pictures were taken × 20 magnification and entire sections were reconstructed using 

the Microsoft® Office Power Point® 2003 version. Measurements of retinal layers thickness 

were made at 275 µm intervals extending from the optic nerve head in both superior and 

inferior ora serrata, using the ImageJ analysis software (version 1.37v; National Institutes of 

Health, USA). PR layer thickness was considered as the sum of outer segments, inner 

segments and outer nuclear layer thicknesses. The ratio of PR thickness to the inner nuclear 

layer thickness was used for analysis to account for obliquely cut sections. Averaged layer 

thicknesses at each point were calculated from three sections of three animals per MNU d.p.i. 

group and plotted as a function of eccentricity from the ONH, producing a morphometric 

profile across the vertical meridian (“spider graph”). For convenience reasons, the retina was 

divided in 6 regions: central inferior and superior, medial inferior and superior, and far 

inferior and superior. Central region was comprised between ONH and ± 825 µm; medial 

region was comprised between ± 825 µm and ± 1,650 µm; and far region was between ± 

1,650 µm and 2,475 µm.  

 

Immunohistochemistry 

Eyes were fixed overnight in 4 % paraformaldehyde at 4°C, transferred to an ascending series 

of sucrose solutions (10 %, 20 %, and 30 %, each for 2 h) and embedded in Tissue-Tek 

(Sakura Finetek, Tokyo, Japan). Ten µm thick cryostat sections were prepared and stored at - 

20°C until ready for use. The sections were permeabilized with Triton X-100 (0.1 % in PBS 

for 5 minutes) and then saturated with PBS containing 0.1 % BSA, 0.3 % Tween-20, and 0.1 

% sodium azide for 30 minutes. Sections were incubated overnight at 4°C with the following 

primary antibodies diluted in the buffer used for saturation. Antibodies used were monoclonal 

anti-rhodopsin antibody Rho-4D2 [51] diluted to ~ 2 µg/mL, polyclonal anti-mouse MW-
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cone opsin and anti-mouse cone arrestin (MW opsin and c-arr.; both gifts from Dr. Cheryl 

Craft, Doheny Eye Institute, Univ. Southern California, Los Angeles, USA) used at 1 µg/mL 

final concentration (Zhu et al., 2002) and polyclonal GFAP antibody (Z 0334; DAKO, 

Glostrup, Denmark) used at 10.25 µg/mL final concentration. Polyclonal anti- rod (Gα t1) and 

cone (Gα t2) transducin (sc-389, sc-390; Santa Cruz Biotechnology Inc., Santa Cruz, CA, 

USA) were diluted to a final concentration of 4 µg/mL. Secondary antibody incubation was 

performed at room temperature for 2 h with Alexa (488 or 594) goat anti-rabbit or anti-mouse 

IgG-conjugated antibodies (Molecular Probes Ltd., Eugene, OR, USA; 5 µg/mL). Cell nuclei 

were stained with DAPI (Invitrogen). Slides were washed thoroughly, mounted in PBS and 

glycerol (1:2), and observed with a confocal laser scanning microscope (LSM 510 ver. 2.5; 

Carl Zeiss Meditec, Jena, Germany) or a fluorescence microscope light microscope (Leica 

DMRB; Leica). Images were relayed by charge-coupled device camera video capture 

(Olympus DP50; Olympus) to a dedicated computer. 

 

in situ cell death detection 

Apoptosis was assessed by terminal deoxynucleotidyltransferase-mediated dUTP nick end 

labeling (TUNEL; Roche Diagnostics) according to the manufacturer’s instructions. In 

accordance with the manufacturer’s instructions, sections were treated as for 

immunohistochemistry with 0.1 % Triton X-100. After washing, sections were then incubated 

with the TUNEL mixture (terminal deoxynucleotidyltransferase enzyme, phycoerythrin-

dUTP and dNTP nucleotides). After 60 min at 37 °C in a humid dark chamber, sections were 

washed three times in wash PBS and mounted under coverslips in 1:2 PBS-glycerol 

 

Western Blot Analysis 

To quantify the degeneration of rods and cones, we performed WB on control Arvicanthis 

and Arvicanthis killed at 20 d.p.i. of MNU. Retinas were collected and homogenized in lysis 

buffer (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM 

EDTA) containing a protease inhibitor cocktail (Roche Molecular Biochemicals, Meylan, 

France). As degenerated retinas contain less protein than control retinas, and as we were more 

interested in the ratio of rod to cone protein rather than the absolute quantity, lanes were 

loaded on a per retina basis rather than protein concentration. Samples (10 µL/lane or about ~ 

20 µg for control and ~ 16 µg for MNU retinas) were separated by 10 % SDS-polyacrylamide 

gel electrophoresis and transferred to nitrocellulose membranes with a trans blotter cell (Bio-

Rad, Munich, Germany). The membrane was blocked with TBS containing 0.1 % Tween 20 
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and 3 % fat-free powdered milk (pH 7.3) for 1 h at room temperature. Membranes were 

incubated with polyclonal anti-mouse cone arrestin diluted to a final concentration of 0.008 

µg/mL, and incubated overnight at 4°C on agitation. The membrane was washed thoroughly 

and then incubated with goat anti-rabbit IgG-horseradish peroxidase secondary antibodies 

(0.08 µg/mL; Jackson ImmunoResearch Laboratories, West Grove, PA). Immunoreactive 

bands were visualized with chemiluminescence (Super Signal ECL kit; West Pico; Pierce, 

Rockford, IL), according to the manufacturer’s instructions. Apparent molecular masses were 

estimated by comparison to pre-stained molecular size markers (Invitrogen-Life 

Technologies, Gaithersburg, MD). The membrane was incubated with RestoreTM Western 

Blot Stripping Buffer (Thermo Fisher Scientific, Rockford, IL, USA) 35 min at 37°C. The 

membrane was washed thoroughly and then the same procedure as described above was 

performed with monoclonal anti-rhodopsin antibody Rho-4D2 diluted to a final concentration 

of ~ 0.04 µg/mL. The secondary antibody was a goat anti-mouse IgG-horseradish peroxidase 

(0.08 µg/mL). 

 

Electroretinographic Analysis 

ERGs were performed according to previously described procedures [52,53]. The ERG 

equipment consisted of a Ganzfeld bowl, a direct current amplifier, and a PC-based control 

and recording unit (Multiliner Vision; VIASYS Healthcare GmbH, Hoechberg, Germany). 

Animals were dark-adapted overnight and anaesthetised by intraperitoneal injection of a 

combination of ketamine (Virbac, Carros, France) at 150 mg/kg body weight and xylazine 

(12.5 mg/kg; KVP Pharma und Veterinaer-Produkte GmbH, Kiel, Germany) at 10 mg/kg 

body weight. Pupils were dilated with tropicamide (Mydriaticum Stulln; Pharma Stulln, 

Nabburg, Germany) and phenylephrine (Neosynephrin-POS 5%; Ursapharm, Saarbruecken, 

Germany). Silver needle electrodes served as reference (forehead) and ground (tail) 

electrodes, and gold-wire ring electrodes as active electrodes. Methylcellulose (Methocel; 

Ciba Vision, Wessling, Germany) was applied to ensure good electrical contact and to keep 

the eye hydrated during the entire procedure. Single flash ERG responses were obtained 

under dark-adapted (scotopic) and light-adapted (photopic) conditions. Light adaptation was 

accomplished with a background illumination of 30 candela (cd) per square meter starting 10 

minutes before recording. Single white-flash stimulus intensity ranged from -4 to 1.5 log 

cd×s/m2 under scotopic and from -2 to 1.5 log cd×s/m2 under photopic conditions, divided 

into 10 and 8 steps, respectively. Ten responses were averaged with an inter-stimulus interval 

of either 5 seconds (for -4, -3, -2, -1.5, -1, and -0.5 log cd×s/m2) or 17 seconds (for 0, 0.5, 1, 
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and 1.5 log cd×s/m2). The range of intensities used in the protocol was 2.0 to 4.1 log 

cd×s/m2.  

 

Scanning Laser Ophthalmoscopy  

After ERG recording the retinal structures of the still anesthetized Arvicanthis were 

visualized via SLO imaging with a Heidelberg Retina Angiograph (HRA I, Heidelberg 

Engineering, Germany) and a confocal scanning-laser ophthalmoscope, according to 

previously described procedures [54]. The HRA features two argon wavelengths (488 nm and 

514 nm) in the short wavelength range and two infrared diode lasers (795 nm and 830 nm) in 

the long wavelength range. Laser wavelengths used for fundus visualization were: 514 nm 

(RF, red-free channel), and 488 nm for autofluorescent images (AF), with a barrier filter at 

500 nm. Two device settings for the field of view were used: for fundus overview, the focus 

was adjusted to 20°, and for magnification and detailed view, the focus was set at 10°. 

 

Spectral Domain-Optical Coherence Tomography 

Spectral Domain-Optical Coherence Tomography (SD-OCT) imaging was done with a 

commercially available Spectralis™ HRA + OCT device from Heidelberg Engineering 

featuring a broadband superluminescent diode at λ = 870 nm as low coherent light source. 

Each two-dimensional B-Scan recorded at 30° field of view consists of 1,536 A-scans, which 

are acquired at a speed of 40,000 scans per second. Optical depth resolution is approximately 

7 µm with digital resolution reaching 3.5 µm [55]. Imaging was performed using the 

proprietary software package Eye Explorer (version 3.2.1.0, Heidelberg Engineering, 

Germany). Retinal thickness was quantified using horizontal slides, located 1,500 µm distant 

from the optic nerve head in the temporal hemisphere (?). PR was defined as proximal of the 

highly reflective layer presumably representing the RPE/choriocapillary complex up to the 

outer plexiform layer; IR as proximal of the OPL up to the inner limiting membrane. 

 

Statistical Analysis 

Data are expressed as mean ± SEM. For comparison of two groups, we used a Student’s t-

test. For multiple factors analysis, we used two-way analysis of variance (ANOVA) for 

independent measures, followed by Tukey’s HSD (Honestly Significant Difference) post-hoc 

tests. The -2,750 µm point was not included in the statistical analysis. 

A statistical evaluation of the ERG data was performed. 
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4. RD & PHOTOENTRAINMENT: MNU-INJECTED RATS 

LOST IN THE TWILIGHT ZONE… 
 

Experiments described pages 121-122 showed that rats injected with MNU lose their 

ONL within 9 days. In addition, a study published in 2006 showed that MNU-treated rats had 

a down regulation of the expression of melanopsin (Wan et al., 2006), a visual pigment 

thought to be highly involved in the photic synchronization of the circadian system. Hence, in 

a new study, we studied the ability of MNU-treated rats characterized by a loss of PR and low 

melanopsin expression to synchronize to different LD cycles. 
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1. OF ARVICANTHIS AND MEN… IS AA RETINA A 

GOOD MODEL FOR THE STUDY OF HUMAN RETINA? 

1.1. Closeness to Human Retina in Non-

Pathological Situations 

Arvicanthis ansorgei is a diurnal rodent and as such combines two interesting 

characteristics for biological studies aimed at understanding human physiology: easy 

maintenance and experimentation, and an activity rhythm profile similar to humans. 

Adaptation of Arvicanthis to diurnal life has almost certainly been accompanied by adaptation 

to the high ambient light intensity conditions endured in particular by the eye. But are these 

characteristics sufficient enough to make Arvicanthis a good model of human vision or, more 

precisely, to make Arvicanthis retina a good model of human retina? 

 

1.1.1. TOPOGRAPHY OF CELLULAR TYPES ACROSS THE RETINA 

Probably the strongest argument in favour of Arvicanthis as an interesting model of 

human vision is the proportion of the different types of PR. Arvicanthis retina contains a high 

percentage of cones compared to other (nocturnal) rodents (about ten fold). However, human 

retina actually possesses only 5 % of cones, a percentage closer to that of mice and rats, than 

to Arvicanthis. The difference with rat and mice retinas is that human cones are not 

distributed homogenously across the retina, but concentrated in an area 6 mm in diameter: the 

macula. The human macula can be further sub-divided into an inner ring called the fovea, and 

a central cone-pure foveola only 0.8 mm in diameter, totally devoid of rods and in which 

cones are packed tightly together and connected on a 1:1 basis to second and third order 

neurons. The special architecture of the macula underlies high acuity vision and good 

daylight eyesight. It is surrounded by a rod-dominated parafoveal ring (Curcio et al., 2000). 

In Arvicanthis retina, cones are distributed uniformly throughout the retina and their cell 

bodies lie in the outer (scleral) part of the outer nuclear layer, above the rod cell bodies (Bobu 

et al., 2006). In these retinas, the cone to rod ratio is approximately constant, at roughly 1:3. 

Thus, even if the percentage of cones in Arvicanthis retina is far higher than that found in the 

human retina, and the distribution of cones is very different, Arvicanthis retina could be 

considered to represent a region of the human retina equivalent to the medial part of the 

macula, of great importance for human vision. 
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Although our earlier histological studies indicated that retinal architecture is uniform 

in Arvicanthis, in the work presented here SLO examination of their retina revealed a non-

homogeneous aspect of the fundus. Indeed, a curved band located in the superior hemisphere 

appears lighter than the rest of the retina, resembling specialized regions found in other 

vertebrates and corresponding to regions of high visual acuity where cones are more highly 

concentrated. In species such as cats and dogs, images focus to a central specialized area or 

area centralis, where cones predominate (Rapaport and Stone, 1984). Also, the retinas of 

mammals such as rabbits and squirrels, as well as those of non mammalians like turtles, have 

a long, horizontal strip of specialized cells above the optic nerve called the visual streak 

(Normann and Kolb, 1981), thought necessary to detect the fast and fleeting movements of 

predators relative to the horizon. In Arvicanthis, SW cone distribution displays a central to 

periphery gradient, but no other areas of higher SW cone density were seen (Bobu et al., 

2006). However, the distribution of MW cones, the most common cone type in Arvicanthis 

(Bobu et al., 2006), has not been studied. The light area found in SLO images of Arvicanthis 

fundus could also be due to a higher density of other cell types such as second order neurons 

or RGCs. In this case, such a specialized area could also be responsable for higher visual 

acuity by leading to a lower PR to second or third order cell ratio for example. Further studies 

need to be performed to address this issue. 

 

1.1.2. ERG RESPONSES 

Our data represent the first functional recordings obtained from retina of Arvicanthis 

ansorgei. ERG responses of Arvicanthis were recorded in different stimulation conditions and 

compared to those of rats and mice. As these signals correspond to global responses from all 

cellular types within the retina, a high cone to rod ratio should influence greatly the responses 

seen by ERG. Indeed, in all tested conditions, the responses of Arvicanthis retina drastically 

differed from those of “classic” rodents. At low intensities and in scotopic conditions where 

principally rods are activated, Arvicanthis responses were very small, while in photopic 

conditions, where cone-mediated responses only are visible, responses were very rapid and 

their amplitude was increased. In these respects, Arvicanthis responses are closer to humans 

(Henkes, 1958). The very high amplitudes of Arvicanthis ERG responses make this animal 

species very interesting to describe the functional impact of early RD or the protective effects 

of a therapeutic agent on the cone system, as slight decreases or increases in ERG wave 

amplitudes are readily visible compared to the small ERG responses of mice and rats. 
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When the frequency of retinal stimulation using flashing light of moderate intensity is 

increased from 1 to 30 flashes per second during an ERG protocol, some photoreceptive cells 

within the retina become incapable of responding. The stimulus frequency at which separate 

responses can no longer be recorded is the critical fusion frequency (CFF), which in rats and 

mice is around 30 Hz. In Arvicanthis, CFF is clearly greater than this value, as with this 

frequency the individual wave responses could still be distinguished. In humans, it is known 

that up to approximately 20 flashes per second, rods can respond with a separate response for 

each flash, whereas cones can generate separate responses to flash stimulus rates as high as 

70 flashes per second (Heck, 1957). Measurement of both CFF and the amplitudes seen at 

faster stimulus frequencies is of value in the diagnosis of eye diseases, in which these 

parameters have been explored for more than a century. Braunstein was one of the first to 

investigate CFF in cases of optic atrophy, optic neuritis, amblyopia, glaucoma, and 

chorioretinitis (Braunstein, 1903). Since then, flicker measurements have been shown to be 

sensitive indicators of optic nerve or retinal diseases such as macular dystrophy, serous 

retinopathy or Leber’s disease when other clinical tests remain unaffected (Simonson and 

Wohlrabe, 1963; Babel et al., 1969; Massof et al., 1977; Han et al., 1985; Nakamura and 

Yamamoto, 2000). In this context, the particularly high CFF of Arvicanthis could be a useful 

feature for the diagnostic of retinal or other ocular pathologies.  

Using glutamate analogues to obtain relatively selective blockage of either on- or off-

bipolar cells of the monkey retina, Bush and Sieving found a major contribution from 

postsynaptic or second-order neurons (essentially bipolar cells) to the photopic fast-flicker 

ERG response (Bush and Sieving, 1994). Characterization of cone and rod on- and off-bipolar 

cells in the retina of Arvicanthis should be investigated in more detail to determine their 

differences with those of mice and rats, and potential similarities to humans. 

When comparing Arvicanthis ERG responses with those of mice and rats, it is 

important to remember that Arvicanthis are diurnal animals, whereas mice and rats are 

nocturnal. Before experiments, animals are kept at least 12 h in complete dark. But recordings 

are usually performed during daytime for the convenience of the experimenter, and the 

subjective daytime for animals. Therefore, Arvicanthis responses are recorded during their 

active phase while those for rats and mice are recorded during their sleeping phase. It is 

known that anaesthetics have a chronobiotic effect (Reinberg, 1986), and hence the 

physiological status and the effect of anaesthesia could be different on Arvicanthis vs. 

nocturnal species at the time of recordings. As depth of anaesthesia may affect the b-wave 

amplitude to variable degrees, depending on the nature of the drug (Raitta et al., 1979), it is 
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important to keep this aspect in mind while comparing Arvicanthis ERG responses with those 

of nocturnal species. Also, for the same reason, comparing Arvicanthis and human ERG 

responses might be more straight forward. 

More generally, the different components of ERG responses in Arvicanthis and the 

contribution of the different cell types in the generation of these components, are analyzed in 

the light of knowledge from studies in mice, in which synaptic blockers have been used to 

analyze rod and cone responses under different conditions. However, it is legitimate to ask 

whether findings obtained in mice can be applied to Arvicanthis and humans. For example, 

the intensity and duration of background light used to saturate rods in photopic conditions 

may be slightly different with types and numbers of cones, and maybe cones of Arvicanthis 

and mice are not physiologically identical. Only systematic pharmacological approaches 

using different blockers could help to answer these questions. 

 

1.2. Pathology: the Resistance Hypothesis Based 

on Light Experiments 

We used intense light exposure to attempt to induce RD in Arvicanthis. We tested 

several parameters of exposure (duration, intensity), conditions of animals (previous light 

history, circadian time) and nature of the light (spectrum), but failed to obtain characteristic 

or reproducible RD damage as described in published studies with rat or mice (de Raad et al., 

1996; Hafezi et al., 1997). Among the multiple protocols we tested, only extended exposure 

to very intense blue light induced unambiguous damage to a small region of retina, visible as 

complete destruction of all layers. This pattern does not resemble what is classically observed 

after blue light exposure in rats, where only PR are damaged (Grimm et al., 2001). It is hence 

doubtful that the mechanisms responsable for the damage that occurred in this paradigm are 

the same as those observed by other groups. In short, we were unable to induce retinal 

damage in Arvicanthis through any light-based strategy. 

To explain such resistance in Arvicanthis retina following light exposure, two 

hypotheses can be advanced: either retinal damage after exposure indeed occurred but our 

methods were either not sensitive enough or the nature of damage was so different to 

conventional experimental rodents that we were unable to detect it; or no damage occurred. 

With respect to the first possibility, we used primarily histological observation of thin (10 

µm) sections by light or fluorescent microscopy. Maybe embedding of tissue in Epon and 

making semi-thin (0.5 µm) or thin (50-60 nm) sections (the latter observed by electron 
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microscopy), could have allowed detection of fine features characteristic of retinal damage 

such as damaged OS and condensation of RIS with swollen mitochondria. Also, through the 

use of gene array techniques we might have detected up- or down-regulation of molecules 

implicated in cell death (such as pro- or anti- apoptotic genes). It is also possible that some 

changes specific to a cone-rich species (eg. re-distribution of cone opsins) may have been 

overlooked. However, use of appropriate positive controls clearly showed a complete absence 

of TUNEL staining in light-exposed Arvicanthis, indicating that apoptotic pathways are not 

activated. Furthermore, light microscopy is perfectly satisfactory for providing a general 

picture of the extent and site of damage for most purposes (and was adequate for alternative 

forms of induced RD: see below). To see whether functional approaches might reveal lesions 

undetectable by structural examination, we also recorded ERG responses of Arvicanthis 

previously exposed to light. In 1966, Noell et al. already used ERG to evaluate functional 

deficit after light exposure in rats (Noell et al., 1966) and found that both a- and b- waves 

were drastically reduced after exposure. In our study, no significant functional impairment 

was seen in retinas of exposed Arvicanthis. As ERG allows early detection of retinal damage 

(Ben-Shlomo et al., 2005), it is unlikely that functional evaluation performed at later stages 

would have led to different results. Also, it is risky to correlate ERG responses with visual 

capacities (Nagy et al., 2008). Therefore, even if no structural or functional damage of 

Arvicanthis retina has been demonstrated after light exposure, we cannot conclude formerly 

that visual capacities of Arvicanthis are not impaired after light exposure, and use of carefully 

designed visually-based behavioural tests are necessary to fully answer this question. 

Arvicanthis could be particularly resistant to light damage. This may be related to its 

natural ecology, as it lives in semi-arid sub-tropical regions and forages during daytime. 

Animals active in high ambient light conditions should probably have evolved protective 

mechanisms. This relative resistance could be due to its particular ocular anatomy, general 

mechanisms within the eye or local mechanisms at the level of retina. Arvicanthis has a 

different corneal curvature (observation made when adjusting the external lens necessary for 

SLO examination), and hence the amount of light entering the eye might be reduced. Optical 

characteristics of cornea and lens could decrease the amount of light received by the retina or 

block the passage of particular wavelengths (Boettner, 1962). Lenses of many diurnal 

vertebrates possess UV light filtering characteristics, an adaptation to the potential damaging 

levels of short wavelength radiation (Zigman, 1989). This aspect could be tested by 

measuring the transmission index of these structures.   
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Resistance of Arvicanthis retina could also be due to particularities at the level of the 

retina. The cone to rod ratio could be one of the reasons: due to the large number of cones, 

maybe spectrogram and intensities of light should be adjusted for this particular species. Also, 

it has been demonstrated that light damage occurs via a rhodopsin-dependent mechanism 

(Grimm et al., 2000). The high number of cones in the Arvicanthis retina necessarily leads to 

a lower number of rods and hence rhodopsin, and could tend to protect the tissue. Also, it is 

known that phagocytosis protects from light-induced damage by clearing free radicals and 

cellular debris (Winkler, 2008). It has recently been seen that constant light rapidly induces a 

more intense cone shedding rate in Arvicanthis (Bobu and Hicks, 2009). Arvicanthis may 

possess higher levels of specific factors known to protect retinal PR from light-induced 

apoptosis, such as stress and sex hormones (O'Steen, 1980; O'Steen and Donnelly, 1982), 

growth hormones/cytokines (Faktorovich et al., 1990; LaVail et al., 1992) and anti-oxidants 

(Organisciak et al., 1985; Organisciak et al., 1992; Ranchon et al., 2001).  

Natural protection against light damage in Arvicanthis retina appears as a plausible 

interpretation to explain the outcome of our studies compared to the numerous published 

studies showing degeneration in rats and mice. However, we can also reverse the question 

and wonder whether light-induced retinal damage would actually be very specific to some 

animal strains or to animals reared in controlled conditions. Excessive exposure to visible 

light causes photochemical lesions in zebrafish (Vihtelic et al., 2006), mice (Hao et al., 2002), 

rats (de Raad et al., 1996), rabbits (Hoppeler et al., 1988) or monkeys (Sykes et al., 1981). 

However, tested animals all need to be examined in particular conditions to show clear retinal 

damage after exposure. Indeed, the work of several laboratories, especially those of LaVail, 

Katz, Organisciak and Remé, has led to the realisation that phototoxicity is a complicated 

pathological phenomenon implicating multiple signalling mechanisms depending on 

parameters such as light intensity, duration of exposure, spectral composition, daily timing of 

exposure, recent light history, genetic susceptibility, regional factors and species. Notably 

from the studies of Remé’s group, it is apparent that at least two forms of cell death can be 

triggered by light exposure, one rhodopsin- and AP-1-dependent, the other rhodopsin-

dependent but AP-1 independent (Reme, 2005; Wenzel et al., 2005). 

Eye pigmentation is a critical factor, as albino animals raised in constant light or 

bright cyclic light show greater damage than pigmented animals (Rapp and Williams, 1980; 

Williams et al., 1985). This is due to the light absorbing and free radical scavenging 

properties of melanin in pigmented RPE. Hence pigmented animals are rarely used, even if it 

has been reported that the same damage observed in albino strains can be found in pigmented 
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animals upon increasing intensity or duration of exposure (Williams et al., 1985). Also, the 

extent of damage differs among inbred strains, implying that modifier genes are able to 

regulate the processes that result in damage (LaVail et al., 1987b; LaVail et al., 1987a). The 

amount of bleachable rhodopsin available during light exposure, determined by the rate of 

rhodopsin regeneration after bleaching, is a major factor influencing susceptibility to light 

damage (Wenzel et al., 2005). Therefore, mouse strains with slow metabolic rhodopsin 

regeneration rates are more resistant to light damage than mouse strains with fast regeneration 

kinetics (Grimm et al., 2001). Indeed, polymorphisms in the visual cycle retinal isomerase 

RPE65 generate mice strains which have slowed rhodopsin regeneration kinetics and greater 

resistance to light damage (Wenzel et al., 2001). Our group sequenced Arvicanthis RPE65 

(M.P. Felder, unpublished data) and found only the normal Leu-450 form, so the increased 

resistance is not due to visual cycle differences. 

Light-induced damage depends highly on experimental parameters such as light 

intensity, continuity of the light source (Organisciak et al., 1989) or time of exposure relative 

to the light cycle (Organisciak et al., 2000). Also, the pre-exposure history is a very important 

factor to take into account (Penn and Anderson, 1987; Penn et al., 1987). Light experience of 

individual animals can affect their sensitivity to phototoxicity; light of 130-270 lux above the 

light intensity under which they were raised has been reported to be near the threshold of 

retinal damage in some individual albino rats according to histologic, morphometric, and 

electrophysiologic evidence (Semple-Rowland and Dawson, 1987). The ensemble of these 

studies suggests that light damage effects are highly context specific. Hence, we can wonder 

to what extent light-induced RD is involved in human retinal health, a (usually) pigmented 

diurnal species active in high ambient light levels. The role of photic lesions in the aetiology 

of human retinal diseases such as AMD remains controversial: epidemiological studies have 

failed to establish a link between light exposure and retinal breakdown (Delcourt et al., 2001; 

Wang et al., 2003; Tomany et al., 2004; Paskowitz et al., 2006). However, these studies 

require re-examination following identification of a high susceptibility locus (the complement 

factor H gene) (Haddad et al., 2006) which might bias sampling groups. Aggression by light 

could be an additive risk factor in some forms of inherited RD (e.g. Stargardt’s disease (Radu 

et al., 2004)). To this extent, the difficulty of inducing light damage in Arvicanthis could 

actually be considered as an argument in favour of Arvicanthis as a good model for human 

retina. 
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1.3. Arvicanthis and the MNU Model 

Although damage was difficult to induce in Arvicanthis retina, it was nevertheless 

achieved when animals were injected with either 150 mg/kg or 100 m/kg MNU doses. 

Several interesting aspects derive from these experiments.  

As for other species in which MNU has been used (Tsubura et al., 2003), we observed 

on histological sections and OCT images that the degeneration was restricted to the PR layer. 

Degeneration of PR is progressive but INL and GCL integrity remains structurally normal. 

This apparent specificity may be due to the high metabolic activity of PR, with a turnover of 

OS within 10 days rendering them highly sensitive to DNA intercalating agents. Additionally, 

proximity of the PR to the choroidal vascularisation, and therefore to the release site of MNU, 

may play a role. Although the retina is also irrigated by another vessel system, the retinal 

circulation at the level of the nerve fiber layer, the blood flow is much less than that of 

choroidal circulation (Sugiyama et al., 1999). 

One of the most interesting aspects of our results is the clear temporal and spatial 

segregation of pathological responses of the two PR types: rod degeneration is seen at early 

stages, and is then followed by cone breakdown. Such a sequence of events is seen in many 

RD models, such as the rd1 mouse in which initial rapid rod death is followed by a second 

slower decline in cone survival (Carter-Dawson et al., 1978; Jimenez et al., 1996). It has also 

been documented in human RP, where careful counting of PR numbers reveals that loss of 

more than 75 % rod OS is necessary before detectable cone loss is seen (Cideciyan et al., 

1998). Rod loss is also reported to precede cone loss in AMD, where methodical counting of 

PR in the perifoveal ring reveals significant rod disappearance prior to cone death (Curcio et 

al., 1996). Secondary cone loss is also seen in animal models in which degeneration is 

induced by light damage (Krebs et al., 2009). Secondary cone death is proposed to be either 

due to deprivation of essential neurotrophic factors, such as “rod derived cone viability 

factor” (Mohand-Said et al., 1998; Leveillard et al., 2004) or insulin (Punzo et al., 2009); or 

to “poisoning” by oxidative stress (Shen et al., 2005; Komeima et al., 2006) or iron (Rogers et 

al., 2007). However, in all these cases rod and cone demise still occur as intermingled events, 

making it very difficult to analyse potential specific pathogenic pathways in either cell type. 

To the best of our knowledge, a practical, reproducible mammalian model of retinal 

degeneration permitting detailed longitudinal analysis of rod and cone fate does not exist. The 

MNU-induced RD Arvicanthis model, in conjunction with laser capture micro-dissection 

techniques and hybridisation against relevant gene arrays should yield very valuable data. 
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Topographical mapping of structural damage across the entire retina showed that the 

degeneration was not uniform, with damage appearing early in the superior compared to the 

inferior hemisphere, and the superior hemisphere being significantly more damaged 

compared to inferior hemisphere. This regional variation is probably not due to intrinsic 

differences as their distribution is homogenous over the retina, but it could be due to several 

factors. Possibly choroidal and retinal vessels are distributed in a non-uniform manner across 

the Arvicanthis retina. But SLO examination showed that it was not the case. A second 

hypothesis could be that light aggression constitutes a requisite co-factor of the pathogenic 

process. Some studies have suggested that MNU-induced damage requires secondary insults 

such as light, to amplify the lesions (Smith et al., 1988). Photons reaching the retina come 

mainly from light reflected from the ground, and therefore impact on the superior hemisphere. 

Interestingly, the onset of apoptosis occurred roughly simultaneously in rods and cones in the 

superior hemisphere, while it was distinctly delayed in cones in the inferior retina. Based on 

these observations, it can be speculated that MNU treatment on its own is more specifically 

toxic to rods, while a “double hit” of MNU poisoning and light damage is detrimental to both 

populations. In addition, cone loss was almost total in retinas of MNU-injected rats, while 

many such cells survived in Arvicanthis. Therefore, intrinsic differences cannot entirely 

account for the resistance of Arvicanthis retina to structural damage. 

The impact of rod and cone breakdown on the global electrical activity of retina in 

response to light stimuli is clearly seen by ERG analysis. It is interesting to see that at late 

stages of degeneration, responses in both scotopic and photopic conditions are reduced. The 

dramatic decrease of ERG response amplitudes at high intensities show that, although cones 

appear structurally spared relative to rods, there is a severe functional deficit. As ERG 

recordings correspond to global electrical activity, decreased responses can be linked to 

degeneration of many cell types within the retina. We cannot exclude that cells in the inner 

retina (bipolar, amacrine cells or even RGCs) could be affected by MNU. However, we did 

not see any structural changes in the inner retina, neither by histology nor by OCT imaging. 

However, other types of changes not visible with these techniques could occur. For example, 

it has been shown that melanopsin expression in ipRGCs is down regulated after MNU 

injection (Wan et al., 2006). This down-regulation is an indirect effect of PR degeneration. 

By analogy, electrophysiological properties of some IR cells could be down- or up-regulated 

after PR degeneration induced by MNU.  

We mentioned above the difficulty of inducing light damage in Arvicanthis and 

hypothesized it could be due to endogenous protection mechanisms in accordance with its 
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natural ecology. However, the relative resistance to MNU suggests a general robustness to 

insults. Indeed MNU used at doses published as inducing damage in other species were 

completely ineffective in Arvicanthis. The dose had to be increased by 50-100 % to induce 

any damage. Furthermore, even at high doses apoptotic nuclei were not observed before 11 

d.p.i. By contrast, in other species apoptotic nuclei are detected very rapidly and at 7 d.p.i. 

virtually the entire ONL is gone (Yang et al., 2005) (in our study, the rat ONL was totally 

gone after 9 d.p.i of a 75 mg/kg MNU injection). Interestingly, this signifies that not only 

cones disappear later in Arvicanthis than in the rat, but that rods also have slower progression 

of damage. Arvicanthis retina hence expresses a high resistance to two different type of stress 

in which underlying pathogenic mechanisms are different. Light exposure induces retinal 

degeneration by mechanisms likely to involve oxidative stress (Gordon et al., 2002). 

Excessive light stimulates shedding of rod outer segments that are phagocytosed by RPE cells 

in a process that generates an excess of reactive oxygen and nitrogen species (Miceli et al., 

1994; Tate et al., 1995; Sun et al., 2006). Intense light exposure induces increased expression 

of the DNA polymerase β base excision repair enzyme (Gordon et al., 2002). In contrast, 

MNU is a SN1 type alkylating agent which reacts with both oxygen and nitrogen in DNA to 

form 3 major adducts: 7-methylguanine, O6-methylguanine, and 3-methyladenine. A recent 

study showed that MNU-induced retinal cytotoxicity is likely to be induced by O6-

methylguanine. Characterization of the molecular mechanisms underlying retinal resistance in 

Arvicanthis might shed light on important strategies for neuroprotection in human RD. 
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2. RODS, CONES AND IPRGCS: THE WINNING 

COMBINATION FOR AN IDEAL PHOTIC 

ENTRAINMENT? 
It has been clearly shown by Hattar et al. that rods, cones and melanopsin expressing 

ipRGCs account for all NIF functions (Hattar et al., 2003). The role of ipRGCs in the 

generation of some of these functions has also been established (Panda et al., 2002). But the 

contribution of cones and rods for these same roles is still under discussion, and some studies 

suggest that rods and cones do not play a role (Foster et al., 1991; Freedman et al., 1999) 

while others show that mice with loss of all or one type of PR show impairment of NIF 

functions (Ebihara and Tsuji, 1980; Dkhissi-Benyahya et al., 2007).  

In our study control and MNU-treated rats with virtually no PR were tested for their 

ability to photoentrain. Animals were exposed to successive jet-lags of 6 h associated with a 

decrease in light intensity. It is first interesting to note that all control animals were able to 

synchronize their rhythmic activity to all LD cycles even at very low light intensity (~ 1 lux). 

At such very low intensities, cones and ipRGCs are not activated by photons (Berson et al., 

2002), and only rods can detect and respond to such stimuli. Therefore, we propose that at 

such low intensities rods are responsable for transmitting photic signals for synchronization 

of locomotor activity. This is confirmed by the fact that MNU-treated animals, which possess 

virtually no rods, do not entrain at low intensities. Our proposed model is that when light 

levels are sufficiently high, the ipRGC contribution to photoentrainment is predominant. This 

is confirmed by the fact that MNU-treated animals, which still possess melanopsinergic RGC 

albeit less than controls, do not show an impaired ability to photoentrain at high intensity. The 

data are consistent with rods accounting for photoentrainment in dim light. Whether MNU-

treated animals fail to detect light at low intensities, or do not detect the transition between 

the low intensity white light phase and the red, very low intensity light, phase remains to be 

determined. Whether impaired photoentrainment is due to perturbation of the retinal circadian 

clock, or from a decoupling of the SCN from the retinal clock after PR destruction, cannot be 

answered. 

Other studies have shown that mice lacking melanopsin show a reduction of the 

amplitude of phase shift when a light pulse is given (Panda et al., 2002). Light pulses are 

commonly given in DD at a particular moment of the active phase of the animal. In these 
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precise conditions, melanopsin should also play an important role in the photic resetting of 

the circadian clock. 

Although the MNU model is not as “clean” as transgenic models to study the 

contribution of rod, cone and ipRGCs on NIF functions, the advantages are that induction of 

retinal degeneration occurs during adulthood, hence avoiding synaptic remodelling and 

compensatory mechanisms that can occur in transgenic models (Cho et al., 2007). The recent 

models using either conjugation of an anti-melanopsin antibody to saporin (Goz et al., 2008), 

introduction of a gene encoding attenuated diphtheria toxin A subunit (Guler et al., 2008) or 

the use of the Cre-inducible diphtheria toxin receptor (Hatori et al., 2008) are not prone to the 

above mentioned drawbacks, but they were used to eliminate ipRGCs and not rods and cones. 

These latter approaches are all technically demanding, whereas MNU injection requires no 

particular expertise or equipment. Importantly, the type of damage induced by MNU is more 

likely to represent what happens in clinic during retinal degeneration (first part of the General 

Discussion section) than engineered animal models with a particular type of cell damage. 

Last, circadian photosensitivity has been shown to vary between two strains of rd mice, 

suggesting that this sensitivity is under genetic control (Yoshimura et al., 2002), another issue 

encountered when working with genetic models and that we can overcome with a model of 

induced degeneration. 
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3. NIF FUNCTIONS-BASED TESTS: ANOTHER WAY TO 

EVALUATE RETINAL DAMAGE? 
Vision is considered the most vital sense in humans, and the most debilitating 

handicap of people suffering ocular damage is loss of visual function. Hence, in research, 

behavioural tests used to assess retinal integrity or evaluate the extent of retinal damage are 

based on visual capacities and visual discrimination ability. As the visual system is 

responsable for accomplishing many tasks with a wide range of complexity, ranging from 

tracking moving targets to discerning spatial details and colours in the objects being viewed, 

there is not one single behavioural test able to serve as a comprehensive test of visual 

function. Maze-based tests like the Morris water maze or eight-arm radial maze have been 

used to characterize visually guided behaviour (Ammassari-Teule et al., 1993; Paylor et al., 

1994; Owen et al., 1997). In these tests, rodents are trained to move toward a visual stimulus 

and are tested following manipulation of a stimulus property. Other tests, such as visual cliff 

and elevated plus maze, are based on the reluctance for heights. The cued fear conditioning 

takes place in response to a sensory cue in which a sensory stimulus, that can be light, is 

made to precede an aversive stimulus (Bolivar et al., 2001). In the visual placing test, the 

animal is lifted by the base of the tail to a height of approximately 15 cm and above ground 

and lowered to a wire-mesh grid within 1/2 to 1 s, decelerating as the grid is approached. 

Scoring is based on the distance of the animal’s nose from the grid before extending the 

forelimbs toward it (Stewart and Chauhan, 1995). To properly evaluate visual function of an 

animal using behavioural tests in optimal conditions, it is necessary that the motor apparatus 

remains intact and functional, and that interactions between the visual system and other 

physiological systems are normal (Clapcote et al., 2005). 

Visual ability-based tests have been widely used to evaluate the effect of retinal 

damage or the ability of a therapeutic agent to help recover normal retinal function (McGill et 

al., 2004a; McGill et al., 2004b; Hoelter et al., 2008). However, image formation, as 

mentioned in the Introduction section, is not the only function of the eye. Retina also 

functions to sense light and transmit the light-dark signal to dedicated structures. Therefore 

RD can entrain perturbations beyond image formation impairment, and blind people can 

suffer from troubles other than direct blindness. For example, some blind persons present 

disrupted rhythms of melatonin secretion (Nakagawa et al., 1992; Sack et al., 1992; Czeisler 

et al., 1995), cortisol synthesis (Krieger and Rizzo, 1971; Bodenheimer et al., 1973), core 

body temperature (Stavosky et al., 1980) and the sleep/wake cycle (Miles and Wilson, 1977; 
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Tabandeh et al., 1998; Skene and Arendt, 2007). These examples show that in some cases, 

visual impairment is associated with disruption of NIF functions.  

In our study, we showed that rats with virtually no remaining PR, and presumably no 

visual capacities, could still photoentrain at high and moderate light intensities. Hence, as the 

contribution of each type of PR to these two functions might differ depending on the 

environmental conditions, visual damage does maybe not necessarily mean deficits in NIF 

functions. Moreover, the two functions do not feed forward to the same superior structures: 

lateral geniculate nucleus, intergeniculate leaflet and visual cortex for the image forming 

system; and OPN and EW for PLR, SCN and pineal gland for circadian rhythms. Depending 

on the extent of ocular damage, an eye can sense light without sight. 

A natural example of this situation is the case for the subcutaneous minute eye of the 

blind mole-rat Spalax ehrenbergi. This animal lack external eyes but possesses paired 

rudimentary ocular structures found embedded in the Harderian glands and covered by the 

skin and fur of the head. The ganglion cell and PR layers are relatively thin, and there is a 

very small unmyelinated optic nerve containing approximately 900 to 1000 fibres (Sanyal et 

al., 1990; Bronchti et al., 1991; Cooper et al., 1993). The animal has lost all image processing 

capability and yet is able to entrain its daily locomotor activity rhythms to light/dark cycles 

and some individuals also show entrainment to daily cycles of ambient temperature (Goldman 

et al., 1997). A study by Hannibal et al. has shown that its retina expresses melanopsin in 

RGCs projecting to the SCN (Hannibal et al., 2002).  

In visually handicapped humans it is difficult to evaluate the impairment of NIF 

functions on the basis of direct interrogation since NIF perception, in contrast to vision, is 

mostly unconscious. Even though patients may be annoyed by impairment to photoentrain, 

some are not aware of the troubles they endure and of the strategies they build to compensate 

the difficulties. Some blind people with free-running rhythms give up trying to sleep at night; 

instead, they sleep “in tune” with their body clock on a non-24-h sleep/wake schedule. 

Because they synchronise their sleep with other body rhythms, they presumably have less 

insomnia and sleep deprivation (Sack and Lewy, 2001). 

 In the clinic, careful evaluation of the integrity of NIF functions would be essential to 

diagnose the extent of retinal damage, but also complement decisions made only on the basis 

of visual functions. For example, measures to limit trauma and the further deterioration of 

useful sight would be prudent for patients in whom the pathway of light input to the SCN is 

intact. Enucleation after a trauma, sometimes performed for cosmetic reasons or to alleviate 

residual pain, should be reconsidered given the consequent disruption of photic entrainment of 
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the circadian pacemaker. Before bilateral enucleation is performed, a comprehensive 

evaluation of residual visual function, including light-induced melatonin suppression, 

regulation of circadian timing, masking behaviour, and the PLR should be done. This also 

might help to assist in identifying blind patients at risk of chronic, recurring insomnia and 

other symptoms associated with the loss of circadian synchronization to the 24 h day. Third, 

as visual and NIF functions depend on two different pathways, combination of such 

evaluations with common visual tests might help to locate the damaged structures and even 

the cell types. Finally, methods currently under investigation to cure blindness should 

consider the re-establishment of NIF functions in the case of a completely dysfunctional eye. 

The artificial retina project for example is based on the study of electrophysiological 

properties of the retina during detection of shapes and colours but does it take into account 

the light sensing property of melanopsin cells? Using a combination of tests based on both 

visual and NIF abilities, the global consequences of retinal damage on quality of life could be 

evaluated. 

In research studies, tests based not on visual but on light/dark signal sensing capacity 

could also be used to evaluate retinal damage. Ability for PLR, photoentrainment and phase 

shifting of circadian rhythms could be evaluated. In 2008, Drouyer et al. showed that 

experimentally induced glaucoma in rats leads to alterations in the circadian timing system 

and particularly that glaucomatous animals require more time to adjust to shifted LD cycles 

and show significantly greater variability in activity onset in comparison with normal rats 

(Drouyer et al., 2008). This parameter could hence be used to evaluate the extent of the visual 

impairment correlated to the RGC loss induced by glaucoma in rodents. Also optokinetic 

nystagmus (OKN) reflexes are often tested. OKN is elicited by a moving stimulus, and 

consists of tracking eye movements with a slow component in the direction of stimulus 

movement and an interleaved rapid component in the opposite direction. Like the PLR, OKN 

also uses pathways that include a specific minor set of RGCs (Kato et al., 1992) and a set of 

pretectal and accessory optic terminal nuclei.  

Hence evaluating NIF functions could be of value to assess retinal integrity or 

evaluate extent of RD, and provide valuable information on possible effects on quality of life. 

However, even though image forming and NIF functions are distinct in their pathways and 

expression, they actually overlap and analysis of two kinds of tests might be difficult to 

interpret independently. First, at the experimental level, visual and NIF functions are difficult 

to separate. For example, in an animal with a defect in PLR, the pupil will not be able to 

constrict compared to an animal with no defect. At high light intensities, irradiance at the 
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retinal level will be much higher than that of normal animals. The animal could subsequently 

be handicapped by glare, and if submitted to a vision-based behavioural test will maybe not 

perform optimally. The same problem might be encountered if the pupil becomes fully 

constricted and visual cues can not be seen. In other words, a low score on these tasks does 

not necessarily reflect impairment of the visual pathway, but rather a problem with a NIF 

function. In the same manner, we can postulate that an animal with defective photic 

entrainment will have troubles with learning tasks, since the time at which tests are conducted 

will not necessarily correspond either to that of control animals or even to other lesioned 

animals. Similar issues could be faced with photoentrainment protocols, in which it is 

difficult to compare photoentrainment abilities of an animal with a defect in the PLR and 

control animals, as the level of retinal irradiance will dictate the ability to photoentrain. This 

problem could be overcome with the use of pupil dilators with which control and 

experimented animals will have the same amount of light reaching the retina. However, pupil 

dilators have a limited action time course and application to a large group of animals for 

actimetry experiments generally lasting over long periods of time is not so straight forward. 

For the same reasons, the cell types activated by light entering eyes through fully open pupils 

might not be similar to those in controls. Cones and ipRGCs need relatively high light 

intensities for activation and may be preferentially stimulated in animals with defective PLR, 

whereas control animals will only have their rods activated. The contrary situation can occur 

if pupils are less open than normal leading to limited entry of light and activation of rods 

only. Finally, animals whose photoentrainment ability is impaired might have a disrupted 

circadian retinal clock which could impinge on processes essential for good image formation, 

and also cognitive functions necessary in visual tests.  

Second, pathways mediating image forming and NIF processes might share 

similarities. For example, lesions in the IGL, a structure a priori dedicated to visual function, 

have consequences on circadian rhythms (Edelstein and Amir, 1999; Redlin et al., 1999; 

Morin and Pace, 2002). Also, visual cortex lesions increase the masking response to light, 

another NIF function (Redlin et al., 2003). Also for photoreceptive cells in which segregation 

ostensibly appears clear between those dedicated to image-forming (rod and cone) and NIF 

(ipRGCs), the reality is more complicated. It has been shown that melanopsin regulates visual 

processing in the mouse retina (Barnard et al., 2006), probably due to the fact that ipRGCs 

receive rod and cone synaptic input (Guler et al., 2008) and may provide the brain with 

different information in series, separated by complex spatial and temporal dynamics and 

having the ability to adapt to both light and darkness. The same study showed that ipRGCs 
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can also influence retinal physiology, possibly changing the functional properties of retinal 

circuitry. Even though ipRGCs project mainly to the SCN (Gooley et al., 2001), sensitive 

mapping of their projections by targeting tau-lacZ to the melanopsin gene locus in mice have 

revealed that ipRGC project also to the dorsal division of the lateral geniculate nucleus 

(LGN) and the superior colliculus (SC), both structures involved in image forming vision 

(Hattar et al., 2006) (Hattar, Kumar et al. 2006). These findings suggest that in addition to 

their known role in regulating visual reflexes, ipRGCs may play an as yet unknown role in 

shaping conscious visual perception. Interestingly, Dacey et al. found that in primates, 

ipRGCs could be retrolabeled by injecting fluorescent tracers into the LGN, and that these 

"giant" melanopsin-expressing ganglion cells display colour opponent receptive fields (Dacey 

et al., 2005). In 2007, Zaidi et al. showed that patients with neither rods nor cones showed 

sensitivity and conscious perception of SW light (Zaidi et al., 2007).  

Taking all these considerations into account, NIF tests could allow valuable additional 

insights into retinal damage. However, their use in assessing integrity of retinal function or 

evaluating the extent of retinal damage predicates great care in experimental design, for 

example choice of stimulus strength. 
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The work presented in this manuscript brings new data regarding retinal degeneration 

and their structural, functional and behavioural consequences: 

1. Further characterization of the Arvicanthis retina, particularly at the functional 

level through the use of ERG approach; 

2. The relative resistance of the Arvicanthis retina to RD compared to rats and mice; 

3. The establishment of a model for the study of induced cone degeneration allowing 

comparison of time course of degeneration of the two types of PR within the same 

retina; 

4. Structural and functional characterization of the effects of MNU on the 

Arvicanthis retina; 

5. Evidence of an impairment of the photoentrainment in rats with an MNU-

degenerated retina. 

 

In the first part of our work where we compared the ERG responses of Arvicanthis 

with those of rats and mice, we saw several differences in multiple conditions. To help 

understand Arvicanthis ERG responses and the contribution of cone system on the global 

electrical activity of the retina, a histological study of Arvicanthis retina should be further 

conducted. Analysis of the wiring connections between cones and cone bipolar cells would be 

useful. Also, the proposition of cone bipolar cells would be a value of much interest. It will 

notably help to understand the high CFF value found in Arvicanthis. 

The contribution of a high cone ratio in the retina of Arvicanthis should also be 

investigated at the level of visual ability with the use of behavioural tests (based on colour 

discrimination for example). 

 

During our work, we notice that Arvicanthis was particularly resistant to retinal 

damage induced by light as well as that induced by MNU. In Arvicanthis, analysis of the 

expression of factors susceptible to protect retinas from multiple types of damage, as 

neurotrophic factors for example will help understanding how the retina of Arvicanthis is 

protected and what kind of strategies could be use to protect PR from degenerating. 

 

We established a complete structural, physiological and behavioural analysis of 

MNU effects on high rod and high cone retina rodents. Screening neuroprotective strategies 

requires reproducible, convenient, cost-effective experimental models. The MNU model 

could serve to evaluate the therapeutic value of potential retinoprotectants. Many 
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pharmacological substances are known to slow or protect rods against degeneration, but 

similar data for cone survival are very limited. Our experiments argue that Arvicanthis is well 

suited for providing such a model for cone pathogenesis. 

MNU model has certain drawbacks that could be worked on. Injections of MNU can 

lead to different results, no always reproducible and some MNU-induced animals can have 

intact retinas while others will have a complete RD. The delivering procedures have to be 

improved. Also, MNU is a highly toxic chemical and its use has to be done with extreme 

caution. Its tumorigenic property is not convenient for long term studies as tumours can occur 

a few months after injection and, in the case of photoentrainment studies, locomotor activity 

might be impaired or animals might even die after a few months. Maybe the problem of 

toxicity could be overcome by using lower dose of MNU combined with another type of 

stress. Light might be crucial to exacerbate pre-existent damage. Maybe by combining 

injection of a low dose of MNU with high intensity light exposure, RD could be achieved 

with no risk of lethality problems. With this approach, light would only constitute a helping 

factor for MNU-induced effect, and this situation, would be closer to what is found in 

humans. 

 

Finally, we showed that MNU-treated rats were impaired in their ability to 

photoentrain to LD cycles of low intensities. The ability of the same animals to phase-shift 

after a light pulse of different intensities will also be an important data to obtain. Also, a 

confirmation of the perturbation of photic input at the retina level could be done by evaluating 

the PLR of these same animals or dosing their plasmatic melatonin over a 24-h period. 

Finally, our results show unequivocally that MNU injections in Arvicanthis lead to initial rod 

degeneration and secondary cone loss (at least in the inferior hemisphere). Therefore it would 

be interesting to check for photoentrainment ability under conditions in which only functional 

cones remain to analyse in more detail the role of cones in photoentrainment. 
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In the vertebrate retina, the cells whose role is to detect photons are called 

photoreceptors. Two types of “classical photoreceptors” (PRs) can be distinguished based on 

their structure and function: rods and cones. Because of their primordial role in visual acuity, 

integrity of cones is essential for good vision. The study of physiology and pathology of 

cones is hence crucial but hampered in classic laboratory rodents (mice and rats) due to their 

rod dominant retinas (97-99 %). Our laboratory possesses the world’s only breeding colony 

of the diurnal rodent: Arvicanthis ansorgei, whose retina has 33 % of cones. 

The aims of the study were: 1st, to establish an in vivo model of retinal 

degeneration in which cone pathogenesis can be easily observed, permitting comparison 

with that of rods; and 2nd, to characterize the effects of degeneration at the structural, 

physiological and behavioural levels. 

To induce retinal degeneration, two types of published approaches were used: bright 

light exposure and N-methyl-N-nitrosourea (MNU) injections. Exposure of Arvicanthis to 

bright light, irrespective of the paradigm used, never induced any reproducible retinal damage 

either at the structural or functional level. In an alternative approach, high doses of MNU 

were injected into Arvicanthis to induce retinal degeneration. At the structural level, the 

degeneration commenced approximately 11 days after injection, and presented regional 

variability in that the upper hemisphere was damaged first, followed by the degeneration of 

the inferior one. Cones were markedly more resistant than rods during the degeneration 

process. ERG recordings at late post-treatment times showed decreased amplitudes of 

responses driven by either rods or cones, demonstrating that visual function is highly 

compromised. However, because retinal degeneration was never complete in Arvicanthis, in 

order to examine the effects of MNU-induced retinal degeneration on light-evoked behaviour, 

we chose to use rats in which photoreceptor loss is total. Abilities of control and MNU-

treated rats to photoentrain to light/dark cycles of different light intensities were compared. 

Results showed that MNU-treated rats did not entrain their locomotor activity when light 

intensity was low whereas control rats were still synchronized. 

The ensemble of this work has provided: 1st, extensive characterization of Arvicanthis 

ansorgei retina, particularly at the functional level; 2nd, evidence for remarkably high 

resistance of Arvicanthis to retinal damage; 3rd, establishment of a validated model for the 

study of rod and cone degeneration within the same retina; 4th, extensive description of 

structural and functional characteristics of MNU-induced retinal degeneration in Arvicanthis; 

and 5th, evidence of an impaired photoentrainment ability in MNU-treated rats. 
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