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2.!ABSTRACT 

Wolfram Syndrome (WS; OMIM #222300, prevalence 1-9 / 1 000 000) in its classical form 

has a juvenile onset and incorporates diabetes insipidus, diabetes mellitus, optic atrophy (OA), and 

deafness; leading to death in middle age. OA is its first neurological symptom, starting in adoles-

cence and ending with blindness 8 years later. Unfortunately, a suitable WS mouse model compris-

ing ophthalmic symptoms has not yet been found, therefore the search for its treatment is de-

layed. In this thesis, I studied visual impairment in two WS mouse models along with a success of a 

gene therapy (GT) approach with the human WFS1 gene. 

Firstly, 3 and 6 months old Wfs1exon8del mice were examined for the visual acuity (VA) and 

contrast sensitivity (CS) via changes in the optomotor reflex (OMR), the neural retinal function via 

electroretinogram (ERG), as well as the eye physiology via fundoscopy and optical coherence to-

mography (OCT). Also, the proportion of retinal ganglion cells (RGC) and the axonal loss at the age 

of 7 months were determined with anti-Brn3a immuno-labeling of retinal sections and electron 

microscopy of optic nerve (ON) sections, respectively. There was a progressive loss of VA and CS in 

Wfs1exon8del-/- mice, starting already at 1 month of age. It was accompanied by optic disc pallor, reti-

nal thinning as well as axonal damage. However, there was no RGC loss and the endoplasmic retic-

ulum (ER) stress in the retina was at a normal level. It suggested a presence of another cause for 

the reported degeneration in KO mice; in opposition to what was proposed in the literature. I brief, 

KO mice exhibit significant WS ophthalmic phenotype. 

Secondly, in search for another model, visual functions of Wfs1
E864K mouse line were inves-

tigated. This line was originally a model of Wolfram-like Syndrome, characterized by dominant mu-

tations in WFS1 leading to congenital progressive hearing impairment, diabetes mellitus and OA. 

Only homozygous mutants, however, showed expected visual impairment. Already at 1 month of 

age, Wfs1
E864K mice had drastic loss of RGC function, albeit keeping the cell number at a normal 

level. This was accompanied by retinal thinning and a severe ON damage, as shown with OCT and 

fundoscopy, respectively. In contrast, the RGC function in Wfs1
E864K/+ mice dropped slightly only at 

the age of 7 and 12 months, showing that the pathology of the E864K mutation-driven disease in 
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mice is different than in humans. Therefore, Wfs1
E864K mice, with their strong ophthalmic pheno-

type, could potentially serve as a model of the classical WS.  

Finally, to investigate future treatment options, 1 month old Wfs1exon8del+/+ (WT) and 

Wfs1exon8del-/- (KO) mice underwent a uni- and bilateral intravitreal gene therapy (GT) with AAV-2/2-

CMV-WFS1. Exams at 3 and 6 months of age showed improved VA, as well as optic pallor and ax-

onal damage rescue in KO mice. Also, no adverse effects related to either GT or sham injections 

were noted. Following this idea, the Wfs1
E864K mice were also subjected to intravitreal GT, deliv-

ered at P14, but without success. 

In conclusion, Wfs1exon8del mouse line is a reliable model of WS, including the visual aspects. 

I propose the Wfs1
E864K

 model as an alternative, especially to investigate Wfs1 function in the eye. 

Finally, the intravitreal AAV-driven GT with WFS1 has a potential to partially rescue the ophthalmic 

phenotype, paving the wave towards the treatment for WS patients.  
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3.!SUMMARY IN FRENCH 

Le Syndrome de Wolfram (OMIM #222300) est une maladie neurodégénérative qui, dans sa 

forme classique se présente avec un début juvénile, intégrant le diabète insipide, diabète sucré, 

l’atrophie optique, et la surdité (Table S1). Il entraîne la mort vers 40 ans en raison de l'atrophie du 

tronc cérébral. L’atrophie optique est généralement son premier symptôme neurologique, com-

mençant à l’âge de 11 ans et se terminant par la cécité 8 ans plus tard. Ceci est le symptôme le plus 

effrayant pour les patients. Malheureusement, un modèle murin du Syndrome de Wolfram appro-

prié aux symptômes ophtalmologiques n'a pas encore été trouvé, donc la recherche d’une thérapie 

pour préserver la vision en est à ces débuts. Dans cette thèse j’ai étudié l’atteinte visuelle de deux 

modèles de souris mutantes pour le Syndrome de Wolfram et le succès d’une approche de théra-

pie génique avec le gène humain WFS1. 

Table S1. Les symptômes du Syndrome de Wolfram. Modifié de Urano 2016 (Urano, 2016) avec la 

bibliographie citée dans le texte; a – ans d’âge, AV – acuité visuelle, CFN – couche des fibres ner-

veuses, CGR – cellules ganglionnaires de la rétine, DO – disque optique, DT1 – diabète sucré de 

type 1, EPR – épithélium pigmentaire rétinien, m – mois d’âge, s – semaines d’âge. 

Symptômes  

typiques 
Détails Début 

Diabète insipide Partiel central (51-87%) 14 a (3 m – 40 a) 

Diabète sucré Perte #$%%&%$'(')'besoins en insuline quotidienne infé-
rieure à DT1 

6 a (3 s – 16 a) 

Atrophie optique Bilatéral. L’AV,  vision des couleurs et champs visuels 
diminués; pâleur du DO, grand DO, amincissement 
de la CFN, perte des CGRs, défauts pupillaires affé-
rences, strabisme, nystagmus, cataracte (29,6 à 
66,6%), rétinopathie pigmentaire (30%), rétinopathie 
diabétique (7,6 à 34,6%) 

11 a (6 s – 19 a), cata-
ractes parfois plus tôt; 
cécité légale dans les 8 a 
après le diagnostic ini-
tial 

Surdité Perte auditive neurosensorielle des hautes fré-
quences, progression lente (62%) 

65% des patients, appa-
rition de l'enfance à 
l'adolescence 

Ataxie La plupart des symptômes neurologiques communs: 
ataxie du tronc 

60% des patients, appa-
rition chez jeunes 
adultes 
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Complications 
des voies uri-
naires 

Vessie neurogène, incontinence urinaire, infections 
des voies urinaires 

60 – 90% des patients 

Symptômes  

communs 
Détails 

Généraux Fatigue, hypersomnie 

Neurologiques Apnée (cause de mortalité), dysphagie, maux de tête, odorat et goût altérés 

Psychiatriques Anxiété, attaques de panique, dépression, sautes d'humeur 

Dysfonction 
autonomiques  

Régulation de la température affaiblie, vertiges en position debout, constipa-
tion, diarrhée, transpiration excessive 

Endocrines Hypogonadisme, hyponatrémie 

Le Syndrome de Wolfram est une maladie récessive autosomique causée par des mutations 

dans le gène WFS1. Pour la première fois, il a été rapporté en 1938 par les Professeurs Wolfram et 

Wagner chez 4 patients atteints de diabète sucré et d’atrophie optique (Wolfram and Wagner, 

1938). Aujourd'hui, il est considéré comme affectant 1 personne sur 160 000 et 770 000 dans le 

monde entier (Barrett et al., 1995, 1997; Urano, 2016), ce qui signifie entre 10 et 46 milles patients 

en 2016. Le diabète sucré est le plus souvent le premier symptôme de la maladie, commençant 

déjà aux alentours de 6 ans, en moyenne (Barrett et al., 1995). Il est associé à la perte de cellules ('

dans le pancréas, problèmes avec la conversion de la pro-insuline à l’insuline et sa sécrétion, ainsi 

que l’intolérance au glucose (Barrett et al., 1995; Hatanaka et al., 2011; Hilson et al., 2009; Ro-

hayem et al., 2011; Urano, 2016; Viswanathan et al., 2008). Le deuxième symptôme majeur est l’ 

atrophie optique, ce qui affecte grandement leur qualité de vie. Autour de 11 ans, les patients dé-

veloppent une gêne visuelle, c’est-à-dire une perte de la perception des couleurs et la vision péri-

phérique (Barrett et al., 1995; Hoekel et al., 2014). Ceci est accompagné par une diminution de 

l’acuité visuelle et des champs visuels, une pâleur du disque optique, l’élargissement du disque 

optique, un amincissement de la couche des fibres nerveuses (CFN) ainsi que les couches 

plexiformes, une perte dramatique des cellules ganglionnaires de la rétine (CGR) avec leurs axones, 

un déficit pupillaire afférent, un strabisme, un nystagmus, et également une cataracte (Bababeygy 

et al., 2012; Grenier et al., 2016; Hilson et al., 2009; Hoekel et al., 2014; Zmyslowska et al., 2015). 

Dernièrement, l’amincissement de la rétine est devenu un indicateur fiable de la progression du 
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Syndrome de Wolfram (Hoekel et al., 2014; Zmyslowska et al., 2015). Les anomalies affectent en 

particulier les fibres visuelles (Barrett et al., 1997; Hershey et al., 2012), mais les CGRs et 

l’épithélium pigmentaire rétinien (EPR) sont également fortement endommagés (Al-Till et al., 2002; 

Hilson et al., 2009; Schmidt-Kastner et al., 2009; Yamamoto et al., 2006). Ils affichent une perte de 

la myélinisation et la mort cellulaire, ce qui pourrait être lié au stress du réticulum endoplasmique 

(RE), l’excès du glucose (Rohayem et al., 2011), ou la perturbation de l’homéostasie du 

Ca2+. Certainement, la conductivité du nerf optique est également altérée (Ito et al., 2007). De plus, 

le développement des principaux symptômes, comme les diabètes,  l’atrophie optique avec la sur-

dité, est variable et souvent accompagné par des complications des voies urinaires, ainsi qu’une 

ataxie, des anomalies cérébrales et des troubles psychologiques (Aloi et al., 2012; Barrett et al., 

1995; Hershey et al., 2012; Kinsley et al., 1995; Marshall et al., 2013; Takeda et al., 2001; 

Zmyslowska et al., 2014). D’autres aspects de la vie humaine sont également touchés par le Syn-

drome de Wolfram. Par exemple, les lymphocytes provenant de patients ont un stress du RE élevé 

(Fonseca et al., 2010), ce qui peut potentiellement réduire l'immunité. De plus, certains patients 

sont affectés par un hypogonadisme, conjointement avec l'infertilité, un dysfonctionnement érec-

tile et menstruel peut être associé (Medlej et al., 2004; Noormets et al., 2009; Urano, 2016).  

Jusqu’à présent, seul l’Idebenone, un médicament contre des troubles cognitifs, a été propo-

sé comme traitement ophtalmique pour le Syndrome de Wolfram. Ce produit chimique est simi-

laire au coenzyme Q10, un transporteur d'électrons dans les mitochondries, et a été testé unique-

ment chez un seul patient du Syndrome de Wolfram (Bababeygy et al., 2012). En 6 mois, 

l’Idebenone a amélioré la vision mais la tomographie par cohérence optique et l’ophtalmoscopie 

restent inchangées. La re-myélinisation axonale ainsi qu’une amélioration significative des fonc-

tions visuelles sont attendues plus long terme, mais cela nécessite des études supplémentaires. En 

parallèle, il a été montré que l'un des médicaments contre les atteintes bipolaires, l'acide val-

proïque (AVP), influe sur les cellules par la régulation de WFS1 (Kakiuchi et al., 2009), restaurant la 

tolérance au glucose (Terasmaa et al., 2011). C’est pourquoi, l’AVP a été proposé comme un médi-

cament contre la neurodégénérescence liée au Syndrome de Wolfram et est protégé par un brevet 

(Appl. No. PCT/GB2013/052523). Des essais cliniques sont en cours, au Royaume-Uni. Une autre 

option de traitement serait le Dantrolène (Dantrolen). A l'origine un myorelaxant en hypothermie 
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maligne, le Dantrolen combat l’augmentation du Ca2+ cytosolique caractéristique au Syndrome de 

Wolfram ;  et par conséquent sauve les cellules de l’apoptose (Lu et al., 2014). L’essai clinique de 

phase I/II a été enregistré en Juillet 2016 et recrute actuellement des participants aux États-Unis 

d'Amérique (identificateur sur clinicaltrials.gov : NCT02829268). Cependant à ce jour, aucun de ces 

traitements n’a  prouvé une efficacité sur l’atrophie optique, d’où la demande restante pour la 

thérapie génique. 

Des mutations de WFS1 sont responsables non seulement du Syndrome de Wolfram à trans-

mission autosomique récessif, mais il existe aussi des mutations à transmission autosomiques do-

minantes. Certaines d'entre elles sont responsables de « Wolfram-like Syndrome » (OMIM 

#614296) et d’autres de surdités comme DFNA6/14/38 (OMIM #600965). Le Syndrome Wolfram-

like est caractérisé par une perte progressive de l’audition, une atrophie optique et/ou une diminu-

tion de la régulation du glucose (Eiberg et al., 2006; Fujikawa et al., 2010; Gürtler et al., 2005; 

Hogewind et al., 2010; Rendtorff et al., 2011), tandis que DFNA6 est caractérisé par une perte audi-

tive non-syndromique au niveau des basses fréquences  (Bai et al., 2014; Bramhall et al., 2008; 

Chaussenot et al., 2015; Gonçalves et al., 2014; Kunz et al., 2003; Lesperance et al., 2003; Noguchi 

et al., 2005; Sun et al., 2011; Young et al., 2001). De plus, des mutations de WFS1 sont également 

responsables à l’état autosomique dominant de rares cas de diabète non-syndromique (Bon-

nycastle et al., 2013; Zalloua et al., 2008), de diabète associé à une surdité congénitale (Valéro et 

al., 2008), ainsi que de cataracte congénitale (Berry et al., 2013). Enfin, tel que publié par Grenier 

et al. (Grenier et al., 2016), certains patients avec une atrophie optique  non-syndromique isolée 

ont des mutations autosomiques récessives dans WFS1, comme les patients du Syndrome de Wol-

fram. En conclusion, des mutations dans WFS1, récessives ou dominantes, conduisent toujours à 

un dysfonctionnement neuronal et / ou endocrinien. 

Le  gène WFS1 réside dans le chromosome 4p16.1 et code la protéine WFS1, également ap-

pelée la wolframine (Collier et al., 1996; Inoue et al., 1998). WFS1 est une protéine localisée dans la 

membrane du RE (Hofmann et al., 2003; Inoue et al., 1998; Rigoli et al., 2011). Les 250 kb de WFS1  

(Inoue et al., 1998; Rigoli et al., 2011) génèrent 8 exons, avec l’exon-1 non-codant et l’exon-8 con-

tenant l’information pour 2/3  de la protéine (Hofmann et al., 2003). Elle se compose de 890 acides 
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aminés avec une masse moléculaire de 100 kDa (Cryns et al., 2003; Hofmann et al., 2003; Takeda et 

al., 2001), étant généralement hydrophobe, mais avec les extrémités hydrophiles (Takeda et al., 

2001). Par conséquent, WFS1 crée 3 domaines structuraux liés à ces fonctions : le N-terminale hy-

drophile dans le cytoplasme, un corps hydrophobe dans la membrane du RE, et le C-terminale hy-

drophile dans le lumen du RE (Inoue et al., 1998). Il y réside comme un oligomère qui est capable 

de former des canaux (Hofmann et al., 2003) et interagit avec d’autres protéines. WFS1 est une 

protéine multifonctionnelle, jouant un rôle dans la réponse au stress, la survie cellulaire, la prolifé-

ration et le cycle cellulaire, dans la biosynthèse, la sécrétion et la dégradation de protéines, dans le 

développement et, le plus important, dans l’homéostasie du Ca2+. Par conséquent, le système vi-

suel est fragilisé en cas de carence de WFS1.  

La thérapie génique est une approche novatrice et prometteuse dans la médecine moderne, 

découverte par le professeur Waclaw Szybalski et son équipe en 1962 (Szybalska and Szybalski, 

1962; Szybalski, 2013). Depuis les premiers essais cliniques lancés en 1990 par Anderson et Blaese 

(Anderson et al., 1990), il a suscité un grand intérêt parmi les scientifiques et les cliniciens. En Fé-

vrier 2016, il y avait 2356 essais cliniques dans le monde entier impliquant la thérapie génique 

(John Wiley & Sons, Ltd., 2016). Sa popularité provient du fait de traiter la cause de la maladie au 

lieu de simplement les symptômes, et une possibilité de personnalisation. Le transfert peut être 

stable ou transitoire, en fonction de la méthode utilisée, mais porte toujours un risque d'effets 

secondaires. Ces effets secondaires sont liés à sa nature instable et éphémère, ce qui conduit sou-

vent à la ré-administration de médicaments. De plus, il existe un risque de réponse immunitaire, de 

toxicité génétique, l’expression non-contrôlée, la non-spécificité et la tumorigenèse. Malgré tout, 

le nombre d'essais cliniques impliquant la thérapie génique augmente chaque année. 

L'œil comme une extension du système nerveux central est un candidat idéal pour la thérapie 

génique (Sahel and Roska, 2013; Trapani et al., 2014; Yu-Wai-Man, 2016). Il est relativement petit 

et isolé des autres tissus, ce qui permet de ciblage local spécifique avec une faible quantité de mé-

dicament. De plus, les cellules de la rétine sont assez différenciées et par conséquent, il existe un 

considérable potentiel d'une expression génique soutenue ; en raison de l'absence de mitose. Par 

ailleurs, grâce à la structure étanche de l'EPR, la barrière hémato-rétinienne et l'immunosuppres-
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sion locale naturelle, le risque de réponse immunitaire est minime (Caspi, 2010; Willett and Ben-

nett, 2013). Enfin, l'œil est exposé et transparent. Cela rend la transduction de gènes ainsi que le 

suivi des effets bénéfiques beaucoup plus facile, en utilisant des méthodes non-invasives comme 

l’ERG, fondoscopie et la tomographie par cohérence optique. Il existe deux méthodes principales 

pour la thérapie génique intraoculaire : les injections intravitréennes et sous-rétiniennes (Liang et 

al., 2001). Le premier signifie l’injection du médicament dans le corps vitré et la transduction de la 

rétine intérieure, donc essentiellement les CGRs ainsi que les cellules de Müller (Ali et al., 1996, 

1998). Le second signifie l'injection sous l’EPR. 

Les vecteurs les plus populaires contre les maladies ophtalmiques sont basés sur des virus 

adéno-associés (AAV), la «norme d'or», mais aussi des lentivirus (LV) et adénovirus (AdV) (Kumar-

Singh, 2008; Lipinski et al., 2013). Déjà en 1996, il a été montré que le vecteur AAV peut efficace-

ment transduire les CGRs dans la rétine de la souris, après l'injection intravitréenne (Ali et al., 1996, 

1998). Le sérotype AAV2/2 persiste à être choisi le plus souvent dans les traitements actuels contre 

la dégénérescence des CGRs.  Il semble efficace dans les essais cliniques contre l’Amaurose Congé-

nitale de Leber, la Neuropathie Optique Héréditaire de Leber, ainsi que la rétinite pigmentaire 

(Hellström and Harvey, 2011; Yu-Wai-Man, 2016), qui également indique son potentiel dans le 

Syndrome de Wolfram. 

Les souris Wfs1exon8del  avec suppression de l’exon-8 du gène Wfs1 sont récemment devenues 

le modèle de choix de la maladie. En cohérence avec les symptômes du Syndrome de Wolfram si-

gnalés (Swift and Swift, 2005; Swift et al., 1990, 1991), elles développent le diabète (Hatanaka et 

al., 2011; Ishihara et al., 2004), ainsi que l’anxiété  (Luuk et al., 2009; Raud et al., 2009, 2015; Sütt 

et al., 2015) et la dépression (Visnapuu et al., 2013a). En outre, elles ont un phénotype métabo-

lique fort caractérisé par plusieurs dysfonctionnements physiologiques, tels que la consommation 

de nourriture et d'eau, la température corporelle, la consommation d’O2, ainsi que l’effluence du 

CO2 et la chaleur (Ehrlich et al., 2016; Noormets et al., 2014). Leur durée de vie est fortement rac-

courcie aussi, ce qui correspond entièrement au dysfonctionnement autonome observé chez les 

patients (Urano, 2016). Les souris ont également manifesté des fonctions neuroendocrines pertur-

bées (Ivask et al., 2016; Luuk et al., 2009) avec une infertilité partielle (Noormets et al., 2009). 
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Néanmoins, leur fonction visuelle n’a pas été encore étudiée. Par conséquent, je me suis concen-

trée sur son évaluation par des études ante et post mortem, aussi bien que sur la recherche d'un 

traitement contre la perte de vision. 

Les expériences avec la lignée Wfs1exon8del ont duré jusqu’à 7 mois en raison du mal-être des 

souris Wfs1exon8de-/- (KO) ainsi que le développement de l’exophtalmie à cet âge (Table S2). La pres-

sion intraoculaire était normale. La présence de l'hyperglycémie a été confirmée, comme chez les 

patients atteints de Syndrome de Wolfram, mais n'atteint pas le niveau diabétique. Ensuite, à 1, 3 

et 6 mois les souris ont été examinées pour l’acuité visuelle et la sensibilité aux contrastes via des 

changements dans le reflexe optomoteur (ROM). Elles ont montré une baisse dans les deux aspects 

commençant à l’âge de 1 mois, et qui progresse avec l’âge. Leur fonction rétinienne a été exami-

née par électrorétinogramme (ERG), qui n’a pas montré de disfonctionnement des CGRs, mais plu-

tôt dans les cônes. En parallèle, il y avait une pâleur du disque optique, visible déjà à 3 mois, ac-

compagné par l’amincissement de la rétine comprenant la couche des CGRs, comme chez les pa-

tients. Au contraire, l’immunohistologie et l’histochimie sur des coupes de rétine de 7 mois n’ont 

montré aucune perte cellulaire. Cependant, les axones ont été fortement endommagés, comme 

illustré par microscopie électronique. De plus, le stress du RE dans la rétine était à un niveau nor-

mal, contrairement à ce qui a été proposé dans les publications. Sur ce modèle, notre équipe a 

aussi trouvé une perte d’audition (résultats non présentés), caractéristique pour le Syndrome de 

Wolfram. Brièvement, les souris KO présentent un phénotype ophtalmique du Syndrome de Wol-

fram significatif et peuvent servir comme modèle. 

A la recherche d'un autre modèle du Syndrome de Wolfram, les fonctions visuelles de la li-

gnée Wfs1
E864K de la souris ont été étudiées (Table S2). Cette ligne était à l'origine un modèle du 

« Wolfram-like Syndrome » entraîné par la mutation faux-sens E864K dans l’exon-*'+#,-./012345'

au caractère autosomique dominant. Cette mutation a été décrite pour la première fois en 2006 

(Eiberg et al., 2006) et provoque une perte auditive neurosensorielle de basse fréquence, une 

atrophie optique et un diabète sucré. La surdité a une apparition juvénile mais l’atrophie optique 

varie. Certains de ces patients développent des complications psychiatriques aussi (Eiberg et al., 

2006; Fukuoka et al., 2007; Rigoli and Di Bella, 2012; Valéro et al., 2008). En voyant que les souris 
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Wfs1
E864K/+ ne présentaient pas de symptômes, il a été décidé d’élever les souris Wfs1

E864K, donc 

homozygotes bi-alleliques pour la mutation. Un tel cas n'existe pas chez l'homme. Car il n'y a pas 

de copie de Wfs1 fonctionnelle, il a donc été proposé de les utiliser comme un autre modèle du 

Syndrome de Wolfram au lieu de la maladie d'origine. Leurs examens ont été effectués seulement 

jusqu'à 3 mois en raison du mal-être général ainsi que les blessures liées à leur comportement an-

xieux. Il convient de noter de nombreux problèmes avec la reproduction des souris 

Wfs1
E864K, semblable à l'autre lignée. La descendance était peu viable en raison d'avortements 

spontanés des femelles Wfs1
E864K. C’est pourquoi, la reproduction a été ajustée de manière appro-

priée, puisque les meilleurs résultats ont été obtenus en croisant deux femelles Wfs1
E864K/+ avec un 

mâle Wfs1
E864K. Contrairement à la lignée Wfs1exon8del, la fertilité masculine Wfs1

E864K semblait in-

tacte. Déjà à 1 mois, les souris Wfs1
E864K avait une perte drastique de la fonction des CGRs, mais en 

gardant le nombre de cellules à un niveau normal. Ceci a été accompagné par un amincissement de 

la rétine et d’un sévère dommage du nerf optique, comme montré par la tomographie par cohé-

rence optique et le fond d’œil, respectivement. En revanche, la fonction des CGRs chez souris 

Wfs1
E864K/+ est légèrement diminuée à l'âge de 7 et 12 mois, ce qui indique une pathologie diffé-

rente entre la souris et l’homme liée à cette mutation. En conséquence, les souris Wfs1
E864K, avec 

leur fort phénotype ophtalmique, pourraient servir de modèle du Syndrome de Wolfram classique. 

Enfin, pour enquêter sur les futures options de traitement contre le Syndrome de Wolfram, 

les souris sauvage (WT) et KO de la lignée Wfs1exon8del à 1 mois ont subi une thérapie génique in-

travitréenne uni- ou bilatérale avec 3 · 108 VG du AAV-2/2-CMV-WFS1 (Table S2). Les examens à 3 

et 6 mois ont montré une amélioration de l’acuité visuelle, ainsi que de la pâleur papillaire et la 

réduction des lésions axonales chez la souris KO. En outre, aucun effet indésirable lié à des injec-

tions de thérapie génique n’a été noté. Suivant cette idée, les souris Wfs1
E864K ont également été 

soumis à la thérapie génique intravitréenne, délivrée à P14, mais sans succès. 

Pour la première fois dans les publications, je signale la découverte d'un modèle du Syn-

drome de Wolfram de la souris avec un phénotype ophtalmique approprié. Les changements fonc-

tionnels et physiologiques chez les souris KO avec l’exon-8 supprimé du gène Wfs1 montrent une 

perte progressive de l’acuité visuelle, une pâleur du disque optique, et l'amincissement de la rétine 



 
19 

 

liée à une dégénérescence axonale, typique pour le Syndrome de Wolfram. En outre, puisque la 

manifestation de la maladie chez les souris Wfs1
E864K a un début précoce et est accompagnée d'un 

fort phénotype ophtalmique, je propose de l'utiliser comme un autre modèle. Enfin et surtout, la 

thérapie génique testée contre le Syndrome de Wolfram a prouvé son efficacité sans effets secon-

daires. Cette approche thérapeutique devrait être explorée plus loin avec les deux modèles de sou-

ris, en utilisant des approches adaptées et un titrage élevé du vecteur. Les résultats préliminaires 

prometteurs de la thérapie génique ouvrent la voie vers un traitement futur contre la cécité chez 

les patients atteints de Syndrome de Wolfram. 

Table S2. Les résultats du phénotypage et de la thérapie génique. AV – acuité visuelle, AO - atro-

phie optique, CFN/CG – couche des fibres nerveuses et cellules ganglionnaires, CGR – cellules gan-

glionnaires de la rétine, DO – disque optique, ERG – électrorétinogramme, m – mois d’âge, NO – 

nerf optique, PEV - potentiel évoqué visuel,  RE – réticulum endoplasmique,  ROM – reflexe opto-

moteur, TCO – tomographie par cohérence optique. 

LE PHENOTYPAGE 

La souris L’examen Résultats Signification 

Wfs1
exon8del

 

KO 

La pression intraoculaire Normale Une autre origine 
d’exophtalmie 

La glycémie périphérique Hyperglycémie Traitement du glu-
cose altéré 

L’AV et la sensibilité au 
contraste ; ROM 

Diminution progressive de l’AV 
et de la sensibilité au contraste 

Indication de l’AO 

L’électrophysiologie ; ERG 
et PEV 

Seule la réponse des cônes est 
perturbée ? 

Pas de changement 
fonctionnel des 
CGRs ? 

La fondoscopie La pâleur du DO Indication de l’AO 

La TCO Amincissement de la CFN/CG et 
de la couche du complexe des 
CGRs 

Indication de l’AO 

La microscopie électro-
nique du NO 

Les lésions et changement de 
forme axonale 

Indication de l’AO 

L’histologie de la rétine Normale Pas de perte des 
CGRs 
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L’expression des gènes 
dans la rétine 

Normale Pas de stress du RE 

Wfs1
E864K

 

La glycémie périphérique Hyperglycémie Traitement du glu-
cose altéré 

L’électrophysiologie ; ERG 
et PEV 

Perte précoce drastique de la 
réponse des CGRs 

Indication de l’AO 

La fondoscopie Endommagement du DO Indication de l’AO 

La TCO Amincissement de la CFN/CG et 
de la couche du complexe des 
CGRs 

Indication de l’AO 

L’histologie de la rétine Normale Pas de perte des 
CGRs 

LA THERAPIE GENIQUE AVEC AAV-CMV-WFS1 

La souris L’examen Résultats Signification 

Wfs1
exon8del

 

KO 

L’AV et la sensibilité au 
contraste ; ROM 

Evolution plus lente de la dimi-
nution de l’AV et de la sensibili-
té au contraste 

Sauvetage partiel de 
l’AO 

L’électrophysiologie ; ERG Pas de changement - 

La fondoscopie Pas de la pâleur du DO Sauvetage partiel de 
l’AO 

La TCO Pas de changement - 

La microscopie électro-
nique du NO 

Beaucoup moins des lésions et 
du changement de la forme 
axonale 

Sauvetage partiel de 
l’AO 

Wfs1
E864K

 L’électrophysiologie ; ERG Pas de changement - 
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4.! INTRODUCTION 

4.1.! Wolfram Syndrome 

Wolfram Syndrome (WS; Online Mendelian Inheritance in Man [OMIM] #222300) is an auto-

somal recessive disorder caused by mutations in WFS1 gene. It was first reported in 1938 by Wolf-

ram and Wagner in 4 patients with diabetes mellitus and optic atrophy (OA) (Wolfram and Wagner, 

1938). Nowadays, it is considered to affect 1 in between 160 000 and 770 000 people worldwide 

(Barrett et al., 1995, 1997; Urano, 2016), which means 10 - 46 thousand WS patients in 2016. The 

syndrome is most commonly described as DIDMOAD, which stands for diabetes insipidus, diabetes 

mellitus, (bilateral) OA and deafness. However, development of these symptoms is variable and 

often accompanied by urinary tract complications as well as psychological disorders (Aloi et al., 

2012; Barrett et al., 1995; Hershey et al., 2012; Kinsley et al., 1995; Marshall et al., 2013). Other 

common WS symptoms are listed in Table 1. At the age of 25-49 years, the patients pass away 

prematurely, most commonly due to brain stem atrophy (median: 30) (Barrett and Bundey, 1997; 

Barrett et al., 1995). So far, the disease is incurable. 

Table 1. Symptoms of Wolfram Syndrome. Modified from Urano 2016 (Urano, 2016) with bibliography 
cited in the text; m – months of age, OD – optic disc, RGC – retinal ganglion cells, RNFL – retinal nerve fiber 
layer, RPE – retinal pigment epithelium, T1D – type 1 diabetes mellitus, VA – visual acuity, w – weeks of age, 
y – years of age. 

Typical  

symptoms 
Details Onset 

Diabetes  
Insipidus 

Partial central (51-87%) 14 y (3 m – 40 y) 

Diabetes  
Mellitus 

(-cell loss; lower daily insulin requirement than T1D 6 y (3 w – 16 y) 

Optic Atrophy Bilateral. Diminished VA, color vision, visual fields; OD 
pallor, large OD, RNFL thinning, RGC loss, afferent pupil-
lary defects, strabismus, nystagmus, cataracts (29.6-
66.6%), pigmentary retinopathy (30%), diabetic retinopa-
thy (7.6-34.6%) 

11 y (6 w – 19 y), cataracts 
sometimes earlier; legal 
blindness within 8 y after the 
initial diagnosis 

Deafness Sensorineural high frequency hearing loss, slowly pro-
gressing (62%) 

65% of patients, onset from 
infancy to adolescence  

Ataxia Most common neurological symptom: a. of the trunk 60% of patients, onset in 
early adulthood 

Urinary Tract 
Complications 

Neurogenic bladder, bladder incontinence, urinary tract 
infections 

60 – 90% of patients 
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Common  

symptoms 
Details 

General Fatigue, hypersomnia 

Neurological Apnea (cause for mortality), dysphagia, headaches, impaired smell and taste 

Psychiatric Anxiety, panic attacks, depression, mood swings 

Autonomic  
dysfunction 

Impaired temperature regulation, dizziness when standing up, constipation, diarrhea, 
excessive sweating 

Endocrine Hypogonadism, hyponatremia 

 

4.1.1.!Clinical features: diabetes 

Diabetes in WS patients is most commonly the first symptom of the disease, commencing at 

6 years of age (y) (Barrett et al., 1995). This is sooner than the type 1 diabetes mellitus (T1D) and, 

furthermore, WS is less frequently correlated with ketoacidosis, like type 2 diabetes (T2D) is (Ro-

hayem et al., 2011). Simultaneously, hypoglycemia and neuropathies are accelerated in WS (Ro-

hayem et al., 2011), what altogether makes its pathology more severe than T1D. On the other 

hand, the patients do not exhibit T2D-characteristic insulin resistance, but do lose a significant 

678&9:'8;'(-cells (Barrett et al., 1995; Hilson et al., 2009; Rohayem et al., 2011; Urano, 2016; Vis-

wanathan et al., 2008). Of note, diabetes starts earlier in boys, and a similar tendency was also 

found in murine models (Noormets et al., 2011). This phenomenon was attributed to problems 

with converting pro-insulin to insulin and its release from secretory granules, which appears more 

acute in males (Hatanaka et al., 2011; Ivask et al., 2016; Noormets et al., 2011). That places the WS 

<=6>$:$?'@=:A'=:?'#A6B6#:$B=?:=#'(-cell loss between T1D and T2D. 

So what evokes diabetes in WS? Insulin-producing human and rodent cells deficient in WFS1 

showed uncontrolled endoplasmic reticulum (ER) stress (Fonseca et al., 2005, 2010, 2012; Riggs et 

al., 2005; Shang et al., 2014; Yamada et al., 2006) and deformations in ER structure (Riggs et al., 

2005), what tempered with its functions. Therefore, production and secretion of insulin were im-

paired; and the damage in response to ER stress led to cell cycle arrest along with cell death (Fon-

seca et al., 2012; Hatanaka et al., 2011; Ishihara et al., 2004; Marshall et al., 2013; Noormets et al., 

2011; Riggs et al., 2005; Shang et al., 2014; Yamada et al., 2006). Those processes manifested as 

the aforementioned reduction in (-cell mass (Ivask et al., 2016; Riggs et al., 2005). Furthermore, 
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the observed DNA fragmentation seems to also be a result of high glucose exposure (Ishihara et al., 

2004), and could be diminished through ER stress reduction (Terasmaa et al., 2011). In the same 

time5'8:A$B'<C?;&9#:=896%'(-cells, insulinoma cells, expressed high levels of WFS1 (Hofmann et al., 

2003). They did so probably to soothe the damages caused by excessive glucose in the microenvi-

ronment. To complement the story, a significant down-regulation of the plasma cell glycoprotein-1 

(PC-1) gene was found in fibroblasts from WS patients (Philbrook et al., 2005). Normally, this gene 

is related to the type 2 diabetes through an inhibition of the insulin receptor’s activity. Here, for 

the first time, its underflow was shown to co-exist @=:A'(-cell loss. Furthermore, an in vitro study 

with BRIN-DB11 cell line (McBain and Morgan, 2003) suggested that Wfs1 is necessary for normal 

(-cell proliferation. Hence a conclusion that in the absence o;'DEFG5'(-cell biology is abnormal, the 

cells are unable to proliferate and prone to stress-induced death. 

4.1.2.!Clinical features: optic atrophy 

Wolfram Syndrome involves series of neurological problems, together with hearing and vi-

sion loss. Around 11 y, patients develop visual discomfort, namely loss of color and peripheral vi-

sion (Barrett et al., 1995; Hoekel et al., 2014), what greatly affects their life quality. This is accom-

panied by decreased visual acuity (VA) and visual fields, presence of the optic disc (OD) pallor, OD 

enlargement, retinal nerve fiber layer (RNFL) and plexiform layers thinning, dramatic loss of RGCs 

with their axons, afferent pupillary defects, strabismus, nystagmus, and also cataracts (Bababeygy 

et al., 2012; Grenier et al., 2016; Hilson et al., 2009; Hoekel et al., 2014; Zmyslowska et al., 2015). 

Lately, the retinal thinning has become a reliable indicator for the disease progression (Hoekel et 

al., 2014; Zmyslowska et al., 2015). As such, the robust expression of WFS1 in the visual system 

along with its neural nature suggests blaming WFS1 absence-related stress for the progressing 

blindness. The reported abnormalities especially affect optic radiations (Barrett et al., 1997; Her-

shey et al., 2012), but retinal ganglion cells (RGC) and retinal pigment epithelium (RPE) are also 

heavily damaged (Al-Till et al., 2002; Hilson et al., 2009; Schmidt-Kastner et al., 2009; Yamamoto et 

al., 2006). RGCs display loss of myelination and cell death, what could be related to ER stress, ex-

cessive glucose (Rohayem et al., 2011), or distorted Ca2+ homeostasis. Certainly, optic nerve (ON) 

conductivity is compromised as well (Ito et al., 2007). However, more research is necessary to de-
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termine the causality of OA in WS. Complementary information about the nature of optic neuropa-

thy (OPN), present in WS, is included in ANNEX IV.  

4.1.3.!Other clinical features 

Regarding the brain, most adult patients suffer from ataxia and imbalance (Barrett et al., 

1995; Hershey et al., 2012; Zmyslowska et al., 2014). This is associated with smaller intracranial 

volumes as well as anomalies in the brainstem, limbic system and cerebellum, even in the early 

stages of the disease (Hershey et al., 2012; Takeda et al., 2001). Furthermore, WFS1-deficient neu-

ronal cells harbor endless ER stress-induced damage (Marshall et al., 2013; Schmidt-Kastner et al., 

2009). In coherence, gene expression profiling in Wfs1exon8del KO mouse hypothalamus demonstrat-

ed an excess of the complement component 4b (C4b), what is associated with neurodegenerative 

syndromes (Kõks et al., 2011). Also, a concurrent shortage in presence of the regulator of G pro-

tein-4 (RGS4) was found, what is linked to schizophrenia and bipolar disease. Some WS patients do 

develop these psychiatric conditions, but their association with WFS1 is still to be explained (Koido 

et al., 2005; Swift and Swift, 2005; Swift et al., 1990, 1991; Xavier et al., 2016). According to the 

current state of knowledge, they may be driven by undermined serotonin and noradrenaline me-

tabolism, combined with abolished serotonin transporter (SERT) levels (Visnapuu et al., 2013a), but 

also by faulty dopamine metabolism (Matto et al., 2011; Visnapuu et al., 2013b). Consistently with 

the reported WS symptoms (Swift and Swift, 2005; Swift et al., 1990, 1991), Wfs1exon8del KO mice 

also displayed anxiety (Luuk et al., 2009; Raud et al., 2009, 2015; Sütt et al., 2015) and depression 

(Visnapuu et al., 2013a). However, circadian rhythms were unaffected (Luuk et al., 2012), in con-

trast to Wfs1exon2del KO mice where expression of genes regulating these rhythms as well as late 

stage of insulin secretion were altered (Nakabayashi et al., 2013). Taken together, it is safe to as-

sume a strong correlation between the lack of WFS1 and neurodegeneration, along with its influ-

ence on emotional behavior. 

Other aspects of human life are equally affected by Wolfram Syndrome. For instance, patient-

derived lymphocytes showed continuous ER stress (Fonseca et al., 2010), what may potentially 

lower the immunity. Also, some patients are affected with hypogonadism, together with infertility, 

erectile dysfunction, and defective menstruation (Medlej et al., 2004; Noormets et al., 2009; Ura-
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no, 2016). This is consistent with studies on Wfs1exon8del KO mice, which showed abolished sper-

matogenic cell number, namely spermatogonia and Sertoli cells (Noormets et al., 2009). Their 

sperm was deformed, but they were not infertile. In addition, they displayed a strong metabolic 

phenotype characterized by several physiological dysfunctions, such as food and water intake, 

body temperature, O2 consumption, as well as CO2 and heat effluence (Ehrlich et al., 2016; Noor-

mets et al., 2014). Their lifespan was strongly abolished, too, what altogether matches the auto-

nomic dysfunction observed in WS patients (Urano, 2016). Moreover, it was recently discovered 

that pro-hormone convertase-2 (PC2), native to neuroendocrine cells, is more active in Wfs1exon8del 

KO mouse hippocampus (Tein et al., 2015). The main role of PC2 is to process neuropeptide and 

peptide hormone precursors (Brakch et al., 1995), what ties it to the reported altered peptide pro-

cessing in WS patients (Gabreëls et al., 1998). Coherently, the Wfs1exon8del KO mice displayed 

strong, abnormal corticosterone hormone release in stress response, coupled with general behav-

ioral adaptation issues; indicating neuroendocrine imbalance (Luuk et al., 2009). Finally, pathways 

related to endocrine system development and function in these mice, together with tissue mor-

phology and molecular transport, were induced as well (Ivask et al., 2016). All this sheds light on 

the origin of the human neuroendocrine symptoms, but needs further investigation. 

4.1.4.!Treatment for Wolfram Syndrome 

Although the symptoms can be managed to a certan degree with adaptive treatment, there is 

no cure for WS. Moreover, so far only Idebenone, a drug against cognitive disorders, was proposed 

as medication for OA in WS. This chemical, similar to coenzyme Q10, is a carrier in the mitochon-

drial electron transportation and was tested only in one WS patient (Bababeygy et al., 2012). With-

in 6 months, it improved vision along with unchanged OCT and ophthalmoscopy. Doctors hope for 

axonal re-myelination and significant improvement with longer time, but that requires further 

studies. There is a need for much larger number of patients as well as the support of proper basic 

research. In parallel, it was shown that one of medicines against bipolar disease, the valproic acid 

(VPA), influences cells through regulation of WFS1 (Kakiuchi et al., 2009), providing glucose toler-

ance restoration (Terasmaa et al., 2011). Therefore, VPA was proposed as a medicine against WS-

related neurodegeneration, was patent-protected (Appl. No. PCT/GB2013/052523), and is awaiting 
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clinical trials in the United Kingdom. Another treatment option would be dantrolene sodium (Dan-

trolen). Originally a muscle-relaxant in malignant hypothermia, it fights the WS-characteristic in-

creased cytosolic Ca2+, essentially blocking calpain hyper-activation; and therefore rescuing cells 

from apoptosis (Lu et al., 2014). The phase I/II clinical trial with Dantrolen was registered in July 

2016 and is currently recruiting participants in the United States of America (clinicaltrials.gov iden-

tifier: NCT02829268). To date however, neither of these treatments was proven successful in OA 

rescue, hence the remaining demand for gene therapy (GT). 

4.1.5.!Final conclusions 

As explained above, Wolfram Syndrome is a rare but complex, multidimensional systemic 

disorder. It has frightening ophthalmic, endocrinological and neurological aspects; in addition to 

the lack of cure. The complexity of the disease is strictly related to the function of the WFS1 pro-

tein, which is still under investigation. Once this is established, there will be a better chance for 

developing cause-eliminating medical care. 

 

  



 
27 

 

4.2.! Wolfram Syndrome-related genetic disorders 

Mutations in WFS1 are found not only in WS with its autosomal recessive inheritance, but al-

so in a variety of autosomal dominant conditions. Some of these are classified under the name of 

Wolfram-like Syndrome (OMIM #614296) and others as DFNA6/14/38 (OMIM #600965). The for-

mer is characterized by progressive hearing loss, OA and/or impaired glucose regulation (Eiberg et 

al., 2006; Fujikawa et al., 2010; Gürtler et al., 2005; Hogewind et al., 2010; Rendtorff et al., 2011), 

while the latter by non-syndromic low frequency hearing loss (Bai et al., 2014; Bramhall et al., 

2008; Chaussenot et al., 2015; Gonçalves et al., 2014; Kunz et al., 2003; Lesperance et al., 2003; 

Noguchi et al., 2005; Sun et al., 2011; Young et al., 2001). An example of Wolfram-like Syndrome is 

a condition driven by the E864K missense mutation in exon-*'+#,-./01234,'H:'@6?';=B?:'B$I8B:$<'=9'

2006 (Eiberg et al., 2006) and provokes low-frequency sensorineural hearing loss, OA and diabetes. 

Deafness has a juvenile onset, but OA varies. Some of these patients develop psychiatric complica-

tions as well (Eiberg et al., 2006; Fukuoka et al., 2007; Rigoli and Di Bella, 2012; Valéro et al., 2008). 

Furthermore, WFS1 mutations are also responsible for rare cases of non-syndromic autosomal 

dominant diabetes (Bonnycastle et al., 2013; Zalloua et al., 2008), autosomal dominant diabetes 

and congenital hearing loss (Valéro et al., 2008), as well as autosomal dominant congenital cataract 

(Berry et al., 2013). Finally, as published by Grenier et al. (Grenier et al., 2016), some patients with 

isolated autosomal recessive non-syndromic OA have bi-allelic mutations in WFS1, like WS patients 

do. In conclusion, mutations in WFS1, recessive or dominant, consistently lead to neuronal and/or 

endocrine dysfunction.  
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4.3.! Gene associated with Wolfram Syndrome: WFS1 

The WFS1 deficiency affects mostly ER stress-sensitive tissues, where the ER is well devel-

oped. This concerns especially endocrine and neuronal cells; and most probably is associated with 

the accumulation of ER stress-related injuries. In this case, Ca2+ homeostasis, protein folding and 

redox regulation are distorted. Furthermore, WFS1 mutation type seems to determine the onset of 

the disease (Rohayem et al., 2011) and its severity, which is the highest when the exon-4 is affect-

ed (Aloi et al., 2012). As will be explained later, in the absence of functional WFS1, ER homeostasis 

is broken. The nonsense transcripts are unstable and break down (Hofmann et al., 2003), but what 

happens to the missense polypeptide? In simian cells, for example, mutant WFS1 does not become 

a part of ER, but creates insoluble complexes in the lumen (Fonseca et al., 2005). However, such 

aggregates were not present in human subjects (Fonseca et al., 2005; Hofmann and Bauer, 2006), 

probably due to effective proteasome degradation. Of note, another probable cause might be a 

malformation advanced enough to prevent detecting the polypeptide with immunohistology. In 

fact, it appears that in patient cells, there is less of the steady-state WFS1 protein and the polypep-

tide has a low half-life (Hofmann and Bauer, 2006; Hofmann et al., 2003). Therefore, it looks like 

the cause for the disease is the lack of function of WFS1. 

WFS1 is a highly multifunctional protein. It plays a role in stress response, cell survival, prolif-

eration and cell cycle, in protein biosynthesis, secretion and degradation, in Ca2+ homeostasis and 

in development. In this part of introduction I will summarize the research done in the subject so far 

and briefly discuss the popular ideas. Since the function of WFS1 is related to its structure, localiza-

tion and distribution, it will be discussed as first. 

4.3.1.!Structure 

WFS1 gene codes for the WFS1 protein, also called wolframin (Collier et al., 1996; Inoue et 

al., 1998). It resides on the 4p16.1 chromosome, which is associated with ER membrane-embedded 

proteins, stretching over 33.4 kb of genomic DNA (Hofmann et al., 2003; Inoue et al., 1998; Rigoli 

et al., 2011). The 3.7 kb of WFS1 mRNA (Inoue et al., 1998; Rigoli et al., 2011) generate 8 exons, 

with the exon-1 non-coding and the exon-8 comprising information for 2/3 of the WFS1 protein 
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(Hofmann et al., 2003) (Figure 1). The latter consists of 890 amino acids (aa) with approximately 

100 kDa of molecular mass (Cryns et al., 2003; Hofmann et al., 2003; Takeda et al., 2001), being 

generally hydrophobic, but with hydrophilic ends (Takeda et al., 2001). Hence, WFS1 creates 3 

structural domains: a hydrophilic N-terminus of 300 aa, a hydrophobic body of 240 aa, and a hy-

drophilic C-terminus of 350 aa, approximately (Inoue et al., 1998). After the translation, WFS1 does 

not undergo proteolytic processing, as some proteins do, but is N-glycosylated and, certainly, local-

izes to ER (Fonseca et al., 2005; Hatanaka et al., 2011; Hofmann et al., 2003; Philbrook et al., 2005). 

It resides there as an oligomer, most probably a tetramer, stabilized by the N-glycosylation (Hof-

mann et al., 2003). Now, experiments with human cells, after constructing polyclonal antibodies 

against the N- and C-termini, showed that each WFS1 contains 9 trans-membrane domains, with 

the N-terminus in the cytosol and the C-terminus in the ER lumen (Hofmann et al., 2003). However, 

AC<B8IA8>=#=:C'8;'DEFG'=9<=#6:$?':A6:'=;':A$'<876=9?'#89?=?:'89%C'8;'"-helical structures, it is more 

likely to be 10 of them instead of 9 (Inoue et al., 1998). In other words, WFS1 is an oligomeric ER 

integral protein, exposed to its lumen and to the cytosol. 

 

Figure 1. Structure of the WFS1 gene and WFS1 protein. WFS1 consists of 250 kb, which constitute 8 exons. 

Transcription starts from exon-2, while exon-8 codes for 2/3 of the WFS1 protein. WFS1 is built of 890 aa 

and divided into two hydrophilic domains, the N- and C-terminus, with a hydrophobic core that pierces 

through the ER membrane 9 times. Modified from Rigoli et al. (Rigoli et al., 2011).  

 



 
30 

 

4.3.2.!Subcellular localization of the protein  

WFS1 is an ER protein. However, it is not strictly devoted to ER (Figure 2), since it has been 

found in membranes of secretory granules in human neuroblastoma (Gharanei et al., 2013) and 

mouse pa9#B$6:=#'(-cells (Hatanaka et al., 2011). Also, it resides in the canalicular reticulum, a spe-

cialized ER variant, as evidenced by immunohistochemical and in situ hybridization studies in 

mouse inner ear (Cryns et al., 2003). The amount of literature reporting its presence in the ER ex-

cludes the possibility of misfolding or overexpression-driven placement. It is so especially since it 

co-locates with ER markers, but neither Golgi apparatus (GA) nor mitochondria markers (Takeda et 

al., 2001; Takei et al., 2006; Ueda et al., 2005), as would be implied by the WS pathology. Eventual-

ly, it was demonstrated that WFS1 is sensitive to H-endoglycosidase in rodents (Osman et al., 2003; 

Takeda et al., 2001), and, even over-expressed, does not change its ER localization (Takeda et al., 

2001; Takei et al., 2006). 

 

Figure 2. Subcellular localization of WFS1. WFS1 can be found in the ER, secretory granule and cell mem-
branes.  

4.3.3.!Expression pattern: human  

WFS1 activity changes during human development. At fetal stage (14-16 weeks), its expres-

sion is low, and gradually increases in time to reach a plateau after attaining sexual maturity (De 

Falco et al., 2012). When it comes to distribution in the body, WFS1 is omnipresent (in adults), with 

the most robust expression in the brain, the pancreas and the heart (Hofmann et al., 2003). Re-
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garding the eye, only RPE, RGC and ON glial cells (cynomolgus monkey (Yamamoto et al., 2006)), 

but not other cell populations, are rich in WFS1 (Schmidt-Kastner et al., 2009; Yamamoto et al., 

2006) (Figure 3). Its presence is also highly notable in many simple and stratified epithelia 

throughout the body, but only moderate in the liver and the endocrine part of the pancreas (De 

Falco et al., 2012). In conclusion, the pattern of WFS1 expression investigated so far in primates 

seems to correlate with the WFS1-deficiency symptoms. 

 
Figure 3. WFS1 in human retina. Human retina with the optic nerve (ON) was immunostained against WFS1 
(brown) and counterstained with cresyl violet. Boxes in the upper panel mark the enlarged sections in the 
lower panel. Magnification bar equals 250 mm. A) Retinal ganglion cells (RGC) and the ON layer in the reti-
na, but not other layers, are strongly positive for WFS1. B) RGC axons in the ON head are positive for WFS1. 
C) Transition to ON is accompanied by reduced WFS1 expression at the interface of myelination.  Magnifica-
tion bar for A-C equals 40 mm. Modified from Schmidt-Kastner et al. (Schmidt-Kastner et al., 2009). 

4.3.4.!Expression pattern: mouse 

What is the expression in rodents like? WfsG'6II$6B?'&>=J&=:8&?'=9'I69#B$6:=#'(-cells (Fonse-

ca et al., 2005; Hatanaka et al., 2011; Ishihara et al., 2004; Philbrook et al., 2005; Ueda et al., 2005), 
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the limbic system (Luuk et al., 2008; Philbrook et al., 2005) and its accompanying structures (Ka-

wano et al., 2008; Luuk et al., 2008; Osman et al., 2003). Further experiments on pancreas exposed 

somatostatin-IB8<&#=9K'L-cells as Wfs1-positive, as well (Fonseca et al., 2005; Ishihara et al., 2004; 

Philbrook et al., 2005; Ueda et al., 2005). In the same time however, neither glucagon-IB8<&#=9K'"-

cells nor polypeptide-producing PP-cells shared the trait. This was investigated with mRNA expres-

sion, immunochemistry, cleavage with endoglycosidase H, and subcellular fractionation; providing 

similar results. Regarding the brain, other CNS parts than the limbic system were enriched in Wfs1, 

too. They belong to forebrain, diencephalon, brainstem, cerebellum, medulla spinalis and circum-

ventricular organs; including the gray matter and the visual cortices (Kawano et al., 2008; Luuk et 

al., 2008, 2012). Finally, dopaminergic nerves were strongly Wfs1-positive, too (Visnapuu et al., 

2013b), as shown with immunohistology. Here it should be emphasized that analogous brain struc-

tures in humans were linked to psychiatric and behavioral deviations often reported in WS (Takeda 

et al., 2001), as well as vision and hearing process. The same applies to the pancreatic cells. 

Following on that, much attention was brought to murine retina, where the Wfs1 protein was 

detected in RGCs, Müller cells, amacrine cells and the RPE (Schmidt-Kastner et al., 2009) (Figure 4). 

In another study, high Wfs1 mRNA levels were reported in amacrine and Müller cells, mild in pho-

toreceptors (PR) and horizontal cells, while faint in RGC and bipolar cells (Kawano et al., 2008). The 

optic nerve was also found Wfs1-positive, especially the supportive astroglia, but this was not re-

ported for the thither optic pathway, namely the optic chiasm or the optic tract (Kawano et al., 

2008). 

Time-dependent Wfs1 expression was also investigated in mice, with regards to the inner ear 

(Cryns et al., 2003), brain (Kawano et al., 2009; Tekko et al., 2014), and pancreas (Xu et al., 2009). 

Using in situ hybridization and immunochemistry against the N-terminus of Wfs1, its presence was 

demonstrated in diverse inner ear cells, without assorting across the cochlea. Furthermore, until 

p35, when the inner ear is already mature, there was no evident time-dependence, but some dif-

ferences in expression were visible (Cryns et al., 2003). In the case of developing brain however, 

three expression patterns emerged (mRNA-based studies (Kawano et al., 2009)). In the first, the 

expression was faint or missing in infants but present in young adults. This was valid for hippocam-

pal CA1 part, parasubiculum and entorhinal cortex. In the second, the expression was steady 
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throughout lifetime, what was characteristic for some limbic structures and brainstem nuclei. Final-

ly, in the third, the expression climaxed at the second week of age, what was seen for the thalamic 

reticular nucleus. Tekko et al., however, showed on Wfs1exon8del forebrain that Wfs1 expression 

starts in late embryonic development, in the dorsal striatum and amygdala (Tekko et al., 2014).  Its 

expression spread throughout other parts after birth, and was strictly correlated with neuronal 

differentiation. Altogether, these data indicate great importance of Wfs1 in neural tissue develop-

ment. 

 

Figure 4. Wfs1 in mouse retina. Mouse retina was immunostained against Wfs1. Cells in RGC, RPE and to 
some extent in INL were Wfs1-positive. INL, among others, contains amacrine cells; INL – inner nuclear lay-
er, IPL – inner plexiform layer, ONL – outer nuclear layer, IS – layer of inner segments, RGC – retinal ganglion 
cell layer, RPE – retinal pigment epithelium. Magnification bar equals 50 mm. Modified from Schmidt-
Kastner et al. (Schmidt-Kastner et al., 2009). 
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The Wfs1 expression pattern in relation to development was also investigated on rat pancre-

as (Xu et al., 2009), and it appears that Wfs1 is involved in organ maturation. The highest mRNA 

amount was reported at E18.5, lowering with age and reaching the minimum in adulthood, similar-

ly to humans. On the contrary, the protein levels were much more dynamic, being very low at 

E18.5, raising after birth to reach the maximum at P14, and dropping again very low at P21. This 

fashion suggests a time-related presence of an mRNA processing mechanism; or accumulation of 

the protein as long as its degradation (or secretion) is impaired; what stops after the second week 

of age.  

To summarize, the Wfs1 expression in rodents is tissue-specific and, in certain cases, time-

dependent. In general, it resembles the expression pattern in humans and correlates with WFS1-

deficiency symptoms. 

4.3.5.!WFS1 in stress response  

What about WFS1 activation and degradation? An interaction between WFS1 and GRP94 

chaperone protein, a component of the unfolded protein response (UPR) was reported (Kakiuchi et 

al., 2009). This was resolved upon ER stress, suggesting that in normal conditions, WFS1 is main-

tained dormant, at least in some part, and activates to lower UPR. When the job is done, WFS1 

seems to be degraded by the HECT-type ubiquitin ligase (E3) Smadubiquitination regulatory factor 

1 (Smurf) (Guo et al., 2011). Smurf associates with C-terminus of WFS1 to encourage its ubiquitina-

tion as well as degradation by proteasome. However, upon ER stress Smurf is destroyed, just as 

GRP94 is detached, what essentially elevates the active WFS1 level.  

As described above, WFS1 is localized somewhere in the ER and its activation and degrada-

tion rely on ER stress. Therefore, it is only logical to investigate its involvement in ER functions, 

especially the ones related to cell survival. This of course includes protein assembly and trafficking, 

ER stress, UPR and Ca2+ flux. 
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Figure 5. Unfolded protein response. Upon ER stress, all three unfolded protein response pathways lead to 

ERAD and apoptosis. Reproduced from Malhotra and Kaufman (Malhotra and Kaufman, 2011).  

Now, let’s focus on the role of WFS1 in ER stress response. WFS1 seems to regulate all three 

UPR pathways, namely the inositol requiring enzyme-1 (IRE1), the PKR-like ER kinase (PERK), and 

the activating transcription factor-!"'(ATF6)-driven pathways (Fonseca et al., 2005, 2010; Kakiuchi 

et al., 2006; Yamada et al., 2006). In homeostasis, these proteins are arrested thanks to the binding 

immunoglobulin protein (BIP), which interacts with their ER lumen domains (Malhotra and Kauf-

man, 2011). However, with the growing number of unfolded proteins in ER, BIP dissociates and the 

UPR takes place. Then, the auto-phosphorylation of dimerized IRE-1 occurs. It invokes active X-box 

binding protein (XBP1) translation, also called spliced XBP1(s), which is a transcription activator for 

many genes engaged in ER-associated degradation (ERAD), protein folding, lipid synthesis as well as 
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apoptosis (Malhotra and Kaufman, 2011). In the same time, released ATF6 trans-locates to GA for 

proteolysis and then, similarly to XBP1, migrates into the nucleus to activate transcription. Finally, 

dimerized and auto-IA8?IA8BC%6:$<'MNOP'IA8?IA8BC%6:$?'$&Q6BC8:=#'=9=:=6:=89';6#:8B'+$HE4'-",'RA=?'

weakens general translation, but also leads to assembly of ATF4, what induces apoptosis and anti-

oxidative stress response (Malhotra and Kaufman, 2011). The final effect of UPR is therefore the 

activation of ERAD, chaperones, lipid synthesis, and apoptosis. Figure 5 illustrates the mechanism 

of UPR through its three pathways.  

 

Figure 6. WFS1 influences UPR in ER stress. To simplify, in the presence of WFS1 ER stress response driven 

by three UPR axes (IRE1, ATF6 and PERK) is kept at bay. When the WFS1 protein is absent, the ER stress is 

activated (red cross and arrows), what leads to ERAD and apoptosis. 

WFS1 mRNA and protein levels are sensitive to ER stress (Fonseca et al., 2005; Ueda et al., 

2005), as if WFS1 was responsible for maintaining (and restoring) ER homeostasis. A similar re-

sponse was not received after GA-specific insults (Ueda et al., 2005), indicating that the phenome-

non is ER-specific. Furthermore, in the absence of WFS1, mRNA and protein levels of BIP, ATF6, 

STMGF5'3REU5'NO'8V=<8B$<&#:6?$'G"'69<':A$'WXNTM'A878%8KC protein (CHOP) were elevated (Fon-

seca et al., 2005; Gharanei et al., 2013; Riggs et al., 2005; Yamada et al., 2006). In such case also 

PERK-1 phosphorylation was enhanced (Yamada et al., 2006). Moreover, those effects could be 

reversed by re-expression of Wfs1 or over-expression of BIP (Yamada et al., 2006). This was 

demonstrated on several mammalian cell lines as well as animal models; and suggests that WFS1 

down-regulates activity of UPR-related proteins (Figure 6). Consistently, OLFP polyphenol, which 

provokes Wfs1 expression via c-Jun kinase, was found to weaken BIP protein levels in ER-stress-



 
37 

 

induced neuronal cells (Sakurai et al., 2013). Yet, another group showed that ER stress-increased 

WFS1 expression is followed by an elevated, instead of diminished, CHOP, BIP and even eIF2-"'$x-

pression (Ueda et al., 2005). To conclude, it seems that when WFS1 is absent, the expression of all 

the aforementioned ER stress-related proteins increases, but when WFS1 presence is ample, their 

protein and mRNA content is influenced in a more complex way. 

The role of WFS1 in ER stress already seems complicated, but it gets even more interesting. 

Overexpressing XBP1 (IRE1 axis) up-regulated the WFS1 gene expression (SH-SY5Y neuroblastoma 

(Kakiuchi et al., 2006)), and a conserved sequence resembling ER stress response element (ERSE) 

was found in its promoter. This sequence appears necessary to induce XBP1-driven WFS1 expres-

sion, but not through straight interaction, as the active XBP1 would be able to do. Interestingly, 

among many genes affected by XBP1, only WFS1 and GCSH (glycine cleavage system protein H) 

contained this ERSE-like sequence. GCSH, however, is not relevant to ER stress response and was 

down-regulated by XBP1. All the aforementioned results suggest an existence of a negative loop 

between XBP1 and WFS1 gene expression: when XBP1 appears in excess, WFS1 follows so that it 

can lower the levels of XBP1S and regain the ER homeostasis. 

As mentioned before, WFS1 is a negative regulator of ATF6, which drives the second UPR ax-

is. It does so thanks to influencing ATF6 protein endurance via enhancement of its poly-ubiquitin-

mediated proteasome degradation (Fonseca et al., 2010). As a consequence, WFS1 suppresses 

ATF6-dependent gene expression, including genes with ERSE promoter (Fonseca et al., 2010; 

Gharanei et al., 2013; Guo et al., 2011).  

Apart from its cell destroying properties, the PERK-initiated UPR (third axis) induces apoptosis 

antagonizing transcription factor (AATF) (Ishigaki et al., 2010). AATF drives transcription of the ser-

ine-threonine protein kinase AKT1 and the transcription factor STAT3, which are teamed to pro-

mote cells survival. Also, AATF cooperates with WFS1 against the effects of ER stress (Ishigaki et al., 

2010), and thus stalls the apoptosis. 

In conclusion, WFS1 acts through three UPR axes in order to keep ER stress at bay. Namely, it 

reduces the levels of XBP1S, promotes ATF6 degradation and cooperates with AATF against apop-

tosis. 
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4.3.6.!WFS1 in cell death and protein degradation 

Lately, it has been discovered that 13 genes are dependent on WFS1. In its absence, 11 of 

them are up and 2 are down-regulated (Kõks et al., 2013). Most of the genes are related to apop-

tosis, as expected, but also to mitochondrial defects and neurodegeneration. The disease-related 

cell-death may be driven by apoptosis directly connected to ER stress; or bypass it and activate 

mitochondrial cytochrome-c release instead. However, there is growing evidence that ER and mi-

tochondria cooperate to provoke cell death, being intertwined via mitochondria-associated ER 

membranes (MAMs). Whatever the case, WFS1-deficient fibroblasts exposed to staurosporine, a 

pro-apoptotic agent, showed cleavage of poli-ADP-ribose polymerase (PARP) together with elevat-

ed caspase-3 (CASP3) activity; while WFS1-sufficient fibroblasts were indifferent (Philbrook et al., 

2005). What’s more, even the base levels of PARP in the former were much higher than normal 

(Philbrook et al., 2005). Since decreased PARP levels ware correlated with increased insulin-like 

growth factor-1 (IGF1) (Morales et al., 2000), it provides a further proof for a WFS1-dependent cell 

death delaying mechanism. It is possible that in the absence of WFS1, IGF1R is not responding to 

IGF1 signals (due to over-expressed fibulin-3 (FBLN3) (Philbrook et al., 2005)), thus the signal from 

IGF1 is abolished, and so PARP protein levels are higher. What would be the exact correlation be-

tween WFS1 and IGF1R? I may only guess that it has something to do with cation potentials, but 

more about it later on. Of note, the elevation of PARP is one of cell’s self-preservation mecha-

nisms, since PARP is required for the DNA repair. Therefore, the described process could effectively 

take place in tissues less affected by WS, where the functionality and lifetime are preserved. Fur-

thermore, another apoptosis inducer, a calcium-dependent protease, calpain-2, has been implicat-

ed in WS; as its hyperactivation was shown in iPS cells and Wfs1-deficient mouse brain (Lu et al., 

2014). 

Signs of ER stress-related cell loss @$B$'6%?8';8&9<'=9'(Dfs1 KO mice (Riggs et al., 2005) and 

MIN6 WFS1-deficient cells. Namely, the cells exhibited increased CHOP gene expression and hence 

apoptosis (Riggs et al., 2005; Ueda et al., 2005; Yamada et al., 2006). Other murine pancreatic 

Wfs1-deficient cells provided similar results (Philbrook et al., 2005), supported by higher Casp3 

activation (Gharanei et al., 2013). Furthermore, Wfs1exon2del KO mice showed non-apoptosis related 

<$#B$6?$' =9' (-cell survival, judging from the negative TUNEL and Casp3 assays (Ishihara et al., 
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2004), similarly to the reported loss in Wfs1exon8del KOs. This however was countered by results 

published 2 years later, where the Casp3 assays were positive (Yamada et al., 2006), providing 

more evidence for the complexity of WFS1-driven cell survival mechanism. Furthermore, WFS1 

expression is known to rise in response to high extracellular glucose (Fonseca et al., 2005), what 

can explain strong glucose toxicity in Wfs1-<$;=#=$9:'(-cells (Ishihara et al., 2004). That toxicity in-

vokes cell death, which WFS1 seems to protect from. Thence a conclusion that WFS1 regulates 

metabolic pathways crucial to cell survival. 

Finally, apart from its pro-survival activities, WFS1 seems to interfere with proteasome pro-

tein degradation. Fonseca et al. (Fonseca et al., 2010) proposed that WFS1 stabilizes HRD1, an E3 

ubiquitin ligase, and delivers ATF6 to the proteasome. To further prove this motion, it was also 

sho@9':A6:'(-cells isolated from Wfs1exon2del KO mice as well as lymphocytes isolated from WS pa-

tients exhibit disturbed UPR (via ATF6), together with down-regulation of HRD1 (Fonseca et al., 

2010). However, HRD1 in (-islets of Wfs1exon2del KO mice was up-regulated (Gharanei et al., 2013), 

adding another enigma to the role of WFS1.  

4.3.7.!WFS1 in calcium homeostasis 

As mentioned before, WFS1 influences the cation potentials; and it does so mainly via Ca2+ 

mobility (Figure 7). In HEK293 cells WFS1 appears to raise Ca2+ ER lumen levels by boosting its up-

take; and in its absence the cytosolic levels are risen (Lu et al., 2014). It was proposed that the pro-

tein interacts with SERCA pump, an ATPase transporting the cellular Ca2+ into the ER at a cost of 

energy loss (Takei et al., 2006). On the other hand, another study provided evidence that influenc-

ing Ca2+ is related to calmodulin (CaM), an intracellular secondary messenger (Yurimoto et al., 

2009). Namely, it was observed in rat brain extracts that WFS1 binds the Ca2+/CaM complex with 

its N’ cytoplasmic terminus (Yurimoto et al., 2009). Moreover, CaM is abundantly expressed espe-

cially in the brain, which is also highly WFS1-positive and affected by WS. Thus, it seems that a 

fresh load of Ca2+ is being delivered to the ER membrane by WFS1, either through its interaction 

with SERCA, with CaM, or both. 
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Figure 7. WFS1 as a keeper of Ca
2+

 ER homeostasis. WFS1 interacts with SERCA pump to bring Ca2+ into the 

ER lumen and probably with IP3R to export it outside. WFS1 also binds the Ca2+/CaM complex. 

What is even more interesting, the trans-membrane WFS1 may create or may help creating a 

large cation-selective channel. This channel would be stimulated by Mg2+ and Ca2+; and increase 

cytosolic Ca2+ levels, thus its leakage from the ER (frog oocyte (Osman et al., 2003)). Furthermore, 

inositol triphosphate (IP3) was reported capable of activating this channel (Osman et al., 2003). 

That deceptively resembles the properties of IP3R, the main Ca2+ channel of ER; transporting Ca2+
 

outwards, unlike SERCA. Even more, both, IP3R and WFS1 are targeted by CaM (Takei et al., 2006). 

Therefore, it is possible that the role of WFS1 in Ca2+ flux is to keep its balance and to compensate 

sudden changes via modulating the in and out channels. 

4.3.8.!WFS1 in anabolism, proliferation and cell cycle 

Experiments conducted on primary fibroblasts from WS patients demonstrated a strong up-

regulation of FBLN3 gene (Philbrook et al., 2005), which encodes a calcium-binding extracellular 

glycoprotein, the aforementioned FBLN3 (Giltay et al., 1999). This macromolecule was reported to 

play a role in maintaining the extracellular matrix structure and its communication with the cell (de 

Vega et al., 2009). Also, it was shown to directly inactivate IGF1R, therefore to block the signaling 
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driven by IGF1 (Kim et al., 2014). This receptor on the macro scale influences childhood growth and 

adult anabolism, whereas on the micro scale – the cell growth and proliferation. In other words, 

WFS1-deficiency has a potential to slow down anabolism, growth and proliferation. Interestingly, 

Wfs1exon8del KO mice showed over-expression of Igf1 and the growth hormone (GH) (Kõks et al., 

2009). This may be a sign of an unsuccessful metabolic effort to compensate the lack of active 

Igf1R pathway, especially since the weight and size of these mice are reduced, regardless the ele-

vated protein levels. However, similar changes were not reported in WS patients.  At this point it is 

important to mention that, so far, the expression of Fbln3 was not investigated in these mice. In 

parallel, in insulin-secreting BRIN-BD11 cells with silenced Wfs1 expression, an impaired cell prolif-

eration with morphological changes were described (McBain and Morgan, 2003). However, the 

proliferation rate of the investigated fibroblasts was unaffected and they did not exhibit any errors 

in either DNA repair or cell cycle regulation (Philbrook et al., 2005). In the same time, as it is com-

monly known, the diabetes =9'DF'=?'76=9%C'<B=Y$9'>C'(-cell loss, possibly related to disturbed pro-

liferation. Collectively, these data indicate that the influence of WFS1 on anabolism is much more 

complex and important than anticipated, and it probably depends on the nature of its deficiency, 

thus the type of mutation / silencing. 

It seems that WFS1 may affect the cell cycle itself. Namely, Wfs1exon2del KO mice and Wfs1-

deficient MIN6 cells showed a (-cell-specific increased cyclin-dependent kinase inhibitor protein-1 

(Cip1) level (Yamada et al., 2006). This led to ER stress-related cell cycle arrest and cell death via 

apoptosis (Yamada et al., 2006). However, Gharanei et al. (Gharanei et al., 2013) observed with 

human neuroblastoma and embryonic kidney cell lines that CIP1 is decreased in the transient ab-

sence of WFS1, despite the presence of cell cycle arrest and ER stress. This was accompanied by 

BIP and CHOP altered transcription rates (Gharanei et al., 2013); and may be related to the cell 

type and duration of WFS1 absence. Therefore it is logical to conclude that WFS1 does influence 

:A$'#$%%'#C#%$'@A=#A5'6:'%$6?:'=9'(-cells, happens through down-regulation of CIP1. 

4.3.9.!WFS1 in protein biosynthesis and secretion 

As it turns out, WFS1 is directly involved in protein biosynthesis and secretion. Its cytosolic N-

terminus can interact with an acidifying proton pump, the V1A subunit of the H+ V-ATPase (Ghara-
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nei et al., 2013). Specifically, WFS1 seems to slow down V1A degradation in human neural cells. It 

takes place through assisting in proper assembly, just as a chaperon protein would do, rather than 

modulating proteasome degradation, another reported WFS1 trait (Fonseca et al., 2010; Guo et al., 

2011). Since WFS1 was found in secreting granules (Gharanei et al., 2013; Hatanaka et al., 2011), it 

only makes sense that it would influence their acidification via H+ V-ATPase, and thus secretion of 

insulin and neurotransmitters. Interestingly, earlier experiments with mammalian cells demon-

strated a credible presumption that WFS1 also plays a role in the maturation of another ATPase, 

Na+/K+5'$?I$#=6%%C':A$'(-1 subunit (Zatyka et al., 2008). That was later confirmed with Wfs1exon8del 

KO mouse brain (Sütt et al., 2015). The Na+/K+ ATPase interaction with WFS1 seems to take place 

through C-terminus and trans-membrane WFS1 domains, therefore from the ER lumen. Although 

not yet investigated, this may also be important for the role of WFS1 in the biology of hearing, 

since WFS1, extensively expressed in the canalicular reticulum and other structures of the cochlea, 

appears to manipulate the inner ear ion homeostasis (Cryns et al., 2003; Suzuki et al., 2016). Not to 

mention the influence on signal transduction, 9$&B896%'?&BY=Y6%5'(-cell survival and insulin produc-

tion; all related to reported WS symptoms. In brief, all three structural domains of WFS1 seem to 

take part in protein biosynthesis, but N- and C-terminus do so independently. 

Supporting this motion, Wfs1exon2del KO mice showed impaired granular acidification, the 

number of secretory granules, and insulin secretion (Hatanaka et al., 2011; Ishihara et al., 2004). 

Next, the ER in pancreas of (D;?G KO mice was pathologically broadened and produced less secre-

tory granules (Riggs et al., 2005). This was in coherence with impaired biosynthesis as well as se-

cretion of insulin and vasopressin in Wfs1exon8del KO mice (Tein et al., 2015). Additionally, insulin-

producing cells, created via induced pluripotent stem cells (iPS) from WS patients, displayed ele-

vated ER stress accompanied by poor insulin load (Shang et al., 2014). When exposed to an exter-

nal ER stressor, they failed to properly produce and secrete insulin (Shang et al., 2014). Further, 

Wfs1 over-expression was induced by phosphorylating ER-B$?=<$9:'HONG"5'@A=#A'$96>%$?':B69?=$9:'

high glucose-evoked insulin biosynthesis (Lipson et al., 2006). Finally, it was also reported that high 

glucose leads to translocation of Wfs1 to the cellular membrane and its association with adenylyl 

cyclase 8 (AdCy8) (Fonseca et al., 2012), but that paper was later retracted. The Wfs1-AdCy8 com-

plex was supposed to stimulate cAMP production, which induces insulin biosynthesis and secre-
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tion, but would be terminated upon ER stress or mutations in Wfs1 (Fonseca et al., 2012). On the 

contrary, Wfs1-deficient BRIN-BD11 cells did not show any change in the insulin secretion (McBain 

and Morgan, 2003). All the presented data imply that WFS1 is essential for correct production and 

secretion of proteins, with N- and C-termini engaged in different processes.  

4.3.10.! WFS1 in development  

As a final remark, WFS1 also appears to be involved in development, what is logical given its 

role described so far. Firstly, experiments performed on Sprague-Dawley rat pancreas suggested 

the importance of Wfs1 for pancreatic development, especially in the interactions between mes-

enchyme and epithelia (Xu et al., 2009). Secondly, the pattern of deviance in WS patient brains 

implies that WFS1 is also greatly engaged in nervous system development (Hershey et al., 2012). 

This is further supported by the extensive investigation of nervous system in Wfs1exon8del KO mice 

(Kõks et al., 2011; Luuk et al., 2008, 2009, 2012, Raud et al., 2009, 2015; Reimets et al., 2016; Sütt 

et al., 2015; Tein et al., 2015; Tekko et al., 2014; Visnapuu et al., 2013a, 2013b), which provides 

similar conclusions. In other words, WFS1 is necessary for normal development, especially of the 

pancreas and the nervous system. 

4.3.11.! Final conclusions 

As discussed above, WFS1 function is multidimensional. The protein is involved in divers pro-

cesses; regulating cellular activity, survival and death. It seems tissue-specific and demand-

dependent, intertwining with ER stress and Ca2+ flux. This importance of WFS1 for homeostasis in 

the organism explains the complexity of Wolfram Syndrome. 
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4.4.! Gene associated with Wolfram Syndrome: WFS2 

Wolfram Syndrome 2 (WS2, OMIM #604928) is a disorder caused by mutations in the CISD2 

gene. It encodes Miner 1 ER-membrane-localized zinc finger protein that regulates UPR and Ca2+ 

homeostasis, as well as autophagy (Wiley et al., 2013). In WS2, symptoms other than characteristic 

OA are high frequency sensorineural hearing loss and diabetes mellitus; with an early onset and 

autosomal recessive inheritance, similarly to WS. However, patients do not develop diabetes insip-

idus (Rigoli and Di Bella, 2012). Certainly, other dysfunctions are also present, varying from patient 

to patient. Both syndromes, even though not directly related to mitochondrial malfunction, are 

caused by imbalance of the ER and Ca2+ homeostasis, and therefore incorporate a secondary mito-

chondrial aspect. 
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4.5.! Wolfram Syndrome mouse models 

To date, an ideal mouse model of WS does not exist, especially regarding the ophthalmic 

phenotype. Most researchers focus on the pancreas and the central nervous system (CNS) instead. 

The models that are well described in the literature are listed in Table 2. To my knowledge, the 

only currently missing one is a new model created by Professor Fumihiko Urano from Washington 

University and his team. However, I was unable to find its detailed description. 

Table 2. Mouse models of Wolfram Syndrome. GH – growth hormone, Igf1 – Insulin-like Growth Factor 1,  
OD – optic disc, VEP – visual evoked potential. 

Mouse Description Characteristics 

!"#$% Conditional Wfs1 knock-
8&:'89%C'=9'(-cells; on 
C57BL/6 background; 
first published in 2005 

-! Diabetes. Progressive glucose intolerance and insulin insuffi-
ciency starting at the age of 12 weeks. Changes only in pan-
#B$6?Z'(-cell loss and ER deformations due to ER stress (Riggs 
et al., 2005).  

Wfs1
exon2del Exon-2 knock-out; on 

C57BL/6J background; 
first published in 2004 

-! Diabetes. Low insulin secretion (Ishihara et al., 2004). Low 
density of cell membrane-6::6#A$<' ?$#B$:8BC' KB69&%$?' =9'(-
cells (Hatanaka et al., 2011).  Increased circulating pro-insulin 
level (Hatanaka et al., 2011).  

-! Retinal dysfunction: distorted VEP, sometimes OD pallor 
(Bonnet Wersinger et al., 2014). 

-! Oscillations of clock gene expressions that influence circadi-
an rhythms and late stage of insulin secretion in pancreatic 
islets (Nakabayashi et al., 2013).  

-! No changes in heart, skeletal muscle or brown adipose tissue 
(Yamada et al., 2006).  

-! Low cellular response to Ca2+ (Ishihara et al., 2004). 

Wfs1
exon8del 

 

Exon-8 knock-out and 
LacZ cassette knock-in in 
its place; on C57BL/6J 
and 129S6/SvEvTac 
mixed background; first 
published in 2008 

 

-! Diabetes and glucose intolerance (Ivask et al., 2016; Luuk et 
al., 2009). (–cell loss and a trend towards increased pro-
insulin level (Ivask et al., 2016). Males with greater risk than 
females (Noormets et al., 2011). The insulin intolerance may 
be reversed with valproic acid (Terasmaa et al., 2011).   

-! Small size and reduced body weight (Ehrlich et al., 2016; 
Luuk et al., 2009; Noormets et al., 2014) but GH and Igf up-
regulated (Kõks et al., 2009). Metabolic distortion, smaller in 
females (Ehrlich et al., 2016; Ivask et al., 2016; Luuk et al., 
2009). Problems with body temperature and response to 
cold (Ehrlich et al., 2016). 

-! Low male fertility due to distorted sperm and spermatogo-
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nia, but not testosterone level (Noormets et al., 2009).  

-! Changed activity of neurological systems: GABA-ergic (Raud 
et al., 2009, 2015), serotonergic (Visnapuu et al., 2013a), 
noradrenergic (Visnapuu et al., 2013a), dopaminergic (Matto 
et al., 2011; Sütt et al., 2015; Visnapuu et al., 2013b). Re-
duced behavioral adaptation (Luuk et al., 2009) and drug 
sensitization (Luuk et al., 2009; Visnapuu et al., 2013a), in-
cluding antidepressants (Reimets et al., 2016). High anxiety 
(Luuk et al., 2009; Raud et al., 2009, 2015; Sütt et al., 2015) 
and sensitivity to isolation (Noormets et al., 2014). Prone-
ness to biopolar and neurodegenerative diseases, along with 
mood disorder in relation with reduced G-protein signaling 
(Kõks et al., 2011). Normal circadian rhythm behavior (Luuk 
et al., 2012). Distorted neuroendocrinology (Tein et al., 
2015). Increased sensitivity to EtOH (Raud et al., 2015) but 
decreased to menthol (Ehrlich et al., 2016). 

-!Mapped Wfs1 expression in the brain (Kõks et al., 2011; Luuk 
et al., 2008). 
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4.6.! Gene therapy for retinal ganglion cell disease 

Gene therapy (GT) is an innovative and promising approach in modern medicine, first discov-

ered by Professor Waclaw Szybalski and his team in 1962 (Szybalska and Szybalski, 1962; Szybalski, 

2013). Since the first clinical trials launched in 1990 by Anderson and Blaese (Anderson et al., 

1990), it has been arousing great interest among scientists and clinicians. By February 2016, there 

were 2356 undergoing clinical trials worldwide involving GT (John Wiley & Sons, Ltd., 2016) (Figure 

8). Its popularity originates from treating the cause of the disease instead of just symptoms, and a 

possibility for personalization. Basically, GT means introducing nucleic acids (genes or non-coding 

regulatory sequences) into cells in order to fix their dysfunction or gain new metabolic traits. The 

transfer can be stable or transient, depending on the used method, but always bears a risk of side-

effects. These side-effects are related to its unstable and fleeting nature, which often forces a re-

petitive drug delivery. Also, there is a danger of immune response, toxicity, uncontrolled gene ex-

pression, non-specificity, and tumorogenesis. Despite all that, the number of clinical trials involving 

GT grows each year. 

A B 

  
Figure 8. Worldwide clinical trials with gene therapy. A) Vectors used for gene therapy in clinical trials, 

regardless of the disease. Note AAV on the 5th place with 6.7%. B) Addressed diseases. Note ocular diseases 

on the 6th place with 1.8%. Modified from the Gene Therapy Clinical Trials Online database provided by the 

Journal of Gene Medicine (John Wiley & Sons, Ltd., 2016). 

4.6.1.!Ocular gene therapy  

The eye as an extension of the central nervous system is a perfect candidate for GT (Sahel 

and Roska, 2013; Trapani et al., 2014; Yu-Wai-Man, 2016). It is relatively small and isolated from 

other tissues, what allows for specific local targeting with a modest amount of the drug. Moreover, 
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the retinal cells are fairly differentiated, therefore there is a substantial potential of a sustained 

gene expression; due to the lack of mitosis. Also, thanks to the tight structure of the RPE, the 

blood-retina barrier, and natural local immunosuppression, the risk of immune response is minimal 

(Caspi, 2010; Willett and Bennett, 2013). Finally, the eye is exposed and transparent. This makes 

the delivery along with the ensuing follow-up monitoring much easier, using non-invasive methods 

like optokinetic reflex, electroretinogram (ERG), fundoscopy and optical coherence tomography 

(OCT). There are two main methods for intraocular GT, namely intravitreal and subretinal injec-

tions (Liang et al., 2001) (Figure 9). The former stands for injecting the drug into the vitreous and 

addressing the inner retina, thus primarily RGCs as well as Müller cells (Ali et al., 1996, 1998); while 

the latter means injecting under the RPE. Intravitreal GT has a wide range of action, whereas sub-

retinal GT is limited to the resulting reversible injection-derived retinal detachment; what makes it 

more hazardous and traumatic. Unfortunately, only little penetration may be achieved with the 

intravitreal approach; therefore the subretinal one is the method of choice to treat PR or RPE 

(Boye et al., 2013; Trapani et al., 2014).  

 

Figure 9. Intravitreal and subretinal injections. Intravitreal injection entails inserting a needle into the vit-

reous, and thus releasing the injected solution with the primary exposure of the inner retina. Subretinal 

injection entails passing the needle further, under the neural retina, and injecting between this layer and 

RPE. The primary target of this approach are PR and RPE; PR – photoreceptors, RPE – retinal pigment epithe-

lium. Modified from Boye et al. (Boye et al., 2013). 
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Gene therapy is a convenient solution for a single-gene-driven illness, but only if the patholo-

gy and natural history are known. As such, recessive diseases are much easier to treat than domi-

nant ones, especially if a gain of function is involved. In that case, the damaging DNA must be neu-

tralized via antisense oligonucleotides, enzymatic ribozymes, short-harpin (sh)RNAs, or small inter-

fering (si)RNA (Trapani et al., 2014). Based on the type of the disease-causing mutation, two intra-

ocular GT concepts may be distinguished; that is gene replacement and gene silencing. In case of 

loss-of-function mutations, gene replacement is applied to obtain the functional protein and re-

store cellular functions. In case of gain-of-function mutations, as mentioned above, the damaging 

mRNA is suppressed, and therefore the cellular malfunction is cut down (Yu-Wai-Man, 2016). If 

necessary, the functional gene may also be supplied, either concomitantly in the same vector or 

with two separate vectors (Mao et al., 2012). However, there are also cases of dominant-negative 

mutation where a simple wild-type gene supplementation is enough (Mao et al., 2011). Aalterna-

tive non-specific approaches exist as well, such as optogenetics for photosensitivity (Mei and 

Zhang, 2012), and induced neuroprotection for survival (Colella and Auricchio, 2010). They are in-

dependent of the mutation and serve to transform cells into desired photosensors or paracrine 

glands for pro-survival factors, respectively. This approach enables restoration of retinal function 

for much wider range of diseases, but does not necessarily remove the underlying malfunction. 

Finally, another obvious limiting factor for GT is the accessibility of the tissue of interest by an effi-

cient vector, which also has to be taken under account. One of candidate diseases for the intravi-

treal gene replacement therapy instead of the others would be the typical Wolfram Syndrome. 

4.6.2.!Non-viral vectors  

GT may be carried out with either non-viral or viral vectors (Figure 8). The first group involves 

naked nucleic acids and nucleic acid complexes, while the second one recombinant viruses (Table 

3, Table 4). When it comes to the non-viral type, there is a choice among injecting naked DNA or 

coupling it with physical/chemical enhancement. Electroporation, gene gun, magnetofection, or 

sonoporation are often used for the physical enhancement, while inorganic nanoparticles, lipo-

somes or polyplexes are examples of the chemical one (Charbel Issa and MacLaren, 2012; Tamboli 

et al., 2011; Trapani et al., 2014). Non-viral GT provides possibilities to deliver large DNA sequenc-



 
50 

 

es, is scarcely immunogenic and mutagenic, along with an accessible mass-production (Charbel Issa 

and MacLaren, 2012). However, the gene transfer requires crossing certain barriers, what can only 

be improved with enhancement, but still remains less efficient than with the viral GT (Kumar-Singh, 

2008). These barriers include the systemic response, passing through the cell membrane as well as 

the nuclear envelope, together with the risk of intracellular degradation. For the eye, there are 

other barriers to consider as well, namely the vitreous and the limiting retinal membranes. Never-

theless, considering the advantages, proof of concept studies for non-viral GT of the retina have 

been realized in animal models (Table 3) (Kumar-Singh, 2008). For RGC, it includes electroporation 

(Dezawa et al., 2002) or chemical enhancement such as polyethylenimine (PEI) polyplexes (Liao 

and Yau, 2007), TransIT-TKO reagent (Turchinovich et al., 2010), nanoparticles (Delgado et al., 

2012), and oligochitosan (Puras et al., 2013); after intravitreal DNA-injection. So far however, such 

approaches showed low efficiency. An exception are CK30PEG nanoparticles that proved effective, 

non-toxic and non-immunogenic, with a long-term episomal transduction of large transgenes in 

humans (Farjo et al., 2006; Liu et al., 2003; Trapani et al., 2014); hence their relative popularity. 
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Table 3. Non-viral vectors for retinal gene therapy. Modified from Trapani et al. with additional infor-
mation sourced in this chapter (Trapani et al., 2014); ABCA4 – ATP-binding cassette sub-family A (ABC1) 
member 4 gene, BDNF – brain-derived neurotrophic factor gene, CK30PEG – polyethylene glycol-substituted 
30-mer lysine peptides, GDNF – glial cel line-derived neurotrophic factor gene, GT – gene therapy, HSV – 
herpes simplex virus,  PDE6B – phosphodiesterase 6B gene, PEI – polyethylenimine,  POD - peptides for ocu-
lar delivery, PR – photoreceptors,  PRPH2 – peripherin 2 gene, RGC – retinal ganglion cells,  RPE – retinal 
pigment epithelium, RPE65 –  retinoid isomerohydrolase gene. 

Methods Type Special trait Target GT for the retina 

Physical Electroporation Increased cell membrane permea-
bility via electrical pulses 

RPE, PR, 
RGC 

Subretinal BDNF in rat, intrav-
itreal or subretinal DNA 

Electron avalanche 
transfection 

Electrodes behind the eyeball for 
localized electric field 

RPE, PR Subretinal DNA in rabbit 

Supra-choroidal elec-
trotransfer (non-
invasive) 

Electrical field to cross tissues RPE, PR Rat 

Trans-palpebral ionto-
phoresis (non-
invasive)  

Charged molecules moving with 
low voltage electrical current 
through a tissue within an electri-
cal field 

PR PDE6B in mouse 

Trans-scleral ionto-
phoresis (non-
invasive) 

PR PDE6B in mouse 

Chemical Liposomes Self-assembling, biodegradable, 
amphiphilic 

RPE Subretinal (toxic) 

PEI polyplexes Cationic RGC Intravitreal, subretinal (toxic) 

Oligochitosan poly-
plexes 

Cationic PRE, PR, 
RGC 

Intravitreal, subretinal 

Solid lipid nanoparti-
cles 

Cationic, conjugated with dextran 
and protamine 

PRE, PR, 
RGC 

Intravitreal, subretinal 

TransIT-TKO Cationic RPE, 
RGC 

Intravitreal/subretinal siRNA 
in mouse 

VP22 nanoparticles C-terminus of HSV bound to fluo-
rescent labeled oligonucleotides; 
light-induced release 

RPE, 
RGC 

Intravitreal in rat 

POD nanoparticles Single DNA molecule with cationic 
peptide (DNA-histone like com-
plex) 

RPE, 
RGC 

Subretinal GDNF in light-
induced retinal damage 

CK30PEG nanoparti-
cles 

DNA-histone like complex, travels 
across nuclear pores, large 
transgene capacity 

RPE, PR, 
RGC 

PRPH2, ABCA4, RPE65 in 
mouse  
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4.6.3.!Viral vectors 

For viral vectors, many have been successfully used in human GT (Figure 8). Only in 2015, 

there were 163 newly approved GT-based clinical trials, while in February 2016 that number was 

already 21 (John Wiley & Sons, Ltd., 2016). They mainly included adenovirus (AdV), adeno-

associated virus (AAV), herpes simplex virus (HSV), lentivirus (LV), poxvirus, retrovirus, and vaccin-

ia-based vectors. Furthermore, since the efficiency of in vivo viral GT is quite high, it has been wide-

ly tested in the field of ophthalmology. The most popular vectors here are AAV (Table 4), the 

“golden standard”, but also LV and AdV (Kumar-Singh, 2008; Lipinski et al., 2013). These vectors 

serve to deliver the transgene into the host nucleus; while the transduction level depends on cellu-

lar entry through specific surface receptors and intracellular traffic. AAV vectors are the most fre-

quently used in retinal diseases and show promise in clinical trials against choroideremia (CHM), 

Leber congenital amaurosis (LCA) as well as retinitis pigmentosa (RP) (Hellström and Harvey, 2011; 

Yu-Wai-Man, 2016). 

Table 4. Viral vectors for retinal gene therapy. Modified from Trapani et al. and Yu-Wai-Man et al. with 
additional information sourced in this chapter (Trapani et al., 2014; Yu-Wai-Man, 2016). The main disad-
vantages are underlined; AAV – adeno-associated virus, LV – lentivirus, AdV – adenovirus, ss – single-
stranded, ds –double-stranded, ACHM – achromatopsia, AMD – age-related macular degeneration, CHM – 
choroideremia, CSNB - congenital stationary night blindness, LCA – Leber congenital amaurosis, LHON – 
Leber hereditary optic neuropathy, RP – retinitis pigmentosa, STGD – Stargardt disease, USH1B – Usher syn-
drome type 1B, XLRS – X-linked retinoschisis. 

Vector AdV AAV LV 

WT  (kb) 7.5 4.7 9.2 

Cloning capacity (kb) < 36 < 5 < 10 

Size (nm) 100 25 80-100 

Genome dsDNA ssDNA ssRNA 

Integration No No (minimal) Yes 

Max titre (ml
-1

) High (>10
11

) High (>10
12

) Low (>10
8
) 

Specificity Broad Broad and selective Broad 

Transgene expression Short (days – weeks) Long (months – years) Long (months – years) 

Latency Yes No No 

Pre-existing immunity Yes Yes No 

Immunogenicity Yes Minimal No 

Main risks of GT Inflammatory response Insertional mutagenesis Insertional mutagenesis 

Pre-clinical studies >10: AMD, glaucoma, RP >70: glaucoma, ischemia, 
optic neuritis, optic neu-
ropathy, XLRS 

>15: AMD, CSNB, LCA, 
RP, STGD, USH 

Clinical trials 2: AMD, glaucoma 16: ACHM, AMD, CHM, 
LCA, LHON, RP, XLRS 

4: AMD, USH1B, STGD 
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4.6.4.!AAV in optic neuropathy 

AAV is non-immunogenic to humans, what makes it a good candidate for viral vector-

mediated GT. It is a member of the Parvovirida family, being a small (4.7 kb, 25 nm) single-stranded 

(ss) DNA virus, first discovered in 1965 (Atchison et al., 1965). AAV2 enters the host cell using hep-

aran sulfate proteoglycan (HSPG) with the help of integrins and growth factor receptors (Figure 9), 

but other serotypes use different pathways (Hellström and Harvey, 2011; Nonnenmacher and We-

ber, 2012; Warrington and Herzog, 2006). Next, it is rapidly internalized via clathrin-dependent or 

caveola-dependent endocytosis (Nonnenmacher and Weber, 2012) and slowly transported to the 

nucleus, its final destination. AAV ssDNA genome is flanked by 145-nucleotides-long inverted ter-

minal repeats (ITR), which form a characteristic T-shaped hairpin-loop (Koczot et al., 1973). That 

hairpin interacts with host DNA polymerase in the nucleus, which synthesizes a stable dsDNA upon 

transduction (Ni et al., 1998). This DNA serves to produce viral proteins, and therefore also to ex-

press the transgene. The whole process takes up to 3 weeks, and thus provides a slow-onset GT, 

what has to be reckoned with while planning the course of treatment. The name “AAV” relates to 

the virus replication, which happens only in presence of a helper virus, such as Ad, HSV or papillo-

ma. If the helper is absent, AAV integrates into the host genome via non-homologous recombina-

tion or remains in a ds circular episomal form (Kotin et al., 1990; Lisowski et al., 2015). Apart from 

ITR, native viral DNA contains rep and cap open reading frame sequences, which encode proteins 

driving replication and capsid formation, respectively. What’s more, modifications in the latter 

have the power to dictate viral tropism towards certain cell types. The lack of immunogenicity and 

possibility for modifications are the reason why many artificial AAV vector serotypes have been 

developed for medicinal purposes.  

While constructing recombinant AAVs, only the ITRs are preserved. They flank the DNA insert 

that contains a promoter followed by a transgene. Additionally, cDNA-cap and polyA-tail are added 

for stability. Because rep and cap open frames are removed, the aforementioned need for a helper 

plasmid or virus intensifies. Nowadays, to eliminate recurring contamination with formerly popular 

helper AdV, appropriate recombinant cell lines emerged. Their sole purpose is to generate pure 

AAV vectors at a high titer, what makes it the present-day method of choice (Hellström and Har-

vey, 2011; Pang et al., 2008). Recombinant AAVs provide respectively safe and stable transduction 
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with a minimal risk for insertional mutagenesis (Table 4). They exhibit serotype-dependent tropism 

towards differentiated cells; with many serotypes available (Hellström and Harvey, 2011; Lisowski 

et al., 2015; Pang et al., 2008; Trapani et al., 2014). However, the expression onset is late and the 

capacity is too small for big genes. As mentioned above, the serotypes differ mostly in capsid pro-

tein structure. Even small capsid modification may lead to a radical change in tropism, but also in 

the speed of expression (Auricchio, 2003). Originally, there were only AAV 1-9 serotypes in use 

(Pang et al., 2008), but that changed with the need for higher specificity. Hence, pseudo-serotypes, 

such as AAV2/2, with ITRs from wtAAV2 assembled into a capsid from wtAAV2 (Auricchio, 2003; 

Hellström and Harvey, 2011). Of note, other ways to increase vector specificity are supplementary 

ligands in the capsid, a cell type-specific promoter, and microRNA target regions (Trapani et al., 

2014). Because the tissue-specific promoter offers weaker transgene expression than a commonly 

used, strong cytomegalovirus (CMV) promoter, the goal is to have a specificity driven by the capsid 

instead. Moreover, to boost intracellular traffic of the vector and cut the time of the second strand 

DNA synthesis, self-complementary (sc)AAV vectors were developed (Wang et al., 2003). They are 

more efficient, faster, and more stable, but can carry much less transgene. Providing expression in 

less than 1 week, scAAV vectors contain two copies of the inserted cassette. The copies are in the 

sense and antisense orientation, so that they would fold and create dsDNA once in the nucleus 

(Lipinski et al., 2013). Interestingly, scAAV2 vector was proven superiorly effective in the eye, with 

its ability to transduce primate RGCs (Koilkonda et al., 2009; Yokoi et al., 2007). Thanks to all these 

possibilities, intravitreally injected AAV vectors were tested to treat glaucoma, ischemia, optic neu-

ritis, optic neuropathy, and retinoschisis, with AAV2 as the pioneer (Hellström and Harvey, 2011; 

Pang et al., 2008). So far however, successful clinical trials in ocular diseases were conducted only 

for CHM and LCA (Yu-Wai-Man, 2016). 

Already in 1996 it was reported that AAV vector can efficiently transduce RGC in the mouse 

retina after intravitreal delivery (Ali et al., 1996, 1998). Nevertheless, it led to a broad transduction 

of the inner retinal layers, including Müller cells and others in the inner nuclear layer (INL). It also 

showed promoter-dependency (Figure 10) along with a high risk of neutralization via the immune 

system (Pang et al., 2008; Shevtsova et al., 2005; Yu-Wai-Man, 2016). The AAV2/2 serotype proved 

to be more specific, but still not perfectly selective (Fujita et al., 2015; Harvey et al., 2002). Other 
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vectors able to transduce RGCs are AAV5, AAV2/6 (Hellström et al., 2009), AAV2/7m8 (Dalkara et 

al., 2013), AAV 2/8 (Lebherz et al., 2008), AAV2/9 (Bostick et al., 2007; Hellström et al., 2009), and 

AAV2/tyrosine mutant (Petrs-Silva et al., 2009). However, they seem weaker, slower and less spe-

cific than AAV2/2. For example, AAV2/6 vector transduces amacrine and bipolar cells by prefer-

ence, while RGC and Müller cells are the second choice. In contrast, AAV2/9 vector is usually in-

jected to the bloodstream because of its ability to cross blood-brain barrier and infect neurons, 

including RGCs, what broadens the spectrum of action (Hellström and Harvey, 2011; Pang et al., 

2008). Yet, AAV2/2 persists to be chosen most often in present-day treatments against RGC de-

generation. 

 

Figure 9. AAV2 cellular entry. AAV2 enters the cell within minutes post-infection, through cell surface re-

ceptor-mediated endocytosis. It can either escape from the formed early endosome, or maturate into the 

late one.  In case of maturation, if AAV2 does not escape here either, lysosomal degradation takes place. 

The escaped AAV2 however is also at risk of proteasomal degradation. If this does not happen, AAV2 enters 

the nucleus, what takes place within 20h post-infection; the ssDNA is uncoated, and the second strand is 
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synthesized. This is followed by transcription and translation of the transgene. Some AAV2 particles are 

slower to enter and accumulate in the peri-nuclear compartment. The timing is tissue-dependent. Modified 

from Warrington and Herzog (Warrington and Herzog, 2006).  

In the treatment of optic neuropathies, so far only LHON was granted with GT clinical trials. 

In LHON the situation is especially complicated because of the nature of the mitochondria-

addressing disease. Until now, there was no reported success in transducing mitochondrial DNA. 

However, that was overcome with insertion of N-terminal mitochondrial import sequence (Qi et 

al., 2007), a yeast equivalent with an endogenous sequence (Chadderton et al., 2013), or combin-

ing both sequences with mitochondria-targeting 3’ untranslated regions (UTR)s (Kaltimbacher et 

al., 2006). Another proposed approach was mutation-independent and involved intravitreal GT 

with neuroglobin, a neuroprotectant preventing RGC degeneration (Lechauve et al., 2014). The 

clinical trials for LHON involve AAV2 (ID: CN-0025) and AAV2/2 (ID: FR-0059, FR-0068) vectors. 

   
Figure 10. Transgene expression in RGC. Cross-sections (C, F) and flat-mounts (K) of the retina after intravi-

treal transduction with AAV2-EGFP under (C, K) hSYN gene promoter or (F) mCMV gene promoter. In C the 

transgene expression (green) colocalizes with Fluoro-Gold (red), specific to RGCs. In F there are only several 

green RGCs and a green Müller cell, because the expression was annihilated by the promoter. In K there are 

many green cells in the GCL; hSYN – human synapsin-1, mCMV – murine cytomegalovirus immediate early 

promoter. Reproduced from Shevtsova et al. (Shevtsova 2005). 

Finally, apart from typical GT applications, AAV vector has been recently used as a research 

tool (Fujita et al., 2015). Specifically, when harboring stress response reporter genes it was shown 

to empower in vivo imaging of ocular structures at a single-cell resolution. This newly-developed 

tool seems especially useful for monitoring RGC death, and hence understanding the pathology 

and progression of diseases like Wolfram Syndrome. 
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4.6.5.!AdV and LV in optic neuropathy 

In comparison, AdV vector (Table 4) is able to transduce RPE or tumor cells suspended in 

the vitreous, but it offers only narrow transduction of RGC (Trapani et al., 2014). In the retina, it is 

believed that Müller cells intercept the AdV, but if one considers applying GT to the ON or the su-

perior colliculus in the brain, it becomes an attractive alternative. It is so because RGCs are, in fact, 

able to efficiently uptake the vector through their axons and retrogradely transport it into the cell 

body, thus the nucleus (Hellström and Harvey, 2011). To date, only two AdV serotypes were re-

ported to transduce RGCs; AdV5 (Von Seggern et al., 2003) 69<'3<[.\O1]'(Cashman et al., 2007), 

but non-specifically. Furthermore, the cloning capacity of AdV, a dsDNA virus, is much larger than 

the one of AAV vectors, namely 36 kb. This is especially attractive for larger genes. Nevertheless, 

only a short transgene expression may be expected (Parks et al., 1996; Reichel et al., 1998). As an 

advantage however, it provides a rapid transgene expression, within just 48h, and is relatively easy 

to produce; but with much bigger size and higher immunogenicity to the retina (Bennett et al., 

1994). Indeed, it was shown that T cytotoxic lymphocytes actively remove AdV-transduced cells 

from the retina (Reichel et al., 1998). That is why low-immunogenic helper-dependent AdV vectors, 

with only ITRs and a packaging signal preserved, were created (Parks et al., 1996). This construct is 

similar to an AAV vector and provides long-term expression in the eye (Lamartina et al., 2007). 

Nevertheless, AdV vectors are not the method of choice for GT in optic neuropathy. 

LVs are ssRNA-viruses that can infect dividing and non-diving cells, providing genome inte-

gration, and thus a long-term expression (Table 4). LV vectors have almost twice as high cloning 

capacity as the AAV, which is approximately 10 kb. This makes them attractive candidates for bi-

cistronic gene delivery, as for dominant mutation-driven diseases, as well as for large transgenes. 

Furthermore, they have low immunogenicity in the eye along with ability for tropism modulation 

(Azzouz et al., 2004). Their major drawbacks however are the potential insertional mutagenesis, 

insufficient expression, low achievable titration and a large size. The size, just as for AdV, is thought 

to elicit a steric effect that limits diffusion of the vector and therefore contributes to the low 

transgene expression. For safety reasons, the mutagenesis was minimized by generating self-

inactivating LV vectors and complex packaging systems (Zufferey et al., 1998). To date, 2 types of 

LV vectors were discovered to transduce RGC, feline immunodeficiency virus (FIV)-derived (Cheng 
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et al., 2005) and equine infectious anemia virus (EIAV)-derived (Binley et al., 2013), but not selec-

tively and not in primates. It does not surprise because of frequent reports of species-dependent 

pattern of LV vector transduction (Trapani et al., 2014). In brief, despite their advantages, recom-

binant LVs, just like AdVs, remain inferior to recombinant AAVs for ocular GT; unless a higher vec-

tor capacity is in demand. 

4.6.6.!Final remarks 

To summarize, non-viral GT has its advantages, but has lower transfection rate and longevi-

ty than the viral one. Despite various improvements to other techniques, AAV-mediated GT re-

mains supreme. This is thanks to the provided sustained expression, easy delivery, low immuno-

genicity, and modifiable cellular tropism. As a final remark, single dose AAV-mediated GT was 

proven effective, but it is recommended that long-term therapies are carried out with drug-dosing 

implants instead (Hellström and Harvey, 2011). It is so because repeated AAV GT injections may 

induce an unwanted reaction, such as immune response or lower sensitivity. Plus, they bring an 

unnecessary discomfort to a patient and increase ocular damage. Also, the transduction rate is age 

as well as damage-dependent (Kolstad et al., 2010), meaning that older patients and/or patients 

with advanced retinal degeneration would need higher doses of GT. 
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5.! AIM OF THE STUDY 

Wolfram Syndrome (WS) is a rare disease with a juvenile onset. Children with WS suffer 

from diabetes insipidus and mellitus, start developing optic atrophy followed by deafness, and fi-

nally die in middle age. The patients are the most afraid of the impending blindness, but finding a 

WS model with the corresponding ophthalmic phenotype has been a challenge. Mice with deleted 

exon-8 of the Wfs1 gene have recently become the WS model of choice, but their visual function 

has not yet been investigated. Therefore, I focused on assessing it through ante and post mortem 

studies, as well as on finding a treatment against the vision loss. The particular research goals 

were: 

1.! Phenotyping Wfs1exon8del mouse line for ophthalmic WS symptoms. 

2.! Phenotyping Wfs1
E864K mouse line for ophthalmic WS symptoms. 

3.! Efficiency assessment of an intravitreal gene therapy against WS. 
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6.! MATERIALS AND METHODS 

All experimental protocols were approved by the Institut national de la santé et de la re-

cherche médicale (Inserm; Montpellier, France), are consistent with the European directives, and 

comply with the ARVO Statement for the Use of Animals in Ophthalmic Research. They were car-

ried out under the agreement of the Languedoc Roussillon Comity of Ethics in Animal Experimenta-

tion (CEEALR; nuCEEA-LR-12123), after obtaining a certification for conducting animal research. 

 

6.1.! Mice 

Mice were bred and housed in the animal facility at the Institute for Neurosciences of Mont-

pellier (INM; Montpellier, France). They were kept in clear plexiglas cages, provided water and 

chow ad libitum, with a standard rodent diet. The housing conditions were pathogen-free, with a 

controlled humidity (82% RH), temperature (20oC) and a strict 12 h light (90 lux) / dark cycle. 

The Wfs1exon8del mouse line, with deleted exon-8 of Wfs1 gene, was a generous gift from Pro-

fessor Sulev Koks from the University of Tartu. The Wfs1exon8del wild-type (WT) and Wfs1exon8del 

knock-out (KO) mice were kept for ophthalmic research purposes only until the 7th moth of age 

(m). By that time, most of the KO mice suffered greatly; they became sickly thin and the eyes 

seemed to pop out, sometimes even burst. In general, this genotype is squeamish and squeaky, as 

these animals suffer from anxiety along with distorted behavioral adaptation (Luuk et al., 2009; 

Raud et al., 2009, 2015; Sütt et al., 2015), but their fear responses are supposed to be normal (Luuk 

et al., 2009). Also, the KOs are much smaller, less physically active and hypersensitive to cold (Ehr-

lich et al., 2016; Luuk et al., 2009, 2012; Noormets et al., 2014). See Table 2 in INTRODUCTION for 

more characteristic features of this and other two popular WS mouse models. 

The Wfs1
E864K mouse line was originally created by Benjamin Delprat, PhD, from the Institute 

for Neurosciences of Montpellier; as a model of Wolfram-like Syndrome with autosomal dominant 

inheritance (Eiberg et al., 2006; Fukuoka et al., 2007; Rigoli and Di Bella, 2012; Valéro et al., 2008). 

This disease is caused by E864K missense mutation in WFS1 exon-*' +#,-./01234, which was re-

produced in the mouse line. At first, our team focused on analyzing ophthalmic phenotype in 
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Wfs1
E864K/+ mice, but with little success. Therefore, we decided to breed Wfs1

E864K animals, a case 

nonexistent in humans, and proceeded with the exams. These mice exhibit a characteristic behav-

ior, being hyperactive, impatient, anxious, and constantly turning around. They were examined 

only until 3 m for ethical reasons, while in certain experiments Wfs1
E864K/+

 and Wfs1
WT were tested 

until 12 m. All the tests were performed depending on the availability of the mice, because the line 

is tested for auditory function as priority by another research group. 

6.1.1.! Genotyping 

Because of low reproductivity of KO Wfs1exon8del males, KO females were crossed with hetero-

zygous (HET) males. The standard reproduction setup was 1 cage with 3 KO females and 1 HET 

male, 1 cage with 2 KO females, 1 HET female and 1 HET males, 1 cage with 2-3 WT females and 1 

WT male. That pattern was repeated for the other line, with the difference of 2 Wfs1
E864K/+ females 

crossed with one Wfs1
E864K male (for female Wfs1

E864K infertility reasons). The mice of both lines 

were genotyped by following a standard protocol. First, the tissue samples were submerged in the 

DNA-extraction mix, which incl&<$<'-,.'^%'8;':A$'10x Express Extract Buffer5'0,.'^%'8;':A$'NVIB$??'

NV:B6#:' N9_C7$' +P6I6' T=8?C?:$7?)'D=%7=9K:895'`F34' 69<' --' ^%' 8;' I&B$'@6:$B' +GibcoTM, Thermo 

Fisher Scientific; Waltham, USA) per sample. Then, they were incubated in 75oC for 10 min, in 95oC 

for 5 min, and cooled down to 20oC in a thermocycler (T3 Thermocycler, Biometra®; Gottingen, 

Germany). Afterwards, the DNA was amplified. 

For Wfs1exon8del %=9$5'.'^%'8;'2x FastStartTM PCR Master Mix (Roche; Meylan, France) was mixed 

with 0,*'^%'8;' :A$' ;8B@6B<'IB=7$B5'0,U'^%'8;'$6#A'8;' :A$' B$Y$B?$'IB=7$B?' +?$$ Table 5 for the se-

quences)5'69<'-,/'^%'I&B$'@6:$B'I$B'0,.'^%'8;':A$']a3'$V:B6#:. The PCR protocol was as follows: 3 

min in 95oC, (15 s in 95oC, 15 s in 62oC, 60 s in 72oC) · 38, 5 min in 72oC, cooling down to 20oC. For 

Wfs1
E864K %=9$5'.'^%'8;'-V'E6?:F:6B:TM PCR Master Mix was mixed with the forward and the reverse 

IB=7$B?5'0,-.'^%'$6#A5'69<'U'^%'8;'I&B$'@6:$B I$B'0,.'^%'8;':A$']a3'$V:B6#:, The PCR protocol was as 

follows: 4 min in 95oC, (30 s in 95oC, 30 s in 62oC, 60 s in 72oC) · 34, 7 min in 72oC, 5 min in 20oC.  

Finally, the DNA bands were separated by electrophoresis in 1.5% agarose gel (SeaKem® LE 

Agarose, Lonza; Rockland, USA) with DNA stain (Clearsight DNA stain, Euromedex; Strasbourg, 
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EB69#$45' <&B=9K' -.' 7=9' @=:A' Gb.' [5' 6;:$B' 6<<=9K' G,.' ^%' 8;' :A$' %86<=9K' >&;;$B' I$B' ?67I%$' +!V'

Blue/Orange Loading Dye, Promega; Madison, USA). Pictures were taken under UV light and ana-

lyzed. 

Table 5. Primer sequences for genotyping and appropriate DNA fragment size. 

Wfs1
exon8del

 Wfs1
E864K

 

F: 5-TTG GCT TGT ATT TGT CGG CC 
F:  
R: 

5-TGA ACC CAG ATT CAG TGA AAA TGT GCC  
5-CAA ACC CCA GAC TGT GAC TCA TGC 

WT R: 5-CCC ATC CTG CTC TCT GAA CC 

Neo R: 5-GAC CGC TAT CAG GAC ATA GCG 

WT size:  ~500 bp  WT size: ~375 bp  
KO size:  ~750 bp Mutant size: ~625 bp 

 

6.2.! Intraocular Pressure 

Intraocular pressure (IOP) was measured for Wfs1exon8del WT and KO mice at 3, 7, 8, 9 and 10 

m. For that purpose, the mice were first anesthetized by intraperitoneal (IP) injection of a mixture 

of ketamine (100 mg/kg; Imalgene 1000; Merial; Lyon, France) and xylazine hydrochloride (5.83 

mg/kg; 2% Rompun; Bayer Healthcare; Puteaux, France). Immediately after, three readings per eye 

were collected with a handheld non-invasive tonometer (TonoLab, Icare; Tiolat Oy; Helsinki, Fin-

land). During the test, the probe tip was aligned with the eye optic axis to minimize false results. 

The results in millimeter of mercury (mmHg) were averaged per mouse, and a mean values ± SEM 

were calculated. Afterwards, mice recovered on a heating plate at 37oC and were returned to their 

home cages. 

6.3.! Blood Glucose 

Blood glucose levels for the Wfs1exon8del line were measured at night and the following morn-

ing, after overnight fasting, according to the protocol used for human patients. For that, a tip of the 

disinfected tail was cut off and a drop of blood was instilled on the testing stripe, previously insert-

ed into the Accu-Chek® Performa (Aviva Blood Glucose Meter System, Roche; Meylan, France). The 

mean ± SEM results in mg/dL for 3 and 6 months old mice (n = 8-10) were then calculated and plot-

ted on a graph.  
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The mice from the Wfs1
E864K line, however, undertook the test in the morning, so on the full 

stomach, and again after 6 h of fasting. It was done so following the published guidelines (Ayala 

2010); because mice are nocturnal animals, therefore their eating pattern is different than the hu-

man one. The testing procedure was identical, but less mice undertook this pilot exam (n = 1-5). 

6.4.! Visual acuity and contrast sensitivity 

1, 3 and 6 months old WT and KO mice were tested for visual acuity (VA) and contrast sensi-

tivity (CS) with the OptoMotry virtual-reality system (Cerebral Mechanics, Lethbride, Canada). They 

were placed on an elevated platform in the center of the testing chamber, surrounded by LCD 

screens, with a recording camera installed over the platform (Figure 11). The screens displayed 

black and white stripes that created an illusion of an external rotating cylinder. The animals were 

untrained and were moving freely. During the test, the grating circulation was continuously cen-

tered on the mouse’s head. At first, the stripes were moving with a constant speed of 2 rpm (12 

degrees per second (d/s)), minimal spatial frequency (0.031 cycles per degree (c/d)) and maximal 

contrast (100%); for short adaptation. Positive response to the stimulus, called here the optomotor 

reflex (OMR), was noted when the mouse moved her head in coherence with the movement of the 

encircling stripes. Grooming and sturdy movements were disregarded, and in case of doubt the 

mouse was retested. When necessary, rapid changes in lighting inside the chamber or sound stimu-

li were applied. This was done seldom, to drag the animal’s attention to the grating, and speed-up 

the experiment. 

OMR was examined in regards to either growing spatial frequency or lessening contrast, with 

the other factor stable. When changing the frequency, the thickness of black stripes was decreas-

ing. When changing the contrast, the black stripes were paling. Both procedures led to more diffi-

culty for the mouse to detect the movement. If the response was positive, the difficulty was raised 

further, until the mouse was indifferent. Then, the software changed the frequency (or contrast) 

back and forth, with decreasing steps, until the visual threshold was established; using the stair-

case technique (Douglas et al., 2005; Prusky et al., 2004; Redfern et al., 2011).  
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Figure 11. OptoMotry system. A) Side view. The mouse is placed on an elevated platform, with computer 

monitors on each side. The monitors display vertical grating – black and white stripes in circular motion. 

There is a camera placed over the platform, enabling recording and centering the motion on the mouse’s 

head. B) Top view. The mouse is surrounded by the gratings and can move freely on the platform. Modified 

from Prusky et al. (Prusky et al., 2004). 

Minimum 10 mice of each age, genotype and sex were examined.  First, the test was per-

formed clockwise, what should influence more the left eye of the mouse, and then counter-

clockwise, for the right eye (Douglas et al., 2005). The mean threshold value from both eyes of 

each mouse was taken for analysis, with an unpaired two-tailed t-test for statistics between the 

groups. The spatial frequency test was performed two weeks before the contrast test, in order to 

avoid fatigue and disinterest of the animal, as well as a habitual demeanor. The maximal duration 

of the test for each mouse was 20 min, but generally the thresholds were established in less than 

10 min. The tests took place in the afternoon, to minimize the circadian rhythm’s influence, while 

blind to the genotype and sex of the mice. The chamber was cleaned with Anioxy-Spray WS disin-

fectant (Laboratoires Anios; Lille, France) between each animal.  

OMR testing was not possible with Wfs1
E864K mouse line due to hyperactivity and disinterest 

towards the stimulus. 

Finally, non-injected, injected with PBS or AAV-2/2-CMV-WFS1 Wfs1exon8del mice after gene 

therapy (GT) were tested for OMR with OptoMotry as described above. Only VA was examined, at 

3 and 6 m, with 100% contrast, in photopic conditions. Both genders were pooled together for 

analysis, with the number of mice per group as shown in Table 6, for the unilateral GT (uGT), and 
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Table 7, for the bilateral GT (bGT) experiments. Either the mean threshold value from both eyes or 

values for equally treated eyes were taken for analysis, for the control animals and bGT or uGT, 

respectively. An unpaired two-tailed t-test was used for statistics between the groups within exper-

iments. The OMR was checked in the afternoon preceding electroretinogram (ERG) and positive 

scotopic threshold response (PSTR) exams, while blind to the genotype, sex and treatment.  

Table 6. Mice tested for visual acuity after uGT. 1 month old WT and KO mice underwent intravitreal injec-

tions of -'^%'I$B'$C$,'c9$'$C$'@6?':B$6:$<'@=:A'33[-2/2-CMV-WFS1 in the titration of 1,5 · 1011 VG/ml, and 

the other was sham-treated with PBS. OMR was tested at 3 and 6 m, that is 2 and 5 months after the injec-

tions. 

3 m NI PBS/WFS1 

 

6 m NI PBS/WFS1 

WT 
F 2 4 

 WT 

F 2 4 

M 3 5 

 

M 3 4 

Total 5 9 
 

Total 5 8 

KO 
F 2 2 

 KO 

F 2 2 

M 2 6 

 

M 2 3 

Total 4 8 
 

Total 4 5 

Table 7. Mice tested for visual acuity after bGT. 1 month old WT and KO mice underwent intravitreal injec-

tions of AAV-2/2-CMV-WFS1 in the titration of 1,5 · 1011 VG/ml5'-'^%'I$B'$C$,'RA$'?A67-treated eyes were 

injected with PBS. OMR was tested at 3 and 6 m, that is 2 and 5 months after the injections. 

3 m NI PBS WFS1 

 

6 m NI PBS WFS1 

WT 

F 10 2 4 

 WT 

F 10 2 4 

M 10 8 5 

 

M 10 4 5 

Total 20 10 9  Total 20 6 9 

KO 

F 10 3 5 

 KO 

F 10 3 5 

M 10 4 5 

 

M 10 3 4 

Total 20 7 10  Total 20 6 9 

6.5.! Electrophysiology 

Electrophysiology in all experimental groups was performed uniformly. It took place in a 

darkroom, in the morning after overnight dark-adaptation, as advised (Hankins et al., 1998). Mice 

were prepped via topical application of 0.5% tropicamide (Mydriaticum 2 mg / 0.4 ml; Laboratoires 

Théa; Clermont-Ferrand, France) onto both eyes for pupil dilatation. 5 min before the procedure, 

they were anesthetized by an IP injection of ketamine (160 mg/kg) / xylazine hydrochloride (9.33 
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mg/kg) solution. Immediately after which, tropicamide was reapplied. Once asleep, eyes were in-

stilled with 0.4% oxybuprocaine hydrochloride (Cebesine; Laboratoire Chauvin, Bausch+Lomb; 

Montpellier, France) and the excess fluid was wiped off; ensuring anesthesia and immobility. 

ERG was recorded with cotton wick electrodes, as previously described by our team (Che-

kroud et al., 2011), using Visiosystem (SIEM BioMedicale; Nimes, France). Briefly, the hand-crafted 

wicks of pure surgical cotton were dipped in saline (0.9% NaCl, B. Braun Medical, Verbac; Bou-

logne, France) and placed on the cornea of each eye. Beforehand, the reference needle electrodes 

were installed subcutaneously behind the ears, and the grounding needle electrode at the height 

of the tailbone. The saline was reapplied during light adaptation for moisturizing and keeping cot-

ton wicks efficiently conductive. Throughout the exam, body temperature was maintained at 

37.0°C thanks to a heating pad and a rectal probe (Temperature Control Unit HB 101/2; Bioseb; 

Vitrolles, France). First, the unconscious mouse was exposed to flashes of light lasting 5 ms at 0.1 

Hz frequency each, with growing intensities (0.159, 0.3, 0.5, 1.59, 5, 15.9 cd·s/m2); for the scotopic 

ERG. That included the PSTR of RGCs (Frishman et al., 1996; Sieving et al., 1986), as the second of 

six recordings (Figure 12A). The last recording in this sequence, at 0.5 Hz frequency, corresponded 

to mesopic ERG, and represented the response of PR (a-wave) and ON-bipolar cells (b-wave) (Heik-

kinen et al., 2011). Next, the mouse was light-adapted for 5 minutes, after which photopic ERG was 

registered (5 ms, 1 Hz, 159 cd·s/m2). Here, the a-wave corresponded to cones (Heikkinen et al., 

2011), the b-wave to ON-bipolar and Müller cells, and the photopic negative response (PhNR) wave 

to RGCs (Gotoh et al., 2004; Kinoshita et al., 2016; Viswanathan et al., 1999). A cut-off filter for ERG 

was set at 40 Hz. The a-wave amplitude was calculated from the base of the trough, just as the 

PhNR-wave, whereas the b-wave started at the trough of the a-wave instead of the baseline (Fig-

ure 12B). 20 mice per group took the bilateral exam, with the maximum of 6 mice per day to keep 

the testing within an equivalent time frame. Most of them survived the tests, recovering on a heat-

ing pad, with a protective ophthalmic gel (Lacryvisc; Alcon; Fort Worth, USA). The data was analyzed 

with Visiosystem software (SIEM BioMedicale; Nimes, France), averaged for both eyes, and a mean 

with SEM per each group was calculated.  
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Figure 12. ERG and VEP traces. A) Scotopic ERG with a representative PSTR-wave. B) Photopic ERG with 
representative a-, b- and PhNR-waves. C) VEP with representative N- and P-waves. Each wave is marked 
with an arrow. Proportions between waves are not preserved. See text for more details. 

Additionally, electric conduit from RGC towards the brain was checked with visual evoked po-

tentials (VEP) in 19 WT and 12 KO 6 months old mice. For that, the unconscious animals were pre-

pared as for ERG, and the same apparatus was used. During the exam, they were placed on the 

heating pad and the needle electrodes were installed subcutaneously: one at the nose, one at the 

cranium, and one at the tailbone, for grounding. The tests were done in the morning and 3 traces 

per mouse were collected at 60 flashes of 5 ms at 1 Hz and 159 cd·s/m2. A cut-off filter was set at 

35 Hz. The traces were averaged by the software (Visiosystem; SIEM BioMedicale, Nimes, France). 

Afterwards, the N+P amplitudes, as well as N- and P-wave latencies were calculated (Figure 12C), 

averaged per group and plotted on a graph, just as we did for Wfs1exon2del mouse line (Bonnet Wer-

singer et al., 2014). 

The ERG was also measured for Wfs1
E864K mouse line; at 1, 3, 7 and 12 m for WT and 

Wfs1
E864K/+ mice, but only at 1 and 3 m for Wfs1

E864K mice. The number of mice per group varied in 

each condition and depended on their availability. There was 12 WT, 2 Wfs1
E864K/+ and 4 Wfs1

E864K 

mice at 1 m; 17 WT, 19 Wfs1
E864K/+ and 19 Wfs1

E864K mice at 3 m; 12 WT and 18 Wfs1
E864K/+ mice at 

7 m; 6 WT and 8 Wfs1
E864K/+ mice at 12 m. The results for WT and homozygous mutants at 1 and 3 

m are reported in the RESULTS section, whilst the rest is in ANNEX II. 

Subsequently, mice after the gene therapy also underwent the ERG testing. It took place at 

3 and 6 m, with 4-5 mice in the NI groups, 4-9 in the PBS and the WFS1 groups of unilateral GT. For 
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the bilateral, there was 20 mice in the NI, 7-10 in the PBS, and 8-9 in the WFS1 groups of bilateral 

GT. All of the ERG results after GT are shown in ANNEX III. 

6.6.! Eye fundus 

Fundoscopy was performed with Micron III retinal imaging system (Phoenix Research Labs; 

Pleasanton, USA). The mice were prepped as for ERG, including anesthesia and pupillary dilatation. 

During the exam, the eyes were covered with an ophthalmic gel (Lacryvisc; Alcon®, Novartis; Fort 

Worth, USA) to minimalize light refraction. The pictures obtained with StreamPix 3 (Norpix; Mon-

treal, Canada) were analyzed for retinal damage, optic disc (OD) pallor (for Wfs1exon8del) and OD 

damage (for Wfs1
E864K), with at least 5 pictures per eye.  

For Wfs1exon8del
 mice the exam was performed at 3 and 6 m, with 4 and 20-25 mice per group, 

respectively.  First, the OD pallor was calculated manually via subjective scoring with 0 when there 

was a normal, gray OD; 1 for moderate OD pallor; and 2 for profound pallor. Later on, a macro for 

ImageJ software (NIH; USA) was developed with Volker Becker, PhD, to assess the pallor automati-

cally, in a more objective way. Thus, signal intensities of the manually delimited OD and the rest of 

the eye fundus (background) were extracted from the pictures. For normalization, OD signal was 

either divided by the background signal, or the latter was subtracted. Results of both eyes com-

bined for all three approaches were processed similarly; hence the mean ± SEM was calculated per 

each testing group; and plotted in graphs. Additional results plotted for each gender separately are 

reported in ANNEX I. 

For Wfs1
E864K mice the exam was performed only at 3 m, according to the availability of the 

mice. There was 16 WT, 5 Wfs1
E864K/+ and 13 Wfs1

E864K animals, which were analyzed for OD dam-

age due to its severe deformation; with the three methods explained above. Hence more distinc-

tive, additional results from the ImageJ analysis divided by sex are reported in ANNEX II. 

For Wfs1exon8del
 mice after the gene therapy the exam was performed only at 6 m. There were 

5-6 mice in the NI group, 3-4 in the PBS group and 15-19 in the WFS1 group. 
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Additionally, Wfs1exon8del
 and Wfs1

E864K lines were tested for blood vessel leakage in the reti-

96,'R8'<8'?85'69'69K=8KB67'@=:A';%&8B$?#$=9'@6?'I$B;8B7$<,'RA&?5'0,.'^%XK'8;'G0d';%&8B$?#$=9'?8<i-

um (Laboratoires Théa; Clermont-Ferrand, France) was IP injected to a sleeping mouse. Immediate-

ly after, a sequence of pictures was taken (StreamPix 3; Norpix; Montreal, Canada) with a red filter 

in the Micron III (Phoenix Research Labs; Pleasanton, USA); to document the dye’s distribution in 

the retina. The corresponding pictures can be found in ANNEX I and ANNEX II. 

6.7.! Optical Coherence Tomography 

Optical Coherence Tomography (OCT) of the mouse retina was performed with EnVisu R2200 

imaging system (Bioptigen, Leica Microsystems; Wetzlar, Germany). Mice were prepped as for ERG, 

including the anesthesia and mydriasis. Once asleep, a mouse was wrapped in gauze to avoid 

chilling, and placed in the apparatus. The eyes were hydrated with Systene® Ultra eye drops (Al-

con®, Novartis; Fort Worth, USA) and whiskers were set aside. Immediately before the exam, the 

eye was covered with a thin layer of ophthalmic gel (0.3% GenTeal’; Novartis; Fort Worth, USA) to 

to minimize light refraction, avoid opacities, and maintain corneal hydration. Then, the mouse was 

placed to align its eye’s optic axis with the OCT head (Mouse-Specific Lens), thus having the optic 

nerve (ON) in the middle of the scan. Vertical and circular ring scanning was applied, with the latter 

collecting 100 vertical scans, always centered on the ON. The latter were first analyzed for the reti-

nal nerve fiber layer / ganglion cell layer (RNFL/GCL) and later also for GC complex layer thickness. 

GC complex is composed of the RNFL/GCL, with RGC cell body and axons; together with the inner 

plexiform layer (IPL), where the dendrites reside (Fischer et al., 2009; Grieve et al., 2016). The re-

spective measurements were done in 5 points on both sides of the ON, in its proximity, thanks to 

an ImageJ macro developed with Volker Becker, PhD. The macro creates 2 measuring frames, with 

5 measuring points in each, automatically detecting the borders of the layers. If the detection is 

inaccurate, it is adjusted manually. This happened often, as the OCT scans exhibit strong noise. The 

measuring frames return such parameters as mean intensity, integrated density, mean thickness, 

and total area. The last two values were taken for calculations.  
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The OCT exam was performed for Wfs1exon8del WT and KO mice at 6.5 m, with 12 and 15 ani-

mals per group, respectively. The complementary gender-dependent results may be found in 

ANNEX I. For Wfs1
E864K WT, hetero and homozygous mutant mice it happened at 3 m with the 

number of 3, 5 and 10, respectively; the complementary results are reported in ANNEX II. Finally, 

for Wfs1exon8del WT and KO mice after GT the testing took place as mentioned in Table 6 and Table 

7 (for VA), and the complementary results are reported in ANNEX III.  

6.8.! Transmission Electron Microscopy 

Optic nerves (ON) of 7 month old WT and KO mice (n = 6-7) were prepared for transmission 

electron microscopy (TEM) as described by Wersinger et al. (Wersinger 2014) with minor modifica-

tions. Briefly, the freshly isolated tissues were fixed in 2.5% glutaraldehyde (Electron Microscopy 

Sciences; Hatfield, USA) in PHEM buffer (homemade, pH 7.4) for 1 h in room temperature (RT), and 

then overnight at 4°C. The following morning, the tissues were transferred to 0.5% glutaraldehyde 

in PHEM and given to the Correlative Microscopy and Electron Tomography (COMET; Montpellier, 

France) unit for further processing. There, they were washed in PHEM buffer and post-fixed in 

0.5% osmic acid (Electron Microscopy Sciences; Hatfield, USA) for 2 h in darkness at RT. Next, they 

were rinsed twice in PHEM buffer and dehydrated in a series of EtOH solutions at gradually grow-

ing concentration (30-100%; Sigma-Aldrich, Merck; St. Louis, USA). Finally, ONs were embedded in 

EmBed 812 Resin (Electron Microscopy Sciences, Hatfield, USA), by following the manufacturer’s 

protocol, with Automated Microwave Tissue Processor for Electronic Microscopy (EM AMW; Leica; 

Wetzlar, Germany). After the processing, 70 nm-thick transversal sections were cut at different 

sample levels, with an ultra-microtome (Ultracut E; Leica-Reichert; Wetzlar, Germany), collected 

and counterstained with 1.5% uranyl acetate (Electron Microscopy Sciences; Hatfield, USA) in 70% 

EtOH and lead citrate (Electron Microscopy Sciences; Hatfield, USA).  The ON sections were then 

observed under TEM (Tecnai G2 F20 Spirit BioTWIN TEM; FEI, Thermo Fisher Scientific; Hillsboro, 

USA) and randomly pictured with an Eagle 4K HS camera, optimal for high resolution data acquisi-

tion.  
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Calculations were done for myelinated axons in minimum 20 images of 4.4 · 10-11 m2 per 

mouse; for the total number of axons per surface and a percentage of damaged axons, in relation 

of their size. Then, the pictures were re-analyzed with ImageJ, using a G ratio calculator 1.0 plugin 

(CIF, University of Lausanne; Switzerland) for myelin thickness. However, the ON axons were too 

close from each other, so the only reliable data was collected for inner perimeter, area, and index 

of circularity (IC) parameters. The results are presented as mean ± SEM for each group, after pool-

ing all the axons together; with additionally plotted histograms. The descriptive statistics is pre-

sented in ANNEX III. This operation with ImageJ was done only for Wfs1exon8del mice in the gene 

therapy experiment (n = 3-5). 

6.9.! Immunohistochemistry 

Enuclated eyes with ONs from 7 months old WT and KO (or 3 months old Wfs1
WT and 

Wfs1
E864K) mice were pierced and fixed overnight in 4% paraformaldehyde (PFA) in PBS (home-

made from powder; Sigma-Aldrich, Merck; St. Louis, USA) at 4°C. Afterwards, they were washed 

with cold PBS (4 · 10 min) and kept in 15% sucrose at 4°C for min 12h. Then, the cornea was re-

moved and the eyes were immersed in ice-cold 30% sucrose, where they stayed for at least anoth-

er 12h. After this, further cryoprotection and inclusion in optimum cutting temperature medium 

(Tissue-Tek® O.C.T. Compound; Sakura® Finetek; Torrance, USA) took place. Finally, 12 mm-thick 

sagittal sections were cut with a cryostat (CM 3050, Leica Microsystems; Wetzlar, Germany); in 

mid-retina, passing through the ON. They were kept in -20°C until further use. 

For immunohistology, the frozen sections were first permeabilized with 0.1% Triton X-100 in 

PBS during 5 min, at RT. Then, they were saturated for 30-60 min in a buffer of 10% Donkey serum, 

0.1% Triton X-100 and 0.1% Tween-20 in PBS. The RGC nucleus staining was done with anti-Brn3a 

goat polyclonal antibodies (1/500; Santa Cruz Biotechnology, Heidelberg, Germany) in the satura-

tion buffer, overnight at 4°C. After washing in PBS, the secondary, anti-goat donkey antibodies 

were applied (1/800, 1h at RT; Alexa Fluor® 594 nm; Thermo Fisher Scientific; Waltham, USA), what 

was topped up with Hoechst (1/10 000 in PBS; GibcoTM, Thermo Fisher Scientific; Waltham, USA) 

during the last 15 min of the incubation; for unspecific nucleus detection. After washing off, cover 
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slips were mounted on the slides (Fluorescence Mounting Medium; Dako, Agilent Technologies; 

Glostrup, Denmark), and they were left to dry at 4°C. Finally, 6 sections per mouse were photo-

graphed under fluorescence (Axio Imager Z1 / ZEN with Apotome and AxioCam MRc; Zeiss; Ober-

kochen, Germany), as a mosaic of the entire retinal section; and the RGC number was calculated. 

To prepare paraffin sections, used for haematoxylin and eosin (H&E) staining, the eyes were 

immersed in 4% PFA and then washed in PBS, as described above. After removing the cornea, they 

were placed in 70% EtOH (Sigma-Aldrich, Merck; St. Louis, USA). Further processing, cutting and 

H&E staining were done by Le Réseau d'Histologie Expérimentale de Montpellier (RHEM) platform. 

In effect, 8 8 mm-thick sagittal sections per mouse were obtained (1 eye/mouse, n = 4-5), and pho-

tographed with a slide scanner (NanoZoomer 2.0-HT Digital Pathology Slide Scanner; Hamamatsu 

Photonics; Japan). They were afterwards analyzed for RGC number. 

Finally, flat-mounted retinas were prepared as follows. Enucleated eyes were first pierced 

and immersed in 4% PFA for 3h at 4°C. After washing in PBS, the retinas were gently isolated from 

the eyes and stained with the same protocol as described above for frozen sections; in 24-well 

plates. At the end, each retina was nicked at the side, in 4-5 places, to enable flat-mounting in a 

flower shape. Primary antibodies were used against Brn3a (goat 1/500; Santa Cruz Biotechnology, 

Heidelberg, Germany), Wfs1 and WFS1 (rabbit 1/500; Proteintech; Rosemont, USA), as well as hu-

man-specific WFS1 (rabbit 1/500; Cell Signalling Technology; Danvers, USA). The retinas were ob-

served under fluorescence (Axio Imager D1 / Axiovision with AxioCam MRc; Zeiss; Oberkochen, 

Germany) for further analysis.  

6.10.! Q-PCR assay 

All experiments with RNA were performed in sterile conditions, avoiding RNA degradation. 

Total RNA was isolated from snap-frozen retinas of 6.5 months old WT and KO mice, 1 per mouse. 

It was done with the RNeasy mini kit (Qiagen; Courtaboeuf, France), following the manufacturer’s 

protocol, after which the purified RNA was stored at -80°C until further use. To obtain mRNA, equal 

quantities of the purified RNA were reverse transcribed with the Superscript III First Strand Synthe-

sis System kit (Life Technologies; Saint-Aubin, France), following the standard protocol. The ac-
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J&=B$<']a3'@6?'<=%&:$<':8'.'9KX^%5'69<'?:8B$<'6:'-20°C until needed. Finally, the SYBR® Green de-

tection-based quantitative PCR (qPCR) was done with the LightCycler® 480 system (Roche; Meylan, 

France), with previously established gene-dependent optimal melting temperatures; with 40 repli-

cation cycles, for 10 ng of DNA, in triplicates. The expression of tested genes was referenced 

against the L27 housekeeping gene, and assessed using the software’s absolute advanced quantifi-

cation method. The primers are listed in Table 8. Three lots of WT and KO mice, 4 mice each, were 

examined; except for Chop and Bip gene expression, which was tested only in one experiment. For 

statistical purposes, the expression levels in KO retinas were normalized to WT retinas, and then a 

mean ± SEM was calculated from the three independent experiments.  

 

Table 8. Sequence of primers in qPCR. 

Gene F R 

L27 ACGCAAAGCCGTCATCGTGAAG CTTGGCGATCTTCTTCTTGCC 

Thy1 CTCCTGCTCTCAGTCTTGC CCTGAGAGCACGTGCTTCC 

Chop TATCTCATCCCCAGGAAACG CTGCTCCTTCTCCTTCATGC 

Bip TTCAGCCAATTATCAGCAAACTCT TTTTCTGATGTATCCTCTTCACCAGT 

Xbp1s GAGTCCGCAGCAGGTG GTGTCAGAGTCCATGGGA 

Nef3 CGTGTCCTCCTCCTACAAGC GGTGGATGTCTTCCTCCAAG 

Nrn1 TATTTCACTGATCCTCGCGG GAAATCCTCCCAGTATGTG 

 

6.11.! Gene Therapy 

Gene therapy for Wfs1exon8del line was performed intravitreally at P30 ± 1 day. At first, the 

transduction efficiency was tested with AAV-2/2-CMV-GFP, n = 4. It was injected just as the AAV-

2/2-CMV-WFS1 construct, which harbors the functional human gene; =9':A$'Y8%&7$'8;'-'^%'I$B'$C$5'

at the titration of 1,5 · 1011 VG/ml, in PBS. In the GT pilot experiment, one eye, chosen at random, 

was treated with the vector, while the other one was sham-injected with PBS (see Table 6). In the 

later experiment, a bilateral approach was applied instead (see Table 7). The viral constructs used 

in this study were produced at Laboratoire d'Amplification de Vecteurs – CHU de Nantes, based on 

the provided sequences, and stocked at -80°C until use. 

The GT procedure started with the previously described prepping and anesthetizing; for un-

conscious mice with diluted pupils. Except, the anesthetic amount was divided by half due to the 

fragility of young mice. Once asleep, the mouse was placed on its side, under a loop (M80, Leica 
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Microsystems; Wetzlar, Germany), and the eye was covered with ophthalmic gel (Lacryvisc; Alcon®, 

Novartis; Fort Worth, USA). After installing a circular cover slip, the eye was pierced with a sharp 

34-gauge needle (Hamilton MicroSyringe; Reno, USA) for pressure equalization. Then, a loaded 

Hamilton 5 ^%'syringe (MicroliterTM #65; Hamilton MicroSyringe; Reno, USA) with a blunt 34-gauge 

needle was used for gene delivery. It was done on the opposite side of the first hole, and the nee-

dle was kept inside until the eye coloring returned to normal; therefore up to several minutes. Fi-

nally, the needle was slowly removed and the procedure was repeated on the second eye. The 

mouse recovered on a heating plate at 37°C, with the eyes covered by the ophthalmic gel, and was 

kept in a separate cage until full recovery. 

As an additional pilot study, Wfs1
WT and Wfs1

E864K mice received the intravitreal GT at p14. 

One eye was injected with AAV-2/2-CMV-GFP while the other with AAV-2/2-CMV-WFS1. The re-

sults are briefly reported in ANNEX III. 

6.12.! Statistical analysis 

The process of analyzing raw data is described for each experiment in respective chapters. In 

general, the results are shown as mean value ± SEM, after removing outliers with the Grubbs’ test 

for n > 4. The statistical significance was assessed via the Student’s t-test with two-tailed distribu-

tion, homo or heteroscedastic, after assessing the variance. Results are considered significant at p 

< 0,05. 
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7.! RESULTS 

7.1.! Part I: Phenotyping Wfs1
exon8del

 line 

Wfs1exon8del mouse line was first proposed as a WS model by Luuk et al. in 2008 (Luuk et al., 

2008). Since then, their endocrine and neurological systems, as well as autonomic dysfunction have 

been intensly studied (Ehrlich et al., 2016; Ivask et al., 2016; Kõks et al., 2009, 2011, Luuk et al., 

2009, 2012; Matto et al., 2011; Noormets et al., 2009, 2011, 2014, Raud et al., 2009, 2015; Reimets 

et al., 2016; Sütt et al., 2015; Tein et al., 2015; Terasmaa et al., 2011; Visnapuu et al., 2013a, 

2013b). However, until now their visual system functionality remained unexplored. Of note, KO 

males are infertile and KO females seem to give birth to less viable offspring. Therefore, the repro-

duction in our animal facility was adjusted accordingly, as described in MATERIALS AND METHODS.  

7.1.1.! Normal IOP 

As by the age of 7 months most of the KO mice develop exophthalmia, the intraocular pres-

sure (IOP) was measured to investigate its origin. There was no difference between IOP in 3 

months old WT and KO mice, in view of the mean group values at 16.8 ± 0.6 mmHg and 16.5 ± 0.6 

mmHg, respectively (Figure 13). At 7 months of age (m) however, there was a significant difference 

(p = 0.050) between the groups, with the WTs preserving a similar result (16.8 ± 0.6 mmHg), but 

the KOs, surprisingly, displaying a much lower IOP of 13.9 ± 1.4 mmHg. Of note, the readings in this 

group varied between 9.5 and 19.0 mmHg. For this test, I managed to include older KO mice, what 

is a rare practice for this line due to their general ill-being. The results at 8 m were again similar 

between the genotypes, namely 14.5 ± 1.0 mmHg and 13.9 ± 1.2 mmHg for the WTs and KOs, re-

spectively. Afterwards, the group sizes dropped to n = 4 for WT and n = 3 for KO, with only 1 KO 

mouse tested at 10 m. Since the focus was on the 3 and 7-month-olds, this pilot test was not re-

peated. Here again, the IOP values did not differ between the genotypes, but showed even bigger 

variations. For 9 m they were at 17.4 ± 2.0 mmHg and 19.0 ± 3.3 mmHg, whereas for 10 m at 16.1 ± 

1.3 mmHg and 13.5 mmHg, for the WT and the KO mice, respectively. Of note, there was no signifi-

cance between the subsequent ages. Altogether, the presented data show age-related fluctuations 

in IOP for the WT and KO mice, but the expected increase in KO IOP was not reported. 
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Figure 13. Intraocular pressure.  IOP was measured for WT (in blue) and KO (in red) mice at 3, 7, 8, 9 and 10 

m. Results for both eyes are shown as mean ± SEM; n = 3-10. Significance is indicated with * when p < 0.05; 

mmHg – millimeter of mercury. 

 

7.1.2.! Hyperglycemia 

Considering that WS provokes diabetes, blood sugar level was measured for the Wfs1exon8del 

line. It was previously published that the KO mice exhibit glucose intolerance and a tendency to-

wards diabetes (Ivask et al., 2016; Luuk et al., 2009). I wanted to confirm that the provided diet 

does not influence this trait. Firstly, the measurement took place at night, after a day of normal 

activity. At 3 m, WT mice had a slightly lower blood glucose levels than KO (Figure 14A), namely 

125.2 ± 5.2 mg/dL vs. 139.5 ± 10.0 mg/dL. At 6 m, however, the WTs displayed a similar 129.9 ± 4.7 

mg/dL, while the KOs an increased 191.4 ± 29.7 mg/dL, what was almost significant in time (p = 

0.059). This level was not high enough to indicate diabetes, but it seems that our KO mice exhibit 

hyperglycemia. 

In the morning following the overnight fasting, the blood glucose levels dropped evenly for all 

the testing groups (Figure 14B). Specifically, the 3 month old WT mice showed 79.4 ± 5.4 mg/dL vs. 

71.7 ± 4.5 mg/dL of glucose in peripheral blood in the KOs. At 6 months, the results were 84.1 ± 4.2 

mg/dL vs. 84.3 ± 6.1 mg/dL, therefore, again, similar. Altogether, the morning readings were much 

less variable in the KO groups if compared to the night readings. 
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Figure 14. Glucose in peripheral blood. Blood glucose levels were measured at night (A) and in the follow-

ing morning (B), after overnight fasting, for 3 and 6 months old WT (in blue) and KO (in red) mice. Results 

are shown as mean ± SEM; n = 8-10. Significance is indicated with * when p < 0.05. 

 

7.1.3.! Progressive loss of visual acuity and contrast sensitivity 

The optomotor reflex (OMR) in mice is parallel to optokinetic reflex in humans - a patient is 

exposed to a display of vertically moving black and white stripes, and the eyeball movement is reg-

istered. Since it is not possible to subject the mouse to a similar test for visual acuity (VA) or con-

trast sensitivity (CS), many equivalents have been developed. These include a startle reflex, orien-

tation, light discrimination, maze and head-tracking tests (Thomas et al., 2004). Among these, the 

most up-to-date is the latter, with the OptoMotry system considered as the present-day standard 

(Kretschmer et al., 2013). It measures subcortical, lower frequency vision guided by contralateral 

pathways (Douglas et al., 2005; Prusky et al., 2004). 

It was previously reported that mice reach their maximal performance in the OptoMotry at 

P24. After that, a plateau follows (Prusky et al., 2004). The genetic background of the Wfs1exon8del 

line is a hybrid of C57BL/6 and 129S6/SvEvTac (Luuk et al., 2008, 2009), which was not previously 

tested for OMR. That is why, looking for discrepancies between genotypes, I decided to start the 

tests at 1 m, after the maximal performance should be reached. Another reason is that the mouse 

retina is developed by that time.  
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The mice were initially tested for the spatial frequency threshold (Figure 15). They usually 

seemed stressed while in the chamber; often moved impatiently or were completely ignorant to 

the stimulus. This was more common for the KO mice, which appeared much more depressed and 

aloof than the WT mice.  

As previously reported (Douglas et al., 2005; Prusky et al., 2004; Thomas et al., 2004), the re-

sults for clockwise and counter-clockwise motion naturally differ. Here, it was more evident for the 

KO mice, especially at 6 m, when some of them looked sickly and/or had eyes surrounded by mu-

cous discharge. However, a mean threshold for both eyes of each mouse was taken to calculate the 

results. Then, a mean with a standard error of the mean (SEM) were calculated for each testing 

group.  

Figure 15. Optomotor reflex. OMR was measured for WT (in blue) and KO (in red) mice as a response to 

grating in horizontal motion at 2 rpm. Spatial frequency thresholds were measured with 100% contrast 

for visual acuity (A), and contrast thresholds with constant 0.031 c/d frequency for contrast sensitivity (B). 

Results for both eyes are shown as mean ± SEM; n = 20. Significance is indicated when p < 0.05, with * be-

tween the genotypes and # between the time points. The SEM bars are often too small to be visible; c/d – 

cycles per degree. 

A small, yet statistically significant difference between the genotypes was reported already at 

1 m (p < 0.001), with the spatial frequency threshold of 0.415 ± 0.002 c/d for the WT mice and 

0.399 ± 0.003 c/d for the KO mice (Figure 15A). That difference grew in time (p < 0.001), as the 

threshold for the 3 month old WT mice increased to 0.421 ± 0.002 c/d (p = 0.016), while for the KO 

mice it decreased to 0.378 ± 0.004 c/d (p < 0.001). At 6 m, the discrepancy was even more evident 
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(p < 0.001), seeing that the threshold for the WT mice slightly diminished to 0.407 ± 0.002 c/d (p < 

0.001), whereas the decline was steep for the KO mice (0.318 ± 0.008 c/d, p < 0.001). Briefly, lack 

of Wfs1 caused a progressive loss of VA. 

The ability to see may be assessed with OptoMotry either by changing the spatial frequency 

or the contrast. Because it is much harder to measure CS, this test was performed only for 3 and 6 

months old mice (Figure 15B). In accordance with what was observed for the frequency, the KO 

animals had worse OMR than the WT controls. Three months old WT mice were able to detect 

grating movement with a contrast as little as 6.42 ± 0.17%, whereas the KO stopped at 15.33 ± 

1.21%, reaching a significant divergence (p < 0.001). When 6 month old, that divergence was even 

greater (p < 0.001); with the WT mouse threshold at 8.71 ± 0.17% and the KO mouse at only 28.17 

± 1.07%. In other words, both genotypes’ performance decreased in time (WT: p < 0.001, KO: p < 

0.001), however that CS decline, again, was much sharper for the KO animals. In short, the absence 

of Wfs1 provoked progressive loss of CS. 

Forasmuch the sex of the animal may influence results, what was widely discussed in the lit-

erature; and also in view of obvious physiological variations between females and males of the 

studied line (Noormets et al., 2009), I also analyzed the thresholds for each gender separately (Fig-

ure 16). In general, the KO males showed lower spatial frequency thresholds than the females (Fig-

ure 16A). Therefore, the gender-specific differences between the genotypes were not the same. In 

this fashion, the mean threshold for the 1 month old female WT mice was 0.414 ± 0.002 c/d versus 

a similar 0.416 ± 0.003 c/d for the males. The KO females reached 0.404 ± 0.003 c/d threshold, 

which was enough to strike a statistical significance versus the WT females (p = 0.006); and finally 

the KO males reached a lesser 0.395 ± 0.003 c/d, resulting in a greater difference in the male group 

(p = 0.004). Similar situation took place at 3 m (females: p < 0.001, males: p < 0.001), where the 

values were as follows: 0.423 ± 0.002 c/d for the WT females, 0.419 ± 0.003 c/d for the WT males, 

0.390 ± 0.005 c/d for the KO females, and 0.369 ± 0.005 c/d for the KO males. Finally, at 6 m, it be-

came indisputable that OMR in the KO males wanes more drastically than in the females. It was 

shown with the reported values: 0.406 ± 0.003 c/d for the WT females, 0.408 ± 0.001 c/d for the 

WT males, 0.327 ± 0.008 c/d for the KO females, and 0.308 ± 0.014 c/d for the KO males; even 

though it reached significance only at 3 m (p = 0.008). To complement the validity of these obser-
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vations, a statistical significance of the changes in time was analyzed. It was reached in all cases 

except for the WT males between 1 and 3 m (p = 0.45). In general, the significance for WTs was 

smaller than for the KOs, what is logical given the smaller threshold fluctuations in the WT mice.  

Figure 16. Optomotor reflex in females and males. OMR was measured separately for females (top) and 

males (bottom) in photopic conditions at 1, 3 and 6 m, as a response to grating in horizontal motion at 2 

rpm. Spatial frequency thresholds were measured with 100% contrast for visual acuity (A), and contrast 

thresholds with constant 0.031 c/d frequency for contrast sensitivity (B). Results for both eyes are shown as 

mean ± SEM for WT (in blue) and KO (in red) mice; n = 10. Significance is indicated when p < 0.05, with * 

between the genotypes and # between the time points. The SEM bars are often too small to be visible; c/d – 

cycles per degree, F – female, M - male. 

While analyzing the CS results gender by gender, as it was done for the spatial frequency, 

similar observations took place (Figure 16B). First of all, the KO males performed worse than the 

females, reaching 18.60 ± 1.72% and 27.74 ± 1.42% at 3 and 6 m, respectively. Their scores were 

more varied and the strongest difference took place at the beginning of the tests. In comparison, 

the WT males reached 6.14 ± 0.26% (p < 0.001) and 8.85 ± 27.74% (p < 0.001) at the corresponding 
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times. The discrepancies for the females were small at 3 months (p < 0.001), with the values of 

6.71 ± 0.18% and 12.05 ± 0.89% for the WTs and KOs, respectively. At 6 months the differences 

were bigger, similar to the ones for males, with the values of 8.58 ± 0.25% and 28.60 ± 1.67% for 

the WTs and KOs, respectively. Alike frequency, the difference between genders with the KO geno-

type reached significance at 3 m (p = 0.003). Taken together, the results show that both, the VA 

and CS, are impaired in KO mice, worsen in time, and are even more severe in males. 

 

7.1.4.! Changes in RGC function 

Electrophysiology is considered a fast and reliable method of visual function screening (Pinto 

and Enroth-Cugell, 2000; Pinto et al., 2005). It may follow either a scotopic or a photopic adapta-

tion; and address the whole retina or only some parts of it. Here I report the results of a whole-

field electroretinogram (ERG), recorded after a scotopic and a subsequent photopic adaptation.  

Figure 17. RGC function. PSTR (A) and PhNR (B) were recorded after overnight adaptation in darkness, for 3 

and 6.5 months old Wfs1exon8del mice. RGC response to flashes, at 5 ms, 0.1 Hz and 0.3 cd·s/m2 in A and at 5 

ms, 1 Hz and 159 cd·s/m2 in B, is shown as mean ± SEM for both $C$?5'=9'7=#B8Y8%:'e^[f';8B':A$'@6Y$'67I%i-

tude (top) and in millisecond [ms] for the latency (bottom). Blue and red bars correspond to WT and KO 
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mice, respectively, with 20 mice per group. Significance is indicated when p < 0.05; in black between the 

genotypes, in blue between WT and in red between KO mice. 

Two of the recorded waves correspond to RGC function, the positive scotopic threshold re-

sponse (PSTR) wave in the scotopic ERG and the photopic negative response (PhNR) wave in the 

photopic ERG (Figure 17). In PSTR, originating from the rod pathway (Sieving et al., 1986), there 

was no significant difference between the genotypes (Figure 17A). Regarding the wave amplitude, 

which corresponds to the number of active cells (Liu et al., 2014; Rangaswamy et al., 2004; Wang 

et al., 2012)5'DR'O1W?'?#8B$<'!/,/'g'!,G'^['6:'b'7'69<'6'%8@$B'.-,0'g'U,0'^['6:'!,.'7,'RA6:'<$#%=9$'

was expected (Pérez de Lara et al., 2014) and significant (p = 0.024). KO RGCs, similarly, scored 69.3 

g'h,G'^['69<'%6:$B'6'?%=KA:%C' %8@$B'!b,0'g'!,-'^[5'>&:' =:'was not significant. The latency results in 

PSTR, which correspond to the speed of the conduit, were also alike. Here, the WT RGCs reacted at 

80.7 ± 1.0 ms and 84.3 ± 2.1 ms, whereas the KO RGCs at 79.8 ± 1.3 ms and 84.5 ± 1.1 ms; at 3 and 

6.5 m, respectively. Naturally, the latency increased in time, but that was significant only for the KO 

RGCs (p = 0.007). 

The PhNR-wave (Figure 17B) represents RGC spiking activity originating from light-adapted 

cones (Gotoh et al., 2004; Kinoshita et al., 2016; Viswanathan et al., 1999). The wave amplitude 

slightly decreased for the DR'O1W?5';B87'*h,*'g'.,U'^['6:'b'7':8'*-,.'g'!,/'^['6:'!,.'75'>&:' =n-

creased for the Pc'O1W?5';B87'hh,!'g'*,U'^[':8'/b,U'g'!,h'^[5'@=:A8&:'?=K9=;=#69#$,'i8@$Y$B5':A$re 

were differences in the latency of light-adapted RGC transmission. It significantly (p = 0.037) grew 

in time for the WT mice, from 101.6 ± 1.5 ms to 110.5 ± 3.9 ms, while for the KO mice it remained 

rather stable, with 99.1 ± 1.5 ms to 99.2 ± 2.8 ms, at 3 and 6.5 m, respectively. In short, the PhNR 

latency was larger (p = 0.024) between the genotypes at 6.5 m, pointing at a faster signal transmis-

sion by KO retinas. 

Additonally, the PhNR readings were normalized to the b-wave for reducing inter-individual 

variability. The most effective formula I encountered so far was: [jPhNR-wavej / (b-wave + jPhNR-

wavej)], which was reported markedly effective (Kundra et al., 2016). Figure 18 demonstrates that 

the normalized PhNR (PhNRN) amplitudes (Figure 18A) are almost identical in both genotypes, 

even similarly decreasing with time; as expected. The PhNRN latencies (Figure 18B) however, ap-
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pear different at 3 m (p = 0.040). At that time the WTs responded earlier (0.696 ± 0.002) than the 

KOs (0.698 ± 0.003), indicating a slower conduit in the retina with the lack of Wfs1. 

Figure 18. Normalized PhNR. Amplitude (A) and latency (B) of PhNR were normalized to the b-wave follow-

ing the equation: [|!"#$-%&'(| ÷ ()-%&'( + |!"#$-%&'(|)] proposed by Kundra et al. (Kundra et al., 

2016). The results are shown as mean ± SEM, for both eyes of WT (in blue) and KO (in red) mice; n = 20. 

Significance is indicated when p < 0.05; in black between the genotypes, in blue between WT and in red 

between KO mice. PhNRN – normalized PhNR. 

7.1.5.! Changes in photoreceptor, ON-bipolar and Müller cell function 

What are the a- and b-waves of ERG? In darkness, photoreceptors (PRs) stay depolarized 

thanks to a stream of cations. To simplify, cations are released by K+-channels in inner PR segments 

and enter outer segments by cGMP-activated channels due to spatial buffering (Newman, 1987). In 

this way, a sort of a positive-electric-field-cocoon is created in the extracellular space around PRs. 

Light disturbs this stream of cations, provoking a change in the negative potential, observed as the 

a-wave (Pinto et al., 2005). Strictly speaking, after dark-adaptation, rods, representing 97% of mu-

rine PRs (Carter-Dawson and LaVail, 1979), are the ones to respond (Penn and Hagins, 1969). Final-

ly, a subsequent b-wave stands mainly for ON-bipolar cells, and partially Müller cells, to which the 

conduit is passed on (Miller and Dowling, 1970; Newman, 1987; Pinto et al., 2005; Stockton and 

Slaughter, 1989). At the end of this K+-driven path reside RGC. Mesopic light allows for spotting a 

transition between the scotopic and photopic response, which are driven by rods and cones, re-

spectively. Therefore, both PR classes are active in the mesopic ERG (Heikkinen et al., 2011), 

whereas in the photopic ERG, mainly the cone-response is recorded. 
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During the mesopic ERG, the a-wave trace did not demonstrate any significant differences 

between the genotypes (Figure 19A), as anticipated. For the amplitude, an expected tendency of 

decrease in time was noted in all mice. Thus, WT PRs ?#8B$<'G00,b'g'/,U'^['69<'h!,U'g'*,b'^[5'?=7i-

larly to KO PRs, @=:A'/U,.'g'/,*'^['69<'*h,/'g'/,b'^[5'6:'b'69<'!,.'75'B$?I$#:=Y$%C,'RA$'#8BB$?I89d-

ing latencies were 19.9 ± 0.3 ms, 21.3 ± 0.7 ms, 20.4 ± 0.3 ms, and 20.7 ± 0.6 ms; hence marginally 

more stable for the KOs, but alike. 

Figure 19. Mesopic ERG. A-wave (A), for PRs, and b-wave (B), for ON-bipolar cells, were recorded after 

overnight adaptation in darkness, for 3 and 6.5 months old WT (in blue) and KO (in red) mice. Results rec-

orded for flashes at 5 ms, 0.5 Hz and 15.9 cd·s/m2 are shown as mean ± SEM for both eyes; for the wave 

amplitude (top) and latency (bottom); n = 20. Significance is indicated when p < 0.05; in black between the 

genotypes, in blue between WT and in red between KO mice. 

ON-bipolar cells proved more interesting through the mesopic b-wave (Figure 19B). Here, the 

amplitude decreased in time for the WT (p = 0.024), but not for the KO mice. That decline was 

%6BK$5';B87'b*/,G'g'bb,-'^[':8'-/!,h'g'-G,h'^[; while the younger KO retinas reacted only a little 

>$::$B' +b.G,!'g'bb,U'^[4' :A69' :A$'8%<$B'89$?' +bb!,/'g'-*,!'^[4,'RA$' :=7$'8;' ?=K96%' :B69?7=??=895'

however, was shorter for the KO mice. At 3 m, the difference between the genotypes was signifi-

cant (p = 0.018), with 42.1 ± 0.5 ms for the WTs and 40.3 ± 0.5 ms for the KOs. It was weaker at 6 
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m, with 44.1 ± 1.0 ms and 43.1 ± 0.7 ms for the WTs and KOs, respectively. Moreover, only the KO 

mice showed slowing down with time (p = 0.004). In brief, without Wfs1 the ON-bipolar cell con-

ductivity was faster, in accordance with the crude PhNR latency (Figure 19B). 

In photopic conditions, the a-wave illustrates cone activity, whereas the b-wave ON-bipolar 

and Müller cell activity. The number of active KO cones (Figure 20A) was smaller (p = 0.025) than 

WT cones, responding at 3 m with 29,/'g'b,G'^['69<'U-,G'g'b,h'^[5 respectively. At 6.5 m, however, 

:A$'67I%=:&<$?'@$B$'$J&6%5'-/,/'g'b,0'^['69<'-/,*'g'b,b'^[5 and decreasing for the WT mice (p = 

0.019). Regarding the time required for the transmission, the KO retinas were slower (p = 0.014) at 

3 m but not at 6 m. Furthermore, the latency increased only for the WT mice (p = 0.037) from 21.3 

± 0.3 ms to 24.9 ± 1.7 ms, remaining rather stable for the other genotype, with 23.3 ± 0.9 ms and 

24.1 ± 0.8 ms. In general, the photopic a-wave had lower amplitude than the mesopic a-wave, 

since only one PR population was active (Heikkinen et al., 2011), and less cells responded in the KO 

retinas when compared to the WTs. 

Figure 20. Photopic ERG. A-wave (A), for cones, and b-wave (B), for ON-bipolar and Müller cells, were rec-

orded after 5 min long adaptation to bright light, as a response to flashes at 5 ms, 1 Hz and 159 cd·s/m2. 
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Results are shown as mean ± SEM for both eyes of 3 and 6.5 months old WT (in blue) and KO (in red) mice; 

=9'^[';8B':A$'@6Y$'67I%=:&<$'+:8I4'69<'=9'7?';8B':A$'%6:$9#C'+>8::874)'9'k'-0,'F=K9=;=#69#$'=?'=9<=#6:$<'@A$9'

p < 0.05; in black between the genotypes, in blue between WT and in red between KO mice. 

The amplitudes of the photopic b-wave (Figure 20B), just as the a-wave, were much smaller 

than of the mesopic one (Figure 19B), and the latencies were slightly bigger. There was a tendency 

for the amplitude to be lesser in the KO mice, especially at 3 m. At that time they scored 175.8 ± 

G*,*'^['Y$B?&?'-0-,G'g'GG,U'^['>C the WT mice. At 6.5 m, the amplitude heavily declined for the 

DR?'+I'k'0,0bb45'B$6#A=9K'G..,b'g'G*,0'^[5'>&:'98:';8B':A$'Pc?5'@=:A'6'?=7=%6B'G.G,G'g'Gb,b'^[,'RA$'

outline of these results is similar to the mesopic b-wave. Large discrepancies between results with-

in the groups are probably the reason for the lack of significance, as represented by the SEM bars. 

In contrast, the pattern of the photopic b-wave latency (Figure 20B), surprisingly, was unlike the 

mesopic one (Figure 19B). In fact, the speed of cell response after light adaptation was almost the 

same for the WT and KO mice, with 44.4 ± 0.6 ms and 45.3 ± 1.1 ms, respectively. At 6 m, however, 

the latency increased for the WTs (p = 0.009) to 53.6 ± 3.2 ms, but only marginally for the KOs, to 

48.4 ± 1.6 ms. In brief, there are differences between the genotypes in both, the a- and b-waves of 

the mesopic and photopic ERG, but not large. 

7.1.6.! Somewhat slower conductivity towards the visual cortex 

 

 

Figure 21. Visual Evoked Potential. Electric conduit from RGC towards the visual cortex was measured with 

VEP for 6 months old WT (in blue) and KO (in red) mice, after overnight dark-adaptation, as a response to 60 
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flashes of 5 ms at 1 Hz and 159 cd·s/m2 per trace. Three traces per mouse were averaged by the software, 

and a mean ± SEM value per group was calculated; n = 12-19. Results are shown as a sum of N- and P-

wave amplitudes (A4'=9'^[5'69<'6?'?$I6B6:$'latencies (B) in ms. Significance is indicated when p < 0.05; N – 

1st negative wave, P – positive wave. 

To further analyze the light-induced electric conduct from the retina to the visual cortex in 

the brain, the VEP was measured. VEP trace consists of three waves, a first negative wave (N), a 

positive wave (P), and a second negative wave. The two former correspond to the RGC function, 

whereas the latter to the Müller cell function. At 6 m, the N+P amplitude of WT and KO mice was 

?=7=%6B5'@=:A'G*,!'g'G,b'^['69<'G/,-'g'b,h'^[5' B$?I$#:=Y$%C' +Figure 21A). Only two KOs stood out 

;B87':A$'KB8&I'@=:A'=9#B$6?$<'U0,0'69<'UG,0'^[,'RA$'%6:$9#C'8;'a-wave was not different, either 

(Figure 21B). Here, for the WTs it was 65.9 ± 2.8 ms, while for the KOs marginally increased 69.2 ± 

3.9 ms. For the P-wave however, there was an almost significant difference between the genotypes 

(p = 0.050), with the WT RGC conducting at 115.6 ± 2.0 ms vs the increased 124.6 ± 4.7 ms. In 

summary, the electric conduit between RGC and the visual cortex is lightly slower in the KO mice. 

7.1.7.! Optic disc pallor  

Next, eye fundus of WT and KO mice were examined for general retinal damage. Cataracts in 

6 m old KO animals were seldom observed, and otherwise the retina seemed normal. Furthermore, 

fluorescein angiography did not indicate a microvascular leakage (see ANNEX I for photographs), 

which is often present in case of diabetes (Lois et al., 2014), but rarely in WS patients (Rigoli and Di 

Bella, 2012). However, a major difference between the genotypes was noticed in optic disc (OD) 

coloration. In WT eyes it was gray, while in KO much paler, and often white (Figure 22A). Manual 

subjective scoring of this phenomenon, with 0 pts for the gray OD, 2 pts  for the white OD, and 1 pt 

in between, returned a significant difference already at 3 m (p3 = 0.001, p6 < 0.001; Figure 22B left 

panel). Namely, the 3 month old WT and KO eyes scored 0.13 ± 0.13 and 1.13 ± 0.13, respectively, 

while at 6 m the results were 0.05 ± 0.03 and 1.06 ± 0.16. When the eye fundi were analyzed with 

the developed ImageJ macro, the significant difference was lost, but a tendency for the KO ODs 

being paler, therefore brighter, remained (Figure 22B middle and right panel). This discrepancy 

between results obtained with both methods is due to signal pollution from red blood vessels 

crossing the OD. Normalizing OD signal intensity on the fundus background via respective division 
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yielded the following results: 1.47 ± 0.10 and 1.62 ± 0.15 for the WTs and KOs at 3 m, while at 6 m 

it was 1.29 ± 0.04 and 1.37 ± 0.04, respectively. If the normalization was done via subtraction, the 

results were analogous to the previous method, although more variable; that is 41.3 ± 7.5, 44.9 ± 

0.6, 15.4 ± 2.6, and 17.5 ± 2.4, in respect to the genotypes and time points. Altogether, there was 

an obvious recurrent paling of OD in the KO mice, which appears already at 3 m, but cannot be 

adequately measured with the developed ImageJ-based methods.  

Figure 22. Optic disc pallor. Eye fundi of 3 (top raw) and 6 (bottom raw) months old WT (in blue) and KO (in 
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red) mice were examined for optic disc pallor. A) Representative pictures of a WT (left) and KO (right) 

mouse eye fundus. B)  OD pallor was analyzed either by manual scoring (left); with 0 for the lack of OD pal-

lor, 1 for the pallor and 2 for the profound pallor; or with ImageJ via signal intensity. Signal intensity of the 

OD was divided by the intensity of the rest of the fundus (middle panel), or the latter was subtracted (right 

panel);  for normalization. Results were calculated from the mean values for both eyes in each animal; with 

mean ± SEM later calculated in each group; n3 = 4, n6 = 20-25. Significance is indicated with * when p < 0.05.  

7.1.8.! Thinning of RNFL/GCL and GC complex layers 

Retinal thinning, namely of the retinal nerve fiber layer (RNFL), has become a reliable indica-

tor for WS progression (Grenier et al., 2016; Hoekel et al., 2014; Zmyslowska et al., 2015). There-

fore, WT and KO retinas were examined for RNFL/GCL and GC complex layer thinness (Figure 23). 

The RNFL alone, which corresponds to RGC axons, is too thin to be measured in mice, but the 

RNFL/GCL measurement includes RGC cell body and axonal protrusions, with several displaced 

amacrine cells (Fischer et al., 2009; Grieve et al., 2016). In comparison, the GC complex contains 

the latter with the IPL; is thicker and thus easier to measure on OCT scans (Fischer et al., 2009). 

What’s more, RGC dendrites as well as bipolar, horizontal and sometimes amacrine cell dendrites 

lie in the IPL; and its thinning has been associated with RGC loss as well as optic neuropathy (OPN) 

(Costello et al., 2006, 2008).  

 

Figure 23. Optical Coherence Tomography. The thickness (top) and area (bottom) of the RNFL/GCL (A) and 

GC complex (B) layers were measured from OCT scans, for 6.5 months old WT (in blue) and KO (in red) mice; 

n = 12-16. Results are shown as mean ± SEM for both eyes; significance is indicated with * when p < 
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0.05. Representative pictures for WT (top) and KO (bottom) retinas are shown in C, with * marking the 

RNFL/GCL and ** the GC complex layer; RGC – retinal ganglion cell, RNFL – retinal nerve fiber layer. 

The OCT was performed for 6.5 month old mice, when the KO phenotype of impaired visual 

function is established. There was a significant shrinkage of both, the RNFL/GCL (Figure 23A) and 

GC complex layers in the KO mice (Figure 23B). Specifically, the thickness of the RNFL/GCL in WT 

retinas was (22.9 ± 0.4) · 10-6 m vs the decreased (17.8 ± 0.3) · 10-6 m for KO (p < 0.001), while the 

area of measurement was (1.29 ± 0.02) · 10-8 m2 vs (1.01 ± 0.01) · 10-8 m2 (p < 0.001), respectively. 

For the GC complex layer the difference seemed smaller, but that is because a large part of this 

layer consists of other components than RGCs. Thus, in the WT retinas the thickness was (57.9 ± 

1.3) · 10-6 m vs (56.2 ± 1.5) · 10-6 m for the KOs; therefore indicating a thinning of 2.9% (p = 0.013). 

The results for the area of measurement were analogous, (3.24 ± 0.07) · 10-8 m2 vs (3.16 ± 0.08) · 

10-8 m2 (p = 0.019). Altogether, the OCT scans demonstrate a loss of RGC or their protrusions in the 

KO mice. 

7.1.9.! Severe axonal damage 

In order to assess a probable RGC axon loss and/or damage, following the OCT results, TEM 

pictures of optic nerve (ON) transverse sections were analyzed (Figure 24). Regarding the number 

of axons per surface, thus their density (Figure 24A), there was a tendency towards an increased 

small RGC axon number in KO mouse ON, while big axons appeared less abundant. Namely, the 

total axonal density for WT mice was (8.51 ± 0.99) · 1011 m-2 vs the increased by approximately 25% 

(11.39 ± 1.13) · 1011 m-2 for the KO mice (p = 0.106). For the big axons the counts were (1.47 ± 0.18) 

· 1011 m-2 vs (1.13 ± 0.03) · 1011 m-2, respectively, with approximately 23% decrease for the KOs (p = 

0.186). Finally, the density of small RGC axons seemed to increase by 30% (p = 0.080), with (7.05 ± 

0.97) · 1011 m-2 vs (10.05 ± 1.05) · 1011 m-2, respectively. The lack of significance may be due to the 

small number of mice per group, i. e. n = 4. 

Figure 24B demonstrates the percentage of axonal damage in the WT and KO ONs. As dam-

aged were considered axons with abnormally thin or thick discontinuous myelin, with adjacent 

blebs, axons with spiraling myelin, and axons that seemed torn or completely empty. Altogether, 
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the damage in the WTs was at 25.9 ± 2.9%, while in the KOs at 68.0 ± 4.9%, indicating a drastic in-

crease (p < 0.001). When analyzed in function of size, 41.0 ± 2.6% and 64.3 ± 7.3% of the big axons 

were damaged (p < 0.001), respectively. Finally, there was 16.8 ± 2.2% vs 68.2 ± 4.7% damaged 

small axons (p < 0.001), respectively. In brief, ONs in the KO mice appear to have mostly small, 

damaged axons. 

Figure 24. ON axon damage. Transversal ON sections from 7 months old WT (in blue) and KO (in red) mice 

were analyzed under TEM. Number of axons in the field vision (A) was counted for n = 4, while the percent-

age of damaged axons (B) was assessed for n = 6-7. Results are shown as mean ± SEM; significance is indi-

cated with * when p < 0.05. Representative pictures for WT (left) and KO (right) are shown in C. 

Of note, there were not enough good quality pictures of the predefined size to calculate the 

G ratio, together with the axon area, diameter and index of circularity (IC). No reliable method for 

assessing the amount of “empty space”, uncovered by axons, was found, either (Figure 24C). How-

ever, it was observed that axons in the KO ONs are scarce. Finally, longitudinal ON sections were 

also analyzed in order to compare the state of axons at the proximal and distal end, as well as the 

RGCs. I was looking for a pattern of damage throughout the nerve, but could not find any (data not 
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shown). However, many vacuolar structures surrounded by a double membrane, resembling apop-

totic vesicles, were spotted (data not shown). This was observed in both, WT and KO genotypes, 

but as it turns out, is a normal process for the optic nerve head, called transmitophagy (transcellu-

lar degradation of mitochondria (Davis and Marsh-Armstrong, 2015; Davis et al., 2014). All in all, 

there appear to be a much larger axonal damage in the KO mice, favoring small axons, which also 

seem more abundant than in the WT phenotype, at the cost of big axons. 

7.1.10.! No RGC loss 

Figure 25. RGC number in the retina. Sagittal sections of the retina from WT (in blue) and KO (in red) mice 

at 7 m were analyzed for RGC number. Brn3a-positive cells in the entire immune-stained cryosection (A) 

were counted for n = 4-6 mice, 6 sections each. Since not all RGCs express the Brn3a marker, counting based 

on H&E staining was performed as well in the GCL (B for abundance and C for density; 8 paraffin sections; n 

= 5-6). For further analysis, the retina was divided into 3 even zones (D): zone 1 as proximal to ON, zone 2 as 

middle, and zone 3 as distal. E) Exemplary WT and KO zone 1. Results are shown as mean ± SEM. 

Just as we showed for the Wfs1exon2del mouse line (Bonnet Wersinger et al., 2014), there was 

no loss of RGC in the KO mouse retina, either. The number of cells expressing the Brn3a marker in 

the GCL (Figure 25A) was similar between WT and KO mice, with a tendency towards an escalation 



 
93 

 

in the latter (p =0.056). Namely, there was an average of 172 ± 15 and 218 ± 19 Brn3a+ cells, re-

spectively. However, when H&E staining was examined, there was no apparent discrepancy be-

tween both genotypes; either in the abundance (Figure 25B) or the density (Figure 25C) of cells in 

the GCL. The total cell counts for the WT retina were 466 ± 54 and 110 ± 9 mm-1 vs 460 ± 61 and 

107 ± 9 mm-1 for the KO retina. After dividing the retina into 3 zones of equal length, on each side 

of the ON (zone 1 as the proximal, zone 3 as the distal and zone 2 in between, Figure 25D), no sig-

nificant inequality was observed, either. There only was a tendency for less cells closest to the ON 

in the KO retina (142 ± 5 vsWT 171 ± 26, 112 ± 8 mm-1  vsWT 120 ± 13 mm-1), but for more cells far-

thest to it (128 ± 17 vsWT 104 ± 6, 74 ± 2 mm-1  vsWT 90 ± 8 mm-1 at p = 0.096). Zone 2 was rather 

indifferent (166 ± 25 vsWT 186 ± 31, 116 ± 12 mm-1  vsWT 131 ± 19 mm-1). In brief, the KO retinas 

appear to have a tendency towards more Brn3a+ cells, with fewer cells proximal and more cells 

distal to the ON. 

7.1.11.! No ER stress in the retina 

Gene expression of Bip, Chop and Xbp1S rises in response to ER stress (Riggs et al., 2005; 

Ueda et al., 2005; Yamada et al., 2006), therefore it was examined in the retina (Figure 26A). When 

referenced against L27 and normalized to WT, the mean expression levels of Bip, Chop and Xbp1S 

in KO mice were 1.13 ± 0.06, 1.27 ± 0.47, and 0.99 ± 0.20, respectively, without a significant differ-

ence between the genotypes. Moreover, the tendencies differed in the three independent experi-

ments, where different lots of mouse retinas were examined. Since it was not possible to isolate 

mature RGCs from the retinas, their presence was additionally assessed via neuronal markers (Fig-

ure 26B), namely Neurofilament-3 (Nef3), Neutrin-1 (Nrn-1) and Thymocyte antigen-1 (Thy-1). Their 

expression did not differ between the genotypes, either. In details, the levels in the KO mouse reti-

nas were 0.93 ± 0.17, 1.01 ± 0.20, and 1.00 ± 0.15, for Nef3, Nrn-1 and Thy-1, respectively. Again, 

the results varied greatly in each lot. In summary, the qPCR results do not provide any evidence of 

either ER stress or neuronal loss in the KO retina.  
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Figure 26. Gene expression in the retina. (A) ER stress and (B) neuronal markers’ expression in the retina of 

6.5 month old WT (in blue) and KO (in red) mice was assessed with SYBR® Green-based qPCR. The expres-

sion levels of (A) Chop (left), Bip (middle) and Xbp1s (right), together with (B) Nef3 (left), Nrn1 (middle) and 

Thy1 (right) genes were referenced against L27 housekeeping gene and normalized to the mean expression 

level in the WT mice. Chop and Bip gene expression was tested only in one experiment, with n = 4, whereas 

the rest was tested in three independent experiments, named Lot 1 (triangles), Lot 2 (circles) and Lot 3 

(squares); with n = 4 each. The series “Total” refers to the mean ± SEM value of those three experiments. 
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7.2.! Part II: Phenotyping Wfs1
E864K 

Wfs1
E864K mouse line was first proposed as a model of Wolfram-like Syndrome with an auto-

somal dominant inheritance (Eiberg et al., 2006). Seeing that Wfs1
E864K/+ mice did not exhibit much 

symptoms, it was decided to breed Wfs1
E864K mice, thus homozygotes for the mutation. Such case 

does not exist in humans. Since there is no copy of functional Wfs1, it was therefore proposed to 

use homozygotes as another WS model, instead of the original disease. Their testing was carried 

out only until 3 m due to the general ill-being. Of note, many issues with Wfs1
E864K mouse repro-

duction were encountered. The offspring was poorly viable or not born at all, partially due to spon-

taneous abortions in Wfs1
E864K females. Therefore, the reproduction was adjusted appropriately, 

since the best results were achieved while crossing two Wfs1
E864K/+ females with one Wfs1

E864K 

male. Unlike the Wfs1exon8del line, Wfs1
E864K male fertility seemed intact. 

7.2.1.! Abnormal behavior and hyperglycemia 

Wfs1
E864K, but neither Wfs1

E864K/+ nor Wfs1
WT mice expressed a characteristic behavior. They 

were hyperactive, impatient, anxious, aggressive, and constantly turned around in cages. In this 

study, the focus was brought to their visual function, thus the assessment of motor function and 

hearing, also performed for this model, will not be presented. 

Figure 27. Peripheral blood glucose. Blood glucose levels were measured for 3 months old Wfs1
WT (in blue), 

Wfs1
E864K/+ (in cyan) and Wfs1

E864K
 (in red) mice. It was done in the morning, after normal food intake during 

the night, and in the following afternoon, after fasting; as a pilot experiment. Results are shown as mean ± 

SEM; n = 1-5.  
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As a pilot study, I wanted to test blood glucose levels looking for WS-characteristic diabetic 

tendencies (Figure 2.1). Thus, after normal food intake during the night, there was 149.0 mg/dL of 

glucose in peripheral blood of a Wfs1
WT mouse, 116.0 mg/dL in Wfs1

E864K/+, and increased 185.5 ± 

1.5 mg/dL (n = 2) in Wfs1
E864K. More mice were tested in the afternoon after 6 h of fasting. It was 

considered as a more informative approach, and the number of mice was decided based on the 

number of available testing stripes. Hence, Wfs1
WT mice had the mean value of 144.3 ± 5.4 mg/dL 

(n = 3), Wfs1
E864K/+mice 122.0 ± 15 mg/dL (n = 2), and Wfs1

E864K mice elevated 199.6 ± 33.2 mg/dL 

(n = 5). A marked discrepancy in the latter resulted from a reading in one male Wfs1
E864K mouse, 

where the peripheral glucose was as high as 326 mg/dL. In brief, these results indicate a presence 

of hyperglycemia in the Wfs1
E864K mice, just like in the KO mice, but it should be confirmed with a 

wider study. 

7.2.2.! Early loss of RGC function 

Figure 28. RGC function. PSTR (A) and PhNR (B) were recorded after overnight adaptation in darkness, for 1 

and 3 months old Wfs1
WT (in blue) and Wfs1

E864K (in red) mice. RGC response to flashes, at 5 ms, 0.1 Hz and 

0.3 cd·s/m2 in A and at 5 ms, 1 Hz and 159 cd·s/m2 in B, is shown as mean ± SEM for both eyes, in microvolt 

e^[f';8B':A$'@6Y$'67I%=:&<$)'9'k'U-18. Significance is indicated when p < 0.05. 

One of the most interesting results during Wfs1
E864K line phenotyping was the drastic loss of 

RGC function (Figure 28).  Already at 1 m, the PSTR-wave amplitude for Wfs1
E864K mice was at 14.5 

g'.,.'^['Y?'h/,!'g'G-,-'^[';8B'DR?'+Figure 28A). That initial decrease, however, was not statistically 

significant because of the small number of Wfs1
E864K mice tested (n = 4). At 3 months, the number 

of conducting RGCs was visibly lower for Wfs1
E864K mice (p < 0.001), as the PSTR amplitude was at 
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G.,0'g'G,h'^['Y?'*U,*'g'h,U'^[,'The latency results are not shown on the graph because the waves 

were too small for conclusive identification. Consistently with the amplitude however, the latency 

at 3 m was markedly increased in Wfs1
E864K mice (p = 0.006), with 89.0 ± 2.9 ms vs 79.3 ± 0.9 ms in 

WTs. The latency at 1 m, on the contrary, seemed decreased (77.3 ± 1.2 ms vs 83.9 ± 2.7 ms), but 

these results are rather unreliable. In brief, the PSTR is greatly disturbed in Wfs1
E864K mice, already 

at 1 m. 

These results were confirmed with PhNR (Figure 28B; p1, p3 < 0.001), when the wave often 

was not at all detectable for Wfs1
E864K mice. Namely, 1 month old Wfs1

WT mice responded at 143.2 

g'h,U'^['@A$9'A878_CK8:$?'89%C'6:'G,0'g'U,0'^[,'3:'b'7':A$'9&7>$B?'@$B$'G0h,/'g'*,.'^['Y?':A$'

<=7=9=?A$<'0,U'g'0,/'^[,'NY$9':A8&KA':A$B$'@6?'6%?8'6'?=K9=;=#69:'<$#B$6?$'=9'%6:$9#C5'=:'?A8&%<'98:'

be taken under account. In most cases, if the PhNR-wave was found for a Wfs1
E864K mouse, it was 

indistinguishable enough to just be background noise. If it was not found, PhNR amplitude was 

noted as 0 and nothing was noted for the latency. Thus, the results for the Wfs1
WT and Wfs1

E864K 

mice were 78.0 ± 2.1 ms and the decreased 62.6 ± 1.7 ms at 1 m (p = 0.011), 76.3 ± 0.7 ms and the 

similar 72.7 ± 6.4 ms at 3 m, respectively. In summary, PhNR, just like PSTR, is vastly distorted in 

Wfs1
E864K mice. 

 

Figure 29. Normalized PhNR. PhNR amplitude was normalized to the b-wave following the equation: 

[|!"#$| ÷ ()-%&'( + |!"#$|)] proposed by Kundra et al. (Kundra et al., 2016). The results are shown as 

mean ± SEM, for both eyes of Wfs1
WT (in blue) and Wfs1

E864K (in red) mice; n = 4-18. Significance is indicated 

when p < 0.05. PhNRN – normalized PhNR. 
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To complete the analysis of the RGC function, PhNR was additionally normalized to the pho-

topic b-wave, as for the Wfs1exon8del line (Figure 29). The process returned similar results to the de-

scribed above, namely a severe drop in the amplitude at 1 m (0.377 ± 0.014 vs 0.036 ± 0.009, p < 

0.001) and 3 m (0.354 ± 0.007 vs 0.045 ± 0.013, p < 0.001). Also, a drop in the latency was observed 

for the identifiable traces (1 m: 0.622 ± 0.005 vs 0.567 ± 0.001, p = 0.002; 3 m: 0.624 ± 0.002 vs 

0.567 ± 0.005, p < 0.001; not shown), and it seems that neither changed with age. To conclude, 

normalization of PhNR supports the previous results of an early loss of RGC function. 

7.2.3.! Changes in photoreceptor, ON-bipolar and Müller cell function 

Even though the primary interest lies with RGC, the function of PR, ON-bipolar and Müller 

cells was investigated as well, via mesopic and photopic ERG. In mesopic conditions, statistically 

significant differences between both genotypes were spotted, although they were not consistent 

in time. Specifically (Figure 30A), at 1 m WTs responded with a smaller (p = 0.030) amplitude than 

homozygote mut69:?)'6:'-0!,b'g'-,!'^['Y?'-bh,*'g'bG,b'^[5'B$?I$#:=Y$%C,'3:'b'75'A8@$Y$B5':A$'?=:u-

6:=89'@6?'B$Y$B?$<'+I'k'0,0G.45'@=:A'G.b,*'g'Gb,0'^['Y?':A$'?76%%$B'G0h,-'g'G-,h'^[,'RA$'B$?I$#:=Ye 

latencies were 22.3 ± 1.0 ms vs 22.0 ± 0.7 ms and 20.5 ± 0.4 ms vs 22.5 ± 0.3 ms, reaching a signifi-

cant delay at 3 m. Focusing on the older mice, it seems that there was a delayed and decreased PR 

response in the Wfs1
E864K mice. 

While analyzing the mesopic b-wave, more significant differences were reported (Figure 

30B). Namely, at 1 and 3 m the amplitude was harshly diminished in the Wfs1
E864K mice when com-

I6B$<':8'DR?)'@=:A'!0.,0'g'GU,.'^['Y?'b-h,b'g'G/,b'^['+I'l'0,00G4'69<'Uh-,G'g'b/,*'^['Y?'G!-,b'g'

18,!'^['+I'l'0,00G45'B$?I$#:=Y$%C,'H9':A$'?67$':=7$5'>8:A'K$98:CI$?'$VIB$??$<'?=K9=;=#69:'<$#B$6?$'

of the response with age (pmut = 0.010, pWT = 0.015). However, the latency remained unaffected 

(41.6 ± 0.9 ms vs 39.7 ± 0.9 ms and 41.7 ± 0.8 ms vs 41.8 ± 0.4 ^[4,'RA$?$'B$?&%:?'<$789?:B6:$'6'

decreased response of ON-bipolar cells in the Wfs1
E864K mouse retina. 
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Figure 30. Mesopic ERG. A-wave (A), for PRs, and b-wave (B), for ON-bipolar cells, were recorded after 

overnight adaptation in darkness, for 1 and 3 months old Wfs1
WT (in blue) and Wfs1

E864K (in red) mice. Re-

sults for flashes at 5 ms, 0.5 Hz and 15.9 cd·s/m2 are shown as mean ± SEM for both eyes; for the wave am-

plitude (top) and latency (bottom); n = 4-18. Significance is indicated when p < 0.05; with * between the 

genotypes, with # between the time points. 

Regarding the photopic conditions, ERG showed a delayed cone response with preserved a-

wave amplitude (Figure 31A). The Wfs1
WT retinas responded with h0,*'g'G0,/'^['6:'G'7'69<'.*,!'g'

.,!'^['6:'b'75'@A$B$6?'the Wfs1
E864K B$:=96?'@=:A':A$'?=7=%6B'!/,0'g'/,.'^['69<'U-,*'g'!,b'^[5'Be-

spectively. The aforementioned latency was rather increased already in the 1 month old homozy-

gous mutants, with 26.6 ± 0.8 ms; what reached statistical significance at 3 m, with 28.3 ± 0.6 ms. 

Values for the corresponding WTs were 24.0 ± 0.7 ms and 24.2 ± 0.5 ms. Moreover, the response 

of ON-bipolar and Müller cells was also distorted (Figure 31B). Strictly speaking, photopic b-wave 

amplitude was reduced at both time points (p1 = 0.014, p3 l'0,00G45'@=:A'GG!,.'g'GU,.'^[' Y?WT 

-UU,/'g'G*,b'^['6:'G'7'69<'..,/'g'*,h'^['Y?WT -0b,-'g'Gh,b'^['6:'b'7,'RA$'%6:$9#C'6:'G'7'@6?'&96l-

tered (47.4 ± 2.4 ms vsWT 47.8 ± 1.0 ms), but markedly increased at 3 m (46.1 ± 0.6 ms vsWT 52.9 ± 
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2.0 ms, p = 0.002). Briefly, cone, ON-bipolar and Müller cell response to bright light appears dis-

torted in the Wfs1
E864K mice. 

Figure 31. Photopic ERG. A-wave (A), for cones, and b-wave (B), for ON-bipolar and Müller cells, were rec-

orded after 5 min long adaptation to bright light, as a response to flashes at 5 ms, 1 Hz and 159 cd·s/m2. 

Results are shown as mean ± SEM for both eyes of 1 and 3 months old Wfs1
WT (in blue) and Wfs1

E864K (in 

red) 7=#$)'=9'^[';8B':A$'@6Y$'67I%=:&<$'+:8I4'69<'=9'7?';8B':A$'%6:$9#C'+>8::874)'9'k'U-18. Significance is 

indicated when p < 0.05. 

7.2.4.! Damaged optic disc 

Next, the fundoscopy was performed to look for ON pallor, as it was done for the Wfs1exon8del 

line. The first observation was that the retina in Wfs1
WT and Wfs1

E864K mice looked heavily dam-

aged, with large spots of discoloration.  I suspected diabetic lesions, since the changes seemed 

more frequent in the homozygous mutants, but angiography with fluorescein rejected the theory 

(ANNEX II). Finally, I discovered that the C57BL/6N background is to blame, since here the retina 

pigment epithelium (RPE) is rich in extra-nuclear DNA, expresses mitochondrial aberrations, and 
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thus becomes devastated (Ogilvy et al., 2014). Another interesting observation was that no coher-

ent OD paling took place, but instead it seemed somewhat crushed or squeezed (Figure 32A). Even 

more, the ODs in Wfs1
E864K mice were always darker and irregular, but surrounded by a pink rim, as 

on the representative picture. Manual assessment of the grade of this OD damage (Figure 32B), 

with 0 points for a normal OD, 2 points for a profoundly disfigured OD, and 1 point in between, 

showed a radical, significant (p < 0.001) difference between the genotypes. Wfs1
WT mice, as ex-

pected, scored 0, while homozygous mutants did 1.65 ± 0.16. When the ImageJ-based method of 

calculation was applied, the results were similar, even despite the signal pollution coming from 

blood vessels. Namely, if divided by background signal intensity, the respective scores were 1.38 ± 

0.03 and the decreased 1.19 ± 0.02 (p < 0.001). If normalized via subtraction of the background 

signal intensity, the respective scores were 18.6 ± 1.6 and the anew decreased 10.3 ± 1.3 (p = 

0.001). Of note, the eyes of the latter often developed cataracts by the age of 3 months. To sum-

marize this part, the OD appears heavily damaged in the 3 months old Wfs1
E864K mice. 

 

Figure 32. Optic disc damage. Eye fundi of 3 months old Wfs1
WT (in blue) and Wfs1

E864K (in red) mice were 

examined for OD damage, as shown on (A) representative pictures for Wfs1
WT (left) and Wfs1

E864K (right) 
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mice. B) OD damage was analyzed either by manual scoring (left); with 0 for the lack of OD damage, 1 for 

moderate damage and 2 for profound damage; or with ImageJ via signal intensity. Signal intensity of the OD 

was divided (middle) by the intensity of the rest of the fundus, or the latter was subtracted (right); for nor-

malization. Results were calculated from the mean values for both eyes of each animal; mean ± SEM is 

marked in each group; n = 15-16. Significance is indicated with * when p < 0.05.  

7.2.5.! GC complex layer thinning 

Figure 33. Optical Coherence Tomography. The thickness (top) and area (bottom) of the RNFL/GCL (A) 

and GC complex (B) layers were measured from OCT scans, for 3 months old Wfs1
WT (in blue) and Wfs1

E864K 

(in red) mice; n = 3-10. Results are shown as mean ± SEM for both eyes; significance is indicated with * 

when p < 0.05. Representative pictures for Wfs1
WT (top) and Wfs1

E864K (bottom) retinas are shown in C, with 

* marking the RNFL/GCL and ** the GC complex layer; RGC – retinal ganglion cell, RNFL – retinal nerve fiber

layer. 

OCT scans did not provide a proof for RNFL/GCL thinning, but there was a significant loss of 

the entire GC complex layer at 3 m (Figure 33). Specifically, the mean RNFL/GCL thickness in WTs 

was (18.03 ± 0.84) · 10-6 m vs the slightly decreased (16.80 ± 0.75) · 10-6 m in homozygous mutants 

(Figure 33A). Simultaneously, the RNFL/GCL areas of measurement were (1.02 ± 0.05) · 10-8 m2 vs 

the rather diminished (0.95 ± 0.04) · 10-8 m2, respectively. The lack of significance of these differ-

ences may result from the small number of available Wfs1
WT animals for the experiment. Further-

more, the thickness and measurement area of the GC complex layer in the same mice were mark-

edly distinct (Figure 33B). Namely, in the Wfs1
WT retinas the thickness was (59.89 ± 0.50) · 10-6 m 
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whereas in the Wfs1
E864K retinas it was only (53.22 ± 0.43) · 10-6 m, what constitutes for approxi-

mately 11.1% of thinning (p < 0.001). It was analogous for the measurement area, where a thinning 

of approximately 10.6% (p < 0.001) was observed, and the respective values were (3.35± 0.03) · 10-

8 m2 vs (2.99 ± 0.02) · 10-8 m2. Representative OCT scans for both genotypes are in Figure 33C and 

results for Wfs1
E864K/+ mice may be found in ANNEX II. In brief, there is a marked thinning of GC 

complex layer in 3 month old Wfs1
E864K retinas. 

7.2.6.! No RGC loss 

Finally, because of the severe loss of RGC function and GC complex layer thinning in Wfs1
E864K 

mice, the number of RGC cells in the retina was investigated with H&E staining (Figure 34). Neither 

the abundance of cells nor their density in the GCL differed between the genotypes. Specifically, 

after dividing the retina into three zones, from the most proximal to the most distal to the ON, the 

numbers were similar: 159 ± 23 vs 130 ± 7, 125 ± 20 vs 136 ± 9, and 79 ± 7 vs 104 ± 14; for Wfs1
WT 

and Wfs1
E864K mice, respectively (Figure 34A). The corresponding total counts were 363 ± 50 vs 369 

± 30. The results for cellular density were analogous (Figure 34A). In zone 1 there was 122 ± 25 vs 

109 ± 4 cells/mm, in zone 2 96 ± 21 vs 114 ± 6 cells/mm, and in zone 3 60 ± 9 vs 87 ± 11 cells/mm. 

The total density was 93 ± 18 vs 103 ± 7 cells/mm. As expected, the peripheral zone 3 was the least 

dense. The lack of statistical significance in this experiment may be due to the small number of 

mice (n = 2-3), thus for now it may only be suggested that there is no RGC loss in Wfs1
E864K mice. 

 

Figure 34. RGC number in the retina. Sagittal sections of the retina from Wfs1
WT (in blue) and Wfs1

E864K (in 

red) mice at 3 m were analyzed for RGC number; n = 2-3. After H&E staining, (A) the abundance and (B) 

density of cells in the GCL were calculated from 8 paraffin sections per mouse. For further analysis, the reti-
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na was divided into 3 even zones: zone 1 as proximal to ON, zone 2 as middle, and zone 3 as distal. Results 

are shown as mean ± SEM. 

Of note, any attempts to examine the Wfs1
E864K mouse line for OMR were futile due to their 

unsuited behavior. Until now, TEM for the ON and ER stress in the retina/ON were not tested ei-

ther, because of the unavailability of the mice. Nevertheless, VEP was tested for 3 months old 

Wfs1
WT and Wfs1

E864K/+ mice; with only one Wfs1
E864K mouse so far, but there were no significant 

discrepancies. Finally, gene therapy was attempted at P14 to rescue the loss of RGC function and 

the optic disc damage, but without success until 3 months of age. All these results may be found in 

ANNEX II.   
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7.3.! Part III: Gene therapy against Wolfram Syndrome 

Once the ophthalmic phenotype was established in the KO mice, with the evident progressive 

loss of VA and CS, optic disc pallor, axonal damage and retinal thinning, a gene therapy (GT) was 

attempted. First, I tested the transgene expression in the retina, either with AAV-2/2-CMV-WFS1 or 

with AAV-2/2-CMV-GFP. Then, the expected rescue was investigated; versus non-treated and 

sham-treated animals. 

7.3.1.! WFS1 in mouse retina 

An experiment involving WT and KO mice was designed to examine transgene expression and 

potential GT-derived eye damage. 2 weeks after intravitreal injections with AAV-2/2-CMV-GFP, eye 

fundus was examined (Figure 35A). There was no apparent injury to the retina, neither signs of 

bleeding nor cataract, as shown in the bright field picture. Concurrently, GFP was expressed espe-

cially around the optic disc and large blood vessels, instead of an expected dispersion throughout 

the fundus.  Additionally, OMR, ERG and OCT were also tested in WT and KO mice, with no visual 

impairment observed at 3 m (data not shown). Next, WFS1 expression was assessed post-mortem 1 

month after AAV-2/2-CMV-WFS1 injections (Figure 35B). For that, the flat-mounted retinas were 

stained against Brn3a and WFS1, to identify RGC cells and the introduced human gene, respective-

ly. The tissues were also marked with Hoechst for making it easier to find the GCL in the flat-mount 

under fluorescence. Alike GFP, WFS1 was not evenly expressed across the retina. It was rather con-

centrated around the OD and a section probably close to where the injection took place. Further-

more, Brn3a and WFS1 were rarely expressed by the same cells, but some were double-positive. 

Also, there was an abundance of WFS1-positive “threads” which are thought to be RGC protru-

sions. In conclusion, it appears that the intravitreal injections provoked a successful transduction in 

the retina. 
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Figure 35. Transgene expression. 1 month old WT and KO mice underwent intravitreal injections of AAV-

2/2-CMV-GFP or AAV-2/2-CMV-WFS15'-'^%X$C$'=9':A$':=:B6:=89'8;'G5. · 1011 VG/ml.  A) Eye fundus 2 weeks 

after GFP transduction. Pictures represent a fundoscopy of a KO mouse, in bright field (BF, left) and under 

fluorescence (GFP, right) for the transgene. Note the concentrated signal distribution around the OD and 

large blood vessels. B) Flat-mounted retina 1 month after WFS1 transduction in a KO mouse. Pictures of GCL 

were taken under appropriate fluorescence; after staining the retina with anti-Brn3a antibodies for RGCs 

(Brn3a, top left), anti-WFS1 antibodies for the transgene (WFS1, bottom left), and Hoechst to visualize cell 
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nuclei (DAPI, top right). Three channels were merged together (Merged, bottom right). Note a partial over-

lapping of Brn3a and WFS1, as well as WFS1-positive RGC protrusions. 

7.3.2.! Rescue of the visual acuity 

Testing VA but not CS reduces stress for the animal and is less time-consuming for the exper-

imenter. This, plus the indisputable similarity between Wfs1exon8del mice’s scores in both exams led 

me to decide on using only the spatial frequency factor in the following GT experiments. I was not 

alone in that decision. Many other investigators take under consideration only VA (Abdeljalil et al., 

2005; Barabas et al., 2011; Puk et al., 2008; Redfern et al., 2011; Samardzija et al., 2014; Thomas et 

al., 2004). Furthermore, despite the marked discrepancies between the genders, I pooled them 

together for analysis. I did so because of the high mortality rate of the KO mice, especially males, 

what strongly reduced their numbers per group. This genotype has trouble breathing, is frail and 

over-sensitive towards anesthesia that had to be applied often. Moreover, the gender-related fluc-

tuations mattered only for the 3 months old KO mice, but much larger divergence occurred versus 

the WT genotype. A similar approach was applied for all the remaining experiments. 

Behavior of the treated mice was not any different from what was described above, with the 

KO genotype often spiritless and unresponsive. In the beginning I followed the hypothesis that only 

temporal-to-nasal motion direction of the OptoMotry virtual drum elicits tracking (Douglas et al., 

2005). Therefore, after applying the unilateral GT (uGT), a PBS-treated eye was tested versus the 

AAV-2/2-CMV-WFS1-treated eye. For the record, left or right eye was chosen at random. Thus, in 

the control group (non-injected, NI), a mean VA of both eyes was calculated, to later combine the 

results and asses a mean with SEM, whereas in the PBS and WFS1 groups the final mean ± SEM 

included results from one eye only. The bilateral GT (bGT) was possible because AAV was proven 

safe (Bennett et al., 2012) and did not cause noticeable damage in my experiments, either. 

VA of the KO mice at 3 m within the control group (NI) of the uGT did not vary from the WT 

mice (p = 0.075), with 0.406 ± 0.005 c/d against 0.418 ± 0.003 c/d, respectively (Figure 36A). It may 

be because of the small size of these groups. Next, the PBS KO sham-treated eyes, which were 

twice as many, scored just 0.390 ± 0.005 c/d versus 0.421 ± 0.003 c/d for the PBS WTs. That 

showed a significant (p < 0.001) OMR impairment. Finally, after the WFS1 treatment, the KO eyes 
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performed slightly better than after the sham (p = 0.143), with 0.404 ± 0.007 c/d to 0.426 ± 0.003 

c/d for the WFS1 WT (p = 0.012). In summary, the OMR in wild type mice was not affected by the 

therapy, and neither the PBS nor the WFS1 treatment ameliorated VA loss in KO mice by 3 m. 

Figure 36. Visual acuity after uGT. 1 month old WT (in blue) and KO (in red) mice underwent intravitreal 

injections of -'^%'I$B'$C$,'c9$'$C$'@6?':B$6:$<'@=:A'33[-2/2-CMV-WFS1 in the titration of 1,5 · 1011 VG/ml, 

and the other was sham-treated with PBS. OMR was measured in photopic conditions at 3 months (A) and 6 

months (B) of age, as a response to grating in horizontal motion, at 2 rpm, with 100% contrast. Females and 

males were pooled together, with n = 4-9 per group; shown as mean ± SEM for both eyes in NI group, and 

for one eye in PBS and WFS1 groups; in cycles per degree [c/d]. Significance is indicated when p < 0.05, with 

* in black between the genotypes within a group, in red between KO mice of different groups, with # in blue

for WT and in red for KO at different time points; c/d – cycles per degree, NI – non-injected mouse, PBS – 

eye treated with PBS, WFS1 – eye treated with AAV-2/2-CMV-WFS1. 

What happened at 6 m (Figure 36B)? Vision deterioration in KO mice became obvious (p = 

0.003 vs WT), since their OMR was present until 0.346 ± 0.015 c/d instead of 0.406 ± 0.001 c/d, like 

it was for the NI WT. In general, the values markedly decreased in time (pWT = 0.014, pKO = 0.022 vs 

3 m). Injections with PBS did not help, as the thresholds for KO and WT eyes in this group were 

0.338 ± 0.008 c/d instead of 0.410 ± 0.002 c/d, respectively (p < 0.001), again, dropping in time for 

both genotypes (pWT = 0.013, pKO = 0.001 vs 3 m). AAV-2/2-CMV-WFS1, however, seemed to im-

prove the VA (p = 0.013 vs PBS), but failed to restore it completely (0.371 ± 0.007 c/d for KO vs 

0.414 ± 0.004 c/d for WT), only slowing down the vision loss (pWT = 0.033, pKO = 0.012 vs 3 m). Un-

fortunately, the difference between WFS1 and NI KO eyes was not statistically significant (p = 

0.138), what may be related to the large discrepancies within the NI group. In other words, WFS1 
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therapy appeared to slow down the progressive vision loss and thus the bilateral approach took 

place, to confirm the unilateral OMR results. 

Treatment groups for bGT were larger than before, with between 6 to 20 animals. Nonethe-

less, for preserving uniformity and reinforcing results’ significance, genders were analyzed togeth-

er. In this manner, 3 months old control KO mice expressed evident VA loss (p < 0.001), responding 

to grating at 0.379 ± 0.004 c/d, while wild types did it at 0.416 ± 0.003 c/d (Figure 37A). When 

treated with PBS, the values were similar, 0.385 ± 0.009 c/d and 0.418 ± 0.004 c/d, respectively (p = 

0.002). When treated with WFS1, however, the visual impairment was definitely smaller (p < 0.001 

vs NI, p = 0.023 vs PBS), but still considerable (p = 0.009), with 0.420 ± 0.003 c/d for WTs and 0.407 

± 0.003 c/d for KOs. 

 

Figure 37. Visual acuity after bGT. 1 month old WT (in blue) and KO (in red) mice underwent intravitreal 

injections of AAV-2/2-CMV-WFS1 in the titration of 1,5 · 1011 VG/ml5'-'^%'I$B'$C$,'RA$'?A67-treated eyes 

were injected with PBS. OMR was measured in photopic conditions at 3 months (A) and 6 months (B) of age, 

as a response to grating in horizontal motion, at 2 rpm, with 100% contrast. Females and males were pooled 

together, with n = 6-20 per group; shown as mean ± SEM for both eyes, in cycles per degree [c/d]. Signifi-

cance is indicated when p < 0.05, with * in black between the genotypes in the same treatment group, in 

red between KO mice of different groups, with # in red for respective KO between time points; c/d – cycles 

per degree, NI – non-injected, PBS – treated with PBS, WFS1 – treated with AAV-2/2-CMV-WFS1. 

3 months later, the untreated mice followed the expected pattern of worsening OMR (Figure 

37B). VA of NI WT was 0.414 ± 0.002 c/d, contrasting 0.334 ± 0.007 c/d for NI KO mice (p < 0.001). 

This time, PBS seemed to improve the situation, slowing down the vision loss (p = 0.017) to 0.367 ± 

0.008 c/d versus 0.416 ± 0.005 c/d in the wild types (p < 0.001). WFS1 worked slightly better, pro-
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tecting KO mice (p = 0.001) that scored 0.387 ± 0.008 c/d.  In comparison, WT mice scored 0.415 ± 

0.003 c/d, with, again, no treatment-related fluctuations between the groups. However, VA loss in 

KO animals was still apparent (p = 0.009). Unfortunately, at this time point, the difference between 

the sham and the WFS1 treatment was not clear (p = 0.098), and VA of the KOs decreased marked-

ly in the NI (p < 0.001) and WFS1 (p = 0.042), but not the PBS group (p = 0.170). To summarize, the 

applied bGT, like uGT, seems to slow down the vision loss progression, but is insufficient for the 

complete rescue. 

7.3.3.! Rescue of the optic disc pallor 

The fundoscopy was performed at 6.5 m, in the same day as the OCT, as during the pheno-

typing experiments. It was done only for bGT, and the results for the latter may be found in ANNEX 

III. As mentioned before, GT did not induce eye damage, but the recurrent anesthesia resulted in 

cataracts at times. During the observations, a pattern was noticed for the OD pallor (Figure 38A). 

Namely, regardless the treatment, OD in WT eyes was gray; while in KO eyes it was pale in the NI 

and PBS, but usually not in the WFS1 group. Manual scoring confirmed these observations (Figure 

38B). In the NI group, as expected, the WT mice scored 0.05 ± 0.04 and the KO mice the increased 

1.06 ± 0.16 (p > 0.001). In the PBS group the situation was similar, with 0.00 ± 0.00 and 1.00 ± 0.00, 

respectively. Finally, in the WFS1 group KO ODs were markedly darker (pNI = 0.002, pPBS = 0.004), 

but still not as gray as WTs (p = 0.040), with 0.40 ± 0.10 vs 0.08 ± 0.08. In brief, manual analysis of 

OD pallor provided a proof for its rescue with WFS1. 

Unfortunately, these results were not supported by the automatic analysis with ImageJ; most 

probably because of the signal pollution from blood vessels cutting the OD. Figure 38C and D show 

results of this approach. When normalized to fundus via division by its signal intensity (Figure 38C), 

there was a tendency towards a brighter OD in the NI KO mice, with 1.37 ± 0.05 vs 1.27 ± 0.03 (p = 

0.080). This reached significance in the PBS group, with 1.46 ± 0.06 vs 1.07 ± 0.02 (p = 0.003), re-

spectively. After treating with WFS1, however, the results were much alike, with 1.31 ± 0.06 for the 

KOs and 1.32 ± 0.06 for the WTs. In the same time, when the treatment-dependent changes were 

analyzed within a genotype, the only conclusion was that PBS appears to make the WT OD darker, 

because of no significance for the KO mice. These observations were validated with the second 
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approach of normalization (Figure 38D). In the NI and WFS1 groups, there was a minor tendency 

for brighter OD in the KO eyes, namely 17.6 ± 3.0 vs 14.6 ± 2.5 in NI and 19.3 ± 3.8 vs 15.9 ± 3.2 in 

WFS1. After treating with PBS, that difference reached significance (p = 0.001), to the detriment of 

the KO mice, with 25.2 ± 2.5 vs 3.8 ± 1.2, but that is also related to the aforementioned “darken-

ing” of the WT OD after PBS (pWFS1 = 0.037). In summary, automatic analysis of OD pallor did not 

support the prior results of the WFS1-driven rescue. 

Figure 38. Optic disc pallor. Eye fundus of 6.5 months old WT (in blue) and KO (in red) mice after intravitreal 

injections of AAV-2/2-CMV-WFS1 were examined for optic disc pallor. Representative pictures for WT (top) 

and KO (bottom) mice are shown in A. It was analyzed either by manual scoring (B); with 0 for the lack of OD 

pallor, 1 for the pallor and 2 for the profound pallor; or with ImageJ via signal intensity (C, D). In C signal 

intensity of the OD was divided by the intensity of the rest of the fundus, and in D the latter was subtracted; 

for normalization. Results are shown as mean ± SEM for both eyes; nNI = 5-6, nPBS = 3-4, nWFS1 = 15-19. Sig-
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nificance is indicated with * when p < 0.05; NI – non-injected, PBS – treated with PBS, WFS1 – treated with 

AAV-2/2-CMV-WFS1. 

7.3.4.! Rescue of the optic nerve damage 

Figure 39. Rescue of the ON axon damage. Transversal ON sections from 7 months old WT (in blue) and KO 

(in red) mice after intravitreal injections of AAV-2/2-CMV-WFS1 were analyzed under TEM. The results are 
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arranged in 3 columns according to the treatment received. (A) Representative pictures for WT (upper line) 

and KO (lower line) are shown in the top panel. Number of axons in the field vision (B) was counted for n = 

3-4, while the percentage of damaged axons was assessed for n = 3-7 (C). Results are shown as mean ± SEM; 

significance is indicated when p < 0.05; with * between genotypes, with # versus NI. NI – non-injected, PBS – 

treated with PBS, WFS1 – treated with AAV-2/2-CMV-WFS1. 

The optic nerve was also observed under TEM and the influence of the bGT on the axonal 

damage was assessed (Figure 39). There was no significant difference in numbers of axons in the 

field of vision (Figure 39B). Specifically, there was (8.51 ± 0.99) · 1011 axons/m2 in the WT mice and 

the slightly increased (10.78 ± 1.35) · 1011 axons/m2 in KO mice, in the control group (Figure 39B 

left). When separated into big and small axons, there was a tendency for decreased density of the 

big ones ((1.47  ± 0.18) · 1011 m-2 vs (1.13 ± 0.02) · 1011 m-2) with increased density of the small ones 

((7.05  ± 0.97) · 1011 m-2 vs (9.61 ± 1.35) · 1011 m-2). The sham-treated WT and KO mice had even 

more congruent ON axonal density (Figure 39B middle). Namely, there was (10.14  ± 1.59) · 1011 m-

2 vs (9.98 ± 1.14) · 1011 m-2, (1.23  ± 0.13) · 1011 m-2 vs (1.74 ± 0.39) · 1011 m-2, and (8.85  ± 1.52) · 

1011 m-2 vs (8.24 ± 0.78) · 1011 m-2, for all, big, and small axons, respectively. After WFS1, the situa-

tion was similar (Figure 39B right), with the corresponding values of (9.21  ± 1.24) · 1011 m-2 vs 

(9.18 ± 0.64) · 1011 m-2, (1.79  ± 0.23) · 1011 m-2 vs (1.51 ± 0.22) · 1011 m-2, and (7.42  ± 1.30) · 1011 m-

2 vs (7.67 ± 0.73) · 1011 m-2. In conclusion, even though there seem to be more empty space in the 

non-treated and sham-treated KO ON (Figure 39A), there is no evidence for a change in the axonal 

density with WFS1. 

Figure 39C shows a percentage of damaged axons throughout all the examined animals. The 

damage in the NI WT ONs was at the level of 25.5 ± 4.1%, with 41.0 ± 4.0 % in big, and 16.8 ± 3.5% 

in small axons (Figure 39C left). The damage in the corresponding KO ONs was significantly in-

creased in each case; with 68.0 ± 4.9% (p < 0.001), 64.3 ± 7.3% (p = 0.032), and 68.2 ± 4.7% (p < 

0.001), respectively. In the sham-treated mice, the pattern remained (Figure 39C middle). The WT 

mice demonstrated damage at the level of 26.6 ± 4.9%, 42.4 ± 4.3%, and 24.2 ± 5.1% against the 

increased 46.6 ± 1.9% (p = 0.019), 62.2 ± 17.2% (p = 0.327), and 43.7 ± 4.8% (p = 0.049) in the KO 

mice. Moreover, the values for small (p = 0.016) and all (p = 0.025) axons significantly dropped 

when compared with the NI group. Finally, WFS1 seems to have improved the situation even more 

(Figure 39C right). There was no significant difference between WT and KO mice in either of the 
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conditions; with 44.7 ± 13.7 vs 40.0 ± 10.4, 62.6 ± 15.0 vs 59.4 vs 12.1, and 37.5 ± 11.6 vs 36.5 ± 

10.0. Also, there was a significant decrease of axonal damage in the WFS1 KO ONs when compared 

to the NI group (pTotal = 0.022, pSmall = 0.010). Unfortunately, there was no considerable difference 

between the PBS and WFS1 treatments. Despite this fact, it seems that AAV-2/2-CMV-WFS1 res-

cues axonal damage in KO optic nerves. 

Figure 40. ON axons size and shape. TEM ON pictures for 7 months old WT (in blue) and KO (in red) mice 

after GT were analyzed for inner index of circularity (A), inner diameter (B) and inner area (C). The results 

are shown as mean ± SEM for all the counted axons in each group; significance is indicated with * when p < 

0.05; NI – non-injected, PBS – treated with PBS, WFS1 – treated with AAV-2/2-CMV-WFS1. 

Next step was to analyze the myelin thickness in ON axons, since it appeared that in KO mice 

the myelin is much thinner. Automatic analysis was not possible, however, because the axons lie 

too close from each other. Therefore, I focused on the feasible assessment of the inner index of 

circularity (IC), thus the shape of the axon, and its size, through the inner diameter and area. The 

mean values calculated for all detected axons in each group are presented in Figure 40. First of all, 

there was a significant increase in IC in the NI KO mice (p < 0.001), with 0.645 ± 0.006 vs 0.542 ± 

0.006 in WTs; meaning that the axons in the former are closer to the perfect circle (Figure 40A). In 

the PBS and WFS1 groups that trait was lost (pPBS < 0.001, pWFS1 < 0.001), with the values around 

0.550. Regarding the inner diameter of the axons (Figure 40B), there was more smaller axons in 

the NI KO mice (p < 0.00145' ?=9#$' :A$' 7$69' =99$B' <=67$:$B' @6?' 0,!0G' g' 0,0GU' ^7' Y$B?&?' :A$'

A$6%:AC'0,/h-'g'0,0G*'^7';8B'DR?,' H9':A$'MTF'KB8&I5':A$'Y6%&$?';8B'>8:A'K$98:CI$?'@$B$'?=7=%6B'

+0,/bh'g'0,0G/'^7'Y?'0,/Gb'g'0,0G.'^745'6?'=;':A$'?A67'B$?:8B$<'>6%69#$,'H9':A$'DEFG'KB8&I5'A8w-

ever, that restoration was smaller, since the mean in the KOs was diminished again (0.851 ± 0.018 

^7'Y?'0,/h0'g'0,0-0'^75'I'l'0,00G4,'RA=?'@6?'?:=%%'=9#B$6?$<'=9'#87I6B=?89'@=:A':A$'&9:B$6:$<'#8n-

trol KOs (p = 0.001), but so were the sham-treated KOs (pNI < 0.001, pWFS1 < 0.001). Finally, the in-
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ner area, which depends on axonal shape and size, was analyzed in a similar manner (Figure 40C). 

Here, the non-:B$6:$<'DR'7=#$'A6<':A$'7$69'=99$B'ca'6V896%'6B$6'8;'0,U0U'g'0,0Gb'^72 while the 

KO mice had the decreased 0,-0h'g'0,0Gb'^72 (p < 0.001), just as for the inner diameter. The sham 

treated KOs had even larger inner area than the DR?'+I'k'0,0U!45'@=:A'0,b*.'g'0,0G.'^72 vs 0.349 ± 

0,0G0' ^72. WFS1, again, did not provoke that strong response, with a decreased inner area of 

0,bb-'g'0,0G-'^72 Y?'0,U-G'g'0,0G!'^72. It was still a significant gain when compared to the NI KOs 

(p < 0.001). Last but not least, frequency distributions of all three discussed parameters for ON 

axons were drawn on histograms (Figure 41). I was looking for overlapping between the WT and 

KO, and found it especially after injections of WFS1. More statistical information can be found in 

ANNEX III. In summary, it appears that the treatment with either PBS or WFS1 has the power to 

restore normal axonal circularity and proportion between small and big axons, thus their shape 

and size. 

Figure 41. Frequency distributions for ON axons. TEM ON pictures for 7 months old WT (in blue) and KO (in 
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red) mice after GT were analyzed for inner index of circularity (row A), inner diameter (row B) and inner 

area (row C). The resulting histograms for all axons in each group are arranged in 3 columns: NI (left), PBS 

(middle), WFS1 (right); and illustrate axonal shape (A) and size (B,C). Overlapping results are shown in pur-

ple. The bin sizes are 0.05 (A45'0,-0'^7' +B4'69<'0,G0'^72 (C); NI – non-injected, PBS – treated with PBS, 

WFS1 – treated with AAV-2/2-CMV-WFS1. 
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8.!DISCUSSION 

Despite the nocturnality, a mouse is an approved mammalian model to study visual impair-

ment (Puk et al., 2008). Although small, mouse eyes are structurally and functionally similar to hu-

man eyes, just as the visual pathways from the retina to the visual cortex are (Ridder III and Nusi-

nowitz, 2006). Moreover, because of conserved regions shared between the mouse and the hu-

man, modeling diseases with ophthalmic aspects becomes possible. 

8.1.! Wfs1
 
KO mice have a strong Wolfram Syndrome ophthalmic phenotype  

The Wfs1exon8del mouse model of WS exhibits diabetes, neurological shortcomings, but also 

progressive vision loss, as reported in this thesis. Regarding the gender relation, male KO mice ap-

pear more affected, as per higher frequency of exophthalmia, larger hyperglycemia, deeper vision 

loss and lower survival rate. These differences however, even when significant, are much smaller 

than for the collective comparison between the genotypes. In general, KO mice display lowered 

tolerance for anesthesia together with breathing difficulties. I noticed that their survival rate was 

markedly diminished and often associated with tachycardia episodes during and after narcosis. 

Some reports inform about a significant number of WS patients with congenital heart disease, such 

as pulmonary stenosis or ventricular septal defect (Medlej et al., 2004), what is in accordance with 

my observations. So far, nothing was reported on relation with asthma, but the faulty brain stem-

driven neurologic control of respiration is the leading cause of death (Barrett and Bundey, 1997; 

Barrett et al., 1995), further explaining the encountered respiratory problems. Another similarity is 

the small size of KO mice, what is comparable with short stature observed in some WS patients 

(Lugar et al., 2016; Medlej et al., 2004; Rigoli and Di Bella, 2012). These patients had GH deficiency, 

however the KO mice seem to produce it in excess (Kõks et al., 2009). I assume it to be a compen-

sative mechanism, since the GH does not grant these mice with an appropriate size. In contrast, 

they often seem sickly thin and have metabolic dysfunction (Ehrlich et al., 2016; Ivask et al., 2016; 

Luuk et al., 2009), what could be related to the GH overproduction. Meanwhile, another analogy is 

the low fertility in mouse and human males (Medlej et al., 2004; Noormets et al., 2009; Urano, 

2016) as well as high frequency hearing loss reported in older animals (data not shown). Finally, I 
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did not observe any changes in open field, catwalk, rotarod, swimming, and tail-hanging tests (data 

not shown); in accordance with the data published by Professor Sulev Koks’ group regarding nor-

mal sensory and motor functions as well as learning (Luuk et al., 2009; Visnapuu et al., 2013a). The 

locomotion of KO mice was lower only under bright light (Luuk et al., 2009), what, together with 

low exploration in a plus-maze and Morris water maze, rather suggests problems with the visual 

system. 

Optic atrophy is the final stage of optic nerve damage, which can reside anywhere from the 

RGC dendrite, cell body, to the RGC axon terminus in the lateral geniculate nucleus and the superi-

or colliculus (Morgan, 2004; Yu-Wai-Man et al., 2016). It can be due to any cause, but in WFS1-

deficiency it is related to the high energy demand and proneness to stress of the ON that is com-

promised. Visual function is impaired in approximately 90% of WS patients, as recently reported by 

Hoekel et al. (Hoekel et al., 2014), which is why I researched it in the mouse model. 

One of the peculiarities of the KO mice is the exophthalmia that appears around 7 m or later 

and leads to “bursting” of the eye. It was the reason for terminating the ophthalmic phenotyping 

by that age. I was leaning towards a thyroid-related explanation of this phenomenon, further sup-

ported by decrepitude of the KOs. However, it was reported in the meantime by Tein et al. that 

thyroid hormone levels in the KO mice are rather normal (Tein et al., 2015). Nevertheless, I 

checked the IOP levels at different ages and found no abnormalities. I was expecting an elevated 

pressure, which would fit the reported incidents of glaucomatic eye in WS patients (Rigoli and Di 

Bella, 2012). Instead, the IOP-non-related exophthalmia might be explained by a build-up of a con-

nective tissue behind the ON head, at the ON exit from the eye, pushing it out of the scull. I noticed 

such tissue bundles several times upon dissection; however profoundly exophthalmic eyes were 

never dissected.  

As the first WS symptom is diabetes mellitus, I checked glucose levels in peripheral blood. 

Concomitantly with the previous publications, I found KO mice hyperglycemic but not diabetic, 

since there was less than 500 mg/dL of glucose, a standard for Akita mice, diabetic due to ER 

stress-B$%6:$<'(-cell destruction (Bugger et al., 2008). Moreover, the hyperglycemia appeared only 

with normal food intake confirming the observed glucose intolerance (Luuk et al., 2009). In com-
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parison, glucose in similar conditions was elevated to diabetic state in some 6 months old 

Wfs1exon2del KO mice (growing with age (Ishihara et al., 2004)45'>&:':A$'#89<=:=896%'(D;?G'Pc'7=#$'

reached the maximum of only approximately 230 mg/dL (Riggs et al., 2005). This would be con-

sistent with the nature of WS diabetes which is not exactly as the type 1, just as the KO mice are 

not exactly as the Akita mice.  

The first exam to assess predicted visual impairment in the KO mice was the optomotor test. 

It showed progressive vision loss in the KO mice in response to changing, both, spatial frequency 

and contrast. It does not surprise, since a similar phenomenon was reported for WS patients (Rigoli 

and Di Bella, 2012). OptoMotry measures a response of a reflex-like nature, which serves to imme-

diately stabilize an image on the retina, incorporating eye and head movements (Cahill and Na-

thans, 2008). In simple words, it takes place while gazing through a window of a moving car 

(Kretschmer et al., 2013). OMR delays may be driven either by impairment of the motor system, 

the visual system, or both, but the former was examined and no impairment emerged.  Only the 

behavior of the KO mice drew attention – they seemed frightened, squeamish and squeaky. This, 

together with possible experimenter’s bias or inaptitude to determine the thresholds may have 

influenced the results. Especially since the response is usually unclear around the threshold (Prusky 

et al., 2004). In addition, the OptoMotry LCD screens stimulate the mouse retina imperfectly, be-

cause UV-light reactive S-cones in the ventral retina remain unexcited (Kretschmer et al., 2013), 

and, in fact, a photopic test is forced onto nocturnal (scotopic) animals (Abdeljalil et al., 2005). Un-

fortunately, automated systems developed so far remain to be proven reliable (Kretschmer et al., 

2013; Puk et al., 2008), so I proceeded with the manual experimentation. Nonetheless, the mice 

were blind-tested and the experimenter, me, was trained to avoid mistakes. 

VA in rodents may be examined by two types of tests – the virtual optomotor-based tests, 

such as OptoMotry, and visual discrimination-based tests, such as a swimming or a maze test. The-

se exams are not interchangeable (Prusky et al., 2004). The first measure subcortical, while the 

second cortical vision, being more sensitive. Thus, for a fuller view of VA, it would be interesting to 

also examine mice with the latter. Here, it has not been done because of to the lack of equipment, 

and the requirement for long periods of adaptation and learning. As mentioned earlier, the results 

for spatial frequency and contrast thresholds were parallel. Furthermore, tests of contrast thresh-
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olds at diverse spatial frequencies (Prusky et al., 2004) showed that there are many channels re-

sponsible for developing contrast sensitivity, which unfold differently in time. Some of these chan-

nels must be damaged in KO mice. 

It has been suggested that the direction of circulation determines which eye, independently, 

drives OMR. To examine this theory, an experiment was designed, where one eye was sutured shut 

under anesthesia, and the thresholds were measured before, and shortly after the surgery (Doug-

las et al., 2005). Since there was no response towards the clockwise circulation when the left eye 

was shut, and also none for the counter-clockwise for the right eye, it was deduced that the func-

tionality of only one eye is measured with only one type of movement. In other words, only tem-

poral-to-nasal motion direction should evoke tracking. Hence, it was also proposed that one eye 

could be used as a control for therapies introduced to the other eye. However, I strongly disagree. 

First of all, it is not true that if the drum is rotating clockwise, only the left eye responds. Under 

normal circumstances, both eyes are functional and even though they are positioned laterally on 

the head, the stripes are circling all around the mouse. Thus, the rotation is equally visible for each 

eye, rendering this fact insignificant. Furthermore, the mouse retina does not have the macula as 

the human retina does. It is rather symmetrical, without any apparent temporal/nasal divergence; 

ergo the field of vision argument does not apply here, either. Conversely, Thomas et al. (Thomas et 

al., 2004) showed that even though rodents as lower mammals have only residual binocular vision, 

the nasal-to-temporal motion evokes OMR. Thus both eyes, to some extent, respond to each rota-

tion direction. Secondly, suturing the eye shut must be rather stressful and painful for the mouse, 

which definitely influences the readings. Not to mention the anesthetic – I deliberately waited min-

imum 1, and preferably 2 weeks after anesthesia to perform a behavioral test, in order to make 

sure that the animal is completely recovered. I would state that the aforementioned designed ex-

periment (Douglas et al., 2005) is quite extreme and corresponds to an incident of sudden blind-

ness, which influences the brain in its own way. However, in accordance with Douglas and Thomas 

teams’ results, I did notice differences in measurements of both directions. Nevertheless, I would 

not credit the eye’s independence for it, but rather take care while using one eye versus the other 

for the therapy experiments. On the contrary, this was the reason why I decided to treat both eyes 

and use a collective, mean threshold for them to evaluate the GT. Finally, it has been suggested by 
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Gotoh et al. that OMR is not a good measure of ON function in humans, because it could be pre-

served in case of heavy ON damage, under the condition that the papillomacular bundle is in-

tact (Gotoh et al., 2004). The papillomacular bundle in humans contains most active RGCs with high 

metabolic activity, axons of which cross temporal OD side; and thus is vastly 

tive (Wirtschafter, 1983).  However, mice do not have this structure, so OMR could potentially be 

used for ON damage testing. Anyhow, for a complete overview of the KO ophthalmic phenotype I 

performed other standard exams as well. 

Of note, recurring hyper-activity of Wfs1
E864K mice in the chamber masked their OMR; there-

fore any attempts to compare the performance of mutants and controls were futile. This line has 

C57/Bl6N genetic background. A similar case was reported with other murine strains, such as 

BALB/c (Puk et al., 2008), CD1 (Abdeljalil et al., 2005) or DBA/2J (Barabas et al., 2011; Puk et al., 

2008). In contrast, Wfs1exon2del mice we investigated previously (Bonnet Wersinger et al., 2014), on 

C57/Bl6J genetic background, scored less than 0.35 c/d. C57/Bl6J mice are often used by other la-

boratories to test OMR, reaching frequency thresholds of 0.37 – 0.52 c/d (Abdeljalil et al., 2005; 

Douglas et al., 2005; Kretschmer et al., 2013; Lehmann et al., 2012; Redfern et al., 2011). Another 

strain, 129/SvEv, has an impaired VA when compared to C57/Bl6J, but, for instance, their sponta-

neous eye movement is infrequent (Cahill and Nathans, 2008), what influences how they notice 

motion. To compare further, our chimeric Wfs1exon8del line, on C57/Bl6J and 129S6/SvEvTac (Luuk et 

al., 2009), reaches 0.40 – 0.43 c/d and it has been suggested that a mixed background, like ours, 

may produce variations in OMR. This is due to polygenic inheritance and could be avoided with 

backcrossing (Cahill and Nathans, 2008). The aforementioned optomotor tests were performed in a 

different setup, though, with one of the differences being the lack of a mirror on the bottom of our 

chamber. That mirror creates an illusion of depth, what discourages animals from leaving the plat-

form (Kretschmer et al., 2013) and changes their interaction with the rotating drum.  Thus, to 

properly juxtapose these data, a universal experimental setup and protocol, with clear yes/no cri-

teria, should be established.  

Mice rely mostly on the sense of touch and smell, and their vision is well-developed for dim 

light conditions, such as the standard for ERG (l > 600 nm) (Pérez de Lara et al., 2014). Therefore, I 

was able to investigate the scotopic, mesopic and photopic response of retinal cell populations in 
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the WT and KO mice, focusing on RGC. Additional precautions were taken to assure validity of the 

exam, such as a stable body temperature, minimal background light, and a neutral anesthetic 

(Chekroud et al., 2011; Kong and Gouras, 2003). However, at rare occasions the heating pad mal-

functioned and the light was not perfectly dim, as it turned out after the exams were completed. 

To further protect the animal, cotton wick electrodes were used since they do not cause corneal 

lesions, like metal loop electrodes may. Besides, they are cheaper than contact lens electrodes and 

give reproducible results with high inter-eye correlation; in contrast to fiber and metal loop elec-

trodes (Chekroud et al., 2011). 

The ERG protocol has previously been used by many research groups as a functional test for 

RGC population (Bonnet Wersinger et al., 2014; Kundra et al., 2016; Ridder III and Nusinowitz, 

2006; Saszik et al., 2002; Tang et al., 2014). Replicating this approach, PSTR from scotopic ERG as 

well as PhNR from photopic ERG were analyzed. PSTR was identified as the positive wave in the 

second reading, as generally approved. PhNR however may be measured either at the biggest 

trough after the photopic b-wave or at a defined latency. I chose to measure the former, since it is 

resulting in smaller inconsistency between measurements (Kundra et al., 2016; Tang et al., 2014). 

Based on PSTR alone, it is not possible to draw conclusions on RGC degeneration in KO mice. How-

ever, they seem to conduct faster in crude PhNR at 6 m. PhNR, like PSTR, is generated mostly by 

active RGC (Gotoh et al., 2004; Kinoshita et al., 2016; Ridder III and Nusinowitz, 2006; Viswanathan 

et al., 1999) and decreases in patients with ON atrophy (Gotoh et al., 2004; Moon et al., 2011; 

Rangaswamy et al., 2004; Wang et al., 2012). Therefore, lower PhNR amplitude and higher latency 

are to be expected. Rightly so, in accordance with the ON damage reported with fundoscopy, OCT 

and TEM, I was hoping for a functional evidence of retrograde RGC degeneration as a decrease in 

PhNR amplitude (Wang et al., 2012). Unfortunately, I obtained opposing results, with no change in 

the amplitude and a smaller latency in PhNR. This might indicate a shift towards a faster conduct-

ing RGC type or a change in the rate of myelination. Large axon diameter as well as myelination 

reduce RGC energy demand, simultaneously enabling rapid transduction; while myelination defects 

were found in WS patients (Lu et al., 2014; Lugar et al., 2016). Another idea is a rarer distribution 

of the nodes of Ranvier, what would accelerate the conduction. Maybe one RGC type is degenerat-

ing faster and hence another is “taking over”? To answer these questions, each type of RGC in the 
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retinas and ONs would have to be checked, along with the myelin thickness and Ranvier’s nodes 

distribution; to investigate the conductive abilities. Furthermore, there is always a possibility that 

not enough RGC axon loss was attained to be detected by ERG. Now, regarding the PhNR ampli-

tude, it may remain impassive, as reported here; even if visual impairment is already grave (Gotoh 

et al., 2004). The PSTR results in comparison may be influenced by its strong sensitivity to back-

ground light (Frishman and Sieving, 1995). Since I am not sure that the recordings took place at 

complete darkness, or under dim red light, this may be another explanation for the reported lack 

of RGC dysfunction. In addition, body temperature of a WT mouse is approximately 36.9°C, while 

for a KO mouse it is only 35.8°C (Ehrlich et al., 2016). In view of the ERG testing performed at 37°C 

which is not natural in this Wfs1-deficiency, signal fluctuations or false readings in KO mice would 

be expected. Furthermore, as mentioned above, KO mice exhibit respiratory problems under anes-

thesia, which, together with spontaneous neuronal oscillatory activity, contribute to background 

noise and pollute the signal. 

Normally, PSTR decreases with RGC deterioration; yet it is less accurate than pattern ERG 

(PERG) (Liu et al., 2014). The latter is invoked by contrast switch, is harder to record and produces 

more noise (Liu et al., 2014); but would be a good substitute in this case. To compare, PhNR was 

shown to be less (Liu et al., 2014) or more (Chrysostomou and Crowston, 2013) accurate depend-

ing on the case. One of the reasons for declined PhNR would be excessive glutamate release, which 

accompanies ON damage and leads to suppression of synaptic transduction from bipolar cells to 

RGC (Gotoh et al., 2004). Furthermore, it has been revealed that amacrine (Gotoh et al., 2004; 

Saszik et al., 2002) and bipolar cells (Saszik et al., 2002) are substantial contributors to PSTR and 

PhNR. Even more, amacrine cells strongly express WFS1 (Hilson et al., 2009; Kawano et al., 2008; 

Schmidt-Kastner et al., 2009), while the same RGCs transmit in photopic and scotopic pathways 

(Chrysostomou and Crowston, 2013). Therefore, the reported latency change variation between 

PSTR and PhNR might be blamed on additional cell populations.  

Meanwhile, PhNRN, normalized to the b-wave for further refinement (Kundra et al., 2016), 

contradicted the crude results. Here, the KO latency was bigger than for the WT mice, reaching 

statistical significance at 3 m. Since Wolfram Syndrome is not supposed to strongly affect photore-

ceptors nor bipolar cells, these results suggest that, in fact, KO RGCs conduct slower, as would be 
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expected. That being said, it seems like PhNR declines only in advanced optic neuropathy (OPN), 

when the RNFL layer is thinning (Gotoh et al., 2004). However, no decline was spotted in PhNR, 

only the latency increase in PhNRN, while KO mice did exhibit retinal thinning in OCT. Moreover, it 

has been demonstrated that inter and intra-individual fluctuations are to be blamed for the diver-

gence between PhNR and PhNRN (Pérez de Lara et al., 2014), as I report here. For instant, RGCs do 

not have to degenerate equally rapidly in both eyes, even though WS is a bilateral disease. Even 

more, ON axon loss in WS patients is location-dependent, with almost complete loss in the central 

ON part but large preservation at the peripheries (Hilson et al., 2009); hence more fluctuations. 

Therefore, in humans, focal macular PhNR, being a local analog of the standard full-field test, is 

used for more precise results (Kinoshita et al., 2016). Finally, it was suggested that a simple PhNR 

measurement at the trough, without normalization, is easier and considered appropriate to inves-

tigate RGC function (Kundra et al., 2016), indicating that Wfs1-deficient RGCs express diminished 

wave latency. To summarize, the PSTR and PhNR results for the Wfs1exon8del model are confusing 

and do not provide a solid evidence for RGC malfunction. 

To further explore the topic, VEP exam was performed for post-retinal conductivity (Ridder III 

and Nusinowitz, 2006; Wirtschafter, 1983). VEP is reduced in WS patients, further proving the ON 

damage (Ito et al., 2007). In the KO mice however I observed a tendency towards slower VEP, but 

nothing resembling the expected. It was similar to the case of PSTR and PhNR; suggesting that the 

visual pathway from the retina to the visual cortex is intact. On the contrary, the OPN reported 

during fundoscopy, OCT and TEM, indicates otherwise. Nonetheless, there is a reason why VEP is 

not the preferred exam for retinal function (Ridder III and Nusinowitz, 2006). Namely, some tech-

nical questions remain unanswered, such as the origin of the recorded signals in relation to elec-

trode installation, or which cell populations (and how) contribute to the reading. VEP trace in mice 

has three waves: negative (N), positive (P) and another negative; while it is commonly believed 

that the two first ones correspond to RGC activity. Since my mice were dark-adapted, the recorded 

VEP originated from rods (Ridder III and Nusinowitz, 2006), which are not affected by WS. Hence 

VEP changes should be solely RGC-depend, yet including a possible pollution from different areas 

adjacent to the post-retinal visual pathway. Concomitantly, we reported in Wfs1exon2del KO mice a 

reduction in VEP starting only at 9 m (Bonnet Wersinger et al., 2014), with no differences at 6 m; 
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while it is not possible to examine VEP in the Wfs1exon8del KO mice that late. Finally, I noticed some 

disorganization in the KO VEP, but it was also apparent in some WT mice. Altogether, it seems that 

the current model exhibits structural damage without significant functional RGC impairment, just 

as in early stages of OPN. 

How about other retinal cell populations? In patients with OPN, the present decline in PhNR 

amplitude was accompanied by a decline in a- and b-wave amplitudes (Nakamura et al., 2011; 

Rangaswamy et al., 2004), which we also reported for 12 months old Wfs1exon2del KO mice (Bonnet 

Wersinger et al., 2014). However, earlier in the disease in humans the b-wave amplitude was ele-

vated, because of the negative potential removal (Rangaswamy et al., 2004). The drops of a- and b-

wave were eliminated by a steroid pulse therapy, towards which RGC were indifferent (Nakamura 

et al., 2011), suggesting that other retinal cell populations are also affected by OPN. Given the de-

creased amplitude and increased latency in photopic a-wave but not mesopic a-wave, it seems that 

cones, which naturally mildly express Wfs1 (Kawano et al., 2008), might be distressed by the Wfs1-

deficiency in the Wfs1exon8del line. Here, it is visible at 3 m and not later because the amplitude 

drops with age only for WT mice. It is as if cones in 3 months old KOs were already used up, did not 

develop well in the first place or suffered an incident that was dealt with and did not cause pro-

gressive damage. Another possibility might be a compromised interaction with the signal-recipient 

RGCs or supportive Wfs1-rich Müller cells (Kawano et al., 2008). In parallel, retinal histology did not 

show any abnormalities for PRs, but OCT was not checked for outer plexiform layer (OPL) thick-

ness. Unlike RNFL/GCL and IPL (Hoekel et al., 2014; Zmyslowska et al., 2015), OPL thinning was re-

ported only in patients with dominant missense WFS1 mutations (Majander et al., 2016), which 

does not fit this model’s profile. However, amacrine cells, which express Wfs1 (Kawano et al., 

2008; Schmidt-Kastner et al., 2009), contribute to PSTR and PhNR, while residing in IPL; similarly to 

bipolar cells, which also contribute to ERG b-wave and reside in INL. As INL thinning was present in 

WS patients (Hilson et al., 2009), changes in ERG b-wave for KO mice would be expected. Indeed, it 

was the case in mesopic ERG, where ON-bipolar cells appeared to conduct more rapidly, just like 

the RGC in PhNR. Although, it was not supported by the photopic ERG results, where the response 

depends on ON-bipolar and Müller cells as well. It suggests that either the latter are not affected 

by the Wfs1-deficiency or their conduction is slower, balancing out the ON-bipolar cells. Altogeth-
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er, it appears that cones, ON-bipolar and Müller cell function is afflicted by the Wfs1-deficiency in 

the KO mice. 

Knowing that there is a possibility for RGC axonal damage, the OD was examined. I reported 

an expected pallor in KO fundi already at 3 m, while in the previously instigated Wfs1exon2del line 

such phenomenon was rare and relative to a much older age (Bonnet Wersinger et al., 2014). OD 

pallor is a typical sign of ON damage and axon loss (Jonas et al., 1999; Wirtschafter, 1983; Yu-Wai-

Man and Chinnery, 2011; Yu-Wai-Man et al., 2011),  being characteristic for most WS patients in its 

temporal part (Hoekel et al., 2014), where the most active RGC axons lay (Wirtschafter, 1983). 

Human optic disc is asymmetrical and divided into 4 parts. Clockwise for the left eye, it is the tem-

poral, superior, nasal and inferior part. Simultaneously, its most inner structure is the ON cup 

which appears whitish, surrounded by the outer pinkish neuroretinal rim. The OD is delimited from 

the rest of the retina by a whitish peripapillary scleral ring (Jonas et al., 1999; Wirtschafter, 1983). 

This normal coloration is related to white light conduction by the ON axons into ON head, where it 

is reflected by deeper structures such as red capillaries. In case of OPN, the light is reflected by the 

glial tissue in ON before it can reach the capillaries, because damaged/absent axons do not con-

duct it anymore (Wirtschafter, 1983). Now, being that there is no macula in the mouse retina, OD is 

rather symmetric and thus the pallor is expected across it; instead of only the temporal part. To 

that, the vascular bundle masks a large piece of it making automatic signal-intensity based analysis 

difficult. Therefore the conclusion about the KO mice was made, taking under account only the 

manual counting; supporting the obvious observation of severe OD pallor. In addition, a pale OD 

may be a sign of decreased vascularity, a flaw in capillary coverage, gliosis or large scleral lamina 

visibility (Jonas et al., 1999). Since there were no reports of the two latter issues in WS patients, I 

checked only the vascularity cohesion, marked as diabetic retinopathy in 7.6-34.6% of WS patients 

(Rigoli and Di Bella, 2012). It is recognizable as a vascular leakage in the eye fundus after intraperi-

toneal injection of fluorescein sodium; that I did not find in the Wfs1exon8del mouse line. Finally, OD 

color also depends on the illumination used during the exam (Wirtschafter, 1983), but in the re-

ported case ophthalmoscope settings were consistent. If the pallor is due to RGC axonal damage, it 

is accompanied by VA loss, just like in the KO mice, as well as color vision and visual field impair-

ment in humans, which is difficult, if not impossible, to test in mice. 
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Following the OD pallor, I was looking for retinal thinning characteristic for WS human retina. 

Instead of using the tool provided by Bioptigen, I developed a macro for ImageJ with much higher 

precision, because the original is thicker than the RNFL/GCL layer. However, some teams used it 

anyway (Liu et al., 2014) and reported the healthy GC complex 6?'6IIB8V=76:$%C'!.,.'^7':A=#Q'Y$r-

?&?'.U,!'^7'I8?:'ca'#B&?A,'H9'#87I6B=?895'7C'B$?&%:?'@$B$'.h,/'^7';8B'A$6%:AC'7=#$'69<'%$??'<i-

7=9=?A$<5'C$:'?=K9=;=#69:5'.!,-'^7'=9'the Wfs1-defciency, while a diameter of flat-mounted mam-

76%=69'#$%%'=?'6IIB8V=76:$%C'-0'^7. I focused my analysis on 10 pictures of the area around the ON, 

centering the retina on it but avoiding the most proximal, thicker sections. Other analytic ap-

proaches exist as well, that is regarding the scan type, the scans’ angle, and the amount of images 

analyzed per retina. They might provide a fuller image. For instance, Liu et al. took radial volume 

scans at several angles (Liu et al., 2014), in comparison to my radial scans at only one angle. Never-

theless, measurements in the KO retinas of RNFL/GCL as well as GC complex layer including IPL 

suggest a loss in the volume or number of RGC axons, cell bodies, dendrites and potentially neigh-

boring amacrine cells. Even though in WS patients RNFL thinning took place already 1 and 3 

months after the onset of the disease and was preceded by diminished PhNR amplitude (Gotoh et 

al., 2004; Hoekel et al., 2014; Majander et al., 2016; Zmyslowska et al., 2015), it was not the case 

for the KO mice. Here the thinning was not even measurable for RNFL layer alone, because it is too 

thin and sufficiently precise equipment is not available yet. Hence, the protocol is to measure the 

RNFL/GCL including axons and cell bodies, or rather GC complex layer comprising the entire cell 

with both types of protrusions. ERG is supposed to correlate with morphologic changes (Liu et al., 

2014), just as PhNR amplitude is supposed to descend with retinal thinning (Rangaswamy et al., 

2004; Wang et al., 2012), but multiple sclerosis patients with ON showed a restoration of PhNR 

with progressing RNFL loss (Wang et al., 2012), that is equally difficult to explain. Finally, the retinal 

thinning was apparent only at 6 m, while the vision loss onset is appointed here to 1 m because of 

the significant yet minimal VA loss at that age; thus 5 months after the onset. Typically in human 

OPN other than WS it may take 2 to 6 months (Costello et al., 2006, 2008). Thus so far, all the re-

ported changes in the KO mouse retina, apart from RGC function testing, correspond to WS. 

In order to determine which part of RGC is responsible for the RNFL/GCL thinning, the ON 

was observed under TEM and RGCs were counted after appropriate staining. In WS patients, there 
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is vacuolization of RGCs, axonal shrinking, flattening and loss (Hilson et al., 2009). Among these 

traits, I did not observe distinctive vacuolization, but there was an insignificant difference in the 

number of big and small ON axons in KO mice, similarly to Wfs1exon2del KO animals (Bonnet Wer-

singer et al., 2014). I also reported heavy axonal damage along with a change in shape. More pre-

cisely, there was less big but more small axons. It surprises given the PhNR results with decreased 

latency, since conduction velocity grows with the nerve diameter. Thus, PhNR suggests predomi-

nance of large ON axons in KO mice instead of the small ones. However, TEM results would fit 

PhNRN, where the latency was increased, and therefore the conduction was slower. Nevertheless, 

the obvious ON axonal injury as well as scarring in KO mice may not be enough to reflect in dimin-

ished ERG amplitudes, just as reported here; which are characteristic for axonal loss (Gotoh et al., 

2004),' H9'A&769?5'/-d'8;':A$'6V89?'6B$'?76%%$B':A69'-'^7'=9'<=67$:$B5'-d'6B$'%6BK$B':A69'U'^75'

and the rest is in between (Wirtschafter, 1983). Here I divided the axons only to small and large, 

?=9#$':A$'<=67$:$B'@6?'B6B$%C'>=KK$B':A69'-'^75'@=:A'69'$Y=<$9:'IB$<87=969#$';8B'?76%%'6V89?,'3?'

seen in the results for GT studies, the frequency of axonal inner diameter is different between WT 

and KO mice with a shift towards the smallest exons. Of note, the given “inner” measurements 

result from the tight adjacency of ON axons in the examined samples. In humans the adjacent ON 

axons lie within 20 nm from each other (Wirtschafter, 1983), yet in the Wfs1exon8del mice they are so 

close that assessing the G-ratio for myelin volume, or even outer axonal parameters, was impossi-

ble. Demyelination in ON is concomitant with optic atrophy (OA) (Wirtschafter, 1983) and changes 

the conduction velocity, hence my interest in its quantification. In comparison, such measurement 

was feasible in Opa1+/+ and Opa1-/- mice, which showed axonal degeneration, demyelination, de-

creased g-ratio and diminished axonal number in OPN at 16 m (Sarzi et al., 2012). By observation 

only, the myelin sheaths in KO axons seemed much thinner than in WT mice. Also, as aforemen-

tioned, the axonal shape was much more circular than normal, while inner axonal diameter and 

area were decreased. Even though the change in shape does not correspond with the findings of 

Hilson (Hilson et al., 2009), it might be stress-related. Plus, this measurement does not take under 

account irregularity of the axon if in the end it resembles more a circle than a stretched oval. Final-

ly, the variation in mean axonal size corresponds with the previous assumption of the predomi-

nance of small axons in ON of KO mice and the thinning of RNFL/GCL, being another abnormality. 
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Histological findings in KO mouse retinas provided a further evidence for the axonal damage-

driven retinal thinning. Both, immunohistological and histochemical exams provided similar results 

of a normal RGC number. Only a tendency towards RGC loss in the zone proximal to ON appeared, 

which is at odds with Hilson’s report of a dramatic loss of RGCs in WS patients (Hilson et al., 2009). 

Since some researchers assume that only 50% of cell bodies in GCL are RGCs (Fujita et al., 2015) 

and only a certain amount of RGCs is Brn3a positive (Nadal-Nicola´s et al., 2009), future comple-

mentary test with Fluoro-Gold would be advised. Another possibility would be the recently devel-

oped AAV-based technique of identifying RGCs under distress (Fujita et al., 2015), allowing for in 

vivo calculations after intravitreal injections of appropriate vectors. Nonetheless, it may still appear 

that there is no RGC loss, which could be explained by too early testing (at 6 m), supported by pre-

served RGC function, and give higher potential for successful therapy. So far, I did not investigate 

the size of an RGC in both genotypes, what also could be informative and shed more light on the 

nature of this retinal thinning. 

While exiting the eye, ON axons turn at 90° flexion at the OD, what causes distress (Morgan, 

2004). Additionally, the very nature of ON function bears high risk of stress-related damage; there-

fore this stress needs to be well-managed. In rescue comes the adjacent glia that accounts for 

nearly 50% of cells in the optic nerve head, proximate to the flexion (Morgan, 2004). The residing 

astrocytes provide supportive buffering environment to RGCs, and are rich in WFS1 (Kawano et al., 

2008). This support is necessary because axons alone constitute for 93% of the total RGC area 

(Morgan, 2004) and need the metabolic boost from astroglial mitochondria, with the accompany-

ing blood supply. RGC alone is just not able to provide that much energy. To visualize the size of 

RGC cell body and the effort required to maintain proper axonal function, Wirtschafter compared it 

to an orange with an attached pipe cleaner 2.4 – 3.2 km in length (Wirtschafter, 1983). Therefore, 

given that most of the protein synthesis takes place in the cell body, accurate axonal transport and 

glial support must be provided. In the absence of WFS1, the already present stress grows further 

leading to axonal injuries, because the Ca2+ is unbalanced and the ER is too strained. Therefore, 

failure in sustaining normal RGC function is an early stage of OPN (Porciatti and Ventura, 2012), 

which results in axonal damage leading to cell death (Fujita et al., 2015). Since it was not possible 

to isolate satisfying quantities of mature RGCs at the time of the study, I investigated ER stress and 
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neuronal markers in the whole mouse retina instead. I observed neither elevated stress nor de-

crease in neurons, which finally does not surprise, given that RGCs constitute only 1% of retinal 

cells (Shevtsova et al., 2005). It is possible that an increased ER stress takes place only in RGCs, or 

even only in their axons. For future reference, it would be interesting to test it in the ON. Further-

more, UPR-related genes are indifferent to Wfs1-deficiency in mouse brain (Tekko et al., 2014), 

which suggests a similar situation to be expected in the retina. In comparison however, we ob-

served increased levels of ER stress proteins in the Wfs1exon2del KO mouse retinas (Bonnet Wersing-

er et al., 2014), which was not present at the mRNA level and was not identified as RGC-related. 

Altogether, despite several dissimilarities, I argue that KO mice exhibit a significant WS ophthalmic 

phenotype, with the progressive loss of VA and CS, OD pallor, retinal thinning and axonal damage; 

which allows testing of novel therapies for WS patients. 
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8.2.! Wfs1
E864K

 mice are an alternative Wolfram Syndrome model 

Wfs1
E864K mice exhibit severe early-onset RGC function loss, OD damage and retinal thinning 

accompanied by hyperglycemic tendencies. Heterozygous Wfs1
E864K/+ mice however begin to show 

symptoms much later. To that, the expected OA is only meager and does not reach the same level 

within the first 12 months of life. Hence a conclusion that the Wfs1
E864K/+ phenotype resembles a 

healthy one rather than WS. It came as a surprise because in humans the E864K mutation causes a 

disease with dominant inheritance (Eiberg et al., 2006) and bi-allelic form was never reported. 

Therefore, I claim that the Wfs1
E864K mice could serve as another, complementary mouse model of 

human WS. 

The typical behavior of the Wfs1
E864K mice fits the neurological and psychiatric symptoms of 

WS, with increased anxiety and hyperactivity (Barrett et al., 1995; Urano, 2016) that made OMR 

testing impossible. In addition, these mice display hearing impairment (data not shown) and possi-

bly hyperglycemia at 3 m, as demonstrated with a pilot experiment. Additionally, they do not re-

spond well to anesthesia, just as the KO mice. The most impressive result here is the drastic lack of 

RGC activity, present already at 1 m. This has never been reported before in a WS mouse model 

(Bonnet Wersinger et al., 2014) and is a powerful indication of OA (Gotoh et al., 2004; Moon et al., 

2011; Rangaswamy et al., 2004; Wang et al., 2012). While the PSTR and PhNR amplitudes were 

persistently decreased in the Wfs1
E864K mice, the latencies were variable. It is associated with the 

difficulty of finding the wave in the ERG trace, especially with the increased heavy breathing-

related background noise. However, it may be caused by the accompanying amacrine and bipolar 

cells (Gotoh et al., 2004; Saszik et al., 2002) as well, as explained for the Wfs1exon8del
 line. In the 

same time, VEP did not support these findings, which is primarily because of targeting the Wfs1
WT 

and Wfs1
E864K/+  mice in this experiment. VEP will be repeated for the Wfs1

E864K mice once they be-

come available; and I expect to obtain decreased N+P amplitudes as well as increased relative la-

tencies.  

The mesopic and photopic ERG showed attenuated a- and b-waves indicating PR, ON-bipolar 

and Müller cell impairment in the Wfs1
E864K mice. There were some age-dependent fluctuations 

again, this time in the mesopic a-wave amplitude, suggesting distress of both PR types. It is so be-
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cause decreased cone photopic response was in accordance with the mesopic one at 3 m, but 

while the mesopic a-wave amplitude was increased at 1 m, cones responded within norms. Fur-

thermore, as the abnormalities in b-waves of KO mice were vague, they were distinct in the 

Wfs1
E864K mice, and much stronger than in the a-waves. This is consistent with the Wfs1 expression 

in bipolar and in Müller cells (Kawano et al., 2008), prompting their dysfunction in Wfs1-deficiency. 

Finally, together with the PR defect, it correlates with Majander’s findings (Majander et al., 2016). 

He reported a thinning in the OPL, where PRs link with bipolar and horizontal cells; associated with 

dominant missense WFS1 mutations, like E864K. In contrast, the severe early-onset RGC function 

loss has never been reported in dominant Wolfram-like Syndrome. 

Pigmentary retinopathy accompanies 30% of WS patients (Rigoli and Di Bella, 2012). Thus, 

the discoloration at first spotted in Wfs1
E864K eyes was thought to be another WS symptom. How-

ever, after thorough examination of the entire line, I discovered that this phenomenon is not geno-

type-dependent but rather background-dependent, as described by Ogilvy et al. (Ogilvy et al., 

2014). The mouse eyes were also absent of diabetic retinopathy, however I noticed circular spots 

at the end of small vessels, just like lights on a Christmas tree.  They were present in both geno-

types but not in the Wfs1exon8del line. They did not grow during a longer observation nor did any 

leakage appear in their proximity. Hence, I attribute this phenomenon to the peculiarity of the ge-

netic background as well. As another inter-line divergence, natural OD color is pinkish, like in hu-

mans, instead of greyish, like in the Wfs1exon8del mice, which again seems background-dependent. 

Yet, the Wfs1
E864K mice had one distinctive trait, namely abnormally shaped OD. As noticed by Jo-

nas (Jonas et al., 1999), this phenomenon is correlated with corneal astigmatism and amblyopia. 

The latter happens when the eye fails to achieve normal VA due to the lack of appropriate commu-

nication with the brain, what should be seen in VEP but also in PSTR- and PhNR-waves. Moreover, 

the misshaping may be a sign of neural tissue loss (Wirtschafter, 1983), and the greyish color of the 

Wfs1
E864K OD, which was rather constant, could emerge from subsequent tissue scarring. This how-

ever needs to be confirmed under TEM, once the appropriate tissues are available. Nonetheless, 

OCT showed supporting GC complex thinning, but there was not enough Wfs1
WT mice to reach a 

significant difference in RNFL/GCL thickness. Just as in KO mice, it indicates loss of RGC dendrites, 

cell body or axons (Gotoh et al., 2004; Hilson et al., 2009; Morgan, 2004). 
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Figure 42. Single-cell degeneration model for RGC. The structure-function relationship depends on passing 

through several stages of progressive dysfunction and death. Reproduced from Porciatti et al. (Porciatti and 

Ventura, 2012). 

Last but not least, histological findings showed that RGC number was preserved in the 3 

months old Wfs1
E864K mice, while their function had been lost already 2 months earlier. So why is 

that? Porciatti et al. (Porciatti and Ventura, 2012) proposed a model for single-cell dysfunction 

(Figure 42) that could explain the phenomenon. A stressed RGC undergoes several stages before 

death. In the first two, it is still functional, although not to its fullest extent. During these phases, 

compensatory mechanisms are launched until a limit of auto-regulation is reached. This is when 

the disease onset is identified. After that, the cell tries to remain alive exploiting its survival mech-

anisms, until the stage 3 when the apoptosis is switched on. There is no residual function from this 

point on, but the cellular body and axon are still present. Surely, morphological changes are to be 

expected. On a large scale, each cell is at a different stage of the process, depending on the pro-

gression rate of the disease. Hence, there will always be a residual function and residual structure 

detectable by ERG and OCT, just as seen for both mouse lines.  Furthermore, the dysfunction will 

be in excess in relation to tissue loss, and thus potentially recoverable (Porciatti and Ventura, 

2012). Overall, there is a therapeutic window for ON rescue between the disease onset and irre-

versible tissue loss, to prevent further dysfunction and neuronal damage. The goal is not to cross a 

certain point of cell degeneration. In WS that window is large, in comparison to rapidly progressing 

LHON for instance, therefore there is a potential for successful gene therapy. It is good news be-
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cause even though the RGC disease onset point is difficult to detect, vision loss is not the first 

symptom of WS, what makes it highly probable to deliver the treatment on time. 

As a final remark, despite the expected recessive character of E864K mutation in mice judging 

by the symptoms, I failed to rescue the phenotype with GT. The vectors were delivered at P14, 

which at the time was the earliest possible moment considering eye development. At 3 m following 

the therapy, there were no differences between eyes treated with WFS1 and GFP. It could be be-

cause GT was applied too late or because E864K is a gain-of-function mutation, meaning that the 

faulty mRNA needs to be removed for the transgene to work (Trapani et al., 2014). To test these 

theories, future experiments will involve adapted approaches, including GT as early as P3 or at the 

OA onset, which remains to be established. 
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8.3.! Gene Therapy partially rescues Wolfram Syndrome ophthalmic phenotype 

Vision is thought to be the most important sense of all and thus blindness is one of the most 

feared conditions, next to HIV/AIDS, cancer and Alzheimer’s disease (Scott AW et al., 2016). It is 

inevitable in WS patients, where OA has chronic progressive nature with no treatment available. 

However, the visual impairment is generally detected early, increasing the chance for successful GT 

(Barrett and Bundey, 1997; Barrett et al., 1995, 1997; Hershey et al., 2012; Hoekel et al., 2014; 

Urano, 2016). The goal is to delay the retinal RGC-driven deterioration if a full protection cannot be 

achieved. Even though most of the regenerative neural potential is lost in early infancy, some plas-

ticity remains. Therefore, there is a possibility for the damaged RGCs to heal and create functional 

synapses once the appropriate treatment is applied. In the presented study, the KO murine retina 

was transduced at 1 m with AAV2/2 carrying human WFS1 gene, what corresponds to human 8-9 y. 

This roughly correlates with the age of WS-related vision loss onset that is 11 y. Here I showed 

prevalent transgene expression in RGC and their protrusions both, in vivo and in vitro, as well as 

VA, OD pallor and axonal damage rescue in the KO mice. Even though the therapy did not stop the 

disease completely, a marked progression delay was achieved. 

Upon treatment, there was seemingly less exophthalmia and mucous discharge incidents in 

eyes of the KO mice. No signs of uveitis, inflammation of the retina and the uvea, were observed, 

either. There was no divergence in their behavior, but the survival was further compromised due 

to the recurrent need for anesthesia. The Institute for Neurosciences of Montpellier has a policy of 

minimum 14 days between anesthetic-requiring procedures in mice, and the experimental proto-

col was adapted accordingly. Even though this time frame was preserved, the number of proce-

dures was too high for KO mice to sustain. Therefore, their number at the end was vividly reduced. 

This was expected as for the breathing difficulties; but despite a foreseen margin, still influenced 

the statistics.  

The transgene expression was first observed in fundoscopy after AAV2/2-GFP injections, and 

then post-mortem on flat-mounted retinas. Both, GFP and human WFS1 were present in RGCs as 

well as their protrusions, but the expression in ON was not investigated yet. RGC is rich in HSPG 

(Shevtsova et al., 2005), the main entry receptor, allowing for successful transduction. Also, there 
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is evidence that transgene delivered intravitreally to RGC reaches projections in the brain (Bi et al., 

2006) and is prone to transcytosis to neighboring cells, like astroglia in ON (Di Pasquale and Chi-

orini, 2006). The vector is able to directly transduce astroglia as well, but not as efficiently 

(Aschauer et al., 2013). Judging from the AAV2/2 tropism (Fujita et al., 2015; Harvey et al., 2002; 

Pang et al., 2008), it is also possible that Müller cells, which accompany RGCs (Wirtschafter, 1983) 

are transduced to some extent.  All this is advantageous in anti-WS GT because of the natural 

abundant WFS1 gene expression in astrocytes and Müller cells, as well as their impairment with 

protein deficiency. Of note, as the transgene expression was not assessed at nucleic acid level, I did 

so at protein level (data not shown). Nothing was found either in the retina or the ON, but that is 

probably due the low abundance of RGC in comparison to other retinal cell populations, together 

with non-adapted protocols for protein extraction in ON. Especially because the RGC axon is a site 

of protein synthesis (Morgan, 2004), so WFS1 presence would be expected. For the GT, 3 · 108 vec-

tor genomes (VG) with CMV promoter were injected into each eye. In comparison, other research-

ers reported successful RGC transduction with only 106 VG (Ali et al., 1998) and the same kind of 

promoter (Ali et al., 1998; Bouaita et al., 2012; Cwerman-Thibault et al., 2014, 2015; Hellström and 

Harvey, 2011), or at a higher dose (1010 VG  (Cwerman-Thibault et al., 2015)). Some prefer lower 

injection volumes and earlier delivery (Pang et al., 2008), but without an apparent divergence in 

the possibility of side effects. Moreover, transduction rate is supposed to increase in time, reaching 

a plateau 2-6 weeks post-delivery and lasting at least 7 months (Ali et al., 1998; Pang et al., 2008). 

In comparison, I showed in vivo transgene expression 2 weeks post-delivery, while the in vitro stud-

ies took place 2 weeks later, which is within the indicated time frame. Furthermore, the localized 

expression I achieved here was also spotted by Pang et al. (Pang et al., 2008) and could possibly be 

increased by higher vector titer or a different promoter, such as CBA, preferred in human trials 

(John Wiley & Sons, Ltd., 2016). Finally, even though not evident for the presented GT, vector 

transduction profile in diseased retina may be lower than in the normal one (Kolstad et al., 2010). 

This further supports repeating the study with more VGs and gives potential for even greater phe-

notype rescue. 

Uni and bilateral therapeutic approach provided somewhat similar results regarding VA.  A 

complete recovery was not reached, but AAV-2/2-CMV-WFS1 markedly improved OMR in the KO 
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mice. It was particularly exciting to see the results for the 3-month-olds after bGT, when the curing 

power of WFS1 became evident against, both, the naïve and sham-treated controls. The role of 

PBS, however, stood out later in time, calling into question effectiveness of WFS1 gene itself. In the 

same time, there were also signs of PBS somehow injuring the eye during the uGT. It is almost as if 

PBS induced a delayed protection related to defensive mechanisms. It makes sense in view of its 

role in recruiting neurotrophic factors to the retina (Morgan, 2004; Shum et al., 2016), what may 

lead to reparative response. In fact, intravitreal injection itself was shown to enhance RGC survival, 

slowing down RGC degeneration (Morgan, 2004; Shum et al., 2016).  It did not prevent RGC death, 

but potential injection-associated inflammation could boost its regeneration (Shum et al., 2016). 

An example of such neurotrophic factors are BDNF and CNTF, which are released by Müller cells 

(Harvey, 2007; Kimura et al., 2016; Morgan, 2004). These cells however are highly sensitive to the 

soaring ROS production in the retina, what with WFS1-deficiency results in damage and incapability 

to maintain RGC homeostasis +R8m?Q6'$:'6%,5'-0G04. Of note, we observed a similar situation with 

PBS in other GT studies performed in our laboratory (data not shown). It may be that PBS is not the 

best sham-control, or that the therapeutic potential should be rather matched with untreated con-

trols. Finally, the number of mice in the experiments may pose problems. It is possible that the bGT 

gave better results only because more mice were involved, so it was easier to reach statistical sig-

nificance. The same explanation may be applied in the case of PBS vs WFS1 treatment at 6 m, 

which did not appear to have a different effect. In future experiments, we plan to test OMR at 1 m, 

before the therapy, and then repeat it at 3 and 6 m. It is to get comparative results of the individu-

al vision decline without sham-treating the contralateral eye. We also plan to check contrast vision, 

since the spatial frequency results are so promising. Cautiously, based on the presented results, I 

dare to hypothesize that the WFS1 GT works at its best on VA at 3 m, overall slowing down the 

vision loss progression.  

The effectiveness of the AAV-2/2-CMV-WFS1 vector was further proved with fundoscopy and 

TEM, which were the most picturesque findings. At 6 m, OD pallor disappeared, while RGC axons 

were much less damaged, and their shape as well as diameter was normal. Therefore, it seems that 

OPN was largely prevented, as axons have high energy demands and the presence of WFS1 allowed 

meeting them without the stress-related damage. In contrast, ERG and OCT showed only a possible 
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amelioration of PR, bipolar and Müller cell function, with no apparent change in retinal thickness. 

This may be because of the low power of ERG in phenotyping KO mice and a small sample size, 

respectively; or too low GT dose. For instance, low dose GT with RPE65 improved VA without de-

tectable ERG improvement, just as reported here, while a high dose did (Bainbridge et al., 2015; 

Petit et al., 2016). It is also possible that GT was applied too late, just like unchanged ERG in adults 

during clinical trials against LCA, which emerged due to early-onset/late-GT-injections relation 

(Bennett et al., 2012). In the same time, visual improvement was confirmed in children (Schimmer 

and Breazzano, 2015). Nevertheless, as stated by Grenier et al. (Grenier et al., 2016), conditions for 

OA are the presence of OD pallor and VA drop, which was reported in KO mice and rescued with 

AAV-2/2-CMV-WFS1 vector. 

Last but not least, it is important to remember that a mouse is only a model and has different 

therapeutic demands than humans (Petit et al., 2016). Just as in the case of RPE65, humans may 

need more WFS1 than mice to slow down disease progression and that the treatment would need 

to be re-administered every 2-4 y if immune response allows (Bainbridge et al., 2015). Even though 

AAV re-administration to human eyes was safe, it was not tested over the years but only into the 

contralateral, immunologically isolated eye (Bennett et al., 2012). Furthermore, intravitreal injec-

tion itself can stimulate neutralizing antibodies that compromise future transduction (Li et al., 

2008), which however could be circumvented with immunosuppressants (Mingozzi et al., 2012). 

Regarding RGC-dependent OA, AAV-driven GT was successful against LHON, a type of OPN (Bouaita 

et al., 2012; Cwerman-Thibault et al., 2014; Yu-Wai-Man, 2016). Here, an adapted therapeutic ap-

proach has to be applied, like the allotopic expression proposed by Bonnet et al. (Bonnet et al., 

2007; Cwerman-Thibault et al., 2014, 2015; Kaltimbacher et al., 2006), where a mitochondrion-

coded mRNA is synthetized in the cytosol and later translated on the target organelle with simulta-

neous translocation. Such GT against OPN was first proven effective and long-lasting with fibro-

blasts (Bonnet et al., 2007), and then with AAV2/2 in mouse (Harlequin mice (Bouaita et al., 2012)), 

rat (Cwerman-Thibault et al., 2014, 2015; Ellouze et al., 2008) as well as primate (Cwerman-

Thibault et al., 2014) retinas. Hence, phase I/II clinical trial with AAV2/2-CMV-ND4 was launched in 

November 2013 in France for LHON patients with mutations in ND4 gene that codes for 

NADH/ubiquinone oxidoreductase core subunit 4 (ID: FR-0059 (John Wiley & Sons, Ltd., 2016)). In 
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parallel, another research group tested a different approach in mouse eyes (Guy et al., 2009) as 

well as ex-vivo primate retina (Koilkonda et al., 2009), which resulted in clinical trials initiated in 

2011 (ID: CN-0025 (John Wiley & Sons, Ltd., 2016)).  I believe that our treatment against WS has a 

similar potential if an optimal dose and therapeutic window were found. It is because, as afore-

mentioned, cells need to preserve some functionality and have the least damage possible for a 

success (Boye et al., 2013). All these factors need to be taken under account when planning the 

future of our GT. 
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9. FINAL CONCLUSIONS AND PERSPECTIVES

For the first time in literature, I report a discovery of a WS mouse model with an appropriate 

ophthalmic phenotype. The functional and physiological changes in KO mice with deleted exon-8 of 

Wfs1 gene show progressive OA, OD pallor, and retinal thinning related to axonal degeneration, 

typical for WS. In addition, since the disease manifestation in Wfs1
E864K

 mice has an early onset and 

is accompanied by a strong ophthalmic phenotype, I propose to use it as another model of WS.  

Last but not least, the tested GT with WFS1 against WS proved efficient and missing side effects. It 

should be explored further with both mouse models, using adapted approaches and higher vector 

titrations. The promising preliminary GT results pave the way for future treatment against blind-

ness in WS patients. 
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11.!ANNEX I: Supplementary results for Wfs1
exon8del

 

Figure 43. Optic disc pallor. Eye fundus of 6 months old WT (in blue) and KO (in red) mice were examined 

for optic disc pallor. It was analyzed either by manual scoring (A); with 0 for the lack of OD pallor, 1 for the 

pallor and 2 for the profound pallor; or with ImageJ via signal intensity (B, C). In B signal intensity of the OD 

was divided by the intensity of the rest of the fundus, and in A the latter was subtracted; for normalization. 

Results are shown as mean ± SEM for both eyes; n = 20-25, nF = 13-14, nM = 6-12. Significance is indicated 

with * when p < 0.05. 

A 

 
 

B 

 

Figure 44. Fluorescein angiography. Eye fundus of 6 months old WT (A) and KO (B) mice were examined for 

Y6?#&%6B'%$6Q6K$'6;:$B'=9q$#:=89'8;'0,.'^%XK'8;'G0d';%&8B$?#$=9'?8<=&7,'RA$B$'@6?'98'<=;;$B$9#$'>$:@$$9':A$'

genotypes; blood vessels seemed intact. 
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Figure 45. Optical Coherence Tomography. The thickness (top) and area (bottom) of RNFL/GCL layer (A) 

and GC complex layer (B) were measured from OCT pictures, for 6.5 months old WT (in blue) and KO (in red) 

mice. Results are shown as mean ± SEM for both eyes; significance is indicated with * when p < 0.05; RGC – 

retinal ganglion cell, RNFL – retinal nerve fiber layer. 
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12.!ANNEX II: Supplementary results for Wfs1
E864K

 

Figure 46. RGC function. PSTR (A) and PhNR (B) were recorded after overnight adaptation in darkness, for 1, 

3, 7 and 12 months old Wfs1
WT (in blue), Wfs1

E864K/+
 (in pink) and Wfs1

E864K (in red) mice. RGC response to 

flashes, at 5 ms, 0.1 Hz and 0.3 cd·s/m2 in A and at 5 ms, 1 Hz and 159 cd·s/m2 in B, is shown as mean ± SEM 

;8B'>8:A'$C$?5' =9'7=#B8Y8%:'e^[f';8B':A$'@6Y$'67I%=:&<$'+:8I4'69<'=9'7=%%=?$#89<'e7?f';8B':A$'%6:$9#C'+>8t-

tom); n = 4-18. Significance is indicated when p < 0.05; with * in black between the genotypes, with # be-

tween the time points. 
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Figure 47. Normalized PhNR. Amplitude (A) and latency (B) of PhNR were normalized to the b-wave follow-

ing the equation: [|!"#$| ÷ ()-%&'( + |!"#$|)] proposed by Kundra et al. (Kundra et al., 2016). The 

results are shown as mean ± SEM, for both eyes of Wfs1
WT (in blue), Wfs1

E864K/+
 (in pink) and Wfs1

E864K (in 

red) mice; n = 4-18. Significance is indicated when p < 0.05; with * between the genotypes, with # between 

the time points. PhNRN – normalized PhNR. 

Figure 48. Mesopic ERG. A-wave (A), for PRs, and b-wave (B), for ON-bipolar cells, were recorded after 
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overnight adaptation in darkness, for 1, 3, 7 and 12 months old Wfs1
WT (in blue), Wfs1

E864K/+
 (in pink) and 

Wfs1
E864K (in red) mice. Results for flashes at 5 ms, 0.5 Hz and 15.9 cd·s/m2 are shown as mean ± SEM for 

both eyes; for the wave amplitude (top) and latency (bottom); n = 4-18. Significance is indicated when p < 

0.05; with * between the genotypes, with # between the time points. 

Figure 49. Photopic ERG. A-wave (A), for cones, and b-wave (B), for ON-bipolar and Müller cells, were rec-

orded after 5 min long adaptation to bright light, as a response to flashes at 5 ms, 1 Hz and 159 cd·s/m2. 

Results are shown as mean ± SEM for both eyes of 1, 3, 7 and 12 months old Wfs1
WT (in blue), Wfs1

E864K/+
 (in 

pink) and Wfs1
E864K (in red) 7=#$)'=9'^[';8B':A$'@6Y$'67I%=:&<$'+:8I4'69<'=9'7?';8B':A$'%6:$9#C'+>8::874)'9'k'

4-18. Significance is indicated when p < 0.05; with * between the genotypes, with # between the time 

points. 
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Figure 50. Visual Evoked Potential. Electric conduit from RGC towards the visual cortex was measured with 

VEP for 3 months old Wfs1
WT (in blue), Wfs1

E864K/+
 (in pink) and Wfs1

E864K (in red) mice; after overnight dark-

adaptation, as a response to 60 flashes of 5 ms at 1 Hz and 159 cd·s/m2 per trace. Three traces per mouse 

were averaged by the software, and a mean ± SEM value per group were calculated; n = 10, 9, and 1, re-

spectively. Results are shown as a sum of N- and P-wave amplitudes (A4'=9'^[5'69<'6?'?$I6B6:$'latencies (B) 

in ms; N – 1st negative wave, P – positive wave. 

A B 

Figure 51. Fluorescein angiography. Eye fundus of 3 months old Wfs1
WT (A) and Wfs1

E864K (B) mice were 

$V67=9$<';8B'Y6?#&%6B'%$6Q6K$'6;:$B'=9q$#:=89'8;'0,.'^%XK'8;'G0d';%&8B$?#$=9'?8<=&7,'RA$B$'@6?'no difference 

between the genotypes; blood vessels seemed intact. 
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Figure 52. Optic disc damage. Eye fundus of 3 months old Wfs1
WT (in blue), Wfs1

E864K/+
 (in pink) and 

Wfs1
E864K (in red) mice were examined for optic disc damage; n = 4-16. It was analyzed with ImageJ via signal 

intensity for gender sex separately (top) or together (bottom). In A signal intensity of the OD was divided by 

the intensity of the rest of the fundus, and in B the latter was subtracted; for normalization. Results are 

shown as mean ± SEM for both eyes. Significance is indicated with * when p < 0.05. 
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Figure 53. Optical Coherence Tomography. The thickness (top) and area (bottom) of RNFL/GCL (A) and GC 

complex (B) layers were measured from OCT scans, for 3 months old Wfs1
WT (in blue), Wfs1

E864K/+
 (in pink) 

and Wfs1
E864K (in red) mice; n = 3-10. Results are shown as mean ± SEM for both eyes; significance is indicat-

ed with * when p < 0.05. 
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Figure 54. ERG after gene therapy. Following the intravitreal injections at P14 with AAV-2/2-CMV-WFS1 (A) to the left eye and AAV-2/2-CMV-GFP 

(B) to the right eye, 3 months old Wfs1
WT (in blue) and Wfs1

E864K (in red) mice were tested for PSTR, mesopic and photopic ERG, in standard con-

ditions. Results are shown as 7$69'g'FNn';8B'$6#A'$C$'+9'k'U4)'=9'7=#B8Y8%:'e^[f';8B':A$'@6Y$'67I%=:&<$'+:8I4'69<'=9'7=%%=?$#89<'e7?f';8B':A$'%a-

tency (bottom). Significance is indicated with * when p < 0.05. Both eyes responded similarly. 
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13. ANNEX III: Supplementary results for gene therapy in Wfs1
exon8del

 line

Figure 55. PSTR after uGT. Following the unilateral intravitreal injections with AAV-2/2-CMV-WFS1 and PBS, 

(A) 3 months and (B) 6 months old Wfs1exon8del  WT (in blue) and KO (in red) mice were tested for PSTR. The 

waves were recorded after overnight adaptation in darkness, as a response to flashes at 5 ms, 0.1 Hz and 

0.3 cd·s/m2. Results are shown as mean ± SEM for both eyes in NI group, and for one eye in PBS and WFS1 

KB8&I?)' =9'7=#B8Y8%:' e^[f' ;8B' :A$'@6Y$' 67I%=:&<$' +:8I4' 69<' =9'7=%%=?$#89<' e7?f' ;8B' :A$' %6:$9#C' +>8::874,'

Females and males were pooled together; n = 4-9. Significance is indicated when p < 0.05; with * in black 

between the genotypes within a group, with # in blue and red between corresponding WT and KO at differ-

ent time points, respectively. NI – non-injected, PBS – treated with PBS, WFS1 – treated with AAV-2/2-CMV-

WFS1. 
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Figure 56. PSTR after bGT. Following the biilateral intravitreal injections with AAV-2/2-CMV-WFS1 and PBS, 

WT (in blue) and KO (in red) mice were tested for PSTR at (A) 3 months and (B) 6 months of age. The waves 

were recorded after overnight adaptation in darkness, as a response to flashes at 5 ms, 0.1 Hz and 0.3 

cd·s/m2. Results are shown as mean ± SEM for both eyes; for the wave amplitude (top) latency (bottom). 

Females and males were pooled together; n = 7-20. Significance is indicated when p < 0.05; with * in blue 

between WT groups, with # in blue between respective WT at different time points; NI – non-injected, PBS – 

treated with PBS, WFS1 – treated with AAV-2/2-CMV-WFS15'^['– microvolt, ms – millisecond. 
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Figure 57. PhNR after uGT. Following the uGT with WFS1, (A) 3 months and (B) 6 months old WT (in blue) 

and KO (in red) mice were tested for PhNR, after 5 min long adaptation in bright light, as a response to 

flashes at 5 ms, 1 Hz and 159 cd·s/m2. Collective results are shown as mean ± SEM for both eyes in NI group, 

and for one eye in PBS and WFS1 groups; for the wave amplitude (top) latency (bottom); with n = 4-9. Signif-

icance is indicated when p < 0.05; with * in black between the genotypes within a group, with # in red be-

tween respective KO at different time points; NI – non-injected, PBS – treated with PBS, WFS1 – treated 

with AAV-2/2-CMV-WFS15'^['– microvolt, ms – millisecond. 
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Figure 58. PhNR after bGT. Following the bGT with WFS1, (A) 3 months and (B) 6 months old WT (in blue) 

and KO (in red) mice were tested for PhNR, after 5 min long adaptation in bright light, as a response to 

flashes at 5 ms, 1 Hz and 159 cd·s/m2. Collective results are shown as mean ± SEM for both eyes; for the 

wave amplitude (top) latency (bottom); with n = 7-20. Significance is indicated when p < 0.05; with * in black 

between the genotypes within a group, in blue or red between WT or KO, respectively; with # in red be-

tween respective KO at different time points; NI – non-injected, PBS – treated with PBS, WFS1 – treated 

with AAV-2/2-CMV-WFS15'^['– microvolt, ms – millisecond. 
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Figure 59. PhNRN after uGT. Amplitude and latency of PhNR for uGT were normalized to the b-wave follow-

ing the equation: [|!"#$| ÷ ()-%&'( + |!"#$|)]. Collective results are shown as mean ± SEM for both 

eyes in NI group, and for one eye in PBS and WFS1 groups; with n = 4-9. Blue and red bars correspond to WT 

and KO mice, respectively.  Significance is indicated when p < 0.05; with * in black between the genotypes 

within a group, with # in blue between respective WT at different time points; NI – non-injected, PBS – 

treated with PBS, WFS1 – treated with AAV-2/2-CMV-WFS1, PhNRN – normalized PhNR. 
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Figure 60. PhNRN after bGT. Amplitude and latency of PhNR for bGT were normalized to the b-wave follow-

ing the equation: [|!"#$-%&'(| ÷ ()-%&'( + |!"#$-%&'(|)]. Collective results are shown as mean ± 

SEM for both eyes; with n = 7-20. Blue and red bars correspond to WT and KO mice, respectively.  Signifi-

cance is indicated when p < 0.05; with * in black between the genotypes within a group, in blue between 

WT; with # in blue and red between WT and KO, respectively, at different time points; NI – non-injected, 

PBS – treated with PBS, WFS1 – treated with AAV-2/2-CMV-WFS1, PhNRN – normalized PhNR. 
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Figure 61. Mesopic a-wave after uGT. PR function after uGT in (A) 3 months and (B) 6 months old WT (in 

blue) and KO (in red) mice was assessed after overnight adaptation in darkness. Collective results recorded 

for flashes at 5 ms, 0.5 Hz and 15.9 cd·s/m2 are shown as mean ± SEM for both eyes in NI group, and for one 

eye in PBS and WFS1 groups; for the wave amplitude (top) and latency (bottom); with n = 4-9. Significance is 

indicated when p < 0.05; with * in black between the genotypes within a group, with # in red between re-

spective KO at different time points; NI – non-injected, PBS – treated with PBS, WFS1 – treated AAV-2/2-

CMV-WFS15'^['– microvolt, ms – millisecond. 
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Figure 62. Mesopic a-wave after bGT. PR function after uGT in (A) 3 months and (B) 6 months old WT (in 

blue) and KO (in red) mice was assessed after overnight adaptation in darkness. Collective results recorded 

for flashes at 5 ms, 0.5 Hz and 15.9 cd·s/m2 are shown as mean ± SEM for both eyes; for the wave amplitude 

(top) and latency (bottom); with n = 7-20. Significance is indicated when p < 0.05; with * in black between 

the genotypes, with # in blue between respective WT at different time points; NI – non-injected, PBS – 

treated with PBS, WFS1 – treated with AAV-2/2-CMV-WFS15'^['– microvolt, ms – millisecond. 
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Figure 63. Mesopic b-wave after uGT. ON-bipolar cell function after uGT in (A) 3 months and (B) 6 months 

old WT (in blue) and KO (in red) mice was assessed after overnight adaptation in darkness. Collective results 

recorded for flashes at 5 ms, 0.5 Hz and 15.9 cd·s/m2 are shown as mean ± SEM for both eyes in NI group, 

and for one eye in PBS and WFS1 groups; for the wave amplitude (top) and latency (bottom); with n = 4-9. 

Significance is indicated when p < 0.05; with * in black between the genotypes within a group, with # in red 

or blue between respective KO or WT at different time points; NI – non-injected, PBS – treated with PBS, 

WFS1 – treated AAV-2/2-CMV-WFS15'^['– microvolt, ms – millisecond. 
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Figure 64. Mesopic b-wave after bGT. ON-bipolar cell function after uGT in (A) 3 months and (B) 6 months 

old WT (in blue) and KO (in red) mice was assessed after overnight adaptation in darkness. Collective results 

recorded for flashes at 5 ms, 0.5 Hz and 15.9 cd·s/m2 are shown as mean ± SEM for both eyes; for the wave 

amplitude (top) and latency (bottom); with n = 7-20. Significance is indicated when p < 0.05; with * in black 

between the genotypes, in blue or red between WT or KO, respectively; with # in red between respective 

KO at different time points; NI – non-injected, PBS – treated with PBS, WFS1 – treated with AAV-2/2-CMV-

WFS15'^['– microvolt, ms – millisecond. 
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Figure 65. Photopic a-wave after uGT. Cone function after uGT in (A) 3 months and (B) 6 months old WT (in 

blue) and KO (in red) mice was assessed after 5 min long adaptation to bright light. Collective results rec-

orded for flashes at 5 ms, 1 Hz and 159 cd·s/m2 are shown as mean ± SEM for both eyes in NI group, and for 

one eye in PBS and WFS1 groups; for the wave amplitude (top) and latency (bottom); with n = 4-9. No signif-

icance; NI – non-injected, PBS – treated with PBS, WFS1 – treated AAV-2/2-CMV-WFS15'^['– microvolt, ms – 

millisecond. 
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Figure 66. Photopic a-wave after bGT. Cone function after bGT in (A) 3 months and (B) 6 months old WT (in 

blue) and KO (in red) mice was assessed after 5 min long adaptation to bright light. Collective results rec-

orded for flashes at 5 ms, 1 Hz and 159 cd·s/m2 are shown as mean ± SEM for both eyes; for the wave ampli-

tude (top) and latency (bottom); with n = 7-20. Significance is indicated when p < 0.05; with * in black be-

tween the genotypes, in blue or red between WT or KO, respectively; with # between the time points; NI – 

non-injected, PBS – treated with PBS, WFS1 – treated with AAV-2/2-CMV-WFS1, ^['– microvolt, ms – milli-

second. 
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Figure 67. Photopic b-wave after uGT. ON-bipolar and Müller cell function after uGT in (A) 3 months and 

(B) 6 months old WT (in blue) and KO (in red) mice was assessed after 5 min long adaptation to bright light. 

Collective results recorded for flashes at 5 ms, 1 Hz and 159 cd·s/m2 are shown as mean ± SEM for both eyes 

in NI group, and for one eye in PBS and WFS1 groups; for the wave amplitude (top) and latency (bottom); 

with n = 4-9. No significance; NI – non-injected, PBS – treated with PBS, WFS1 – treated AAV-2/2-CMV-

WFS15'^['– microvolt, ms – millisecond. 
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Figure 68. Photopic b-wave after bGT. ON-bipolar and Müller cell function after bGT in (A) 3 months and 

(B) 6 months old WT (in blue) and KO (in red) mice was assessed after 5 min long adaptation to bright light. 

Collective results recorded for flashes at 5 ms, 1 Hz and 159 cd·s/m2 are shown as mean ± SEM for both 

eyes; for the wave amplitude (top) and latency (bottom); with n = 7-20. Significance is indicated when p < 

0.05; with * in black between the genotypes, in blue or red between WT or KO, respectively; with # between 

the time points; NI – non-injected, PBS – treated with PBS, WFS1 – treated with AAV-2/2-CMV-WFS1, ^['– 

microvolt, ms – millisecond. 
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Figure 69. OCT after bGT. The thickness (top) and area (bottom) of the RNFL/GCL (A) and GC complex (B) 

layers were measured from OCT scans, for 6.5 months old WT (in blue) and KO (in red) mice; n = 4-17. Re-

sults are shown as mean ± SEM for both eyes; significance is indicated with * when p < 0.05; NI – non-

injected, PBS – treated with PBS, WFS1 – treated with AAV-2/2-CMV-WFS1. 
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Table 9. Descriptive statistics for ON axon parameters. TEM photographs of ON sections from 7 months old WT and KO mice after GT were ana-

lyzed for IC, inner diameter and area to compare the shape and size of the axons, respectively. NI – non-injected, PBS – treated with PBS, WFS1 – 

treated with AAV-2/2-CMV-WFS1. 

Inner Index of Circularity Inner Diameter [um] Inner Area [um
2
] 

NI PBS WFS1 NI PBS WFS1 NI PBS WFS1 

WT KO WT KO WT KO WT KO WT KO WT KO WT KO WT KO WT KO 

Mean 0.54 0.65 0.53 0.55 0.55 0.55 0.97 0.60 0.91 0.94 0.97 0.85 0.40 0.21 0.35 0.38 0.42 0.33 

Standard Error 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.02 0.01 

Median 0.55 0.68 0.55 0.56 0.57 0.57 0.84 0.49 0.77 0.77 0.79 0.69 0.29 0.12 0.23 0.25 0.27 0.20 

Mode 0.15 0.45 0.14 0.37 0.70 0.35 0.50 0.25 0.61 0.43 0.56 0.41 0.13 0.03 0.19 0.02 0.07 0.08 

Standard Dev. 0.17 0.18 0.18 0.19 0.18 0.18 0.54 0.44 0.53 0.61 0.64 0.63 0.39 0.30 0.37 0.46 0.52 0.42 

Range 0.78 0.90 0.89 0.84 0.87 0.85 4.28 3.48 4.11 6.45 5.31 6.59 4.26 2.85 4.09 5.38 4.53 4.55 

Count 861 929 1323 985 1058 1211 861 928 1323 985 1057 1211 861 928 1323 985 1057 1211 
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14. ANNEX IV: Optic Neuropathy

Optic neuropathy (OPN) has either an acquired or hereditary background (Table 10). It can be

focused on the ON or be secondary to other disorders, inborn or not (Mustafa and Pandit, 2014). 

Hence, it may be autoimmune or caused by gene mutations, inflammation, ischemia, trauma or 

toxicity (Touitou and LeHoang, 2012). Regarding inherited ophthalmic disorders, retinopathies lead 

to blindness in 1 per 2000 people, although many separate diseases are included in this group 

(Berger et al., 2010). They are monogenic, with over 200 genes involved. Their classification is 

based on the gene mutation, its inheritance, a type of cell at play, vision loss type and onset, dis-

ease progression, and finally eye fundus defects. OPNs are a form of retinopathies with substantial 

damage to the optic nerve, which is made up of approximately 1.2 million RGCs. Another charac-

teristic trait is RGC loss (Yu-Wai-Man et al., 2016) that can be observed in fundoscopy as optic disc 

(OD) pallor (Figure 70). Of note, in mitochondrial OPNs, central nervous system (CNS) of the pa-

tients is particularly vulnerable (Yu-Wai-Man et al., 2016), what leads to other symptoms than loss 

of vision, such as demyelination in CNS, thus multiple sclerosis-like disease; as well as ataxia, myo-

pathy, ocular muscle paralysis, sensorineural hearing loss etc. 

Leber hereditary optic neuropathy (LHON, OMIM #535000, prevalence 1/30 000) is one of 

mitochondrial OPNs. LHON is a unilateral disorder, with an early onset and rapidly occurring blind-

ness in young adults, although the second eye follows within several months (Newman et al., 1991; 

R8m?Q6'$:'6%,5'-0G0)'r&-Wai-Man and Chinnery, 2016; Yu-Wai-Man et al., 2016). In 25% of cases the 

onset is bilateral. Males are affected four to five times more often than females, with aggravation 

in case of smoking, but a chance for spontaneous recovery (Newman et al., 1991). LHON is caused 

by mutations in genes encoding mitochondrial respiratory complex I (NADH/ubiquinone oxidore-

ductase complex) proteins, what leads to RGC death, with preference towards smaller RGCs (Sadun 

$:' 6%,5' -000)' R8mska et al., 2010). The disease has three phases: pre-symptomatic, acute, and 

atrophic that ends with legal blindness (Yu-Wai-Man and Chinnery, 2016). The clinical symptoms of 

LHON are a scotoma in the central vision (Fraser et al., 2010), visual acuity loss beginning with blur-

riness, OD atrophy (Figure 70), RGC dysfunction, pre-symptomatic swelling and subsequent thin-

ning of the retinal nerve fiber layer (RNFL). Particularly, parallel RNFL-exclusive peripallary retinal 
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swelling and macular GCL thinning may occur; most probably driven by RGC apoptosis. In general, 

the optic atrophy starts in the papillomacular bundle in humans (Sadun et al., 2000; Yu-Wai-Man et 

al., 2016). In chronic conditions, the remaining RGC axons are almost devoid of myelin. 

Table 10. Optic neuropathy classification. CMT – Charcot-Marie-Tooth disease, CS – Churg Strauss syn-
drome, DOA – dominant optic atrophy, GA – granulomatous angitis, IBD – inflammatory bowel disease, LE – 
lupus erythromatosis, LHON – Leber hereditary optic neuropathy, ON – optic nerve, PN – polyarteritis no-
dosa, RA - rheumatoid arthritis, VKH – Von Koyangi Harada syndrome, WG – Wegner granulomatosis, , WS – 
Wolfram Syndrome; modified from Mustafa and Pandit (Mustafa and Pandit, 2014). 

Optic neuritis 

Idiopathic Infection-driven 

Post-vaccination/Post-infection 
Isolated 

MS-associated 
Chronic relapsing 

Viral 
Bacterial 
Fungal 

Ischemic optic neuropathy 

Arteritic Non-arteritic 

Toxic and nutritional optic neuropathy 

Methyl alcohol Drugs Tobacco Nutritional 

Systemic inflammatory disorders 

Bechet syndrome IBD VKH Sarcoidosis 

Connective tissue disorders and systemic vasculitis 

Systemic LE, Siogrens syndrome, Mixed connective tissue disease,  Scleroderma, RA, CS, WG, GA, PN, Giant 
cell arteritis 

Inherited optic neuropathy 

Primary hereditary Feature of degenerative brain disease 

LHON 
DOA 
WS 

Hereditary ataxia 
Hereditary polyneuropathy (ex. CMT) 

Hereditary spastic paraplegia 
Storage disorders 

Others 

Compressive 

Paraneoplastic Post-radiation 
ON glioma 

Meningioma 
Pituitary tumor 

Craniopharyngioma 

Another type of classical mitochondrial OPN is dominant optic atrophy (DOA, OMIM 

#165500, minimal prevalence 1/25 000). It is highly genetically heterogenic, but mainly ensues mu-

tations in the OPA1 gene that codes for an inner membrane mitochondrial protein (Delettre et al., 

2000). DOA is the most common inherited OPN. Similarly to LHON, its clinical symptoms are defec-

tive color vision and OD pallor associated with RGC loss in the papillomacular bundle along with ON 
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axonal demyelination (Carelli et al., 2004; Yu-Wai-Man et al., 2016). Although, the optic nerve head 

is often characteristically small and the OD pallor is temporal. Furthermore, DOA has an early on-

set, but in contrary to LHON, is bilateral from the start and has a slow progression. Some DOA pa-

tients may be born with ON hypoplasia, whereas some others remain asymptomatic throughout 

life. If mutations in OPA3 are involved, the patients develop optic atrophy with early onset cata-

racts (Reynier et al., 2004). In contrast, examples of non-mitochondrial inherited OPN are the pre-

viously discussed WS and WS2. 

Figure 70. Human optic disc in optic neuropathy. Normal optic disc (OD), what is common for most cases of 

optic neuritis (a). OD in sarcoidosis (b): occlusive vasculitis with retinal hemorrhage and OD swelling, with a 

possible granuloma. Intraocular lymphoma (c): OD and subretinal space infiltration recognized by whitish 

infiltrates. OD atrophy (d): OD pallor, a common end-point of severe optic neuropathy. Modified from 

Touitou and LeHoang (Touitou and LeHoang, 2012). 
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Traumatic OPN is an extremely rare condition (1/1 000 000 (Lee et al., 2010)), uni or bilateral, 

resulting from an injury (Walsh, 1966). It could follow direct or indirect trauma, therefore a me-

chanical laceration or shock passed by surrounding tissues, respectively (Kumaran et al., 2015). The 

latter causes ON compression and cuts blood supply, what triggers the neuropathy (Walsh, 1966). 

Furthermore, such invasion of homeostasis brings about inflammation and ischemia that deepen 

the damage (Kumaran et al., 2015). It is usually diagnosed with visual evoked potential (VEP) test 

after admission in a trauma center (Kumaran et al., 2015; Lee et al., 2010). In comparison, a sudden 

but painless type of non-hereditary OPN is an ischemic one, where the insufficient blood supply is 

not trauma-related (Mustafa and Pandit, 2014).  

Glaucoma is another group of illnesses with progressive optic nerve degeneration due to RGC 

death (Almasieh et al., 2012; EGS, 2014; Hulke, 1858; Quigley and Broman, 2006). It is estimated 

that by 2020 the prevalence of glaucoma will rise from 1/125 today to 1/97, making it the second 

leading cause of blindness, just after cataract (Quigley and Broman, 2006). This ONP can be ac-

quired or inherited, with links to diabetes, eye injuries, eye infections and inflammation (EGS, 

2014; Kimura et al., 2016). It typically starts with peripheral vision loss and is generally associated 

with an elevated intraocular pressure (IOP) due to disturbed aqueous humor circulation in the 

front of the eye (EGS, 2014; Jonas et al., 1999). It is related to RGC axonal transport collapse, deficit 

in neurotrophic factors, presence of neurotoxins and pro-apoptotic signals, mitochondrial failure, 

oxidative stress, overactive glia, and finally loss of synaptic connection (Almasieh et al., 2012). 

There are two types of glaucoma, namely open-angle and angle-closure glaucoma (Davis et al., 

2016; EGS, 2014). The former is the most common and does not bear any evidence for on-going 

OPN, while the latter correlates with a small angle between the iris and the cornea, therefore phys-

ical obstruction of the drainage, which leads to cataract and ON damage. Glaucoma is painless, 

unless IOP rises suddenly, when violent pain appears (Hulke, 1858); and thus often discovered late. 

To date, there is no successful treatment against this disorder, however disease progression may 

be slowed down or even prevented if caught early (Kimura et al., 2016). 

Human ON is 50 mm long, comprising intraocular (1 mm), intraorbital (24 mm), intracanalicu-

lar (9 mm) and intracranial (16 mm) segments (Kumaran et al., 2015). Each of these is highly sus-

ceptible to stress in its own way. All the aforementioned diseases are strictly related to the fact 
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that none of the ON parts is able to regenerate. Even more, in response to axonal atrophy or trau-

ma, glial cells form scars that block the regeneration in a chemical and physical manner (Shum et 

al., 2016). Also, myelin, surrounding the axon, secretes growth-inhibition factors, and the extracel-

lular matrix is laminin-deficient; what makes cell differentiation and migration impossible. Fur-

thermore, axonal damage triggers RGC apoptosis and is distance-dependent. It means that the 

further the damage is from the cell body, the more neurotrophic factors stored in the axon may 

reach the nucleus; and thus support the survival (Almasieh et al., 2012). It is also believed that the 

injured axon absorbs extracellular neurotoxins that accelerate the apoptosis (Fischer and Leibinger, 

2012). Another contributor to RGC death, and therefore axonal degeneration, is ER stress (Hu et 

al., 2012).  Last but not least, what little regenerative potential ON had at birth, is lost with age 

(Tanaka and Ferretti, 2009). However, regeneration could be achieved if aspects of axonal survival, 

re-myelination, functional synapse formation, low ER stress and Ca2+ balance were managed. This 

could be done to some extent by conventional pharmaceutical approach or, as I attempted in the 

project described in this manuscript, via gene therapy. 



Abstract: 
Wolfram Syndrome (WS; OMIM #222300, prevalence 1-9 / 1 000 000) has a juvenile onset and incorporates diabetes insipidus, 

diabetes mellitus, optic atrophy (OA), and deafness; leading to death in middle age. OA is its first neurological symptom, starting in adoles-
cence and ending with blindness within 8 years. Unfortunately, a suitable WS mouse model comprising ophthalmologic symptoms has not 
yet been found, therefore the search for its treatment is delayed. In this thesis, I studied visual impairment in two WS mouse models along 
with a success of a gene therapy (GT) approach with the human WFS1 gene. 

Firstly, 3 and 6 months old Wfs1exon8del mice were examined for the visual acuity (VA) and contrast sensitivity via changes in the opto-
motor reflex (OMR), the neural retinal function via electroretinogram (ERG), as well as the eye physiology via fundoscopy and optical coher-
ence tomography (OCT). Also, the proportion of retinal ganglion cells (RGC) and the axonal loss at the age of 7 months were determined 
with anti-Brn3a immuno-labeling of retinal sections and electron microscopy of optic nerve (ON) sections, respectively. There was a pro-
gressive loss of VA and contrast sensitivity in Wfs1exon8del-/- mice, starting already at 1 month of age. It was accompanied by optic disc pallor, 
retinal thinning as well as axonal damage. However, there was no RGC loss and the endoplasmic reticulum (ER) stress in the retina was at a 
normal level. It suggested a presence of another cause for the reported degeneration in KO mice; in opposition to what was proposed in the 
literature. I brief, KO mice exhibit significant WS ophthalmic phenotype. 

Secondly, in search for another model, visual functions of Wfs1
E864K mouse line were investigated. This line was originally a model of 

Wolfram-like Syndrome, characterized by dominant mutations in WFS1 leading to congenital progressive hearing impairment, diabetes 
mellitus and OA. Only homozygous mutants, however, showed expected visual impairment. Already at 1 month of age, Wfs1

E864K mice had 
drastic loss of RGC function, albeit keeping the cell number at a normal level. This was accompanied by retinal thinning and a severe ON 
damage, as shown with OCT and fundoscopy, respectively. In contrast, the RGC function in Wfs1

E864K/+ mice dropped slightly only at the age 
of 7 and 12 months, showing that the pathology of the E864K mutation-driven disease in mice is different than in humans. Therefore, 
Wfs1

E864K mice, with their strong ophthalmic phenotype, could potentially serve as a model of the classical WS.  
Finally, to investigate future treatment options, 1 month old Wfs1exon8del+/+ (WT) and Wfs1exon8del-/- (KO) mice underwent a uni- and bi-

lateral intravitreal gene therapy (GT) with AAV-2/2-CMV-WFS1. Exams at 3 and 6 months of age showed improved VA, as well as optic pallor 
and axonal damage rescue in KO mice. Also, no adverse effects related to either GT or sham injections were noted. Following this idea, the 
Wfs1

E864K mice were also subjected to intravitreal GT, delivered at P14, but without success. 
In conclusion, Wfs1exon8del mouse line is a reliable model of WS, including the visual aspects. I propose the Wfs1

E864K
 model as an alter-

native, especially to investigate Wfs1 function in the eye. Finally, the intravitreal AAV-driven GT with WFS1 has a potential to partially res-
cue the ophthalmic phenotype, paving the wave towards the treatment for WS patients.  
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Résumé : 

Le Syndrome de Wolfram (SW; OMIM #222300, prévalence 1-9 / 1000 000) est une maladie neurodégénérative, qui se présente avec 
un début juvénile, intégrant le diabète insipide, diabète sucré, l’atrophie optique (AO), et la surdité. AO est généralement son premier 
symptôme neurologique, commençant à l’âge de 11 ans et se terminant par la cécité 8 ans plus tard. Malheureusement, un modèle murin 
du SW approprié aux symptômes ophtalmologiques n'a pas encore été trouvé, donc la recherche de la thérapie pour sauver la vision en est 
à ces débuts. Dans cette thèse j’ai étudié l’atteinte visuelle de deux modèles de souris mutantes pour le SW et succès d’une approche de 
thérapie génique (TG) avec le gène humain WFS1. 

Premièrement, les souris Wfs1exon8del sont été examinées à 3 et 6 mois pour l’acuité visuelle (AV) et la sensibilité aux contrastes (SC) via 
changements dans le reflexe optomoteur (ROM), la fonction rétinienne neurale par électrorétinogramme (ERG), ainsi que la physiologie de 
l’œil par la fondoscopie et tomographie par cohérence optique (TCO). De plus, la proportion des cellules ganglionnaire de la rétine (CGRs) et 
la perte axonale dans le nerf optique (NO) à 7 mois ont été examinés avec marquage anti-Brn3a et microscopie électronique, respective-
ment. Il y avait une perte progressive de l’AV et la SC chez les souris KO  à partir du 1 mois. Elle était accompagnée d'une pâleur du disque 
optique (DO), d'amincissement de la rétine ainsi que des lésions axonales. Par contre, il n’avait pas de perte des CGRs ni stress du réticulum 
endoplasmique dans la rétine. Brièvement, les souris KO présentent un phénotype ophtalmique du SW significatif et peuvent servir comme 
modèle. 

Deuxièmement, à la recherche d'un autre modèle du SW, les fonctions visuelles de la lignée Wfs1
E864K de la souris ont été étudiées. Dé-

jà à 1 mois, les souris Wfs1
E864K avait une perte drastique de la fonction des CGRs, mais en gardant le nombre de cellules à un niveau normal. 

Ceci a été accompagné par un amincissement de la rétine et d’un sévère dommage du NO, comme montré par le TCO et la fondoscopie, 
respectivement. En conséquence, les souris Wfs1

E864K, avec leur fort phénotype ophtalmique, pourraient servir comme modèle du SW 
classique. 

Enfin, pour enquêter sur les futures options de traitement contre le SW, les souris de la lignée Wfs1exon8del à 1 mois ont subi une TG in-
travitréenne avec AAV-2/2-CMV-WFS1. Les examens à 3 et 6 mois ont montré une amélioration de l’AV, ainsi que le sauvetage de la pâleur 
du DO et réduction des lésions axonales chez les souris KO. En outre, aucun effet indésirable lié à des injections TG n’ont été noté. Suivant 
cette idée, les souris Wfs1

E864K ont également été soumis à la TG intravitréenne, délivrée à P14, mais sans succès. 
En conclusion, la lignée Wfs1exon8del de la souris est un modèle fiable du SW, y compris les aspects visuels. Je propose le modèle 

Wfs1
E864K comme une alternative, en particulier pour enquêter sur la fonction de Wfs1 dans l'œil. Enfin, la GT intravitréenne  avec WFS1 a 

un potentiel pour sauver partiellement le phénotype ophtalmique, ouvrant la voie vers le traitement pour les patients du SW. 
 

Mots-clefs : WFS1, thérapie génique, Syndrome de Wolfram, atrophie optique, cellules ganglionnaire de la rétine, nerf optique 


