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Zusammenfassung: 

Norrin ist ein sezerniertes Protein, das als unkonventioneller Ligand an dem Frizzled-4 

Rezeptor binden kann und hierdurch den klassischen Wnt/β-Catenin Signalweg aktiviert. 

Eine reguläre Entwicklung der Blutgefäße in der Netzhaut hängt stark von der Anwesen-

heit des Norrin-Proteins ab. Darüber hinaus hat die Forschung gezeigt, dass Norrin neu-

roprotektive Eigenschaften aufweist und retinale Neuronen schützen kann.  

Diese Studie zielt darauf ab, die neuroprotektive Rolle von Norrin bei einer chronischen 

Degeneration der Photorezeptoren und die molekularen Mechanismen zu untersuchen, 

die an seinen neuroprotektiven Effekten beteiligt sind. Aus Vorarbeiten ist bekannt, dass 

Norrin in Mäusen mit einer Netzhautdegeneration Photorezeptoren über die direkte Ak-

tivierung des pAKT-Signalwegs schützen kann. Um den zugrundeliegenden Mechanis-

mus näher zu analysieren wurden Photorezeptoren der Mause (661W Zellen) generiert, 

die sowohl den FZD4 als auch den IGF1R überexprimieren. Nach der der Behandlung 

der Zellen mit Norrin konnte eine deutliche stärkere Aktivierung des pAKT-Signalwegs 

beobachtet werden als bei wildtypischen 661W Zellen ohne Überexpression. In weiter-

führenden Experimenten konnte gezeigt werden, dass Norrin in doppeltransgenen Zellen 

nach deren Differenzierung mit Staurosporin eine Apoptose der Zellen vermindern kann. 

Die anti-apoptotische Wirkung von Norrin konnte durch die gleichzeitige Gabe des 

pAKT-Inhibitors Triciribin signifikant reduziert werden, was deutlich darauf hinweist, 

dass der neuroprotektive Effekt von Norrin über die direkte Aktivierung des pAKT-Sig-

nalwegs verittelt wird. Homologe Befunde wurden auch nach der zusätzliche Gabe des 

IGF1R-Inhibitors GSK1904529A beobachtet, die die Hypothese unterstützt, dass Norrin 

über die Interaktion mit FZD4 und IGF1R den pAKT-Signalweg aktiviert. Um die Inter-

aktion von FZD4 mit dem IGF1R weiter aufzuklären, wurde eine in situ Protein-Protein-
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Detektion mittels „rolling circle amplification“ durchgeführt. Diese zeigt deutlich, dass 

Norrin die Interaktion zwischen dem FZD4 und dem IGF1R induzieren kann.  

Zusammenfassend konnte im Rahmen meiner Dissertation gezeigt werden, dass Norrin 

über die Rekrutierung des IGF1R den AKT/pAKT Signalweg aktiviert und hierdurch 

Photorezeptoren vor apoptotischem Schaden schützt kann
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Abstract: 

Norrin is a secreted protein that activates the canonical Wnt/β-catenin signaling pathway 

via binding to the frizzled-4 receptor (FZD4). In the eye, Norrin is required for normal 

retinal vascularization and mediates neuroprotective properties on retinal neurons follow-

ing acute or chronic damage. 

The aims of this study were to investigate the neuroprotective role of Norrin in chronic 

photoreceptor degeneration and to analyse the molecular mechanisms involved in its neu-

roprotective effects. It is known from preliminary work that Norrin can protect photore-

ceptors in mice with retinal degeneration via direct activation of the pAKT pathway. To 

further explore the underlying mechanism, mouse photoreceptor cells (661W) overex-

pressing both FZD4 and IGF1R were generated. After treatment of these cells with Norrin, 

significantly stronger activation of the pAKT pathway was observed when compared to 

wild-type 661W cells without overexpression. In further experiments, Norrin was shown 

to reduce cell apoptosis in double-transgenic 661W cells after differentiation with stau-

rosporine. The anti-apoptotic effect of Norrin could be significantly reduced by the addi-

tional treatment with the pAKT inhibitor Triciribine, clearly indicating that the neuropro-

tective effect of Norrin is mediated via direct activation of the pAKT pathway. Homolo-

gous findings were observed after incubation of double transgenic cells with Norrin and 

the IGF1R inhibitor GSK1904529A, supporting the hypothesis that Norrin activates the 

pAKT pathway via interaction with FZD4 and IGF1R. To further elucidate the interaction 

of FZD4 with IGF1R, in situ protein-protein detection was performed using rolling circle 

amplification, which clearly demonstrates a Norrin-mediated interaction between FZD4 

and IGF1R. 
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In summary, Norrin can protect photoreceptors from apoptotic damage via pAKT signal-

ling.  For this, Norrin recruits the IGF1R to FZD4, which in turn is required for direct 

activation of AKT pathway. 
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1. Introduction 

1.1 Anatomical, physiological and biochemical characteristics 

of the retina 

1.1.1 The anatomy of the retina 

During embryonic development, the neuroectoderm forms the optic cup, which gives 

rise to the retina[1]. The outer layer of the optic cup becomes the retinal pigment epithe-

lial (RPE) layer, while the inner layer differentiates into the retinal neurosensory 

layer[1]. There is a potential, anatomical gap between the two layers, which is clinically 

separated in retinal detachment[2]. 

RPE is a neatly arranged unilayer of hexagonal cells, which are thicker in the macula and 

thinner in the periphery[3]. They have many microvilli on the top of the cells, and the 

outer segment of the photoreceptor is embedded in the mucopolysaccharide interstitium 

of the RPE[4]. The RPE is arranged polarized and its basal base is closely bound to the 

Bruch's membrane[4, 5]. 

The retinal neurosensory layers from the outside to the inside are: (1) The layer of cone 

and rod, composed of the inner and outer segments of photoreceptor cells; (2) The outer 

limiting membrane, appearing as a thin web-like structure, results from the combination 

of adjacent photoreceptors and Müller cells; (3) The outer nuclear layer is composed of 

photoreceptor cell nuclei; (4) The outer plexiform layer is the site where cone cells, rod 

cells, bipolar cells, and horizontal cells are connected by synapses; (5) The inner nuclear 

layer is mainly composed of the cell nuclei of bipolar cells, horizontal cells, amacrine 

cells, and Müller cells; (6) The inner plexiform layer is primarily composed of 
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processes and synapses between bipolar cells, amacrine cells, and ganglion cells; (7) the 

ganglion cell layer is made up of ganglion cell nuclei and displaced amacrine cells; (8) 

the nerve fiber layer consists of the axons of ganglion cells and astrocytes; (9) The inner 

limiting membrane is a delicate layer positioned between the retina and the vitreous 

body[6]. 

Photoreceptor cells consist of five components: outer segment, cilium, inner segment, 

nuclear region, and synaptic region[7]. The outer segment of the rod is cylindrical, 

while that of the cone is conical[8]. The membrane discs are constantly shedding and re-

newing[9]. 

 

Figure 1: Simple schematic diagram of retinal structure 

1.1.2 The physiological and biochemical characteristics of the retina 

The RPE not only contains the same organelles as most cells but also melanin granules 

and phagosomes, which represent its two important functions[10]. The radial glial cells 

in the retina, the Müller cells, run through the neurosensory layer, with their endfeet 
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stretching from outer limiting membrane to inner limiting membrane, providing struc-

tural support as well as metabolic nutrition for the retina[11]. 

Visual information forms optic nerve impulses within the retina, which are generated in 

the three types of retinal neurons, namely photoreceptors-bipolar cells-ganglion 

cells[12]. Ganglion cell axons transmit visual information along the optic pathway to 

the lateral geniculate and from there to the primary visual cortex[13]. Photoreceptors 

are the first level of neurons in the retina, divided into rods and cones[14]. There are 

millions of cones concentrated in the macular area[15]. In the fovea only cones are lo-

cated, which are connected in a single line, to bipolar and retinal ganglion cells, to gen-

erate very sharp vision[16]. In the optic disc retinal ganglion cell axons converge,  pen-

etrate the sclera, and form the optic nerve[17]. No visual function is manifested at the 

optic disc so that this region imposes as a physiological blind spot in the visual 

field[18].  

The visual pigment contained in the outer segment of rods is rhodopsin[19]. Rhodosin is 

formed by combining cis-retinal and opsin[19]. In darkness, the resynthesis of rhodopsin 

improves the sensitivity of the retina to light[20].  

Cone cells contain various visual pigments [6]. Color vision is the function of cone cells 

in well-lit surroundings[21]. The macula has the highest sensitivity to color, while the 

peripheral retina has minimal color vision[22]. This observation corresponds with the 

distribution pattern of cone cells in the retina. 

1.2 Retinal remodeling 

Most retinopathy first involves the photoreceptor layer of the retina or the RPE, and le-

sions of the photoreceptor layer are usually accompanied by early changes in neural ret-

inal conduction pathway[23]. These alterations further affect retinal neurons and glial 
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cells at all levels, causing structural rearrangement[24]. The remodeling of Müller cells, 

horizontal cells, and bipolar cells has been demonstrated to occur in experimental retinal 

detachment-induced photoreceptor degeneration [23]. This remodeling caused by pho-

toreceptor degeneration follows a pattern that is generally divided into 3 stages[25]. 

Stage 1 begins with changes caused by the original retinal lesion[26]. In stage 2, after a 

series of changes, such as the initial photoreceptor stress response to the disintegration 

of normal structure, an irreversible stress response occurs leading to photoreceptor cell 

death and gradual ablation of the retinal photoreceptor cell layer[27]. The death of the 

cones heralds the beginning of stage 3. The residual neural retina is remodeled as a 

whole, including the death of neuronal cells, the migration of neurons and glial cells, the 

processing of new axons and synapses, the redistribution of nerve conduction pathways, 

the hypertrophy of glial cells, and the blockade formed by glial fibrosis, isolating the re-

sidual neural retina from the surviving retinal pigment epithelial layer and choroid[28]. 

 

1.3 Retinal degenerative disease 

Several retinal diseases such as retinitis pigmentosa(RP), age-related macular degenera-

tion(AMD) or diabetic retinopathy(DR) lead to neuronal degeneration of the retina[29-

31].  This condition is frequently marked by the degeneration of photoreceptors, resulting 

in the decline of photoreceptors and/or RPE cells. Ultimately, it leads to gradual reduction 

of patient’s visual field until complete loss of vision [32]. Currently, it is thought that 

while the genetic mechanism remains the primary contributor to the development of de-

generative retinal disease, the significance of non-genetic factors in its pathogenesis 

should not be overlooked [33].  
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In every 3000-7000 individuals, one person is impacted by RP which is the most preva-

lent genetic retinal degenerative disease [34]. In the US, more than half of blind individ-

uals suffer from AMD[35]. The sheer number of patients places a huge burden on the 

world economy. Given the dire global situation for visual impairment and blindness, re-

search activities into novel treatment strategies have increased, but there is no causative 

cure for most blinding diseases[36].  

Blocking the vascular endothelial growth factor (VEGF) with antibodies can significantly 

decrease neovascularization in individuals suffering from wet AMD, leading to a delay 

in destruction of photoreceptors and enhancing and preserving visual function. Neverthe-

less, the findings from the extensive SEVEN-UP study indicate that over 50% of patients 

experience a decline in their vision within 7 to 8 years of commencing treatment. The 

extent of visual impairment is contingent upon the administration pattern of VEGF inhib-

itors during the initial years of the illness [37]. In 2017, the Leber's Congenital Amaurosis 

(LCA) gene supplement method received approval from Food and Drug Administration 

(FDA), marking the introduction of the initial eye gene therapy into the market. This 

method uses Adeno-Associated Virus (AAV) vectors to introduce the normal RPE65 

gene that catalyzes all-trans isomerization to the 11-cis retinal into patient RPE cells and 

inject it into the subretinal space to improve visual function [38]. Despite the many flaws, 

the success of RPE65 gene supplementation has inspired researchers to develop gene 

therapies for a range of other retinal diseases that affect RPE, rods, or cone photorecep-

tors[39]. By means of this genetic therapy, the functions of RPE and photoreceptors are 

enhanced to regain visual acuity, instilling optimism for the management of retinal de-

generative disorders. 
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1.3.1 Retinitis Pigmentosa (RP) 

Inherited retinal degenerative disease, known as RP, commonly presents with loss of pho-

toreceptor cells and pigment epithelial function[40]. The main clinical manifestations are 

night blindness, visual field reduction, progressive vision loss, fundus osteocyte-like dep-

osition, and photoreceptor dysfunction[41]. RP is an inherited eye disease that may lead 

to blindness. The main modes of inheritance of RP are autosomal dominant（ADRP）, 

autosomal recessive（ARRP）, X-linked （XLRP）and digenic, as well as mitochon-

drial inheritance and non-genetic sporadic forms[42-44]. There is no strict correspond-

ence between a clinical phenotype and genetic cause leading to genetic heterogeneity and 

clinical heterogeneity[45]. Apoptosis of photoreceptor cells is the final common patho-

logical event of different genetic types with various pathological mechanisms[29]. At 

present, there is no specifically efficient therapy for RP. The most studied treatment meth-

ods include nerve growth factor therapy, retinal cell transplantation, gene therapy, stem 

cell transplantation and drug treatment [46-50]. 

 

1.3.2 AMD 

AMD is a significant contributor to permanent vision loss and a prevalent condition caus-

ing blindness among older individuals globally [51]. According to statistics, AMD is cur-

rently the first blinding eye disease in elders (≥ 60 years old) in Europe and the US. The 

prevalence of this condition is approximately 11% among individuals aged more than 65, 

while it rises to about 64% among those aged more than 80 years. AMD can lead to sig-

nificant impairment of central vision [52]. It affects the quality of life of countless elderly 

people and brings a huge burden to the whole society. Based on pathologic features, AMD 

can be divided into 2 types[53]. The first type is wet AMD (neovascular/exudative), 

which is characterized by choroidal neovascularisation (CNV) of the macula and may 
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lead to retinal bleeding and edema. Dry AMD (atrophic nature) is another form, distin-

guished by posterior polar Geographic atrophy (GA), where there is a loss or thinning of 

the RPE and corresponding photoreceptor degeneration. 

1.3.3 Diabetic retinopathy（DR） 

With the ongoing growth of the economy, diabetes has emerged as an epidemic illness, 

leading to a rise in complications like diabetic retinopathy (DR) among individuals with 

diabetes. Although diabetic patients have a high occurrence of DR, the existing ap-

proaches for screening and treating DR primarily concentrate on the later stage of the 

condition. This is when the compensatory mechanism has ceased to function, leading to 

significant impairment in retinal structure and vision[54]. In an in-depth study of DR, it 

was found that DR is not a simple microvascular disease, but a more complex complica-

tion of diabetes, and diabetic retinal neurodegeneration (DRN) is a key process in early 

DR[55]. In human and mouse models of type 1 and type 2 diabetes, the fact that DRN 

precedes DR microangiopathy was reported in multiple studies[56, 57]. 

 

1.4 The cause of retinal degeneration 

In most retinal degenerative diseases, histopathological changes in photoreceptors can 

be observed. The photoreceptor nuclei are reduced in the outer nuclear layer and are ar-

ranged disordered. The photoreceptor cells are degenerative, and the cell structure is 

damaged. Retinal pigment epithelial cells degenerate and partially disappear or shift 

into the retina. 

The cell biological mechanisms of photoreceptor degeneration are complex. There are 

many inheritance mechanisms, including autosomal dominant, autosomal recessive, X-

linked, double gene, or mitochondrial inheritance [58]. Most of these mutations may 
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lead to a dysfunction of photoreceptors and/or RPE cells which in turn could induce 

apoptosis of photoreceptor cells.  BEST1 gene, also known as VMD2, is located on 

chromosome 11q12-13, with a size of about 980kb, including 13 exons, and encoding 

the bestrophin-1 protein. BEST1 is mainly expressed in RPE cells, and small amounts in 

kidneys, brain, spinal cord, and testes [59]. Mutations in BEST1 may cause dysfunction 

of retinal structures, resulting in a range of diseases such as best vitelliform macular 

dystrophy (BVMD), adult-onset vitelliform macular dystrophy (AVMD), RP, LCA and 

rod-cone dystrophy (CORD)[60]. Gene RPGR, also named RP3, is the most important 

gene leading to XLRP in Caucasian population, and the incidence of gene mutation is 

70%~80%, among which the mutation frequency of exon open reading frame 15 is the 

highest, about 50%~60% [61]. Meanwhile, the photoreceptor cell-specific ATP-binding 

transporter gene(ABCR) is defined as the causative gene of Stargardt disease [62]. 

Besides genetic reasons, reascent studies indicate that intense visible light may also 

cause the degeneration of photoreceptors [63]. Studies have pointed out that the core of 

the retinal photodamage hypothesis is that rhodopsin is an important substance that trig-

gers photoreceptor cell damage [64]. Meanwhile, the absorption spectrum of rhodopsin 

is the same as the spectrum of action of retinal photodamage [65]. Variations in light 

exposure time may lead to varying degrees of photoreceptor cell degeneration [66]. 

The pathogenesis of AMD is complex and may involve metabolism, genetics, and envi-

ronmental factors [67]. In AMD, the degeneration of photoreceptors may be associated 

with aging [68]. The study reported that in AMD, the photoreceptors, RPE, Bruch's 

membrane, and choroidal capillaries as a whole are damaged, resulting in the degenera-

tion of RPE and photoreceptors [69]. 

It has been demonstrated in studies that diabetic retinopathy has the potential to affect 

retinal neurons [70]. Oxidative stress and other adaptive changes may occur in photore-

ceptors due to diabetes [71]. Meanwhile, some findings indicated that diabetes alters ion 
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flux in photoreceptors, and these abnormalities are also associated with oxidative stress 

[71, 72]. 

1.5 Therapy of the retinal degeneration disease 
 

1.5.1 Gene therapy 

Some genetic diseases in humans are associated with hereditary retinal dysfunction. 

Gene therapy holds promise to treat a variety of inherited human diseases. The goal of 

gene therapy is to replace the defective gene part with a native gene by using viral or 

non-viral vectors. Viral vectors mainly include AAV vectors, lentiviral vectors, adeno-

viral vectors, and recombinant AAV vectors [73]. AAV vectors themselves do not inte-

grate into the human genome. It only causes a small immune response and can be de-

tected in a variety of retinal cells for a long time. Therefore, it makes it an important 

carrier for gene therapy in the eye. In recent years, gene therapy has made great pro-

gress. Studies have found that there are more than 140 genes related to the degeneration 

of retinal photoreceptor cells, of which 32 genes have been cloned [74].  

It was found that the introduction of Vwh2 gene in a retinal degeneration (RD) mouse 

model carrying the Peripherin2 (Prph2) mutant gene could promote the change of dif-

ferent photoreceptor cell subtype function and ultrastructure. It can also increase visual 

sensitivity. This has a certain effect on the photoreceptor cells of both young mice and 

adult mice. And the improvement was particularly obvious in young mice. However, 

with the decrease of the expression of the introduced gene, the apoptosis of photorecep-

tor cells was not significantly improved [75, 76]. Pang et al. injected β subunit of rod 

cGMP-phosphodiesterase (PDEβ) into the retina of PDEβ mutation-induced retinal de-

generation 10 (RD10) mice using AAV8 as the vector. Optical coherence tomography 
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(OCT), electroretinogram (ERG) and other methods were observed 6 months later and 

found to have a protective effect on the mouse retina[77]. 

Ribozymes are RNA molecules with catalytic functions, which are highly specific for 

lysing mutant mRNA sequences, which have the effect of reducing the production of 

mutant proteins. Gorbatyuk et al. used AAV as a carrier and catalytically active ribo-

zyme to treat RP rats caused by the P23H mutation of the rhodopsin gene (RHO). The 

results showed that it can significantly reduce the loss of photoreceptors, increase the 

thickness of the outer nuclear layer, and improve the amplitude of ERG dark-adapted b-

wave, while the introduction of inactive ribozyme has no therapeutic effect [78]. 

There has been a suggestion that nerve growth factor may have a protective function in 

photoreceptors. According to Zhang et al., it was documented that the gene responsible 

for brain-derived neurotrophic factor was electroporated into RCS rats to postpone apop-

tosis in cells of the RPE [79]. The introduction of small interfering RNA (small interfering 

RNA, siRNA) into cells can cause transcriptional silencing of the gene of interest. Chad-

derton et al. applied RNA interference technology to inject AAV vectors carrying RHO-

sir-NA into the subretinal cavity of RP mice caused by RHO mutations, and combined 

implantation of wild-type RHO genes, which can effectively treat RP caused by RHO 

mutations [80]. At present, the genes that inhibit apoptosis include B-cell leukemia 2 (B 

cell leukemia 2, Bcl-2) family. After Nir et al. introduced the Bcl-2 gene into retinal de-

generation slow (RDS) mice, the number of apoptotic cells in mice expressing Bcl-2 de-

creased. They discuss that Bcl-2 expression is one of the effective ways to treat RDS[81]. 

Several research groups are currently evaluating the effectiveness of solely administering 

AAV2/2-RPE65 through subretinal injection. After 6 months of treatment for LCA pa-

tients, it was found that there were no significant differences in visual electrophysiology, 

visual acuity and peripheral visual field before and after treatment. However, the visual 
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function during dark adaptation of visual field testing of one patient was significantly 

improved [82]. William et al. treated LCA patients with rAAV and found that visual sen-

sitivity was significantly improved after treatment[83]. Voretigene neparvovec-rzyl (Lux-

turna), the first gene therapy product used for inheritable retinal dystrophies (IRDs), has 

been approved for therapeutic use by FDA and EMA [84]. The phase III clinical trial data 

showed that the treatment group got positive result in multi-luminamance mobility test 

(MLMT) which is a measure of ambulatory navigation. Meanwhile, the trial got a positive 

result of the secondary endpoint in full field light sensitivity threshold (FST) which was 

used for evaluating the function of rod photoreceptors [85]. 

 

1.5.2 Potential treatment of retinal degenerations  

1.5.2.1 Calcium channel blockers 

Commonly used calcium channel blockers are diltiazem, nilvadipine, and nicardipine. 

Individuals diagnosed with RP can possess genetic mutations in the PDEβ gene. Sanges 

et al. have demonstrated elevated concentrations of Ca2+ in degenerating rods [86, 87]. 

Elevated levels of Ca2+ within cells lead to the disturbance of cellular homeostasis and 

subsequent to apoptosis of cells [88]. Additionally, there was an observed postponement 

in the deterioration of the central visual field during the administration of nilvadipine 

treatment [89]. 

1.5.2.2 Neurotrophic factors 

Many neurotrophic factors are known to alleviate photoreceptor death in animal models, 

such as brain-derived neurotrophic factors, ciliary neurotrophic factor, etc. Studies have 

found an increase in retinal thickness and reduced loss of photoreceptors in patients us-

ing ciliary neurotrophic factor [90].  
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1.5.2.3 Valproic acid 

There has been controversy surrounding the utilization of valproic acid in individuals 

with RP. A system review showed the positive function of valproic acid on best-corrected 

visual acuity (BVCA) of RP patients [47]. However, Totan et al. reported that valproic 

acid showed no improvement in BCVA for RP patients [91]. Valproic acid may function 

by inducing microglial dysfunction [92]. 

1.5.3 Cell transplantation therapy 

Cell transplantation therapy can replace damaged photoreceptor cells with altered new 

connections. It can protect damaged retinal cells from death, thereby improving visual 

function. It is generally used to treat advanced diseases. Retinal cells could replace lost 

photoreceptor cells and/or RPE cells with embryonic stem cells and pluripotent stem 

cells, and marrow stromal cells (MSCs) replace RGCs. A phase I clinical trial for AMD 

patients showed positive result in BCVA by using an embryonic stem cell derived RPE 

patch [93]. 

1.6 Wnt and Norrin mediated b-catenin signaling in the brain 

and retina 

The Frizzled family is a class of highly conserved receptors with seven transmembrane 

domains [94], which belong to the large family of G protein-coupled receptors[95]. 

Frizzled proteins, as the receptor for the Wingless Integrated (Wnt) signaling pathway, 

activate downstream signaling pathways following binding of Wnt ligands[96].  

Before the discovery of the Frizzled gene, the proto-cancer oncogene Int-1 in mice and 

the Wingless gene in fruit flies had been discovered. Since the Wingless and the Int-1 

gene are homologs, they are collectively named after their ligand the Wnt gene family 

[97]. The term Wnt is in turn made up of Wg for Wingless and Int-1[98]. Soon after, 
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researchers confirmed in fruit flies that the seven-transmembrane protein with an extra-

cellular amino terminus was a product of Frizzled gene expression [99]. Since then, the 

Frizzled gene has been found in different multicellular organisms, including vertebrates, 

nematodes, sponges, and hydras [100]. In mammals, the Frizzled protein family was 

found to include 10 Frizzled proteins and 1 smoothened protein [101]. These frizzled 

receptors possess a cysteine-rich domain, which enables the binding of Wnt glycolipo-

proteins. Wnt proteins are secreted glycolipoproteins which specifically bind to Frizzled 

receptors[102]. In mammals, a total number of 19 Wnt family members have been iden-

tified [103].  

Following binding of Wnt proteins to frizzled receptors and interaction with their co-

receptors LRP5 or LRP6 the b-catenin degradation complex is inactivated leading to an 

accumulation of constitutive expressed b-catenin in the cytosol [104]. In turn, cytosolic 

b-catenin translocates into the nucleus to induce the transcription of specific target genes 

following interaction with LEF/TCF transcription factors [105].   

Wnt/b-catenin signaling exerts its influence on a wide array of developmental processes 

including cellular differentiation, proliferation, and migration, while also being essential 

for the maintenance of tissue homeostasis. Besides its physiological functions, an imbal-

ance in Wnt/b-catenin signaling has been linked to benign and malignant tumors [106].  

In the brain, activation of Wnt/b-catenin signaling induces development of central nerv-

ous system (CNS) vasculature, formation and maintenance of memory, synaptic plasticity 

and blood-brain barrier（BBB）formation [107, 108]. Further on, a protective role for 

Wnt/b-catenin signaling following damage of CNS neurons has been reported several 

times [26, 109]. In retina, homologous observations were made, but these effects were 

primarily mediated by the atypical frizzled4/LRP5 ligand Norrin, which has the unique 

ability to promote canonical Wnt/b-catenin signaling. The gene product of NDP is Norrin, 
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which is a secreted protein and forms oligomers through disulfide bonds [110]. Structural 

analyses of Norrin showed a cystine knot motif, which shares homologies with the cystine 

knot growth factor superfamily, such as transforming growth factor (TGF)-b and other 

growth factors [111]. Mutations in the Ndp are causative for Norrie disease, an X-linked 

recessive retinopathy, which leads to blindness at birth or in early childhood, and familiar 

exudative vitreoretinopathy (FEVR), which is characterized by an abnormal or incom-

plete peripheral retinal vascularization. The predominant localization of Norrin occurs 

within the retina and brain, indicating limited distribution of its expression [112]. In reti-

nae of reporter mice that express the mRNA of alkaline phosphatase (AP) under the con-

trol of the endogenous Ndp promoter (NdpAP/+ knock-in), a strong activity of AP was 

observed in Müller cells [113, 114]. Murine Norrin expression starts in the late foetal 

period and continues after development in the eye [112, 115]. 

Compelling evidence suggests that Norrin plays a crucial role in the formation of retinal 

vasculature, since Norrin-deficient mice (NdpY/-) have distinct vascular alterations in the 

posterior eye with a persistence of hyaloid vasculature and a defective retinal vasculari-

zation [116, 117]. In detail, the development of the superficial vascular plexus is markedly 

delayed, and the formation of the intermediate and outer vascular plexus is completely 

absence. Vascular alterations in NdpY/- mice are not solely confined to the retina but have 

additionally been detected in the stria vascularis of the inner ear, leading to hearing loss, 

and in the cerebellum [116]. Homologous findings were observed in Frizzled4 (FZD4)-

deficient mice (Fzd4-/-), observations that motivated Xu et al. to undertake further studies, 

which showed Norrin’s binding to the FZD4/LRP5 receptor complex and thereby acti-

vates the canonical Wnt/b-catenin signaling pathway [118]. Subsequent research revealed 

that Norrin has a strong affinity to the cystine-rich domain (CRD) of FZD4, while it does 

not exhibit the same binding activity to the CRD of other frizzled receptors found in 

mammals or secreted frizzled-related proteins [119]. Further studies strongly suggested 
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an interaction between the TSPAN12 gene and the FZD4/LRP5 receptor complex due to 

the similarity of the retinal phenotype of mice with disrupted TSPAN12 gene and Ndpy/-, 

Lrp5-/- and Fdz4-/- animals. In these studies, Junge et al. demonstrated that TSPAN12 can 

enhance Norrin-mediated Wnt/b-catenin signaling in cooperation with FZD4 and LRP5, 

but not that of Wnt3a [120]. Additionally, Deng et al. revealed in a recent study that 

Norrin activates Wnt/b-catenin signaling via binding to the leucine-rich repeat-containing 

G-protein coupled (LGR)-4 receptor after recruitment of LRP5/6 co-receptors [121].  

Regarding possible downstream mechanisms, it was demonstrated that the angiogenic 

impacts of Norrin-induced activation of Wnt/b-catenin signalling are,  to some extent, 

facilitated by the stimulation of the transcription factor SOX17 in microvascular endo-

thelial cells [114]. Furthermore, the inner blood-retinal barrier's development and mainte-

nance necessitate Norrin signalling, effects that are not mediated via an induction of 

SOX17 [122, 123].  

Following an oxygen-induced retinopathy (OIR), the model of retinopathy of prematurity 

in mice, our group demonstrated that Norrin can promote vascular repair and inhibit pre-

retinal tuft formation, at least in part via the induction of IGF1 [124, 125]. This Norrin-

mediated effect following OIR was not observed in mice with a general activation of 

Wnt/b-catenin signaling [126]. Furthermore, there is strong evidence that Norrin has the 

ability to counteract the anti-angiogenic effects of TGF-b signaling in the retina by in-

ducing SMAD7 expression, a strong suppressor of the canonical TGF-b pathway. 

Besides its angiogenic functions, Norrin has also neuroprotective effects in the retina. In 

recent years, it has been shown that Norrin, independent of its angiogenic effects, also 

mediates distinct protective effects on retinal neurons. In immortalized retinal neurons, 

Lin et al. observed a reduced number of apoptotic cells after incubation with Norrin, 

which was independent of any influence of Wnt/b-catenin signaling [127]. However, 
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following an acute excitotoxic injury of RGCs, Norrin decreases the number of apoptotic 

RGC via activation of Wnt/b-catenin signalling pathway in Müller cells, which in turn 

results in an upregulation of neuroprotective factors [128, 129]. Homologous results were 

observed in the retina of transgenic mice with an overexpression of Norrin in the RPE 

following acute light-induced photoreceptor damage[130]. Further on, in a mouse model 

of glaucoma, Norrin could protect RGC from degeneration via an enhanced expression 

of IGF1, which in turn activated pAKT signalling[131].   

Overall, the exact cellular and molecular mechanisms via which Norrin mediates its 

protective effects on retinal neurons are not yet entirely understood.
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2. Aim of the thesis 

A major current finding was the observation that Norrin could protect photoreceptors 

against degeneration in a Wnt/b-catenin independent manner via activation of the AKT 

pathway in mice that had a transgenic overexpression of Norrin in RPE (Rpe65-Norrin) 

and a chronic degeneration of photoreceptors (VPP mice). Recent publications report that 

binding of Wnt7 or Wnt3a to frizzled7 can directly activate the phosphatidylinositol-3-

kinase (PI3K)/AKT pathway after recruitment of the insulin-like growth factor 1 receptor 

(IGF1R)[132, 133].  

Because of this, we addressed the question of whether Norrin can enhance AKT signal-

ing via a direct frizzled4/IGF1R complex-mediated activation of the AKT pathway.  

For this, FZD4 and IGF1R were overexpressed by specific plasmids in immortalized 

retinal photoreceptors (661W cells). After transfection of 661W cells with one or both 

plasmids, transfected cells were selected with hygromycin (IGF1R) and/or puromycin 

(FZD4). The overexpression of FZD4 and IGF1R was confirmed by real-time RT-PCR, 

western blot analysis and immunohistochemical staining. 

After successful generation of 661W cells with an overexpression of FZD4, IGF1R and 

FZD4/IGF1R, cells were differentiated with staurosporine to induce a growth arrest and 

a neuronal phenotype. To test if Norrin could enhance survival of neurons via 

FZD4/IGF1R-mediated activation of the AKT signaling pathway, differentiated 661W 

cells with an overexpression of FZD4 and/or IGF1R were incubated with Norrin in serum 

free cell culture medium, since the cultivation of differentiated 661W cell under serum 

free conditions induces apoptosis. Cell viability was examined using WST-1 analysis af-

ter incubating the cells for both 24 and 48 hours.  
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Further on, the AKT/pAKT signaling pathway was examined through western blot anal-

ysis and immunohistochemistry to investigate the activation caused by Norrin in 

FZD4/IGF1R overexpressing 661W cells. 

Finally, to further analyze whether FZD4 and IGF1R bind as a complex after activating 

by Norrin, the protein interactions of FZD4 and IGF1R were studied by immunocyto-

chemistry and duolink proximity ligation assay.
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3. Materials and Methods 

3.1 Main Materials and Instruments 

3.1.1 Instruments 

Instruments Manufacturer 

Balance(ScoutTM  Pro) 
Wagendienst Winkler GmbH, Ger-

many 

Cell counting chamber Paul Marienfeld GmbH, Germany 

Centrifuge(Eppendorf 5417R) Eppendorf, Germany 

Centrifuge( Eppendorf 5424R) Eppendorf, Germany 

Centrifuge( Eppendorf 5810R) Eppendorf, Germany 

Computer(Desktop with control software) Philips, Netherlands 

Computer(Desktop with control software) LG, Korea 

Freezer(4°) Bosch, Germany 

Freezer(-20°) Bosch, Germany 

Freezer(-20°) Liebherr, Germany 

Freezer(-80°) Heraeus, Germany 

Incubator Heraeus, Germany 

Microscope(DMIL) Leica, Germany 

Microscope(DMR) Leica, Germany 

Vortexer(Scientific Industries vortex-genie2) Fisher Scientific GmbH, USA 

Vortexer(L46) Corning, USA 

Water bath Memmert GmbH, Germany 

Water bath(SW21) 
Julabo Labortechnik GmbH, Ger-

many 

Real time cell analyzer(CFX Connect) BIO-Rad, Singapore 

Laminar Flow Thermo Scientific, USA 

Microwave Panasonic, Japan 
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Pipette Eppendorf, Germany 

Shaker(VX7) Janke and Kunkel, Germany 

Shaker(KL2) Johanna Otto GmbH, Germany 

Spectrophotometer Eppendorf, Germany 

Water purification system(MilliQ EQ7000) Millipore, Germany 

Heating Plate(IKA C-MAG HS7) Ludwig, Empgenzeder, Germany 

Thermomixer comfort Eppendorf, Germany 

Stunningly easy western blot imaging sys-

tem(Ibright CL1000) 
Thermo Scientific, USA 

Scanning UV-VIS Photometer(Spectramax 190) Molecular Devices GmbH, USA 

Semi-Dry Transfer Cell System BIO-RAD, USA 

Roller mixer(SRT6) Stuart GmbH, UK 

Gel electrophoresis Chamber System BIO-RAD, USA 

Electrophoresis Power Supplies(power pac200) BIO-RAD, USA 

Table 1：Main instruments 

3.1.2 Consumables 

Consumables Provider information 

Petri dishes  Thermo Scientific, USA 

Cell culture plates (6-well) Cellstar, Germany 

Cell culture plates (96-well)  Cellstar, Germany 

Cover glass Paul Marienfeld,  Germany 

Coverslips Paul Marienfeld,  Germany 

Parafilm Parafilm M, USA 

Pipette tips Sarstedt, Germany 

Reaction tubes  Eppendorf, Germany 

Nitrile gloves  Meditrade, Germany 
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Syringes Becton Dickinson GmbH, Germany 

SuperFrost® Plus microscope slides  Epredia, USA 

Screw cap tube,15ml Sarstedt AG&Co.KG, Germany 

Screw cap tube,50ml Sarstedt AG&Co.KG, Germany 

Pittman (10μl 100μl 1ml ) Eppendorf, Germany 

Culture flask T25 Sarstedt AG&Co.KG, Germany 

Culture flask T75 Sarstedt, Germany 

96-well plates for luminometer  Sarstedt, Germany 

Table 2: Main Consumables 

3.2 Cell Culture 

3.2.1 Supplies and substances for cell cultivation 

Reagent/Medium Provider information 

DMEM BIO SELL, Munich, Germany 

Fetal Calf Serum (FCS) Life Technologies, Karlsruhe 

Hygromycin B Solution Chem Cruz, Netherlands 

Penicillin-Streptomycin Life Technologies, Karlsruhe 

Phosphate Buffered Saline (PBS) Sigma, UK 

Puromycin Gibco, Germany 

Table 3 :  Reagents and mediums for cell cultivation 

3.2.2 General cell culture protocols 

Cells were cultured and treated in a sterile environment. The utilized materials, solutions 

and buffers were sterilized using an autoclave. Sterile solutions and media were used be-

neath a sterile workbench, alongside altering the medium and treating the cells. Cell 
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culture was performed in incubators that maintained a consistent temperature and carbon 

dioxide level. Cells were observed using an inverted microscope every alternate day to 

assess the condition of confluence. 

When cells reached confluence, the medium was discarded and the monolayer was 

washed three times with PBS. Then 3 ml of trypsin was added to cover the cell surface. 

After three minutes, culture medium with 10% FCS was added to stop the digestion of 

the pancreatic enzymes. Following the transfer of the cell suspension into a culture tube, 

the cells were centrifuged at 1,000 rpm for 5 min and resuspended in a 5ml cell culture 

medium. The suspension with cells was then transferred to a fresh cell culture flask con-

taining medium depending on the density of the transplant. When long-term preservation 

was required, cells were resuspended in cell culture medium containing 10% dimethyl-

thiosulfone (DMSO) and then slowly frozen at -80 °C. For cell quantification, a Neubauer 

chamber was used in accordance with the manufacturer’s instructions. 

3.2.3 Cultivation of 661W cells 

Composition of culture medium and digest solution 

Culture medium Digesting solution 

500 ml DMEM PBS 

50 ml FCS 0.25% Trypsin 

10ml Penicillin/ Streptomycin - 

Table 4 : Composition of culture medium and digest solution for 661W cells. 

The immortalized mouse photoreceptor cell line (661W[134]) was used to explore the 

neuroprotective effects on photoreceptor cells. Ten microliters of the cell solution were 

used to count the cells using a Neubauer chamber. A volume equal to 4*105 cells was then 

pipetted into a 75cm2 flask and left to attach for at least four hours. The cells were then 

examined under a microscope for signs of adhesion. 
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3.3 Plasmid construction and cell transfection 

3.3.1 Plasmids for FZD4 and IGF1R overexpression 

For overexpression of the mammalian FZD4 gene, the pReceiver-M68/pCMV-FZD4 

plasmid was used which contains an additional Puromycin resistance gene for cell selec-

tion (EX-U0507-M68, GeneCopoeia, USA). For overexpression of the IGF1R gene, the 

pCMV3-HA-IGF1R with an additional expression of a resistance gene against hygromy-

cin B was purchased from Sino Biological (HG10164-NY pCMV3-HA-IGF1R, Sion Bi-

ological).  

3.3.2 General protocol of transfection 

LipofectamineTM  3000 Reagents 

LipofectamineTM 3000 (red) 

P3000TM (yellow) 

Other reagents and Materials 

Opti-MEMTM 

1.5ml tubes 

Plasmid 

Table 5: Reagents and materials for transfection 

Prior to transfection, the 661W cells were grown to a confluency of 70% to 90% in a 6-

well cell culture dish. Prior to transfection, 3µl LipofectamineTM 3000 Reagent were di-

luted in 125µl serum free Opti-Mem medium. Up to 2.5µg plasmid and 5µl of P3000 

Reagent were diluted in 125µl Opti-MEMTM medium to produce the master plasmid mix-

ture. Then, the diluted plasmid master mix was introduced gently to the diluted Lipofec-

tamineTM (1:1 ratio). Following incubation of the blend a duration of 15 minutes at room 
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temperature, 250µl per well was given to the cells and incubated at 37° for 2-4 days. 

Following transfection 10µg/ml of puromycin and 100µg/ml of hygromycin B were 

added to the cell culture medium to select pCMV-FZD4 and pCMV3-HA-IGF1R trans-

fected 661W cells, respectively. 

3.4 The WST Viability Assay 

For viability analysis, the formazan salt WST-1 (Merck) was used, which will be reduced 

by an NADH dependent mitochondrial reductase system and hence changes its colour 

from slightly red to dark red.  The number of viable cells is proportional to the concen-

tration of the reduced formazan salt.  

At the end of the cell incubation, the cell culture medium was discarded and replaced with 

70µl of cell culture medium diluted with WST-1 at a 1:10 ratio. The cells were subse-

quently incubated for up to 30 minutes at 37°C in an incubator. Absorption at 450 nm as 

well as at 690 nm as reference measurement was performed using an ELISA reader. For 

quantification the absorption at 690 nm was subtracted from that at 450 nm followed by 

a normalization to the control group.  

 

3.5 RT-QPCR analysis of FZD4 and IGF1R mRNA 

Following transfection 661W cells with overexpression of FZD4 and/or IGF1R were an-

alysed for their mRNA expression by quantitative real-time PCR to identify transgenic 

cell clones with homologous expression intensity between the groups for further experi-

ments.  
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3.5.1 Reagents, Materials and Equipment 

Reagent   Company 

Chloroform Roth, Karlsruhe 

iScript™ cDNA Synthesis Kit BioRad, Germany 

Isopropanol Roth, Karlsruhe 

PCR Plates  Biorad, Germany 

RNase-free water Roth, Karlsruhe 

SYBR-Green Supermix BioRad, München 

Trifast VWR, Denmark 

Tris-HCl Roth, Karlsruhe 

Equipment Company 

CFX ConnectTM Real-time PCR Detection System 

iCycler 

BioRad, München 

Table 6 : Reagents, materials and equipment for RT-QPCR 

 

3.5.2 RNA isolation from cellular samples 

For total RNA isolation from transfected 661W cells and wildtype controls, the cells were 

homogenized in 400μl Trifast with a cell scraper and were transferred from into an 

RNase-free 1.5ml reaction tube. Subsequently, 80µl of chloroform was added, stirred for 

10 seconds and incubated at room temperature for 5 minutes. Following centrifugation at 

+4 °C for 15 minutes at a speed of 12000g, the liquid phase was cautiously transferred to 

a fresh RNase-free reaction tube and an equal amount of isopropanol was added. To en-

hance the formation of precipitation, the specimen was agitated vigorously and stored at 

a temperature of -20 °C for a duration of 2 hours. After precipitation of the total RNA by 

centrifugation at 12,000 g for 10 minutes at +4 °C, the pellet was rinsed twice with 500μl 
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of 75% ethanol, briefly vortexed and centrifuged at 12,000 g for 5 minutes at +4 °C for 

each washing. The pellet was air-dried and dissolved in 20μl of nuclease-free sterile water. 

After analysing the concentration and purity of the isolated RNA using spectrophotome-

try (BioSpectrometer, Eppendorf), it was kept at -80 °C until usage. 

 

3.5.3 cDNA synthesis 

For cDNA synthesis, the iScript cDNA Synthesis Kit was utilized for reverse transcrip-

tion of the RNA in accordance with the manufacturer’s instructions (Bio-Rad, Munich).  

Up to 1µg total RNA dissolved in 16µl nuclease-free water was added to 4µl of the 5x 

iScript RT Supermix containing RNase H+ Moloney murine leukemia virus (MMLV) 

reverse transcriptase, RNase inhibitor, dNTPs, MgCl2 and oligo(dT) as well as random 

primers. A sample without reverse transcriptase was prepared in parallel to check for 

DNA contamination (negative control). For reverse transcription, the reactions were in-

cubated in a master cycler (Eppendorf) for 5 min at 25°C for annealing, 20 min at 42 °C 

for reverse transcription and 1 min at 95 °C for reverse transcriptase inactivation. After 

cDNA synthesis the cDNA was then frozen at -20 degrees Celsius until usage. 

Step: Temperature Duration 

1. Primer annealing 25 °C  5 mins  

2. Reverse transcription 42 °C  20 mins  

3. Inactivation of RT 95 °C  1 min 

4. Cooling down reaction 4 °C  ∞  

Table 7:  Incubation protocol for cDNA synthesis using the iScriptTM cDNA Synthesis 

Kit. 

3.5.4 RT-qPCR Primer design 
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For design of qPCR primers, the online program Primer3web was used (https://pri-

mer3.ut.ee/). As DNA template the indicated accession numbers were used (Tab. 8). All 

primers span exon/intron boundaries and were purchased from Thermo Fisher.  

Primer Accession Number Orientation Sequence 5’ to 3’ 

hFZD4 NM_012193 fw TTCACACCGCTCATCCAGTA 

 rev TGCACATTGGCACATAAACA 

hIGF1R NM_000875 fw TTCAGCGCTGCTGATGTG 

 rev AAGTTCCCGGCTCATGGT 

panRPL32 NM_000994 fw TTGTGAAGCCCAAGATCGTC 

 rev GAACCCTGTTGTCAATGCCT 

Table 8: Sequence of primers for quantitative rt-qPCR. 

 

3.5.5 RT-qPCR  

For quantitative real-time Polymerase Chain Reaction (RT-qPCR) the CFX Connect 

Real-Time PCR Detection System (Bio-Rad) with the Bio-Rad CFX Manager software 

(Version 3.1) was used.  

Following cDNA synthesis, the target genes FZD4 and IGF1R as well as the housekeeper 

gene RPL32 were amplified by specific primers (Table 8), which span exon/intron bound-

aries to avoid amplification of genomic DNA. After interaction with double-stranded 

DNA, the fluorescent dye SYBR green emits green light following excitation with blue 

light[135]. During quantitative rt-PCR, the fluorescent signal will be measured after each 

amplification cycle and displayed as cycle dependent intensity curve. The cycle-threshold 

(CT) of target and housekeeper genes will the set in the early exponential phase of the 

PCR. Following normalization of the target gene to the housekeeper expression by the 

DDct method[136], the values can be compared between each other.  
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For rt-PCR, the 2× iTaq Universal SYBR Green SMX mix (Bio-Rad) was used in accord-

ance with the manufacturer’s protocol. PCR was performed in a final volume of 15 µL, 

consisting of 7.5 µL of 2× iTaq Univer SYBR Green SMX mix and 0.16 µL of primer 

mix (1 µM each, Thermo Fisher). For pipetting, depending on the number of analyses a 

SYBR Green master mix and the primer mix were prepared (Table 9, 10). The cDNA, -

rt control and water control mix were generated as shown in Table 11 and 10µl were 

pipetted on a 96-well plated (Bio-Rad). Following addition of 5µl of the specific primer 

mix (Table 10) the 96-well plate was briefly centrifuged and sealed with a sealing film 

(Bio-Rad) before PCR amplification.  

SYBR Green Master Mix 1x n-times 

2× iTaq Univer SYBR Green SMX mix 7.5 μl n x 7.5 µl 

H2O 2.2 μl n x 2.2 µl 

Table 9 : Generation of the Master mix 
 

 Primer Mix 

H2O 122.8 μl 

Primer fw 1.1 μl 

Primer rv 1.1 μl 

Table 10 : Generation of the primer mix 

 

 

cDNA Mix 1x n-times -RT control 

Mix 

1x n-times 

SYBR Green 

Master Mix 

9.7 μl n x 9.7µl Sg MM  9.7 μl n x 9.7µl 

cDNA 0.3 μl n x 0.3µl -RT 0.3 μl n x 0.3µl 

 

H2O control 

Mix  

1x n-times 
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SYBR Green 

Master Mix 

9.7 μl n x 9.7µl 

H2O 0.3 μl n x 0.3µl 

Table 11: Generation of cDNA, -rt control and water control mix. 

 

After initial activation at 95 °C for 3 min, the temperature profile was 10 s denaturation 

at 95 °C and 1 min annealing and extension at 60 °C for 40 cycles (Table 12). As a neg-

ative and water control for real-time rt-PCR, RNA that had not been reverse-transcribed 

and SYBR Green SMX mix which was filled up with nuclease free water used, respec-

tively. For analysis of the specificity of the melting curve and for quantification of the 

mRNA expression the Bio-Rad CFX Manager software (Version 3.1) was utilized. 

Procedure Temperature:  Duration:  

1. Taq polymerase activation  95 °C  15 mins  

2. Denaturation   95 °C  10 s ↔  

3. Annealing and extension 60 °C 40 s 

4. Step 2 for 39 cycles   

5. Final elongation  95 °C  1 min  

6. Transit to melting cycles  55 °C  1 min  

7. 81 cycles for melting curve  55 °C + 0.5 °C/cycle  6 s  

Table 12: Quantitative real-time polymerase chain reaction protocol. 

 

 

3.6 Methods in the field of protein biochemistry 
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3.6.1 Reagents and Materials 

Reagent Company 

Acidimetric (NaOH) Merk, Denmark 

Bovine serum albumin (BSA)  Roth, Karlsruhe  

Ammonium peroxide di sulfate (APS)  Roth, Karlsruhe  

BCA Protein Assay Kit Thermo Scientific, USA 

Coomassie®Brillant blue Sigma, Taufkirchen  

DL-Dithiotreitol (DTT)  Sigma, Taufkirchen  

Formaldehyde  Roth, Karlsruhe  

Glycerine  Roth, Karlsruhe  

Glycine  Roth, Karlsruhe  

Potassium chloride (KCl)  Roth, Karlsruhe  

Maleic acid Sigma-Aldrich, USA 

Methanol  Roth, Karlsruhe 

Skim milk powder Millopore, Germany 

Sodium carbonate (Na2CO3)  Roth, Karlsruhe  

Sodium chloride (NaCl)  Roth, Karlsruhe 

Prestained Protein Ladder  Biorad, München 

Protease Inhibitor Cocktail Sigma, USA 

Rotiphorese® Gel 30  Roth, Karlsruhe  

SDS (Sodium Dodecyl Sulphate)  Roth, Karlsruhe  

TEMED  Roth, Karlsruhe  
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Tris Roth, Karlsruhe 

Tween 20  Roth, Karlsruhe  

Equipment  Company 

Spectramax 190 ELISA Reader Molecular Devices, USA 

Empty Columns  Biorad, München  

iBright analysis software Thermo Scientific, USA 

Stunningly easy western blot imaging system(Ib-

right CL1000) 

Thermo Scientific, USA 

Micro homogeniser  Roth, Karlsruhe  

PVDF Membrane  Roche, Mannheim  

Semi-Dry Electrophoretic Transfer Cell  Bio-Rad, USA 

Vertica gel electrophoresis chamber Bio-Rad, USA 

Cell Scraper Sarstedt, Nürnbrecht  

Table 13: Reagents and materials for protein biochemistry 

 

3.6.2  Protein isolation for Western Blot 

Proteins were obtained from 661W cells for the purpose of conducting Western Blot anal-

ysis. To isolate the protein, 500 μl of Ripa buffer was added on ice. Next, the cell suspen-

sion was transferred into a 1.5 ml tube and supplemented with 1% of protease inhibitor. 

After being kept on ice for a duration of 40 minutes and occasionally agitated, the mixture 

underwent centrifugation at 4°C for 20 minutes at maximum velocity. Eventually, the 

aqueous phase was gathered for preservation in the freezer set at -80°C until it was needed. 

3.6.3 Measuring of protein concentration by BCA-Assay 
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Protein content in every sample was measured using the bicinchoninic acid (BCA) assay 

to ensure that equal amounts of each sample could be loaded in immunoblotting. By BCA 

assay proteins reduce Cu2+ in a dose dependent manner to Cu1+. Bicinchoninic acid forms 

with Cu1+ a specific intense purple complex that could be quantified at a wavelength of 

560 nm. Standard concentrations of bovine serum albumin (BSA) were obtained by di-

luting a BSA master solution (2 mg/ml) with the same buffer to a final concentration of 

2000, 1500, 1000, 800, 600, 400, 200 and 100 μg/ml BSA. The titrations were carried out 

in a 96-well plate, utilizing 10µl of every protein sample (both in their original form and 

diluted by a factor of 1:2), along with the customary BSA concentrations. After addition 

of 200µl of BCA solution (reagent A + reagent B = 50:1) to each well, the plate was 

incubated at a temperature of 37°C for 30 min. The absorbance of each well was measured 

at 560 nm using the Spectramax 190 ELISA reader, and protein concentrations of the 

samples were determined by extrapolating their absorbance to the reference curve. 

 

BCA Reagents 

Reagent A 1 mg sodium bicinchoninate (BCA) 

2 mg sodium carbonate 

0.16 mg sodium tartrate 

0.4 mg NaOH 

0.95 gm sodium bicarbonate 

Reagent B 0.4 mg cupric sulfate (5 x hydrated) in 100 ml distilled water. 

Table 14: Composition of BCA reagents 

3.6.4 SDS PAGE 
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Proteins were separated using SDS-PAGE, a technique known as SDS-Polyacrylamide 

gel electrophoresis, in order to conduct Western blot analysis. The gel electrophoresis 

process and the preparation of the polyacrylamide gel were conducted following the tech-

nique procedure[137].  

 

Buffer/solution Components 

SDS-solution 10 % (w/v)  100 g SDS  

1000 ml distilled H2O  

SDS-PAGE-Running 

buffer, (10x ) 

30g Tris-Base 

144g Glycine  

10g SDS 

1000ml distilled H2O 

SDS-loading buffer, 4x  250 mM Tris/HCl, pH 6.8  

8 % (w/v) SDS  

0.2 % (w/v) Bromophenol blue  

40%(v/v) Glycerol 

20%(v/v) β-Mercaptoethanol  

5 x Electrode buffer  15.14g Tris-Base 

93.84g Glycine  

0.5 % (w/v) SDS 

Tris/HCl, 1,0 M, pH 6,8  121,14 g Tris-Basedissolved in distilled H2O  

Tris/HCl, 1,5 M, pH 8,8  181,71 g Tris-Base dissolved in distilled H2O 

Table 15: Compositions of SDS PAGE buffer  
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Gel preparation and electrophoresis  

Proteins were separated using a separating gel with a concentration of 8% polyacrylamide. 

In a nutshell, two alcohol-washed glass plates were inserted into a gel caster. The different 

parts of the resolving gel were mixed and added into the gap between the two glass plates 

as rapidly as possible followed by an overlay with isopropanol. After polymerization of 

the running gel, the remaining isopropanol was removed and the stacking gel mix was 

added onto the resolving gel. To construct sample slots, a comb was placed into the load-

ing gel to a depth of approximately 1.5 cm.  After polymerization, the comb was taken 

off and the polymerized gels were placed into an electrophoresis chamber and the buffer 

tanks were filled with 1x electrode buffer. The samples, which contained 15–40 µg of 

protein each, and a molecular weight marker were loaded into the gel slots before the 

electrophoresis was started with a voltage of 80 V for 20 minutes followed by 180 V for 

40 minutes. 

Components of the SDS gel 
 

Component Stacking gel  

(7 ml volume)  

Resolving gel 8 %  

(20 ml volume)  

Distilled H2O.  4.013 ml  9.467 ml  

Rotiphorese® Gel 30  1.167 ml  5.333 ml  

Tris/HCl, 1 M, pH 6,8  1.750 ml  -  

Tris/HCl, 1,5 M, pH 8,8  -  5.000 ml  

10 % SDS  0,07 ml  0,200 ml  

10 % APS  0,07 ml  0,200 ml  

TEMED  0,004 ml  0,010 ml  

Table 16: Components of SDS gel 
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Buffer/solution Components  

10% (w/v) SDS 100 g SDSAdd 1L dH2O 

Tris/HCl, 1.0 M, pH 6.8  

(for stacking gels) 

121.14 g Tris-Base 

Dissolve in 1l dH2O, adjust pH.  

Tris/HCl, 1.5 M, pH 8.8 

(for resolving gels) 

181.71 g Tris-Base 

Dissolve in 1L dH2O, adjust pH,  

SDS loading dye, 4x 

 

250m M Tris/HCl, pH 6.8 

40% Glycerol 

-8% (w/v) SDS 

0.2% (w/v) Bromophenol blue 

0.3 M DTT 

5 x Electrode buffer -15.14g Tris-base 

-93.84g Glycine 

-50ml 10% SDS 

-dissolve in 1L dH2O  

Table 17 : Composition of SDS PAGE gel and buffer components 

 
 
 

Components of 10x Transfer buffer  

Tris  5.82 g  

Glycine  2.93 g  

Methanol  200 ml  

SDS  3.7 ml 10 % (w/v) dissolved in 1 L dH2O （PH > 8） 

Table 18: Composition of transfer buffer  
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3.6.5 Semi-dry blotting 

After polyacrylamide gel electrophoresis, proteins were transferred onto a PVDV mem-

brane by semi-dry blotting. Following a short pre-treatment in methanol, the membrane 

was rinsed in ultrapure water for 2 minutes and equilibrated in transfer buffer for 5 

minutes. In addition, five pieces of filter paper soaked with transfer buffer were needed 

to arrange the blotting configuration with 3 filter papers at the cathode, followed by the 

SDS-PADG and PVDF membrane and at the anode two additional filter papers (Table 

19). After rolling out the membrane / SDS-PAGE stack to avoid air bubbles, semi-dry 

blotting was performed at a voltage of 25 V for a duration of 75 minutes. 

 

Semi-dry Blot layout 

cathode (-) 

3 filter papers (with transfer buffer) 

Separating gel with proteins 

PVDF-Membrane (5.5cm x 8.5cm) 

2 filter papers (with transfer buffer) 

Anode (+) 

Table 19: Outline Semi-dry blot layout 

 

3.6.6 Western Blot analysis 

PVDF membranes were incubated with primary antibodies (diluted 1:1000 5% BSA in 

TBS-T containing 5% BSA) overnight after being blocked with 5% low-fat milk in TBST. 

After three washes for 10 minutes each time in TBST, membranes were incubated with 

specific alkaline phosphatase (AP)-conjugated secondary (diluted 1:2000 in TBST con-

taining 5% BSA) for 1 hour at room temperature to detect the primary antibody-antigen 

complexes. After additional three washes in maleic acid for ten minutes each, the 
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membranes were equilibrated once in detection buffer at room temperature for 5 minutes. 

and incubated with 300µl of Tropix CDP-Star substrate at room temperature for 3 minutes. 

The membranes were then visualized on an iBright CL1000 imaging system and quanti-

fied by the iBright analysis software. 

 

Primary Antibody Species  Company 

FZD4 Rabbit R&D system 

GAPDH Mouse Millipore 

IGF1R Rabbit Cell signaling 

pAkt Rabbit Cell signaling 

α-Tubulin Mouse Calbiochem 

Secondary Antibody Species Supplier 

Goat anti-Rabbit-AP Rabbit Cell signaling 

Goat anti-Mouse-AP Mouse Cell signaling 

Table 20: Antibodies used for western blot analysis. 

 

3.7 Immunohistochemistry 

By applying a primary antibody to attach to a specific epitope of a protein and a secondary 

antibody that is coupled to a fluorescent dye and binds to primary antibodies, this im-

munohistochemical staining allows for the localization and quantification of particular 

proteins inside cells. 

3.7.1 Reagents and materials 

Reagent/material Supplier 
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Cold water fish skin gelatin(40%) Aurin, The Netherlands 

Cover lips Paul Marienfeld, Germany 

GSK1904529A Selleckchem, USA 

Hoechst 33342 Invitrogen, USA 

Microscope Slides Epredia, Germany 

Mounting Medium  Invitrogen, Germany 

Triciribine Selleckchem, USA 

Table 21: Reagents and materials for immunohistochemistry. 

3.7.2 Cell fix 

For immunohistochemistry, cells were seeded to be 60% confluent on coverslips in a 6-

well plate and incubated in cell culture medium overnight to attach. Then the cells were 

fixed with 4% Paraformaldehyde for 5 minutes at room temperature, washed three times 

with 0.1M phosphate buffer for 5 minutes each and stored in 0.1M phosphate buffer at 

4°C until further use. 

Primary Antibody Dilution  Company 

Rabbit anti human-FZD4 1:50 R&D system 

IGF1R 1:100 Cell signaling 

pAkt 1:50 Cell signaling 

Secondary Antibody Dilution  Company 

goat anti mouse(H+L) 1:2000 R&D system 

goat anti rabbit(H+L) 1:2000 R&D system 

Table 22: Antibodies and dilutions used for immunohistochemistry 

3.7.3 General protocol of immunohistochemistry 

Coverslips with cells were incubated with primary antibody diluted 1:50 or 1:100 in 10% 

blocking solution in a humid environment at + 4 °C overnight after being rinsed with 0.1 

M phosphate buffer for 10 minutes and blocked with blocking solution for 1 hour at room 
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temperature. After three 5-minute washes with 0.1M phosphate buffer, the slides were 

incubated with secondary antibodies diluted 1:2000 in 0.1 M phosphate buffer for 1 hour 

at room temperature protected from light. Following the slides were incubated with 

Hoechst 33342 (Thermos Fisher) diluted 1:500 in 0.1 M phosphate buffer for 10 minutes 

and two additional washings with 0.1 M phosphate buffer, coverslips were mounted with 

ProLong™ Glass Antifade Mountant Medium (Thermo Fisher). The slides were stored at 

+4 °C in the absence of light prior to examination under a fluorescent microscope. 

 

3.7.4 Fluorescence microscopy 

For fluorescent microscopy, an Axio Observer 7 with an Apotom module was used (Carl 

Zeiss). Images were documented using the ZEN software (Carl Zeiss). 

3.8 The Duolink Site Assay 

To analyse interacting proteins the proximity ligation assay, DuoLink® In Situ Red 

Starter Kit Mouse/Rabbit (DUO92101, Sigma-Aldrich, Darmstadt, Germany), was used 

in accordance with the manufacturer’s instructions.  

Coverslips were seeded with cells and cultured overnight. After washing with cold 1x 

PBS, the cells were fixed with 4% paraformaldehyde for 30 minutes. Following pre-treat-

ment of the cells with Duolink blocking solution for 30 min at 37 °C in a humidified 

chamber, the slides were incubated overnight with primary antibodies against FZD4 (1:50) 

and IGF1R (1:100) diluted in DouLink antibody dilutant at 4°C. After washing with wash 

buffer A, the slides were incubated for 1 hour with two PLA probes (1:5 diluted), followed 

by 30 minutes in Ligation-Ligase solution and additional 100 minutes in Amplification-

Polymerase solution in a humidification chamber that has been preheated to 37°C. After 



Materials and Methods   

 44 

washing with wash buffer B, the coverslips were mounted with Duolink in situ mounting 

agent with DAPI on slides and analysed by fluorescent microscope. 

3.9 Statistics 

All Statistics were conducted with students t-test when two groups were compared or 

One-way ANOVA when three or more groups were analysed via Prism 9. As post hoc 

test for data that met the assumption of homogeneity of variances, a least significant dif-

ference (LSD) test was performed, and for data that did not meet the criteria, a Games–

Howell test was performed. p values less than 0.05 were considered statistically signifi-

cant.
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4. Results 

4.1 The FZD4 and IGF1R were overexpressed in immortalized 

retinal photoreceptors (661W cell lines) 

To analyze if Norrin could mediate protective effects on retinal neurons via activation 

of the AKT pathway, immortalized photoreceptor cells (661W cell line), were used. Af-

ter transfection of 661W cells with one or both plasmids, transfected cells were selected 

with hygromycin (IGF1R) and/or puromycin (FZD4). The overexpression of FZD4 and 

IGF1R was confirmed by RT-PCR (Figure 2A, B) and western blot analysis (Figure 2C, 

D). Cell division into four groups was conducted. The first group was assigned as the 

control, while groups A, B, and C were all transfected with FZD4 and IGF1R simulta-

neously and selected with hygromycin and puromycin. Based on the bar graph, it was 

evident that both FZD4 and IGF1R exhibited the highest expression in Group A when 

compared to the other groups. Whereas the lowest expression levels were observed in 

Group B. In contrast, Group C demonstrated a relatively moderate level of expression. 

Based on the result of RT-PCR, C group was chosen for further study.  

By western blot analysis, only a fading signal for FZD4 expression was observed in 

control and pCMV-IGF1R transfected 661W cells (Figure 2C). In contrast, in pCMV-

FZD4 and pCMV-FZD4/IGF1R cells a robust as well as a moderate FZD4 expression 

was observed when compared to untransfected controls (Figure 2C). In line, following 

hybridization of control and pCMV-FZD4 transfected 661W cells with IGF1R antibod-

ies, only a weak band for IGF1R was detected (Figure 2D). However, in pCMV-IGF1R 

and pCMV-FZD4/IGF1R cells, a robust as well as a moderate IGF1R expression was 

observed when compared to untransfected controls (Figure 2D). 
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Figure 2: RNA and protein expressions of FZD4 and IGF1R in 661W cells following 

transfection with overexpression vectors. A, B. RNA expression of FZD4 (A) and 

IGF1R (B) in the control group and A, B, C group with double transfection of FZD4 and 

IGF1R. C, D. The western blot analysis for FZD4 (C) and IGF1R (D) overexpression 

following transfection of 661W cells with pCMV-FZD4 and/or pCMV-IGF1R as well as 

control cells. 

4.2 Norrin activates pAKT signaling in double transgenic 

661W cells 
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To investigate whether Norrin can activate the pAKT signaling pathway via IGF1R and 

FZD4, double transfected FZD4/IGF1R photoreceptor cells and native controls were in-

cubated with Norrin in cell culture medium for 4 hours. In native 661W cells, only a 

weak band for pAKT was seen after treatment with Norrin, which was similar to that of 

untreated controls (Figure 3A). In contrast, in double transgenic FZD4/IGF1R 661W 

cells, an enhanced signal for pAKT was observed following Norrin treatment when 

compared to double transgenic control cells (Figure 3A). By densitometry, a 3.0-fold 

significant increase of pAKT was detected in double transgenic 661W cells after Norrin 

treatment when compared to untreated control cells (Figure 3B).  

By immunohistochemistry, only a weak signal for pAKT could be seen in untreated na-

tive and FZD4/IGF1R transfected 661W cells. In contrast, following treatment with 

Norrin, an intense signal for pAKT was observed in the perinuclear cytoplasm of 

FZD4/IGF1R transfected 661W cells, which was in line with the western blot analyzes 

(Figure 3C).  
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Figure 3: Norrin activates pAKT signalling in double transgenic FZD4/IGF1R 

661W cells. A, B. Western blot analysis (A) and densitometry (B) for pAKT of native 

control (Control) or double-transgenic 661W cells (FZD4/IGF1R) with and without in-

cubation with 200ng/ml Norrin for 4h (A; mean± SEM; *P< 0.05). C. Immunohistochem-

istry for pAKT of native control and double-transgenic 661W cells with or without Norrin 

incubation. Blue, DAPI staining; Scale bars:50μm. 

 

To further analyze if Norrin can enhance pAKT signaling solely via FZD4 or IGF1R, 

FZD4, IGF1R and double transgenic 661W cells were incubated with Norrin for 4h.  
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Following incubation of FZD4 or IGF1R overexpressing 661W cells with Norrin only a 

weak but specific band could be seen which was similar in strength to that of the control 

cells (Figure 4A). In line with previous results, in FZD4/IGF1R 661W cells an intense 

signal for pAKT was detected following treatment with Norrin, a result that was statisti-

cally significant when compared to FZD4, IGF1R and native control 661W cells (Figure 

4A, B). 

By immunohistochemistry in FZD4, IGF1R and native control 661W cells only a fading 

signal for pAKT was observed after treatment with Norrin for 4h (Figure 4C-E). By 

contrast in FZD4/IGF1R transfected 661W cells, a strong perinuclear signal for pAKT 

was observed following treatment with Norrin for 4h (Figure 4F). Overall, these data 

strongly suggest that for Norrin-mediated direct pAKT signaling FZD4 and IGF1R are 

required.        
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Figure 4: Direct Norrin-mediated pAKT signaling requires the overexpression of 

FZD4 and the IGF1R in 661W cells.  A, B. Western blot analysis (A) and densitometry 

for pAKT on proteins from FZD4, IGF1R and double transgenic 661W cells after incu-

bation with Norrin for 4h (mean± SEM, *P< 0.05).   
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4.3 Norrin mediates its neuroprotective effects via pAKT/AKT 

signaling in 661W cells 

4.3.1 Norrin mediates neuroprotective effects in FZD4/IGF1R 661W cells  

To examine if Norrin can mediate neuroprotective properties via an enhanced direct 

pAKT signaling 661W cells were differentiated with staurosporine and cell viability was 

analysed by measurement of the NADPH turnover using the WST-1 assay. 

After treatment with 10 μ/ml staurosporine for 30 minutes, 661W cells underwent mor-

phological changes, exhibiting a more neuronal appearance.  Dendrites and axons with 

synapse-like structures emerged from the cell body. 

Following differentiation with staurosporine, the cells were subsequently subjected to se-

rum deprivation to induce apoptosis of the cells and were incubated with Norrin. After 

treatment for 24h, no differences in WST-1 substrate turnover were observed between 

native 661W cells with or without additional Norrin incubation (Figure 5). Further on, in 

FZD4/IGF1R overexpressing 661W cells, a slight increase of WST-1 turnover was de-

tected. In contrast, in FZD4/IGF1R 661W cells with an additional treatment with Norrin, 

an enhanced WST-1 substrate signal of approximately 1.3-fold was detected when com-

pared to untreated controls and native 661W cells. In summary, these data strongly sug-

gest that Norrin can protect FZD4/IGF1R 661W cells against starving-induced apoptosis. 
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Figure 5: Norrin protects FZD4/IGF1R overexpressing 661W cells against starving-

induced apoptosis. WST-1 assay of staurosporine differentiated FZD4/IGF1R and native 

661W cells with and without incubation with 200ng/ml Norrin for 24h (One-way 

ANOVA multiple comparisons, mean± SEM, P*<0.05, P**<0.01, P***<0.001). 

 

4.3.2 Norrin mediates its neuroprotective effects via AKT signaling 

In order to examine whether the neuroprotective effects of Norrin are mediated via AKT 

signalling, FZD4/IGF1R 661W cells were incubated with Norrin and Triciribine, an in-

hibitor of the AKT pathway.  

After treatment of double transgenic 661W cell with Norrin (Figure 6B) an intense cyto-

plasmic staining for pAKT was detected by immunohistochemistry which was blocked 
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by the additional treatment of Triciribine (Figure 6C) demonstrating that Triciribine has 

the distinct potential to block the AKT pathway.  

 

 

Figure 5: Triciribine blocks Norrin mediated AKT signal in FZD4/IGF1R 661W 

cells. Immunohistochemical staining of double transgenic 661W cells for pAKT follow-

ing treatment with 10μM Triciribine and/or 200ng/ml Norrin for 4h.  Blue, DAPI stain-

ing. Scale bar: 50μm. 



Results  

 54 

 

Since a sufficient inhibition of the AKT pathway could be observed by Triciribine the 

viability of FZD4/IGF1R 661W cells was investigated by WST-1 assay following treat-

ment with Norrin and Triciribine.   

Following differentiation with staurosporine double transgenic 661W cells were incu-

bated with Triciribine to rule out its potential toxic effects. Following incubation for 24h 

no differences of WST-1 substrate turnover were observed between Triciribine treated 

FZD4/IGF1R 661W cells and untreated controls (Figure 7A) suggesting that Triciribine 

does not affect the viability of the cells itself.  

As expected, the incubation of double transgenic FZD4/IGF1R cells with Norrin signifi-

cantly enhances WST-1 substrate turnover when compared to untreated controls (Figure 

7B). This effect could be substantially blocked by the additional treatment with Triciri-

bine (Figure 7B) strongly indicating that Norrin mediates its neuroprotective effects on 

FZD4/IGF1R 661W cells via pAKT signalling (Figure 7B).  
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Figure 6: Triciribine blocks Norrin mediated neuroprotective effects on 

FZD4/IGF1R 661W. WST-1 substrate turnover of differentiated FZD4/IGF1R 661W 

cells after treatment with 10μM Triciribine and/or 200ng/ml Norrin for 24h (One-way 

ANOVA multiple comparisons, mean± SEM, P***< 0.001). 
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4.3.3 Norrin mediates its neuroprotective properties via IGF1R signaling 

To analyze if the IGF1R is essential for Norrin-mediated activation of the AKT path-

way, the inhibitor GSK1904529A was used to block the IGF1R phosphorylation.  

To this end, double transgenic 661W cells were incubated with 10mM GSK1904529A 

and/or 200ng/ml Norrin. Following incubation for 4h, intense cytoplasmic staining for 

pAKT was observed by immunohistochemistry when compared to untreated control 

cells, while the additional treatment with the inhibitor GSK1904529A the Norrin medi-

ated staining for pAKT was blocked, which was homologous to that of untreated control 

cells (Figure 8). 
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Figure 8:  Norrin mediates pAKT signalling in double-transgenic 661W cells via the 

IGF1R. A-C. Immunohistochemistry for pAKT (green) on FZD4/IGF1R 661W cells af-

ter incubation with 10mM GSK1904529A and/or 200n/ml Norrin for 4h. Blue, DAPI 

staining. Scale bars:50μm. 

 

To further investigate if Norrin mediates its neuroprotective properties on double trans-

genic 661W cells via the IGF1R, the viability of the cells was analysed after differentia-

tion with staurosporine and IGF1R inhibition.  

Following incubation of differentiated FZD4/IGF1R 661W cells with the IGF1R inhibitor 

GSK1904529A for 24h only a slight decrease of WST-1 substrate turnover was detected 

when compared to untreated control cells (Figure 9). On the other hand, the treatment of 

the cells with Norrin led to a substantial increase of reduced WST-1 metabolites, an effect 

that was completely blocked by the additional incubation with GSK1904529A (Figure 9). 

Overall, it's most likely that for the Norrin mediated neuroprotective effects via activation 

of the AKT pathway in double transgenic 661W cells, the IGF1R is essential for signal 

transduction, since AKT phosphorylation as well as the protective effects could be 

blocked by the IGF1R inhibitor GSK1904529A.   
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Figure 7: Cell viability assay for double transgenic 661W cells with GSK1904529A 

and/or Norrin. WST-1 viability assay on staurosporine differentiated double transgenic 

661W cells following incubation with 10mM GSK1904529A and/or 200ng/ml Norrin for 

24h (One-way ANOVA multiple comparisons, mean± SEM, P*<0.05, P**<0.01, 

P***<0.001, P****<0.0001). 
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4.4 Norrin activates pAKT signalling via an interaction be-

tween FZD4 and IGF1R  

Since Norrin could mediate neuroprotective effects on FZD4/IGF1R 661W cells via the 

IGF1R it was analysed if the FZD4, after binding of Norrin, recruits the IGF1R which in 

turn phosphorylates AKT. To this end double transgenic 661W cells were incubated with 

Norrin for 4h and double immunostaining against FZD4 and IGF1R was performed to 

detect their co-localization.   

In FZD4/IGF1R 661W cells without Norrin treatment a specific signal for FZD4 and 

IGF1R could be detected in the cytoplasm and on the cell membrane, but only a slight 

co-localization was observed at the cell membrane (Figure 10). In contrast, following 

incubation of the cells with Norrin a specific signal for FZD4 and IGF1R was detected as 

described before, but on the cell surface a co-localization (yellow) between both receptors 

could be observed (Figure 10) indicating an interaction between both receptors. 
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Figure 10: Co-localization of IGF1R and FZD4 in double-transgenic 661W cells af-

ter incubation with Norrin. Immunohistochemistry for FZD4 (green) and IGF1R (red) 

on double transgenic 661W cells after treatment with Norrin for 4h. Blue, DAPI staining. 

Scale bar: 20μm. 

4.5 Norrin recruits the IGF1R to FZD4 to mediate direct pAKT 

signaling  

In order to further investigate the direct interaction between FZD4 and IGF1R, a Duolink® 

Proximity ligation assay was performed. This assay is based on two antibody coupled 

oligonucleotides which induce a rolling circle amplification, when both are close together 

within a distance of 40nm, leading to a specific red fluorescence signal and demonstrating 

a very close interaction between the tested proteins.  

In native 661W cells without incubation of Norrin, no specific signal was observed (Fig-

ure 11A). In addition, in double transgenic 661W cells without Norrin treatment only a 

few fluorescent areas were detected on the cell surface (Figure 11C). Further on, in native 

661W cells a more pronounced fluorescent labelling was seen following treatment with 

Norrin when compared to untreated control cells (Figure 11B). In contrast, following 

treatment with Norrin in FZD4/IGF1R 661W cells an intense fluorescent signal on the 

cell membrane could be detected, demonstrating a close interaction between both proteins 

and supporting the hypothesis that Norrin mediates its direct activation of AKT pathway 

via the IGF1R.  
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Figure 11: Norrin recruits the IGF1R after binding to FZD4 to mediate direct pAKT 

signalling.  Duolink® Proximity ligation assay (red) of double transgenic and native 

661W cells with and without incubation of 200ng/ml Norrin for 4 h. Blue, DAPI staining, 

scale bar, 20µm.
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5. Discussion  

Conclusively, the results from my investigation demonstrate that Norrin is capable of 

activating the pAKT/AKT signalling pathway through the FZD4/IGF1R receptor com-

plex, and thereby could exert a neuroprotective effect on photoreceptors. 

This conclusion is substantiated by the following findings: (1) the observation that treat-

ment with Norrin leads to the activation of pAKT signalling in double-transgenic 661W 

cells, (2) the finding that treatment with Norrin facilitates the interaction between FZD4 

and IGF1R, resulting in the formation of a complex, (3) the results that activation of 

pAKT signalling by Norrin prevents double-transgenic 661W cells from undergoing 

apoptosis, (4) the observation that the IGF1R inhibitor GSK1904529A blocks Norrin-

induced activation of pAKT signalling and reducing photoreceptor apoptosis in double-

transgenic 661W cells, and (5) the results that triciribine exhibits potential in blocking 

Norrin-induced activation of pAKT signalling and reducing photoreceptor apoptosis in 

double-transgenic 661W cells. 

Norrin acts as an atypical FZD4 ligand, propelling the protein-protein interaction with 

FZD4 via specific binding [111, 138]. Previous reports showed that Norrin exerts its pro-

tective effects on RGCs by activating the Wnt/β-catenin pathway and modulating LRP-1 

phosphorylation [139]. Based on an in vivo study, it has been determined that Norrin 

possesses specific neuroprotective properties via induction of specific neuroprotective 

factors and hence acts as a safeguard for retinal neurons against excitotoxic damage [140]. 

Further on, in a previous work our group could demonstrate that in mice with a chronic 

loss of RGC, a transgenic overexpression of Norrin could protect these cells via an IGF1-

mediated activation of the AKT pathway[131]. In line, unpublished data of our group of 

mice with RP leading to a chronic loss of photoreceptors and an additional transgenic 
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overexpression of Norrin in the retina strongly suggest a protective effect on these retinal 

cells. In contrast to previous observations, these effects were not mediated via an en-

hanced expression of neuroprotective factors but were triggered by a potential direct ac-

tivation of AKT signalling (unpublished data).  

Following damage of the retina, activation of pAKT signalling is known to mediate neu-

roprotective effects on retinal neurons such as RGC or photoreceptors[130, 131, 141]. 

Several studies indicate an expression of the IGF1R, a key receptor for the activation of 

the AKT pathway[142],  in the retina, including both the outer and inner segments of 

photoreceptors[143, 144]. Intriguingly, conditional deficiency of IGF1R in photorecep-

tors and other retinal cells can lead to a loss of photoreceptors, of age-related visual func-

tion and subsequent to retinal degeneration[145]. Besides the expression of the IGF1R, a 

robust expression for FZD4 was reported in the retinal vasculature and the outer nuclear 

layer of the retina where the photoreceptors are located[146].  

5.1 Cell culture model  

Since in a previous study an activation of pAKT signalling was observed via an interac-

tion between Wnt3a, FZD7 and the IGF1R[133], it was tempting to speculate if Norrin 

could mediate homologous effects via binding to FZD4 and recruitment of IGF1R. To 

prove this hypothesis murine 661W cells with a substantial transgenic overexpression of 

human IGF1R and human FZD4 were generated. Following incubation of these cells with 

Norrin, a substantial activation of the AKT pathway could be observed in double trans-

genic 661W cells while in wild-type controls human recombinant Norrin did not influence 

pAKT level. However, the strong overexpression of the IGF1R and FZD4 could pretend 

an interaction of both proteins due to their high concentration, which could not be the 

case under normal conditions. On the other hand, several studies use a transgenic 
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overexpression of two proteins to analyse their potential interaction[118]. Since pAKT 

signalling was only activated by Norrin in double transgenic 661W cells, we could rule 

out that strong overexpression of FZD4 or IGF1R could activate pAKT signalling itself 

without incubation with Norrin. In addition, the sole Norrin-mediated activation of the 

pAKT signaling pathway in double transgenic 661W cells strongly suggests a specific 

effect of Norrin. Even the transgenic overexpression of FZD4 and IGF1R has disad-

vantages such as the high expression level of both receptors, it is a suitable tool to analyse 

the Norrin mediated activation of AKT signalling via the interaction of FZD4 and IGF1R.  

Unpublished data from our group strongly suggest a Norrin mediated protection of pho-

toreceptor cells via AKT signalling. Therefore, the protective effect of Norrin was tested 

on 661W cells with an overexpression of FZD4 and IGF1R. Since 661W cells are derived 

from retinal precursor cells and are proliferative[147], a differentiation of the cells with 

staurosporine was performed to analyse the neuroprotective effects of Norrin mediated 

pAKT signalling on 661W. Differentiation of neuronal precursor cells with staurosporine 

is a common treatment to induce a postmitotic and neuronal phenotype of the cells[148]. 

In 661W cells staurosporine induced a neuronal phenotype with extended neurites with 

branching and a blocked proliferation[149]. Since staurosporine blocks a broad spectrum 

of kinases the mechanism of mediating the neuronal phenotype remains unclear so 

far[150]. Following the treatment of 661W cells we observed a homologous phenotype 

with neurites and block proliferation strongly suggesting that our staurosporine treated 

661W cells develop a neuronal phenotype as well.  

5.2 Norrin mediates neuroprotective effects on 661W cells via 

AKT signalling 
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Since in mice with retinal degeneration, an additional transgenic overexpression of Norrin 

protects photoreceptors against apoptosis via activation of AKT signalling cell survival 

of differentiated 661W cells with an overexpression of the IGF1R and FZD4 was ana-

lysed. Following incubation with Norrin significantly more 661W double transgenic cells 

survived and the activation of AKT signalling was enhanced when compared to Norrin 

treated native 661W cells or untreated controls. AKT signalling can be activated by var-

ious growth factors and is a common neuroprotective signalling pathway in neurons of 

the brain and the retina[151]. For instance, in the retina the activation of AKT signalling 

can protect neurons against oxidative stress mediated apoptosis, ischemia induced degen-

eration and light induced apoptosis[130, 152-154]. However, besides AKT signalling in 

the retina several other neuroprotective pathways such as b-catenin, Janus kinases/signal 

transducer and activator of transcription (JAK/STAT) or mitogen-activated protein kinase 

(MAPK/ERK) have been described as well[155-157]. Since the neuroprotective effects 

of Norrin could be blocked by triciribine, an inhibitor of AKT signalling, in double trans-

genic 661W cells it is most likely that Norrin mediates its protective effects via the AKT 

pathway.  

5.3 Norrin induces FZD4 / IGF1R interaction for direct AKT 

signalling 

The IGF1R is a receptor tyrosine kinase, which is involved in several physiological and 

pathological processes including cell proliferation, growth, metabolism, tumour progres-

sion and cell survival[158, 159]. Binding of IGF1 to the IGF1R can lead to an activation 

of the phosphatidylinositol 3-kinase (PI3K)-AKT and the Ras-mitogen-activated protein 

kinase (MAPK) pathway[158]. Intriguingly, in several studies, an interaction of the 

IGF1R with other Receptors had been reported. For instance, in squamous cell 
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carcinomas, the IGF1R can interact with the epidermal growth factor receptor (EGFR) 

with the consequence of an enhanced phosphorylation of the EGFR[160]. In line, Bernis 

et al. reported an interaction of frizzled-7 with the IGF1R following binding of Wnt3a to 

activate pAKT signalling[133] , an observation that encouraged us to perform this study. 

By immunocytochemistry and proximity ligation assay (PLA) we observed a colocaliza-

tion of the IGF1R and FZD4 in transgenic 661W cells. Even a technology for a high 

resolution of the focal plane, the Apotome of Zeiss, was used for visualization of colo-

calization of IGF1R and FZD4 by immunocytochemistry this method could be defective 

because of the display method and the investigator's perception[161]. To rule this defi-

ciency out, a proximity ligation assay for the potential interaction between the IGF1R and 

FZD4 was performed. This analysis is based on an immunoreaction of primary antibodies 

detecting the two proteins of interest. Instead of a conventional immunohistochemical 

staining the secondary antibodies are coupled with a specific DNA strand for each species. 

If the proteins of interest are close together the two DNA strands hybridise and form a 

circular DNA [162]. Following ligation, the DNA will be amplified and visualized by 

incorporation of fluorescent complementary oligonucleotide probes[162]. In contrast to 

biochemical immunoprecipitation methods, which are preferred for the analysis of stable 

protein-protein interactions, PLA is suitable for investigating more transient interactions 

and allows a subcellular localization of the protein complex [163]. After incubation of 

double transgenic 661W cells with Norrin, a specific signal for the IGF1R and FZD4 was 

detected by PLA. Since this assay can only be positive if both proteins of interest are 

closer together than 40nm [162] it appears most likely that the IGF1R and FZD4 interact 

with each other after binding of Norrin. The hypothesis of an interaction of the IGF1R 

and FZD4 will be further supported by the observation that only in double transgenic 

661W cells Norrin activates AKT signalling, but not in cells with a solitary overexpres-

sion of FZD4 or IGF1R. In line, following treatment of double transgenic 661W cells 
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with the IGF1R blocker GSK1904529A the Norrin mediated activation of AKT signalling 

and its neuroprotective effects on the cells were lost suggesting that both receptors are 

required. Overall, our results strongly suggest that for the Norrin mediated effects on 

FZD4/IGF1R 661W cells, the IGF1R is essential and a direct interaction of both receptors 

is very most likely.  

5.4 Crosstalk of the Wnt/b-catenin signalling with other path-

ways 

For frizzled mediated b-catenin signalling several interactions between other pathways 

have been proposed to modify its signal intensity via transcriptional regulation of com-

ponents of the Wnt pathway or non-coding RNAs. For instance, leptin or insulin can 

modify the expression of canonical Wnt signalling components in chondrocytes or intes-

tinal cells, respectively, leading to an enhanced b-catenin signalling [164, 165]. In line, 

non-coding RNAs play a critical role in fine tuning of the expression of components of 

the Wnt pathway under physiological and pathological conditions [166]. Complex cross-

talk involving transcriptional regulation as well as molecular interaction takes place be-

tween Notch and Wnt signalling which could lead to activation or inhibition of the other 

pathway[167].  

Vice versa, canonical Wnt signalling or the interaction of frizzled proteins with other 

membrane receptors can modify several intracellular pathways. For instance, in the retina 

transgenic expressed Norrin could induce the expression of Smad7 which in turn partially 

rescued the TGF-b mediated retinal phenotype by a diminished TGF-b signalling[168]. 

A direct interaction of frizzled-5 with the epidermal growth factor receptor (EGFR) fol-

lowing incubation with Wnt5a was observed in cardiomyocytes, which induces an 
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increased phosphorylation of ERK and subsequently leads to enhanced cardiac fibrosis 

[169].  

For pAKT signalling an activation of the Wnt/b-catenin pathway has been observed in 

various studies. Following phosphorylation activated AKT can phosphorylate and hereby 

inactivate the glycogen synthase kinase (GSK)-3b in neurons[170]. Since the GSK-3b is 

an essential component of the b-catenin destruction complex, b-catenin accumulates in 

the cytoplasm, translocates into the nucleus and induces the transcription of specific target 

genes following GSK-3b phosphorylation by pAKT[170]. Vice versa, as mentioned be-

fore, following binding of Wnt3a frizzled-7 can recruit the IGF1R to enhance the phos-

phorylation of AKT and hereby activates pAKT signalling[133]. Since Wnt and AKT 

signalling pathways are closely regulated by each other, frizzled receptors have the dis-

tinct potential to interact with receptor tyrosine kinases and the observation that other 

frizzled proteins could activate pAKT signalling via IGF1R recruitment, it is most likely 

that Norrin mediates its protective effects on retinal neurons via an activation of the AKT 

pathway through an FZD4 / IGF1R receptor complex. 



Conclusion  

 70 

6. Conclusion 

In summary, the data presented provide strong evidence of an additional Norrin-mediated, 

previously unknown neuroprotective signalling network, which directly enhances AKT 

signalling after the formation of a Norrin-FZD4-IGF1R receptor complex in retinal neu-

rons. The activation of this novel Norrin mediated mechanism could be a promising target 

for prospective therapeutic strategies to prevent chronic photoreceptor degeneration, such 

as retinitis pigmentosa, in humans.



References  

 71 

References 

[1] J. Graw, "Eye development," (in eng), Curr Top Dev Biol, vol. 90, pp. 343-86, 2010, doi: 
10.1016/s0070-2153(10)90010-0. 

[2] N. G. Ghazi and W. R. Green, "Pathology and pathogenesis of retinal detachment," (in 
eng), Eye (Lond), vol. 16, no. 4, pp. 411-21, Jul 2002, doi: 10.1038/sj.eye.6700197. 

[3] A. Rashid et al., "RPE Cell and Sheet Properties in Normal and Diseased Eyes," (in 
eng), Adv Exp Med Biol, vol. 854, pp. 757-63, 2016, doi: 10.1007/978-3-319-17121-
0_101. 

[4] M. la Cour and T. Tezel, "The Retinal Pigment Epithelium," in Advances in Organ 
Biology, vol. 10, J. Fischbarg Ed.: Elsevier, 2005, pp. 253-272. 

[5] C. A. Curcio and M. Johnson, "Structure, function, and pathology of Bruch’s 
membrane," Retina, vol. 1, no. Part 2, pp. 466-481, 2013. 

[6] N. Mahabadi and Y. Al Khalili, Neuroanatomy, Retina. StatPearls Publishing, Treasure 
Island (FL) (in eng), 2023. 

[7] B. Kennedy and J. Malicki, "What drives cell morphogenesis: a look inside the 
vertebrate photoreceptor," Developmental dynamics: an official publication of the 
American Association of Anatomists, vol. 238, no. 9, pp. 2115-2138, 2009. 

[8] T. Tomita, "Electrical activity of vertebrate photoreceptors," Quarterly Reviews of 
Biophysics, vol. 3, no. 2, pp. 179-222, 1970, doi: 10.1017/S0033583500004571. 

[9] D. J. Roof, "Turnover of Vertebrate Photoreceptor Membranes," in The Molecular 
Mechanism of Photoreception, Berlin, Heidelberg, H. Stieve, Ed., 1986// 1986: Springer 
Berlin Heidelberg, pp. 287-302.  

[10] A. Lakkaraju et al., "The cell biology of the retinal pigment epithelium," Progress in 
Retinal and Eye Research, vol. 78, p. 100846, 2020/09/01/ 2020, doi: 
https://doi.org/10.1016/j.preteyeres.2020.100846. 

[11] E. A. Newman, "Physiological properties and possible functions of Muller cells," 
Neuroscience Research, vol. 4, pp. S209-S220, 1986/01/01/ 1986, doi: 
https://doi.org/10.1016/0168-0102(86)90084-2. 

[12] F. Germain, C. Pérez-Rico, J. Vicente, and P. de la Villa, "Functional histology of the 
retina," Microscopy: science, technology, applications and education, pp. 914-925, 
2010. 

[13] G. E. Baker, "Anatomy of vision," Optometry: Science, Techniques and Clinical 
Management E-Book, p. 17, 2009. 

[14] M. Ptito, M. Bleau, and J. Bouskila, "The retina: A window into the brain,"  vol. 10, ed: 
MDPI, 2021, p. 3269. 

[15] U. Schiefer and W. Hart, "Functional anatomy of the human visual pathway," in Clinical 
Neuro-Ophthalmology: A Practical Guide: Springer, 2007, pp. 19-28. 

[16] H. Kolb, "Photoreceptors," Webvision: The Organization of the Retina and Visual 
System [Internet], 2012. 

[17] J. J. Salazar et al., "Anatomy of the human optic nerve: Structure and function," Optic 
nerve, vol. 203, pp. 22-30, 2018. 

[18] P. W. Urale, A. M. Puckett, A. York, D. Arnold, and D. S. Schwarzkopf, "Highly accurate 
retinotopic maps of the physiological blind spot in human visual cortex," Wiley Online 
Library, 1065-9471, 2022.  

[19] J. Nathans, "Rhodopsin: structure, function, and genetics," Biochemistry, vol. 31, no. 
21, pp. 4923-4931, 1992. 

[20] G. Wald and P. K. Brown, "The synthesis of rhodopsin from retinene1," Proceedings of 
the National Academy of Sciences, vol. 36, no. 2, pp. 84-92, 1950. 

[21] P. Gouras, Color Vision. University of Utah Health Sciences Center, Salt Lake City (UT) 
(in eng), 1995. 

[22] E. Loskutova, J. Nolan, A. Howard, and S. Beatty, "Macular pigment and its contribution 
to vision," Nutrients, vol. 5, no. 6, pp. 1962-1969, 2013. 

[23] E. Strettoi, V. Pignatelli, C. Rossi, V. Porciatti, and B. Falsini, "Remodeling of second-
order neurons in the retina of rd/rd mutant mice," (in eng), Vision Res, vol. 43, no. 8, pp. 
867-77, Apr 2003, doi: 10.1016/s0042-6989(02)00594-1. 

[24] B. W. Jones et al., "Retinal remodeling triggered by photoreceptor degenerations," (in 
eng), J Comp Neurol, vol. 464, no. 1, pp. 1-16, Sep 8 2003, doi: 10.1002/cne.10703. 



References  

 72 

[25] R. E. Marc, B. W. Jones, C. B. Watt, and E. Strettoi, "Neural remodeling in retinal 
degeneration," (in eng), Prog Retin Eye Res, vol. 22, no. 5, pp. 607-55, Sep 2003, doi: 
10.1016/s1350-9462(03)00039-9. 

[26] Z. Z. Wei, J. Y. Zhang, T. M. Taylor, X. Gu, Y. Zhao, and L. Wei, "Neuroprotective and 
regenerative roles of intranasal Wnt-3a Administration after focal ischemic stroke in 
mice," J Cereb Blood Flow Metab, p. 271678X17702669, Jan 01 2017, doi: 
10.1177/0271678X17702669. 

[27] B. W. Jones, R. L. Pfeiffer, W. D. Ferrell, C. B. Watt, M. Marmor, and R. E. Marc, 
"Retinal remodeling in human retinitis pigmentosa," (in eng), Exp Eye Res, vol. 150, pp. 
149-65, Sep 2016, doi: 10.1016/j.exer.2016.03.018. 

[28] B. W. Jones, R. E. Marc, and R. L. Pfeiffer, "Retinal Degeneration, Remodeling and 
Plasticity," in Webvision: The Organization of the Retina and Visual System, H. Kolb, E. 
Fernandez, and R. Nelson Eds. Salt Lake City (UT): University of Utah Health Sciences 
Center 

Copyright: © 2024 Webvision . 1995. 
[29] F. Newton and R. Megaw, "Mechanisms of Photoreceptor Death in Retinitis 

Pigmentosa," (in eng), Genes (Basel), vol. 11, no. 10, Sep 24 2020, doi: 
10.3390/genes11101120. 

[30] E. Borrelli, N. S. Abdelfattah, A. Uji, M. G. Nittala, D. S. Boyer, and S. R. Sadda, 
"Postreceptor Neuronal Loss in Intermediate Age-related Macular Degeneration," (in 
eng), Am J Ophthalmol, vol. 181, pp. 1-11, Sep 2017, doi: 10.1016/j.ajo.2017.06.005. 

[31] L. Bianco et al., "Neuroinflammation and neurodegeneration in diabetic retinopathy," (in 
eng), Front Aging Neurosci, vol. 14, p. 937999, 2022, doi: 10.3389/fnagi.2022.937999. 

[32] S. Y. Kim, S. P. Kambhampati, I. A. Bhutto, D. S. McLeod, G. A. Lutty, and R. M. 
Kannan, "Evolution of oxidative stress, inflammation and neovascularization in the 
choroid and retina in a subretinal lipid induced age-related macular degeneration 
model," (in eng), Exp Eye Res, vol. 203, p. 108391, Feb 2021, doi: 
10.1016/j.exer.2020.108391. 

[33] K. N. Khan et al., "A clinical and molecular characterisation of CRB1-associated 
maculopathy," (in eng), Eur J Hum Genet, vol. 26, no. 5, pp. 687-694, May 2018, doi: 
10.1038/s41431-017-0082-2. 

[34] S. Ferrari, E. Di Iorio, V. Barbaro, D. Ponzin, F. S. Sorrentino, and F. Parmeggiani, 
"Retinitis pigmentosa: genes and disease mechanisms," (in eng), Curr Genomics, vol. 
12, no. 4, pp. 238-49, Jun 2011, doi: 10.2174/138920211795860107. 

[35] G. The Eye Diseases Prevalence Research, "Causes and Prevalence of Visual 
Impairment Among Adults in the United States," Archives of Ophthalmology, vol. 122, 
no. 4, pp. 477-485, 2004, doi: 10.1001/archopht.122.4.477. 

[36] B. Roska and J. A. Sahel, "Restoring vision," (in eng), Nature, vol. 557, no. 7705, pp. 
359-367, May 2018, doi: 10.1038/s41586-018-0076-4. 

[37] C. Ehlken, S. Jungmann, D. Böhringer, H. T. Agostini, B. Junker, and A. Pielen, "Switch 
of anti-VEGF agents is an option for nonresponders in the treatment of AMD," (in eng), 
Eye (Lond), vol. 28, no. 5, pp. 538-45, May 2014, doi: 10.1038/eye.2014.64. 

[38] M. E. Pennesi et al., "Results at 5 Years After Gene Therapy for RPE65-Deficient 
Retinal Dystrophy," (in eng), Hum Gene Ther, vol. 29, no. 12, pp. 1428-1437, Dec 2018, 
doi: 10.1089/hum.2018.014. 

[39] C. S. Priglinger, M. J. Gerhardt, G. Rudolph, S. G. Priglinger, and S. Michalakis, "[Gene 
therapy in ophthalmology]," (in ger), Ophthalmologie, vol. 120, no. 8, pp. 867-882, Aug 
2023, doi: 10.1007/s00347-023-01883-9. Gentherapie in der Augenheilkunde. 

[40] W. Liu, S. Liu, P. Li, and K. Yao, "Retinitis Pigmentosa: Progress in Molecular 
Pathology and Biotherapeutical Strategies," (in eng), Int J Mol Sci, vol. 23, no. 9, Apr 28 
2022, doi: 10.3390/ijms23094883. 

[41] C. Hamel, "Retinitis pigmentosa," (in eng), Orphanet J Rare Dis, vol. 1, p. 40, Oct 11 
2006, doi: 10.1186/1750-1172-1-40. 

[42] M. Zeviani and V. Carelli, "Mitochondrial Retinopathies," (in eng), Int J Mol Sci, vol. 23, 
no. 1, Dec 25 2021, doi: 10.3390/ijms23010210. 

[43] T. P. Dryja, L. B. Hahn, K. Kajiwara, and E. L. Berson, "Dominant and digenic mutations 
in the peripherin/RDS and ROM1 genes in retinitis pigmentosa," (in eng), Invest 
Ophthalmol Vis Sci, vol. 38, no. 10, pp. 1972-82, Sep 1997. 

[44] L. Zhu et al., "Autosomal recessive retinitis pigmentosa and E150K mutation in the 
opsin gene," (in eng), J Biol Chem, vol. 281, no. 31, pp. 22289-22298, Aug 4 2006, doi: 
10.1074/jbc.M602664200. 



References  

 73 

[45] C. Sanjurjo-Soriano et al., "USH2A variants causing retinitis pigmentosa or Usher 
syndrome provoke differential retinal phenotypes in disease-specific organoids," (in 
eng), HGG Adv, vol. 4, no. 4, p. 100229, Oct 12 2023, doi: 
10.1016/j.xhgg.2023.100229. 

[46] D. T. Hartong, E. L. Berson, and T. P. Dryja, "Retinitis pigmentosa," (in eng), Lancet, 
vol. 368, no. 9549, pp. 1795-809, Nov 18 2006, doi: 10.1016/s0140-6736(06)69740-7. 

[47] W. J. Chen, L. Ma, M. S. Li, and X. Ma, "Valproic acid's effects on visual acuity in 
retinitis pigmentosa: a systemic review and Meta-analysis," (in eng), Int J Ophthalmol, 
vol. 12, no. 1, pp. 129-134, 2019, doi: 10.18240/ijo.2019.01.20. 

[48] B. Li, B. Ning, F. Yang, and C. Guo, "Nerve Growth Factor Promotes Retinal 
Neurovascular Unit Repair: A Review," (in eng), Curr Eye Res, vol. 47, no. 8, pp. 1095-
1105, Aug 2022, doi: 10.1080/02713683.2022.2055084. 

[49] Y. Liu et al., "Long-term safety of human retinal progenitor cell transplantation in retinitis 
pigmentosa patients," (in eng), Stem Cell Res Ther, vol. 8, no. 1, p. 209, Sep 29 2017, 
doi: 10.1186/s13287-017-0661-8. 

[50] J. B. Ducloyer, G. Le Meur, T. Cronin, O. Adjali, and M. Weber, "[Gene therapy for 
retinitis pigmentosa]," (in fre), Med Sci (Paris), vol. 36, no. 6-7, pp. 607-615, Jun-Jul 
2020, doi: 10.1051/medsci/2020095. La thérapie génique des rétinites pigmentaires 
héréditaires. 

[51] R. Klein, B. E. K. Klein, and K. L. P. Linton, "Prevalence of Age-related Maculopathy: 
The Beaver Dam Eye Study," (in eng), Ophthalmology, vol. 127, no. 4s, pp. S122-s132, 
Apr 2020, doi: 10.1016/j.ophtha.2020.01.033. 

[52] V. Saunier et al., "Incidence of and Risk Factors Associated With Age-Related Macular 
Degeneration: Four-Year Follow-up From the ALIENOR Study," (in eng), JAMA 
Ophthalmol, vol. 136, no. 5, pp. 473-481, May 1 2018, doi: 
10.1001/jamaophthalmol.2018.0504. 

[53] R. F. Spaide et al., "Consensus Nomenclature for Reporting Neovascular Age-Related 
Macular Degeneration Data: Consensus on Neovascular Age-Related Macular 
Degeneration Nomenclature Study Group," (in eng), Ophthalmology, vol. 127, no. 5, pp. 
616-636, May 2020, doi: 10.1016/j.ophtha.2019.11.004. 

[54] K. Kim, E. S. Kim, and S. Y. Yu, "Longitudinal Relationship Between Retinal Diabetic 
Neurodegeneration and Progression of Diabetic Retinopathy in Patients With Type 2 
Diabetes," (in eng), Am J Ophthalmol, vol. 196, pp. 165-172, Dec 2018, doi: 
10.1016/j.ajo.2018.08.053. 

[55] A. W. Stitt et al., "The progress in understanding and treatment of diabetic retinopathy," 
(in eng), Prog Retin Eye Res, vol. 51, pp. 156-86, Mar 2016, doi: 
10.1016/j.preteyeres.2015.08.001. 

[56] J. H. Yang, H. W. Kwak, T. G. Kim, J. Han, S. W. Moon, and S. Y. Yu, "Retinal 
Neurodegeneration in Type II Diabetic Otsuka Long-Evans Tokushima Fatty Rats," (in 
eng), Invest Ophthalmol Vis Sci, vol. 54, no. 6, pp. 3844-51, Jun 3 2013, doi: 
10.1167/iovs.12-11309. 

[57] A. Énzsöly, A. Szabó, K. Szabó, Á. Szél, J. Németh, and Á. Lukáts, "Novel features of 
neurodegeneration in the inner retina of early diabetic rats," (in eng), Histol Histopathol, 
vol. 30, no. 8, pp. 971-85, Aug 2015, doi: 10.14670/hh-11-602. 

[58] D. B. Farber, J. R. Heckenlively, R. S. Sparkes, and J. B. Bateman, "Molecular genetics 
of retinitis pigmentosa," (in eng), West J Med, vol. 155, no. 4, pp. 388-99, Oct 1991. 

[59] K. Petrukhin et al., "Identification of the gene responsible for Best macular dystrophy," 
(in eng), Nat Genet, vol. 19, no. 3, pp. 241-7, Jul 1998, doi: 10.1038/915. 

[60] T. Gao et al., "Clinical and Mutation Analysis of Patients with Best Vitelliform Macular 
Dystrophy or Autosomal Recessive Bestrophinopathy in Chinese Population," (in eng), 
Biomed Res Int, vol. 2018, p. 4582816, 2018, doi: 10.1155/2018/4582816. 

[61] D. Sharon, M. A. Sandberg, V. W. Rabe, M. Stillberger, T. P. Dryja, and E. L. Berson, 
"RP2 and RPGR mutations and clinical correlations in patients with X-linked retinitis 
pigmentosa," (in eng), Am J Hum Genet, vol. 73, no. 5, pp. 1131-46, Nov 2003, doi: 
10.1086/379379. 

[62] N. F. Shroyer, R. A. Lewis, A. N. Yatsenko, and J. R. Lupski, "Null missense ABCR 
(ABCA4) mutations in a family with stargardt disease and retinitis pigmentosa," (in eng), 
Invest Ophthalmol Vis Sci, vol. 42, no. 12, pp. 2757-61, Nov 2001. 

[63] I. Jaadane et al., "Retinal damage induced by commercial light emitting diodes (LEDs)," 
(in eng), Free Radic Biol Med, vol. 84, pp. 373-384, Jul 2015, doi: 
10.1016/j.freeradbiomed.2015.03.034. 



References  

 74 

[64] C. Grimm, A. Wenzel, F. Hafezi, S. Yu, T. M. Redmond, and C. E. Remé, "Protection of 
Rpe65-deficient mice identifies rhodopsin as a mediator of light-induced retinal 
degeneration," (in eng), Nat Genet, vol. 25, no. 1, pp. 63-6, May 2000, doi: 
10.1038/75614. 

[65] D. T. Organisciak and D. K. Vaughan, "Retinal light damage: mechanisms and 
protection," (in eng), Prog Retin Eye Res, vol. 29, no. 2, pp. 113-34, Mar 2010, doi: 
10.1016/j.preteyeres.2009.11.004. 

[66] D. T. Organisciak, R. M. Darrow, L. Barsalou, R. K. Kutty, and B. Wiggert, "Circadian-
dependent retinal light damage in rats," (in eng), Invest Ophthalmol Vis Sci, vol. 41, no. 
12, pp. 3694-701, Nov 2000. 

[67] J. Z. Nowak, "AMD--the retinal disease with an unprecised etiopathogenesis: in search 
of effective therapeutics," (in eng), Acta Pol Pharm, vol. 71, no. 6, pp. 900-16, Nov-Dec 
2014. 

[68] C. A. Curcio, C. L. Millican, K. A. Allen, and R. E. Kalina, "Aging of the human 
photoreceptor mosaic: evidence for selective vulnerability of rods in central retina," (in 
eng), Invest Ophthalmol Vis Sci, vol. 34, no. 12, pp. 3278-96, Nov 1993. 

[69] E. Borrelli et al., "Photoreceptor alteration in intermediate age-related macular 
degeneration," (in eng), Sci Rep, vol. 10, no. 1, p. 21036, Dec 3 2020, doi: 
10.1038/s41598-020-78201-9. 

[70] M. Tyrberg, U. Lindblad, A. Melander, M. Lövestam-Adrian, V. Ponjavic, and S. 
Andréasson, "Electrophysiological studies in newly onset type 2 diabetes without visible 
vascular retinopathy," (in eng), Doc Ophthalmol, vol. 123, no. 3, pp. 193-8, Dec 2011, 
doi: 10.1007/s10633-011-9298-6. 

[71] T. S. Kern and B. A. Berkowitz, "Photoreceptors in diabetic retinopathy," (in eng), J 
Diabetes Investig, vol. 6, no. 4, pp. 371-80, Jul 2015, doi: 10.1111/jdi.12312. 

[72] B. A. Berkowitz, M. Gradianu, D. Bissig, T. S. Kern, and R. Roberts, "Retinal ion 
regulation in a mouse model of diabetic retinopathy: natural history and the effect of 
Cu/Zn superoxide dismutase overexpression," (in eng), Invest Ophthalmol Vis Sci, vol. 
50, no. 5, pp. 2351-8, May 2009, doi: 10.1167/iovs.08-2918. 

[73] K. Shintani, D. L. Shechtman, and A. S. Gurwood, "Review and update: current 
treatment trends for patients with retinitis pigmentosa," (in eng), Optometry, vol. 80, no. 
7, pp. 384-401, Jul 2009, doi: 10.1016/j.optm.2008.01.026. 

[74] A. N. Bramall, A. F. Wright, S. G. Jacobson, and R. R. McInnes, "The genomic, 
biochemical, and cellular responses of the retina in inherited photoreceptor 
degenerations and prospects for the treatment of these disorders," (in eng), Annu Rev 
Neurosci, vol. 33, pp. 441-72, 2010, doi: 10.1146/annurev-neuro-060909-153227. 

[75] R. R. Ali et al., "Restoration of photoreceptor ultrastructure and function in retinal 
degeneration slow mice by gene therapy," (in eng), Nat Genet, vol. 25, no. 3, pp. 306-
10, Jul 2000, doi: 10.1038/77068. 

[76] X. Cai, S. M. Conley, and M. I. Naash, "Gene therapy in the Retinal Degeneration Slow 
model of retinitis pigmentosa," (in eng), Adv Exp Med Biol, vol. 664, pp. 611-9, 2010, 
doi: 10.1007/978-1-4419-1399-9_70. 

[77] J. J. Pang et al., "Long-term retinal function and structure rescue using capsid mutant 
AAV8 vector in the rd10 mouse, a model of recessive retinitis pigmentosa," (in eng), 
Mol Ther, vol. 19, no. 2, pp. 234-42, Feb 2011, doi: 10.1038/mt.2010.273. 

[78] M. Gorbatyuk, V. Justilien, J. Liu, W. W. Hauswirth, and A. S. Lewin, "Preservation of 
photoreceptor morphology and function in P23H rats using an allele independent 
ribozyme," (in eng), Exp Eye Res, vol. 84, no. 1, pp. 44-52, Jan 2007, doi: 
10.1016/j.exer.2006.08.014. 

[79] M. Zhang et al., "Rescue of photoreceptors by BDNF gene transfer using in vivo 
electroporation in the RCS rat of retinitis pigmentosa," (in eng), Curr Eye Res, vol. 34, 
no. 9, pp. 791-9, Sep 2009, doi: 10.1080/02713680903086018. 

[80] N. Chadderton et al., "Improved retinal function in a mouse model of dominant retinitis 
pigmentosa following AAV-delivered gene therapy," (in eng), Mol Ther, vol. 17, no. 4, 
pp. 593-9, Apr 2009, doi: 10.1038/mt.2008.301. 

[81] I. Nir, W. Kedzierski, J. Chen, and G. H. Travis, "Expression of Bcl-2 protects against 
photoreceptor degeneration in retinal degeneration slow (rds) mice," (in eng), J 
Neurosci, vol. 20, no. 6, pp. 2150-4, Mar 15 2000, doi: 10.1523/jneurosci.20-06-
02150.2000. 

[82] J. W. Bainbridge et al., "Effect of gene therapy on visual function in Leber's congenital 
amaurosis," (in eng), N Engl J Med, vol. 358, no. 21, pp. 2231-9, May 22 2008, doi: 
10.1056/NEJMoa0802268. 



References  

 75 

[83] W. W. Hauswirth et al., "Treatment of leber congenital amaurosis due to RPE65 
mutations by ocular subretinal injection of adeno-associated virus gene vector: short-
term results of a phase I trial," (in eng), Hum Gene Ther, vol. 19, no. 10, pp. 979-90, 
Oct 2008, doi: 10.1089/hum.2008.107. 

[84] R. M. Hussain, K. D. Tran, A. M. Maguire, and A. M. Berrocal, "Subretinal Injection of 
Voretigene Neparvovec-rzyl in a Patient With RPE65-Associated Leber's Congenital 
Amaurosis," (in eng), Ophthalmic Surg Lasers Imaging Retina, vol. 50, no. 10, pp. 661-
663, Oct 1 2019, doi: 10.3928/23258160-20191009-01. 

[85] A. M. Maguire et al., "Durability of Voretigene Neparvovec for Biallelic RPE65-Mediated 
Inherited Retinal Disease: Phase 3 Results at 3 and 4 Years," (in eng), Ophthalmology, 
vol. 128, no. 10, pp. 1460-1468, Oct 2021, doi: 10.1016/j.ophtha.2021.03.031. 

[86] D. Sanges, A. Comitato, R. Tammaro, and V. Marigo, "Apoptosis in retinal degeneration 
involves cross-talk between apoptosis-inducing factor (AIF) and caspase-12 and is 
blocked by calpain inhibitors," (in eng), Proc Natl Acad Sci U S A, vol. 103, no. 46, pp. 
17366-71, Nov 14 2006, doi: 10.1073/pnas.0606276103. 

[87] F. Doonan, M. Donovan, and T. G. Cotter, "Activation of multiple pathways during 
photoreceptor apoptosis in the rd mouse," (in eng), Invest Ophthalmol Vis Sci, vol. 46, 
no. 10, pp. 3530-8, Oct 2005, doi: 10.1167/iovs.05-0248. 

[88] D. A. Fox, A. T. Poblenz, and L. He, "Calcium overload triggers rod photoreceptor 
apoptotic cell death in chemical‐induced and inherited retinal degenerations," Annals 
of the New York Academy of Sciences, vol. 893, no. 1, pp. 282-285, 1999. 

[89] M. Nakazawa, H. Ohguro, K. Takeuchi, Y. Miyagawa, T. Ito, and T. Metoki, "Effect of 
nilvadipine on central visual field in retinitis pigmentosa: a 30-month clinical trial," (in 
eng), Ophthalmologica, vol. 225, no. 2, pp. 120-6, 2011, doi: 10.1159/000320500. 

[90] K. E. Talcott et al., "Longitudinal study of cone photoreceptors during retinal 
degeneration and in response to ciliary neurotrophic factor treatment," (in eng), Invest 
Ophthalmol Vis Sci, vol. 52, no. 5, pp. 2219-26, Apr 6 2011, doi: 10.1167/iovs.10-6479. 

[91] Y. Totan, E. Güler, A. Yüce, and M. S. Dervişogulları, "The adverse effects of valproic 
acid on visual functions in the treatment of retinitis pigmentosa," (in eng), Indian J 
Ophthalmol, vol. 65, no. 10, pp. 984-988, Oct 2017, doi: 10.4103/ijo.IJO_978_16. 

[92] H. M. Gibbons et al., "Valproic acid induces microglial dysfunction, not apoptosis, in 
human glial cultures," (in eng), Neurobiol Dis, vol. 41, no. 1, pp. 96-103, Jan 2011, doi: 
10.1016/j.nbd.2010.08.024. 

[93] L. da Cruz et al., "Phase 1 clinical study of an embryonic stem cell-derived retinal 
pigment epithelium patch in age-related macular degeneration," (in eng), Nat 
Biotechnol, vol. 36, no. 4, pp. 328-337, Apr 2018, doi: 10.1038/nbt.4114. 

[94] G. Schulte and V. Bryja, "The Frizzled family of unconventional G-protein-coupled 
receptors," (in eng), Trends Pharmacol Sci, vol. 28, no. 10, pp. 518-25, Oct 2007, doi: 
10.1016/j.tips.2007.09.001. 

[95] C. C. Malbon, "Frizzleds: new members of the superfamily of G-protein-coupled 
receptors," (in eng), Front Biosci, vol. 9, pp. 1048-58, May 1 2004, doi: 10.2741/1308. 

[96] B. T. MacDonald and X. He, "Frizzled and LRP5/6 receptors for Wnt/β-catenin 
signaling," (in eng), Cold Spring Harb Perspect Biol, vol. 4, no. 12, Dec 1 2012, doi: 
10.1101/cshperspect.a007880. 

[97] R. van Amerongen and R. Nusse, "Towards an integrated view of Wnt signaling in 
development," (in eng), Development, vol. 136, no. 19, pp. 3205-14, Oct 2009, doi: 
10.1242/dev.033910. 

[98] E. Siegfried and N. Perrimon, "Drosophila wingless: a paradigm for the function and 
mechanism of Wnt signaling," (in eng), Bioessays, vol. 16, no. 6, pp. 395-404, Jun 
1994, doi: 10.1002/bies.950160607. 

[99] C. R. Vinson, S. Conover, and P. N. Adler, "A Drosophila tissue polarity locus encodes 
a protein containing seven potential transmembrane domains," (in eng), Nature, vol. 
338, no. 6212, pp. 263-4, Mar 16 1989, doi: 10.1038/338263a0. 

[100] H. C. Huang and P. S. Klein, "The Frizzled family: receptors for multiple signal 
transduction pathways," (in eng), Genome Biol, vol. 5, no. 7, p. 234, 2004, doi: 
10.1186/gb-2004-5-7-234. 

[101] G. Schulte, "International Union of Basic and Clinical Pharmacology. LXXX. The class 
Frizzled receptors," (in eng), Pharmacol Rev, vol. 62, no. 4, pp. 632-67, Dec 2010, doi: 
10.1124/pr.110.002931. 



References  

 76 

[102] G. Schulte, "Frizzleds and WNT/β-catenin signaling--The black box of ligand-receptor 
selectivity, complex stoichiometry and activation kinetics," (in eng), Eur J Pharmacol, 
vol. 763, no. Pt B, pp. 191-5, Sep 15 2015, doi: 10.1016/j.ejphar.2015.05.031. 

[103] U. C. Okoye, C. C. Malbon, and H. Y. Wang, "Wnt and Frizzled RNA expression in 
human mesenchymal and embryonic (H7) stem cells," (in eng), J Mol Signal, vol. 3, p. 
16, Sep 26 2008, doi: 10.1186/1750-2187-3-16. 

[104] Z. J. DeBruine, H. E. Xu, and K. Melcher, "Assembly and architecture of the Wnt/β-
catenin signalosome at the membrane," (in eng), Br J Pharmacol, vol. 174, no. 24, pp. 
4564-4574, Dec 2017, doi: 10.1111/bph.14048. 

[105] M. van de Wetering, M. Oosterwegel, D. Dooijes, and H. Clevers, "Identification and 
cloning of TCF-1, a T lymphocyte-specific transcription factor containing a sequence-
specific HMG box," (in eng), Embo j, vol. 10, no. 1, pp. 123-32, Jan 1991, doi: 
10.1002/j.1460-2075.1991.tb07928.x. 

[106] R. Nusse and H. Clevers, "Wnt/beta-Catenin Signaling, Disease, and Emerging 
Therapeutic Modalities," Cell, vol. 169, no. 6, pp. 985-999, Jun 01 2017, doi: 
10.1016/j.cell.2017.05.016. 

[107] Y. Wang, H. Chang, A. Rattner, and J. Nathans, "Frizzled Receptors in Development 
and Disease," Curr Top Dev Biol, vol. 117, pp. 113-39, 2016, doi: 
10.1016/bs.ctdb.2015.11.028. 

[108] R. F. Narvaes and C. R. G. Furini, "Role of Wnt signaling in synaptic plasticity and 
memory," (in eng), Neurobiol Learn Mem, vol. 187, p. 107558, Jan 2022, doi: 
10.1016/j.nlm.2021.107558. 

[109] A. Vallee and Y. Lecarpentier, "Alzheimer Disease: Crosstalk between the Canonical 
Wnt/Beta-Catenin Pathway and PPARs Alpha and Gamma," Front Neurosci, vol. 10, p. 
459, 2016, doi: 10.3389/fnins.2016.00459. 

[110] J. Perez-Vilar and R. L. Hill, "Norrie disease protein (norrin) forms disulfide-linked 
oligomers associated with the extracellular matrix," J Biol Chem, vol. 272, no. 52, pp. 
33410-5, Dec 26 1997. [Online]. Available: 
http://www.ncbi.nlm.nih.gov/pubmed/9407136. 

[111] J. Ke et al., "Structure and function of Norrin in assembly and activation of a Frizzled 4-
Lrp5/6 complex," (in eng), Genes Dev, vol. 27, no. 21, pp. 2305-19, Nov 1 2013, doi: 
10.1101/gad.228544.113. 

[112] W. Berger et al., "An animal model for Norrie disease (ND): gene targeting of the mouse 
ND gene," Hum Mol Genet, vol. 5, no. 1, pp. 51-9, Jan 1996. [Online]. Available: 
http://www.ncbi.nlm.nih.gov/pubmed/8789439. 

[113] X. Ye, P. Smallwood, and J. Nathans, "Expression of the Norrie disease gene (Ndp) in 
developing and adult mouse eye, ear, and brain," Gene Expression Patterns, vol. 11, 
no. 1-2, pp. 151-155, 2010. [Online]. Available: 
http://www.sciencedirect.com/science/article/B6W8W-51CVG13-
1/2/bb6d5feac70a6332775e63f1b9f5fab6. 

[114] X. Ye et al., "Norrin, Frizzled-4, and Lrp5 Signaling in Endothelial Cells Controls a 
Genetic Program for Retinal Vascularization," vol. 139, no. 2, pp. 285-298, 2009. 
[Online]. Available: http://linkinghub.elsevier.com/retrieve/pii/S0092867409010344. 

[115] M. K. Hartzer, M. Cheng, X. Liu, and B. S. Shastry, "Localization of the Norrie disease 
gene mRNA by in situ hybridization," Brain Res Bull, vol. 49, no. 5, pp. 355-8, Jul 15 
1999. [Online]. Available: http://www.ncbi.nlm.nih.gov/pubmed/10452356. 

[116] H. L. Rehm et al., "Vascular defects and sensorineural deafness in a mouse model of 
Norrie disease," J Neurosci, vol. 22, no. 11, pp. 4286-92, Jun 1 2002, doi: 2002. 

[117] M. Richter, J. Gottanka, C. A. May, U. Welge-Lussen, W. Berger, and E. Lutjen-Drecoll, 
"Retinal vasculature changes in Norrie disease mice," Invest Ophthalmol Vis Sci, vol. 
39, no. 12, pp. 2450-7, Nov 1998. [Online]. Available: 
http://www.ncbi.nlm.nih.gov/pubmed/9804153. 

[118] Q. Xu et al., "Vascular development in the retina and inner ear: control by Norrin and 
Frizzled-4, a high-affinity ligand-receptor pair," Cell, vol. 116, no. 6, pp. 883-95, Mar 19 
2004. [Online]. Available: http://www.ncbi.nlm.nih.gov/pubmed/15035989. 

[119] P. M. Smallwood, J. Williams, Q. Xu, D. J. Leahy, and J. Nathans, "Mutational Analysis 
of Norrin-Frizzled4 Recognition," Journal of Biological Chemistry, vol. 282, no. 6, pp. 
4057-4068, February 9, 2007 2007, doi: 10.1074/jbc.M609618200. 

[120] H. J. Junge et al., "TSPAN12 Regulates Retinal Vascular Development by Promoting 
Norrin- but Not Wnt-Induced FZD4/²-Catenin Signaling," vol. 139, no. 2, pp. 299-311, 
2009. [Online]. Available: 
http://linkinghub.elsevier.com/retrieve/pii/S0092867409010423. 



References  

 77 

[121] C. Deng, P. Reddy, Y. Cheng, C. W. Luo, C. L. Hsiao, and A. J. Hsueh, "Multi-functional 
norrin is a ligand for the LGR4 receptor," J Cell Sci, vol. 126, no. Pt 9, pp. 2060-8, May 
1 2013, doi: 10.1242/jcs.123471. 

[122] Y. Zhou, J. Williams, P. M. Smallwood, and J. Nathans, "Sox7, Sox17, and Sox18 
Cooperatively Regulate Vascular Development in the Mouse Retina," PLoS One, vol. 
10, no. 12, p. e0143650, 2015, doi: 10.1371/journal.pone.0143650. 

[123] Y. Wang, A. Rattner, Y. Zhou, J. Williams, P. M. Smallwood, and J. Nathans, 
"Norrin/Frizzled4 signaling in retinal vascular development and blood brain barrier 
plasticity," Cell, vol. 151, no. 6, pp. 1332-44, Dec 7 2012, doi: 
10.1016/j.cell.2012.10.042. 

[124] L. F. Zeilbeck et al., "Norrin mediates angiogenic properties via the induction of insulin-
like growth factor-1," Exp Eye Res, vol. 145, pp. 317-26, Apr 2016, doi: 
10.1016/j.exer.2015.12.001. 

[125] A. Ohlmann, R. Seitz, B. Braunger, D. Seitz, M. R. Bösl, and E. R. Tamm, "Norrin 
promotes vascular regrowth after oxygen-induced retinal vessel loss and suppresses 
retinopathy in mice," (in eng), J Neurosci, vol. 30, no. 1, pp. 183-93, Jan 6 2010, doi: 
10.1523/jneurosci.3210-09.2010. 

[126] L. F. Zeilbeck, B. Muller, V. Knobloch, E. R. Tamm, and A. Ohlmann, "Differential 
angiogenic properties of lithium chloride in vitro and in vivo," PLoS One, vol. 9, no. 4, p. 
e95546, 2014, doi: 10.1371/journal.pone.0095546. 

[127] S. Lin, M. Cheng, W. Dailey, K. Drenser, and S. Chintala, "Norrin attenuates protease-
mediated death of transformed retinal ganglion cells," Molecular Vision, vol. 15, pp. 26-
37, 2009. 

[128] R. Seitz, S. Hackl, T. Seibuchner, E. R. Tamm, and A. Ohlmann, "Norrin Mediates 
Neuroprotective Effects on Retinal Ganglion Cells via Activation of the Wnt/b-Catenin 
Signaling Pathway and the Induction of Neuroprotective Growth Factors in Muller 
Cells," J. Neurosci., vol. 30, no. 17, pp. 5998-6010, April 28, 2010 2010, doi: 
10.1523/jneurosci.0730-10.2010. 

[129] B. M. Braunger et al., "Constitutive overexpression of Norrin activates Wnt/beta-catenin 
and endothelin-2 signaling to protect photoreceptors from light damage," Neurobiol Dis, 
vol. 50, pp. 1-12, Feb 2013, doi: 10.1016/j.nbd.2012.09.008. 

[130] B. M. Braunger et al., "Constitutive overexpression of Norrin activates Wnt/β-catenin 
and endothelin-2 signaling to protect photoreceptors from light damage," (in eng), 
Neurobiol Dis, vol. 50, pp. 1-12, Feb 2013, doi: 10.1016/j.nbd.2012.09.008. 

[131] S. A. Leopold et al., "Norrin protects optic nerve axons from degeneration in a mouse 
model of glaucoma," (in eng), Sci Rep, vol. 7, no. 1, p. 14274, Oct 27 2017, doi: 
10.1038/s41598-017-14423-8. 

[132] J. von Maltzahn, C. F. Bentzinger, and M. A. Rudnicki, "Wnt7a-Fzd7 signalling directly 
activates the Akt/mTOR anabolic growth pathway in skeletal muscle," Nat Cell Biol, vol. 
14, no. 2, pp. 186-91, Feb 2012, doi: 10.1038/ncb2404. 

[133] M. E. Bernis et al., "Wingless-type family member 3A triggers neuronal polarization via 
cross-activation of the insulin-like growth factor-1 receptor pathway," (in eng), Front Cell 
Neurosci, vol. 7, p. 194, 2013, doi: 10.3389/fncel.2013.00194. 

[134] Z. Sayyad, K. Sirohi, V. Radha, and G. Swarup, "661W is a retinal ganglion precursor-
like cell line in which glaucoma-associated optineurin mutants induce cell death 
selectively," (in eng), Sci Rep, vol. 7, no. 1, p. 16855, Dec 4 2017, doi: 10.1038/s41598-
017-17241-0. 

[135] C. Briggs and M. Jones, "SYBR Green I-induced fluorescence in cultured immune cells: 
A comparison with Acridine Orange," Acta Histochemica, vol. 107, no. 4, pp. 301-312, 
2005/12/01/ 2005, doi: https://doi.org/10.1016/j.acthis.2005.06.010. 

[136] K. J. Livak and T. D. Schmittgen, "Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method," (in eng), Methods, vol. 25, 
no. 4, pp. 402-8, Dec 2001, doi: 10.1006/meth.2001.1262. 

[137] U. K. Laemmli, "Cleavage of structural proteins during the assembly of the head of 
bacteriophage T4," (in eng), Nature, vol. 227, no. 5259, pp. 680-5, Aug 15 1970. 
[Online]. Available: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citatio
n&list_uids=5432063. 

[138] T. H. Chang, F. L. Hsieh, M. Zebisch, K. Harlos, J. Elegheert, and E. Y. Jones, 
"Structure and functional properties of Norrin mimic Wnt for signalling with Frizzled4, 
Lrp5/6, and proteoglycan," (in eng), Elife, vol. 4, Jul 9 2015, doi: 10.7554/eLife.06554. 



References  

 78 

[139] S. Lin, M. Cheng, W. Dailey, K. Drenser, and S. Chintala, "Norrin attenuates protease-
mediated death of transformed retinal ganglion cells," (in eng), Mol Vis, vol. 15, pp. 26-
37, 2009. 

[140] R. Seitz, S. Hackl, T. Seibuchner, E. R. Tamm, and A. Ohlmann, "Norrin mediates 
neuroprotective effects on retinal ganglion cells via activation of the Wnt/beta-catenin 
signaling pathway and the induction of neuroprotective growth factors in Muller cells," 
(in eng), J Neurosci, vol. 30, no. 17, pp. 5998-6010, Apr 28 2010, doi: 
10.1523/jneurosci.0730-10.2010. 

[141] T. Z. Zhang et al., "Antiapoptotic role of the cellular repressor of E1A-stimulated genes 
(CREG) in retinal photoreceptor cells in a rat model of light-induced retinal injury," (in 
eng), Biomed Pharmacother, vol. 103, pp. 1355-1361, Jul 2018, doi: 
10.1016/j.biopha.2018.04.081. 

[142] S. Wrigley, D. Arafa, and D. Tropea, "Insulin-Like Growth Factor 1: At the Crossroads of 
Brain Development and Aging," (in eng), Front Cell Neurosci, vol. 11, p. 14, 2017, doi: 
10.3389/fncel.2017.00014. 

[143] A. Savchenko, T. W. Kraft, E. Molokanova, and R. H. Kramer, "Growth factors regulate 
phototransduction in retinal rods by modulating cyclic nucleotide-gated channels 
through dephosphorylation of a specific tyrosine residue," (in eng), Proc Natl Acad Sci 
U S A, vol. 98, no. 10, pp. 5880-5, May 8 2001, doi: 10.1073/pnas.101524998. 

[144] R. J. Waldbillig et al., "Evidence for an insulin-like growth factor autocrine-paracrine 
system in the retinal photoreceptor-pigment epithelial cell complex," (in eng), J 
Neurochem, vol. 57, no. 5, pp. 1522-33, Nov 1991, doi: 10.1111/j.1471-
4159.1991.tb06347.x. 

[145] A. Rajala et al., "Insulin-like growth factor 1 receptor mediates photoreceptor 
neuroprotection," (in eng), Cell Death Dis, vol. 13, no. 7, p. 613, Jul 15 2022, doi: 
10.1038/s41419-022-05074-3. 

[146] X. Ye et al., "Norrin, frizzled-4, and Lrp5 signaling in endothelial cells controls a genetic 
program for retinal vascularization," (in eng), Cell, vol. 139, no. 2, pp. 285-98, Oct 16 
2009, doi: 10.1016/j.cell.2009.07.047. 

[147] E. Tan, X. Q. Ding, A. Saadi, N. Agarwal, M. I. Naash, and M. R. Al-Ubaidi, "Expression 
of cone-photoreceptor-specific antigens in a cell line derived from retinal tumors in 
transgenic mice," (in eng), Invest Ophthalmol Vis Sci, vol. 45, no. 3, pp. 764-8, Mar 
2004, doi: 10.1167/iovs.03-1114. 

[148] A. F. Thompson and L. A. Levin, "Neuronal differentiation by analogs of staurosporine," 
(in eng), Neurochem Int, vol. 56, no. 4, pp. 554-60, Mar 2010, doi: 
10.1016/j.neuint.2009.12.018. 

[149] A. F. Thompson, M. E. Crowe, C. J. Lieven, and L. A. Levin, "Induction of Neuronal 
Morphology in the 661W Cone Photoreceptor Cell Line with Staurosporine," (in eng), 
PLoS One, vol. 10, no. 12, p. e0145270, 2015, doi: 10.1371/journal.pone.0145270. 

[150] H. Nakano and S. Omura, "Chemical biology of natural indolocarbazole products: 30 
years since the discovery of staurosporine," (in eng), J Antibiot (Tokyo), vol. 62, no. 1, 
pp. 17-26, Jan 2009, doi: 10.1038/ja.2008.4. 

[151] J. Y. Ahn, "Neuroprotection signaling of nuclear akt in neuronal cells," (in eng), Exp 
Neurobiol, vol. 23, no. 3, pp. 200-6, Sep 2014, doi: 10.5607/en.2014.23.3.200. 

[152] K. P. Sanghera et al., "The PI3K/Akt/mTOR pathway mediates retinal progenitor cell 
survival under hypoxic and superoxide stress," (in eng), Mol Cell Neurosci, vol. 47, no. 
2, pp. 145-53, Jun 2011, doi: 10.1016/j.mcn.2011.03.010. 

[153] Y. Qi, L. Chen, L. Zhang, W. B. Liu, X. Y. Chen, and X. G. Yang, "Crocin prevents 
retinal ischaemia/reperfusion injury-induced apoptosis in retinal ganglion cells through 
the PI3K/AKT signalling pathway," (in eng), Exp Eye Res, vol. 107, pp. 44-51, Feb 
2013, doi: 10.1016/j.exer.2012.11.011. 

[154] M. Rapp, G. Woo, M. R. Al-Ubaidi, S. P. Becerra, and P. Subramanian, "Pigment 
epithelium-derived factor protects cone photoreceptor-derived 661W cells from light 
damage through Akt activation," (in eng), Adv Exp Med Biol, vol. 801, pp. 813-20, 2014, 
doi: 10.1007/978-1-4614-3209-8_102. 

[155] E. Fudalej, M. Justyniarska, K. Kasarełło, J. Dziedziak, J. P. Szaflik, and A. Cudnoch-
Jędrzejewska, "Neuroprotective Factors of the Retina and Their Role in Promoting 
Survival of Retinal Ganglion Cells: A Review," (in eng), Ophthalmic Res, vol. 64, no. 3, 
pp. 345-355, 2021, doi: 10.1159/000514441. 

[156] S. Kassumeh, G. R. Weber, M. Nobl, S. G. Priglinger, and A. Ohlmann, "The 
neuroprotective role of Wnt signaling in the retina," (in eng), Neural Regen Res, vol. 16, 
no. 8, pp. 1524-1528, Aug 2021, doi: 10.4103/1673-5374.303010. 



References  

 79 

[157] A. Kimura, K. Namekata, X. Guo, C. Harada, and T. Harada, "Neuroprotection, Growth 
Factors and BDNF-TrkB Signalling in Retinal Degeneration," (in eng), Int J Mol Sci, vol. 
17, no. 9, Sep 20 2016, doi: 10.3390/ijms17091584. 

[158] B. E. Forbes, A. J. Blyth, and J. M. Wit, "Disorders of IGFs and IGF-1R signaling 
pathways," (in eng), Mol Cell Endocrinol, vol. 518, p. 111035, Dec 1 2020, doi: 
10.1016/j.mce.2020.111035. 

[159] Y. Sun, X. Sun, and B. Shen, "Molecular Imaging of IGF-1R in Cancer," (in eng), Mol 
Imaging, vol. 16, p. 1536012117736648, Jan-Dec 2017, doi: 
10.1177/1536012117736648. 

[160] G. Iyer, J. Price, S. Bourgeois, E. Armstrong, S. Huang, and P. M. Harari, "Insulin-like 
growth factor 1 receptor mediated tyrosine 845 phosphorylation of epidermal growth 
factor receptor in the presence of monoclonal antibody cetuximab," (in eng), BMC 
Cancer, vol. 16, no. 1, p. 773, Oct 6 2016, doi: 10.1186/s12885-016-2796-x. 

[161] E. Jensen, "Technical review: colocalization of antibodies using confocal microscopy," 
(in eng), Anat Rec (Hoboken), vol. 297, no. 2, pp. 183-7, Feb 2014, doi: 
10.1002/ar.22835. 

[162] M. S. Alam, "Proximity Ligation Assay (PLA)," (in eng), Curr Protoc Immunol, vol. 123, 
no. 1, p. e58, Nov 2018, doi: 10.1002/cpim.58. 

[163] M. Hegazy et al., "Proximity Ligation Assay for Detecting Protein-Protein Interactions 
and Protein Modifications in Cells and Tissues in Situ," (in eng), Curr Protoc Cell Biol, 
vol. 89, no. 1, p. e115, Dec 2020, doi: 10.1002/cpcb.115. 

[164] S. Ohba, T. M. Lanigan, and B. J. Roessler, "Leptin receptor JAK2/STAT3 signaling 
modulates expression of Frizzled receptors in articular chondrocytes," (in eng), 
Osteoarthritis Cartilage, vol. 18, no. 12, pp. 1620-9, Dec 2010, doi: 
10.1016/j.joca.2010.09.006. 

[165] J. Sun, D. Wang, and T. Jin, "Insulin alters the expression of components of the Wnt 
signaling pathway including TCF-4 in the intestinal cells," (in eng), Biochim Biophys 
Acta, vol. 1800, no. 3, pp. 344-51, Mar 2010, doi: 10.1016/j.bbagen.2009.12.007. 

[166] W. H. Almalki and S. S. Almujri, "The dual roles of circRNAs in Wnt/β-Catenin signaling 
and cancer progression," (in eng), Pathol Res Pract, vol. 255, p. 155132, Mar 2024, doi: 
10.1016/j.prp.2024.155132. 

[167] G. M. Collu, A. Hidalgo-Sastre, and K. Brennan, "Wnt-Notch signalling crosstalk in 
development and disease," (in eng), Cell Mol Life Sci, vol. 71, no. 18, pp. 3553-67, Sep 
2014, doi: 10.1007/s00018-014-1644-x. 

[168] R. Seitz, G. Weber, S. Albrecht, R. Fuchshofer, E. R. Tamm, and A. Ohlmann, "Cross-
Inhibition of Norrin and TGF-β Signaling Modulates Development of Retinal and 
Choroidal Vasculature," (in eng), Invest Ophthalmol Vis Sci, vol. 59, no. 6, pp. 2240-
2251, May 1 2018, doi: 10.1167/iovs.17-23403. 

[169] Y. Zou et al., "Cardiac Wnt5a and Wnt11 promote fibrosis by the crosstalk of FZD5 and 
EGFR signaling under pressure overload," (in eng), Cell Death Dis, vol. 12, no. 10, p. 
877, Sep 25 2021, doi: 10.1038/s41419-021-04152-2. 

[170] E. S. Emamian, "AKT/GSK3 signaling pathway and schizophrenia," (in eng), Front Mol 
Neurosci, vol. 5, p. 33, 2012, doi: 10.3389/fnmol.2012.00033. 



Appendix  

 80 

Appendix:  

Plasmid map of FZD4 

 

 

 

 

 



Appendix  

 81 

Appendix:  

Plasmid map of IGF1R 

 



List of Figures  

 82 

List of Figures 

Figure 1: Simple schematic diagram of retinal structure ........................................... 6 

Figure 2: RNA and protein expressions of FZD4 and IGF1R in 661W cells 

following transfection with overexpression vectors ....................................... 46 

Figure 3: Norrin activates pAKT signalling in double transgenic FZD4/IGF1R 

661W cells. ......................................................................................................... 48 

Figure 4:Norrin-mediated directs pAKT signaling requires the overexpression of 

FZD4 and the IGF1R in 661W cells ................................................................ 50 

Figure 5: Norrin protects FZD4/IGF1R overexpressing 661W cells against 

starving-induced apoptosis ............................................................................... 52 

Figure 6: Triciribine blocks Norrin mediated AKT signal in FZD4/IGF1R 661W 

cells ..................................................................................................................... 53 

Figure 7: Triciribine blocks Norrin mediated neuroprotective effects on 

FZD4/IGF1R 661W .......................................................................................... 55 

Figure 8: Norrin mediates pAKT signalling in double-transgenic 661W cells via the 

IGF1R ................................................................................................................. 57 

Figure 9: Cell viability assay for double transgenic 661Wcells with GSK1904529A 

and/or Norrin .................................................................................................... 58 

Figure 10: Co-localization of IGF1R and FZD4 in double-transgenic 661W cells 

after incubation with Norrin ............................................................................ 61 

Figure 11: Norrin recruits the IGF1R after binding to FZD4 to mediate direct 

pAKT signalling ................................................................................................ 62 



List of Tables  

 83 

List of Tables 

Table 1：Main instruments ......................................................................................... 24 

Table 2: Main Consumables ........................................................................................ 25 

Table 3 :  Reagents and mediums for cell cultivation ................................................ 25 

Table 4 : Composition of culture medium and digest solution for 661W cell 

detachment and culture. ................................................................................... 26 

Table 5: Reagents and materials for transfection ...................................................... 27 

Table 6 :  Reagents, materials and equipment for RT-QPCR .................................. 29 

Table 7:  Incubation protocol for cDNA synthesis using the iScriptTM cDNA 

Synthesis Kit. ..................................................................................................... 30 

Table 8: Sequence of primers for quantitative rt-qPCR. .......................................... 31 

Table 9 : Generation of the Master mix ...................................................................... 32 

Table 10 : Generation of the primer mix .................................................................... 32 

Table 11: Generation of cDNA, -rt control and water control mix. ......................... 33 

Table 12: Quantitative real-time polymerase chain reaction protocol. ................... 33 

Table 13: Reagents and materials for protein biochemistry ..................................... 35 

Table 14: Composition of BCA reagents .................................................................... 36 

Table 15: Compositions of SDS PAGE buffer ........................................................... 37 

Table 16: Components of SDS gel ............................................................................... 38 

Table 17 : Composition of SDS PAGE gel and buffer components ......................... 39 

Table 18: Composition of transfer buffer ................................................................... 39 

Table 19: Outline Semi-dry blot layout ...................................................................... 40 

Table 20: Antibodies that were used for western blot analysis. ............................... 41 

Table 21: Reagents and materials for immunohistochemistry. ................................ 42 

Table 22: Antibodies and dilutions used for immunohistochemistry ...................... 42 



List of Abbreviations  

 84 

List of Abbreviations 
 
AAV Adeno-Associated Virus 

ADRP autosomal dominant retinitis pigmentosa 

AMD age-related macular degeneration 

AP alkaline phosphatase 

ARRP autosomal recessive retinitis pigmentosa 

AVMD adult-onset vitelliform macular dystrophy 

BCA bicinchoninic acid 

BSA Bovine serum albumin values 

BVMD best vitelliform macular dystrophy 

CNS Central nervous system 

CNV choroidal neovascularisation 

CORD rod-cone dystrophy 

CRD cystine-rich domain 

CT cycle-threshold 

Cu1+ cuprous cation 

DMSO Dimethyl sulfoxide 

DR diabetic retinopathy 

DRN diabetic retinal neurodegeneration 

EMA European Medicines Agency 



List of Abbreviations  

 85 

ERG electroretinogram 

FCS Fetal Calf Serum 

FDA Food and Drug Administration 

FEVR familiar exudative vitreoretinopathy 

FZD4 Frizzled 4 

GA geographic atrophy 

GT gene therapy 

IGF1R insulin-like growth factor 1 receptor 

LCA Leber's Congenital Amaurosis 

LGR leucine-rich repeat-containing G-protein coupled 

LRP lipoprotein receptor-related protein 

MSCs marrow stromal cells 

OCT optical coherence tomography 

OIR oxygen-induced retinopathy 

ORF open reading frame 

PBS Phosphate Buffered Saline 

PI3K phosphatidylinositol-3-kinase 

Prph2 Peripherin2 

PS Penicillin-Streptomycin 

RCS Royal College of Surgeons 

RD retinal degeneration 



List of Abbreviations  

 86 

Rd10 retinal degeneration 10 

RDS retinal degeneration slow 

RGCs retinal ganglion cells 

RHO rhodopsin gene 

RP retinitis pigmentosa 

RPE retinal pigment epithelial 

RT Room temperature 

RT-QPCR Quantitative real-time Polymerase Chain Reaction 

TGF transforming growth factor 

VEGF Vascular endothelial growth factor 

Wnt Wingless Integrated 

XLRP X-linked retinitis pigmentosa 



Acknowledgements  

 87 

Acknowledgements 

First and foremost, I want to convey my heartfelt thanks to Prof. Dr. Andreas Ohlmann, 

my supervisor, for providing me with this incredible opportunity. I am immensely grate-

ful for your patient mentorship, unwavering support, and invaluable advice that have 

helped me overcome challenges in my research work. 

Next, I want to extend my thanks to my parents. As I departed for Germany from China 

in late October 2018, my parents accompanied me to the airport and sent me off with their 

best wishes. Despite the traditional belief in China that grown daughters should remain 

by their aging parents' side as a crutch, they let me go and offered me their utmost support 

instead of holding onto me. My beloved parents, I take pride in having you as my parents. 

I consider myself lucky to have you as my family, and I am sincerely grateful. I love you. 

I would like to express my gratitude to Dr. med. Zhao too. Thank you for your continuous 

encouragement, assistance, and unconditional support. Your unwavering determination 

has always motivated me to stay strong, even in the most difficult situations. 

To my dear friends in Germany, Xiong Jing, Le Xi, Gao Lu, Jian, I want to express my 

gratitude. Thank you for being with me through every lonely or joyful day. The moments 

we spent together traveling, barbecuing, and swimming will always hold a special place 

in my heart. 

Finally, I would like to express my gratitude towards my laboratory comrades, Simon, 

Paul, and Katja. I extend my thanks for teaching me the German language and for all the 

help you've provided me. I feel fortunate to have met you all. 



Affidavit  

 88 

Affidavit 

 

 
 

Ma,Wenxiu       
______m ________________________________________________________________ 

Surname, first name 

 

 

 

 
I hereby declare, that the submitted thesis entitled:  

Analysis of Norrin-mediated protective effects on chronic degeneration of photorecep-

tors. 
 

is my own work. I have only used the sources indicated and have not made unauthorised 

use of services of a third party. Where the work of others has been quoted or repro-

duced, the source is always given. 

 

I further declare that the dissertation presented here has not been submitted in the same 
or similar form to any other institution for the purpose of obtaining an academic degree. 
 

 

 

 

Munich,03.02.2025 Ma Wenxiu 
 

Place, Date Signature doctoral candidate 

Affidavit 



List of publications  

 89 

List of publications 
 
Yang T, Chen C, Ma W, Duan Y, Zhu Q, Yao J. Effect of bilateral inferior oblique par-
tial myectomy on V pattern exotropia with inferior oblique overaction. BMC Ophthal-
mol. 2022 May 21;22(1):230. doi: 10.1186/s12886-022-02456-1.PMID: 35597903; 
PMCID: PMC9123781. 
 
Ma WX, Huang XG, Yang TK, Yao JY. Involvement of dysregulated coding and long 
non-coding RNAs in the pathogenesis of strabismus. Mol Med Rep. 2018 
Jun;17(6):7737-7745. doi: 10.3892/mmr.2018.8832. Epub 2018 Mar 29. PMID: 
29620205; PMCID: PMC5983965. 
 
 

 


