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SUMMARY 

Retinal dystrophies, such as cone and cone-rod-dystrophies 

(CODs/CORDs) or retinitis pigmentosa (RP) are characterised by the progressive 

loss of photoreceptors and their functionality. Patients with severely progressed 

retinal dystrophies display, depending on the disorder, symptoms such as 

photophobia, night blindness, nystagmus, central scotomas, and reduced or 

absent colour vision. They often exhibit abnormal electroretinograms (ERGs), 

indicating the loss of rod or cone functionality. These disorders often progress 

slowly, leading to visual deterioration and eventually blindness. Only few 

treatment options are currently examined for the treatment of retinal dystrophies, 

e.g. utilisation recombinant proteins, encapsulated cell therapy (ECT) or 

injections of viral particles. Fewer still are approved by drug agencies for use in 

patients. 

One of the most regarded forms of treatment is the introduction of 

cytokines or other small proteins into the vitreous cavity of the eye, often in form 

of direct intravitreal injections of recombinant proteins. However, due to the 

chronic and often progressive nature of retinal dystrophies, and fast turn-over of 

molecules in the vitreous humour, the application of such therapeutics has to be 

repeated regularly, which can be a burden on both patient and the attending 

physician. Hence, a sustained approach for the treatment of retinal dystrophies 

is highly desirable. 

The present thesis analysed the neuroprotective effect of a sustained 

delivery of different neurotrophic factors (NTFs), such as ciliary neurotrophic 

factor (CNTF), glial cell line-derived neurotrophic factor (GDNF), leukemia 

inhibitory factor (LIF), progranulin (PGRN) and the designer cytokine hyper-

interleukin-6 (hIL6) on degenerating photoreceptors of two animal models of 

retinal dystrophy. A sustained delivery of the different NTFs was achieved either 

by application of lentivirally modified neural stem cells (NSCs) or by injection of 

adeno-associated viruses (AAVs) (hIL6 only). Experiments were conducted in the 

Atp1b2Atp1b1 knock-in (ki) mouse, a novel model of a cone-rod dystrophy, and in 

the rd10 mouse, a well-established model of autosomal-recessive retinitis 

pigmentosa. 
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Modified NSCs were examined in vitro and in vivo to characterise their 

potential for adequate performance in the animals. Cells expressed the desired 

NTFs in sufficient amounts and could survive for a prolonged period of time, 

differentiating into astrocytes in vivo, still expressing the respective protein. The 

neuroprotective effect was examined in immunohistochemically treated retinal 

sections analysing different parameters, such as inflammation, retina thickness, 

and the number of both rod and cone photoreceptors at various time points after 

treatment. In Atp1b2Atp1b1 ki mice all applied neurotrophic factors, except for 

GDNF, were suitable to attenuate loss of photoreceptor cells for several months 

after application of the modified NSCs. In the rd10 mouse model, which mimics 

both genotype and phenotype of patients with an autosomal-recessive form of 

retinitis pigmentosa, sustained delivery of hIL6, either by NSCs or AAVs, can 

protect from rod photoreceptor degeneration for up to 2 months. The collected 

data suggests a not inconsiderable impact of neuroinflammation on the 

magnitude of neuroprotection, since better effects have been observed in retinas 

with a higher degree of inflammation. 

The present results indicate that the sustained delivery of neurotrophic 

factors, such as CNTF, LIF, PGRN and hIL6, by means intravitreal application of 

lentivirally modified NSCs or AAVs, is suitable to attenuate photoreceptor loss in 

the retina of Atp1b2Atp1b1 ki mice and rd10 mice. The activation of pro-survival 

pathways such as the JAK/STAT or the RAS/MAPK pathways as well as the 

degree of inflammation seem to be key factors in conveying the neuroprotective 

effects observed in both animal models. 
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ZUSAMMENFASSUNG 

Retinale Dystrophien, wie etwa Zapfen-Stäbchen-Dystrophien (ZSD) oder 

Retinitis pigmentosa (RP) sind durch einen fortschreitenden Verlust von 

Photorezeptoren und deren Funktionalität charakterisiert. Patienten mit weit 

fortgeschrittenen retinalen Dystrophien erleiden, abhängig von ihrer Erkrankung, 

unterschiedlichste Symptome. Dazu zählen, unter anderem, starke 

Lichtempfindlichkeit, Nachtblindheit, Nystagmus, zentral Skotome, und 

reduzierte oder fehlenden Farbwahrnehmung. Patient*innen zeigen oft 

abnormale Elektroretinogramme (ERGs), welche starke Indikatoren für den 

Verlust der Photorezeptor-Funktionalität sind. Retinale Dystrophien entwickeln 

sich häufig langsam, führen aber zur Verschlechterung der Sehkraft oder zur 

vollkommenen Erblindung. Es gibt nur wenige gut untersuchte 

Behandlungsansätze für diese Erkrankungen. Dazu gehören, beispielsweise, die 

intravitreale Gabe rekombinanter Proteine, der Einsatz von verkapselten Zellen, 

oder die Injektion viraler Partikel. 

Eine der am häufigsten untersuchten Behandlungsoptionen ist sicherlich 

der Einsatz von Zytokinen oder anderer kleiner Proteine durch intravitreale 

Injektionen, vor allem in Form rekombinanter Proteine. Da retinale Dystrophien 

häufig chronisch Verlaufen und es einen hohen Umsatz an Proteinen in der 

Glaskörperflüssigkeit des Auges gibt, ist eine wiederholte Applikation der 

eingesetzten Therapeutika notwendig. Dies kann eine immense Belastung 

sowohl für Patient*innen als auch für die behandelnden Ärzt*innen darstellen. 

Daher ist eine kontinuierliche Behandlung mit dem jeweiligen Therapeutikum 

anzustreben. 

In der vorliegenden Arbeit wurde der neuroprotektive Effekt durch die 

kontinuierliche Applikation verschiedener neurotropher Faktoren (NTF), wie zum 

Beispiel „ciliary neurotrophic factor“ (CNTF), „glial cell line-derived neurotrophic 

factor“ (GDNF), „leukemia inhibitory factor“ (LIF), „progranulin“ (PGRN) und des 

Designer-Zytokins „hyper-interleukin-6“ (hIL6), auf die Degeneration der 

Photorezeptoren in zwei Mausmodellen retinaler Dystrophien untersucht. Eine 

anhaltende Versorgung der Retina mit den neurotrophen Faktoren wurde durch 

die Applikation lentiviral modifizierter neuraler Stammzellen (NSCs) oder die 

intravitreale Injektion Adeno-assoziierter Viren (AAVs) (nur hIL6) erreicht. Die 
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Experimente wurden an der Atp1b2Atp1b1 knock-in (ki)- Maus, einem neueren 

Model einer Zapfen-Stäbchen-Dystrophie, und der rd10-Maus, einem etablierten 

Model einer autosomal-rezessiven Retinitis pigmentosa, durchgeführt. 

Modifizierte NSCs wurden sowohl in vivo als auch in vitro auf ihr Potenzial 

einer adäquaten Performanz in den Tiermodellen hin untersucht. Die 

untersuchten Zellen exprimierten die erwünschten NTFs in ausreichender Menge 

und konnten über einen längeren Zeitraum im Glaskörper überleben und sogar 

in Astrozyten differenzieren, wobei die immer noch das gewünschte Protein 

exprimierten. Der neuroprotektive Effekt der NTFs wurde in immunhistochemisch 

behandelten Retinae anhand verschiedener Parameter untersucht, etwa dem 

Grad der Neuroinflammation, der Retinadicke und der Anzahl vorhandener 

Stäbchen und Zapfen. Dies geschah zu verschiedenen Zeitpunkten nach 

erfolgter Applikation von Zellen oder AAVs. 

Untersuchungen zeigten einen neuroprotektiven Effekt aller eingesetzten 

NTFs, außer GDNF, auf die Photorezeptoren in Atp1b2Atp1b1 ki-Mäusen über 

mehrere Monate hinweg. Auch in rd10-Mäusen, welche in Genotyp und Phänotyp 

einer humanen autosomal-rezessiven Retinitis pigmentosa ähneln, konnte ein 

neuroprotektiver Effekt durch die Behandlung mit hIL6 – durch Zellen oder AAVs 

– in bis zu 2-Monaten alten Tieren festgestellt werden. Die vorliegenden Daten 

legen zudem einen großen Einfluss von Neuroinflammation auf den Grad der 

Neuroprotektion durch die Behandlung mit NTFs nahe. 

Die anhaltende Behandlung retinaler Dystrophien mittels verschiedener 

neurotropher Faktoren, wie etwas CNTF, LIF, PGRN oder hIL6 durch intravitreale 

Applikation von lentiviral modifizierten Zellen oder AAVs, stellt einen 

vielversprechenden Ansatz zum Schutz von Photorezeptoren in Atp1b2Atp1b1 ki- 

Mäusen sowie rd10-Mäusen dar. Die Aktivierung verschiedener Signalwege, z.B. 

des JAK/STAT Signalweges oder des RAS/MAPK Signalweges, und der Grad 

der Inflammation scheinen dabei eine Schlüsselrolle in der Vermittlung 

neuroprotektiver Effekte einzunehmen. 
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1. INTRODUCTION 

1.1. THE MAMMALIAN RETINA 

1.1.1. RETINAL CELL TYPES AND THEIR ORGANISATION 

The retina is a complex, light-sensitive tissue in the back of the eye, allowing for 

the conversion of light energy into electrical and chemical signals for subsequent 

processing in the visual cortex of the brain (FIG. 1). The transparent tissue consists of 

millions of cells categorized in over 100 distinct cell types in six cells classes, including 

five neuronal cell classes and glial cells, which can be subdivided into three different 

cell classes (reviewed in: Hussey et al. (2022); Peng (2023); Reichenbach and 

Bringmann (2020)). A considerable part of the visual processing takes place in the 

retina (Gollisch & Meister, 2010). The visual system is incredibly adaptive to a wide 

range of visual stimuli, e.g. being able to process differences of 10 log units in light 

intensity by multiple stages of light adaptation and modulation (Rodieck, 1998). The 

incoming visual information is typically processed in parallel, i.e. different information, 

such as contours, colour and movements are processed simultaneously by different 

cells in the retina and subsequently in different parts of the cortex (Wässle, 2004). 

The retina is embedded in the retinal pigment epithelium (RPE), which catches 

stray photons to improve visual acuity by maximising the signal-to-noise ratio and 

minimise light damage to other cells. Additionally, the RPE phagocytises the outer 

segments (OS) of photoreceptors (PR), 10% of which are shed and replaced daily 

(Wen et al., 2012; Young, 1967). The RPE additionally recycles all-trans-retinal to 

provide the photoreceptors  with a steady supply of 11-cis-retinal and opsins (cf. 1.1.2. 

THE PHOTOTRANSDUCTION CASCADE AND THE VISUAL CYCLE; FIG. 3). Microglia, astrocytes 

and Müller cells (MCs), the resident glia cells of the retina remove metabolites and 

excess neurotransmitters from the retina and provide neurons with neurotrophic factors 

(NTFs) and anti-inflammatory cytokines (Reichenbach & Bringmann, 2020). Müller 

cells additionally act as light cables, guiding light in the 560 nm range, corresponding 

to yellow-green light, directly to the outer segments of M-cones (FIG. 1C) (Agte et al., 

2011; Hussey et al., 2022). 

 

1.1.1.1. PHOTORECEPTORS  

Photoreceptors can be distinguished into two distinct subclasses, rods and 

cones. They mediate scotopic and photopic vision, respectively. In the murine retina, 

about 97.2% of photoreceptors, estimated at ~6.4 million cells, are rods, with cones, 
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constituting the remaining 2.8%, estimated at ~180,000 cells (Curcio et al., 1990; Jeon 

et al., 1998). In contrast to the human retina, in which cones are concentrated in the 

macula, in the murine retina cones are relatively evenly distributed, referred to as 

photoreceptor mosaic. The murine retina contains three types of photoreceptors 

(reviewed in: Hussey et al. (2022); Krishnamoorthi et al. (2023)): 

(i) rods, mediating the perception of contrasts (λmax
1: 498 nm) 

(ii) S-cones, sensitive for short wavelength light (blue; λmax: 420 nm) 

(iii) M-cones, sensitive for medium wavelength light (green; λmax: 530 nm). 

Photoreceptors are comprised of three segments (FIG. 1C). The outer segments 

contains the membranous disks with the visual pigments in which the 

phototransduction and part of visual cycle take place (cf. 1.1.2. THE 

PHOTOTRANSDUCTION CASCADE AND THE VISUAL CYCLE; FIG. 3). The inner segments (IS) 

contain essential organelles of the cell, e.g. mitochondria and the endoplasmic 

reticulum. Numerous mitochondria provide the energy required for the continual 

renewal of disks. The inner segment is connected to the cell soma containing the 

nucleus. All photoreceptor nuclei are located in the outer nuclear layer (onl) (FIG. 1B).  

 

1.1.1.2. INNER RETINAL CELLS 

Visual signals generated by photoreceptors are transmitted to the inner retina in 

which three classes of interneurons are present: horizontal cells (HCs), bipolar cells 

(BPs) and amacrine cells (ACs) (FIG. 1A). Their somata are localised in the inner 

nuclear layer (inl) (FIG. 1B). The interneurons transmit visual signals from 

photoreceptors to retinal ganglion cells (RGCs), pre-processing the signals they 

receive in the process.  

Horizontal cells provide lateral processing of incoming signals from 

photoreceptors through negative feedback (reviewed in: Masland (2012); Wässle 

(2004)). Due to the interconnection of horizontal cells by gap junctions, the negative 

feedback can be averaged over a large area, creating a global gain control, keeping 

signals from the photoreceptors within operating range (Macosko et al., 2015; 

Masland, 2012). Recent messenger ribonucleic acid-sequencing (mRNA-seq) data 

                                            
1 maximum of light absorption spectrum 
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supports the notion that mice, in contrast to other mammals, possess only one type of 

horizontal cells (Macosko et al., 2015).  

The adjusted visual information from photoreceptors is transmitted to the bipolar 

cells. Rod bipolar cells innervate rod photoreceptors in a 1:1 pattern, while cone bipolar 

cells innervate all cone photoreceptors within the reach of their dendritic arbour and 

mediate some cross-talk with rods (Masland, 2012). This innervation pattern allows for 

the tuning of the cone-bipolar cell synapse output, and the transmission of different 

signals from multiple cone photoreceptors to the RGCs and subsequent pre-

processing of visual information in the retina itself. Recent data suggests the existence 

of 15 different bipolar cell types with distinctive molecular signatures in the murine 

retina (Masland, 2012; Shekhar et al., 2016). 

Spatiotemporal processing of the visual information is provided by the highly 

interconnected, mostly inhibitory amacrine cells (Diamond, 2017; Yan et al., 2020). 

They process signals coming from bipolar cells and other amacrine cells providing 

feedback to their input cells and feedforward output to the retinal ganglion cells. Some 

amacrine cells process very specific information, e.g. starburst amacrine cells (SACs), 

which respond specifically to input encoding motion in specific directions. Other 

amacrine cell types are broader in their input and output. AII amacrine cells, for 

example, respond to signals from all ON and OFF bipolar cells. In fact, many amacrine 

cells respond to the input of multiple innervating bipolar cells and contact different 

RGCs (reviewed in: Diamond (2017); Masland (2012)). To date 63 different types of 

amacrine cells have been identified (Yan et al., 2020). 
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FIG. 1: SCHEMATIC OF THE MAMMALIAN RETINA. 
(A) Schematic of retinal cell types and their localisation in the retina. (B) Nissl staining of an adult mouse 
retina with indication of the retinal layers. (C) Schematic of the murine photoreceptors. λmax: maximum 
of light absorption spectrum; ACs: amacrine cells; BM: Bruch’s membrane; BPs: bipolar cells; ER: 
endoplasmic reticulum; gcl: ganglion cell layer; HCs: horizontal cells; inl: inner nuclear layer; ipl: inner 
plexiform layer; MCs: Müller cells; MT: mitochondria; nfl: nerve fibre layer; olm: outer limiting membrane; 
onl: outer nuclear layer; opl: outer plexiform layer; PRs: photoreceptors; RGCs: retinal ganglion cells; 
RPE: retinal pigment epithelium. Scale bar in B: 25 µm. 
(A) Retina schematic adapted from Ghasemi et al. (2018), © 2017, reprinted by permission of Informa 
UK Limited, trading as Taylor & Francis Group, https://www.tandfonline.com, and visualisation of visual 
cortex adapted from Ionta (2021) under Creative Commons Attribution License (CC BY). (C) Adapted 
from Hussey et al. (2022) under Creative Commons Attribution License (CC BY). 

 

1.1.1.3. RETINAL GANGLION CELLS  

Retinal ganglion cells, the last cells to receive input within the retina, are the 

retina’s projecting neurons. They transmit the visual information to the tectum and 

diencephalon and subsequently to the primary visual cortex (V1) (FIG. 1A). Sanes and 

Masland (2015) recognised 10 subclasses of RGCs in which the ~46 different RGC 

https://www.tandfonline.com/
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types characterised in the murine retina to date (Tran et al., 2019) can be organised. 

These subclasses, identified according to morphological, functional and molecular 

criteria include:  

(i) directionally sensitive RGCs (ON-OFF- and ON-DSGCs) 

(ii) αRGCs 

(iii) intrinsically photosensitive RGCs (ipRGCs) 

(iv) Local edge detectors (LEDs) and  

(v) Junctional adhesion molecule B (JAM-B)-expressing RGCs (J-RGCs). 

The somata of RGCs are usually located in the ganglion cell layer (gcl) (FIG. 

1A,B), although the cell bodies of about 2% of the RGC population are found to be 

displaced in the inl (Dräger & Olsen, 1981).  

The different RGC subclasses fulfil more or less specific tasks, ranging from the 

detection of specific motions (DSGCs, αRGCs) to edge detection (LEDs) and 

entrainment of the circadian clock (ipRGCs). They mostly process the already specific 

input they receive from the retinal interneurons. SACs, for example innervate DSGCs 

specifically. RGCs mostly project to the corpus geniculatum dorsolaterale (dLGN), 

located in the dorsal thalamus, and the colliculus superior (SC), located on the roof of 

the mammalian midbrain and the accessory optic system (Kerschensteiner & Feller, 

2024). However, projections to at least 20 different brain areas have been found. 

IpRGCs project to the nucleus suprachiasmaticus (SCN) located in the hypothalamus, 

synchronising the circadian oscillator (Sanes & Masland, 2015).  

 

1.1.2. THE PHOTOTRANSDUCTION CASCADE AND THE VISUAL CYCLE 

Phototransduction in the retina begins with the entrance of a photon into the 

eye. This induces the photoisomerization of the chromophore 11-cis-retinal, a vitamin 

A derivative, to all-trans-retinal in the photoreceptor outer segment (Hussey et al., 

2022). The conformational change allows an opsin, a photo-sensitive G-protein 

coupled receptor (GPCR), covalently bound to the chromophore by a Schiff base, to 

trigger the phototransduction cascade (Hubbard & Kropf, 1958). During the 

phototransduction, the G-protein transducin (Gt), is activated and induces the 

exchange of guanosine diphosphate (GDP) and guanosine triphosphate (GTP) in the 

transducin α-subunit (Gα), also known as guanine nucleotide-binding protein G(t) 

subunit α1 (GNAT1) and the subsequent dissociation of the transducin β- and γ-subunit 
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(Gβγ) from the now activated Gα*-GTP complex (FIG. 2). Two Gα* are required to 

activate phosphodiesterase 6 (PDE6), alleviating the inhibition of the enzyme at the γ-

subunit, and allowing for the hydrolysis of cyclic guanosine monophosphate (cGMP) 

by guanylyl cyclase (GC). Hydrolysis of cGMP and the associated drop of cGMP levels 

in the cytoplasm causes cGMP-gated ion channels to close, leading to the 

hyperpolarisation of the cell membrane and the subsequent decrease of glutamate 

released towards downstream interneurons, proportional to the light intensity (Hussey 

et al. (2022), reviewed in: Arshavsky et al. (2002); Arshavsky and Wensel (2013); Cote 

et al. (2022)).  

 

 

FIG. 2: SCHEMATIC OF THE PHOTOTRANSDUCTION IN THE MAMMALIAN RETINA. 
The phototransduction takes place in the outer segments of photoreceptors. cGMP: cyclic guanosine 
monophosphate; G*: activated α subunit of Gt; GC: guanylyl cyclase; GDP: guanosine diphosphate; 
GMP: guanosine monophosphate; Gt: G-protein transducin; GTP: guanosine triphosphate; hv: light 
energy; PDE6: phosphodiesterase 6; R: rhodopsin; R*: activated rhodopsin. Adapted and redrawn after 
Grossniklaus et al. (2015) under Creative Commons license 3.0 AT-SA. 

 

Several mechanisms allowing for the regeneration of 11-cis-retinal have been 

proposed (reviewed in: Swigris et al. (2025)). The canonical, light-independent visual 

cycle (FIG. 3a) involves the recovery of the photoisomerised 11-cis-retinal by reduction 

of the photoisomerised all-trans-retinal to all-trans-retinol by retinol dehydrogenase 8 

(RDH8), and subsequent transfer to the RPE. After esterification by lecithin retinol 

acyltransferase (LRAT) and conversion to 11-cis-retinol by all-trans retinyl isomerase 

(RPE65), the molecule is oxidised to 11-cis-retinal and transferred to the photoreceptor 

outer segments. Here, the chromophore is bound to photoreceptor specific opsins, 

forming, for example, the rod-specific rhodopsin (RHO) (Kiser et al., 2014; Sato & 

Kefalov, 2024; Travis et al., 2007; Tsin et al., 2018).  
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A separate cone specific, light-independent visual cycle (FIG. 3b) has been 

proposed as well, taking place entirely in the neural retina, not the RPE (Mata et al., 

2002; Tsin et al., 2018; Wang et al., 2009). Such a cone specific visual cycle could 

explain the fast regeneration of cone visual pigments, which has been reported to be 

~2000-fold higher in cone photoreceptors than in rod photoreceptors in the cone-

dominant, primate retina (Mata et al., 2002; Schnapf et al., 1990). However, recently, 

Bassetto et al. (2024) have demonstrated in mice with RPE- and MC-specific knock-

out (ko) of cellular retinaldehyde-binding protein (CRALBP), a retinoid carrier involved 

in the regeneration of 11-cis-retinol and 11-cis-retinaldehyde, that this mechanism is 

only of limited importance for the regeneration of 11-cis-retinal in cone photoreceptors 

in the murine retina. 

 

 

FIG. 3: CANONICAL AND PUTATIVE VISUAL CYCLES IN ROD AND CONE PHOTORECEPTORS.  
Schematic representation of the (a) canonical, light-independent visual cycle or enzymatic retinoid 
isomerization and (b) a putative photic retinoid isomerization in the murine retina. 11cRAL: 11-cis-retinal; 
11cRDH: 11-cis-retinol dehydrogenases; 11cROL: 11-cis-retinol; ABCA4: retinal-specific phospholipid-
transporting ATPase 4; atRAL: all-trans-retinal; atRDH: all-trans-retinol hydrogenases; atREs: all-trans-
retinyl esters; atROL: all-trans-retinol; CRALBP: cellular retinaldehyde-binding protein; IRBP: 
interphotoreceptor retinoid-binding protein; LRAT: lecithin retinol acyltransferase; OS: photoreceptor 
outer segments; RBP1: retinol-binding protein 1; RBP4: serum retinol-binding protein; RDH5: all-trans-
retinol hydrogenase 5; RDH8: all-trans-retinol hydrogenase 8; RDH12: all-trans-retinol hydrogenase 12; 
RGR: retinal G-protein coupled receptor; RPE: retinal pigment epithelium; RPE65: all-trans retinyl 
isomerase; STRA6: stimulated retinoic acid-6 receptor. Adapted from Swigris et al. (2025) under 
Creative Commons Attribution License 4.0 (CC BY-NC). 
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1.2. RETINAL DISEASES 

Inherited retinal dystrophies (IRDs) are a heterogeneous group of often 

monogenetic, progressive neurodegenerative retinal disorders. IRDs primarily affect 

photoreceptors and the RPE and often lead to complete loss of vision (reviewed in: 

Ben-Yosef (2022); Nebbioso et al. (2025)). The most common IRD is retinitis 

pigmentosa (RP), but cone or cone-rod dystrophies (COD or CORDs, respectively) 

and Stargardt disease (STGD1) are also common. Furthermore, a plethora of genetic 

mutations causing IRDs have been identified (>330 different genes; see 

https://retnet.org/, retrieved 17.01.2026), which can be involved in multiple disorders, 

e.g. in both RP and CORDs. The manifesting form of IRD depends on the respective 

mutation. Nevertheless, due to the heterogeneous nature of IRDs, for about 40% of 

the diseases (up to 50% for autosomal-dominant RP) the genetic cause is still 

unknown. 

 

1.2.1. CONE-ROD DYSTROPHIES 

As reviewed by Hamel (2007), cone-rod dystrophies are mostly non-syndromic 

disorders with an estimated prevalence of 1/40,000 affected people. CORDs can be 

inherited in an autosomal-dominant, autosomal-recessive or X-linked recessive 

pattern. 

CORDs are characterised by the gradual and eventually complete loss of cone 

photoreceptors, followed by a loss of rods. Early symptoms of non-syndromic CORDs 

include loss of visual acuity, usually becoming apparent at an early age, photophobia, 

dyschromatopsia and a deviated gaze, allowing for the use of often less damaged 

parafoveal regions for vision. Although night blindness is often not present or less 

prominent than the decrease in visual acuity in early stages of CORDs, it becomes 

more prominent with increasing involvement of rod photoreceptors. At this point, the 

progression of the peripheral vision loss also becomes more apparent, making it more 

difficult for patients to safely move around autonomously. With the continued decrease 

in visual acuity, reading becomes more difficult. Nystagmus is often present. 

Furthermore, with increasing degeneration of photoreceptors, a-wave amplitudes in 

photopic and later scotopic electroretinograms (ERGs) decrease, rendering ERGs a 

valuable diagnostic tool (Haraguchi et al., 2023). 

The aetiology of CORDs is highly complex. Most cases, approximately 5-10% 

of autosomal-dominant cases, are caused by mutations in the cone-rod homeobox 

https://retnet.org/
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protein (CRX; encoded by CRX), which is important for photoreceptor 

differentiation(Hamel, 2007). Mutations in CRX can also provoke Leber congenital 

amaurosis (LCA) and in rare cases retinitis pigmentosa. Other cases of autosomal-

dominant CORDs are associated with guanylyl cyclase activating protein 1 (GCAP1; 

encoded by GUCA1A). 30-60% of autosomal-recessive cases of CORDs are caused 

by truncating mutations in the retinal-specific phospholipid-transporting ATPase 

subfamily A type 4 (ABCA4), also associated with Stargardt disease. X-linked CORDs 

are mostly associated with mutations of the X-linked retinitis pigmentosa GTPase 

regulator (RPGR). CORDs as part of syndromic diseases have been described, among 

others, in Bardet-Biedl syndrome (BBS), spinocerebellar ataxia type 7, and several 

ectodermal diseases. 

 

1.2.2. RETINITIS PIGMENTOSA 

Retinitis pigmentosa is characterised, in contrast to CORDs, by the primary 

degeneration of rod photoreceptors, resulting in loss of peripheral vision and 

subsequent symptoms like night blindness and the so-called “tunnel vision” (reviewed 

in: Hamel (2006); Hartong et al. (2006)). The loss of rod photoreceptors is followed by 

the secondary degeneration of cone photoreceptors, eventually leading to 

disturbances in the central vision as well. With the disease progression other 

symptoms, such as photophobia, dyschromatopsia, particularly affecting the 

perception of blue and yellow hues, macular oedema or foveomacular atrophy and 

cataract might occur. With increasing photoreceptor degeneration, scotopic and 

eventually photopic ERGs become unrecordable. In most RP forms the slow 

degeneration of rod photoreceptors precedes the degeneration of cone 

photoreceptors, however, RP cases in which the degeneration of both photoreceptor 

types occurs nearly simultaneously have been described as well. Pigment deposits, 

which gave the disease its name, are a result of the infiltration of the neural retina by 

RPE cells as a result of photoreceptor death (Hamel, 2006).  

To date, more than 100 gene loci carrying mutations leading to RP have been 

identified (Gopalakrishnan et al., 2023; Khaparde et al., 2024). However, the majority 

of cases is correlated to only a limited number of mutations in genes associated with 

the signal transduction pathways in rod photoreceptors. Mutations in the rhodopsin 

gene (RHO) cause ~15-25% of autosomal-dominant RP, whereas mutations in usherin 

(USH2A) are linked to Usher syndrome and other autosomal-recessive cases (Hartong 
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et al., 2006). Mutations in RPGR are associated with X-linked RP accounting for 15% 

of all RP cases and 80% of X-linked RP case (Hwang et al., 2025). Taken together, 

these genes account for ~30% of all RP cases, whereas in ~40% of cases the 

causative gene is still unknown (Hartong et al., 2006). Generally, due to the tight 

regulation of the rod environment any mutations in a protein associated with 

(i) the rod signal transduction (e.g. RHO, phosphodiesterase 6 subunits 

(PDE6A, PDE6B), subunits of the rod cGMP gated channel (CNG))  

(ii) cytoskeleton proteins (e.g. peripherin 1 and 2(PRPH1, PRPH2), rod outer 

segment membrane protein 1 (ROM1))  

(iii) protein trafficking (e.g. RPGR, oxygen-regulated protein 1 and 2 (RP1, 

RP2)) 

(iv) photoreceptor differentiation (e.g. CRX, neural retina-specific leucine 

zipper protein (NRL)) 

(v) the composition of extracellular matrices (ECM) (e.g. usherin) or  

(vi) the composition of lipids (e.g. ABCA4), 

among others, can result in a form of RP (Hamel, 2006). 

Retinitis pigmentosa affects ~1/4,000 people (Hamel, 2006). RP can occur 

either in a non-syndromic form or as part of a syndromic disease. Examples for 

syndromic diseases are Usher syndrome, in which co-morbidity occurs between RP 

and neurosensory deafness, BBS, or neuronal ceroid lipofuscinosis (NCL), in which 

retinal degeneration is associated with mental decline, seizures, and ataxia (Hamel, 

2006). 

 

1.3. THERAPIES 

To date, although countless research efforts to find treatments for retinal 

dystrophies have been undertaken, only few therapeutics have been successful in 

clinical trials. This is not only due to the vast genetic and phenotypic heterogeneity of 

IRDs, but also due to the low prevalence of the different diseases. Other obstacles in 

the examination of relevant therapeutics are the isolation of the eyes by the blood-

retina-barrier (BRB), which makes a systemic administration of many drugs impossible, 

and the relative short half-life time of many therapeutics within the eye.  
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1.3.1. THE BLOOD-RETINA-BARRIER AND ITS IMPLICATIONS FOR TARGET DELIVERY 

A major disadvantage in the treatment of retinal diseases is the highly protected 

status of brain and retina due to their isolation from the cardiovascular system by the 

blood-brain-barrier (BBB) and BRB respectively, complicating the treatment of 

neurodegenerative diseases (Brent, 1990; Streilein, 1999; Streilein et al., 2000). The 

BRB consists of tight junctions between endothelial cells, retinal capillaries and 

junctional complexes of the RPE and the pigment epithelial cells of the pars plana. It 

is selectively permeable for lipophilic molecules. While this prevents harmful 

substances from entering the eye, it also impedes therapeutics from reaching the retina 

(Ham et al., 2023). Therefore, a local administration, rather than a systemic one is 

necessary for the delivery of therapeutics for the treatment of retinal disorders. A local 

administration can be achieved by either the intravitreal or subretinal application of 

different drugs, such as recombinant proteins, viral vectors, e.g. lentiviruses (LV), 

adenoviruses (AD) or adeno-associated viruses (AAV), drug-loaded nanoparticles 

(NP) or hydrogels, or using encapsulated cell therapy (ECT; see below). Due to the 

relatively low risk profile and the possibility of a sustained administration of NTFs, the 

projects presented in this thesis focused on treatment options utilising intravitreal 

application of NTF-overexpressing cells and NTF-encoding AAV vectors.  

 

1.3.2. ENCAPSULATED CELL THERAPY 

The encapsulated cell therapy uses small devices made from biocompatible, 

semi-permeable polymer membranes containing drug-secreting cells that are sutured 

to the pars plana, as illustrated in FIG. 4 for the Revakinagene taroretcel-lwey ECT 

device (ENCELTO™; Neurotech Pharmaceuticals, Inc., Cumberland, RI, USA; Chew 

et al. (2025)). The ECT device has been recently approved by the U.S. Food and Drug 

Administration (FDA) for treatment of patients with macular telangiectasia type 2 

(MacTel). MacTel is characterised by capillary abnormalities in the fovea and perifovea, 

leading to loss of photoreceptor nuclei layers in the onl.  

The capsule contains scaffolding made from polyethylene terephthalate 

filaments which allow for genetically modified RPE cells, expressing ciliary 

neurotrophic factor (CNTF), to attach to. Through the semi-permeable membrane, cells 

are provided with nutrients and oxygen from the vitreous and secrete the NTF. The 

implants stably secrete therapeutically relevant doses of CNTF for up to 14.5 years, 

with an estimated half-life time the cells of 4.25 years (Kauper et al., 2012; Kauper et 
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al., 2025). The therapeutic potential of the implant has also been examined in patients 

with retinitis pigmentosa and Usher syndrome type 2 or 3 (NCT01530659), Ischemic 

optic neuropathy (NCT01411657) and achromatopsia (NCT01648452), but phase III 

trials were not successful. The implant is currently being tested on glaucoma patients 

(NCT04577300).  

 

 

FIG. 4: THE REVAKINAGENE TARORETCEL-LWEY ECT DEVICE.  
(A) Schematic of a Revakinagene taroretcel-lwey capsule (ENCELTO™; length: ca. 6.5 mm including 
titanium loop) loaded with RPE cells overexpressing CNTF. A titanium loop allows for the implantation 
of the capsule in the pars plana. (B) The capsule is composed of a biocompatible, semi-permeable 
polymer membrane, allowing for the supply of the cells with nutrients and oxygen and the secretion of 
CNTF. The capsule contains scaffolding made from polyethylene terephthalate filaments, which allows 
the cells to attach to. CNTF: ciliary neurotrophic factor; RPE: retinal pigment epithelium. Adapted from 
Kauper et al. (2025) and Kedarisetti et al. (2022) under Creative Commons Attribution License (CC BY). 

 

1.3.3. USAGE OF VIRAL PARTICLES IN IRD TREATMENT 

Gene therapies usually denote methods to alter gene expression or properties 

of cells. These methods encompass the gene replacement of defective genes, gene 

editing using, e.g. Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR)/CRISPR-associated endonuclease 9 (Cas9) to repair genomes, or gene 

silencing to downregulate gene expression. The most common vectors used in gene 

therapy are viral vectors, such as lentiviruses, adenoviruses or AAVs. Other delivery 

methods such as chemical transfection, electroporation or microinjections are also 

suitable to transfer deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) into cells 

(Khaparde et al., 2024). These methods of causative gene therapy require specific 

knowledge on the disease-causing mutation, or at least of the causative gene, and, 

hence, genetic analysis.  
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It is also possible to express biological therapeutics, such as NTFs, in diseased 

tissues using viral particles. In the present study, intravitreal injections using AAV 

vectors encoding hyper-interleukin-6 (hIL6) was performed to analyse the effect of the 

designer cytokine on the progression of photoreceptor degeneration in a murine model 

of autosomal-recessive retinitis pigmentosa and in a murine model of a cone-rod 

dystrophy.  

Self-complementary AAVs with a shH10 serotype, showing a pronounced 

tropism for Müller cells and, to a lower degree, for photoreceptors, RPE cells and RGCs 

and with a high transduction efficiency were used (Gonzalez-Cordero et al., 2018; 

Klimczak et al., 2009; Pellissier et al., 2014).  

A limiting factor in gene therapy is the relatively small packaging capacity of 

AAVs (~4.7 kilobases (kb)) (FIG. 5). In genetically modified AAVs, the replication (rep) 

and capsid (cap) genes of the viral genome are often displaced in a different plasmid 

to allow for bigger inserts of target proteins. 

 

 

FIG. 5: SCHEMATIC REPRESENTATION OF AN ADENO-ASSOCIATED VIRUS (AAV). 
AAVs are comprised of an icosahedral capsid containing the ~4.7 kilobases long viral genome. The 
genome consists of a promotor, the rep and cap genes, flanked on either side by inverted terminal 
repeats (ITRs). In genetically modified AAVs, rep and cap are often displaced in a different plasmid to 
allow for bigger inserts of target proteins. For a fully functional AAV, replication genes from adeno viruses 
in a helper plasmid are needed cap: capsid gene; ITR: inverted terminal repeats; kb: kilobases; rep: 
replication gene.  

 

Although the outcomes of many pre-clinical gene therapy studies in different 

animal models were promising, and many clinical trials have been undertaken 

(reviewed in: Georgiou et al. (2021); Khaparde et al. (2024)), to date, only one gene 

therapy (Voretigene Neparvovec-rzyl; Luxturna®, Novartis Pharma GmbH, Nürnberg, 

Germany) has been approved for the treatment of RP and LCA type 2 by the European 
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Medicines Agency (EMA) and the FDA. The gene therapy employs an AAV serotype 2 

(AAV2) encoding for RPE65 (injection of 5× 1011 𝑣𝑔/𝑚𝑙), allowing to express a 

functional all-trans-retinyl-palmitate hydrolase in RPE cells 

(https://www.ema.europa.eu/en/medicines/human/EPAR/luxturna, 

https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/luxturna, 

retrieved on 17.01.2026).  

Studies have shown stable expression of RPE65 over a prolonged period and 

an improvement in mobility of treated patients under low light conditions over 4 years. 

Interestingly, the best corrected visual acuity (BCVA) initially improved over the first 

three years, before reverting to injection baseline, measured ≤90 days before 

treatment (Maguire et al., 2019), at the 4-year examination. Luxturna was not 

anticipated to affect cone photoreceptors in the examined diseases, which mainly 

affect rods (Maguire et al., 2021; Russell et al., 2017). The improvement in BCVA might 

be attributable to the improvement in rod photoreceptor viability and subsequent 

improvement of cone photoreceptor health and less irregular opsin trafficking due to 

the presence of functional 11-cis-retinal (Kono, 2015; Russell et al., 2017). The 

observed decline in BCVA at the 4-year examination was attributed to the retinal 

detachment in one patient, whereas the improvement of the BCVA in other patients 

remained stable (Maguire et al., 2021). Of note, recently, some reports of a worsening 

of the retinal degeneration and neuroinflammation in patients treated with Luxturna 

have been reported (Gange et al., 2022; Kessel et al., 2022; Rebelo Neves et al., 2023; 

Sengillo et al., 2022). 

 

1.4. THE ATP1B2ATP1B1 KI MOUSE MODEL OF A CONE-ROD DYSTROPHY 

1.4.1. THE SODIUM-POTASSIUM-ATPASE 

1.4.1.1. SUBUNITS OF THE SODIUM-POTASSIUM-ATPASE 

The sodium-potassium-ATPase (Na,K-ATPase or NKA; FIG. 6), is a member of 

the superfamily of P-type ATPases. The heterodimeric ion pump consists of a catalytic 

α-subunit (α1-α4; encoded by Atp1a1-Atp1a4; ~112 kDa) and a β-subunit (β1-β3; 

encoded by Atp1b1-Atp1b3; ~33 kDa), which functions as a chaperone and ensures 

maturation of functional NKA. The β-subunit also mediates the intracellular transport 

and integration of the α-subunit into the cell membrane (Blanco & Mercer, 1998; 

Contreras et al., 2024). Furthermore, a so-called FXYD subunit (FXYD1-FXYD7; 

encoded by Fxyd1-7; ~10 kDa), modulates the kinetic properties of the NKA when 

https://www.ema.europa.eu/en/medicines/human/EPAR/luxturna
https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/luxturna
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associated with the αβ heterodimer (Mishra et al., 2011). The NKA has a stoichiometry 

of 1α: 1β (:1FXYD, if present) under normal conditions (Fedosova et al., 2021). 

 
FIG. 6: STRUCTURE OF THE SODIUM-POTASSIUM-ATPASE (NA,K-ATPASE OR NKA). 
The heterodimeric ion pump NKA is comprised of a catalytic α-subunit consisting of ten transmembrane 
(TM) domains and a β-subunit, functioning as a chaperone, consisting of a transmembrane and a large 
extracellular domain. Although the modulating FXYD is often associated with the NKA, it is not 
mandatory for proper functioning of the enzyme. Alpha: α-subunit of the NKA; Beta: β-subunit of the 
NKA; D369: aspartic acid 369; NKA: sodium-potassium-ATPase; TM: transmembrane domain.  
NKA subunits and subunit domains are represented in colours as indicated, glycosylation residues, 
digoxin, cholesterols and phosphorylated D369 are represented as sticks. Adapted from Clausen et al. 
(2017) with surface representation of digoxin bound α1-subunit structure from Laursen et al. (2015) 
under Creative Commons Attribution License (CC BY). 

 

NKAs are ubiquitously expressed and serve critical functions in the mammalian 

cells, such as the transmembrane ion transport of sodium ions (Na+) and potassium 

ions (K+) (FIG. 7) and, as a result, the maintenance of cellular volume and resting 

potential (Contreras et al., 2024).  

 

FIG. 7: TRANSMEMBRANE ION TRANSPORT FACILITATED BY NKA.  
The NKA facilitates the transmembrane transport of three Na+ into the extracellular space and two K+ 
into the cytoplasm by hydrolysis of ATP. The enzyme converts between two distinct conformational 
states, E1 and E2. E1-E2 and E2-E1 denote intermediate states. A: adenosine; ATP: adenosine 
triphosphate; e: extracellular space; i: intracellular space; K+: potassium ion; Na+: sodium ion; NKA: 
Na,K-ATPase. Adapted and redrawn from Contreras et al. (2024); Suhail et al. (2010) under Creative 
Commons Attribution License (CC BY). 
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The enzymatic activity of the NKA is dependent on energy provided by 

adenosine triphosphate (ATP) hydrolysis, using one molecule of ATP for each transport 

of three Na+ out of the cells, and two K+ into the cells. It is estimated that photoreceptors 

use approximately 108 ATPs/photoreceptor/s, most of which can be ascribed to the 

consumption of ATP by the NKA (Ingram et al., 2020; Okawa et al., 2008). A 

dysregulation or dysfunction of the NKA is associated with several diseases, ranging 

from hypertension and cancer to neurological disorders (Bartsch et al., 2025; 

Contreras et al., 2024). 

The transmembrane ion transport is facilitated by the α-subunit, transitioning 

between the conformational states E1, opening towards the cytoplasm, and E2, 

opening towards the extracellular side (FIG. 7), in the presence of magnesium ions 

(Mg2+). An α-subunit consists of ten transmembrane domains (TM; αTM1-10; FIG. 6 

olive green, green, grey) with αTM1-6, referred to as core group, forming the NKAs 

pore, and αTM7-10, referred to as support group, regulating the properties of the core 

group. Two intracellular loops operate as functional domains. The shorter intracellular 

loop (αTM2-αTM3) contains the actuator (A-domain, FIG. 6 yellow), the longer 

intracellular loop (αM4-αTM5) contains the nucleotide binding domain (N-domain, red), 

which undergoes phosphorylation, and the phosphorylation domain (P-domain, blue-

grey), which is essential for Mg2+ binding (Contreras et al., 2024; Fedosova et al., 

2021). However, detailed insights into the exact mechanisms of the ion transport by 

the NKAs α-subunits remain elusive. 

In contrast, β-subunits consist of only a single transmembrane domain, and a 

large extracellular domain positioned in close proximity to parts of the α-subunit 

support group (αM7 and αM10). β-subunits support proper folding and intracellular 

transport of the α-subunits to their designated position in the plasma membrane and 

modulate the α-subunits affinity for Na+ and K+ (Contreras et al., 2024). Another crucial 

function of the β-subunits is to mediate cell-cell adhesion, likely mediated by multiple 

N-glycans and E-cadherins (Contreras et al., 1999; Páez et al., 2019; Rajasekaran et 

al., 2001; Roldán et al., 2022; Vagin et al., 2007). The β2-subunit of the NKA was first 

characterised as a cell recognition molecule termed Adhesion Molecule On Glia 

(AMOG) and was shown to mediate interactions between neurons and astrocytes in 

vitro (Antonicek et al., 1987). Later, cDNA cloning and sequence analysis revealed that 

AMOG shares about 40% amino acid identity with β1 and is identical to a putative NKA 

subunit in rat and human tissues termed β2-subunit (Gloor et al., 1990; Martin-Vasallo 
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et al., 1989). The dual function of AMOG/β2 as both adhesion molecule and subunit of 

the NKA was deduced by several observations: 

(i) The addition of AMOG/β2 antibodies to astrocytes in vitro affected the 

activity of the NKA (Gloor et al., 1990) 

(ii) AMOG/β2, derived from the injection of the respective cRNA into oocytes 

of Xenopus laevis DAUDIN 1802, combined with the endogenous α1-

subunit of X. laevis formed a functional NKA (Schmalzing et al., 1992) 

(iii) AMOG/β2 supported the migration of neurons along Bergmann glia 

processes and mediated the neuron-astrocyte interaction in vitro 

(Antonicek et al., 1987) and 

(iv) AMOG/β2 promoted neurite outgrowth of cerebellar and hippocampal 

neurons in vitro (Müller-Husmann et al., 1993). 

A more recent discovery was the γ-subunit, which has now been identified as 

FXYD2, a member of the FXYD family (Contreras et al., 2024; Geering, 2006). FXYD6, 

which has been shown to reduce the affinity of NKA to Na+, is widely expressed in the 

nervous tissue, whereas FXYD7, enhancing the affinity of NKA to Na+, is only 

expressed in the brain (Contreras et al., 2024; Hou et al., 2023; Kadowaki et al., 2004; 

Meyer et al., 2020). The FXYD subunit, consisting of a single transmembrane domain, 

acts as a modulator of the NKA via posttranslational modifications, such as 

phosphorylation (Contreras et al., 2024).  

Although it has been shown that any α-subunit can associate with any β-subunit 

to form a functional heterodimer (Schmalzing et al., 1992), the expression of the 

different subunits and subsequently the different heterodimers in vivo is highly 

regulated, depending on cell type and tissue. Whereas α1 and β1 are ubiquitously 

expressed, likely fulfilling a housekeeping role in different tissues, other α-subunits 

exhibit a more tissue-specific expression and associate preferentially with specific β-

subunits (TAB. 1) (Fedosova et al., 2021; Tokhtaeva et al., 2012). Of particular interest 

in the context of this thesis is the expression of the α3β2 heterodimer in mammalian 

photoreceptors (Schneider & Kraig, 1990; Schneider et al., 1991; Wetzel et al., 1999). 

It has previously been shown that, whereas both subunits are strongly expressed and 

co-localised in the inner segments of photoreceptors in C57BL/6J mice (wild-type (WT) 

mice), α3 partially loses its plasma membrane association in the absence of β2 

expression in the Atp1b2Atp1b1 knock-in (ki) mouse (hereafter referred to as β2/β1 ki), 
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a novel mouse model with a cone-rod dystrophy-like phenotype (Bartsch et al., 2025). 

However, complete loss of α3-subunit membrane association is prevented, 

presumably because it forms heterodimers with the transgenic β1-subunit which is 

expressed instead of endogenous β2-subunit in this mutant mouse. The low 

expression level of the α3-subunit in the β2/β1 ki mouse is likely the result of the 

comparatively low expression level of Atp1b1 transcripts in the mouse model, which 

amounts to only 10-20% of the original expression levels of Atp1b2 transcripts in wild-

type mice (Weber et al., 1998). The low expression of Atp1b1 transcripts has been 

ascribed to a low stability of the primary transcript.  

Additionally, a low expression of the β3-subunit has been found by in situ 

hybridisation in the photoreceptors of both wild-type and β2/β1 ki mice. The low β3 

expression likely contributes to the normal development of photoreceptors in young 

Atp1b2 ko mice (hereafter referred to as β2 ko) in the absence of a α3β2 heterodimer 

in photoreceptors and in young β2/β1 ki mice showing low expression levels of a α3β1 

heterodimer in photoreceptors (Bartsch et al., 2025; Magyar et al., 1994; Molthagen et 

al., 1996).  

TAB. 1: TISSUE-SPECIFIC EXPRESSION OF THE NA,K-ATPASE SUBUNITS.  

NKA SUBUNIT TISSUE-SPECIFIC EXPRESSION PREFERENTIAL ASSOCIATION 

α1 ubiquitous expression β1 (Tokhtaeva et al., 2012) 

α2 muscle, nervous system β2 (Tokhtaeva et al., 2012) 

α3 neurons β2 in retina (Bartsch et al., 
2025) 

α4 testes β3 (Fedosova et al., 2021) 

β1 ubiquitous expression α1 (Tokhtaeva et al., 2012) 

β2 brain, retina, muscle  α2, α3 in retina (Bartsch et al., 
2025; Tokhtaeva et al., 2012) 

β3 lung, testis, skeletal muscle, liver, 
retina 

α1 (Zhang et al., 2019) 

 

1.4.1.2. INTERACTION PARTNERS OF THE NA,K-ATPASE 

The Na,K-ATPase is known to interact with a plethora of different proteins. In 

the context of the β2/β1 ki mouse model, the interactions of NKA with retinoschisin 

(RS1) and with the voltage-gated potassium channel (KV) subunits KV2.1 and KV8.2 

are of particular interest.  

Retinoschisin is a 24 kDa cell adhesion protein implicated in maintaining the 

structural integrity of the retina. The 224 amino acid (aa) precursor protein contains a 
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specific Rs1 domain, implicated in the oligomerisation of the retinoschisin monomers, 

and a discoidin domain, likely serving as a ligand binding site and mediating the cell 

adhesive properties. The protein forms a homo-octameric complex (FIG. 8A) which 

adheres to the extracellular surfaces of photoreceptors and the cell membrane of 

bipolar cells upon secretion. In humans, the protein is encoded by the RS1 gene 

located on Xp22.1. Loss-of-function mutations in RS1 are associated with X-linked 

juvenile retinoschisis (XLRS, OMIM #312700), a form of macular degeneration found 

in young males, with a prevalence of 1/5,000-1/20,000 (Orphanet, 2024), and over 551 

unique XLRS-associated variants (according to Leiden Open Variation Database 

(LOVD, https://databases.lovd.nl/shared/genes/RS1; retrieved 17.01.2026). XLRS is 

characterised by a bilateral foveal schisis2 and formation of intraretinal cystic cavities. 

The abnormal retinal morphology leads to central scotomas, and a decrease in the 

signal transmission between photoreceptors and bipolar cells, resulting in a reduced 

b/a-wave amplitude ratio in scotopic ERGs (Molday, 2007; Plossl et al., 2017).  

Although retinoschisin has been shown to directly interact with the β2-subunit 

of the NKA, the mechanism anchoring RS1 to the cell surface of photoreceptor and 

bipolar cells has remained elusive for quite some time. Molday et al. (2007) proposed 

the formation of a complex composed of RS1, β2 and sterile alpha and TIR motif-

containing protein 1 (SARM1) based on immunoprecipitation experiments (FIG. 8A). 

Newer studies however propose a SARM1-independent mechanism (Friedrich et al., 

2011; Molday et al., 2007), in which the protein-protein interactions is rather mediated 

by a patch of hydrophobic amino acids located on the surface of the β2-subunit in the 

so-called patch II (FIG. 8B), stabilising the interaction between the proteins (Plossl et 

al., 2019). In this model SARM1 merely acts as an adaptor protein. 

Recently, the voltage-gated potassium channel subunits KV2.1 and KV8.1 have 

been identified as additional interaction partners of the NKA (Schmid et al., 2022). 

KV8.1 exhibits modulatory properties of KV channels but is otherwise electrically silent 

and unable to assemble functional KV channels on its own. The subunit does, however, 

form heterotetrameric channels together with KV2.1 (Bartsch et al., 2025; Bocksteins, 

2016; Bocksteins & Snyders, 2012; Schmid et al., 2022; Vega-Saenz de Miera, 2004). 

The KV channels are localised in the inner segments of photoreceptors and mediate, 

together with the NKA, a large portion of the photoreceptors dark current, the constant 

                                            
2 Splitting of retinal layers, in some cases the retinal periphery is affected as well 

https://databases.lovd.nl/shared/genes/RS1
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ion flux in photoreceptors in darkness, keeping the cells depolarised. Mice deficient in 

KV2.1 additionally lack cell membrane association of KV8.2. In KV8.2 deficient mice, 

KV2.1 homotetramers instead of the described heterotetramers assembled from both 

subunits have been found. Both mouse models exhibit dysfunctional and degenerating 

photoreceptors. Photoreceptor degeneration associated with decreased levels of 

KV2.1 and KV8.2 at inner photoreceptor segments has also been described in 

retinoschisin-deficient Rs1h-/y mice, in β2 ko and β2/β1 ki (Bartsch et al., 2025; Inamdar 

et al., 2021; Jiang et al., 2021; Schmid et al., 2022). These results indicate a strong 

interaction between the α3 and β2 of the NKA, RS1, KV2.1 and KV8.2. Loss of RS1 or 

β2 results in decreased protein levels of the different components of this complex at 

the photoreceptor inner segments and negatively impacts the ionic milieu and in 

consequence the health of photoreceptors. 

 

FIG. 8: THE RS1-NA,K-ATPASE-SARM1 COMPLEX.  
(A) Schematic representation of the complex formed by retinoschisin (RS1) and the β2 subunit of the 
NKA. Although SARM1 was shown to co-precipitate with RS1, the β2 subunit and the α3 subunit of the 
NKA, Molday et al. (2007)found no direct interaction between RS1 and SARM1 in immunoprecipitation 
experiments. Hence, it is likely that SARM1 interacts exclusively with the intracellular domains of the 
NKA, but not RS1. (B) Hydrophobic surface patches I and II of the β2 subunit identified as putative 
binding sites for RS1 by Plossl et al. (2019). Since directed mutations in patch I did not interfere with the 
binding of RS1, but mutagenesis of T240 of the β2 subunit, located in patch II, prevented binding, it was 
concluded that interaction with patch II rather than patch I mediates the protein-protein interaction 
between RS1 and β2. α3: α3 subunit of the NKA; β2: β2 subunit of the NKA; NKA: Na,K-ATPase; RS1: 
retinoschisin; SARM1: sterile alpha and TIR motif-containing protein 1; T240: Threonine 240. Adapted 
from Molday et al. (2007) and Plossl et al. (2019) under Creative Commons Attribution License (CC BY). 
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1.4.1.3. DISEASES RELATED TO MUTATIONS IN THE NKA  

Since the Na,K-ATPase plays a crucial role in many cell processes, mutations 

in the NKA subunits can have detrimental effects on the viability and function of cells. 

Knock-out experiments have shown that mice with a complete knock-out of most α-

subunits are not viable for prolonged periods of time. Animals lacking the ubiquitously 

expressed α1 subunit only develop to the blastocyst stage (Barcroft et al., 2004), 

whereas a lack of the α2 isoform leads to death immediately after birth (Ikeda et al., 

2004; Isaksen & Lykke-Hartmann, 2016) and animals lacking α3 die shortly thereafter 

(Moseley et al., 2007). In contrast, a knock-out of α4 does not affect the viability or 

general phenotype of mice but leads to complete infertility of males, in line with the 

expression of this subunit in sperm (TAB. 1) (Jimenez et al., 2010). As described in 

detail later (cf. 1.4.2. THE PHENOTYPE OF ATP1B2ATP1B1 KNOCK-IN MICE), β2-deficient 

mouse pups die pre-maturely at postnatal day (P) 17-18, after development of a severe 

neurological phenotype (Magyar et al., 1994).  

While not affecting the viability of mice, haploinsufficiency of the different α 

isoforms (α1+/-, α2+/- and α3+/-) affects behaviour, learning, memory formation and 

motor function (Moseley et al., 2007). In humans, several diseases are associated with 

mutations in α- or β-subunits. A selection of disorders can be found in TAB. 2. Most 

diseases are caused by or correlated to mutations in the α-subunit and are often 

associated with migraine or motor dysfunctions, such as seizures or paraplegia 

(reviewed in: Benarroch (2011); Biondo et al. (2021); Kinoshita et al. (2022)).  

To date, only one disorder, the small fibre neuropathy (SFN), a form of diabetic 

neuropathy, has been associated with mutations in a β-subunit. More specifically, 

Alsaloum et al. (2021) have provided first evidence that β3 might be indirectly involved 

in the pathogenesis of SFN by dysregulating the trafficking of voltage-gated sodium 

channel α subunits (NaV). Furthermore, impaired NKA activity, due to mitochondrial 

dysfunction, might play a role in the degeneration of chronically demyelinated axons in 

multiple sclerosis (MS) (Benarroch, 2011). In MS lesions, NaV1.6 channels, usually 

located in the nodes of Ranvier, are redistributed along the demyelinated axons, 

allowing for a consistent influx of Na+ and the secondary activation of the co-expressed 

Na+/Ca2+ exchanger (NCX), amplified by the dysregulation of Na+ flux out of the cell 

due to dysfunctional NKAs. 
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TAB. 2: SELECTED NEUROLOGICAL DISORDERS ASSOCIATED WITH MUTATION IN NKA-RELATED GENES. 

NEUROLOGICAL DISORDERS CAUSATIVE GENE  REVIEWED IN* 

PRIMARY ALDOSTERONISM (PA) α1 Biondo et al. (2021) 

CHARCOT-MARIE-TOOTH TYPE 2 

(CMT2) 
α1 Biondo et al. (2021) 

COMPLEX SPASTIC PARAPLEGIA 

(CSP) 
α1 Biondo et al. (2021) 

HYPOMAGNESEMIA W/SEIZURES 

AND COGNITIVE DELAY 
α1 Biondo et al. (2021) 

EPILEPTIC SEIZURES α1 Biondo et al. (2021) 

FAMILIAL HEMIPLEGIC MIGRAINE 

TYPE 2 (FHM2) 
α2 Benarroch (2011) 

SPORADIC HEMIPLEGIC MIGRAINE 

(SHM) 
α2 Benarroch (2011) 

AUTOSOMAL-DOMINANT CONE-
ROD-DYSTROPHY 

α3 G. H. Zhou et al. 
(2020)1 

CEREBELLAR ATAXIA, AREFLEXIA, 
PES CAVUS, OPTIC ATROPHY, AND 

SENSORINEURAL HEARING LOSS 

SYNDROME (CAPOS) 

α3 Biondo et al. (2021) 

RAPID-ONSET DYSTONIA-
PARKINSONISM (RDP) 

α3 Benarroch (2011) 

ALTERNATING HEMIPLEGIA OF 

CHILDHOOD (AHC) 
α3 Biondo et al. (2021) 

EPILEPSY α3 Benarroch (2011) 

BIPOLAR DISORDER α3 Kinoshita et al. (2022) 

SMALL FIBRE NEUROPATHY (SFN) β2 Alsaloum et al. (2021)1 

ISOLATED DOMINANT 

HYPOMAGNESEMIA 
(IDH) 

FXYD2 Biondo et al. (2021) 

*unless otherwise stated 
1 original work 

  

 

1.4.2. THE PHENOTYPE OF ATP1B2ATP1B1 KNOCK-IN MICE 

Inactivation of the Atp1b2 gene in mice (first described by Magyar et al. (1994)) 

results in a severe neurological phenotype. Changes in the behavioural phenotype of 

β2 ko mice were observed from P15, at which point mice showed reduced righting 

behaviour and orientation, which worsened rapidly. β2 ko mice developed tremors in 

the hind legs, kept their eyes mostly closed, and were unable to feed or drink with 

increasing age. Animals died prematurely at P17 or P18, a few days after the 

development of the first behavioural changes. Furthermore, β2 ko mice exhibited 

significantly enlarged lateral and third ventricles and a spongiform degeneration of 

brain stem, thalamus, striatum and spinal cord, characterized by swollen astrocytic end 
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feet and vacuoles in close proximity to blood vessels. Apart from a few degenerating 

Purkinje cells and a few small-sized degenerating cells in the internal granular layer of 

the cerebellum, the cerebellum, the cerebral cortex and the hippocampus were not 

affected in β2 ko mice. Interestingly, significant neuronal degeneration was restricted 

to the retina in this mouse model. The mutant exhibited a rapidly progressive 

degeneration of photoreceptor cells and significantly shortened photoreceptor inner 

and outer segments, resulting in a reduced thickness of the onl. The neuropathological 

phenotype was attributed to the impaired functionality of the NKA (Magyar et al., 1994; 

Molthagen et al., 1996). 

To examine whether Atp1b1 can compensate for the lack of Atp1b2, the β2/β1 

ki mouse was generated by Weber et al. (1998). In this mouse model, the expression 

of Atp1b2 is abolished and replaced by a fusion protein, consisting of 18 amino acids 

of the NKA β2-subunit N-terminal and aa 14 to 304 of the β1-subunit. The knocked-in 

transgene prevented the severe brain pathology and the premature death observed in 

the β2 ko mouse, and slowed– but did not prevent– the degeneration of the highly 

metabolically active photoreceptor cells (Country, 2017; Warrant, 2009; Weber et al., 

1998). Other retinal cell types, which endogenously express β1, but not β2, were 

unaffected in this mouse model (Bartsch et al., 2025). The results indicate that the low 

expression of β3 and the low-level expression of transgenic β1 are insufficient to 

compensate for the lack of the normally strongly expressed β2-subunit in 

photoreceptor cells. 

As described in Bartsch et al. (2025), β2/β1 ki mice exhibit an early onset and 

rapidly progressing loss of cone photoreceptors followed by a slowly progressing loss 

of rod photoreceptors. The loss of cone photoreceptors became apparent as early as 

P14, with almost no cone photoreceptors remaining by P112. Degeneration of rod 

photoreceptors became apparent at P56, and approximately 50% of the rod population 

was lost at P168. In accordance with these observations, the photoreceptor layer 

thickness was reduced starting from an early age, but a significant reduction in retina 

thickness did not become evident before P112 when a significant fraction of rods was 

lost. A reduction of the thickness of the inner nuclear layer or a loss of other retinal 

nerve cell types such as bipolar cell or retinal ganglion cells was not observed in the 

mutant. 

The retinas of β2/β1 ki mice also exhibited neuroinflammation which advanced 

with increasing age of the animals. Expression of inflammation markers, such as glial 
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fibrillary acidic protein (GFAP), a marker for reactive astrogliosis, ionized calcium-

binding adapter molecule 1 (IBA1) and cluster of differentiation 68 (CD68), both 

markers for reactive microgliosis was increased from an early age. Expression of GFAP 

and IBA1 in the mutant retina was increased from P14, while expression of CD68 was 

increased from P28 compared to the expression in WT retinas. Of note, most IBA1-

positive microglia were found in their resident, ramified state, in which they monitor the 

surrounding tissue to maintain homeostasis (Rashid et al., 2018), instead of in their 

activated, amoeboid form, in which the microglia secrete endogenous cytokines and 

trophic factors, but also different cytotoxic substances, such as proteases. This results 

in the release of free radicals, such as reactive nitrogen and oxygen species (Hailer, 

2008; Hanisch, 2002). Amoeboid microglia were mostly located in the subretinal space, 

i.e. between the RPE and the photoreceptor outer segments. 

Although protein levels of RS1 were markedly reduced by a factor of ~20 in 

β2/β1 ki mice compared to WT mice, and cell surface association of the protein was 

lost, a schisis-like phenotype, a characteristic morphological abnormality in XLRS, was 

not observed at any age in the mutant mice. Expression of SARM1 was not affected in 

β2/β1 ki mice (FIG. S1; Bartsch et al. (2025), unpublished data), in accordance with 

findings in the β2 ko mouse (Friedrich et al., 2011).  

Expression levels of KV2.1 and KV8.2 were downregulated in the inner segments 

of the photoreceptors, likely contributing to a severe ion imbalance in photoreceptors, 

rendering ERGs a fruitless endeavour (Bartsch et al., 2025).  

 

1.5. AN ANIMAL MODEL OF AUTOSOMAL-RECESSIVE RETINITIS PIGMENTOSA  

1.5.1. THE ROD-SPECIFIC PHOSPHODIESTERASE 6 

The rod-specific phosphodiesterase 6, a central protein of the visual cascade 

(cf. 1.1.2. THE PHOTOTRANSDUCTION CASCADE AND THE VISUAL CYCLE), is a membrane-

associated heterotetrameric enzyme. A PDE6 α-subunit (PDE6A) and a β-subunit 

(PDE6B) form a catalytic heterodimer, which associates with two homomeric inhibitory 

γ-subunits (FIG. 9A) (reviewed in: Han et al. (2013)). The catalytic domain consists of 

16 α-helices consisting of ~270 aa residues. The active site forms a hydrophobic 

pocket that contains zinc ions (Zn2+) and Mg2+, binds the phosphate group of cGMP 

and facilitates its hydrolysis (reviewed in: Cote et al. (2022)). The catalytic subunits 

contain two so-called GAF domains, GAFa and GAFb, which are found in cGMP-

binding phosphodiesterases, cyanobacterial Adenylyl cyclases and transcription factor 



| INTRODUCTION | 

37 
 

FhlA. In PDE6, in contrast to other phosphodiesterases, the GAFa domain binds cGMP 

and enables the dimerization of the catalytic subunits (FIG. 9B). The structurally largely 

disordered inhibitory γ-subunits contain 87 aa residues, and are organised into four 

sub-domains, namely an unfolded N-terminal, a loosely folded central polycationic 

region, a glycine-rich region and the C-terminal. Upon binding of Gα*-GTP the 

inhibitory restriction of the γ-subunits is released and cGMP is hydrolysed, facilitating 

the closure of ion channels and preventing influx of Na+ and Ca2+. The loose, 

asymmetric structure of the γ-subunits allows for a plethora of functions, including 

inhibition of cGMP hydrolysis, the modulation of cGMP affinity to GAFa and the 

provision of substrate sites for adenosine diphosphate (ADP)-ribosylation and 

phosphorylation (reviewed in: Cote et al. (2022)). While each of the γ-subunits is 

primarily associated with either PDE6A or PDE6B, both are also able to interact with 

the other catalytic subunit (Gulati et al., 2019). 

 

 

FIG. 9: SCHEMATIC REPRESENTATION OF PDE6. 
(A) PDE6, a heterotetrameric enzyme consisting of one α-subunit (PDE6A), one β-subunit (PDE6B) and 
two γ-subunits, is located in the cytoplasm of photoreceptor disks and directly interacts with the activated 
Gα*-GTP complex. (B) PDE6A and PDE6B consist of a catalytic domain, as well as GAFa and GAFb 
which bind cGMP and enable dimerization of PDE6A and PDE6B. Gα*-GTP binds to the enzymes γ-
subunits, alleviating their inhibitory effect. α: PDE6A; β: PDE6B; γ: γ-subunit of PDE6; Gα*: activated 
(GTP-bound) α-subunit of transducin; GAFa: cGMP-binding phosphodiesterases, cyanobacterial 
Adenylyl cyclases and transcription factor FhlA a; GAFb: cGMP-binding phosphodiesterases, 
cyanobacterial Adenylyl cyclases and transcription factor FhlA b; GTP: guanosine triphosphate; PDE6; 
phosphodiesterase 6; PDE6A: α-subunit of PDE6; PDE6B: β-subunit of PDE6. Adapted and redrawn 
after Aplin and Cerione (2024) under Creative Commons Attribution License (CC BY). 

 

Many IRDs, such as retinitis pigmentosa, cone dystrophies, congenital 

stationary night blindness and achromatopsia, are associated with mutations in the 

phototransduction cascade (Remmer et al., 2015; Tsang & Sharma, 2018; Verbakel et 

al., 2018). In the context of this work, the implications of dysfunctions of PDE6 and 
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consequently the phototransduction cascade leading to retinitis pigmentosa are of 

utmost interest. 

 

1.5.2. THE PHENOTYPE OF THE RD10 MOUSE MODEL  

The phenotype of the ‘retinal degeneration 10’ mouse model (hereafter referred 

to as rd10 mouse) was first described by Chang et al. (2002) as a putative model of 

autosomal-recessive retinitis pigmentosa (arRP). The retinal degeneration in this 

model is caused by a spontaneous missense mutation in exon 13 of the Pde6b gene, 

located on chromosome 5, reducing the expression of PDE6B by ~60%, not allowing 

for the normal function of rod photoreceptors. The mutation results in protein 

mislocalisation and instability, resulting in an accumulation of cGMP. The enzyme 

becomes unable to degrade the second messenger, resulting in an increased Ca2+ 

influx via cGMP gated calcium channels and the subsequent degeneration of rod 

photoreceptors and eventually in the secondary loss of cone photoreceptors (Chang 

et al., 2007; Wang et al., 2018). In humans, mutations in the PDE6B gene lead to an 

aggressive form of arRP with an early onset, found in about 5% of RP patients 

(Danciger et al., 1995; Han et al., 2013; McLaughlin et al., 1993). 

Rd10 mice exhibit a primary degeneration of rod photoreceptors, followed by a 

secondary degeneration of cones and cells of the inner retina (Barhoum et al., 2008; 

Gargini et al., 2007). First morphological changes accompanying the photoreceptor 

degeneration occur around P16, and significant photoreceptor loss becomes apparent 

at P18-P20 with a clear progression of the degeneration from centre to periphery, which 

becomes less apparent in older animals (Chang et al., 2007; Gargini et al., 2007; Yang 

et al., 2024). Rod degeneration peaks at P25, with almost no rods being left at P60. 

Thereafter, only one row of photoreceptor nuclei remains, consisting entirely of cone 

photoreceptors (Barhoum et al., 2008; Gargini et al., 2007; Pennesi et al., 2012). In 9-

month-old animals, only few scattered cone photoreceptors remain in the retina of this 

mouse model (Gargini et al., 2007). Sclerotic vessels are present in 4-week-old 

animals(Chang et al., 2002). In contrast to the ‘retinal degeneration 1’ mouse (rd1 

mouse; first described as ‘rodless retina’ by Keeler (1924, 1966)), another, even faster 

progressing model of arRP, photoreceptor degeneration in the rd10 mouse begins 

when photoreceptor cells are mature, making it an ideal animal to develop treatment 

options for arRP (Gargini et al., 2007; Otani et al., 2004; Rex et al., 2004). With 

increasing age of the mutant mice, rhodopsin immunoreactivity, usually restricted to 
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the rod outer segments (ROS) in healthy wild-type retinae, becomes dislocated to cell 

bodies and even some axons and rod spherules. By P40, the few remaining rods have 

lost their ROS and cone somata and endfeet, the so-called cone pedicles, are 

disorganised. Some cone pedicles persist even after complete degeneration of the 

cone photoreceptor outer and inner segments (Gargini et al., 2007). 

In the inner retina of the rd10 mouse, cells innervating rod photoreceptors are 

affected first (Barhoum et al., 2008; Gargini et al., 2007). Most of the analysed cell 

types, such as horizontal cells, rod bipolar cells and AII amacrine cells were already 

affected in young mutants, exhibiting morphological changes from P20 onward. The 

retraction of the dendritic arbours of most cell types in response to the photoreceptor 

loss was complete by P40 at the latest. Dendritic arbours of rod bipolar cells were lost 

completely by this age. Only cone bipolar cells exhibited morphological changes later, 

around P40, with the only apparent changes being smaller somata and shortened 

axons (Barhoum et al., 2008). Additionally, a progressive decrease in metabotropic 

glutamate receptor 6 (mGluR6) expression, a marker for rod and cone ON-bipolar cells, 

and mislocalisation of the protein from dendritic tips of rod bipolar cells to their somata 

and axons was found. This progressive mislocalisation of mGluR6 indicates a loss of 

connectivity between photoreceptors and rod bipolar cells (Barhoum et al., 2008; 

Gargini et al., 2007). Furthermore, Gargini et al. (2007) reported a ~20% decrease in 

the number of rod bipolar cells and ~30% decrease in the number of horizontal cells in 

9-month-old animals. Müller cells appeared largely unaffected morphologically, except 

for a shortening of the cells correlating to the retinal thinning due to photoreceptor 

degeneration and a probably life-long elevated expression of GFAP, indicating a 

reactive astrogliosis. Of note, the onset of retinal degeneration in rd10 mice can be 

delayed by one week, and possibly up to three months, by raising the animals in total 

darkness (Chang et al., 2007; Cronin et al., 2012; Sundar et al., 2020).  

ERGs in the rd10 model are always abnormal, exhibiting much slower, lower 

and delayed responses in both a-waves and b-waves under both scotopic and photopic 

conditions compared to wild-type mice (Chang et al., 2007; Gargini et al., 2007).  

To date, the rd10 mouse is one of the most widely used animal models to 

understand pathomechanisms of RP and to develop treatment options for this disease.  
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1.6. NEUROTROPHIC FACTORS AND THEIR RECEPTORS 

1.6.1. CNTF 

Ciliary neurotrophic factor, encoded by the Cntf gene, is a small protein with a 

molecular weight of ~30 kDa composed of about 200 amino acids. The protein is a 

member of the interleukin-6 (IL6) superfamily of neuropoietic cytokines involved in the 

survival, proliferation, differentiation and function of neurons and other cells in the 

nervous system— along with leukemia inhibitory factor (LIF; cf. 1.6.3. LIF), IL6 (cf. 

1.6.5. HYPER-IL6), IL-11, IL-27, oncostatin M (OSM), cardiotrophin 1 (CT-1), and 

cardiotrophin-like cytokine factor 1 (CLCF1) (Murakami et al., 2004). Most members of 

the IL6 superfamily share a common structure consisting of four α-helices and bind to 

the receptor subunit LIF receptor β (LIFRβ). All members of the protein family induce 

intracellular signalling cascades via the signal transducer glycoprotein 130 kDa 

(gp130). 

To initiate signalling, CNTF interacts with its specific receptor CNTF receptor α 

(CNTFRα), LIFRβ and gp130 (FIG. 10), to form a tripartite, hexameric receptor complex 

with a stoichiometry of 2 CNTF: 2 CNTFRα: 1 gp130: 1 LIFRβ (Boulton et al., 1994; 

Davis et al., 1991; De Serio et al., 1995). CNTFRα is unable to directly induce signalling 

due to a lack of a transmembrane or intracellular domain. Sortilin (SORT1) has been 

suggested to be able to facilitate binding of CNTF to LIFRβ and gp130 (Larsen et al., 

2010). 

CNTF is known to initiate signalling using two main pathways, the so-called 

classic signalling and the so-called trans-signalling. In classic signalling, CNTF binds 

to CNTFRα, which is anchored to the membrane via glycosylphosphatidylinositol 

(GPI), before interacting with the receptor subunit LIFRβ and gp130. Trans-signalling, 

on the other hand, is initiated by binding of CNTF to the soluble isoform of CNTFRα 

(sCNTFRα), which is cleaved from its GPI anchor by phospholipase C (PLC), before 

binding to LIFRβ and gp130 (Rose-John, 2020; Rose-John & Heinrich, 1994; Rose-

John et al., 1993; Schuster et al., 2003). Hence, trans-signalling allows to induce 

signalling in a wider range of cells that do not express membrane-bound CNTFRα 

(Rose-John & Heinrich, 1994).  

To date, the localisation of CNTFRα in the retina remains unresolved. While 

some studies have found CNTFRα localised in the outer and inner segments of 

photoreceptors (Beltran et al., 2005; Hertle et al., 2008; Rhee & Yang, 2003), others 
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have reported expression of CNTFRα in Müller cells, horizontal cells, amacrine cells 

and RGCs, but not in photoreceptors (Kirsch et al., 1997; Wahlin et al., 2004). 

 

 

FIG. 10: SCHEMATIC REPRESENTATION OF THE TRIPARTITE CNTF RECEPTOR COMPLEX.  
In classic signalling, CNTF first binds to its specific receptor CNTFRα, before the resulting complex 
binds to LIFRβ and gp130 in order to initiate further signalling, for example via the JAK/STAT3 signalling 
pathway. In trans-signalling CNTF binds to the soluble sCNTFRα, which is cleaved from its GPI anchor. 
This allows for induction of signalling on a wider range of cells. CNTF: ciliary neurotrophic factor; 
(s)CNTFRα: (soluble) CNTF receptor α subunit; e: extracellular space; gp130: glycoprotein 130 kDa; 
GPI: glycosylphosphatidylinositol (anchor); i: intracellular space; LIFRβ: leukemia inhibitory factor 
receptor β-subunit. 

 

In addition to activating the intracellular signalling cascades via CNTFRα, CNTF 

can also initiate signalling via interaction with the membrane-bound or soluble IL6 

receptor ((s)IL6Rα), adding additional signalling opportunities (Schuster et al., 2003).  

CNTF, like other cytokines such as LIF or IL6, exerts its neurotrophic effect 

mainly through three distinct pathways (Askvig & Watt, 2015; Wen et al., 2012). This 

includes the Janus kinase (JAK)/ signal transducer and activator of transcription 

(STAT) signalling pathway (Wen et al., 2012), the rat sarcoma virus (RAS)/ mitogen 

activated protein kinase (MAPK) pathway (Boulton et al., 1994; Heinrich et al., 2003; 

Oh et al., 1998; Stahl & Yancopoulos, 1994) and the phosphoinositide 3-kinase 

(PI3K)/protein kinase B (Akt)/ mammalian target of rapamycin (mTOR) (PAM) pathway 

(Askvig & Watt, 2015; Guo et al., 2022). 

To date, CNTF is one of the most intensively studied cytokines. It has been 

shown to promote the survival of different retinal cells, such as rod and cone 

photoreceptors and RGCs in various animal models (Bok et al., 2002; LaVail et al., 

1992; LaVail et al., 1998; Li et al., 2010; McGill et al., 2007; Rhee et al., 2007; Wen et 

al., 1998; Wen et al., 2012). Importantly, the therapeutic potential of CNTF has been 

evaluated in clinical trials on patients presenting with neurodegenerative retinal 

disorders, such as RP (Sieving et al., 2006), geographic atrophy (GA) (Zhang et al., 
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2011) or MacTel (Chew et al., 2015; Chew et al., 2025). However, regarding the 

application of CNTF as a putative treatment for retinal degenerations, it is important to 

consider that application of exogenous cytokines, such as CNTF or LIF are known to 

downregulate important proteins of the phototransduction cascade. This concerns, for 

example, proteins such as RHO, arrestin (ARR), or transducin. Downregulation of 

these proteins is detrimental for the visual function (Birch et al., 2013; Bok et al., 2002; 

Chucair-Elliott et al., 2012; Li et al., 2018; Liang et al., 2001; Schlichtenbrede et al., 

2003; Wen et al., 2006; Wen et al., 2008; Wen et al., 2012; Zein et al., 2014; Zeiss et 

al., 2006). Additionally, in retinas treated with CNTF, Wen et al. (2006) found shorter 

ROS, which contain fewer discs in which signal transduction proteins such as RHO, 

ARR and Gt are located. 

 

1.6.2. GDNF  

Murine glial cell line-derived neurotrophic factor (GDNF), encoded by Gdnf, is a 

secreted disulphide-linked homodimer with a calculated molecular weight of ~30 kDa. 

The protein is the eponymous member of the GDNF family of ligands (GFL) within the 

transforming growth factor β (TGF-β) superfamily, which includes the proteins neurturin 

(NRTN), artemin (ARTN) and persephin (PSPN) (Fudalej et al., 2021). GDNF is widely 

expressed in the nervous system and plays a vital role in its development and function. 

The neurotrophic factor is implicated in the differentiation of dopaminergic neurons, 

increasing their dopamine uptake, the regulation of their synaptic plasticity and their 

axonal and dendritic elaboration (Cintrón-Colón et al., 2020). GDNF binds to the GDNF 

family receptor α1 (GFRα1) and the receptor tyrosine-protein kinase rearranged during 

transfection (RET) to induce signalling. For receptor activation a GDNF homodimer 

binds to GFRα1 and RET, forming complex composed of 2 GDNF: 2 GFRα1: 2 RET 

hexamers (Adams et al., 2021; Houghton et al., 2023; Ibáñez, 2013; Li et al., 2019; 

Mahato & Sidorova, 2020) (FIG. 11). In the retina, GFRα and RET are mainly expressed 

on RGCs and Müller cells (Mahato & Sidorova, 2020). 
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FIG. 11: SCHEMATIC OF THE GDNF-GFRα1-RET COMPLEX.  
In classic signalling a glial cell-line derived neurotrophic factor (GDNF) homodimer binds to its specific 
receptor GDNF family receptor α1 (GFRα1), anchored to the cell plasma membrane via 
glycosylphosphatidylinositol (GPI). The GDNF-GFRα1 complex binds to the receptor tyrosine-protein 
kinase rearranged during transfection (RET), forming a 2:2:2 hexamer, in order to initiate signalling via 
several signalling pathways, such as RAS/MAPK, PI3K/Akt or phospholipase C-γ pathways. In trans-
signalling, GFRα1 is not bound to the plasma membrane by GPI and does not need to rely on the 
interaction with RET, further broadening the action spectrum of GDNF. e: extracellular space; GDNF: 
glial cell line-derived neurotrophic factor; GFRα1: GDNF family receptor α1; GPI: 
glycosylphosphatidylinositol(-anchor); i: intracellular space; RET: rearranged during transfection. 

 

Interaction with both co-receptors activates various signalling pathways, such 

as the RAS/MAPK, PI3K/Akt, RAS-related C3 botulinum toxin substrate (Rac)/c-Jun 

N-terminal kinase (JNK), and phospholipase C-γ pathways via phosphorylation of RET 

(Airaksinen & Saarma, 2002; Harada et al., 2002; Ibáñez & Andressoo, 2017; Mahato 

& Sidorova, 2020; Paratcha & Ledda, 2008). The duration and intensity of RET 

signalling can be modified by the partitioning of the GFRα1 co-receptors into 

subcompartments of the plasma membrane, such as lipid rafts, or the cleaving of the 

receptor into its soluble form, which enables GDNF trans-signalling (Ibáñez & 

Andressoo, 2017; Paratcha & Ibáñez, 2002). 

Several studies have demonstrated a neuroprotective effect of GDNF on RGCs. 

In combination with CNTF, GDNF exerts pronounced synergistic neuroprotective 

effects on axotomized RGCs, significantly enhancing the neuroprotective effect of each 

factor alone over a prolonged period of time (Dulz et al., 2020; Flachsbarth et al., 2018; 

Hu et al., 2025). GDNF has also been implicated in the neuroprotection of 

photoreceptors, though reported effects were either relatively small or short-lived, 

regardless of whether the neurotrophic factor was administered using injections of the 

recombinant protein, virus-mediated gene transfer, or transplantations of GDNF-

overexpressing neural stem cells (NSCs) (Allocca et al., 2007; Andrieu-Soler et al., 

2005; Buch et al., 2006; Dalkara et al., 2011; Del Río et al., 2011; Dong et al., 2007; 

García-Caballero et al., 2018; Gregory-Evans et al., 2009; Hauck et al., 2006; Jmaeff 
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et al., 2020; Kucharska et al., 2014; McGee Sanftner et al., 2001; Ohnaka et al., 2012; 

Shahin et al., 2023; Wang et al., 2010; Wong et al., 2016; Wu et al., 2002). Of note, 

high levels of GDNF have been implicated to be detrimental to photoreceptors, 

accelerating their degeneration (Mahato & Sidorova, 2020). 

 

1.6.3. LIF 

The secreted cytokine LIF, encoded by Lif, is a member of the IL6 superfamily. 

Mature mouse LIF is composed of ~200 amino acids. Non-glycosylated murine LIF has 

a calculated molecular weight of about 20 kDa. In contrast to CNTF, LIF can directly 

induce signalling by binding to LIFRβ and gp130, without the need for another receptor 

subunit (Fig. 12) (Gearing et al., 1994; Schuster et al., 2003). LIF, like CNTF, activates 

the JAK/STAT and the RAS/MAPK signalling pathway (Joly et al., 2008; Lange et al., 

2010), thereby promoting the survival of retinal nerve cell types.  

LIF was first described to inhibit the proliferation of M1 murine myeloid leukemic 

cells (Gearing et al., 1987), but was later shown to promote the proliferation and 

differentiation in leukemia cells, among other cell types (Austin & Burgess, 1991; 

Deverman & Patterson, 2012; Hilton et al., 1991; Metcalf, 1990). The cytokine 

maintains the pluripotency of embryonic stem cells (ESCs) and NSCs (Bauer & 

Patterson, 2006; Gough & Williams, 1989; Gough et al., 1989; Hirai et al., 2011; 

Wulansari et al., 2021). Additionally, endogenous defence pathways and the activation 

of Müller cells in response to internal and external stressors are blocked in LIF-deficient 

mice and the expression of signalling and survival factors is kept low (Joly et al., 2008). 

The expression of endogenous LIF is upregulated in various IRDs (Joly et al., 

2008; Samardzija et al., 2012; Samardzija et al., 2006; Ueki et al., 2010), in response 

to RGC degeneration (DeParis et al., 2012; Leibinger et al., 2009; Seitz et al., 2010), 

and upon retinal injury (Dong et al., 2021; Joly et al., 2009; Ueki et al., 2008). The 

cytokine is expressed by a small subset of Müller cells in response to retinal injury 

(Agca et al., 2015; Joly et al., 2008).  

Overall, the neuroprotective effect of LIF in neurodegenerative disorders of the 

retina is less well studied than that of CNTF. Nonetheless, positive outcomes of 

treatments with recombinant LIF (rLIF) have been reported in several animal models 

of retinal degeneration, such as Q344ter mice (LaVail et al., 1998), and in animal 

models of glaucoma and diabetic retinopathy (Agca & Grimm, 2014). However, the 
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neuroprotective effects were often relatively short lived (Dong et al., 2024; Frigg et al., 

2005; Lange et al., 2010; Lv et al., 2023; McColm et al., 2006; Yang et al., 2018). 

 

 

Fig. 12: SCHEMATIC OF THE LIF RECEPTOR COMPLEX.  
In contrast to CNTF, LIF directly binds to LIFRβ, which is also utilised by other members of the IL6 family 
(OsM, CLC) before associating with the signal transducer gp130. CLC: cardiotrophin-like cytokine; e: 
extracellular space; gp130: glycoprotein 130 kDa; i: intracellular space; IL6: interleukin-6; LIF: leukemia 
inhibitory factor; LIFRβ: LIF receptor subunit β; OsM: oncostatin M. 

 

1.6.4. PGRN 

Murine progranulin (PGRN) is a 589 amino acid protein with a predicted 

molecular mass of 63-68 kDa. It exists as a homodimer and is a ubiquitously expressed 

growth factor secreted by neurons and microglia. The glycoprotein is associated with 

several biological processes, such as development (Daniel et al., 2003; Walsh & 

Hitchcock, 2017), tissue repair (He et al., 2003), inflammation (Kessenbrock et al., 

2008; Life & Leavitt, 2025; Yin et al., 2010), and lysosomal function (Kleinberger et al., 

2013; Life & Leavitt, 2025; Petkau et al., 2010; Takahashi et al., 2021). The pleiotropic 

function of PGRN is mediated by its ability to perform domain-dependent interactions 

with different receptors, and the subsequent induction of different signalling pathways. 

PGRN interacts, among others, with tumor necrosis factor receptor 1 (TNFR1) and 

TNFR2, toll-like receptor 9 (TLR9), SORT1 (FIG. 13), and pro-low-density lipoprotein 

receptor-related protein 1 (LRP1) and activates signalling pathways such as 

RAS/MAPK, PI3K/Akt, and wingless/integrase-1 (Wnt)/β-catenin signalling (Cui et al., 

2019; Hu et al., 2010; Kuse et al., 2016; Paushter et al., 2018).  
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FIG. 13: PGRN-RECEPTOR COMPLEX EXEMPLIFIED.  
PGRN contains 7.5 granulin domains and performs domain-dependent interactions with different 
receptors, enabling the induction of different signalling pathways. Here, the interaction of PGRN with 
sortilin is exemplified. A-E, P: Different granulin domains of PGRN; e: extracellular space; i: intracellular 
space; PGRN: progranulin. 

 

Mutations in the GRN gene induce severe neurodegenerative diseases. A 

haploinsufficiency of the protein is associated with frontotemporal lobar degeneration 

(FTLD), a form of dementia associated with pronounced behavioural changes, 

progressive aphasia, and semantic disorders (Cairns et al., 2007; Hu et al., 2010; 

Mackenzie et al., 2009). Homozygous mutations of the protein are causative of CLN11, 

a subtype of a neuronal ceroid lipofuscinosis (Takahashi et al., 2021; Zin et al., 2021). 

NCL is a group of diseases associated with lysosomal dysfunction, leading to the 

accumulation of autofluorescent storage material in neurons and other cell types. The 

diseases are characterised by epileptic seizures, progressive motor dysfunction, 

cognitive decline, behavioural abnormalities, and progressive loss of vision (Hu et al., 

2010; Huin et al., 2019; Neuray et al., 2020). Most NCL subtypes have a relatively early 

age of onset of neurological symptoms. However, the age of onset in CLN11 is variable, 

often occurring in mid childhood to the second or third decade of life. There is currently 

no cure for these fatal diseases. 

Although PGRN has been implicated as a neuroprotective factor in several 

neurodegenerative and inflammatory diseases (Almeida et al., 2011; Cenik et al., 2011; 

Jian et al., 2016; Tang et al., 2011; Tsai & Boxer, 2016), the neuroprotective effect of 

the protein in the retina has not been studied extensively until now. One study has 

reported the neuroprotection of photoreceptors in PGRN-/- mice after systemic 

application of PGRN encoding-AAV vectors (Zin et al., 2021). Importantly, 

administration of PGRN has additionally been shown to rescue photoreceptor cells 

from cell death in a murine light damage model, even with relatively low doses of PGRN 
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inducing neuroprotective effects (Tsuruma et al., 2014). Tsuruma et al. (2014) 

suggested the interaction of PGRN with hepatocyte growth factor (HGF) receptor and 

cyclic adenosine monophosphate (cAMP)-responsive element-binding protein (CREB) 

via protein kinase C (PKC) pathways to mediate the neuroprotective effect. 

 

1.6.5. HYPER-IL6 

The pleiotropic cytokine IL6 is a variably glycosylated protein with a molecular 

weight ranging from ~22-27 kDa translated as a 212 amino acid molecule. IL6 is one 

of the key proteins in inflammation, regulating several inflammatory processes, the 

innate immune system, and is released during the acute phase response of the 

immune system as response to inflammation (reviewed in: Tanaka et al. (2014)). The 

cytokine is also implicated in tissue regeneration (Leibinger et al., 2016; Leibinger, 

Muller, et al., 2013).  

The secreted cytokine is implicated in the pathogenesis of inflammatory 

diseases, such as MS, Alzheimer’s disease, or rheumatoid arthritis (Alonzi et al., 1998; 

Okuda et al., 1998; Pedersen & Febbraio, 2012; Rose-John, 2020; Rothaug et al., 

2016; Wallenius et al., 2002; Willis et al., 2020). IL6 has also been shown to promote 

the survival of different retinal nerve cell types, though the effectiveness has been 

shown to be severely restricted by the limited expression of its specific receptor IL6 

receptor α (IL6Rα) on only few cell types such as hepatocytes and leukocytes 

(Kishimoto, 2005; Peters et al., 1998; Rose-John, 2020). In classic signalling, IL6 first 

binds to the membrane-bound IL6Rα, whereas trans-signalling is induced by the 

interaction of IL6 with the soluble isoform sIL6Rα. The receptor complex subsequently 

binds to gp130, initiating its homodimerization (FIG. 14). The hexameric 

IL6/(s)IL6Rα/gp130 complex initiates signalling cascades, such as the JAK/STAT, 

PI3K/Akt or RAS/MAPK pathway (Boulanger et al., 2003; Hibi et al., 1990; Murakami 

et al., 1993; Taga et al., 1989). The binding of IL6 to sILR6α, which is cleaved from its 

transmembrane domain by a disintegrin and metalloprotease 17 (ADAM17), allows IL6 

to act on cells which lack a transmembrane IL6Rα (Fischer et al., 1997; Hibi et al., 

1990; Rose-John & Heinrich, 1994; Taga et al., 1989). This ability of agonistic, 

activating signalling stands in stark contrast to other soluble cytokine receptors, such 

as the soluble interleukin 1 receptor (sIL1R) or the soluble TNFR (sTNFR), 

antagonistic, inhibiting signalling of their ligands (Vollmer et al., 1996). Additionally, the 

effective concentration needed to induce bioactivity of IL6 and IL6Rα deviates from 
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another by >20-fold, at 50 ng/ml and >1000 ng/ml, respectively. Hence a much greater 

number of IL6 receptors than IL6 would be needed for effective signalling (Kishimoto, 

2005; Rose-John, 2020). 

To bypass the problem of the limited receptor availability, Fischer et al. (1997) 

developed the designer cytokine hIL6, consisting of human IL6 covalently bound to 

sIL6Rα by a flexible polypeptide linker, consisting of 16 non-helical N-terminal residues 

and a glycine and serine rich sequence. The immunoglobulin (Ig)-like domain and C-

terminal of sIL6Rα, which have been shown to be irrelevant for the biological activity 

(Vollmer et al., 1996; Yasukawa et al., 1990; Yawata et al., 1993), were excluded from 

the protein complex to keep it small (408aa; ~55kDa) due to limitations of the 

expression system implemented. hIL6 was chosen to be expressed in the 

methylotrophic yeast Pichia pastoris, which enables phosphorylation of molecules, 

resembling phosphorylation patterns in mammalian cells. Phosphorylation of proteins 

does not occur in the more commonly used expression system using Saccharomyces 

cerevisiae (Grinna & Tschopp, 1989; Peters et al., 1998). However, Vollmer et al. 

(1996) have shown that only a truncated form of sIL6Rα, missing the Ig-like domain, 

can be expressed in Pichia pastoris. The designer cytokine exhibits a significantly 

greater biological activity than the non-covalently bound, natural IL6/sIL6Rα complex 

(Peters et al., 1998) and is putatively able to interact with all cells expressing gp130, 

greatly extending the spectrum of target cells. 

Usually, adult mammalian RGCs, like nerve cells in the mammalian central 

nervous system (CNS) in general, fail to regenerate their axons after traumatic injury 

or degeneration due to disease (Fischer, 2017; Leibinger et al., 2016; Ramon y Cajal, 

1928). This failure to regenerate has been attributed to several factors, including an 

inhibitory environment for axonal growth cones and a non-existent intrinsic capacity for 

axonal regrowth (Fischer & Leibinger, 2012; Lu et al., 2014; Silver & Miller, 2004). 

Despite the intrinsic inability of CNS neurons to regenerate their axons, some studies 

have reported that exogenously administered hIL6 promotes the survival of neurons 

and stimulates the regeneration of injured axons. The neuroprotective effect of hIL6 is 

enhanced in mice deficient in Phosphatase and Tensin Homolog (PTEN-/-), a negative 

regulator of the PAM pathway (Fischer, 2012). The PTEN deficiency allows for a 

sustained mTOR activity, which is required to bring RGCs into a regenerative state. 

Despite the ability of hIL6 to induce neuroprotection and axon regeneration in RGCs, 
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to date, no study has examined the effect of hIL6 on the survival of diseased 

photoreceptors. 

 

 

FIG. 14: SCHEMATIC OF THE IL6-IL6Rα-GP130 COMPLEX. 
IL6 can interact with both the membrane-bound and the soluble form of its receptor (s)IL6Rα. Classical 

signalling allows for the binding of IL6 to the membrane-bound IL6Rα, inducing the homodimerization 

of gp130 and subsequent signalling via JAK/STAT, PI3K/Akt or RAS/MAPK pathways. Classic signalling 

is mostly associated with regenerative and protective processes. In trans-signalling, in which IL6 

associates with sIL6R, the resulting complex can interact with gp130 on any cell, regardless of whether 

IL6Rα is present on the respective cell. IL6 trans-signalling is associated with autoimmune disorders 

and inflammation-associated cancers (Rose-John, 2020). Unlike CNTFRα or GFRα1, which are 

anchored to the plasma membrane by GPI, which is cleaved by phospholipase C, IL6Rα is anchored by 

a tripartite “stalk” consisting of an extracellular stalk region, a transmembrane domain (TM) and a 

intracellular domain (ICD) (Garbers & Rose-John, 2018). CNTF: ciliary neurotrophic factor; CNTFRα: 

ciliary neurotrophic factor receptor subunit α; e: extracellular space; GFRα1: GDNF family receptor α1; 

gp130: glycoprotein 130 kDa; i: intracellular space; ICD: intracellular domain; IL6: interleukin 6; (s)IL6Rα: 

(soluble) IL6 receptor subunit α; TM: transmembrane domain. 
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2. AIM OF STUDY 

Aim of this study was to examine the effect of different neurotrophic 

factors, namely CNTF, GDNF, LIF, PGRN and hIL6 on photoreceptor survival in 

the β2/β1 ki mouse, a novel animal model of autosomal-dominant cone-rod-

dystrophy and in the rd10 mouse, an animal model of autosomal-recessive 

retinitis pigmentosa. The neurotrophic factors were introduced to the dystrophic 

retina by means of intravitreal application of either genetically modified NSCs or 

AAVs. 

Genetically modified NSC lines, stably expressing the transgenes, were 

established from embryonal neural stem cells, modified using bi- or polycistronic 

lentiviral vectors coding for the NTF, a fluorescent reporter protein and an 

antibiotic resistance. NSCs used as control-NSCs did not express the NTF-

transgene.  

The neurotrophic factors were administered to the dystrophic retinas of 

both animal models by intravitreal injections of the lentivirally modified cell lines 

into young postnatal mice. hIL6 was additionally administered to the dystrophic 

retinas using intravitreal injections of an adeno-associated virus vector encoding 

the designer cytokine. AAVs with the serotype shH10, showing a pronounced 

tropism for Müller cells, were chosen for the application. 

The neuroprotective effect of the applied neurotrophic factors was 

evaluated by analysis of their ability to promote photoreceptor survival. Survival 

of rod photoreceptor, which comprise ~97% of photoreceptors in the murine 

retina, l was determined by analysis of retina thickness and photoreceptor layer 

thickness. Additionally, cone photoreceptor survival was determined by analysis 

of the cone photoreceptor density. The effect of the different neurotrophic factors 

on the extent on neuroinflammation was also studied by analysis of the 

expression of the inflammation markers GFAP, IBA1 and CD68 by 

immunohistochemistry and Western Blot analysis. Furthermore, the impact of the 

designer cytokine hIL6 on the expression level of proteins of the 

phototransduction cascade, such as cone arrestin, and on downstream signalling 

pathways, such as the expression of phosphorylated STAT3, was evaluated.  
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3. MATERIAL AND METHODS 

3.1. EXPERIMENTAL ANIMALS 

Experimental procedures were carried out in two mouse models (Mus 

musculus domesticus LINNAEUS 1758) of retinal degeneration. These are the 

Atp1b2Atp1b1 knock-in (ki) or β2/β1 ki mouse, a novel animal model of a cone-rod 

dystrophy, and the Pde6brd10 or rd10 mouse, an animal model of an autosomal-

recessive retinitis pigmentosa (for a detailed description cf. 1.4. THE 

ATP1B2ATP1B1 KI MOUSE MODEL OF A CONE-ROD DYSTROPHY and 1.5. AN ANIMAL 

MODEL OF AUTOSOMAL-RECESSIVE RETINITIS PIGMENTOSA). Untreated, age-matched 

C57BL/6J (WT) mice served as control group. All experimental animals were 

maintained on a C57BL/6J genetic background and housed under standard 

conditions (21 ± 1°C, 40-60% relative humidity) with ad libitum access to food 

and water and on a 12/12h light/dark regiment in type II cages.  

All experiments received approval from the Animal Care Committees of the 

University and the 'Freie und Hansestadt Hamburg, Behörde für Gesundheit und 

Verbraucherschutz' (reference numbers: N078/2020, N019/2023, ORG842, and 

ORG1089) and adhered to the EU Directive for animal experiments 

(2010/63/EU). All efforts were made to minimize the number of animals used and 

to reduce their suffering. 

Animals were genotyped using polymerase chain reaction (PCR) with the 

appropriate primers (TAB. 3).  

 

TAB. 3: PRIMERS USED FOR GENOTYPING.  

For β2/β1 ki mice, β2/β1 ki F and β2/β1 ki R amplify WT alleles, β2/β1 ki R and MAG neo-3 amplify 

the β2/β1 fusion transgene.  

 NUCLEOTIDE SEQUENCE (5‘→ 3‘)  GENE PRODUCT  TA 

PDE6BRD10 F TCT CAG AAC CCA CAT GTA CT WT: ~100bp 

TG: ~150 bp 
62°C 

PDE6BRD10 R TGA TTC ATC TAG CCC ATC C 

β2/β1 KI F GTG CAC CTT CGC CGC ACT GCC A 
WT: ~300 bp 

TG: ~460 bp 
65°C β2/β1 KI R CAG CTG GTC CCG GTG CGC CCC 

MAG NEO-3  GCG CAT CGC CTT CTA TCG CCT TCT 

°C: degrees Celsius; β2/β1 ki: Atp1b2Atp1b1 knock-in mouse; bp: base pairs; F: forward primer; 

MAG: myelin-associated glycoprotein; Pde6brd10: model of an autosomal recessive retinitis 

pigmentosa with a mutation in the phosphodiesterase 6 β-subunit; R: reverse primer; TA: 

annealing temperature; TG: transgene; WT: wild-type.  
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Tail biopsies were digested in Boston buffer (50mM TRIS, 50mM KCl, 2.5 

mM EDTA, 0.45% NP403, 0.45% Tween-204) with Proteinase K (2.5 U/mg, 

equivalent to 0.045 U final concentration; Roche, Basel, Switzerland) in a water 

bath at 56°C overnight. Digested biopsies were centrifuged at 12,000× 𝑔 and 

subjected to PCR under the conditions detailed in TAB. 4-TAB. 7. PCR products 

were separated by Agarose gel electrophoresis (2% agarose, containing 

5µl/100ml RotiSafe Gel stain; Carl Roth, Karlsruhe, Germany) and bands were 

visualised with a ChemiImager™ 5500 Gel Imaging System (Alpha Innotech, 

Kasendorf, Germany). PCR-products were additionally sequenced by a 

commercial provider (Sanger sequencing; Eurofins Genomics, Ebersberg, 

Germany). 

 

TAB. 4: PCR-MASTER MIX FOR GENOTYPING OF β2/β1 KI MICE.  

 VOLUME [µL] FINAL 

CONCENTRATION 
 A† B†  

TEMPLATE 2.0 2.0 - 

β2/β1 KI F* (100 PM; EUROFINS GENOMICS, 
EBERSBERG, GERMANY) 

1.0 
 

- 10 pM 

β2/β1 KI R* (100 PM; EUROFINS GENOMICS, 
EBERSBERG, GERMANY) 

1.0 
 

1.0 
 

10 pM 

MAG NEO-3* (100 PM; EUROFINS GENOMICS, 
EBERSBERG, GERMANY) 

1.0 
 

1.0 
 

10 pM 

DNTPS** (100 MM; THERMO FISCHER 

SCIENTIFIC) 
0.2 0.2 16µM 

10X MODIFIED PCR BUFFER 2.5 2.5 1x 

MGCL2 (50MM) 0.75 0.75 35mM 

5X Q-SOLUTION5 (QIAGEN GMBH, HILDEN, 
GERMANY)  

5 5 1x 

DDH2O 11.2 12.2 - 

DREAMTAQ DNA POLYMERASE (5U/µL; 
THERMO FISCHER SCIENTIFIC) 

0.6 0.6 3 U 

TOTAL VOLUME 25µl/reaction  

Modified PCR buffer: 2 ml 1M TRIS-HCl pH8.4, 2.5 ml 1M KCl, ad 10ml ddH2O (final conc.: 
200mM TRIS-HCl, 250 mM KCl) 
* stock solution diluted 1:10 (final conc. 10 pM) 
** stock solution diluted 1:500 (final conc. 200 µM) 
† Master mix A for WT alleles, B for TG alleles 

dNTP: desoxyribonucleotidetriphosphate; F: forward primer; PCR: polymerase chain reaction; 

R: reverse primer; U: enzymatic unit. 

                                            
3 nonyl phenoxypolyethoxylethanol (Calbiochem, Merck, Darmstadt, Germany) 
4 Polysorbat 20 (Fluka, Merck) 
5 For GC rich templates 
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TAB. 5: PCR CONDITIONS FOR GENOTYPING OF β2/β1 KI MICE. 

 TEMPERATURE TIME [MIN] CYCLES 

INITIAL DENATURATION 94°C 2:30 1 

DENATURATION 94°C 0:30  

ANNEALING 65°C 0:45 30 

ELONGATION 72°C 0:50  

FINAL EXTENSION 72°C 5:00 1 

HOLDING 4°C forever  

 

TAB. 6: PCR-MASTER MIX FOR GENOTYPING OF RD10 MICE.  

 VOLUME [µL] FINAL 

CONCENTRATION 

TEMPLATE 1.0 - 

PDE6BRD10 SEQ F* (100 PM; EUROFINS GENOMICS, 
EBERSBERG, GERMANY) 

2.5 25 pM 

PDE6BRD10 SEQ R* (100 PM; EUROFINS GENOMICS, 
EBERSBERG, GERMANY) 

2.5 25 pM 

DNTPS** (100 MM; THERMO FISCHER SCIENTIFIC) 2.5 200 µM 

10X MODIFIED PCR BUFFER 2.5 1x 

MGCL2 (50MM) 0.7 35mM 

DDH2O 12.3 - 

DREAMTAQ DNA POLYMERASE (5 U/µL; THERMO 

FISCHER SCIENTIFIC) 
1.0 5 U 

TOTAL VOLUME 25µl/reaction  

Modified PCR buffer: 2 ml 1 M TRIS-HCl pH8.4, 2.5 ml 1 M KCl, ad 10ml ddH2O  
(final conc.: 200mM TRIS-HCl, 250 mM KCl) 
* stock solution diluted 1:5 (final conc. 20 pM) 
** stock solution diluted 1:500 (final conc. 200 µM) 

  

dNTP: desoxyribonucleotidetriphosphate; F: forward primer; PCR: polymerase chain reaction; R: 
reverse primer; U: enzymatic unit. 

 

TAB. 7: PCR CONDITIONS FOR GENOTYPING OF RD10 MICE. 

 TEMPERATURE TIME [MIN] CYCLES 

INITIAL 

DENATURATION 
95°C 5:00 

1 

DENATURATION 95°C 0:45 

30 ANNEALING 62°C 1:30 

ELONGATION 72°C 1:30 

FINAL EXTENSION 72°C 10:00 1 

HOLDING 4°C forever  
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3.2. GENERATION OF CLONAL NEURAL STEM CELL LINES 

3.2.1 GENERATION OF NEURAL STEM CELL LINES 

In this thesis, clonal NSC lines overexpressing different neurotrophic 

factors were examined regarding their neuroprotective effect in the dystrophic 

retinas of β2/β1 ki and rd10 mice. All NSC clones, with the exception of the hIL6 

clone (hereafter referred to as hIL6-NSCs), were previously established. Data on 

the CNTF clone (hereafter referred to as CNTF-NSCs) has been published 

(Flachsbarth et al., 2018; Flachsbarth et al., 2014; Jankowiak et al., 2015; Jung 

et al., 2013). 

The NSC clones (in their entirety hereafter referred to as NTF-NSCs) were 

generated by cloning full length cDNA of the NTFs into a polycistronic lentiviral 

vector. The vector was composed of either a cytomegalovirus enhancer/chicken 

β-actin (CAG) (for the CNTF-, GDNF-, LIF- and PGRN-encoding vectors) or an 

elongation factor α1 (EFα1) (for the hIL6-encoding vector) promotor, as well as 

an internal ribosome entry site (IRES) of the encephalomyocarditis virus, a 

reporter protein (enhanced green fluorescent protein (eGFP), tdTomato or Venus) 

and a resistance gene (blasticidin (bsd), neomycin (neo), puromycin (puro) or 

zeocin (zeo)). Vectors are listed in TAB. 8. In the CNTF- (CNTF-NSCs, FIG. 15Aa), 

PGRN- (PGRN-NSCs, FIG. 15Ab) and hIL6- (hIL6-NSCs, FIG. 15Ca) encoding 

vectors, the reporter and resistance gene were separated by a P2A sequence of 

the porcine teschovirus 1 (2A). In the GDNF- (GDNF-NSCs, FIG. 15Ba) and LIF- 

(LIF-NSCs, FIG. 15Bb) encoding vectors, the reporter and resistance gene were 

fused. The same vectors, lacking the respective NTF-coding cDNA, were utilised 

to generate control NSC lines with the respective expression of the different 

reporter proteins (control-NSCs, FIG. 15Ac, Bc, Cb).  

Lentiviral particles were based on the modular “Lentiviral Gene Ontology” 

(LeGO) vectors and produced by transient transfection of human embryonic 

kidney (HEK) 293T cells as described (http://www.LentiGo-Vectors.de) (Weber et 

al., 2010). 

 

http://www.lentigo-vectors.de/
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FIG. 15: SCHEMATIC REPRESENTATION OF POLYCISTRONIC LENTIVIRAL VECTORS (LEGO VECTORS) 
USED FOR THE GENERATION OF DIFFERENT CLONAL NTF-NSC LINES.  

Different lentiviral vectors, encoding for the murine cDNA of the NTFs CNTF, GDNF, LIF, PGRN, 

hIL6 or, were used to transduce neural stem cells (NSCs) isolated from the cerebral cortex of 

embryonic C57BL/6J mice (embryonic day (E)14). An antibiotics resistance, either zeo, neo, bsd 

or puro, was either separated (A, C) or fused to the reporter gene (B). Identical vectors, only 

lacking the cDNA of the different NTFs, were used to generate control-NSCs. Ψ: packaging signal; 

2A: 2A sequence of the porcine teschovirus 1; bsd: blasticidin; CAG: cytomegalovirus 

enhancer/chicken β-actin; CNTF: ciliary neurotrophic factor; cPPT: central polypurine tract; E: 

embryonic day; GDNF: glial cell line-derived neurotrophic factor; hIL6: hyper-interleukin-6; IRES: 

internal ribosome entry site; LIF: leukemia inhibitory factor; LoxP: recognition site of Cre 

recombinase; neo: neomycin; PGRN: progranulin; puro: puromycin; RRE: rev-responsive 

element; SIN-LTR: self-inactivating long-terminal repeat; wPRE: woodchuck hepatitis virus 

posttranscriptional regulatory element; zeo: zeocin. 

 

To establish NSC cultures (FIG. 16) (Conti et al., 2005; Pollard et al., 2006), 

neurosphere cultures were generated from the cerebral cortex of 14-day-old 

C56BL/6J mouse embryos using standard protocols (Ader et al., 2004; Pressmar 

et al., 2001). Cortices were mechanically dissociated in sterile phosphate-

buffered saline (PBS), and cells were cultivated in Dulbecco’s Modified Eagle 

Medium (DMEM)/F12 (Gibco, Thermo Fischer Scientific, Waltham, MA, USA) 

containing 0.3% glucose (Carl Roth), 2 mM L-glutamine, 5 mM HEPES, 1x 

penicillin/streptomycin (final concentration: 100 U/mg penicillin, 100 µg/ml 

streptomycin) (all Sigma Aldrich), 3 mM NaHCO3, supplemented with 1% N2 

supplement and 1% B27 supplement (all Gibco), 10 ng/ml epidermal growth 

factor (EGF) and 10 ng/ml fibroblast growth factor-2 (FGF-2; both PeproTech, 

Thermo Fischer Scientific; medium composition hereafter referred to as NSC 
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medium). Shortly after isolation of cortical cells (two or three passages), free-

floating neurospheres were dissociated using accutase (Gibco), and cells were 

further cultivated under adherent conditions in cell culture flasks coated with 0.1% 

Matrigel (Corning, New York, NY, USA) in NSC medium. 

 

 

FIG. 16: SCHEMATIC REPRESENTING THE GENERATION OF GENETICALLY MODIFIED CLONAL NSC LINES.  
To generate clonal NSC lines used in the experimental procedures, unmodified neural stem cells 
were transduced with various lentiviral vectors. Successfully transduced neural stem cells were 
selected by FACS and clonally expanded. To obtain NSC lines with strong and homogenous 
expression of the reporter and neurotrophic factor, the process of transduction, FACS and 
subsequent clonal expansion was repeated. The generated NSC lines were then used in the 
subsequently described experiments. FACS: fluorescence activated cell sorting; NSCs: neural 
stem cells; NTF: neurotrophic factor. Schematic of retina from Ghasemi et al. (2018), © 2017, 
reprinted by permission of Informa UK Limited, trading as Taylor & Francis Group, 
https://www.tandfonline.com 

 

The obtained neural stem cells were transduced by spinoculation in the 

presence of 8 µg/ml hexadimethrine bromide (Polybrene; Sigma-Aldrich) at 

1100× 𝑔 for 1h at room temperature followed by incubation for 1h at 37°C. 

Successfully transduced cells were selected by cultivation under adherent 

conditions in presence of the following antibiotics (all InvivoGen, San Diego, CA, 

USA):  

LIF-NSCs:   4 µg/ml blasticidin 

GDNF-NSCs:  200 µg/ml neomycin 

hIL6-NSCs:   1 µg/ml puromycin 

CNTF- or PGRN-NSCs: 200 µg/ml zeocin. 

https://www.tandfonline.com/
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Clonal neural stem cell lines were generated by selecting single cells with 

high levels of reporter gene expression by fluorescence activated cell sorting 

(FACS; FACS AriaIIIu, BD Bioscience, San Diego, CA) and subsequent clonal 

expansion in 96-well-plates coated with 1% Matrigel (Corning). Transfection, 

selection of cells with high reporter gene expression and subsequent clonal 

expansion were repeated to obtain NSCs with strong and homogenous 

expression of the reporter protein and consequently strong expression of the 

respective NTFs. 

 

TAB. 8: NEUROTROPHIC FACTORS, LENTIVIRAL VECTORS AND SECRETION LEVELS OF NEURAL STEM 

CELL CLONES.  

Neurotrophic factors, polycistronic lentiviral vectors to express the respective neurotrophic factors 

in neural stem cells, and the amount of secreted neurotrophic factors in ng/105 NSCs/24 hours. 

NEUROTROPHIC FACTOR LENTIVIRAL VECTOR SECRETION LEVEL 

[NG/105 CELLS/24H] ± 

SEM 

CILIARY NEUROTROPHIC FACTOR 

(CNTF) 
pCAG-mCNTF-iVenus-
2A-zeo 

87.2 ± 10.1  
(Flachsbarth et al., 
2014) 

GLIAL CELL-LINE DERIVED 

NEUROTROPHIC FACTOR (GDNF) 
pCAG-mGDNF-iGFP-
neo 

156.4 ± 10.0 
(Flachsbarth et al., 
2018) 

HYPER-INTERLEUKIN-6 (HIL6) EF1α-hIL6-iVenus-2A-
puro 

147 ± 7.9 (cf. results) 

LEUKEMIA INHIBITORY FACTOR 

(LIF) 
pCAG-mLIF-iTom-bsd 864.0 ± 26.3 (mean 

secretion; cf. results) 

PROGRANULIN (PGRN) pCAG-mPGRN-iVenus-
2A-zeo 

423.5 ± 26.4 (mean 
secretion; cf. results) 

2A: porcine teschovirus 1 2A sequence; bsd: blasticidin; EF1α: elongation factor 1α; GFP: green 

fluorescent protein; h: hours; hIL6: human hyper-interleukin-6; mCNTF: murine ciliary 

neurotrophic factor; mGDNF: murine glial cell-derived neurotrophic factor; mLIF: murine leukemia 

inhibitory factor; mPGRN: murine progranulin; neo: neomycin; ng: nanogram; CAG: 

cytomegalovirus enhancer/chicken β-actin; puro: puromycin; zeo: zeocin. 

 

3.2.2. CHARACTERISATION OF MODIFIED NEURAL STEM CELL LINES 

To examine the expression of the neurotrophic factors, undifferentiated 

cells of the different NSC lines and their respective control-NSCs were 

characterised in vitro by immunocytochemistry (ICC) and Western Blot analysis. 

Here, previously published data on the CNTF-NSC and GDNF-NSC clones 

(Flachsbarth et al., 2018; Flachsbarth et al., 2014; Jankowiak et al., 2015; Jung 

et al., 2013) is supplemented with data on LIF-, PGRN- and hIL6-NSCs.  
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Undifferentiated LIF-, PGRN-, and hIL6-NSCs as well as control-NSCs 

were cultivated under adherent conditions for 24h on coverslips coated with 1% 

Matrigel (Corning) at a density of ~220,000 cells/cm2 in NSC medium. Cultures 

were fixed in 4% (w/v) paraformaldehyde (PFA, Sigma-Aldrich) for 15 min and 

blocked in PBS (pH 7.4) containing 0.1% bovine serum albumin (BSA, Sigma-

Aldrich) and 0.3% Triton X-100 (Tx-100, Fluka, Merck) (hereafter referred to as 

blocking medium) for 1h at room temperature. Cells were subsequently incubated 

with primary antibodies against LIF, PGRN or IL6 (TAB. 10) overnight at room 

temperature, washed and incubated with Cy2- and Cy3-conjugated secondary 

antibodies (all diluted 1:200, Jackson Immunoresearch Laboratories Inc., West 

Grove, PA, USA). Cell nuclei were stained with 4′,6′-diamidino-2-phenylindole 

(DAPI, 1: 2,000, Sigma-Aldrich) and mounted on slides using Aqua-Poly/Mount 

(Polysciences Inc., Warrington PA, USA). Cells were analysed with an 

AxioObserverZ.1 microscope equipped with an ApoTome2 (Carl Zeiss AG, 

Oberkochen, Germany). 

Secretion levels of the neurotrophic factors were analysed by Western blot 

analysis of culture supernatants from the respective clonal NSC lines. LIF-, 

PGRN-, hIL6- and control-NSCs from low and high cell passages were seeded 

at a density of 5 × 105 cells/ 500µl medium on 12-well plates coated with 0.1% 

Matrigel and incubated at 37°C and 5% CO2 for 24 hours. Supernatants were 

collected, centrifuged at 226× 𝑔 and 4°C for 5 min to remove cell debris and 

subjected to Western Blotting. To control for fluctuations in cell populations after 

cultivation, cell numbers were determined again after collection of supernatants 

by enzymatically detaching remaining cells from the culture substrate using 

Accutase, again counting the cells using a Neubauer improved haemocytometer. 

Culture supernatants were separated on 10% SDS-PAGE in conjunction 

with either recombinant murine LIF (rmLIF,10 ng/µl, Life Technologies), murine 

PGRN (rmPGRN, 250 ng/µl, R&D Systems, Minneapolis, MN, USA) or human 

IL6 (rhIL6, 500ng/µl, R&D Systems) and transferred onto nitrocellulose 

membranes (0.2µm pore size, Whatman, Kent, UK) at 80 V for 1.5h using a Mini-

PROTEAN® Tetra electrophoresis system (Bio-Rad, Hercules, CA, USA). After 

transfer, membranes were blocked in Intercept Blocking buffer (1:1 diluted with 

TRIS-buffered saline (TBS), LI-COR Biosciences, Lincoln, NE, USA) for 1h at 

room temperature, incubated with the respective primary antibodies (TAB. 10) in 
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1:1 diluted Intercept Blocking buffer with 0.2% Tween 20 (Fluka) overnight at 4°C, 

washed and incubated with the respective IRDye® 800CW secondary antibodies 

(all diluted 1:20,000, LI-COR Biosciences) in TBS with 0.2% Tween 20 (Fluka) for 

1h at room temperature. Immunolabeled bands were visualised using the LI-COR 

Odyssey® Fc Imaging system (image acquisition: 800nm, 2 minutes) and signal 

intensities were quantified with Empiria Studio® 1.3.0.83 software (LI-COR 

Biosciences) in reference to a serial dilution of the respective recombinant 

protein. Molecular masses of proteins were determined using the Chameleon 

Duo Pre-stained protein ladder (LI-COR Biosciences). All experiments were 

conducted in triplicate. 

 

3.2.3. IN VITRO DIFFERENTIATION OF MODIFIED NEURAL STEM CELLS 

Differentiation of the clonal NSC lines into astrocytes or neurons was 

performed as described before (Jung et al., 2013) and previously published data 

on the CNTF-NSC and GDNF-NSC lines (Flachsbarth et al., 2018; Flachsbarth 

et al., 2014; Jankowiak et al., 2015) was supplemented in the present thesis by 

data on the LIF-, hIL6- and PGRN-NSC clones.  

Differentiation of NTF- and control-NSCs into astrocytes was induced by 

cultivation of undifferentiated cells on coverslips coated with 1% Matrigel 

(Corning) at a density of ~110,000 cells/cm2 in NSC medium lacking EGF and 

FGF-2, supplemented with 1% N2 supplement, 2% B27 supplement and 1% 

foetal calf serum (FCS) (all Gibco) for at least 5 days. Neuronal differentiation 

was induced by cultivation of undifferentiated cells at the same density in NSC 

medium lacking EGF and supplemented with 1% N2, 2% B27 and 0.25 µl/ml FGF 

for at least 5 days followed by cultivation in a 1:1 mixture of NSC medium and 

Neurobasal™ medium (Gibco) supplemented with 0.5% penicillin and 

streptavidin, 0.5% glutamine, 2.5µl/ml N2 and 20µl/ml B27 for at least 4 days. 

Immunostainings of differentiated cells were performed as described for 

undifferentiated cells (cf. 3.2.2. CHARACTERISATION OF MODIFIED NEURAL STEM CELL 

LINES). Rabbit anti-GFAP and mouse anti-microtubule-associated protein 2 

(MAP2) antibodies (TAB. 10) were used as marker for astrocytes and neurons, 

respectively. These primary antibodies were visualised using the appropriate 

Cy5- conjugated secondary antibodies (Jackson Immunoresearch Laboratories 
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Inc.). Differentiated cells were analysed with an AxioObserverZ.1 microscope 

equipped with an ApoTome2 (Carl Zeiss AG). 

 

3.3. AAV VECTOR PRODUCTION 

Within the framework of this dissertation, intravitreal gene therapy was 

performed using AAV vectors encoding hIL6. AAV vectors encoding eGFP were 

used for control experiments. The AAV particles were produced in the Vector 

Facility at the University Medical Centre Eppendorf, Hamburg, Germany in the 

following manner: 

Recombinant, self-complementary AAV vectors (scAAVs) were produced 

in Sf9 insect cells (Spodoptera frugiperda ovarian cells) using the baculovirus 

expression system techniques (Bac-to-Bac Expression System, Gibco). In short, 

to generate AAVshH10 vectors (Klimczak et al., 2009), Sf9 cells were infected 

with baculovirus carrying the AAV packaging plasmid pSR-AAVshH10, a modified 

derivate of pFastBac DUAL Expression Vector, Gibco, containing the shH10 

packaging plasmid (Addgene plasmid # 64867) instead of the packaging plasmid 

of AAV serotype 2 (AAV2; Addgene plasmid #65214) (R. H. Smith et al. (2009); 

shH10 was a gift from John Flannery & David Schaffer to the Bartsch lab), a 

transfer plasmid, either pFastBac-1-Ultra-GFP-scCMV-hIL6 (for hIL6-AAV) or 

pFastBac-1-Ultra GFP-scCMV-GFP (for GFP-AAV) and the helper plasmid 

pMON7124. 

Sf9 cells, transfected with baculovirus containing the plasmids described 

above using BacVector 3000 (Novagen, Madison, WI), were produced according 

to the “titerless infected-cells preservation and scale-up (TIPS)” method in SF-

900 II SFM (Gibco), containing 5mg/l gentamycin (Invitrogen, Thermo Fischer 

Scientific), at an initial cell density of ~3.8× 105 viable cells/ml under controlled 

conditions (27°C, ≥50% dissolved oxygen) in Applikon stirred tank bioreactors 

(Gentige, Gothenburg, Sweden) (Wasilko et al., 2009).  

Purification and quantification of scAAVs were performed as described 

before (Liu et al., 2022). Cell density at transfection was at ~8.75× 105 viable 

cells/ml. After harvest, cells were resuspended in lysis buffer (50mM TRIS-HCl, 

150 mM NaCl, 5 mM Mg2Cl2, pH 8.5) and Turbo Nuclease (Th. Geyer, Renningen, 

Germany) after three freeze-thaw cycles. Lysates were incubated 1h at 37°C, 

centrifuged to remove cell debris and AAV vectors were purified using iodixanol 
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step gradients (PROGEN Biotechnik GmbH, Heidelberg, Germany). Iodixanol 

was removed by ultracentrifugation using Amicon Ultra Cartridges 

(MerckMillipore, Darmstadt, Germany). Genomic titers of AAV particles were 

determined after alkaline treatment and neutralisation of viral particles by real-

time quantitative PCR (qPCR) using qPCRBIO SY Green Mix Hi-Rox (Nippon 

Genetics Europe GmbH, Düren, Germany) and ABI PRISM 7900HT cycler 

(Applied Biosystems, Waltham, MA, USA). Vectors were quantified using the 

CMV promotor specific primer 5’-GGGACTTTCCTACTTGGCA and 5′-

ctaccgcccatttgcgtc. qPCR was performed under the conditions listed in TAB. 9. 

Each reaction was performed in a total volume of 10µl with 0.3 µM of each primer. 

The corresponding transfer plasmid was used a copy number standard, and serial 

dilutions of plasmid DNA was used to generate a standard curve for 

quantification.  

 

TAB. 9: QPCR CONDITIONS FOR THE QUANTIFICATION OF AAV-VECTORS. 

 TEMPERATURE TIME [MIN] CYCLES 

INITIAL 

DENATURATION 
50°C 2:00 

1 

DENATURATION 95°C 10:00 1 

ANNEALING 95°C 0:15 
35 

ELONGATION 60°C 1:00 

 

3.4. INTRAVITREAL NSC TRANSPLANTATION AND AAV INJECTIONS 

3.4.1. INTRAVITREAL TRANSPLANTATION OF NEURAL STEM CELLS 

Different clonal NSC lines were intravitreally injected into either 10-day-old 

rd10 mice (hIL6 NSCs only) or 14-day-old β2/β1 ki mice (CNTF, GDNF, LIF, 

PGRN, hIL6). As described in more detail elsewhere (Jankowiak et al., 2015; 

Jung et al., 2013), animals were deeply anaesthetised using either isoflurane 

(Baxter Deutschland GmbH, Unterschleißheim, Germany) and additional local 

anaesthesia (Conjucain®EDO®; Bausch + Lomb, Berlin, Germany) (for rd10 

mice) or a mixture of ketamine (45.9 mg/kg body weight; Ketanest S 25mg/ml, 

Pfizer Pharma GmbH, Berlin, Germany) and xylazine (8.1 mg/kg body weight; 

Xylazin 20mg/ml, Wirtschaftsgenossenschaft deutscher Tierärzte eG, Garbsen, 

Germany) (for β2/β1 ki mice). 2µl of vitreous fluid were removed using a glass 

micropipette connected by tubing to a syringe and replaced with 2 µl of a cell 
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suspension containing ~3.8 × 105 cells/µl in PBS. To co-deliver CNTF and GDNF, 

a 1:1 mixture of both clones (hereafter referred to as CNTF/GDNF-NSCs) was 

injected. The contralateral eye received the same amount of the respective 

control-NSC clone. After transplantation, the animals were treated with antibiotic 

eye drops (OFTAQUIX® (Santen Oy, Tampere, Finland) and Gent-Ophtal® 

(Gentamicin; Dr. Winzer Pharma GmbH, Berlin, Germany)), moisturising eye gel 

(Vidisic®; Bausch + Lomb Incorporated, Berlin, Germany) and were closely 

monitored and kept on a heating plate at approximately 37°C to maintain body 

temperature. 

 

3.4.2. INTRAVITREAL INJECTION OF AAV PARTICLES 

In addition to hIL6-NSCs, rd10 mice were treated with scAAVshH10-CMV-

hIL6 (hereafter referred to as AAVshH10-hIL6). Injections of AAVshH10-hIL6 and 

scAAVshH10-CMV-GFP (hereafter referred to as AAVshH10-GFP), used as a 

control, were performed as described before (Liu et al., 2022). Analogous to NSC 

transplantation, for AAV injections 9-day-old rd10 mice were deeply 

anaesthetised using isoflurane (Baxter), 1µl of vitreous fluid was removed and 

replaced by either AAVshH10-hIL6 in PBS (1.2 × 1013 viral genomes (vg)/ml) or 

AAVshH10-GFP (1.5 ×  1012 vg/ml). After injections, animals received the same 

care as described above (see 3.4.1. INTRAVITREAL TRANSPLANTATION OF NEURAL 

STEM CELLS).  
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TAB. 10: PRIMARY ANTIBODIES USED IN IMMUNOCYTOCHEMISTRY, IMMUNOHISTOCHEMISTRY AND 

WESTERN BLOTTING.  

ANTIGEN DILUTION SUPPLIER CATALOGUE 
NUMBER 

CONE-ARRESTIN (CAR) 1:2,000 (IHC) 
1:500 (WB) 

Millipore AB15282 

CLUSTER OF 
DIFFERENTIATION 68 
(CD68) 

1:1,000 (IHC) Bio-Rad 
Laboratories, 
Kidlington, UK 

MCA1957 

GLIAL FIBRILLARY 
ACIDIC PROTEIN (GFAP) 

1:500 (IHC) 
1:5,000 (WB)  

Dako Cytomation 
GmbH, Hamburg, 
Germany 

Z0334 

GLIAL FIBRILLARY 
ACIDIC PROTEIN (GFAP) 

1:100 (IHC) Sigma-Aldrich G3893 

GREEN FLUORESCENT 
PROTEIN (GFP) 

1:100 (IHC) R&D Systems  AF4240 

INTERLEUKIN-6 (IL6) 1:800 (IHC/ICC) 
1:1,000 (WB) 

Abcam, 
Cambridge, UK 

Ab6672 

BIOTINYLATED 
INTERLEUKIN-6-
RECEPTOR α (IL6Rα) 

1:100 s(ICC) 
1:100 (IHC) 

R&D Systems  BAF227 

IONIZED CALCIUM-
BINDING ADAPTER 
MOLECULE 1 (IBA1) 

1:2,000 (IHC) 
1:1,000 (WB) 

Abcam Ab178846 

LEUKEMIA INHIBITORY 
FACTOR (LIF) 

1:200 (IHC/ICC) 
1:500 (WB) 

R&D Systems AB-449-NA 

PHOSPHO P44/42 
MITOGEN-ACTIVATED 
PROTEIN KINASE 
(pMAPK) 

1:1,000 (IHC) Cell Signaling 
Technology, 
Leiden, The 
Netherlands  

4370S 

MICROTUBULE-
ASSOCIATED PROTEIN 
2 (MAP2) 

1:200 (IHC) Sigma-Aldrich M4403 

OPSIN M (OPS M) 1:500 (IHC) Millipore AB5405 

OPSIN BLUE (OPS S) 1:500 (IHC) Millipore AB5407 

PROGRANULIN (PGRN) 1:1,000 
(IHC/ICC) 
1:250 (WB) 

R&D Systems MAB2557 

RED FLUORESCENT 
PROTEIN (RFP)/ DSRED 

1:500 (IHC/ICC) Rockland 
Immunochemicals, 
Philadelphia, PA, 
USA 

600-401-379 

RHODOPSIN (RHO) 1:500 (IHC) 
1:1000 (WB) 

Abcam Ab221664 

PHOSPHORYLATED 
SIGNAL TRANSDUCER 
AND ACTIVATOR OF 
TRANSCRIPTION 3 
(TYR705) (pSTAT3)  

1:1,000 (WB) Cell Signaling 
Technology  

9131 

ICC: immunocytochemistry, IHC: Immunohistochemistry, WB: Western blotting. 
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3.4.3. IMMUNOHISTOCHEMICAL ANALYSIS OF TREATED RETINAE 

Treated animals were sacrificed by deep anaesthesia using O2/CO2 (20% 

O2, 80% CO2), followed by inhalation of 100% CO2 and cervical dislocation at 

P28, P35, P42 or P56 (rd10 mice), and P56 or P112 (β2/β1 ki mice). Eyes 

were processed and immunohistochemically treated as described before 

(Atiskova et al., 2019; Jankowiak et al., 2015; Jung et al., 2013). The 

temporal cornea was removed and eyes were immersion fixed in 4% (w/v) 

PFA (Sigma-Aldrich), cryo-protected in a sucrose series (7.5%, 15% and 

30% sucrose in PBS, pH 7.4), embedded in Tissue-Tek® O.C.T. Compound 

(Sakura Finetek Germany GmbH, Umkirch, Germany) and sectioned at a 

thickness of 25 µm in the temporal-nasal plane using a cryostat (CM1950, Leica 

Mikrosysteme Vertrieb, Wetzlar, Germany). For quantitative analysis central 

sections in the plane of the optic disc were selected for immunohistochemistry. 

Sections were incubated in blocking medium for 1h at room temperature, and 

subsequently incubated with different primary antibodies (TAB. 10) overnight at 

room temperature, washed in PBS and incubated with the appropriate Cy3-

conjugated secondary antibodies (all diluted 1:200, Jackson Immunoresearch 

Laboratories, Inc.) overnight at 4°C, washed and mounted onto slides using 

Aqua-Poly/Mount (Polysciences, Inc.). Inner and outer segments of cone 

photoreceptor cells were visualised by incubating the sections with biotinylated 

peanut agglutinin (PNA; 1:5,000; Vector Laboratories, Newark, CA, USA), 

followed by Cy3-conjugated streptavidin (1:500; Jackson Immunoresearch 

Laboratories, Inc.). Cell nuclei were labelled with DAPI (Sigma-Aldrich). Retinas 

treated with NTF-NSCs or AAVshH10-hIL6 and the contralateral control retinas 

were processed in parallel to allow for direct comparison of signal intensities. For 

experiments with hIL6-NSCs and AAVshH10-hIL6, age-matched untreated rd10 

mice and untreated wild-type mice were analysed as an additional reference.  

 

3.4.4. IMMUNOCYTOCHEMICAL ANALYSIS OF NEURAL STEM CELLS IN VIVO 

In vivo analysis of intravitreally grafted cells was performed at the latest 

analysis time point after the NSC transplantation, at P56 for rd10 mice, and P112 

for β2/β1 ki mice. As described elsewhere (Dulz et al., 2020; Flachsbarth et al., 

2018; Flachsbarth et al., 2014; Jankowiak et al., 2015; Jung et al., 2013) lenses 
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were carefully extracted from the eyecups and fixed in 4% (w/v) PFA for 30 

minutes before incubation for 1h at room temperature in blocking buffer followed 

by incubation with primary antibodies against LIF, PGRN or IL6Rα in conjunction 

with either rabbit anti- red fluorescent protein (RFP) or goat anti-GFP antibodies, 

depending on reporter protein expressed by the respective NSC clone, and anti-

GFAP antibodies overnight at room temperature. After washing, incubation with 

the respective secondary antibodies for 4h at room temperature and 

counterstaining of cell nuclei with DAPI (Sigma-Aldrich), lenses were further fixed 

in 4% (w/v) PFA for 30 minutes. Lenses were pinned to a petri dish with silicon 

base using fine insect needles (INSECT PINS® Minutiens 0.10 mm; Austerlitz, 

Slavkov u Brna, Czech Republic) and kept submerged in PBS. Confocal z-stacks 

of donor cells attached to the posterior pole of the lenses were acquired using an 

Olympus Fluoview FV1000 laser-scanning confocal microscope with an 

UMPlanFl 20x/0.5W objective. z-stacks were processed using the FV110-ASW 

software (Olympus Deutschland GmbH, Hamburg, Germany). Images of lenses 

treated with NTF-NSCs and the respective control-NSCs were acquired using the 

same microscope settings to allow for comparison of signal intensities. 

 

3.4.5. WESTERN BLOT ANALYSIS OF RETINAS TREATED WITH HIL6 NSCS AND AAVS 

To investigate the impact of hIL6 on the expression of proteins involved in 

phototransduction, activation of intracellular signalling cascades and 

neuroinflammation in the rd10 retinas, the expression of cone-arrestin (CAR), 

phosphorylated signal transducer and activator of transcription 3 (pSTAT3), 

ionized calcium-binding adapter molecule 1 (IBA1) and GFAP (TAB. 10) in treated 

and control retinas were examined by Western Blotting of retinal tissue as 

described before (Atiskova et al., 2019). Total protein homogenates of retinas 

from P28 rd10 mice treated with AAVshH10-hIL6 or AAVshH10-GFP and age-

matched untreated rd10 or untreated wild-type mice were prepared by 

homogenisation in lysis buffer (50mM TRIS-HCl pH7.5, 150mM NaCl, 1% Tx-100, 

4% 25x protease inhibitor cocktail (cOmplete™ Mini; Roche)), incubation on ice 

for 30 minutes and centrifugation at 20,000 × 𝑔 for 10 minutes. Protein 

concentrations of homogenates were determined by bicinchoninic acid assay 

(BSA; Pierce™ BCA protein Assay, Thermo Fischer Scientific) using a DS-11 

µVolume spectrophotometer (DeNovix, Wilmington, DE, USA) with BSA (20 
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mg/ml, Thermo Fischer Scientific) serving as protein standard. The BSA standard 

series (0-0.9 mg/ml) was prepared by dilution of BSA in lysis buffer. Collected 

retinal tissue samples were diluted in lysis buffer (1:10). Samples and the BSA 

standard series were mixed with reagent A and reagent B (50:1) according to 

manufacturer instructions, incubated for 30 min at 37°C, followed by analysis of 

the calorimetric density at 562 nm. 

Total protein homogenates were reduced by addition of dithiothreitol (DTT, 

32 µg/µl; Carl Roth) in 4x protein sample loading buffer (LI-COR). After denaturing 

at 95°C for 10 min and short centrifugation, samples (10 µg protein/lane) were 

separated by 10% (for CAR, GFAP, pSTAT3) or 15% (for IBA1) SDS-PAGE at 

200V for 1-2h and transferred onto nitrocellulose membranes (Mini-PROTEAN® 

Tetra electrophoresis system; Bio-Rad, Hercules, CA, USA). After transfer, 

membranes were blocked in either 5% non-fat dry milk (for CAR) in TBS or diluted 

Intercept Blocking buffer (LI-COR Biosciences) (for IBA1, GFAP, pSTAT3) and 

processed as described earlier (see 3.2.2. CHARACTERISATION OF MODIFIED 

NEURAL STEM CELL LINES). Signals of immunolabeled bands were visualised as 

described above at 800 nm for 2 minutes. Experiments were performed in 

triplicate.  

To process membranes for total protein staining (TPS), which served as 

loading control, membranes were dried for 40-60 minutes at room temperature 

and washed for 5 min in TBS before incubation with Revert™ 700 Total Protein 

Stain (LI-COR Biosciences) according to the manufacturer’s instructions. Excess 

reagent was removed by incubation with the Revert™ 700 Wash solution (LI-

COR) twice for 30 seconds. TPS signals were visualised as described (see 3.2.2. 

CHARACTERISATION OF MODIFIED NEURAL STEM CELL LINES) at 700 nm for 30 

seconds. 

 

3.5. MORPHOMETRIC ANALYSIS 

For morphometric analyses, optical sections with a thickness of 1.45 µm 

were taken across the whole length of central retinal sections (i.e. from the nasal 

to the temporal periphery in the plane of the optic nerve head) using an 

AxioObserverZ.1 microscope equipped with an ApoTome2 (Carl Zeiss AG). The 

retina thickness, measured from the RPE to the inner limiting membrane (ilm), 

and the photoreceptor layer thickness, measured from the RPE to, and including, 
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the opl, were determined at nine equidistant positions in both the nasal and 

temporal half of the retina. The number of rows of photoreceptor cell nuclei, a 

measure for the number of rod photoreceptor cells, was determined at the same 

positions. Micrographs for the qualitative documentation of the different 

immunostainings were taken close to the optic disc using the same microscope 

settings for each antigen. 

Morphometric analyses of retina thickness, photoreceptor layer thickness 

and number of rows of photoreceptor cell nuclei were performed using Image J 

v. 1.53t (Rasband, W.S., Image J, U.S. National Institutes of Health, Bethesda, 

MD, USA) and Fiji v. 2.14.0/1.54f (Schindelin et al., 2012). Quantifications of 

PNA-positive cone inner segments in direct contact with the onl, IBA1-positive 

microglia in β2/β1 ki mice treated with CNTF-, GDNF-, LIF- or PGRN- NSCs and 

cluster of differentiation 68 (CD68)-positive macrophages in hIL6-treated animals 

were performed across the entire retina using Zen Pro v. 3.4.91.0 (Carl Zeiss AG). 

Only IBA1- and CD68-positive cells with clearly visible nuclei were counted. 

Analysis was performed on at least 6 animals for each treatment and age group. 

 

3.6. STATISTICAL ANALYSIS 

All statistical analyses were performed using GraphPad Prism V5.02 

(GraphPad Software, San Diego, CA, USA). Statistical analyses of retinal 

thickness, photoreceptor layer thickness, number of rows of photoreceptor cell 

nuclei and cell densities of PNA-, IBA1-, and CD68-positive cells were performed 

using a two-way ANOVA followed by a Bonferroni post-hoc test.  

For statistical analysis of Western Blot data, signal intensities of 

immunoreactive bands in the different experimental groups were normalised 

using TPS. Data were analysed using a repeated measures one-way ANOVA 

followed by a Bonferroni post-hoc test. For all statistical tests p-values <0.05 were 

considered statistically significant. 
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4. RESULTS 

4.1. Project I: Protection of photoreceptor cells with various 

neurotrophic factors in a novel mouse model exhibiting a cone-

rod dystrophy-like phenotype 

4.1.1. IN VITRO CHARACTERISATION OF THE MODIFIED CLONAL NSC LINES 

The effect of different NTFs — namely CNTF, GDNF, LIF and PGRN — on 

photoreceptors survival was examined in the β2/β1 ki mouse, an animal model 

with a cone-rod dystrophy-like phenotype. β2/β1 ki mice were subjected to 

intravitreal transplantations of lentivirally modified NSC lines. These NSC lines 

expressed the NTFs together with a fluorescent reporter protein under control of 

the CAG promotor. Control-NSCs expressed a reporter protein but no NTF. For 

further information on the lentiviral vectors used to generate the NSC lines, see 

TAB. 8 and FIG. 15. Clonal NSC lines with high transgene expression levels were 

generated by repeated transductions, each followed by selection of single cells 

with strong expression of the reporter protein by FACS and subsequent clonal 

expansion (FIG. 16).  

Expression of transgenes in the CNTF-NSC and GDNF-NSC lines has 

been analysed in previous studies (Dulz et al., 2020; Flachsbarth et al., 2018; Hu 

et al., 2025). In the present thesis, a detailed analysis of the transgene expression 

in the LIF-NSC and PGRN-NSC lines was performed using immunocytochemistry 

and Western blot analysis. 

Immunocytochemical analysis of LIF-NSCs, PGRN-NSCs and the 

respective control-NSCs revealed expression of the reporter proteins tdTomato 

(LIF-NSCs and control-NSCs) (FIG. 17A) and Venus (PGRN-NSCs and control-

NSCs) (FIG. 17C) in all cells. Furthermore, the analysis revealed co-expression, 

as indicated by arrow heads, of tdTomato and LIF in LIF-NSCs (FIG. 17Ac) and 

Venus and PGRN in PGRN-NSCs (FIG. 17Cc), while control-NSCs expressed 

neither NTF (FIG. 17Ae,Ce). Additionally, the transgene was expressed in in vitro 

and in in vivo differentiated astrocytes (FIG. S2 and FIG. S3, respectively).The 

amount of secreted LIF or PGRN in culture supernatants from different cell 

passages was quantified by Western blot analysis. Recombinant murine LIF 

(rmLIF) or recombinant murine PGRN (rmPGRN) were loaded as a reference. 

Analysis revealed a secretion of 881.6 ± 20.4 ng LIF/105 cells/24h at passage 45 

and 846.3 ± 46.3 ng LIF/105 cells/24h at passage 53 for LIF-NSCs (FIG. 17B). 
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PGRN-NSCs secreted 464.0 ± 29.1 ng PGRN/105 cells/24h at passage 46 and 

383.0 ± 29.2 ng PGRN/105 cells/24h at passage 58 (FIG. 17D). Neither LIF nor 

PGRN were detectable in supernatants harvested from the respective control-

NSC clones.  

 

 

FIG. 17: EXPRESSION OF LIF AND PGRN IN NEURAL STEM CELLS. 

(A) Expression of LIF (b,e) and the reporter protein tdTomato (a,d) in undifferentiated LIF-NSCs 

(a-c) and control-NSCs (d-f). (B) Western blot analysis of culture supernatants from LIF-NSCs at 

passage 45 and 53 and control-NSCs. Recombinant murine LIF was loaded as a reference. (C) 

Expression of PGRN (b,e) and the reporter protein Venus (a,d) in undifferentiated PGRN-NSCs 

(a-c) and control-NSCs (d-f). (D) Western blot analysis of culture supernatants from PGRN-NSCs 

at passage 46 and 58 and control-NSCs. Recombinant murine PGRN was loaded as a reference. 

A co-expression of the respective transgene and reporter protein is indicated by arrow heads. 

kDa: kilodalton; LIF: leukemia inhibitory factor; NSCs: neural stem cells; P: passage; PGRN: 

progranulin; rmLIF: recombinant murine leukemia inhibitory factor; rmPGRN: recombinant murine 

progranulin. Scale bar in Af (for Aa-Af) and Bf (for Ba-Bf): 50 µm. 
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4.1.2. TREATMENT WITH CYTOKINES INCREASES NEUROINFLAMMATION IN Atp1b2Atp1b1 

KI RETINAS 

To examine the neuroinflammation in dystrophic β2/β1 ki retinas after 

transplantation of NTF-NSCs and control-NSCs, the expression of GFAP, IBA1 

and CD68 was analysed. 

The presence of reactive astrogliosis was assessed by examination of the 

GFAP expression. GFAP expression was increased in NTF-treated retinas 

compared to the respective control retinas regardless of the applied NTF (i.e. 

CNTF, GDNF, CNTF/GDNF, LIF or PGRN; FIG. 18Aa-f, Ba-d). However, reactive 

astrogliosis was more pronounced in retinas treated with the cytokines CNTF and 

LIF than in retinas treated with GDNF-NSCs, PGRN-NSCs or control-NSCs in 2-

month-old animals (FIG. 18) and 4-month-old animals (FIG. S4).  

There was a marginal increase in the number of CD68-positive 

macrophages in β2/β1 ki retinas treated with NTF-NSCs compared to those 

treated with control-NSCs (for P56, see: FIG. 18Am-r, Bi-l; for P112, see FIG. S4) 

Most CD68-positve macrophages were observed in retinas treated with CNTF- 

(FIG. 18An), CNTF/GDNF- (FIG. 18Ar) and LIF-NSCs (FIG. 18Bj). CD68-positive 

macrophages were primarily located in the subretinal space.  

Ramified IBA1-positive cells were observed in all retinal layers (FIG. 18Ag-

l, Be-h) in both NTF-treated and control-retinas, whereas IBA1-positive cells with 

an amoeboid-like morphology were found in the subretinal space. Of note, more 

IBA1-positive cells were observed in retinas treated with CNTF (FIG. 18Ah), 

CNTF/GDNF (FIG. 18Al) and LIF (FIG. 18Bf), than in retinas treated with GDNF 

(FIG. 18Aj) or PGRN (FIG. 18Bh). Quantitative analyses confirmed a significantly 

increased density of IBA1-positive cells in retinas treated with LIF-, CNTF- and 

CNTF/GDNF-NSCs compared to control retinas, both in 2-month-old animals 

(FIG. 18Ca) and 4-month-old animals (FIG. 18Cb). A sustained intravitreal 

administration of GDNF or PGRN did not increase the density of IBA1-positive 

cells compared to the respective control retinas (FIG. 18Ca,b). Retinas of 2-month 

old β2/β1 ki mice treated with CNTF-, CNTF/GDNF-, or LIF-NSCs contained ~2-

fold more IBA1-positive cells compared to retinas with grafted control-NSCs (TAB. 

11). In 4-month-old β2/β1 ki mice, retinas treated with CNTF-NSCs, 

CNTF/GDNF-NSCs, or LIF-NSCs contained ~1.7-fold more IBA1-positive 

microglia than the control retinas. 
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FIG. 18: ANALYSIS OF NEUROINFLAMMATION IN NTF-TREATED β2/β1 KI RETINAS.  

Reactive astrogliosis (Aa-f, Ba-d) and reactive microgliosis (Ag-r, Be-l) were assessed by 

immunohistochemistry in 2-month-old β2/β1 ki mice treated with NTF-NSCs and control-NSCs. 

(C) The density of IBA1-positive cells in retinas treated with LIF-, CNTF-, CNTF/GDNF-, GNDF- 

or PGRN-NSCs (filled bars) and control-NSCs (open bars) in 2-month- (Ca) and 4-month-old (Cb) 

animals. Each bar represents the mean ± SEM from six retinas. **: p<0.01, ***: p<0.001, n.s.: not 

significant according to a two-way ANOVA followed by a Bonferroni post-hoc test. β2/β1 ki: 

Atp1b2Atp1b1 knock-in mice; CD68: cluster of differentiation 68; CNTF: ciliary neurotrophic factor; 

ctrl: control; gcl: ganglion cell layer; GDNF: glial cell line-derived neurotrophic factor; GFAP: glial 

fibrillary acidic protein; IBA1: ionized calcium-binding adapter molecule 1; inl: inner nuclear layer; 

LIF: leukemia inhibitory factor; NSCs: neural stem cells; NTF: neurotrophic factor; onl: outer 

nuclear layer; P: postnatal day; PGRN: progranulin. Scale bar in Ar (for Aa-Ar) and Bl (for Ba-Bl): 

100 µm. 
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TAB. 11: DENSITY OF IBA1-POSITIVE CELLS AND FOLD-CHANGES COMPARED TO CONTROLS IN RETINAS 

β2/β1 KI MICE TREATED WITH NTF- OR CONTROL-NSCS.  

 NEUROTROPHIC 

FACTOR 

IBA1-POSITIVE 

CELLS/MM2 IN 

TREATED RETINAS 

IBA1-POSITIVE 

CELLS/MM2 IN 

CONTROL RETINAS 

FOLD-CHANGE 

COMPARED TO 

CONTROL 

P
5

6
 

CNTF 192.0 ± 9.7 92.2 ± 7.0 2.1 

GDNF 106.8 ± 14.4 99.7 ± 16.6 1.0 

CNTF/GDNF 213.9 ± 7.3 97.3 ± 4.7 2.2 

LIF 191.9 ± 12.2 90.2 ± 7.8 2.1 

PGRN 101.9 ± 15.2 100.7 ± 10.3 1.0 

P
1
1

2
 

CNTF 167.2 ± 15.2 102.7 ± 8.2 1.6 

GDNF 107.4 ± 10.1 106.3 ± 6.5 1.0 

CNTF/GDNF 185.9 ± 9.9 105.1 ± 7.3 1.8 

LIF 175.6 ± 22.5 103.9 ± 9.2 1.7 

PGRN 100.7 ± 6.8 101.4 ± 10.6 1.0 

CNTF: ciliary neurotrophic factor; GDNF: glial cell line-derived neurotrophic factor; IBA1: ionized 
calcium-binding adapter molecule 1; LIF: leukemia inhibitory factor; P: postnatal day; PGRN: 
progranulin. 

 

4.1.3. NEUROTROPHIC FACTORS ATTENUATE PHOTORECEPTOR LOSS IN THE 

Atp1b2Atp1b1 KI MOUSE 

The impact of the intravitreally grafted NTF-NSC clones on photoreceptor 

survival was analysed in 2- and 4-month-old β2/β1 ki mice. The examination 

points were chosen according to analysis of the β2/β1 ki phenotype, as described 

by Bartsch et al. (2025). Significant loss of rod and cone photoreceptors was 

apparent in 2-month-old β2/β1 ki retinas and became significantly more 

pronounced in 4-month-old animals. 

 

4.1.3.1. RETINAL THINNING 

About 97% of the photoreceptor population in the murine retina is 

comprised of rod photoreceptors, with the remaining 3% of the cell population 

consisting of cone photoreceptors (Carter-Dawson & LaVail, 1979; Jeon et al., 

1998). Hence, retina thickness, photoreceptor layer thickness and the number of 

rows of photoreceptor cell nuclei represent useful measures to estimate the 

number of surviving rod photoreceptor cells in the β2/β1 ki mice. 
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In 2-month-old animals the retina thickness was ~20% (LIF-NSCs: 190.25 

± 7.08 µm; CNTF-NSCs: 177.88 ± 6.81 µm; CNTF/GDNF-NSCs: 184.00 ± 2.92 

µm; control-NSCs: 155.17 ± 2.77 µm), and the photoreceptor layer thickness 

~30% greater (LIF-NSCs: 80.02 ± 3.44 µm; CNTF-NSCs: 70.77 ± 1.51 µm; 

CNTF/GDNF-NSCs: 66.33 ± 1.56 µm; control-NSCs: 55.18 ± 0.79 µm) in retinas 

treated with LIF-, CNTF- or CNTF/GDNF-NSCs compared to retinas treated with 

control-NSCs (FIG. 19a,c). In 4-month-old animals, retina thickness (LIF-NSCs: 

156.70 ± 2.25 µm; control-NSCs: 133.59 ± 3.61 µm) and photoreceptor layer 

thickness (LIF-NSCs: 56.12 ± 1.23 µm; control-NSCs: 47.00 ± 2.17 µm) was 

significantly greater in LIF-treated retinas. In this age group, significantly thicker 

retinas or photoreceptor layers were no longer observed in retinas treated with 

CNTF or CNTF/GDNF-NSCs when compared to control retinas (FIG. 19b,d) In 

addition, no significant differences in retina thickness or photoreceptor layer 

thickness were observed in either age group in retinas treated with GDNF-NSCs 

or PGRN-NSCs compared to control-NSCs.  

 

 

FIG. 19: RETINA THICKNESS AND PHOTORECEPTOR LAYER THICKNESS IN β2/β1 KI RETINAS TREATED 

WITH NTF- OR CONTROL-NSCS.  

Retina thickness (a,b) and photoreceptor layer thickness (c,d) were analysed in β2/β1 ki mouse 

retinas treated with either NTF-NSCs (filled bars) or control-NSCs (open bars) in 2-month-old 

(a,c) and 4-month-old (b,d) mice. Each bar represents the mean ± SEM from six retinas. *: p<0.05, 

**: p<0.01, ***: p<0.001, n.s.: not significant according to a two-way ANOVA followed by a 

Bonferroni post-hoc test. CNTF: ciliary neurotrophic factor; GDNF: glial cell line-derived 

neurotrophic factor; LIF: leukemia inhibitory factor; PGRN: progranulin. 
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4.1.3.2. ROD PHOTORECEPTORS 

The number of rows of photoreceptor cell nuclei (RPN) is a measure for 

the number of rod photoreceptors in the murine retina. Analysis revealed 

significantly more RPN in both 2- (FIG. 20a) and 4-month-old animals (FIG. 20b) 

treated with LIF-, CNTF- and CNTF/GDNF-NSCs, and in 2-month-old animals 

treated with PGRN-NSCs compared to retinas treated with control-NSCs (TAB. 

12). In 4-month-old animals the protective effect of PGRN on rod photoreceptor 

survival was diminished. A neuroprotective effect of GDNF-NSCs alone on rod 

photoreceptor survival was not observed in either age group. The strongest effect 

on rod photoreceptor survival was observed in retinas of 2- and 4-month-old 

animals treated with the cytokines LIF and CNTF. In 2-month-old animals, retinas 

treated with LIF-NSCs and CNTF-NSCs contained significantly more RPN than 

those treated with CNTF/GDNF-NSCs (FIG. S5). In 4-month-old animals, no 

significant difference in RPN between retinas treated with LIF-NSCs, CNTF-

NSCs and CNTF/GDNF-NSCs was observed. Furthermore, in both 2- and 4-

month-old animals, retinas treated with CNTF-, CNTF/GDNF- and LIF contained 

significantly more RPN than those treated with GDNF or PGRN. 

 

 

FIG. 20: THE NUMBER OF ROWS OF PHOTORECEPTOR NUCLEI IN 2- AND 4-MONTH-OLD β2/β1 KI MICE 

TREATED WITH NTF- AND CONTROL-NSCS. 

The number of RPN was determined in retinas of 2-month-old (a) and 4-month-old animals treated 

with NTF-NSCs (filled bars) or control-NSCs (open bars). Each bar represents the mean ± SEM 

from six retinas. ***: p<0.001, n.s.: not significant according to a two-way ANOVA followed by a 

Bonferroni post-hoc test. CNTF: ciliary neurotrophic factor; GDNF: glial cell line-derived 

neurotrophic factor; LIF: leukemia inhibitory factor; PGRN: progranulin; RPN: number of rows of 

photoreceptor nuclei. 
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TAB. 12: THE NUMBER OF ROWS OF PHOTORECEPTOR NUCLEI IN β2/β1 KI RETINAS TREATED WITH NTF- 
OR CONTROL-NSCS. 

 
NEUROTROPHIC 

FACTOR 
RPN IN TREATED 

RETINAS 
RPN IN CONTROL 

RETINAS 

FOLD-CHANGE 

COMPARED TO 

CONTROL 

P
5

6
 

CNTF 10.2 ± 0.1 6.5 ± 0.3 1.6 

GDNF 6.5 ± 0.09 6.1 ± 0.2 1.1 

CNTF/GDNF 9.3 ± 0.09 6.0 ± 0.07 1.5 

LIF 10.4 ± 0.2 6.0 ± 0.1 1.7 

PGRN 7.9 ± 0.2 5.9 ± 0.03 1.3 

P
1
1

2
 

CNTF 6.4 ± 0.3 4.5 ± 0.08 1.4 

GDNF 4.9 ± 0.2 5.3 ± 0.2 0.9 

CNTF/GDNF 6.6 ± 0.2 4.5 ± 0.2 1.5 

LIF 6.6 ± 0.2 4.6 ± 0.3 1.4 

PGRN 4.8 ± 0.2 4.6 ± 0.3 1.0 

CNTF: ciliary neurotrophic factor; GDNF: glial cell line-derived neurotrophic factor; LIF: leukemia 
inhibitory factor; P: postnatal day; PGRN: progranulin; RPN: rows of photoreceptor nuclei.  

 

4.1.3.3. CONE PHOTORECEPTORS  

As described before (cf. 1.4.2. THE PHENOTYPE OF ATP1B2ATP1B1 KNOCK-

IN MICE), the β2/β1 ki mouse exhibits a cone-rod dystrophy-like phenotype. 

Hence, in the context of this project, the examination of cone photoreceptor 

survival in retinas treated with NTF-NSCs was of particular interest. To determine 

the density of cone photoreceptors in treated and control retinas, the number of 

PNA-positive cone inner segments (hereafter referred to as PNA-positive CIS) in 

direct contact with the onl was quantified across the entire length of central retina 

sections. All applied NTFs, with the only exception of GDNF, significantly 

attenuated the loss of cone photoreceptors in the retina of both 2- and 4-month-

old β2/β1 ki mice, as indicated by immunohistochemical (FIG. 21A,B) and 

quantitative analysis (FIG. 21C). 

In 2-month-old animals, retinas treated with CNTF-, CNTF/GDNF- and 

LIF-NSCs contained ~3-fold more cone photoreceptor cells than retinas treated 

with control-NSCs (TAB. 13). Retinas treated with PGRN-NSCs contained about 

1.5-fold more cone photoreceptor cells compared to control retinas. In contrast to 

retinas treated with CNTF-, CNTF/GDNF-, LIF- or PGRN-NSCs, GDNF-NSCs did 

not promote the survival of cone photoreceptors (FIG. 21A,B; TAB. 13).  
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TAB. 13: THE DENSITY OF CONE PHOTORECEPTORS AND FOLD-CHANGES IN THE RETINA OF β2/β1 KI 

MICE TREATED WITH NTF- AND CONTROL-NSCS.  

 
NEUROTROPHIC 

FACTOR 
CONES/1000 µM IN 

TREATED RETINAS 
CONES/1000 µM IN 

CONTROL RETINAS 

FOLD-CHANGE 

COMPARED TO 

CONTROL 

P
5

6
 

CNTF 75.5 ± 3.6 26.7 ± 1.4 2.8 

GDNF 23.0 ± 1.7 22.7 ± 2.2 0.95 

CNTF/GDNF 67.7 ± 4.9 22.9 ± 2.6 3.0 

LIF 78.8 ±2.0 25.5 ± 2.3 3.1 

PGRN 42.0 ± 2.2 27.7 ± 3.0 1.5 

P
1
1

2
 

CNTF 51.0 ± 2.2 16.2 ± 0.6 3.1 

GDNF 9.4 ± 1.1 8.0 ± 1.0 1.2 

CNTF/GDNF 45.4 ± 3.2 14.6 ± 1.3 3.1 

LIF 31.4 ± 2.5 12.3 ± 2.0 2.6 

PGRN 35.9 ± 1.5 12.8 ± 2.0 2.8 

CNTF: ciliary neurotrophic factor; GDNF: glial cell line-derived neurotrophic factor; LIF: leukemia 
inhibitory factor; P: postnatal day; PGRN: progranulin.  

 

Similar effects of the different NTFs on cone photoreceptor survival were 

observed in 4-month-old animals (TAB. 13). Retinas treated with CNTF- and 

CNTF/GDNF-NSCs contained ~3-fold more cones, and retinas treated with LIF 

contained ~2.5-fold more cones than the respective control retinas. Retinas 

treated with PGRN-NSCs contained ~2.8-fold more cones compared to control-

retinas. As in 2-month-old animals, GDNF-NSCs had no effect on the progression 

of cone photoreceptor degeneration (FIG. 21C; TAB. 13).  
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FIG. 21: THE CYTOKINES CNTF AND LIF, AS WELL AS THE GROWTH FACTOR PGRN ARE SUITABLE TO 

ATTENUATE THE LOSS OF CONE PHOTORECEPTORS IN 2- AND 4-MONTH-OLD β2/β1 KI MICE.  

Analysis of PNA-positive cone inner segments in retinas of 2- and 4-month-old β2/β1 ki mice 

treated with CNTF-, GDNF- and CNTF/GDNF-NSCs (A) or LIF- and PGRN-NSCs (B) and control-

NSCs. (C) Statistical analysis of PNA-positive cone inner and outer segments in retinas of 2-

month-old (a) and 4-month-old (b) β2/β1 ki retinas treated with NTF-NSCs (filled bars), or control-

NSCs (open bars). Each bar represents the mean ± SEM from six retinas. Statistical analyses 

were performed using a two-way ANOVA followed by a Bonferroni post-hoc test. **: p<0.01, ***: 

p<0.001, n.s.: not significant. CNTF: ciliary neurotrophic factor; ctrl: control; gcl: ganglion cell 

layer; GDNF: glial cell line-derived neurotrophic factor; inl: inner nuclear layer; LIF: leukemia 

inhibitory factor; onl: outer nuclear layer; P: postnatal day; PGRN: progranulin; PNA: biotinylated 

peanut agglutinin. Scale bar in Al (for Aa-Al), Bh (for Ba-Bh): 100µm. 
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Furthermore, retinas of 2-month-old animals treated with LIF, CNTF and 

CNTF/GDNF contained significantly more cone photoreceptor cells than retinas 

of 4-month-old animals treated with the same NTFs (FIG. S6). Interestingly, 

retinas of 2- and 4-month-old animals treated with PGRN-NSCs contained 

approximately the same number of cones (P56: 42.0 ±2.2 PNA-positive CIS/1000 

µm, P112: 35.9 ± 1.5 PNA-positive CIS/1000 µm; p>0.05 according to a two-way 

ANOVA followed by a Bonferroni post-hoc test) corresponding to a decrease of 

~15% (Tab. 14). In animals treated with CNTF, CNTF/GDNF or LIF, on the other 

hand, retinas of older animals contained ~30% less PNA-positive cones 

compared to younger animals (p<0.001 according to a two-way ANOVA followed 

by a Bonferroni post-hoc test, Tab. 14; FIG. 21C; FIG. S6;), indicating that PGRN 

was the most effective NTF in slowing the progression of cone degeneration. 

 

Tab. 14: COMPARISON OF THE NUMBER OF CONES PRESENT IN TREATED β2/β1 KI RETINAS BETWEEN 

AGE GROUPS. 

 CONES/1000 µM 

IN TREATED 

RETINAS P56 

CONES/1000 µM 

IN TREATED 

RETINAS P112 

ΔCONES/1000 µM 

COMPARED TO P56 

CNTF 75.5 ± 3.6 51.0 ± 2.2 -32% 
GDNF 23.0 ± 1.7 9.4 ± 1.1 -59% 
CNTF/GDNF 67.7 ± 4.9 45.4 ± 3.2 -33% 
LIF 78.8 ±2.0 31.4 ± 2.5 -60% 
PGRN 42.0 ± 2.2 35.9 ± 1.5 -15% 

Δ: difference; CNTF: ciliary neurotrophic factor; GDNF: glial cell line-derived neurotrophic factor; 
LIF: leukemia inhibitory factor; P: postnatal day; PGRN: progranulin 
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4.2. PROJECT II: HYPER-IL6 ATTENUATES PHOTORECEPTOR LOSS IN AN 

AUTOSOMAL-RECESSIVE RETINITIS PIGMENTOSA AND A CONE-ROD 

DYSTROPHY MOUSE MODEL 

In a second project, the neuroprotective effect of the novel designer 

cytokine hyper-IL6, a fusion protein consisting of the cytokine IL6 and the soluble 

isoform of its receptor, sIL6Rα (Fischer et al., 1997), was examined in two mouse 

models of photoreceptor degeneration. The impact of the hIL6 on photoreceptor 

survival was assessed in the Pde6brd10 mouse (in the following referred to as rd10 

mouse), a model of autosomal-recessive retinitis pigmentosa (Chang et al., 

2002), and in the β2/β1 ki mouse, a model of a cone-rod dystrophy (Bartsch et 

al., 2025). The designer cytokine was administered to the dystrophic retinas by 

intravitreal transplantation of hIL6-NSCs or intravitreal injections of a self-

complementary AAVshH10-hIL6. 

 

4.2.1. IN VITRO CHARACTERISATION OF HIL6-EXPRESSING NEURAL STEM CELLS 

The expression of hIL6 in a newly generated clonal NSC line (hIL6-NSCs) 

was studied by immunocytochemistry in undifferentiated and differentiated cells 

as well as quantitative Western blot analysis. 

Immunocytochemical analysis of undifferentiated cells revealed co-

expression of perinuclearly located hIL6 and the cytoplasmic expression of the 

reporter protein Venus in all hIL6-NSCs, indicated by arrow heads (FIG. 22Aa-c). 

Control-NSCs expressed the reporter protein, but not hIL6 (FIG. 22Ad-f). 

 
FIG. 22: IN VITRO CHARACTERISATION OF HIL6- AND CONTROL-NSCS.  
(A) Expression of hIL6 and the reporter protein Venus in undifferentiated hIL6-NSCs (a-c) and 
control-NSCs (d-f). Co-expression of hIL6 and Venus is indicated by arrow heads. (B) Western 
blot analysis of culture supernatants obtained from hIL6-NSCs at passage 22 and 29 and control-
NSCs. Recombinant human hIL6 was loaded as a reference. hIL6: hyper-interleukin-6; kDa: 
kilodalton; NSCs: neural stem cells; P: passage; rhIL6: recombinant human hIL6. Scale bar in Af: 
50 µm. 
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Quantitative Western blot analysis of culture supernatants (FIG. 22B) 

obtained from the hIL6-NSC clone consistently revealed strong expression of the 

cytokine. hIL6-NSCs secreted 146.57 ± 7.93 ng hIL6/105 cells/24h at passage 22 

and 128.76 ± 7.59 ng hIL6/105 cells/24h at passage 29. No hIL6 was detected in 

supernatants obtained from control-NSCs.  

Additionally, the transgene expression was examined in in vitro 

differentiated cell types. hIL6-NSCs and control-NSCs were cultivated in different 

culture media to induce a preferential differentiation into either astrocytes or 

neurons. Astrocytes (FIG. 23Aa-d) and neurons (FIG. 23Ba-d) co-expressed the 

reporter protein Venus throughout the cytoplasm and hIL6 in a perinuclear 

pattern. Astrocytes and neurons derived from control-NSCs (FIG. 23Ae-h, Be-h) 

were positive for the reporter protein but lacked expression of the hIL6 transgene.  

 

FIG. 23: TRANSGENE EXPRESSION IN ASTROCYTES AND NEURONS DERIVED FROM HIL6-NSCS AND 

CONTROL-NSCS IN VITRO. 
(A) In vitro differentiated astrocytes derived from hIL6-NSCs (a-d) and control-NSCs (e-h). (B) In 

vitro differentiated neurons derived from hIL6-NSCs (a-d) and control-NSCs (e-h). GFAP: glial 

fibrillary acidic protein; hIL6: hyper-interleukin-6; MAP2: mitogen-associated protein 2; NSCs: 

neural stem cells. Scale bar in Ah (for Aa-h) and Bh (for Ba-h): 50 µm.  
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4.2.2. IN VIVO CHARACTERIZATION OF INTRAVITREALLY TRANSPLANTED NEURAL STEM 

CELL CLONES 

The fate of intravitreally grafted hIL6- and control-NSCs in terms of 

survival, differentiation and transgene expression was analysed at the latest 

analysis time point, i.e. 46 days and 70 days after cell transplantation in rd10 mice 

and β2/β1 ki mice, respectively. In both mouse models, grafted cells were 

attached to the posterior pole of the lenses where they had formed a monolayer 

of astrocytes (for rd10 mice, see FIG. 24Aa,b, for β2/β1 ki mice, see FIG. S7Aa,b). 

The grafted hIL6-NSCs co-expressed hIL6 and the reporter protein for 46 days 

after transplantation in treated rd10 mice (FIG. 24Ba,b) and for 70 days after 

transplantation in treated β2/β1 ki mice (FIG. S7Ba,b). In comparison, astrocytes 

derived from control-NSCs expressed the reporter protein (FIG. 24Bc) and GFAP 

(FIG. 24Ad; FIG. S7Ac,d), but not hIL6 (FIG. 24Bd; FIG. S7Bc,d).  

 

 

FIG. 24: IN VIVO CHARACTERISATION OF INTRAVITREALLY GRAFTED HIL6-NSCS AND CONTROL-NSCS IN 

RD10 MICE.  
(A) Differentiation of intravitreally grafted hIL6-NSCs (a,b) and control-NSCs (c,d). (B) Expression 
of the reporter protein Venus and hIL6 in hIL6-NSCs (a,b) and control-NSCs (c,d). GFAP: glial 
fibrillary acidic protein; hIL6: hyper-interleukin-6; NSCs: neural stem cells. Scale bar in Ad (for Aa-
d) and Bd (for Ba-d): 100 µm. 

 

4.2.3. TRANSGENE EXPRESSION AFTER INTRAVITREAL INJECTIONS OF AAV VECTORS 

Transgene expression after intravitreal injections of AAVshH10-hIL6 and 

AAVshH10-GFP in rd10 mice was evaluated at the latest analysis time point. 

Immunostainings of 2-month-old rd10 retinas, 47 days after the AAV injection, 

revealed expression of hIL6 throughout the retina (FIG. 25a). GFP was expressed 

in cell bodies located in the ganglion cell layer and in radially oriented cell 
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processes spanning the entire retina (FIG. 25b). A similar expression pattern of 

hIL6 and GFP was observed in 3-months-old β2/β1 ki retinas (FIG. S8). 

 

 

FIG. 25: EXPRESSION OF TRANSGENES AFTER INTRAVITREAL INJECTIONS OF AAVSHH10-HIL6 AND 

AAVSHH10-GFP IN THE RETINA OF 2-MONTH-OLD RD10 MICE. 
Expression of hIL6 (a) and GFP (b) in retinas of rd10 mice treated with AAVshH10-hIL6 and 

AAVshH10-GFP, respectively. AAV: adeno-associated virus; gcl: ganglion cell layer; GFP: green 

fluorescent protein; hIL6: hyper-interleukin-6; inl: inner nuclear layer. Scale bar in b: 50 µm. 
 

4.2.4. NEUROINFLAMMATION IN HIL6-TREATED RETINAS 

4.2.4.1. HIL6 TREATMENT PROMOTES NEUROINFLAMMATION IN THE RETINA OF RD10 

MICE 

IL6 is a pro-inflammatory cytokine. Hence, the extent of reactive 

astrogliosis and reactive microgliosis induced by the grafted hIL6-NSCs or the 

injected AAVshH10-hIL6 was examined by analysing the expression of GFAP, 

IBA1 and CD68 (FIG. 26). 

Strong expression of the inflammation markers was observed in retinas 

treated with either hIL6-NSCs or AAVshH10-hIL6 when compared to the 

contralateral control retinas, age-matched untreated rd10 retinas (also referred 

to as mutant mice (MUT)) or age-matched untreated wild-type retinas (FIG. 26). 

However, the extent of inflammation decreased with the increasing age of the 

animals as indicated by immunohistochemistry (FIG. S9) and quantification of the 

density of CD68-positive macrophages (FIG. 26C).  

GFAP expression was strongly increased throughout the examination 

period (P28 (FIG. 26A) through P56 (FIG. S9)) in retinas treated with both hIL6-

NSCs (FIG. 26Ab) and AAVshH10-hIL6 (FIG. 26Ad) compared to retinas treated 

with control-NSCs (FIG. 26Aa), AAVshH10-GFP (FIG. 26Ac) or age-matched MUT 

(FIG. 26Ae) and WT retinas (FIG. 26Af). 



| RESULTS — HYPER-IL6 ATTENUATES ROD PHOTORECEPTOR LOSS IN MODELS OF IRDS | 

83 
 

 

FIG. 26: TREATMENT WITH HIL6 INCREASED NEUROINFLAMMATION IN THE RETINA OF RD10 MICE.  
(A) Reactive astrogliosis (a-f) and microgliosis (g-r) were assessed in 1-month-old rd10 mice 
treated with hIL6-NSCs (b,h,n) or AAVshH10-hIL6 (d,j,p) and their contralateral control retinas 
treated with control-NSCs (a,g,m) or AAVshH10-GFP (c,i,o), as well as age-matched untreated 
rd10 (MUT) (e,k,q) and wild-type (WT) mice (f,l,r,). (B) Quantitative Western blot analysis of GFAP 
(a) and IBA1 (b) in 1-month-old AAV-treated retinas (filled bars), control retinas (open bars), 
untreated MUT (cross-hatched bars) and untreated WT retinas (hatched bars). TPS was used as 
a standard. *: p<0.05; **: p<0.01; ***: p<0.001; n.s.: not significant according to one-way ANOVA 
followed by Bonferroni post-hoc test. (C) The density of CD68-positive macrophages in NSC- (a) 
or AAV-treated (b) rd10 retinas (filled bars), control retinas treated with either control-NSCs or 
AAVshH10-GFP (open bars), and age-matched MUT retinas (cross-hatched bars). Values for 
untreated 2-month-old WT mice (hatched bars) are shown as a reference. Each bar represents 
the mean ± SEM from eight retinas. ***: p<0.001, n.s.: not significant according to a two-way 
ANOVA followed by a Bonferroni post-hoc test. AAV: adeno-associated virus; CD68: cluster of 
differentiation 68; ctrl: control; gcl: ganglion cell layer; GFAP: glial fibrillary acidic protein; hIL6: 
hyper-interleukin-6; inl: inner nuclear layer; IBA1: ionized calcium-binding adapter molecule 1; 
kDa: kilodalton; MUT: mutant (here: rd10) NSCs: neural stem cells; onl: outer nuclear layer; P: 
postnatal day; TPS: total protein stain; WT: wild-type. Scale bar in Ar: 100 µm.  
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Quantitative Western blot analysis confirmed significantly elevated GFAP 

levels in 1-month-old rd10 retinas treated with AAVshH10-hIL6, the expression 

being ~2.2-fold higher than in rd10 retinas treated with AAVshH10-GFP or in MUT 

retinas, and ~5-fold higher than in untreated wild-type retinas (FIG. 26Ba).  

Similar to GFAP, expression of IBA1 was strongly increased in 1-month-

old rd10 retinas treated with hIL6-NSCs (FIG. 26Ah) or hIL6-AAVs (FIG. 26Aj; for 

2-month-old retinas, see FIG. S9) compared to control retinas (FIG. 26Ag and i, 

respectively), and age-matched MUT (FIG. 26Ak) or WT retinas (FIG. 26Al). IBA1 

expression in 1-month-old rd10 mice treated with AAVshH10-hIL6 was markedly 

increased by ~7.7-fold when compared with AAVshH10-GFP-treated or MUT 

retinas, and by ~27-fold when compared to untreated WT retinas (FIG. 26Bb).  

Qualitative analysis of CD68 expression (FIG. 26Am-r) and quantitative 

analysis of the density of CD68-positive cells (FIG. 26C) revealed that retinas 

treated with hIL6-NSCs (FIG. 26Ca) or AAVshH10-hIL6 (FIG. 26Cb) contained 

significantly more CD68-positive macrophages than the respective control retinas 

or untreated MUT and WT retinas. Furthermore, AAV-treated retinas contained 

significantly more CD68-positive cells than NSC-treated retinas until P35 (Tab. 

S1). From P42 onward, retinas treated with hIL6-NSCs and AAVshH10-hIL6 

contained about the same number of CD68-positive cells. Retinas treated with 

either control-NSCs or AAVshH10-GFP also contained more CD68-positive 

macrophages than untreated rd10 or WT retinas until P42 (Tab. S2).  

 

4.2.4.2. NEUROINFLAMMATION IN ATP1B2ATP1B1 KI MICE TREATED WITH HIL6 

Similar to the results observed in rd10 retinas, β2/β1 ki retinas treated with 

hIL6 exhibited a more pronounced GFAP- and IBA1-expression compared to 

retinas treated with control-NSCs or AAVshH10-GFP and age-matched, 

untreated β2/β1 ki retinas (MUT) and wild-type retinas (FIG. S10). The expression 

of GFAP was increased in β2/β1 ki retinas treated with hIL6-NSCs and control-

NSCs or AAVshH10-hIL6 and AAVshH10-GFP compared to age-matched MUT 

and WT retinas.  

Conversely, apparent differences in the number of CD68-positive 

macrophages could not be observed between hIL6-treated β2/β1 ki retinas of 

either age group compared to the respective controls.  
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4.2.5. HIL6 EXERTS NEUROPROTECTIVE EFFECTS ON PHOTORECEPTORS 

 4.2.5.1. HIL6 ATTENUATES PHOTORECEPTOR LOSS IN THE RETINA OF RD10 MICE 

hIL6 has been shown to attenuate the loss of RGCs and to promote axonal 

regeneration in a mouse model of optic nerve injury (Leibinger et al., 2016). 

Nonetheless, to the best of our knowledge, to date no study has examined 

whether hIL6 promotes the survival of photoreceptor cells. 

Retinas of rd10 mice treated with hIL6-NSCs or AAVshH10-hIL6 were 

significantly thicker and had thicker photoreceptor layers than the respective 

control retinas or untreated rd10 retinas until the last analysis time point, i.e. P56 

(FIG. 27; FIG. 28a-d).  

 

 

FIG. 27: HIL6 PROMOTES THE SURVIVAL OF PHOTORECEPTOR CELLS IN THE RETINA OF RD10 MICE.  
Representative images of retinal sections from animals treated with control-NSCs, hIL6-NSCs, 
AAVshH10-GFP, or AAVshH10-hIL6 and from age-matched MUT and untreated WT mice. Cone 
inner and outer segments were labelled with PNA. AAV: adeno-associated virus; ctrl: control; gcl: 
ganglion cell layer; GFP: green fluorescent protein; hIL6: hyper-interleukin-6; inl: inner nuclear 
layer; MUT: mutant (here: rd10); NSCs: neural stem cells; onl: outer nuclear layer; P: postnatal 
day; PNA: biotinylated peanut agglutinin; WT: wild-type. Scale bar: 100 µm. 

 

Photoreceptor layers of retinas treated with hIL6-NSCs or AAVshH10-hIL6 

were significantly thicker than the photoreceptor layers of control retinas at all 

ages analysed (FIG. 28c,d). Quantitative analysis revealed that the photoreceptor 

layer in 1-month-old animals treated with hIL6-NSCs was ~2-fold thicker than in 

control retinas. Retinas treated with AAVshH10-hIL6 were ~3.7-fold thicker than 

those treated with AAVshH10-GFP or age-matched rd10 mice. In 2-month-old 

animals, retinas treated with either hIL6-NSCs or AAVshH10-hIL6 were ~2-fold 

thicker than the contralateral control retinas.  
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Furthermore, there was no significant difference in the thickness of the 

photoreceptor layers between control retinas and age-matched MUT mice, with 

the only exception of NSC-treated rd10 mice at P28 (FIG. 28c,d). Labelling of 

cone inner and outer segments with PNA revealed similar densities of cones in 

hIL6-treated retinas, control retinas and untreated MUT and WT retinas at all ages 

analysed (FIG. 27). 

 

 

FIG. 28: QUANTITATIVE ANALYSIS OF RETINA AND PHOTORECEPTOR LAYER THICKNESS AND 

DETERMINATION OF THE NUMBER OF ROWS OF PHOTORECEPTOR NUCLEI IN THE RETINA OF RD10 MICE.  
Retina thickness (a,b), photoreceptor layer thickness (c,d) and the number of rows of 
photoreceptor nuclei (e,f) in retinas treated with hIL6-NSCs or AAVshH10-hIL6 (filled bars), 
control-NSCs or AAVshH10-GFP (open bars) and age-matched MUT mice (cross-hatched bars). 
Values from untreated 2-month-old WT mice (hatched bars) are shown as a reference. Each bar 
represents the mean ± SEM from eight retinas. *: p<0.05, ***: p<0.001, n.s.: not significant 
according to a two-way ANOVA followed by a Bonferroni post-hoc test. AAV: adeno-associated 
virus; hIL6: hyper-interleukin-6; MUT: mutant (here: rd10); NSCs: neural stem cells; P: postnatal 
day; WT: wild-type. 

 

To examine the progression of rod photoreceptor degeneration, the 

number of rows of photoreceptor cell nuclei (RPN) was analysed. Throughout the 

examination period, rd10 retinas treated with hIL6 contained significantly more 
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RPN than the respective control retinas (TAB. 15). Importantly, retinas of 2-month-

old rd10 mice treated with hIL6-NSCs contained ~2.8-fold more RPN than control 

retinas (FIG. 28e). Retinas treated with AAVshH10-hIL6 contained about ~2.2-fold 

more RPN than the contralateral control retinas or untreated MUT retinas (Fig. 

28f). The strongest protective effect on rod photoreceptors was observed in 5-

week-old animals. In these animals the onl of retinas treated with hIL6-NSCs 

containing ~3-fold more RPN and retinas treated with AAVshH10-hIL6 containing 

~5.7-fold more RPN than the respective control retinas. In 1-month-old retinas, 

the neuroprotective effects of AAVshH10-hIL6 were more pronounced compared 

to those conferred by the hIL6-NSC clone as indicated by a greater photoreceptor 

layer thickness (AAVs: 69.6 ± 3.3 µm, NSCs: 52.2 ± 1.9 µm; p<0.001 according 

to a two-way ANOVA followed by Bonferroni post-hoc test) and a higher number 

of RPN (AAVs: 9.8 ± 0.3 RPN, NSCs: 7.6 ± 0.3 RPN; p<0.001 according to a two-

way ANOVA followed by Bonferroni post-hoc test) (FIG. 28). Retinas of rd10 mice 

treated with AAVshH10-hIL6 were also thicker than retinas treated with hIL6-

NSCs, however not significantly so (AAVs: 167.0 ± 2.6 µm, NSCs: 161.3 ± 5.0 

µm). Retina thinning, photoreceptor layer thinning and photoreceptor 

degeneration progressed faster in retinas treated with AAVshH10-hIL6 than in 

retinas treated with hIL6-NSCs (FIG. 28). From P42 onward no significant 

differences in the examined parameters between retinas treated with AAVshH10-

hIL6 and hIL6-NSCs were observed. 

TAB. 15: THE NUMBER OF ROWS OF PHOTORECEPTOR NUCLEI IN RD10 KI RETINAS TREATED WITH 

HIL6-NSCS AND AAVSHH10-HIL6. 

 AGE 
RPN IN TREATED 

RETINAS 
RPN IN CONTROL 

RETINAS1 

FOLD-CHANGE 

COMPARED TO 

CONTROL 

H
IL

6
-

N
S

C
S
 P28 7.6 ± 0.3 2.94 ± 0.1 2.6 

P35 5.6 ± 0.3 1.9 ± 0.1 3.0 
P42 3.2 ± 0.2 1.3 ± 0.03 2.4 
P56 2.6 ± 0.1 0.9 ± 0.07 2.8 

A
A

V
S

H

H
1
0

-

H
IL

6
 P28 9.7 ± 0.3 2.1 ± 0.1 4.6 
P35 7.1 ± 0.2 1.2 ± 0.03 5.7 
P42 3.3 ± 0.1 1.0 ± 0.06 3.3 
P56 2.0 ± 0.1 0.9 ± 0.05 2.2 

1 for purposes of a clear depiction, data on the RPN of retinas treated with control-NSCs or 
AAVshH10-GFP was chosen for this table. For most treatment groups, except for 1-month-old 
animals treated with hIL6-NSCs, statistical analysis confirmed no significant differences between 
treated control retinas and untreated control retinas. AAVshH10: adeno-associated virus serotype 
shH10; hIL6: hyper-interleukin-6; NSC: neural stem cells; P: postnatal day; RPN: rows of 
photoreceptor nuclei.  
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4.2.5.2. HIL6 ATTENUATES PHOTORECEPTOR LOSS IN THE RETINA OF Atp1b2Atp1b1 KI 

MICE 

Retina thickness was not significantly different between β2/β1 ki retinas 

treated with hIL6-NSCs or AAVshH10-hIL6 and the respective control retinas or 

untreated MUT retinas at P56 and P84 (FIG. 29a,b). However, the photoreceptor 

layer of 2-month-old β2/β1 ki mice treated with hIL6-NSCs or AAVshH10-hIL6 

was significantly thicker than the photoreceptor layer in control retinas or 

untreated MUT retinas (FIG. 29c,d). This difference in photoreceptor layer 

thickness was no longer evident in 3-month-old animals (FIG. 29c,d).  

Retinas treated with hIL6-NSCs or AAVshH10-hIL6 contained significantly 

more RPN than the control retinas (FIG. 29e,f). On average, retinas of 2-month-

old β2/β1 ki mice treated with either hIL6-NSCs or AAVshH10-hIL6 contained 

~8.4 RPN compared to ~5.3 RPN in control retinas and age-matched untreated 

MUT retinas (hIL6-NSCs: 8.3 ± 0.3 RPN, AAVshH10-hIL6: 8.6 ± 0.2 RPN; control 

retinas: 5.3 ± 0.1 RPN, MUT: 5.4 ± 0.1 RPN). Retinas of 3-month-old β2/β1 ki 

mice contained ~7.6 RPN compared to ~5.2 RPN in control retinas and untreated 

retinas (hIL6-NSCs: 7.8 ± 0.2 RPN, AAVshH10-hIL6: 7.4 ± 0.2 RPN; control 

retinas: 5.1 ± 0.1 RPN; MUT: 5.3 ± 0.1). No differences in the number of 

photoreceptor nuclei were observed between retinas treated with control-NSCs 

or AAVshH10-GFP and age-matched MUT mice. 
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FIG. 29: QUANTITATIVE ANALYSIS OF RETINA AND PHOTORECEPTOR LAYER THICKNESS AND 

DETERMINATION OF THE NUMBER OF ROWS OF PHOTORECEPTOR NUCLEI IN THE RETINA OF β2/β1 KI MICE.  
Analysis of retina thickness (a,b), photoreceptor layer thickness (c,d) and the number of rows of 
photoreceptor nuclei (e,f) in retinas treated with hIL6-NSCs or AAVshH10-hIL6 (filled bars), 
control-NSCs or AAVshH10-GFP (open bars) and age-matched MUT mice (cross-hatched bars). 
Values from untreated 3-month-old WT mice (hatched bars) are shown as a reference. Each bar 
represents the mean ± SEM from six retinas. **: p<0.01, ***: p<0.001, n.s.: not significant 
according to a two-way ANOVA followed by a Bonferroni post-hoc test. AAV: adeno-associated 
virus; hIL6: hyper-interleukin-6; MUT: mutant (here: β2/β1 ki); NSCs: neural stem cells; P: 
postnatal day; WT: wild-type. 

 

Since the β2/β1 ki mouse exhibits a cone-rod dystrophy-like phenotype, 

the number of PNA-positive CIS in direct contact with the onl was determined 

(FIG. 30;FIG. S11). Retinas treated with hIL6 contained more PNA-positive CIS 

compared to controls and untreated age-matched MUTs. Specifically, retinas from 

2-month-old animals contained ~2.7-fold more PNA-positive CIS (hIL6-NSCs: 

61.5 ± 4.5 PNA-positive CIS/1000 µm; AAVshH10-hIL6: 58.0 ± 0.7 PNA-positive 

CIS/1000 µm) than control retinas (control-NSCs: 23.9 ± 2.1 PNA-positive 

CIS/1000 µm, AAVshH10-GFP: 20.9 ± 3.4 PNA-positive CIS/1000 µm) and ~3-

fold more PNA-positive CIS than MUT retinas (20.0 ± 4.3 PNA-positive CIS/1000 

µm). In 3-month-old β2/β1 ki mice, retinas treated with hIL6-NSCs contained 
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~1.5-fold more PNA-positive CIS than the contralateral control retinas (hIL6-

NSCs: 24.8 ± 2.0 PNA-positive CIS/1000 µm; control-NSCs: 15.9 ± 2.1 PNA-

positive CIS/1000 µm). Retinas treated with AAVshH10-hIL6 contained ~2.6-fold 

more PNA-positive CIS than the control retinas (AAVshH10-hIL6: 47.3 ± 1.7 PNA-

positive CIS/1000 µm; AAVshH10-GFP: 18.4 ± 2.2 PNA-positive CIS/1000 µm). 

In age-matched, untreated MUT retinas a similar number of PNA-positive CIS 

compared to retinas treated with control-NSCs or AAVshH10-GFP was observed 

(MUT: 18.5 ± 2.3 PNA-positive CIS/1000 µm; control-NSCs: 15.9 ± 2.1 PNA-

positive CIS/1000 µm; AAVshH10-GFP: 18.4 ± 2.2 PNA-positive CIS/1000 µm). 

In comparison, retinas of WT mice contained 122.4 ± 0.9 PNA-positive CIS/1000 

µm. 

 

FIG. 30: HIL6 ATTENUATES CONE PHOTORECEPTOR LOSS IN THE RETINAS OF β2/β1 KI MICE.  
Quantitative analysis of PNA-positive cone inner segments in β2/β1 ki retinas treated with hIL6-
NSCs (a) or AAVshH10-hIL6 (b). Each bar represents the mean ± SEM from six retinas. Values 
from untreated 3-month-old WT mice (hatched bars) are shown as a reference. *: p<0.05; **: 
p<0.01, ***: p<0.001, n.s.: not significant according to two-way ANOVA followed by Bonferroni 
post-hoc test. AAV: adeno-associated virus; hIL6: hyper-interleukin 6; MUT: mutant (here: β2/β1 
ki); NSCs: neural stem cells; P: postnatal day; PNA: biotinylated peanut agglutinin; WT; wild-type. 

 

4.2.6. HIL6 INFLUENCES THE EXPRESSION OF PROTEINS INVOLVED IN 

PHOTOTRANSDUCTION AND CELL SIGNALLING IN RD10 MICE 

Cytokines such as CNTF, LIF and IL6 have been shown to downregulate 

proteins involved in phototransduction, such as RHO and CAR (Wen et al., 2006; 

Wen et al., 2008). Therefore, the expression of CAR in rd10 retinas treated with 

hIL6-NSCs and AAVshH10-hIL6 was examined by immunohistochemistry and 

Western blot analysis. 

Qualitative analysis of CAR expression revealed that, compared to rd10 

retinas treated with control-NSCs (Fig. 31Aa,g,m,s), AAVshH10-GFP (Fig. 

31Ac,i,o,u) or untreated MUT (Fig. 31Ae,k,q,w) and WT retinas (Fig. 31Af,l,r,x), 

expression of CAR was downregulated in hIL6-treated retinas. The 
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downregulation of CAR appeared to progress until P35 (Fig. 31Ah,j), before 

expression levels stabilised until the last observation point at P56 (Fig. 31At,v).  

Quantitative Western blot analysis confirmed a significant downregulation 

of CAR in hIL6-treated rd10 retinas (Fig. 31B). In 1-month-old retinas treated with 

AAVshH10-hIL6, expression of CAR was reduced by 84% when compared to 

AAVshH10-GFP or untreated rd10 retinas, and by 90% when compared to 

untreated WT retinas. 

 

 

Fig. 31: hIL6 dysregulates the expression of cone-arrestin in rd10 mice.  
(A) Immunohistochemical analysis of cone-arrestin (CAR) expression in retinas treated with 
control-NSCs, hIL6-NSCs. AAVshH10-GFP, AAVshH10-hIL6 as well as age-matched MUT and 
WT retinas. (B) Quantitative Western blot analysis of cone-arrestin expression in 1-month-old 
rd10 retinas treated with AAVshH10-hIL6 (filled bars) or AAVshH10-GFP (open bars) as well as 
untreated MUT (cross-hatched bars) and WT retinas (hatched bars). ***: p<0.001 according to a 
one-way ANOVA followed by Bonferroni post-hoc test. AAV: adeno-associated virus; gcl: ganglion 
cell layer; hIL6: hyper-interleukin-6; kDa: kilodalton; inl: inner nuclear layer; MUT: mutant (here: 
rd10 mice); NSCs: neural stem cells; onl: outer nuclear layer; P: postnatal day; TPS: total protein 
stain; WT: wild-type. Scale bar in Ax: 100 µm. 

 

Cytokines, such as IL6, trigger the activation of the MAPK signalling 

pathway by phosphorylation of the kinase. Accordingly, levels of phosphorylated 

MAPK (pMAPK) were strongly increased in retinas of 1-month-old rd10 mice 
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treated with either hIL6-NSCs (FIG. 32Ab) or AAVshH10-hIL6 (FIG. 32Ad) 

compared to control retinas (FIG. 32Aa and c, respectively) or age-matched MUT 

(FIG. 32Ae) and WT retinas (FIG. 32Af). However, pMAPK levels in hIL6-treated 

retinas decreased with the increasing age of the animals (FIG. 32Ag-l). 

Since IL6 does not only signal via the RAS/MAPK pathway but also via the 

JAK/STAT pathway, the expression of the phosphorylated signal transducer and 

activator of transcription 3 (pSTAT3) was analysed by quantitative Western blot 

analysis (FIG. 32B). Analysis of 1-month-old retinas treated with AAVshH10-hIL6 

revealed a ~6-fold increase of pSTAT3 compared to AAVshH10-GFP and a ~7-

fold increase compared to untreated MUT retinas. Compared to WT retinas, 

expression of pSTAT3 was increased ~58-fold in AAVshH10-hIL6 retinas and ~9-

fold in control retinas and untreated MUT retinas (FIG. 32B).  

 

FIG. 32: TREATMENT OF RD10 RETINAS WITH HIL6-NSCS OR HIL6-AAVS STIMULATES INTRACELLULAR 

SIGNALLING.  
(A) The effect of hIL6 on downstream signalling cascades was examined by analysing pMAPK 
expression in retinas treated with hIL6-NSCs or AAVshH10-hIL6, respective control retinas as 
well as age-matched untreated rd10 and WT retinas. (B) Quantitative Western blot analysis of 
pSTAT3 expression in 1-month-old AAVshH10-hIL6-treated retinas (filled bar), control retinas 
(open bars), untreated age-matched MUT (cross-hatched bars) and untreated WT retinas 
(hatched bars). **: p<0.01; ***: p<0.001 according to one-way ANOVA followed by a Bonferroni 
post-hoc test. AAV: adeno-associated virus; ctrl: control; gcl: ganglion cell layer; hIL6: hyper-
interleukin-6; inl: inner nuclear layer; kDa: kilodalton; MUT: mutant (here: rd10); NSCs: neural 
stem cells; onl: outer nuclear layer; P: postnatal day; pMAPK: phospho p44/42 mitogen-activated 
protein kinase (Thr202/Tyr204); pSTAT3: phosphorylated signal transducer and activator of 
transcription 3 (Tyr705); TG: transgenic mice (here: rd10), TPS: total protein stain; WT: wild-type. 
Scale bar in Al: 100 µm. 
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5. DISCUSSION 

5.1. PROJECT I: PROTECTION OF PHOTORECEPTOR CELLS WITH VARIOUS 

NEUROTROPHIC FACTORS IN A NOVEL MOUSE MODEL EXHIBITING A CONE-
ROD DYSTROPHY-LIKE PHENOTYPE 

5.1.1. PHOTORECEPTOR DEGENERATION IN THE Atp1b2Atp1b1
 KI MOUSE  

The Atp1b2Atp1b1 ki mouse (hereafter referred to as β2/β1 ki mouse) 

(Weber et al., 1998) is a murine model exhibiting a cone-rod dystrophy-like 

phenotype with an early onset and rapid progression of photoreceptor 

degeneration. In this model, the β2-subunit of the sodium-potassium-ATPase 

(Na,K-ATPase or NKA) is replaced by the β1-subunit, resulting in a dysfunction 

of the vital enzyme. The dysfunction leads to the degeneration of photoreceptors, 

which normally express high levels of β2. Inner retinal cells, such as bipolar cells 

and retinal ganglion cells (RGCs) do not degenerate (Bartsch et al., 2025) (cf. 

1.4.2. THE PHENOTYPE OF ATP1B2ATP1B1 KNOCK-IN MICE). The apoptosis of cone 

photoreceptors and later of rod photoreceptors observed in β2/β1 ki mice is 

associated with a dysregulation of the cellular ion homeostasis caused by a 

reduced function and expression of the NKA. In the β2/β1 ki mouse, transgenic 

Atp1b1 transcripts amount to ~10-20% of Atp1b2 transcripts found in wild-type 

mice (Weber et al., 1998). 

A major function of the NKA is the transmembrane transport of sodium 

(Na+) and potassium (K+) ions (Contreras et al., 2024). Consequently, a 

dysfunction of the enzyme leads to the depletion of K+, an intracellular 

accumulation of Na+ and a subsequent membrane depolarisation, resulting in 

calcium ion (Ca2+) accumulation and cytotoxicity (Yu, 2003). The ionic 

homeostasis is further disrupted by a reduced expression of the voltage-gated 

potassium channels KV2.1 and KV8.2, which have recently been shown to interact 

with the α3β2 isozyme expressed in photoreceptors (Bartsch et al., 2025; Schmid 

et al., 2022). KV2.1 and KV8.2 form heterotetrameric channels, located in the inner 

segments of murine photoreceptors. They, together with the NKA, carry a 

substantial part of the outward dark current (Fortenbach et al., 2021; Inamdar et 

al., 2021). Hence, the decreased expression of the KV subunits associated with 

the genetically modified NKA likely contributes to the photoreceptor degeneration 

in the β2/β1 ki mouse by aggravation of the ion imbalance (Fortenbach et al., 

2021; Vierra et al., 2019). Of note, due to the impaired ionic homeostasis in the 
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photoreceptors and the subsequent lack of an outward dark current, a recording 

of ERGs in the β2/β1 ki mouse is unattainable. 

 

5.1.2. BENEFITS OF A SUSTAINED DELIVERY OF NEUROTROPHIC FACTORS 

Cone-rod dystrophies are progressive in nature and require constant 

monitoring and treatment (reviewed in: Ben-Yosef (2022); Nebbioso et al. (2025)). 

However, most of the currently investigated treatments, such as the 

administration of recombinant neurotrophic factors, exhibit only short-term 

efficacy; for example, the half-life time of exogenous CNTF in the vitreous humour 

has been determined to be around one to three minutes (Dittrich et al., 1994; 

Kauper et al., 2012). Hence, treatment requires a frequent application of 

therapeutics, putting an immense burden on patient and attending physician. To 

reduce this burden, novel treatment strategies should allow for a sustained 

delivery of therapeutics.  

In this project, a non-causative therapeutic approach was chosen, which 

aimed to promote photoreceptor survival in the β2/β1 ki mouse by means of 

intravitreal delivery of different neurotrophic factors (NTFs). For the intravitreal 

delivery, a stem cell-based approach was chosen, allowing for a sustained 

delivery of the NTFs over a prolonged period.  

The generated clonal NSC lines stably expressed CNTF, GDNF (both 

characterised earlier, cf. Dulz et al. (2020); Flachsbarth et al. (2018); Hu et al. 

(2025)), LIF or PGRN over a prolonged period of time in vitro and differentiated 

into astrocytes and neurons in vitro and into astrocytes in vivo (Dulz et al., 2020; 

Hu et al., 2025). CNTF, CNTF/GDNF, LIF and PGRN attenuated the loss of 

photoreceptors for up to 3.5 months after intravitreal application of the NSCs. No 

neuroprotective effect of GDNF on photoreceptors was observed in the β2/β1 ki 

mouse. 

 

5.1.3. NEUROINFLAMMATION IN Atp1b2Atp1b1 KI RETINAS TREATED WITH NTF-NSCS 

To determine the extent of inflammation induced by the examined NTFs, 

expression of the inflammation markers GFAP, IBA1 and CD68 was analysed by 

immunohistochemistry. Retinas treated with the pro-inflammatory CNTF and LIF 

(Leibinger, Andreadaki, et al., 2013; Xue et al., 2011), as well as retinas treated 
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with CNTF/GDNF-NSCs, exhibited an increased expression of all inflammation 

markers, indicating the presence of reactive astrogliosis and reactive microgliosis 

in these retinas. In retinas treated with the anti-inflammatory GDNF (Duarte 

Azevedo et al., 2020) alone or PGRN, which can act both pro-inflammatory and 

anti-inflammatory (Amado et al., 2010; Arrant et al., 2018; Cui et al., 2019; Zhu et 

al., 2002; Zin et al., 2021), only the expression of GFAP was increased. This 

increase in expression of GFAP in the otherwise inconspicuous GDNF- and 

PGRN-treated retinas can be attributed to  

(i) the ongoing degeneration of photoreceptors, which is associated with 

an increase in neuroinflammation in neurodegeneration in general and 

in the β2/β1 ki mouse (Bartsch et al., 2025) specifically, and  

(ii) the injection of the NSCs themselves, which have been shown to 

contribute to neuroinflammation in both unmodified and modified state 

(Wei et al., 2021). 

Along this line, part of the elevated GFAP expression in retinas treated with 

CNTF-, CNTF/GDNF- and LIF-NSCs can be attributed to the neurodegeneration 

and the intravitreal injections of the NSCs as well. Additionally, in these treated 

retinas, the extent of reactive astrogliosis increased with age, due to the 

continued exposure of the retinas to the exogenous, pro-inflammatory cytokines. 

Inflammation has been identified to play an important role in 

neuroprotection in several studies (Andries et al., 2023; Leibinger, Andreadaki, et 

al., 2013; London et al., 2011; Prinz et al., 2021; Rashid et al., 2019; Xue et al., 

2011). However, the degree of inflammation and its duration are important factors 

to consider in neuroprotection. Chronic inflammation, as it occurs in 

neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease 

or amyotrophic lateral sclerosis (ALS), is associated with a pathological activation 

of microglia and an excessive upregulation of pro-inflammatory factors, such as 

interleukin-1β (IL1β), IL6, interleukin-12 (IL12), tumor necrosis factor α (TNFα) or 

inducible nitric oxide synthase (iNOS) (Calsolaro & Edison, 2016; Twarowski & 

Herbet, 2023). The upregulation of these factors results in tissue damage and the 

worsening of symptoms in neurodegenerative diseases (Gupta et al., 2003; 

Gupta et al., 2018; Rashid et al., 2018; Zhao et al., 2015). Acute inflammation, on 

the other hand, has been associated with the promotion of neuroprotection and 
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axon regeneration (Andries et al., 2023; Bellver-Landete et al., 2019; Gupta et 

al., 2018; Rashid et al., 2018).  

Most IBA1-positive microglia found in the NTF-treated retinas were 

distributed evenly across the entire tissue in their resident, ramified state, in which 

they monitor the tissue and maintain homeostasis. Comparatively few microglia 

were observed in the subretinal space in an activated, amoeboid state, in which 

they can secrete endogenous cytokines, trophic factors and different cytotoxic 

substances such as proteases and free radicals (Hailer, 2008; Hanisch, 2002; 

Rashid et al., 2019). Although the overall number of IBA1-positive cells in the 

retina of 4-month-old animals treated with CNTF-, CNTF/GDNF- or LIF-NSCs, 

decreased, a higher proportion of amoeboid microglia was observed in the 

subretinal space. In contrast, the number of IBA1-positive cells in retinas treated 

with GDNF-, PGRN- or control-NSCs was stable throughout the observation 

period. Although the neuroprotective effect decreased with increasing age, 

treatment with CNTF, CNTF/GDNF and LIF was still effective in promoting 

photoreceptor survival in these older animals, indicating that the chronic 

inflammation has not affected the retina negatively. 

Nevertheless, it is important to keep in mind, that this so-called M1/M2 

polarisation model, distinguishing between beneficial effects of ramified microglia 

and detrimental effects of amoeboid microglia is highly simplified (Mosmann et 

al., 1986; Ransohoff, 2016). Recent studies have suggested a much greater 

heterogeneity of microglia, their function being dependent on the central nervous 

system region, sex or disease (Noh et al., 2025). Accordingly, although the 

observations made here fit the polarisation model, to fully determine the role of 

the activated microglia in this specific scenario, further investigations into their 

molecular make-up are needed.  

 

5.1.4. PHOTORECEPTOR LOSS IS ATTENUATED BY TREATMENT WITH NTF-NSCS 

Since the β2/β1 ki mouse exhibits a cone-rod dystrophy-like phenotype, 

the impact of the examined neurotrophic factors on the photoreceptor 

degeneration is of special interest in the assessment of the neuroprotective effect. 

The effect on rod photoreceptor survival was assessed by measurement of the 

photoreceptor layer thickness and the quantification of the rows of photoreceptor 

nuclei (RPN). As Bartsch et al. (2025) have shown, the rod photoreceptor 
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degeneration becomes significant at postnatal day (P) 56. The degeneration of 

cone photoreceptors becomes significant as early as P14, with almost no cones 

remaining at P112.  

In dystrophic β2/β1 ki retinas treated with CNTF-, CNTF/GDNF-, or LIF-

NSCs the degeneration of photoreceptors was slowed down significantly. The 

outer nuclear layer (onl) of the NTF-treated β2/β1 ki retinas contained about ~1.5-

fold more RPN than those of control retinas until P112 indicating a slowing of rod 

photoreceptor degeneration. Importantly, CNTF-, CNTF/GDNF- and LIF-treated 

retinas contained up to 3-fold more cone photoreceptors than the corresponding 

control retinas. This is congruent with findings in other animal models of retinal 

degeneration when treated with these NTFs (Jankowiak et al., 2015; Jung et al., 

2013; LaVail et al., 1992; LaVail et al., 1998).  

 

As described before (cf. 1.6.1. CNTF), CNTF was one of the first, and 

possibly the best studied, cytokines to be described exerting a neuroprotective 

effect on photoreceptors (Bok et al., 2002; LaVail et al., 1992; LaVail et al., 1998; 

Li et al., 2010; McGill et al., 2007; Rhee et al., 2007; Wen et al., 1998; Wen et al., 

2012) and has been shown to be an putative treatment for different human retinal 

degenerations in early clinical studies (Chew et al., 2019; Chew et al., 2015; 

Sieving et al., 2006; Talcott et al., 2011; Zhang et al., 2011). In the β2/β1 ki mouse 

model a strong neuroprotective effect of both rod and cone photoreceptors was 

observed until the latest observation point in 4-month-old animals, 3.5 months 

after application of the cytokine.  

Part of the observed neuroprotective effect of CNTF might be mediated 

through the ability of CNTF to signal in trans via the soluble isoform of its specific 

receptor CNTF receptor α (CNTFRα). This ability vastly expands the cytokines 

putative range to cells which might not express CNTFRα such as photoreceptors. 

To this date it is highly disputed, whether CNTFRα is expressed on 

photoreceptors (Beltran et al., 2005; Hertle et al., 2008; Rhee & Yang, 2003) or 

on Müller cells, horizontal cells, amacrine cells and RGCs (Kirsch et al., 1997; 

Wahlin et al., 2004). If CNTFRα is expressed on Müller cells, but not 

photoreceptors, part of the observed neuroprotective effect of CNTF is possibly 

mediated indirectly through trans-signalling. However, Rhee et al. (2013) have 
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shown, that gp130 activation in Müller cells is required for CNTF-mediated 

photoreceptor protection.  

As described in detail earlier, ENCELTO™ (Neurotech), an encapsulated 

cell therapy (ECT) device using genetically modified RPE cells expressing CNTF, 

was recently approved by the FDA for use in MacTel patients (cf. 1.3.2. 

ENCAPSULATED CELL THERAPY). Although a reduction of photoreceptor loss in the 

ellipsoid zone area was observed in patients receiving the treatment, an 

improvement in the best corrected visual acuity (BCVA) was not observed (Chew 

et al., 2025). In earlier phase I and phase II clinical studies, the ECT device was 

shown to prevent cell death of cone photoreceptors in retinitis pigmentosa and 

Usher syndrome type 2 (Talcott et al., 2011) and improve BCVA (Sieving et al., 

2006; Zhang et al., 2011). Despite positive outcomes of these trials, therapy with 

the ENCELTO™ device was not deemed successful in phase III clinical trials in 

either retinitis pigmentosa, Usher syndrome type 2, ischemic optic neuropathy, 

achromatopsia. Examination of the effect on retinal ganglion cell survival in 

glaucoma patients is still underway (NCT04577300). 

 

Studies examining the effect of a combinatorial neuroprotective treatment 

by simultaneous application of CNTF- and GDNF-NSCs in an optic nerve crush 

model have found a synergistic effect of the two neurotrophic factors on the 

survival of the axotomized retinal ganglion cells (Dulz et al., 2020; Flachsbarth et 

al., 2018; Hu et al., 2025). The synergistic neuroprotective effect of CNTF and 

GDNF is likely mediated by the activation of different pro-survival signalling 

pathways by each factor alone and the enhancement of pro-survival signalling 

pathways common to both factors. Furthermore, a more effective activation of 

indirect neuroprotective pathways of both NTFs simultaneously might also 

contribute to the synergistic effects on the lesioned ganglion cells. For instance, 

both factors have been shown to induce the expression of other NTFs in Müller 

cells (Dulz et al., 2020; Flachsbarth et al., 2018; Hu et al., 2025). In order to 

examine whether both NTFs exert a synergistic effect on photoreceptors as well, 

a co-application of both CNTF and GDNF was performed.  

In contrast to axotomized retinal ganglion cells in the optic nerve crush 

model, CNTF and GDNF had no synergistic effect on the survival of 

photoreceptor cells in the β2/β1 ki mouse. On the contrary, the co-application of 
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CNTF- and GDNF-NSCs resulted in a slightly reduced efficacy compared to the 

treatment with CNTF-NSCs alone. This might be a consequence of the reduced 

number of CNTF-NSCs in the CNTF/GDNF cell suspension (~3.8 ×  105 cells 

instead of ~7.6 ×  105 cells applied intravitreally) in combination with the failure of 

GDNF-NSCs to exert a neuroprotective effect on the photoreceptors (see below).  

Another NTF exhibiting promising, although often short lived, 

neuroprotective effects in animal models of retinitis pigmentosa (RP), retinal 

ischemia, glaucoma and diabetic retinopathy (DR) is LIF (Agca & Grimm, 2014; 

Dong et al., 2024; Frigg et al., 2005; Lange et al., 2010; LaVail et al., 1998; Lv et 

al., 2023; McColm et al., 2006; Yang et al., 2018). Nonetheless, as of date, and 

to the best of our knowledge, no clinical trials examining the efficacy and the 

safety of LIF for the treatment of neurodegenerative disorders have been 

performed.  

LIF likely exerts its neuroprotective effect on photoreceptors in a similar 

fashion as CNTF, as both cytokines mainly signal through a similar combination 

of receptors, namely LIFRβ and gp130 (cf. 1.6.1. CNTF and 1.6.3. LIF). Both 

cytokines activate the JAK/STAT signalling pathway and the RAS/MAPK 

signalling pathway (Boulton et al., 1994; Bürgi et al., 2009; Heinrich et al., 2003; 

Joly et al., 2008; Oh et al., 1998; Stahl & Yancopoulos, 1994; Ueki et al., 2008).  

Even though CNTF and LIF exert strong neuroprotective effects on both 

rod and cone photoreceptors in the retina of β2/β1 ki mice, they also have been 

shown to diminish photoreceptor function, both in animal models and patients 

(Birch et al., 2013; Bok et al., 2002; Chucair-Elliott et al., 2012; Liang et al., 2001; 

Schlichtenbrede et al., 2003; Wen et al., 2006; Wen et al., 2008; Wen et al., 2012), 

due to the aforementioned downregulating effect on several proteins of the visual 

cascade (cf. 1.6.1. CNTF) (Li et al., 2018; McGill et al., 2007). However, the 

downregulation of proteins of the phototransduction cascade, such as rhodopsin, 

arrestin and the α subunit of transducin, GNAT1, might be somewhat beneficial 

to photoreceptors, especially regarding their energy consumption (Country, 2017; 

Warrant, 2009) and protection from oxidative stress. A downregulation of these 

proteins has been shown to cause desensitisation of photoreceptors, protecting 

them from light damage. The desensitisation results in the shortening of cone and 

rod outer segments, similar to the light-induced shortening of outer segments 
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observed in animal models of light damage (Wen et al., 2006; Wen et al., 2008). 

Rod outer segment (ROS) disks have to be renewed constantly (~10%/day), 

which is highly energy intensive. Hence, less photoreceptor disks have to be 

replaced in the shortened ROS, and the energy costs of the replacement are 

massively reduced. This might contribute to the protection of photoreceptors and 

might be of great advantage in the β2/β1 ki mouse model in which the 

homeostasis of ions and energy is perturbed (Bosch et al., 1993; LaVail, 1976, 

1980). Further investigation would be needed to elucidate this hypothesis. 

 

In contrast to retinas treated with CNTF-NSCs, CNTF/GDNF-NSCs or LIF-

NSCs, PGRN-NSCs only attenuated both rod and cone photoreceptor loss in 2-

month-old animals. However, although PGRN was not able to attenuate the loss 

of rod photoreceptors in older animals, the degeneration of cone photoreceptors 

was slowed considerably. In contrast to retinas treated with the other NTFs, which 

saw a decline in the number of PNA-positive cones around ~30-60% of cone 

photoreceptors between P56 and P112, the number of PNA-positive cones in 

retinas treated with PGRN was relatively stable. The mean difference in the 

number of PNA-positive cones between retinas of 2-month-old and 4-month-old 

animals treated with PGRN-NSCs was only ~15%. This indicates PGRN to be 

the most effective in slowing the progression of cone photoreceptor degeneration 

out of the examined NTFs.  

Tsuruma et al. (2014) proposed that the activation of cyclic AMP-

responsive element-binding protein (CREB) via the protein kinase C (PKC) 

signalling pathway mediates the neuroprotective effect of PGRN in a light 

damage model. It is also plausible that the neuroprotective effect of PGRN in the 

β2/β1 ki mouse might be mediated, in addition to the activation of the JAK/STAT 

and PI3K/AKT pathway (Cui et al., 2019; Paushter et al., 2018), by its interaction 

with the Wnt/β-catenin signalling pathway and the neurogenic locus notch 

homolog proteins (Notch)-signalling, which both have been implicated in 

regenerative effects in the nervous system and cell survival (Altmann et al., 2016; 

Kuse et al., 2016; Osakada et al., 2007; Tanaka et al., 2019; Xiao et al., 2014). 

However, the putative regenerative effects of the Wnt/β-catenin signalling 

pathway and the Notch signalling pathway have been shown to be relatively short 

lived (Kuse et al., 2016; Osakada et al., 2007). 
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Furthermore, the anti-inflammatory properties of PGRN (Kessenbrock et 

al., 2008; Tanaka et al., 2019) limit an endogenous cytokine release from 

microglia and consequently, the exertion of additional neuroprotective effects via 

the activation of the very same cells. Anti-inflammatory effects of PGRN are 

mediated by its interaction with tumor necrosis factor receptor (TNFR), death 

receptor 3 (DR3), sortilin (SORT1) and pro-low-density lipoprotein receptor-

related protein 1 (LRP1), which are all associated with lysosomal activity (Cui et 

al., 2019; Hu et al., 2010; Paushter et al., 2018).  

 

A number of, albeit often small, neuroprotective effects of GDNF on 

photoreceptors have been described in a number of models, utilising various 

delivery methods (Andrieu-Soler et al., 2005; Buch et al., 2006; Dalkara et al., 

2011; Del Río et al., 2011; Dong et al., 2007; García-Caballero et al., 2018; 

Gregory-Evans et al., 2009; Hauck et al., 2006; Kucharska et al., 2014; McGee 

Sanftner et al., 2001; Ohnaka et al., 2012; Shahin et al., 2023; Wang et al., 2010; 

Wong et al., 2016). However, observed effects were either relatively short lived 

(Allocca et al., 2007; Andrieu-Soler et al., 2005; Wong et al., 2016; Wu et al., 

2002) or the observed effect size was relatively small (Andrieu-Soler et al., 2005; 

Frasson et al., 1999; García-Caballero et al., 2018; McGee Sanftner et al., 2001; 

Ohnaka et al., 2012; Touchard et al., 2012; Wang et al., 2010; Wong et al., 2016) 

and functional benefits were often absent. Some studies only examined a small 

number of animals (Dalkara et al., 2011; Lawrence et al., 2004). 

No neuroprotective effect of GDNF on photoreceptors was observed in 

β2/β1 ki mice. One limiting factor is the expression of GFRα and RET in the retina 

only on RGCs and Müller cells (Delyfer et al., 2005; Mahato & Sidorova, 2020), 

restricting the impact of GDNF to an indirect effect on the photoreceptor cells. 

And while trans-signalling of GDNF via the soluble isoform of GDNF family 

receptor α1 (sGFR1α1) is possible, this too is restricted by the expression of the 

co-receptor rearranged during transfection (RET), which is restricted in its 

localisation (Paratcha et al., 2001). Additionally, an indirect neuroprotective effect 

might also be conferred by activation of glial L-glutamate/L-aspartate transporter 

(GLAST) (Delyfer et al., 2005). The effect of GDNF on GLAST was not examined 

in this study. 
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Furthermore, one might speculate that the insufficient neuroprotective 

effect of GDNF in this particular mouse model comes down to a dysregulation of 

Ca2+-homeostasis, due to the lack of proper function of the NKA (Yu, 2003). 

GDNF, and especially the binding of the GDNF-GFRα1-complex to RET, was 

shown to be highly dependable on proper regulation of Ca2+ in the intracellular 

environment, due to Ca2+ being necessary to induce autophosphorylation of RET 

(Anders et al., 2001; Lundborg et al., 2011; Mahato & Sidorova, 2020; Nozaki et 

al., 1998). Further experiments would be needed to further elucidate this 

hypothesis.  

Additionally, the neuroprotective effect of GDNF has been shown to be 

dose dependent. While Lipinski et al. (2011) found that recombinant human 

GDNF (rhGDNF) only exerts an effect at high doses (200 ng/ml) in retina explants 

of Rho-/- mice, Touchard et al. (2012) reported adverse effects of their rGDNF-

vector on photoreceptor layer thickness and inner segments after sustained 

release of 66.7 ± 8.1 pg/24h in the dystrophic Royal College of Surgeon’s (RCS) 

rat model of RP. Overall, reported doses of GDNF in used in studies reporting 

positive neuroprotective effects in different models were relatively low, often in 

the low nanogram or even picogram range (Allocca et al., 2007; Andrieu-Soler et 

al., 2005; Frasson et al., 1999; Gamm et al., 2007; Gregory-Evans et al., 2009; 

Lawrence et al., 2004; Touchard et al., 2012; Wu et al., 2002). On the other hand, 

the GDNF-NSCs described here secreted up to 156.4 ± 4.8 ng GDNF/105 

cells/24h in vitro (Flachsbarth et al., 2018) with 7.6 × 105 cells being intravitreally 

injected. Though the intravitreal concentration of GDNF could not be determined, 

the secreted amount of GDNF in this setup might be too high to exert 

neuroprotective effects on photoreceptors. The same NSCs clone used here was 

previously shown to protect axotomized RGCs from degeneration in multiple 

independent studies (Dulz et al., 2020; Flachsbarth et al., 2018; Hu et al., 2025). 
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5.2. PROJECT II: HYPER-IL6 ATTENUATES PHOTORECEPTOR LOSS IN AN 

AUTOSOMAL-RECESSIVE RETINITIS PIGMENTOSA AND A CONE-ROD 

DYSTROPHY MOUSE MODEL 

5.2.1. THE DESIGNER CYTOKINE HYPER-IL6 AS A NEUROTROPHIC FACTOR 

The designer cytokine hyper-IL6 (hIL6), consisting of human IL6 covalently 

bound to its soluble receptor sIL6Rα by a flexible peptide linker, allows for the 

direct activation of the ubiquitously expressed signal transducer gp130 (Fischer, 

2017; Fischer et al., 1997; Leibinger et al., 2016; Rose-John, 2020; Taga & 

Kishimoto, 1997). Indeed, the expression of gp130 on any given cell has been 

shown to be about 10-20 times higher than the expression of IL6Rα (Peters et 

al., 1998). This direct interaction of hIL6 and gp130 should allow for a stronger 

neuroprotective effect compared to IL6 alone, as gp130 is expressed on all cells 

except granulocytes (Calabrese & Rose-John, 2014; Hibi et al., 1990; Saito et al., 

1992; Wilkinson et al., 2018). Furthermore, hIL6 is 10- to 100-fold more active, 

and was retained for longer periods of time in blood plasma of intraperitoneally 

injected mice than IL6, contributing to its stronger biological activity (Peters et al., 

1998; Peters et al., 1996). This prolonged plasma half-life of the designer cytokine 

was attributed to a reduced degradation or internalisation of hIL6 due to its size, 

resulting in a less efficient plasma clearance (Peters et al., 1998; Peters et al., 

1996). Indeed, hIL6 effectively promoted neurite outgrowth of adult RGCs and 

dorsal root ganglion (DRG) neurons in vitro, exhibited significant neuroprotective 

effects on injured RGCs and promoted axon regeneration of axotomized RGCs 

in vivo (Leibinger et al., 2016). The neuroprotective effects were increased in 

Phosphatase and Tensin Homolog knock-out (ko) (PTEN-/-) mice, due to an 

inhibition of cytokine supressing signalling in this mutant (Allan et al., 1990; Park 

et al., 2009; Park et al., 2008; P. D. Smith et al., 2009; Sun et al., 2011). 

Considering these results, hIL6 is a promising candidate drug for neuroprotection 

in animal models of photoreceptor degeneration. To test this hypothesis, the 

neuroprotective effects of intravitreally injected hIL6-NSCs and AAVshH10-hIL6 

were examined in rd10 mice and β2/β1 ki mice. To the best of our knowledge, to 

date no studies on the neuroprotective effect of hIL6 on photoreceptors have 

been published. 

 

 



| DISCUSSION — HYPER-IL6 ATTENUATES ROD PHOTORECEPTOR LOSS IN MODELS OF IRDS | 

104 
 

5.2.2. AAVS AS A VECTOR FOR SUSTAINED CYTOKINE DELIVERY 

hIL6-NSCs and AAVshH10-hIL6 and appropriate control NSCs and AAVs 

were intravitreally injected into rd10 and β2/β1 ki mice prior to the onset of the 

retinal dystrophy. Characterisation of the hIL6-NSCs confirmed proper 

expression of the hIL6 transgene in undifferentiated cells and in in vitro 

differentiated astrocytes and neurons. hIL6 was also expressed in intravitreally 

grafted hIL6-NSCs, which attached to the posterior pole of the lens and 

differentiated into astrocytes in both rd10 mice and β2/β1 ki mice.  

Additionally, the transduction efficiency of AAVsH10-hIL6 and AAVshH10-

GFP was analysed. The shH10 serotype was selected for experiments due to its 

pronounced tropism for Müller cells and high transduction efficiency (Gonzalez-

Cordero et al., 2018; Klimczak et al., 2009; Pellissier et al., 2014). And indeed, 

Müller cells in the retina of rd10 mice and β2/β1 ki mice and additionally RGCs in 

β2/β1 ki mice, were successfully transduced with high efficiency by both 

AAVshH10-hIL6 and AAVshH10-GFP. Of note, although both rd10 mice and 

β2/β1 ki mice were treated with the same AAV vector at the same age (P9), the 

observed transduction efficiency was higher in retinas of β2/β1 ki mice than in 

retinas of rd10 mice. Like stem cells, AAVs are a well-established tool for the 

application of therapeutics in animal models for the development of treatment 

strategies for various neurodegenerative diseases. AAVs allow for a sustained 

release of nucleic acids or proteins with relatively low safety risks compared to 

other viral vectors such as adenoviral or lentiviral vectors (Klimczak et al., 2009). 

They possess a relatively low immunogenicity compared to adenoviruses (Mays 

et al., 2014; Naso et al., 2017) and do not integrate in the genome as frequent as 

lentiviruses (Chen et al., 2020; Jüttner et al., 2019). AAVs are therefore 

considered one of the safest viral vehicles for gene therapy (Naso et al., 2017).  

 

5.2.3. HIL6 PROMOTES NEUROINFLAMMATION IN THE RETINA  

IL6 is deemed one of the most important pro-inflammatory cytokines 

(Kishimoto, 2005). The pleiotropic protein is involved in a plethora of physiological 

and pathological processes, from development, homeostasis and regulation of 

lipid, glucose and iron metabolism, to the maturation of cells such as 

megakaryocytes and the specific differentiation of naïve CD4+ T cells (reviewed 

in: Millrine et al. (2022); Omodaka et al. (2014)). The most important function of 
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IL6, however, is its role in inflammation, inducing acute phase proteins, acting as 

an alert system for the immune system, and activating multiple pro-inflammatory 

signalling pathways (Heinrich et al., 1990; Kishimoto et al., 1992). 

The pro-inflammatory properties of IL6, and consequently of hIL6, are 

reflected in the massive upregulation of the inflammation markers GFAP, IBA1 

and CD68 in the retinas of rd10 mice and β2/β1 ki mice treated with either hIL6-

NSCs or AAVshH10-hIL6. The elevated GFAP expression in untreated rd10 mice 

and β2/β1 ki mice can be attributed to the inflammation induced by the 

degeneration of photoreceptors in these mouse models, whereas the GFAP 

expression in retinas treated with control-NSCs or AAVshH10-GFP is further 

elevated compared to untreated controls due to the treatment itself (cf. 5.1.3. 

NEUROINFLAMMATION IN ATP1B2ATP1B1 KI RETINAS TREATED WITH NTF-NSCS and 

Wei et al. (2021)). Most IBA1-positive microglia cells in hIL6-treated rd10 and 

β2/β1 ki retinas were distributed across the retina in their ramified state, rather 

than in their amoeboid state located in the subretinal space. This indicates an 

acute inflammation which has not yet become chronic. Furthermore, an increased 

number of CD68-positive macrophages, for which IL6 is a chemoattractant 

(Kobayashi & Mizisin, 2000), was observed in addition to elevated levels of GFAP 

and IBA1. Additionally, part of the neuroinflammation in the retinas treated with 

hIL6 can also be ascribed to the fact that an exogenous human protein was 

injected, which, in itself, triggers an immune response (reviewed in: Chaplin 

(2010)). 

Of note, the neuroinflammation in hIL6-treated rd10 retinas subsided 

rather than increased with increasing age of the animals. The observed decrease 

in neuroinflammation might be the result of a desensitisation of cells caused by 

several regulating mechanisms, restricting the extend and duration of the hIL6 

signalling (Jones & Jenkins, 2018; Peters et al., 1996). A dysregulated gp130 

activation is associated with pathophysiological consequences on the 

homeostasis of the immune system and subsequent susceptibility to infection, 

among others. Multiple mechanisms might contribute to a negative regulation of 

IL6:  

(i) internalisation of gp130 or its ligands (e.g. IL6), but not IL6Rα 

(Heinrich et al., 2003) 
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(ii) the deactivation of receptors and signalling intermediates (e.g. 

different STAT proteins) by protein tyrosine phosphatases (Stark & 

Darnell, 2012) 

(iii) translational repression and degradation of mRNAs encoding 

cytokines and cytokine receptors via micro RNAs (miRNA) (Villarino 

et al., 2017) and 

(iv) induction of cytokine inhibitors (e.g. protein inhibitor of activated 

STAT (PIAS), suppressor of cytokine signalling (SOCS)) by STAT 

(Yoshimura et al., 2007). 

In the context of the role of IL6 in the immune system, the applied dose of 

hIL6 should be carefully considered, as an excessive application of the cytokine 

has the potential to trigger unwanted adverse effects (Chen et al., 2019; Ferreros 

& Trapero, 2022; Li et al., 2024; Maude & Barrett, 2016; Mehta et al., 2020; 

Nasonov & Samsonov, 2020; Rose-John et al., 2023; Tanaka et al., 2014; Waage 

et al., 1989; Wang et al., 2020; Wu & McGoogan, 2020; F. Zhou et al., 2020). 

However, the immunologic privilege and separation of the eye from the 

cardiovascular system by the BRB (Brent, 1990; Streilein, 1999; Streilein et al., 

2000) might be an effective protection from such adverse effects of high doses of 

hIL6. 

 

5.2.4. hIL6 attenuates photoreceptor loss in a retinitis pigmentosa and a 

cone-rod dystrophy mouse model  

Retinas of rd10 and β2/β1 ki mice treated with hIL6-NSCs or AAVshH10-

hIL6 contained significantly more photoreceptors than retinas treated with 

control-NSCs or AAVshH10-GFP and retinas of untreated rd10 and β2/β1 ki mice.  

For the evaluation of the neuroprotective effect of hIL6 on photoreceptors 

in rd10 mice the number of rows of photoreceptor nuclei (RPN) in the outer 

nuclear layer is of special interest, since it is a measure for the number of rods, 

which represent ~97% of all photoreceptors in the retina (Jeon et al., 1998). Rod 

photoreceptors are the first to degenerate in this model of autosomal-recessive 

retinitis pigmentosa. Cone photoreceptors, on the other hand, degenerate 

relatively late in the disease progression and are largely unaffected within the 

examination period of the present study. Indeed, at P60 the last remaining 

photoreceptors found in the retina have been determined to be cone 
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photoreceptors. Some cone photoreceptors are still being viable in 9-month-old 

animals (Barhoum et al., 2008; Gargini et al., 2007).  

Rd10 retinas, treated with hIL6-NSCs contained about 3-fold more and 

rd10 retinas treated with AAVshH10-hIL6 contained about 5-fold more 

photoreceptor nuclei than control retinas, respectively. Although the hIL6 

treatment did not stop retinal degeneration in this mouse model, it was slowed 

down considerably. In the oldest examined animals (P56), the onl contained ~2.6 

RPN in hIL6-NSCs treated retinas and ~2.0 RPN in AAVshH10-hIL6 treated 

retinas, compared to a single row of photoreceptor nuclei attributable to the 

remaining cone photoreceptors in control retinas. In contrast, the number of rod 

photoreceptors in control retinas was already strongly reduced in 1-month-old 

animals. At P28, retinas treated with control-NSCs contained ~2.9 rows of 

photoreceptor nuclei, retinas treated with AAVshH10-GFP contained ~2.2 rows 

of photoreceptor nuclei. hIL6-treated retinas of 1-month-old rd10 mice, on the 

other hand, contained 7.6 rows of photoreceptor nuclei when treated with hIL6-

NSCs and 9.7 rows of photoreceptor nuclei when treated with AAVshH10-hIL6. 

Photoreceptor loss in β2/β1 ki mice treated with hIL6-NSCs and 

AAVshH10-hIL6 was attenuated for up to three months, as evidenced by a higher 

number of RPN and PNA-positive cones, when compared to control retinas. 

Retinas of 2-month-old animals treated with hIL6 contained ~1.6-fold more RPN 

and 2.7-fold more PNA-positive cones. Retinas of 3-month-old animals contained 

~1.5-fold more RPN and ~1.5-fold more PNA-positive cones. 

The neuroprotective effect of hIL6 is likely mediated mainly by two 

mechanisms: 

(i) the activation of pro-survival signalling pathways such as the 

JAK/STAT pathway, the PI3K/AKT pathway and the RAS/MAPK 

pathway (Heinrich et al., 2003) and  

(ii) the activation of astrocytes and Müller cells and the subsequent 

secretion of additional cytokines and growth factors by the glia cells 

(Rashid et al., 2019).  

However, as described before (cf. 5.2.1. THE DESIGNER CYTOKINE HYPER-

IL6 AS A NEUROTROPHIC FACTOR), studies on the effect of hIL6 on RGCs in WT and 

PTEN-/- ONC models suggest, that the designer cytokine does not achieve its full 
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putative neuroprotective effect in mice with normal PTEN expression. PTEN, 

together with SOCS3, is one of the prime regulators of the negative feedback 

loops in cytokine signalling. In mice with a RGC specific conditional PTEN knock-

out treated with hIL6, phosphorylation of AKT was found to be much stronger than 

in WT mice, suggesting a dampened effect of hIL6 in the presence of PTEN 

(Leibinger et al., 2016).  

Nonetheless, if hIL6 application is also beneficial for visual function 

remains to be determined. The application of exogenous cytokine, such as CNTF 

and LIF, was shown in multiple studies to be detrimental for visual function (Birch 

et al., 2013; Bok et al., 2002; Chucair-Elliott et al., 2012; Liang et al., 2001; 

Schlichtenbrede et al., 2003; Wen et al., 2006; Wen et al., 2008; Wen et al., 2012). 

In accordance with these findings, expression of cone-arrestin (CAR) in the retina 

of 1-month-old rd10 mice treated with AAVshH10-hIL6 was down-regulated by 

~84% compared to expression in untreated rd10 mice. Compared to wild-type 

mice CAR was down-regulated by ~90%. 

 

5.2.5. HIL6 INFLUENCES THE EXPRESSION OF PROTEINS INVOLVED IN MAJOR 

SIGNALLING CASCADES IN RD10 MICE 

Immunohistochemical and Western blot analysis of rd10 mice treated with 

hIL6 revealed massive upregulation of both pMAPK and pSTAT3, respectively. 

Although pMAPK expression in 2-month-old animals was decreased from levels 

observed in 1-month-old animals, data suggests a sustained activation of the 

RAS/MAPK pathway in retinas treated with hIL6-NSCs or AAVshH10-hIL6. 

Expression of pMAPK was mostly restricted to the inner endfeet and somata of 

Müller cells and a few astrocytes located in the inner retina. These observations 

are in accordance with the expression patterns found previously in retinas treated 

with hIL6 or CNTF (Leibinger et al., 2016; Muller et al., 2009). Expression of 

pMAPK appears to be slightly increased in retinas treated with hIL6-NSCs 

compared to those treated with AAVshH10-hIL6.  

Likewise, the upregulation of pSTAT3 in hIL6-treated retinas by 58-fold 

compared to WT demonstrates a strong activation of the JAK/STAT pathway. 

Interesting in this context is the apparent dichotomy found in the functional 

redundancy of IL6-related cytokines through the activation of the common signal 

transducer gp130 and the subsequent activation of common signalling pathways 
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on one hand (Tanaka et al., 2014), and the heterogeneity of STAT signalling on 

the other hand (Villarino et al., 2017). Although multiple cytokines can activate 

the same STAT proteins, their observed downstream effect can vary widely. IL6 

and IL10, for example, share STAT3 as a common primary signalling target, but 

exhibit pro-inflammatory and anti-inflammatory properties, respectively. This 

discrepancy can be explained by differences in duration and intensity of the 

STAT3 signalling as well as the additional activation of auxiliary STATs and the 

activation of different sets of genes (Hirahara et al., 2015; O'Shea & Murray, 2008; 

Wan et al., 2015).  

pSTAT3-expression was also increased 9.5-fold in the retinas of 1-month-

old rd10 mice treated with AAVshH10-GFP and 8.3-fold in in retinas of untreated, 

age-matched rd10 mice. This increase is likely induced by the increased 

neuroinflammation observed in these retinas and caused by the endogenous 

expression of cytokines induced by the ongoing photoreceptor degeneration 

alone (untreated rd10) or in combination with the treatment itself (rd10 retinas 

treated with AAVshH10-GFP). The increase in expression of pSTAT3, in 

combination with the increase in expression of pMAPK, might explain the 

increased photoreceptor layer thickness and number of RPN found in retinas of 

1-month-old rd10 mice treated with hIL6-NSCs.  

Taken together the results demonstrate that a cell-based or AAV-mediated 

administration of the cytokine hIL6 promotes the survival of rod photoreceptors in 

a murine model of autosomal-recessive retinitis pigmentosa and in a murine 

model of an autosomal-dominant cone-rod dystrophy. To the best of our 

knowledge, this is the first study demonstrating the neuroprotective effect of hIL6 

on photoreceptor cells. 
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5.3. GENERAL REMARKS 

Due to the overall low prevalence of IRDs, with retinitis pigmentosa 

affecting only 1/4,000 people (Hamel, 2006) and cone-rod dystrophies affecting 

1/40,000 people (Hamel, 2007), their heterogeneous aetiology, and the notion 

that the causative genetic mutation is often unknown, it is highly difficult to 

develop specific treatment options for each malady. Therefore, the development 

of mutation-independent, broader approaches, not treating the causative 

mutation, but rather attempting to promote the survival of the affected retinal cell 

types, represents a promising strategy for the development of treatment of such 

rare diseases. Results of the present thesis demonstrate that a sustained delivery 

of different neuroprotective factors using lentivirally modified stem cells or gene 

therapy effectively rescues rod and cone photoreceptor cells from cell death in 

two mouse models of IRDs.  

 

5.3.1. DISEASES ASSOCIATED WITH NKA DYSFUNCTION 

As described before (cf. 1.4.1.3. DISEASES RELATED TO MUTATIONS IN THE 

NKA), several diseases are associated with mutations in the different NKA 

subunits, particularly in ATP1A1, ATP1A2, and ATP1A3. Until recently the only 

condition described to be caused by a dysfunction of the NKA and affecting the 

visual system was the cerebella ataxia, areflexia, pes cavus, optic atrophy, 

sensorineural hearing loss (CAPOS) syndrome, which is caused by a mutation in 

the ATP1A3 gene. However, recently a novel form of an autosomal-dominant 

cone-rod dystrophy was described in a family with a heterozygous missense 

mutation (c.1772A>T, p. D591V) in exon 13 of the ATP1A3 gene (G. H. Zhou et 

al., 2020). The study has additionally analysed a transgenic mouse line that 

ubiquitously expressed the same ATP1A3 mutation. The mice exhibited a normal 

retinal morphology and retinal function for up to three months. ERG recordings in 

12-month-old animals, however, revealed significantly reduced a-wave 

amplitudes under photopic conditions, indicating an impaired cone function. 

These findings support the notion that cones are more severely affected in rods 

by a NKA dysfunction, as is the case in the β2/β1 ki mouse model.  
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5.3.2. MANAGEMENT OF DISEASES AND OTHER TREATMENT OPTIONS 

Due to the relatively low risk profile of encapsulated cell therapy and gene 

therapy using AAVs, these treatment options are the most widely explored for the 

treatment of various IRDs. However, to date only two therapies, the cell-based 

ENCELTO™ (Neurotech) and the AAV-based gene replacement therapy 

Luxturna (Novartis) have been approved by EMA and FDA for use in patients. 

In addition to intraocular administration of therapeutics using a cell-based 

or AAVs-mediated approach, other forms of delivery systems are being explored. 

An example are nanoparticles made from biocompatible, biodegradable polymers 

containing lipophilic drug molecules. In nanoparticles a number of properties, 

such as solubility, target structure in the retina and cellular uptake, among others 

can be customised to be adapted to specific needs, for example to alter their 

spreading behaviour in the vitreous. However, nanoparticles tend to have low 

encapsulation capacity and poor drug release. These problems can be mitigated 

by enveloping nanoparticles in so-called hydrogels serving as secondary carriers 

(Ham et al., 2023).  

Other ways of intraocular drug delivery include small refillable eye 

implants, so-called port delivery systems, subretinal injections of therapeutics 

and suprachoroidal injections, which allow for the injection of larger molecules, 

up to 70 kDa, directly to the retina through the choroid. Topical and systemic drug 

applications can also be suitable delivery strategies, though these do not allow 

for a sustained delivery of therapeutics (Ham et al., 2023). Additionally, other 

treatment options, such as cell replacement using pluripotent stem cells, e.g. 

embryonal stem cells (ESCs) or induced pluripotent stem cells (iPSCs), or 

optogenetic approaches, sometimes in combination with extraocular devices, are 

being examined (Lu & Pan, 2021; Sahel et al., 2021; Schneider et al., 2022; Singh 

et al., 2020). 

Due to the potentially wide applicability of the neuroprotective approach 

examined in the present thesis, the treatments described here might be conferred 

to other, non-hereditary retinal dystrophies, such as age-related macular 

degeneration (AMD) or diabetic retinopathy (DR). While one clinical study 

examined the effect of CNTF in patients with AMD (NCT00447954), to the best 

of our knowledge no pre-clinical or clinical study is underway to examine the 
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effect of CNTF, GDNF, LIF, PGRN or hIL6 in other non-hereditary retinal 

dystrophies. 

Considering the low number of treatment options for IRDs approved 

worldwide, some suggestions on management options have been made. 

Common suggestions include the protection of eyes from bright light by wearing 

dark or tinted glasses to protect the retina from photodamage, and thus slowing 

down the degeneration of photoreceptors, or to reduce photophobia by using 

orange- or magenta-tinted glasses (Georgiou et al., 2021; Hamel, 2006; 

Khaparde et al., 2024). Concomitant symptoms such as myopia, cataracts or 

other complications should be corrected. In some cases, a vitamin A 

supplementation has been shown to be beneficial by slowing down degeneration, 

but should be avoided in IRDs caused by mutations in ABCA4, such as Stargardt 

disease (Georgiou et al., 2021; Hamel, 2006). Vitamin A intake enhances the 

visual cycle and subsequent accumulation of bis-retinoid N-retinyl-N-retinylidene 

ethanolamine (A2E), which disturbs lysosomal function and promotes 

accumulation of cytotoxic substances (Allikmets, 2007; Holz et al., 1999; Mata et 

al., 2000) For diseases with photoreceptor degeneration due to cGMP 

accumulation (e.g. in COD with GUCA1A mutations), some clinicians suggest 

sleeping with lights on to prevent cGMP accumulation during the night, which 

causes photoreceptor damage in these diseases (Georgiou et al., 2021; Gill et 

al., 2019). Additionally, as IRDs can be quite restrictive in day-to-day life, patients 

should receive help coping with the disease in form of mobility training or 

psychological support. 
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5.3.3. CONCLUSION AND FUTURE PROSPECTS 

In conclusion, the results presented in this thesis demonstrate that the 

neurotrophic factors CNTF, LIF, PGRN and hIL6 are suitable agents to promote 

photoreceptor survival in the Atp1b2Atp1b1 ki (β2/β1 ki) mouse, a novel mouse 

model of a cone-rod dystrophy, and in the Pde6brd10 (rd10) mouse, a mouse 

model of an autosomal-recessive retinitis pigmentosa. In eyes treated with the 

neurotrophic factors, retinas retained significantly more rod and/or cone 

photoreceptors than control retinas for a prolonged period. The neuroprotective 

effects were likely mediated by the activation of pro-survival pathways like the 

JAK/STAT pathway or the RAS/MAPK pathway, as well as by the additional 

release of endogenous cytokines induced by inflammation. Of note, more 

surviving photoreceptors were observed in retinas with a higher degree of 

neuroinflammation, underlining the importance of neuroinflammation in the 

mediation of pro-survival effects on photoreceptors. 

Importantly, both the cell-based treatment as well as the AAV-mediated 

approach might be applicable in a clinical context. Neurotrophic factors can be 

continuously delivered to retina using the so-called “encapsulated cell 

technology”. This technology uses genetically modified cells that are enclosed in 

capsules made from biocompatible, semi-permeable membranes and implanted 

into the vitreous cavity of the patients. The neurotrophic factors expressed by the 

encapsulated cells can diffuse into the vitreous fluid and subsequently into the 

dystrophic retinas. The method has been proven to be relatively safe and allows 

the removal of the capsules in case of complications. An approved gene therapy 

for RPE65-associated retinopathies and numerous ongoing clinical trials using 

AAVs to express therapeutics in a variety of retinal disorders indicate that an AAV-

based delivery of neuroprotective factors to dystrophic retinas can also be 

transferred to clinical applications. However, to the best of our knowledge, to date 

no clinical trials examining the neuroprotective effect of neurotrophic factors on 

photoreceptors using an AAV-mediated approach have been undertaken. 

Taken together, the present work has demonstrated that a sustained 

application of CNTF, LIF, PGRN or hIL6 attenuates photoreceptor loss in animal 

models of two different retinal dystrophies. Contrary to some other studies, a 

significant neuroprotective effect of GDNF on photoreceptors was not observed. 
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APPENDIX 
I. SUPPLEMENTARY IMAGES 

 

FIG. S1: EXPRESSION OF RS1 AND SARM1 IN THE RETINA OF β2/β1 KI AND WILD-TYPE MICE. 
Expression of RS1 (A, Ba) and SARM1 (Bb) was examined by IHC (A) and Western blot analysis 
(B). β2: β2-subunit of the NKA; β2/β1 ki: Atp1b2Atp1b1 ki mice; gcl: ganglion cell layer; inl: inner 
nuclear layer; kDa: kilodalton; onl: outer nuclear layer; RS1: retinoschisin; SARM1: Sterile alpha 
and TIR motif containing 1; WT: wild-type. Scale bar in Ah: 50 µm. Modified from Bartsch et al. 
(2025) with unpublished data on SARM1 expression. 

 

I.I. SUPPLEMENTARY IMAGES PROJECT I 
 

FIG. S2: 

DIFFERENTIATION OF 

LIF-NSCS.  

(A) Differentiation of 
LIF-NSCs into 
astrocytes. (B) 
Differentiation of LIF-
NSCs into neurons. 
ctrl: control; GFAP: 
glial fibrillary acidic 
protein; LIF: leukemia 
inhibitory factor; MAP2: 
microtubule-associated 
protein 2; NSCs: neural 
stem cells. Scale bar in 
Ah (for A) and Bh (for 
B): 50 µm. 
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FIG. S3: IN VIVO CHARACTERISATION OF LIF-NSCS IN β2/β1 KI MICE.  
Analysis of intravitreally grafted LIF-NSCs attached to the posterior pole of lenses in 4-month-
old β2/β1 ki mice. GFAP: glial fibrillary acidic protein; LIF: leukemia inhibitory factor; NSCs: 
neural stem cells. Scale bar in h: 100 µm. 

 

FIG. S4: 

INFLAMMATION IN 

β2/β1 KI MICE 

TREATED WITH NTF-

NSCS.  

(A) Reactive 
astrogliosis and 
reactive microgliosis 
in retinas of 4-month-
old animals treated 
with CNTF-, GDNF-, 
CNTF/GDNF- and 
control-NSCs. (B) 
Reactive astrogliosis 
and reactive 
microgliosis in 
retinas of 4-month-
old animals treated 
with LIF-, PGRN- 
and control-NSCs. 
CD68: cluster of 
differentiation 68; 
CNTF: ciliary 
neurotrophic factor; 
ctrl: control; gcl: 
ganglion cell layer; 
GDNF: glial cell line-
derived neurotrophic 
factor; GFAP: glial 
fibrillary acidic 
protein; IBA1: ionized 
calcium-binding 
adapter molecule 1; 
inl: inner nuclear 
layer; LIF: leukemia 
inhibitory factor; onl: 
outer nuclear layer; 

PGRN: progranulin. Scale in Ar (for A) and Bl (for B): 50 µm. 
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FIG. S5: β2/β1 KI RETINAS TREATED WITH CNTF OR LIF CONTAIN MORE RPN THAN RETINAS TREATED 

WITH GDNF OR PGRN. 
Comparative analysis of RPN in retinas of 2-month-old and 4-month-old β2/β1 ki animals treated 
NTF-NSCs in animals. ***: p<0.001; n.s.: not significant according to a two-way ANOVA followed 
by Bonferroni post-hoc test. CNTF: ciliary neurotrophic factor; GDNF: glial cell line-derived 
neurotrophic factor; LIF: leukemia inhibitory factor; P: postnatal day; PGRN: progranulin. 

 

 

               

FIG. S6: RETINAS OF β2/β1 KI MICE TREATED WITH PGRN-NSCS CONTAIN A SIMILAR NUMBER OF PNA-
POSITIVE CELLS IN 2- AND 4-MONTH-OLD ANIMALS. 
Comparative analysis of PNA-positive COS in retinas of 2-month-old and 4-month-old β2/β1 ki 
animals treated NTF-NSCs in animals. *: p<0.05, ***: p<0.001, n.s.: not significant according to a 
two-way ANOVA followed by Bonferroni post-hoc test. CNTF: ciliary neurotrophic factor; GDNF: 
glia cell line-derived neurotrophic factor; LIF: leukemia inhibitory factor; P: postnatal day; PGRN: 
progranulin; PNA: biotinylated peanut agglutinin. 
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I.II. SUPPLEMENTARY IMAGES PROJECT II 

 

FIG. S7: IN VIVO CHARACTERISATION OF HIL6-NSCS IN 3-MONTH-OLD β2/β1 KI MICE. 
(A) Differentiation into astrocytes and (B) expression of hIL6 in hIL6-NSCs and control-NSCs in 
vivo. ctrl: control; GFAP: glial fibrillary acidic protein; hIL6: hyper-interleukin 6; NSCs: neural stem 
cells. Scale bar A and B 100µm. 

 

FIG. S8: EXPRESSION OF TRANSGENES AFTER 

INTRAVITREAL INJECTIONS OF AAVSHH10-HIL6 AND 

AAVSHH10-GFP IN THE RETINA OF 3-MONTH-OLD 

β2/β1 KI MICE. 
Retinas treated with AAVs were labelled with 

antibodies against hIL6 (a) or GFP (b) to examine 

transduction efficiency of AAVshH10-hIL6 and 

AAVshH10-GFP in β2/β1 ki mice. gcl: ganglion 

cell layer; GFP: green fluorescent protein; hIL6: 

hyper-interleukin-6; inl: inner nuclear layer; onl: 

outer nuclear layer. Scale bar in b: 50 µm. 

 

 

FIG. S9: ANALYSIS OF NEUROINFLAMMATION IN HIL6-TREATED RETINAS OF 2-MONTH-OLD RD10 MICE.  
Assessment of reactive astrogliosis (a-f) and microgliosis (g-r) in 2- month-old rd10 mice treated 
with hIL6-NSCs (b,h,n) and AAVshH10-hIL6 (d,j,p) and their contralateral control retinas treated 
with either control-NSCs (a,g,m) or AAVshH10-GFP (c,i,o), as well as age-matched rd10 mice 
(untreat) (e,k,q) and wild-type mice (WT) (f,l,r).AAV: adeno-associated virus; CD68: cluster of 
differentiation 68; ctrl: control; gcl: ganglion cell layer; GFAP: glial fibrillary acidic protein; IBA1: 
ionized calcium-binding adapter molecule 1; hIL6: hyper-interleukin-6; inl: inner nuclear layer; 
NSCs: neural stem cells; onl: outer nuclear layer; untreat: untreated (here: rd10 mice); WT: wild-
type. Scale bar in r: 100µm. 
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FIG. S10: NEUROINFLAMMATION OF HIL6-TREATED RETINAS OF 3-MONTH-OLD β2/β1 KI MICE.  
Assessment of reactive astrogliosis (a-f) and microgliosis (g-r) in 3- month-old β2/β1 ki mice 
treated with hIL6-NSCs (b,h,n) and AAVshH10-hIL6 (d,j,p) and their contralateral control retinas 
treated with either control-NSCs (a,g,m) or AAVshH10-GFP (c,i,o), as well as age-matched β2/β1 
ki mice (untreat) (e,k,q) and wild-type mice (WT) (f,l,r). AAV: adeno-associated virus; CD68: 
cluster of differentiation 68; ctrl: control; gcl: ganglion cell layer; GFAP: glial fibrillary acidic protein; 
IBA1: ionized calcium-binding adapter molecule 1; hIL6: hyper-interleukin-6; inl: inner nuclear 
layer; NSCs: neural stem cells; onl: outer nuclear layer; untreat: untreated (here: β2/β1 ki mice); 
WT: wild-type. Scale bar in r: 100µm. 

 

 

FIG. S11: PNA-POSITIVE CONE INNER AND OUTER SEGMENTS IN 2- AND 3-MONTH-OLD β2/β1 KI MICE 

TREATED WITH HIL6.  
Analysis of PNA-positive cone inner and outer segments in 2-month-old (a-f) and 3-month-old (g-
l) β2/β1 ki retinas treated with hIL6-NSCs and AAVshH10-hIL6, contralateral controls treated with 
control-NSCs and AAVshH10-GFP as well as age-matched, untreated β2/β1 ki retinas and WT 
retinas. AAV: adeno-associated virus; ctrl: control; gcl: ganglion cell layer; hIL6: hyper-interleukin-
6; inl: inner nuclear layer; NSCs: neural stem cells; onl: outer nuclear layer; untreat: untreated 
(here: β2/β1 ki); WT: wild-type. Scale bar in l: 50 µm. 
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II. SUPPLEMENTARY TABLES 

Tab. S1: DENSITY OF CD68-POSITIVE CELLS IN RD10 RETINAS AND FOLD-CHANGES COMPARED TO HIL6-TREATMENT. 

 P28 P35 P42 P56 

CD68-
POSITIVE 

CELLS/1000 

µM 

FOLD-
CHANGE 

COMPARED 

TO HIL6-
TREATMENT 

CD68-
POSITIVE 

CELLS/1000 

µM 

FOLD-
CHANGE 

COMPARED 

TO HIL6-
TREATMENT 

CD68-
POSITIVE 

CELLS/1000 

µM 

FOLD-
CHANGE 

COMPARED 

TO HIL6-
TREATMENT 

CD68-
POSITIVE 

CELLS/1000 

µM 

FOLD-
CHANGE 

COMPARED 

TO HIL6-
TREATMENT 

H
IL

6
-N

S
C

S
 TREATED 11.1 ± 1.7  9.2 ± 0.6  9.6 ± 1.8  4.9 ± 0.8  

CONTROL 2.4 ± 0.1 -4.6x 1.5 ± 0.1 -6.3x 1.0 ± 0.2 -9.2x 0.7 ± 0.2 -7.2x 

MUT 1.1 ± 0.2 -10x 1.0 ± 0.2 -9.2x 0.8 ± 0.2 -12.7x 0.5 ± 0.2 -9.1x 

WT 0.07 ± 0.03 -154x 0.3 ± 0.04 -35.7x 0.3 ± 0.05 -37.3x 0.1 ± 0.03 -41.9x 

A
A

V
-H

IL
6

 

TREATED 16.2 ±0.8  15.4 ± 1.5  9.1 ± 0.7  5.1 ± 1.3  

CONTROL 2.4 ± 0.4 -6.8x 1.4 ± 0.1 -10.7x 0.9 ± 0.3 -10x 0.5 ± 0.2 -11.4x 

MUT 1.1 ± 0.2 -14.6x 1.0 ± 0.2 -15.3x 0.8 ± 0.2 -12.2x 0.5 ± 0.2 -9.5x 

WT 0.07 ± 0.03 -225x 0.3 ± 0.04 -59.4x 0.3 ± 0.05 -35.7x 0.1 ± 0.03 -43.6x 

AAV: adeno-associated virus; CD68: cluster of differentiation 68; hIL6: hyper-interleukin-6; NSCs: neural stem cells; P: postnatal day; WT: wild-type; x: fold-

change. 
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Tab. S2: DENSITY OF CD68-POSITIVE CELLS IN CONTROL RETINAS OF RD10 MICE AND FOLD-CHANGES IN UNTREATED RETINAS COMPARED TO CONTROL RETINAS. 

  

P28 P35 P42 P56 

CD68-
POSITIVE 

CELLS/1000 

µM 

FOLD-
CHANGE 

COMPARED 

TO TREATED 

CONTROLS 

CD68-
POSITIVE 

CELLS/1000 

µM 

FOLD-
CHANGE 

COMPARED 

TO TREATED 

CONTROLS 

CD68-
POSITIVE 

CELLS/1000 

µM 

FOLD-
CHANGE 

COMPARED 

TO TREATED 

CONTROLS 

CD68-
POSITIVE 

CELLS/1000 

µM 

FOLD-
CHANGE 

COMPARED 

TO TREATED 

CONTROLS 

CONTROL-
NSCS 

 
2.4 ± 0.1 

 
1.5 ± 0.1 

 
1.0 ± 0.2 

 

0.7 ± 0.2  

AAV-GFP 2.4 ± 0.4 1.4 ± 0.1 0.9 ± 0.3 0.5 ± 0.2  

UNTREATED 
NSCS 

1.1 ± 0.2 
-2.2x 

1.0 ± 0.2 
-1.5x 

0.8 ± 0.2 
-1.3x 

0.5 ± 0.2 
0 

AAVS -2.2x -1.4x -1.1x 0 

WT 
NSCS 

0.07 ± 0.03 
-34.3x 

0.3 ± 0.04 
-5x 

0.3 ± 0.05 
-3.3x 

0.1 ± 0.03 
-5x  

AAVS -34.3x -4.6x -3.0x -7x 

AAV: adeno-associated virus; CD68: cluster of differentiation 68; GFP: green fluorescent protein; hIL6: hyper-interleukin-6; NSCs: neural stem cells; P: postnatal 

day; TG: transgenic mice (here: rd10 mice); WT: wild-type; x: fold-change. 
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III. LIST OF ABBREVIATIONS 
III.I. GENERAL ABBREVIATIONS 

β2/β1 ki  Atp1b2Atp1b1 knock-in mice 
λmax   maximum of light absorption spectrum 
11cRAL  11-cis-retinal 
11cRDH  11-cis-retinol dehydrogenases 
11cROL  11-cis-retinol 
2A   P2A sequence of the porcine teschovirus-1 
°C   degrees Celsius 
A   adenosine 
A2E   bis-retinoid N-retinyl-N-retinylidene ethanolamine 
aa   amino acid 
AAV2   adeno-associated virus serotype 2 
AAVshH10  adeno-associated virus serotype shH10 
ABCA4   retinal-specific phospholipid-transporting ATPase 4 
AC   amacrine cell 
AD   adenovirus 
A-domain  actuator domain 
ADP   adenosine diphosphate 
Akt   protein kinase B, a serine/threonine kinase 
ANOVA  analysis of variance 
approx.  approximately 
ARR   arrestin 
arRP   autosomal-recessive retinitis pigmentosa 
ARTN   artemin 
ATP   adenosine triphosphate 
Atp1b1   gene encoding for the β1-subunit of the Na,K-ATPase 
Atp1b2   gene encoding for the β2-subunit of the Na,K-ATPase 
atRAL   all-trans-retinal 
atRDH   all-trans-retinol hydrogenases 
atREs   all-trans-retinyl esters 
atROL   all-trans-retinol 
BBB   blood-brain-barrier 
BCVA   best corrected visual acuity 
BM   Bruch’s membrane 
BP   bipolar cell 
bp   base pairs 
BRB   blood-retina-barrier 
BSA   bovine serum albumin 
bsd   blasticidin 
C   cytosine 
Ca2+   calcium ion, bivalent 
CAG   cytomegalovirus enhancer/chicken β-actin promotor 
cAMP   cyclic adenosine monophosphate 
cap   structural genes encoding capsid proteins in AAVs 
CAR   cone-arrestin 
CAR-T   chimeric antigen receptor T 
CD68   cluster of differentiation 68 
cDNA   complementary deoxyribonucleic acid 
CG   cardiac glycosides 
cGMP   cyclic guanosine monophosphate 
CIS   cone inner segments 
c-Jun   transcription factor encoded by Jun gene 
CLCF1   cardiotrophin-like cytokine factor 1 
CMV   cytomegalovirus 
CNG   cyclic nucleotide–gated ion channels 
CNS   central nervous system 
CNTF   ciliary neurotrophic factor 
(s)CNTFRα  (soluble) ciliary neurotrophic factor receptor α subunit 



| LIST OF ABBREVIATIONS | 

 

XLV 
 

conc.   concentration 
COS   cone outer segments 
CREB   cAMP-responsive element-binding protein 
CRISPR-Cas9 Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-

associated endonuclease 9 
cRNA complementary ribonucleic acid 
CRX   cone-rod homeobox protein 
CT-1   cardiotropin 1 
Cy   cyanine 
D   aspartic acid, proteinogenic amino acid 
DAPI   4′,6-diamidino-2-phenylindole 
DES1   dihydroceramide desaturase 1 
DGC   displaced ganglion cells 
dLGN   corpus geniculatum dorsolaterale 
DMEM/F12  Dulbecco’s modified eagle medium, nutrient mixture F-12 
DNA   deoxyribonucleic acid 
DPBS   Dulbecco’s balanced salt solution 
DRG   dorsal root ganglion 
DSGC   directionally sensitive ganglion cells 
E2a   gene needed for the replication of ADs 
E4   gene needed for the replication of ADs 
ECM   extracellular matrix 
ECT   encapsulated cell therapy 
EDTA   ethylenediaminetetraacetic acid, a buffer substance 
EF1α   elongation factor α1 promotor 
e.g.   exemplum gratia 
EGF   epidermal growth factor 
eGFP   enhanced green fluorescent protein 
EMA   European Medicines Agency 
ERG   electroretinography 
ERGs   electroretinograms 
ESC   embryonic stem cells 
etc.   et cetera 
F   forward primer 
F   phenylalanine 
FACS   fluorescence activated cell sorting 
FCS   foetal calf serum 
FDA   federal drug administration, USA 
FGF   fibroblast growth factor 
FTLD   frontotemporal lobar degeneration 
G   guanine 
Gα   α-subunit of the G-coupled protein transducin 
Gα* photoactivated α-subunit of the G-coupled protein transducin 
GABA   γ-aminobutyric acid 
GAF cGMP-binding phosphodiesterases, cyanobacterial Adenylyl cyclases 

and transcription factor Fhl 
GC guanylyl cyclase 
GCAP1 guanylyl cyclase activating protein1 
gcl   ganglion cell layer 
GDNF   glial cell-derived neurotrophic factor 
GDP   guanosine diphosphate 
GFAP   glial fibrillary acidic protein 
GFL   GDNF family of ligands 
GFRα1   GDNF-family receptor α1 
GLAST   glial L-glutamate/L-aspartate transporter 
GNAT1   guanine nucleotide-binding protein G(t) subunit α1 
gp130   glycoprotein 130 kDa 
GPCR   G-protein coupled receptor 
GPI   glycosylphosphatidylinositol 
GS   glutamate synthetase 
Gt   transducin, a heterotrimeric G-protein 
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GTP   guanosine triphosphate 
GTPase  guanosine triphosphatase 
GUCA1A  guanylyl cyclase activating protein1 
H   histidine 
h   hour 
HC   horizontal cell 
HCl   hydrochloric acid 
HEK293T  human embryonic kidney 293T cells 
HFG   hepatocyte growth factor 
hIL6   hyper-interleukin-6 
IBA1   ionized calcium-binding adapter molecule 1 
ICC   immunocytochemistry 
ICD   intracellular domain 
i.e.   id est 
Ig   immunoglobulin 
IHC   immunohistochemistry 
IL1β   interleukin-1 β subunit 
(s)IL1-R  (soluble) interleukin 1 receptor 
IL6   interleukin-6 
(s)IL6-Rα  (soluble) interleukin-6-receptor α subunit 
IL11   interleukin-11 
IL12   interleukin-12 
IL27   interleukin-27 
ilm   inner limiting membrane 
inl   inner nuclear layer 
iNOS   inducible nitric oxide synthase 
ipl   inner plexiform layer 
ipRGC   intrinsically photosensitive retinal ganglion cell 
iPSCs   induced pluripotent stem cells 
IRBP   interphotoreceptor retinoid-binding protein 
IRES   internal ribosome entry site 
IS   inner segments 
iTom   tdTomato 
JAK   Janus Kinase 
JAM-B   junctional adhesion molecule B 
JNK   c-Jun N-terminal kinase 
J-RGC   JAM-B-expressing RGCs 
K+   potassium ion, monovalent 
kb   kilobases 
KCl   potassium chloride 
kDa   kilodalton, 103 Daltons 
ki   knock-in 
ko   knock-out 
KV   voltage-gated potassium channel 
KV2.1   voltage-gated potassium channel subunit 2.1 
KV8.2   voltage-gated potassium channel subunit 8.2 
l   litre 
LED   local edge detector 
LeGO   Lentiviral Gene Ontology 
LIF   leukemia inhibitory factor 
LRAT   lecithin retinol acyltransferase 
LRP1   pro-low-density lipoprotein receptor-related protein 1 
LV   lentivirus 
µl   microliter, 10-6 l 
µm   micrometre, 10-6 m 
MAG   myelin-associated glycoprotein 
MAP2   microtubule-associated protein 2 
MAPK   mitogen-activated protein kinase 
MC   Müller cells 
MEK   MAPK/ERK kinase 
Mg2+   magnesium ions, bivalent 
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mGluR6  metabotropic glutamate receptor 6 
min   minutes 
mM   millimolar, molar concentration, 10-3 mol/l 
mRNA   messenger RNA 
miRNA   micro-RNA 
mTOR   mammalian Target Of Rapamycin 
MUT   mutant mice, either rd10 or β2/β1 ki 
n   statistical sample 
N-domain  nucleotide-binding domain 
Na+   sodium ion, monovalent 
NaCl   sodium chloride, table salt 
Na,K-ATPase  sodium-potassium ATPase 
NaV   voltage-gated sodium channel 
NCL   neural ceroid lipofuscinosis 
NCX   Na+/Ca2+-exchanger 
neo   neomycin 
nfl   nerve fibre layer 
ng   10-9 gram, nanogram 
NKA   sodium-potassium ATPase 
nm   10-9 m(etre), nanometre 
Notch (1-4)  neurogenic locus notch homolog protein (1-4) 
NP   nanoparticles 
NP40   nonyl phenoxypolyethoxylethanol 
NRTN   neurturin 
NSC   neural stem cells 
NTF   neurotrophic factor 
onl   outer nuclear layer 
opl   outer plexiform layer 
OPS M   opsin m 
OPS S   opsin s 
OS   outer segments 
OSM   oncostatin M 
P   postnatal day 
PAM   PI3K/Akt/mTOR pathway 
PBS   phosphate- buffered saline 
PCR   polymerase chain reaction 
PDE6 cGMP-specific 3',5'-cyclic phosphodiesterase 6 
PDE6β β subunit of the cGMP-specific 3',5'-cyclic phosphodiesterase 
P-domain  phosphorylation domain 
PFA   paraformaldehyde 
pg   10-12 g(ram); picogram 
PGRN   progranulin 
pH  potentia hydrogenii, used to specify the acidity or basicity of aqueous 

solutions 
PI3K phosphatidylinositol 3-kinase 
PKC protein kinase C 
PLC phospholipase C 
pMAPK phospho p44/42 mitogen-activated protein kinase  
PNA biotinylated peanut agglutinin 
PNS peripheral nervous system 
PR photoreceptor cell 
PRGR   X-linked retinitis pigmentosa GTPase regulator 
PRPH2 peripherin 2 
PSPN persephin 
PTEN Phosphatase and Tensin homolog 
pSTAT3 phosphorylated signal transducer and activator of transcription 3  
puro   puromycin 
qPCR   real-time quantitative polymerase chain reaction 
R   reverse primer 
rAAV   recombinant adeno-associated virus 
Rac   RAS-related C3 botulinum toxin substrate 
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RAS from rat sarcoma virus, a protein of the MAPK/ERK pathway 
RAF from rapidly accelerated fibrosarcoma, a protein of the MAPK/ERK 

pathway 
RBP1 retinol-binding protein 1 
RBP4 retinol-binding protein 4 
RCS Royal College of Surgeon’s 
rd10 “retinal degeneration 10”, a model of an autosomal-recessive retinitis 

pigmentosa 
RDH5 retinol dehydrogenase 5 
RDH8 retinol dehydrogenase 8 
RDH12 retinol dehydrogenase 12 
rep replication genes in AAVs 
RET proto-oncogene tyrosine-protein kinase receptor, derived from 

rearranged after transfection 
RFP   red fluorescent protein 
RGC   retinal ganglion cell 
RGR   retinal G-protein coupled receptor 
rh   recombinant human protein 
RHO   rhodopsin 
rm   recombinant murine protein 
RM   repeated measures 
RNA   ribonucleic acid 
ROM1   rod outer segment membrane protein 1 
RPS   retinal prosthesis system 
ROS   rod outer segments 
RP   retinitis pigmentosa 
RP1   oxygen-regulated protein 1 
RP2   oxygen-regulated protein 2 
RPE   retinal pigment epithelium 
RPE65   all-trans retinyl isomerase 
rpm   rounds per minute 
RPN   rows of photoreceptor nuclei 
RS1   retinoschisin 
Rs1   retinoschisin gene, mutations causative for XLRS 
SAC   starburst amacrine cell 
SARM1   sterile alpha and TIR motif- containing protein 1 
sc   self-complementary 
SC   colliculi superiores 
SCN   nucleus suprachiasmaticus 
SDS   sodium dodecyl sulphate 
SDS-PAGE sodium dodecyl sulphate- polyacrylamide gel electrophoresis  
sec   seconds 
shH10   adeno-associated virus serotype shH10 
SEM   standard error of the mean 
SORT1   sortilin 
Src proto-oncogene tyrosine-protein kinase, derived from sarcoma 
STAT1   signal transducer and activator of transduction 1 
STAT3   signal transducer and activator of transduction 3 
STRA6   stimulated retinoic acid-6 receptor 
T   threonine 
T   thymine 
TA   annealing temperature 
TBS-T   TRIS-buffered saline with 0.2% Tween 20 
TGF-β   transforming growth factor β 
TIR   Toll/interleukin 1 receptor 
TLR9   toll-like receptor 9 
TM   transmembrane domain 
TNFα   tumor necrosis factor α 
(s)TNFR1  (soluble) tumor necrosis factor receptor 1 
(s)TNFR2  (soluble) tumor necrosis factor receptor 2 
TPS   total protein stain 
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TRIS   tris(hydroxymethyl)aminomethane 
Tx-100   Triton X-100 
Tyr (705)  L-tyrosine 705 
U   enzyme unit, measure of enzymatic activity 
USH2A   usherin 
V1   primary visual cortex 
VA   gene needed for the replication of Ads 
VG3-ACs  amacrine cells expressing VGluT3 
vg/ml   viral genomes/ml, measure for AAV concentration 
VGluT3   vesicular glutamate receptor 3 
WB   Western Blot 
Wnt   wingless/integrase 1 
WT   wild-type mice 
X   interchangeable amino acid in FXYD 
Y   tyrosine 
zeo   zeocin 
ZSD   Zapfen-Stäbchen Dystrophie 

 

 

III.II. ABBREVIATIONS OF DISEASES 

AHC   Alternating hemiplegia of childhood 
ALS   amyotrophic lateral sclerosis 
AMD   age-related macular degeneration 
BBS   Bardet-Biedl syndrome 
CAPOS syndrome with cerebella ataxia, areflexia, pes cavus, optic atrophy, 

sensorineural hearing loss  
CMT2   Charcot–Marie–Tooth Type 2 
CORD   cone-rod dystrophy 
COVID-19  corona virus disease 2019 
CRS   cytokine release syndrome 
CSP   complex spastic paraplegia 
DR   diabetic retinopathy 
FHM2   familial hemiplegic migraine type 2 
GA   geographic atrophy 
HASCD  hypomagnesemia with seizures and cognitive delay 
IDH   isolated dominant hypomagnesemia 
IRD   inherited retinal dystrophy 
LCA   Leber congenital amaurosis 
MacTel   macular telangiectasia type 2 
MS   multiple sclerosis 
PA   primary aldosteronism 
RDP   rapid-onset dystonia-parkinsonism 
SFM   small fibre neuropathy 
SHM   sporadic hemiplegic migraine 
STGD1   Stargardt disease 
XLRS   X-linked juvenile retinoschisis 
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