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Retinitis pigmentosa (RP) is a major cause of hereditary blindness and visual disability. The prevalence of RP 

is estimated to be 1/4000, affecting approximately 2.5 million people worldwide. RP is a very slow-progressing 

disease, and its symptoms start usually during adolescence. Mutations in over 70 different genes can cause 

photoreceptor cell degeneration leading to retinitis pigmentosa. A common RP-related gene is PDE6B which 

encodes a β-subunit of PDE6-enzyme which has a crucial function in rod-mediated vision.  

No cure is available currently for RP patients. Treatment options are few, but the most promising one is gene 

therapy. Since retinal gene therapy is delivered by a single sub-retinal injection, it does not rescue all the 

diseased photoreceptor cells. The impact of the non-rescued photoreceptor cells on the rescued ones is not 

fully understood. This remains a challenge for the therapy. 

The project aimed to study the retinal morphology and the function of the retinal pigment epithelium (RPE) in 

48-week-old diseased (RP) and partially rescued mice. Pde6bST/WT mice have a functional Pde6b allele and 

were used as a control in the experiments. Pde6bST/ST mice have a loxP-flanked stop cassette in the intron 1 of 

both loci of the Pde6b gene. The stop cassette contains multiple polyadenylation signals which prevent gene 

expression. Pde6bST/ST exhibit progressive rod degeneration. In Pde6bST/ST Pax6αCre mice, stop cassettes are 

partially removed by the Cre recombinase which is expressed under a Pax6α promoter. Both Pde6b alleles are 

functional in the distal retina whereas the non-recombined retina in the center remains mutant. 

Retinal sections were stained with multiple antibodies to study the retinal morphology. RPE morphology was 

studied by quantifying fluorescence images from RPE wholemounts. Apoptotic cell death in the RPE cells was 

studied by using a commercial TUNEL assay. In normal physiology, RPE cells phagocytose photoreceptor 

cell outer segments and this process was studied by using an ex vivo assay. 

According to the results, the partially rescued retina of Pde6bST/ST Pax6αCre showed signs of retinal 

remodelling. This can be seen as beneficial for the retinal gene therapies conducted by a single injection if the 

partially rescued retina can regenerate and expand the rescued area. The diseased retina of Pde6bST/ST showed 

large-scale retinal degeneration and revealed heterogeneity of the RPE. 

 

Keywords: retinitis pigmentosa, retinal pigment epithelium, retina, retinal remodelling, Pde6b mutation, Cre 

recombinase 



Contents 

1 Introduction ................................................................................................................. 5 

1.1 Human vision and the function of the retina ................................................................. 5 

1.1.1 Cone and rod photoreceptors cells ............................................................................................ 6 

1.1.2 Bipolar, horizontal and ganglion cells ........................................................................................ 8 

1.1.3 Amacrine and glial cells ........................................................................................................... 10 

1.1.4 Retinal pigment epithelium ...................................................................................................... 11 

1.1.5 Rod phototransduction cascade .............................................................................................. 15 

1.2 Retinitis pigmentosa ..................................................................................................... 18 

1.2.1 Etiology, pathophysiology, and clinical symptoms ................................................................... 18 

1.2.2 Current therapeutic options ..................................................................................................... 19 

1.2.3 Current clinical pipeline ............................................................................................................ 19 

1.2.4 Animal models in retinitis pigmentosa research ...................................................................... 22 

1.3 Background of the experimental design ..................................................................... 24 

1.3.1 Cre-loxP recombination ........................................................................................................... 24 

1.3.2 Mouse models of the project .................................................................................................... 24 

1.4 Summary ....................................................................................................................... 26 

2 Results ....................................................................................................................... 28 

2.1 Retinal morphology ...................................................................................................... 28 

2.1.1 Photoreceptor cells are absent in Pde6bST/ST mice and partially degenerated in Pde6bST/ST 

Pax6αCre mice at 48 weeks of age ......................................................................................................... 28 

2.1.2 Multiple retinal cell types are degenerated in Pde6bST/ST mice, whereas Pde6bST/ST Pax6αCre 

mice show signs of retinal regeneration at 48 weeks of age ................................................................... 29 

2.2 RPE morphology ........................................................................................................... 34 

2.2.1 Pde6bST/ST has a site-specific and heterogenous RPE morphology, whereas Pde6bST/ST 

Pax6αCre shows signs of RPE regeneration in the area of non-recombined retina ............................... 34 

2.2.2 Nuclei number is shifted to one in the central RPE of Pde6bST/ST whereas Pde6bST/ST 

Pax6αCre has a wildtype-like nucleus pattern in both central and peripheral regions of the RPE at 48 

weeks of age ............................................................................................................................................ 37 

2.3 RPE apoptosis .............................................................................................................. 40 

2.4 POS phagocytosis by the RPE..................................................................................... 43 

3 Discussion ................................................................................................................. 46 

3.1 Retinal morphology ...................................................................................................... 46 

3.1.1 Pde6bST/ST ................................................................................................................................ 46 

3.1.2 Pde6bST/ST Pax6αCre ............................................................................................................... 47 



3.2 RPE morphology ........................................................................................................... 49 

3.2.1 Pde6bST/ST ................................................................................................................................ 49 

3.2.2 Pde6bST/ST Pax6αCre ............................................................................................................... 51 

3.3 RPE apoptosis .............................................................................................................. 51 

3.4 POS phagocytosis by the RPE..................................................................................... 52 

3.5 Summary ....................................................................................................................... 54 

3.5.1 48-week-old Pde6bST/ST represents late-stage retinitis pigmentosa ........................................ 54 

3.5.2 48-week-old Pde6bST/ST Pax6αCre shows signs of retinal regeneration ................................. 54 

3.5.3 Future aspects for retinitis pigmentosa research ..................................................................... 55 

4 Materials and methods ............................................................................................. 57 

4.1 Mice ............................................................................................................................... 57 

4.1.1 Genotyping ............................................................................................................................... 57 

4.2 Retinal morphology ...................................................................................................... 58 

4.2.1 Section staining........................................................................................................................ 58 

4.2.2 ONL thickness measurements ................................................................................................. 59 

4.3 RPE morphology ........................................................................................................... 59 

4.3.1 RPE wholemount preparation .................................................................................................. 59 

4.3.2 Cell size and shape measurements ........................................................................................ 60 

4.3.3 Nuclei number .......................................................................................................................... 60 

4.3.4 Temporal and nasal comparisons of Pde6ST/ST RPE morphology ........................................... 61 

4.4 POS Phagocytosis Assay............................................................................................. 61 

4.4.1 Solutions .................................................................................................................................. 61 

4.4.2 Isolation of POS from porcine eyes (Fig. S1) .......................................................................... 62 

4.4.3 POS phagocytosis assay ......................................................................................................... 62 

4.4.4 Image acquisition and quantification ....................................................................................... 63 

4.5 TUNEL assay ................................................................................................................. 63 

4.5.1 Procedure ................................................................................................................................ 63 

4.5.2 Controls .................................................................................................................................... 64 

4.5.3 Image acquisition ..................................................................................................................... 64 

4.6 Fluorescence microscopy ............................................................................................ 64 

Acknowledgements ......................................................................................................... 65 

Abbreviation list ............................................................................................................... 66 

References ....................................................................................................................... 67 

Supplementary material .................................................................................................. 83 



5 
 

1 Introduction 

1.1 Human vision and the function of the retina 

The major unit behind the human vision is the retina which contains several cell layers lining at the 

back of the eyeball (Fig.1). When light travels through the lens into the retina, it is first detected by 

two types of photoreceptor cells, cones and rods. After phototransduction in photoreceptor cells, the 

signal continues first to bipolar cells and then to ganglion cells which axons form the optic nerve and 

finally, the signal achieves the brain. Then, visual experience occurs. Furthermore, the retina consists 

Figure 1. Structure of the human retina. The retina contains many different cell types all of them have a 
unique function to maintain the retinal homeostasis and ensure the function of vision. The outer nuclear layer 
(ONL) contains the nuclei and the cell bodies of photoreceptor cells. Cell bodies of bipolar cells, horizontal 
cells, Müller glia cells and amacrine cells form the inner nuclear layer (INL). Ganglion cell layer (GCL) contains 
ganglion cells and some amacrine cells. The axons of ganglion cells form the optic nerve. Two synaptic 
(plexiform) layers separate these three nuclear layers which contain dendrites and synapses. Between the 
GCL and the INL is the inner plexiform layer (IPL) and between the INL and the ONL is the outer plexiform 
layer (OPL). In the IPL, ganglion cells, amacrine cells and the bipolar cell axons are connected. In the OPL, 
photoreceptor cells, bipolar cells and horizontal cells interact. Additionally, microglia cells lay in the GCL, IPL 
and OPL. Müller cells have long cell bodies, and they extend throughout the whole retina. Retinal pigment 
epithelium (RPE) lays right below the photoreceptor outer segments, POS. Created with BioRender.com. 
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of diverse cell types, all of which have an essential function to maintain retinal homeostasis. 

(Wilkinson et al., 2018) Human and mouse retinae have similar, well-organized structures and the 

same retinal cell types are found in both retinae. However, the mouse retina seems to have a higher 

rods density than the human retina (Jeon et al., 1998). While the human retina consists of three types 

of cones, the mouse retina has two (Nikonov et al., 2006). Another main difference is that the mouse 

retina does not contain a macula, which is a small, pigmented area in the central retina responsible 

for high-resolution and colour vision. It contains a high density of cones in its central part, the fovea 

(Volland et al., 2015). 

1.1.1 Cone and rod photoreceptors cells 

A human retina consists of approximately 100 million rods and 6 million cones. The ratio can be 

explained by the different functions; cones are responsible for colour vision and rods for peripheral 

and night vision. Rods and cones are sensory neurons that are capable to convert photons of light into 

an electrical signal that can be detected by the nervous system. (Baylor et al., 1979) On a cellular 

level, rods are more sensitive than cones. Even a single photon can reach the limit of 

phototransduction cascade through rods, but cones are about 100 times less sensitive. (Burkhardt, 

1994) 

Cones differ morphologically and functionally from rods. A major part of cones is in the fovea, which 

is a central area of the retina specialized for high acuity vision. Cones express several types of visual 

pigments, called opsins, which spectral sensitivity defines the subtype of the cone. In humans, three 

cone subtypes exist: short-, middle- and long-wavelength cones (S, M and L). This classification 

defines in which wavelength the cone is most sensitive: For the S-cones, the sensitivity peak is 445 

nm (blue), for M-cones 543 nm (green) and L-cones 566 nm (red). The minority of cones corresponds 

to blue S-cones (~10%), whereas the majority is red L-cones. The sum of the impulses from rods and 

cones eventually defines our visual experience. (Shevell and Kingdom, 2007) Cones are less sensitive 

to photons and thus function mainly during daylight. Their response time is short which enables them 

to detect moving objects. Rods are highly sensitive to photons, but their response time is much longer 

which adapts them to function in the dark. Rods have a stable distribution around the retina, with an 

exception in the fovea where cones have a majority. (Kawamura and Tachibanaki, 2008) 

Photoreceptor cells are both highly polarized cells and can be divided into four subcellular regions: 

the outer segment (OS), the inner segment (IS), the nucleus, and the synaptic terminal (Fig. 2). The 

OS contains discs where photons are captured as starting the phototransduction cascade. Rods have 

cylinder-shaped OS whereas cones have shorter, approximately half of the length of rod OS, and 
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shape is thinner on the tip. OS contains discs with a major protein content of opsins. In rods, opsin is 

rod opsin (rhodopsin when the protein is bound to 11-cis retinal). Despite the dense packaging of 

rhodopsin on the disc membranes, it is functional only as a monomer. (Pugh and Lamb, 2000) The IS 

contains organelles for protein synthesis (Golgi apparatus and endoplasmic reticulum) and 

metabolism (mitochondria, lysosomes). The synaptic terminal contains glutamate vesicles which are 

released into the synaptic cleft constantly in the dark. When light falls, cyclic guanosine 

monophosphate (cGMP) levels decrease and cGMP gated cation channels (CNG) close leading to 

hyperpolarization of the cell membrane and finally a reduction of glutamate release at the synapse. 

This signal is detected by bipolar and horizontal cells. (Sung and Chuang, 2010; Wilkinson et al., 

2018) Rods and cones are connected by gap junctions which allow the electrical and chemical 

coupling between these two cell types (Asteriti et al., 2014; Raviola and Gilula, 1973).  

Photoreceptor cells play a key role in the glucose metabolism between them and the retinal pigment 

epithelium (RPE). Once glucose is transported from the choroid through the RPE to the photoreceptor 

cells, most of it is converted to lactate through aerobic glycolysis. Aerobic glycolysis produces 

adenosine triphosphate (ATP) to photoreceptor cells. Lactate is transported back to the RPE and 

Müller cells for their energy metabolism. RPE cells produce fatty acids and ketone bodies which are 

delivered to photoreceptor cells which use them to the Krebs cycle and oxidative phosphorylation to 

produce ATP. (Kanow et al., 2017; Viegas and Neuhauss, 2021) Glucose transporter 1 (GLUT1) is 

the major glucose transporter in the RPE and photoreceptor cells (Gospe et al., 2010; Mantych et al., 

1993). 

Figure 2. Structure of cone and rod photoreceptor cells. Rods 
and cones contain four subcellular regions: the outer 
segment (OS), the inner segment (IS), the nucleus, and the 
synaptic terminal. Created with BioRender.com. 
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1.1.2 Bipolar, horizontal and ganglion cells 

Cones and rods send signals into bipolar and horizontal cells (Fig. 3). Horizontal cells (HCs) are 

interconnecting neurons located in the INL. HCs are extensively coupled cells which increases their 

receptive field enormously. The function of HCs is not fully understood, but the current consensus is 

that they provide negative feedback signals for cones and rods. (Twig et al., 2003) In the light, the 

hyperpolarization of photoreceptor cells causes HCs to hyperpolarize continuously (Kaneko, 1970). 

Upon the hyperpolarization, HCs send feedback signals for photoreceptor cells which induce the 

calcium channels to open and let calcium ions flow inside the cell. This allows glutamate to release 

into the synaptic cleft between photoreceptor and bipolar cell. The feedback cascade causes 

surrounding photoreceptor cells to depolarize. (Kamermans and Spekreijse, 1999; Thoreson et al., 

2008) 

Bipolar cells are glutamatergic interneurons having similar glutamate ribbons near synapses as 

photoreceptors (Fig. 3). Additionally, bipolar cells can be divided into two groups: rod bipolar cells 

Figure 3. Bipolar cell pathways in the retina. ON pathways include rod bipolar cells (RBCs) and ON cone 
bipolar cells (ON CBCs). RBCs receive signals mainly from rods but also from cones. They depolarize by light 
and send glutamatergic signals onto AII amacrine cells. Amacrine cells are connected via gap junctions with 
ON CBCs which synapse onto the ON ganglion cells (ON GCs). OFF pathways include (ON) RBCs and OFF 
CBCs. OFF CBCs receive glutamatergic signals mostly from cones but also some of the OFF CBC subtypes 
and additionally from rods. RBCs send glutamatergic signals to AII amacrine cells as in the ON pathway but 
in the OFF pathway amacrine cells make inhibitory glycinergic signals onto OFF CBCs. Since rods and cones 
have gap junctions between them, rods can send signals indirectly through both ON and OFF CBCs. HC, 
horizontal cell. Adapted from Fain & Sampath, 2018. Created with BioRender.com. 
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(RBCs) and cone bipolar cells (CBCs). Vertebrates have two types of bipolar cells: ON and OFF 

bipolar cells. Cone bipolar cells have 9-12 ON- and OFF subtypes depending on the species. The 

length of the different subtypes varies, and they can end in various depths of the IPL. ON and OFF 

CBCs are defined by the types of postsynaptic glutamate receptors on their dendrites. OFF CBCs 

express α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)/kainate receptors in their 

dendrites. Whereas, ON CBCs and RBCs have metabotropic glutamate receptor 6 (mGluR6) 

receptors. (Shekhar et al., 2016; Ghosh et al., 2004) 

ON pathways include RBCs and ON CBCs. Until this day, only one type of RBC has been 

characterized in mammals (Masu et al., 1995). RBCs receive signals mostly from rods but also from 

cones. In the light, RBCs depolarize and send glutamate signals for AII amacrine cells, which have 

gap junctions with ON CBCs. Furthermore, ON CBCs contact with ON-type ganglion cells (ON 

GCs). Rods are known to share signals with other rods by gap junctions, but also with cones that 

export the signal onto the ON CBCs. Light causes a depolarization of ON CBCs. In the darkness, ON 

CBCs are hyperpolarized due to the constant glutamate release from the photoreceptors. Currently, 

there has been published evidence showing that ON CBCs might have input also from rods (Whitaker 

et al., 2021). 

OFF pathways include (ON) RBCs and OFF CBCs. OFF CBCs are hyperpolarized by light, similarly 

to cones. The synapse between a cone and an OFF CBC is like the synapse between a cone and a 

horizontal cell. In the OFF pathway, RBCs behave as in the ON pathway but AII amacrine cells make 

inhibitory glycinergic synapses onto OFF CBCs. These cells have synapses onto the OFF-ganglion 

cells (OFF GCs). Most of the OFF CBCs receive input from cones but at least three OFF CBC 

subtypes have shown additional contact with rods (mice, primates). Additionally, indirect signals 

from rods to cones by gap junctions reach the OFF CBCs. (Fain and Sampath, 2018; Wilkinson et al., 

2018) 

Ganglion cells (GCs) are the retina output neurons; they receive signals from both the ON and the 

OFF CBCs by glutamatergic AMPA receptors. In addition, amacrine cells have synapses and gap 

junctions also to GCs but these mechanisms are not well understood. Currently, 40 different ON and 

OFF GC subtypes have been identified from mouse retina  (Baden et al., 2016). The major 

neurotransmitter in GCs is glutamate. GC axons form the optic nerve which runs across the vitreal 

surface. In contrast to other inner retinal cells, GCs send action potentials that fits better for relatively 

long distance to the brain. (Dacey, 2004) 
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1.1.3 Amacrine and glial cells 

While horizontal cells get input from photoreceptor cells, amacrine cells are in contact with bipolar 

cells (Fig. 3). Amacrine cells can be divided into two groups by their dendritic size: narrow- and 

wide-field amacrine cells. Narrow-field amacrine cells are mainly glycinergic and wide-field cells 

GABAergic (Lin and Masland, 2006; Majumdar et al., 2009). 30 morphologically different 

mammalian amacrine cells are known (Lin and Masland, 2006; MacNeil and Masland, 1998). AII 

amacrine cells are the major transporters of signals from the RBCs to the CBCs (Fig. 3). They have 

inhibitory synapses into the CBCs in the OFF pathway, and gap junctions into the CBCs in the ON 

pathway. AII amacrine cells are in contact with all the retinal bipolar cells forming a dense 

connectome. Different connections can be divided into four categories including postsynaptic relation 

with RBCs, gap junctions with most ON CBCs, and then both postsynaptic and gap junctions with 

either CBC subclass 7 or all OFF CBCs. (Marc et al., 2014) AII cells are highly coupled cells having 

abundant gap junctions between each other. (Mills and Massey, 1995) Although AII amacrine cells 

impact mostly rod-mediated vision, due to the two-dimensional AII-AII gap junctions, also cone 

vision is shown to be affected. (Van Wyk et al., 2009).  

The human retina consists of diverse glial cells including microglia and two types of macroglia: 

Müller cells and astrocytes (Fig. 1). Microglia are phagocytes and antigen-presenting cells. Resting 

microglia cells are found in the plexiform and ganglion cell layers. They constantly clear their 

microenvironment by phagocytosing metabolic products and cellular debris. (Fontainhas et al., 2011) 

Once microglia detect a pathogenic stimulus, it becomes activated, proliferates, and moves into the 

region of damage. (Ferrer-Martín et al., 2015) Microgliosis (increased microglia in the pathogenic 

site) is common in many retinopathies such as retinal detachment or proliferative vitreoretinopathy 

(Hollborn et al., 2008). Microglia and immune cells (monocytes/macrophages, neutrophils)  delivered 

from the bloodstream mediate the inflammation and fibrinolysis in the site of pathogenesis. (Rashid 

et al., 2019) Chronic, dysregulated inflammation commonly generates secondary tissue damage. 

Activated microglia produce multiple pro-inflammatory agents such as prostaglandins, matrix 

metalloproteases (MMPs), reactive radicals, Fas-ligand and proinflammatory cytokines like IL-1β 

and TNF-α. (Wilkinson et al., 2018) In addition, activated microglia secretes a protein called 

endothelin-2 which induces ganglion cell death, astrogliosis and vasoconstriction. These factors 

increase the risk of glaucoma. (Howell et al., 2011)  

Müller glia span the complete retina and represent about 90% of the retinal glial cell population 

(Vecino et al., 2016). Their cell bodies are found in the INL, and two vertical axons radiate in opposite 
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directions. Müller cells have a crucial role in the visual cycle of cone photoreceptors. They convert 

cone-driven trans-retinol to 11-cis retinal which then can be reused in the phototransduction cascade. 

(Xue et al., 2017) By uptake of the neurotransmitters glutamate and GABA, Müller glia regulate 

synaptic activity of the inner retina (Bringmann et al., 2013). Glutamate is needed to produce 

antioxidant glutathione in Müller cells. Glutathione is released rapidly from Müller cells in response 

to oxidative stress, such as ischemia and provided to the neurons. In general, the retina needs a lot of 

antioxidative protection due to its high light exposure and high oxygen consumption. (Pow and 

Crook, 1995; Schütte and Werner, 1998) Another important function of Müller cells is to maintain 

the osmotic and potassium homeostasis in the retina. Extracellular potassium is taken up by Müller 

cells mainly passively through Kir4.1 channels (Kofuji et al., 2000). Maintenance of osmotic 

homeostasis occurs through aquaporin-4 (AQP4) receptors, specialized transporters for water 

molecules (Nagelhus et al., 1998).  

Astrocytes contribute most of its glia functions together with Müller cells. They maintain retinal water 

homeostasis through AQP4 receptors (Bosco et al., 2005). Together, astrocytes and Müller cells also 

regulate extracellular pH, remove carbon dioxide and excess potassium, and clear extracellular fluid 

originated from neurotransmitter activity. (Fernández-Sánchez et al., 2015; Reichenbach and 

Bringmann, 2013) Also, they maintain retinal vascular stability together with microglia and pericytes 

by inhibiting vascular endothelial cell proliferation. On the other hand, astrocytes are also the main 

vascular endothelial growth factor (VEGF) producers in the retina (Stone et al., 1995). The 

distribution of astrocytes follows mainly the retinal blood vessels. Astrocytes get activated in 

response to ischemia, increased intraocular pressure or excitotoxicity (prolonged activation of 

excitatory receptors such as glutamate receptors). (Bringmann et al., 2006; Vecino et al., 2016) Age-

related astrocyte degeneration is associated with the degeneration of the blood-retinal barrier (Chan-

Ling et al., 2007). 

1.1.4 Retinal pigment epithelium 

The retinal pigment epithelium is the outermost layer of the retina (Fig. 4). The basal side of the RPE 

is connected to Bruch’s membrane and choroid, and the apical side to the outer segments of 

photoreceptor cells (POSs). RPE consists of a single layer of cuboidal epithelial cells which are joined 

together by tight junctions (Rizzolo, 2007). RPE constitutes the outer blood-retinal barrier. The 

human eye consists of approximately 3.5 x 106 RPE cells (Panda-Jonas et al., 1996). A specific feature 

of RPE cells is that they are postmitotic, meaning that the RPE cell population remains stable during 

adult life except in certain diseases. The apical part contains numerous microvilli (3-7 µm) whereas 



12 
 

the basolateral membrane is flat and lies on the top of the Bruch´s membrane. (Sparrow et al., 2010) 

The Bruch´s membrane contains mainly collagen and elastin and is located between the RPE and 

choroid capillaries (Benedicto et al., 2017). 

The nuclei number of RPE cells varies but the reason for multi-nucleate RPE cells is not fully 

understood. However, it has been proposed that multi-nucleate cells may have a protective role 

against stress or cancer cells (Pandit et al., 2013). RPE cells become multi-nucleated by ageing. Also, 

the size of the cell increases. Multinucleation does not seem to be due to cell fusion, but to incomplete 

cell division. Interestingly, phagocytosis capacity is identical regardless of the nuclei number. POS 

exposure promotes multinucleation in vitro and suppresses cell proliferation. Additionally, exposure 

to POSs induces the formation of reactive radicals and DNA oxidation in RPE cells. (Chen et al., 

2016) 

The energy metabolism of the RPE is largely dependent on lactate produced by photoreceptor cells. 

Glucose is taken in by RPE from choroidal capillaries and transported for photoreceptor cells, which 

then convert it to lactate via aerobic glycolysis. Lactate is transported for RPE and Müller cells. RPE 

cells use lactate to the Krebs cycle and oxidative phosphorylation to produce ATP. RPE cells use a 

minimal amount of glucose in their energy metabolism through glycolysis. Lactate seems to inhibit 

glycolysis in the RPE, and thus it has been proposed that this may be due to the enhanced glucose 

transportation to photoreceptor cells. Phagocytosis of POSs by the RPE cells leads to increased 

intracellular levels of fatty acids which are converted into ketone bodies via β-oxidation. Further, the 

ketone bodies can be metabolized and used for the Krebs cycle for ATP production. (Kanow et al., 

2017; Viegas and Neuhauss, 2021) It has been shown in vitro that oxidative stress induces RPE cells 

to produce citrate via reductive carboxylation of α-ketoglutarate. In the cytosol, citrate participates to 

change of NADP+ to NADPH. The cytosolic NADPH can be used to protection of oxidative stress. 

(Du et al., 2016).  

Figure 4. RPE cell layer of the retina. The 
RPE consists of a single layer of cuboidal 
epithelial cells which are joined together by tight 
junctions. RPE cells are highly polarized having 
the basal side right above the Bruch´s 
membrane (brown layer) and the apical part with 
microvilli in contact with POS. Choroidal 
capillaries transport nutrients to and metabolic 
waste from the retina, and they are found right 
below the Bruch´s membrane. Created with 
BioRender.com. 
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RPE has many essential functions to maintain the homeostasis of the retina. RPE maintains the ion 

balance in the subretinal space. Sodium/potassium adenosine triphosphatase (Na+/K+-ATPase) 

mediates the active outflux of Na+- and the influx of K+-ions.  Na+/K+-ATPase is located in the apical 

membrane of the RPE. High Na+-ion concentration in subretinal space is essential for the function of 

photoreceptor cells. During the dark current, cGMP-gated channels are open and Na+ ions can enter 

and depolarize photoreceptor cells. Another critical function of the RPE related to the 

phototransduction cascade is the re-isomerization of trans-retinal into the cis configuration. In 

addition, RPE transports water and Cl- ions from photoreceptor cells into the bloodstream, and 

vitamin A and glucose from the bloodstream into the photoreceptor cells, respectively. (Strauss, 2005; 

Sparrow et al., 2010) The most abundant organelle in RPE cells is the melanosome, a lysosome-like 

structure producing melanin. Melanin acts as a light-absorbing pigment but also protects the retina 

by quenching reactive radicals. (Glickman et al., 2001) 

One of the major roles of the RPE is to phagocytose the POSs. RPE cells are the most actively 

phagocytosing cells in the human body. Phagocytosis takes place daily via diurnal rhythm, about 1 

hour after light onset (Milićević et al., 2021). This process is essential for the long-term functionality 

and viability of photoreceptor cells. (Kwon and Freeman, 2020) It is estimated that 7-10% of the POS 

population is phagocytosed per day meaning that the whole POS population is replaced every two 

weeks. When the old discs are phagocytosed at the tip of the POS, new discs are formed 

simultaneously by the photoreceptor cells. Recognition, internalization, and degradation are different 

phases of the phagocytosis process. (Kevany and Palczewski, 2010) 

Recognition. Engulfment of the POSs into the RPE cell is driven by actin polymerization. 

Phosphatidylserine (PtdSer) is a phospholipid that is expressed in the tip of the POS facing the RPE. 

(Ruggiero et al., 2012) First, PtdSer residues bind to the MerTK membrane receptors on the RPE 

cells with the help of specific bridging molecules, such as Tubby and Gas6 (Caberoy et al., 2010; 

Hall et al., 2005). It has been shown that at least some of these bridging molecules are expressed by 

the RPE cells in a circadian fashion (Milićević et al., 2019). After PtdSer residues have bound to 

MerTK receptors, complex intracellular pathways finally activate both branched and linear actin 

polymerization inside the RPE cells (Eden et al., 2002; Patel et al., 2002). Also, the RPE 

transmembrane integrins, mainly αvβ5 get activated on the cell membrane and further bind to the 

PtdSer phospholipids via MFG-E8 protein. MerTK-PtdSer- and αvβ5-PtdSer -complexes act as a 

bridge between intracellular actin filaments and POSs. (Kwon and Freeman, 2020) Long before the 

internalization process, apical microvilli of the RPE have their membrane branches deep in the POSs, 

nearly halfway up to the whole POS length (Steinberg et al., 1977; Almedawar et al., 2020). 
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Internalization. After the PtdSer-binding, polymerized actin filaments change their organization by 

forming pseudopods, an arm-like projection of cell membrane (Matsumoto et al., 1987). Further, the 

RPE plasma membrane expands around the POSs and forms mature phagosomes (Chaitin and Hall, 

1983). Internalization is mediated by the receptor tyrosine kinase, c-mer, and its ligand Gas6. One 

essential protein in the membrane ensheathment is Rac (Mao and Finnemann, 2012b). However, the 

exact mechanisms of pseudopodia fusing are not fully understood. It has been seen that the fused 

pseudopods, also known as nascent phagosomes are regular in size, being 1-2 µm in diameter (Mao 

and Finnemann, 2016). Thus, it has been proposed that cellular mechanisms of the RPE related to 

sealing the pseudopodia may be similar to the endocytosis due to this regular-sized pattern. (Mazzoni 

et al., 2014) After sealing from the RPE plasma membrane, nascent phagosomes fuse first with 

endosomes and after all with lysosomes, finally forming mature phago(lyso)somes (Bosch et al., 

1993). During the fusion, phagosomes are transported from the apical to the basal side by 

microtubules. (Kwon and Freeman, 2020) 

Degradation. Once in the basal side, phagosomes fuse with lysosomes (phagolysosome) and then the 

degradation process starts. Noteworthy is that the pH of the cell decreases from 7.4 to 4.5 when going 

from the apical to the basal side. The main reason for the low pH is the ATPase enzyme which 

hydrolyzes ATP as producing protons into the lumen. Many of the lysosomal enzymes get activated 

in low pH, and thus acidification is important for the POS degradation process. Cathepsin D and S 

are the most important lysosomal enzymes since they degrade rhodopsin (Bosch et al., 1993; Deguchi 

et al., 1994) Hydrolyzed small molecules diffuse either out from the RPE cell or are reused within 

the cell. Diffused molecules are transported out by the choroid capillaries. (Kwon and Freeman, 2020) 

If the phagocytosis function did not function properly, POSs might accumulate into the RPE cells. 

Accumulated POSs include mainly oxidized proteins and lipids which are called lipofuscin. 

Lipofuscin forms granular structures and many of its ingredients have autofluorescence. The most 

common lipofuscin fluorophore is A2E, N-retinylidene-N-retinylethanolamine (Sakai et al., 1996; 

Guan et al., 2020). When lipofuscin-containing RPE granules are excited by a 488 nm wavelength, 

the emission peak is 600 nm (Guan et al., 2020). For a long time, it has been suspected that 

accumulated lipofuscin might have an impact on retinal diseases, such as age-related macular 

degeneration (Petrukhin, 2013). However, lipofuscin accumulates by age in all healthy individuals. 

(Sparrow and Boulton, 2005)  
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1.1.5 Rod phototransduction cascade 

1.1.5.1 Signal activation 

The process by which light is converted into electrical signals is called a phototransduction cascade 

(Fig. 5). It is a G-protein-coupled receptor signalling pathway. (Langlois et al., 1996) 

The cascade begins when a photon of light is absorbed by a transmembrane glycoprotein, rhodopsin 

(R). Rhodopsin is found in disc-shaped membranes in the POSs. Rhodopsin consists of seven looped 

helices, a glycosylated N-terminus and cytosolic C-terminus. Inside the rhodopsin is 11-cis retinal 

chromophore which is the actual photon-absorbing molecule. The absorption of a photon induces 

isomerization of 11-cis retinal to its trans-configuration. This leads to a conformational change of R 

to its activated form (R*). Next, R* interacts with heterotrimeric G-protein, transducin (T) which 

Figure 5. Phototransduction in rod photoreceptors. a) A photon of light induces an isomeric change in 
cis-11 retinal to trans configuration inside the transmembrane glycoprotein rhodopsin (R) on the disc of the 
outer segment of rod photoreceptor cell. b) This leads to a conformational change of R to its activated form 
(R*). Next, R* interacts with heterotrimeric G-protein called transducin (T) which consists of alpha (α), beta 
(β), and gamma (γ) subunits together with GDP. Interaction with R* leads to an exchange of GDP to GTP 
and the T complex dissociates into Tα-GTP and Tβγ subunits. c) Tα-GTP binds and removes the inhibitory 
γ-subunit of the cGMP- phosphodiesterase-6 (PDE6) complex. Then, activated PDE* hydrolyzes cytosolic 
cGMP to GMP decreasing the cytosolic concentration of cGMP. d) The decrease in the cytosolic cGMP 
concentration leads to a closure of the cGMP-gated (CNG) cation channels in the plasma membrane resulting 
to a significant reduction in the influx of Na+ and Ca2+ -ions. CNG channels close also in the rod photoreceptor 
cell axon terminal. The decrease in Ca2+ influx at the synaptic terminal reduces glutamate release into the 
synapse. The situation is opposite in the dark when the CNG channels are open allowing constant influx of 
Na+ and Ca2+ ions. Thus, glutamate is released constantly into the synapse. Created with BioRender.com. 
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consists of alpha (α), beta (β), and gamma (γ) subunits together with guanosine diphosphate (GDP). 

Interaction leads to an exchange of bound GDP to guanosine triphosphate (GTP), and the T complex 

dissociates into Tα-GTP and Tβγ subunits. R* is then free to activate more T complexes. It is 

estimated that one R* can activate 100 transducin molecules. (Fung et al., 1981) 

Next, Tα-GTP binds and removes an inhibitory γ-subunit from the phosphodiesterase-6 (PDE6) 

complex. PDE6 requires two Tα molecules to get fully activated (Qureshi et al., 2018).  Rod PDE6 

holoenzyme (Fig. 6) consists of α and β catalytic subunits both of them having an identical inhibitory 

γ subunit (αβγ2) (Deterre et al., 1988; Baehr et al., 1979; Gulati et al., 2019; Lehtonen et al., 2004). 

α- and β-subunits have their binding site for cGMP (Gulati et al., 2019). Cone PDE6 has two identical 

α-subunits and its inhibitory γ-subunits have different amino acid structures compared to rods 

(Gillespie and Beavo, 1988). Once activated, PDE6* starts to hydrolyze cGMP to GMP decreasing 

the cytosolic concentration of cGMP and increasing the concentration of GMP, respectively. One 

PDE6* molecule can hydrolyze thousands of cGMP molecules. The decrease in the cytoplasmic 

cGMP concentration leads to a closure of cGMP gated (CNG) cation channels in the cell membrane, 

resulting in a significant reduction in the influx of Na+ and Ca2+  ions. (Yee and Liebman, 1978) The 

decrease in the cation influx leads to hyperpolarization of the cell membrane and a decrease in 

glutamate release into the synapse (Schmitz and Witkovsky, 1997). 

Figure 6. 3D view of rod PDE6 holoenzyme with two 
cGMP molecules as its ligands. Rod PDE6 holoenzyme 
consists of α and β catalytic subunits both having an 
identical inhibitory γ subunit (αβγ2). Once activated, 
PDE6 starts to hydrolyze cGMP to GMP. α- and β-
subunits have their own binding site for cGMP. Green, β-
subunit. Blue, α-subunit. Yellow, γ-subunits (2). Red, 
cGMP. Image created by Bodil (Lehtonen et al., 2004) 
using PDB ID 6MZB as a cryo-EM structure of PDE6 
(Gulati et al., 2019). 
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The situation is opposite in the dark when the CNG channels are open allowing a constant influx of 

Na+ and Ca2+ ions. Therefore, glutamate release is also constant. In the dark, the efflux of Na+ is 

managed by Na+/K+ ATPase pumps in the IS. Circulating Na+ ions are the basis for the dark current 

in rod photoreceptors. (Schneider et al., 1991)  Efflux of the Ca2+ ions occurs through Na+/Ca2+, K+ 

exchangers (Reilander et al., 1992).  

The signal from rod photoreceptor cells is first detected by bipolar and horizontal cells after which 

the signal continues to ganglion cells of which axons form the optic nerve. Through the optic nerve 

impulse achieves to the brain and the experience of vision is created. (Wilkinson et al., 2018)  

1.1.5.2 Signal deactivation 

Deactivation of R* and PDE6*, and resynthetization of cGMP are required to suppress the 

phototransduction cascade. This allows photoreceptors to return to the resting state and then start the 

cycle again. R* deactivation begins in its C-terminus where rhodopsin kinase (GRK1) phosphorylates 

Ser and Thr residues of R* (Ohguro et al., 1993). GRK1 is inhibited by a protein called recoverin 

(Rv) which is controlled by Ca2+ ions. When CNG channels close after R activation, Ca2+ 

concentration falls and Rv is not inhibiting GRK1 anymore and it can phosphorylate R*. (Klenchin 

et al., 1995) Then, a protein called arrestin (Arr) binds to phosphorylated R* and the catalytic activity 

of R* is quenched. (Burns, 2010) 

Quenching of PDE6* occurs through the deactivation of Tα. Transducin gets deactivated when it 

hydrolyses GDP to GTP. In the GTP hydrolysis, an RGS-9 protein complex binds to the transducin 

and stimulates the hydrolysis to happen. The RGS9 complex consists of the RGS9 subunit, Gβ5 

subunit and membrane-anchoring protein called R9AP. After transducin is deactivated, PDE6* 

cannot hydrolyse cGMP. (Wilkinson et al., 2018) 

Returning to the resting state also requires resynthesis of the cGMP to open the CNG channels. cGMP 

is resynthesized by retinal guanylyl cyclase (RetGC). RetGCs are regulated by the guanylyl cyclase 

activating proteins 1 and 2 (GCAPs). When Ca2+ concentration falls after the closure of CNG 

channels, RetGC's activity increases which lead to a restoring of resting cGMP and reopening of CNG 

channels. (Gorczyca et al., 1995)  
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1.2 Retinitis pigmentosa 

1.2.1 Etiology, pathophysiology, and clinical symptoms 

Retinitis pigmentosa (RP) is a group of inherited retinal degenerative diseases and a major cause of 

hereditary blindness and visual disability. The prevalence of RP is estimated to be 1/4000, affecting 

approximately 2.5 million people worldwide. Despite that RP cannot be cured yet, different treatment 

options exist and especially gene therapy is a potential approach for future therapies. (Hamel, 2006; 

Tuohy and Megaw, 2021) RP is a very slow-progressing disease. The first symptoms are experienced 

usually during adolescence. Patients are diagnosed typically between 25-40 years of age. (Tsujikawa 

et al., 2008) The pathogenesis of RP starts with the degeneration of rod photoreceptors. At this stage, 

clinical symptoms are night-blindness and visual field constriction (“tunnel vision”). At an early 

stage, fundus photography does not show any changes. (Hamel, 2006) 

Further, also cone cells start to degenerate and vision deteriorates more (loss of central vision, 

blindness). The first signs in fundus are arteriolar narrowing and a change in pigmentation. (Brancati 

et al., 2018) Another clinical hallmark is deteriorated or absent a- and b-waves in the 

electroretinogram (Ma et al., 2012). The function of the macula, a section in the center of the retina 

responsible for high-resolution and colour vision, remains normal until the later stages of the disease. 

The optic nerve head in the fundus has been reported to have a waxy pallor in RP patients but the 

reason is unknown. (Verbakel et al., 2018) Cataract characterized by yellowish crystalline changes at 

the posterior side of the lens is common in all forms of RP. Patients with advanced RP have more 

narrowed retinal vessels. The cause of the retinal vessel narrowing is not known but it seems to be a 

secondary change and not the primary cause of the disease. (Jackson et al., 2001) 

Mutations in over 70 different genes can cause retinitis pigmentosa. Over 20 of the non-syndromic 

RP types inherit autosomal dominantly, representing 20-25% of patients. Other non-syndromic types 

are autosomal recessive (15-20%), X-linked recessive (10-15%) or sporadic RP. Other rarer types 

include mitochondrial, X-linked dominant and digenic (mutations in two different genes) types. 

However, about 40% of the RP patients cannot be classified by a genetic mutation. (Parmeggiani et 

al., 2011) 20-30% of RP patients have a syndromic disease that causes visual impairment. The most 

common type of syndromic RP is Usher syndrome, which is a genetic disorder causing chronic 

hearing loss and progressive visual impairment. (Petit, 2001) 

One of the first RP associated genes was PDE6B which has a main role in phototransduction cascade 

in rod photoreceptors expressing the β-subunit of the phosphodiesterase-6 enzyme. Mutation in 
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PDE6B leads first to an accumulation of cGMP, and further to rod degeneration.  (Bowes et al., 1990) 

Genetically, mutations in PDE6B are usually either missense mutations or splicing defects, and they 

are inherited as autosomal recessive. (Kuehlewein et al., 2021; Kim et al., 2020) 

1.2.2 Current therapeutic options 

Currently, there is no cure against retinitis pigmentosa, but some treatments are available.  

Only one gene therapy product against RP is authorized by both the European Medicines Agency 

(EMA) and the U.S. Food and Drug Administration (FDA) while multiple is still in clinical trials. 

Luxturna® (voretigene neparvovec) is an adeno-associated virus (AAV) vector -based gene therapy 

product for RP patients who have mutations in the RPE65 gene. Viral vectors deliver copies of the 

RPE65 gene into the photoreceptor cells. The treatment is given as a single subretinal injection per 

eye. Additional immunosuppressant medication before and after the injections are necessary. (Kang 

and Scott, 2020) Multiple common adverse effects have been reported, such as headache, dizziness, 

eye inflammation, eye swelling, retinal detachment, increased intraocular pressure and nausea (Gao 

et al., 2020).  

The Argus device is currently the only approved prosthesis device for the treatment against RP. Its 

first-generation device was approved by the FDA already in 2002, and the newer technology in 2011 

by the EMA. Argus is designed for patients with advanced RP. The device consists of three parts: 

eyeglasses with a video camera, a video processing unit attached to a waist belt, and a microelectrode-

array implant with an antenna transplanted to the patient´s retina. The video camera detects signals 

which are transferred into a brightness map. Brightness values are sent as pulse amplitudes for the 

electrode array, and finally, the patient´s brain processes receiving signal. (da Cruz et al., 2016; Finn 

et al., 2018) 

1.2.3 Current clinical pipeline 

Retinitis pigmentosa is classified as an orphan disease by the EMA and the FDA. Thus, medicinal 

product development against retinitis pigmentosa is supported financially. Currently, 224 clinical 

trials associated with retinitis pigmentosa can be found at clinicaltrials.gov (U.S.), and 31 at 

clinicaltrialsregister.eu (Europe). A major part of the clinical trials uses gene therapy as an approach 

(Table 1).  
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1.2.3.1 Gene therapy 

Typically, gene therapy treatments are planned to be used with AAVs as carriers to deliver the 

functional gene, such as RPGR for patients with X-linked RP. These therapies are characterized as 

mutation-specific gene therapies. Typically, the target cells of mutation-specific gene therapies are 

photoreceptor cells. Currently, similar clinical studies using AAV-vectors are multiple, the main 

difference being a different treatable gene. When the viral vectors are delivering copies of a functional 

gene to photoreceptor cells, a disadvantage is that patients need to have functional photoreceptor cells 

left and thus the therapy cannot be used for late-stage RP patients. Whereas gene therapies targeting 

bipolar or ganglion cells can be used for late-stage RP patients since these cell types seem to survive 

for long after photoreceptor degeneration (Lin and Peng, 2013; Gilhooley et al., 2021). Gene therapies 

targeting bipolar or ganglion cells are usually mutation-independent. These therapy options would 

provide help for wide-range RP patients regardless of the stage of the disease. Since gene therapy is 

conducted by a single (sub)retinal injection, only a fraction of the target cells can be treated. (Carrella 

et al., 2020) This is one of the major challenges since, after the injection, the retina is a mosaic 

consisting of both treated and non-treated cell areas (Koch et al., 2017).  

Intravitreal injection of a multi-characteristic opsin (MCO) is one of the experimental mutation-

independent gene therapies. MCO encodes a light-sensitive opsin molecule and is delivered by a 

single AAV-intravitreal injection to bipolar cells. Following the injection, bipolar cells become light-

sensitive neurons, and can partially store the vision. (Tchedre et al., 2021) Another experimental 

mutation-independent gene therapy approach is AAV-delivered NR2E3. Although mutations in this 

gene cause both autosomal dominant and recessive types of retinitis pigmentosa (Escher et al., 2009), 

preclinical studies have shown that a single AAV-delivered subretinal injection of NR2E3 restores 

vision in multiple RP models. NR2E3 encodes a photoreceptor-specific nuclear receptor, and its gene 

therapy targets are remaining photoreceptor cells. NR2E3 is a key regulator of multiple networks 

responsible for apoptosis, phototransduction and oxidative stress. (Li et al., 2021a) Currently, RP 

patients with either autosomal recessive or dominant NR2E3 mutations, or autosomal dominant RHO 

mutations are being recruited to clinical studies. GS030-DP is a mutation-independent, experimental 

gene therapy product that delivers a channel rhodopsin gene (ChrimsonR-tdTomato) to retinal 

ganglions cells via a single intravitreal AAV injection. The therapy includes also stimulating goggles 

which encode images of the surrounding visual world and amplify a light source for the genetically 

engineered retina. (Sahel et al., 2021) 
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1.2.3.2 Stem cell-based therapy 

Stem cell-based therapies have shown their capability as a mutation-independent therapy option. 

Umbilical cord-derived mesenchymal stem cells can release immunomodulatory and paracrine 

factors which are like the ones expressed by the RPE. (He et al., 2014; Uy et al., 2013) Multiple 

different administration routes have already been tested in clinical trials including intravenous (Zhao 

et al., 2020), subretinal (Oner et al., 2016), suprachoroidal (Kahraman and Oner, 2020), intravitreal 

(Tuekprakhon et al., 2021) and sub-tenon (Özmert and Arslan, 2020). Umbilical cord-derived 

mesenchymal stem cells seem to restore RP patients´ vision, but the best administration route remains 

still under research and potential treatment interval need to be defined for long-term use (Florido, 

2021). 

1.2.3.3 Small molecule drugs 

Multiple small molecule -targets have been studied in preclinic, such as cannabinoid system, Wnt/β-

catenin/GSK3β pathway, apoptosis modulators (PARP-1), growth factors (VEGF, BDNF), Gpr124 

protein and HDAC enzyme. (Carullo et al., 2020) However, only a few drug molecules have reached 

a clinical phase. N-acetylcysteine is one of these promising small molecule candidates. It is a derivate 

of L-cysteine and plays a role in the biosynthesis of glutathione. The mechanism of action is based 

on neutralizing reactive oxygen radicals (Dekhuijzen, 2004). After rod degeneration, cones suffer 

from oxidative damage and antioxidants have been seen as a potential option to increase the survival 

of cones. (Tohari et al., 2016; Komeima et al., 2006) N-acetylcysteine is planned to be administered 

orally and its target group is RP patients with moderate loss of vision. Other small molecules in 

clinical trials are minocycline and hydroxychloroquine. Both are designed to be taken orally and for 

long-term use. Minocycline is a highly lipophilic antibiotic, which has shown anti-apoptotic, anti-

inflammatory and antioxidant effects (Chen et al., 2012). Whereas hydroxychloroquine is a drug 

already in the market in the EU and the U.S., but with indications in malaria, lupus, and rheumatoid 

arthritis. Mechanism of action of hydroxychloroquine in the treatment of autosomal dominant RP 

relies on the hypothesis that by altering the autophagy pathway of photoreceptor cells, retinal 

degeneration could be slowed (Yao et al., 2018).  

1.2.3.4 Other therapy approaches 

Umbilical cord blood platelet-rich plasma (CB-PRP) contains growth factors and neurotrophins 

which have the potential to slow retinal degeneration and cell death (Giovanna Valentini et al., 2019; 
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Arslan et al., 2018). A phase III trial delivers CB-PRP via a single sub-retinal injection for patients 

with rod-driven, early to intermediate stage RP. 

1.2.4 Animal models in retinitis pigmentosa research 

There are multiple animal models which are either genetically modified or carry a spontaneous 

mutation leading to RP.  

The most common RP model is the Retinal degeneration 1 (rd1) mouse which represents an 

autosomal recessive RP. Rd1 mouse has a viral insertion in the reverse orientation in the intron 1 of 

the Pde6b and a non-sense mutation in the exon 7 of the Pde6b.  Rd1 is homozygous for both 

mutations. Deficient β-subunit of the PDE6 leads to an accumulation of cGMP in the rods. (Farber et 

al., 1994; Pittler and Baehr, 1991) In the rd1 mouse, a progressive photoreceptor degeneration begins 

around post-natal day 10. All rods are lost at 25 days after birth, and all the cones around at 100 days 

after birth. (Kalloniatis et al., 2016) Another common RP mouse model is Retinal degeneration 10 

(rd10) mouse which has a missense mutation R560C in the Pde6b which leads to an autosomal 

recessive retinal degeneration. It has a slower retinal degeneration process compared to rd1 for an 

unknown reason. However, it has been suggested that the missense mutation in the rd10 decreases 

PDE6 stability and transportation which may be the cause of a decrease in the maximal and the basal 

activity of the PDE6. (Wang et al., 2018)  

Canines are common in pre-clinical studies since some dog breeds have spontaneous mutations 

leading to inherited retinal degeneration. Briard dog has a naturally occurring autosomal recessive 

RPE65−/−genotype which leads to a severe type of RP (Veske et al., 1999). Other larger species 

commonly used are non-human primates and genetically modifies pigs. Large animal models have 

many advantages compared to rodents such as the size of the eye, higher cone density and higher 

photoreceptor packing thus being closer to the human eye. (Winkler et al., 2020) 

 

 

 

 

 



23 
 

Table 1. Clinical pipeline for the treatment of retinitis pigmentosa. Majority of retinitis pigmentosa -specific 
investigational drug candidates in clinical trials are gene therapy products. The table represents the active 
RP-related clinical trials on 02/2022 which have been registered at clinicaltrials.gov. 

 
 

 

Indication, gene Investigational 
drug 

Administration route, 
(drug class) 

Phase NCT-identifier 

Early to intermediate 
stage of X-Linked 
Retinitis Pigmentosa, 
RPGR 

rAAV2tYF-GRK1-
hRPGRco 

a single sub-retinal AAV-
injection (mutation-

specific gene therapy) 

II / III NCT04850118 

Early to intermediate 
stage of retinitis 
pigmentosa, PDE6B 

AAV2/5-hPDE6B I / II NCT03328130 

Early to intermediate 
stage of retinitis 
pigmentosa, PDE6A 

rAAV.hPDE6A I / II NCT04611503 

Early to intermediate 
stage of retinitis 
pigmentosa, MERTK 

rAAV2-VMD2-
hMERTK 

I NCT01482195 

Late-stage retinitis 
pigmentosa 

vMCO-010 

a single intravitreal AAV-
injection (mutation-
independent gene 

therapy) 

II NCT04945772 

Early to intermediate 
stage of retinitis 
pigmentosa, NR2E3 
or RHO 

OCU400 I / II NCT05203939 

Late-stage retinitis 
pigmentosa 

GS030-DP 
combined with 
GS030-MD 
(stimulating 
goggles) 

I / II NCT03326336 

Early to intermediate 
stage of retinitis 
pigmentosa 

Umbilical cord-
derived 
mesenchymal stem 
cells 

a single injection to sub-
tenon or suprachoroidal 

space 

(stem cell-based 
therapy) 

II NCT04763369 

Moderate retinitis 
pigmentosa 

N-Acetylcysteine orally taken tablets: 2 x 
1200 mg/d for 6 months 
(small-molecule drug) 

II NCT04864496 

Moderate retinitis 
pigmentosa 

Minocycline orally taken tablets: 
100mg/d for 6-months 
(small-molecule drug) 

II NCT04068207 

Early to intermediate 
stage of autosomal 
dominant retinitis 
pigmentosa, P23H-
RHO 

Hydroxychloroquine orally taken tablets: 4 
mg/kg/d or 5 mg/kg/d for 

12-months  
(small-molecule drug) 

I / II NCT04120883 

Early to intermediate 
stage of retinitis 
pigmentosa 

CB-PRP a single sub-retinal 
injection of CB-PRP 

(biological drug) 

III NCT04636853 
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1.3 Background of the experimental design 

1.3.1 Cre-loxP recombination  

Sternberg and Hamilton were the first scientists who identified a recombinase enzyme that 

recombines DNA fragments. The enzyme was isolated from the P1 bacteriophage. They named the 

recombination enzyme as Cre and called its two binding sites as loxP (locus of x-over, P1). (Sternberg 

and Hamilton, 1981) After decades from Sternberg and Hamilton´s work, the Cre-loxP technique is 

still a powerful gene-editing tool used in biomedical research. The main principle behind the 

technique is, that by adding the loxP sequences to the desired part of the genome, with Cre 

recombinase enzyme the DNA strand between the loxP sites is removed. Cre gene is usually added 

under a tissue-specific promoter. By crossing a Cre mouse with a mouse having loxP sites in its 

genome, desired DNA strand will be removed. Despite being mainly used in genetic excision, Cre-

loxP can also be used in the inversion or translocation of DNA depending on the orientation and 

location of loxP sites. (Kim et al., 2018) 

1.3.2 Mouse models of the project 

In this master thesis project, I used three different mouse models to study the retinal morphology and 

the function of RPE in diseased (RP) and partially rescued mice. (Fig 7.). Pde6bST/WT mice have a 

stop cassette in one allele of the Pde6b gene which leads to interruption of its expression. However, 

the other allele with a functional Pde6b compensates for this loss and halts rod degeneration. (Koch 

et al., 2015) Pde6bST/WT mice were used as control and will be referred to as wildtype in the text.  

Pde6bST/ST mouse has a loxP-flanked stop cassette in the intron 1 of both loci of the Pde6b gene. The 

stop cassette contains multiple polyadenylation signals which prevent gene expression. Pde6bST/ST 

exhibit progressive rod degeneration. (Davis et al., 2013) This mouse acts as a retinitis pigmentosa 

model and will be referred to as a mutant in the text. 

In Pde6bST/ST Pax6αCre mice, both Pde6b alleles are functional in the distal retina due to the Cre-

loxP recombination. In the central retina, both Pde6b alleles contain a stop cassette which interrupts 

the expression of PDE6B. Transcription factor Pax6 under a retina-specific regulatory element (α) 

act as a Cre recombinase promoter. Pax6α has an essential role in the development of the eye and is 

expressed already in the early developing optic vesicle, and later in retinal progenitor cells (RPCs). 

All retinal cell types are developed from the RPCs. (Bäumer et al., 2002) Due to the distal expression 
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of Pax6α in the RPCs, also the Cre recombinase is expressed in the corresponding area and stop 

cassettes are removed by Cre-loxP recombination. (Koch et al., 2017; Marquardt et al., 2001) The 

deletion of stop cassettes leads to rescued PDE6B expression in the distal retina (Fig. 8). The other, 

non-recombined area in the center remains mutant. Pde6bST/ST Pax6αCre will be referred to as 

partially treated later in the text. This unique mouse model is a great tool to study the effects of the 

mosaic retina (health-diseased) on the function of the RPE. 

An additional reporter allele, ROSAnT-nG was used to label the Cre-recombined and the non-

recombined retinal areas. ROSAnT-nG mice have a loxP-flanked tdTomato (red fluorescent) gene 

upstream of an enhanced green fluorescent protein (EGFP, green fluorescent) gene. Following 

exposure to Cre recombinase, recombined areas express EGFP and non-recombined areas tdTomato. 

(Koch et al., 2017; Prigge et al., 2013) 

Figure 7. Mouse models of the project. Illustration of rod phenotypes, and Pde6bST/WT, Pde6bST/ST and 
Pde6bST/ST Pax6αCre mice. In Pde6bST/WT mice, Pde6b allele is functional. In Pde6bST/ST mice, both Pde6b 
alleles contain a stop cassette which interrupts the expression of PDE6B. In Pde6bST/ST Pax6αCre mice, both 
Pde6b alleles are functional in the distal retina due to the Cre-loxP recombination under a Pax6α promoter. 
In the central retina, both Pde6b alleles contain a stop cassette. Created with BioRender.com. 



26 
 

 

 

 

 

 

 

 

 

 

 

1.4 Summary 

RP is a major cause of hereditary blindness and visual disability. It is a very slow-progressing disease, 

and its symptoms start usually during adolescence. Mutations in over 70 different genes can cause 

photoreceptor cell degeneration leading to retinitis pigmentosa. A common RP-related gene is PDE6B 

which encodes a β-subunit of PDE6-enzyme which has a crucial function in rod-mediated vision. 

(Wilkinson et al., 2018) 

Currently, no cure is available for RP patients. Treatment options are few, but the most promising 

one is gene therapy. Since retinal gene therapy is delivered by a single (sub-)retinal injection, it does 

not rescue all the diseased photoreceptor cells (Koch et al., 2017). Despite the promising, 

experimental gene therapies which target other than photoreceptor cells as a single injection, the 

whole retina cannot be achieved by the therapy. The impact of the non-rescued photoreceptor cells 

on the rescued ones is not fully understood. This remains a challenge for the therapy. (Crane et al., 

2021) 

New therapeutic approaches against retinitis pigmentosa are needed. Due to the essential role of the 

RPE for retinal homeostasis, it may be a potential target in future therapies against RP. In other retinal 

degenerative diseases, RPE-based therapies have shown potential in animal models (Hinkle et al., 

Figure 8. Pax6α active area in the retina of Pde6bST/ST 

Pax6αCre mice. Area of active Pax6 defines where Cre 
recombinase removes stop cassettes. The non-recombined area 
in the center remains mutant. Created with BioRender.com. 
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2021). In addition to new approaches, fundamental research about the impact of the non-rescued 

retina on the rescued one is crucial to understand the long-term effects of gene therapy. 

The aim of the project was to study the retinal morphology and the function of the RPE in 48-week-

old diseased (RP) and partially rescued mice. Wildtype mice were used as controls in the experiments. 

Partially rescued retina represented gene therapied human retinitis pigmentosa due to the mosaic-like 

pattern of rescued and unrescued rods (Koch et al., 2017). Apoptosis assay and photoreceptor cell 

outer segment (POS) phagocytosis assay were chosen to understand the metabolic state of the RPE 

in mutant and partially rescued mice. A special interest was also to observe signs of retinal 

remodelling in the partially rescued retina.  
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2 Results 

2.1 Retinal morphology 

2.1.1 Photoreceptor cells are absent in Pde6bST/ST mice and partially degenerated in 

Pde6bST/ST Pax6αCre mice at 48 weeks of age 

Photoreceptor cell degeneration rate was studied in 48-week-old wildtype, mutant and partially 

treated mice by measuring outer nuclear layer (ONL) thickness in retinal sections (Fig. 9). In wildtype 

retinas, the ONL thickness slightly decreased towards the periphery. In mutant retinas, ONL was 

almost completely gone due to photoreceptor cell loss. In partially treated retinas, the ONL thickness 

was decreased in the center compared to wildtype. Further, the morphology of 48-week-old mutant 

and partially treated retinas were studied and compared to wildtype by using multiple specific 

antibodies. The mice had an additional ROSAnT-nG allele to illustrate recombined and non-recombined 

cell areas. 

Figure 9. Outer nuclear layer 
thickness measurements of 
wildtype, partially treated and 
mutant mice. A) ONL thickness (µm) 
measurements were conducted by 
using 48-week-old retinal sections. 
Line, measurement point. ON, optic 
nerve. ONL, outer nuclear layer. 
Scale bar, 100µm B) Values with 
SEMs represented in a spider-plot 
(n= 3 in each group). Green, wildtype; 
Red, mutant; Grey, partially treated. 
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2.1.2 Multiple retinal cell types are degenerated in Pde6bST/ST mice, whereas Pde6bST/ST 

Pax6αCre mice show signs of retinal regeneration at 48 weeks of age 

To study PDE6 protein expression, the β-subunit of rod PDE6 and γ-subunit of rod/cone PDE6 

(PDE6G/H) were labelled (Fig. 10). In wildtype retinas, PDE6B and PDE6G/H were expressed in 

outer segments (OSs).  In mutant retinas, there was no specific PDE6B expression and no PDE6G/H 

expression. In partially treated retinas, PDE6B was observed in OSs in the recombined area but also 

potentially in the non-recombined area. Notable is that the PDE6B expression in the recombined area 

of partially treated retina was not as abundant as in wildtype. In addition, PDE6G/H expression was 

like wildtype in the recombined area. PDE6G/H had a strong expression in the non-recombined area. 

 

Figure 10. A) 48-week-old mutant lacks PDE6B expression, whereas partially treated retina expresses 
PDE6B weakly in the non-recombined area. Retinal sections were immunolabelled with Anti-GFP with anti-
goat Alexa Fluor 488 and Anti-PDE6B with anti-mouse Alexa Fluor 405. Green, recombined nuclei; red, non-
recombined nuclei; white/grey, PDE6B. B) PDE6G/H expression differs remarkably between mutant and 
partially treated retina being totally absent in mutant and expressed in partially treated.  Retinal 
sections were immunolabelled with Anti-GFP with anti-goat Alexa Fluor 488 and Anti-PDE6G/H with anti-
mouse Alexa Fluor 647. Green, recombined nuclei; red, non-recombined nuclei; white/grey, γ-subunit of 
rod/cone PDE6. Scalebar, 20µm. 
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Cone arrestin, also known as Arrestin-C, is a cone-specific protein and can be used to study cone 

morphology (Gurevich et al., 1995). In 48-week-old wildtype, cone synapses could be seen as a 

continuous row below the ONL and cone inner segments (IS)s and OSs above it (Fig. 11). In mutant, 

cones were absent. In partially treated retina, cone cells seemed to be shorter than in wildtype in both 

non-recombined and recombined area. 

GARP antibody detects a specific region of CNG channels found in rod OSs (Sarfare et al., 2014). In 

48-week-old wildtype, rod OSs were abundantly presented (Fig. 12). Due to the degeneration of 

photoreceptor cells in mutant, also rod OS were lost. The non-recombined area of the partially treated 

retina seemed to have a stable expression of GARP proving that rod OSs are not fully degenerated. 

GARP expression in the recombined area of partially treated retina was abundant. 

Figure 12. Cones are lost in 48-week-old mutant and shortened in partially treated retina. Sections 
were immunolabelled with Anti-GFP with anti-goat Alexa Fluor 488 and Anti-CONE ARRESTIN with anti-
rabbit Alexa Fluor 647. Green, recombined nuclei; red, non-recombined nuclei; white/grey, cones. Scalebar, 
20µm. 

Figure 11. Rod OS are absent in mutant due to the total degeneration of rods but have stable 
expression in partially treated retina. Sections were immunolabelled with Anti-GFP with anti-goat Alexa 
Fluor 488 and Anti-GARP with anti-mouse Alexa Fluor 647. Green, recombined nuclei; red, non-recombined 
nuclei; white/grey, rod OS. Scalebar, 20µm. 
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Cone bipolar cells (CBCs) and rod bipolar cells (RBCs) were stained with separate antibodies to study 

whether photoreceptor cell loss in mutant or partial rod-cone degeneration in partially treated retinae 

has had an impact on bipolar cells. PKCα antibody binds to Protein kinase C α which is widely 

expressed in RBCs (Greferath et al., 1990; Xiong et al., 2015). In wildtype, RBC dendrites, cell 

bodies, axons and axon terminals could be observed (Fig. 13A). In mutant, RBC dendrites were lost, 

and axon terminals were partially degenerated. In partially treated retinae, RBC dendrites and axon 

terminals were partially degenerated in the non-recombined area (Fig. S2). In the recombined area, 

there were no signs of RBC degeneration. 

SCGN antibody binds to secretagogin which is a calcium-binding protein expressed in both ON and 

OFF CBCs (Puthussery et al., 2010). In wildtype, CBCs had multi-branched axons and abundant 

dendrites (Fig. 13B, Fig. S3). In mutant mice, CBC dendrites were lost, and CBC axons and axon 

Figure 13. A) RBC dendrites are lost in mutant and partially degenerated in partially treated mouse 
retina at 48 weeks of age. Retinal sections were immunolabelled with Anti-GFP with anti-goat Alexa Fluor 
488 and Anti-PKCα with anti-mouse Alexa Fluor 647. Green, recombined nuclei; red, non-recombined nuclei; 
white/grey, rod bipolar cells (RBCs). Scalebar, 20µm. B) CBC dendrites are lost in mutant and partially 
degenerated in partially treated mouse retina at 48 weeks of age. Retinal sections were immunolabelled 
with Anti-GFP with anti-goat Alexa Fluor 488 and Anti-SCGN with anti-rabbit Alexa Fluor 647. Green, 
renominated nuclei; red, non-recombined nuclei; white/grey, cone bipolar cells (CBCs). Scalebar, 20µm. 
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terminals seemed to be degenerated. In partially treated mice, CBC dendrites were partially lost in 

the non-recombined area. In the recombined area, CBC morphology represented wildtype. 

Horizontal cells (HCs) are interconnecting neurons that participate in receiving signals from both rods 

and cones (Twig et al., 2003). HC morphology was studied by using an antibody against Calbindin 

D28k which is a major calcium-binding protein in HCs (Mitchell et al., 1995). In wildtype, HCs 

seemed to form a continuous layer in the OPL and have dendrites against the ONL (Fig. 14). In 

mutant, HCs were degenerated almost completely. In partially treated retinae, HCs had a wildtype-

like continuous layer in the OPL. However, in the non-recombined area, the amount of HC dendrites 

seemed to be decreased. Additional, long ectopic branches of HCs could be observed in mutant retinae 

and in the non-recombined area of the partially treated retina (Fig. S4). 

 

Further, morphology studies continued with microglia (Fig. 15A) and Müller cell (Fig. 15B) specific 

antibodies. IBA1 (Ionized calcium-binding adaptor molecule 1) is a microglia/macrophage specific 

calcium-binding protein that participates in phagocytosis function in activated microglia (Ohsawa et 

al., 2004). In wildtype, microglia were mainly expressed in the outer plexiform layer (OPL), but some 

were found also in the inner plexiform layer (IPL). In mutant, (activated) microglia expression was 

increased in the IPL. Additionally, microglia were localized in the INL. In partially treated retina, 

microglia expression was like in wildtype in both recombined and non-recombined area. 

Figure 14. Horizontal cell number and connecting branches have decreased notably in mutant, and 
less prominently in treated mouse retina at 48 weeks of age. Sections were immunolabelled with Anti-
GFP with anti-goat Alexa Fluor 488 and Anti-CALBINDIN D-28k with anti-mouse Alexa Fluor 647. Green, 
recombined nuclei; red, non-recombined nuclei; white/gray, horizontal cells. Scalebar, 20µm. 



33 
 

Glutamine synthetase is a cytosolic enzyme located in Müller cells (Riepe and Norenburg, 1977; 

Rauen and Wießner, 2000). In wildtype, Müller cells seemed to have a well-organized, tight structure 

from the ONL to the GCL in which ends it formed limiting membranes. In mutant retina, Müller cells 

formed a glial seal above the INL. In partially treated retina, a wildtype-like, well-organized pattern 

of Müller cells was observed except that a glial seal was formed above the ONL in the non-

recombined area. 

Glucose transporter 1 (GLUT1) is the main glucose transporter in the retina and the RPE (Gospe et 

al., 2010; Mantych et al., 1993). To study the retinal glucose metabolism, 48-week-old retinal sections 

were stained for GLUT1 antibody (Fig. 16).  In wildtype, GLUT1 was expressed in the ONL, and in 

the apical and the basal sides of the RPE. In mutant, GLUT1 was expressed in both sides of the RPE 

but the apical side seemed to partially contain two separate layers of GLUT1. In partially treated 

Figure 15. A) Microglia expression is increased in mutant retina at 48 weeks of age. Sections were 
immunolabelled with Anti-GFP with anti-goat Alexa Fluor 488 and Anti-IBA1 with anti-rabbit Alexa Fluor 647. 
Green, recombined nuclei; red, non-recombined nuclei; white/gray, microglia. Scalebar, 20µm. B) Müller 
cells form a glial seal above the INL in mutant retina at 48-weeks of age. Sections were immunolabelled 
with Anti-GFP with anti-goat Alexa Fluor 488 and Anti-GLUTAMINE SYNTHETASE with anti-rabbit Alexa 
Fluor 647. Green, recombined nuclei; red, non-recombined nuclei; white/gray, Müller cells. Scalebar, 20µm 
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retina, GLUT1 had a wildtype-like expression in the basal side of the RPE, but had increased 

expression in the apical side of the RPE. The increased GLUT1 expression in the apical side of the 

RPE was seen in both recombined and non-recombined areas. Additionally, GLUT1 expression was 

increased in the ONL of the non-recombined area. 

 

2.2 RPE morphology 

2.2.1 Pde6bST/ST has a site-specific and heterogenous RPE morphology, whereas 

Pde6bST/ST Pax6αCre shows signs of RPE regeneration in the area of non-

recombined retina 

After the morphological studies with retinal sections, a deeper look into the RPE was taken by using 

RPE wholemounts. β-catenin is a part of a protein complex that forms adherens junctions between 

RPE cells (Burke, 2008). It is a valuable marker to study RPE morphology as expressed in the cell 

membrane. Anti-β-catenin was used to define the morphology of the RPE of 48-week-old mutant and 

partially treated mice. 

Wildtype RPE consisted of hexagonal and well-organized epithelial cells (Fig. 17). A remarkable 

difference between wildtype and mutant in both central and peripheral RPE could be seen. Mutant 

RPE consisted of tiny and elongated cells in the center, whereas in the periphery the cells looked 

bigger and elongated. Both areas have completely lost an organized, hexagonal pattern. Temporal 

Figure 16. Partially treated mice have an increased GLUT1 expression in the apical side of the RPE, 
and in the ONL of the non-recombined area of retina at 48 weeks of age. Sections were immunolabelled 
with Anti-GFP with anti-goat Alexa Fluor 488 and Anti-GLUT1 with anti-mouse Alexa Fluor 647. Green, 
recombined nuclei; red, non-recombined nuclei; white/grey, GLUT1 receptors. Scalebar, 20µm. 
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peripheral RPE of the partially treated mice was identical to the wildtype. Interestingly, central RPE 

of partially treated mice had a wildtype-like morphology as having hexagonal shape partially left and 

also cell size did not seem to be changed notably. Further, research continued by defining RPE cell 

size and shape and finally, a relative number of nuclei per RPE cell was quantified. 

Figure 17. Overview of central and (temporal) peripheral RPE cell morphology of 48-week-old 
wildtype, mutant and partially treated mice. RPE wholemounts were immunolabelled with anti- β-
CATENIN with anti-rabbit Alexa Fluor 647. Red, β-CATENIN. Scalebar 20µm. 

Figure 18. Mutant has significantly larger 
epithelial cells in periphery than in central 
RPE, whereas partially treated resembles 
wildtype as having similar-sized cells in both 
areas at 48 weeks of age. RPE cell values with 
SEMs. In center, significant difference between 
wildtype and mutant was shown (wildtype, n = 9; 
mutant, n = 5, treated, n = 5) with 2-way ANOVA, 
p<0.0001. In temporal periphery, significant 
difference between wildtype and mutant was 
shown (wildtype, n = 10; mutant, n = 5, treated, 
n = 5; 2-way ANOVA, p<0.0001). Green, 
wildtype; red, mutant; grey, partially treated. 
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Wildtype had similar RPE cell size in center (mean: 403.2 µm2) and periphery (mean: 431.2 µm2) 

(Fig. 18). Whereas mutant mice had significantly smaller cells in central (mean: 159.5 µm2) than in 

peripheral (mean: 852.0 µm2) RPE. In center, mutant mice had statistically significantly smaller RPE 

cells than wildtype. Whereas in the periphery, mutant mice had statistically significantly bigger RPE 

cell size than wildtype. Partially treated mice did not differ statistically significantly from wildtype 

in center (mean:  342.3 µm2) nor in temporal periphery (mean: 387.0 µm2). 

RPE cell shape was studied by using the parameters eccentricity (Fig. 19A) and solidity (Fig. 19B). 

Eccentricity describes the relationship between the opposite diameters of an item. The closer the 

values are to each other; the closer the eccentricity value is to zero. (Ayoub, 2003) Solidity defines 

the density of the object as giving a value between zero to one. A value less than one means that an 

object has an irregular boundary. (Zdilla et al., 2016) 

 

Quantification of the eccentricity of RPE cells showed that 48-week-old mutant mice had 

significantly bigger values in center and periphery than wildtype (Fig. 20). Partially treated mice did 

not differ significantly from wildtype in center nor in temporal periphery. In solidity, wildtype had 

significantly bigger values than mutant and partially treated in center as confirming that wildtype 

RPE cells resembled more hexagonal shape (Fig. 21). In periphery, wildtype had also bigger values 

than mutant mice. Partially treated did not differ statistically significantly from wildtype in temporal 

periphery. 

It was assumed that wildtype mice would have had the solidity values closer to one. Thus, an 

additional (manual) measurement was conducted by using ImageJ instead of automatic calculation 

by CellProfiler (Fig. S5). With this approach, wildtype reached a solidity value of 1 

with its replicate means in both center and periphery.  

Figure 19. A) Eccentricity of circle and different ellipses. B) Solidity of hexagonal and irregular 

cylinder shapes. 



37 
 

 

2.2.2 Nuclei number is shifted to one in the central RPE of Pde6bST/ST whereas Pde6bST/ST 

Pax6αCre has a wildtype-like nucleus pattern in both central and peripheral regions 

of the RPE at 48 weeks of age 

RPE morphology studies of 48-week-old mutant and treated mice continued with nuclei number 

definition. Fluorescence images of RPE wholemounts were observed by ImageJ and relative numbers 

of nuclei were defined (Fig. 22). Neither in center nor in temporal periphery statistically significant 

difference in relative nuclei number per RPE cell could be seen between wildtype and mutant or 

wildtype and partially treated at 48 weeks of age (Fig. 23).  

In center, mutant replicates had wide-range variance between relative numbers of cells having one or 

two nuclei. Almost none of the mutant mice had three or more nuclei in the center, whereas wildtype 

and partially treated mice had. Partially treated mice resembled wildtype mice in center as having the 

most of the RPE cells with two nuclei, the second-most with one nucleus and the minority with three 

or more nuclei. In temporal periphery, wildtype, mutant and partially treated mice showed large 

Figure 20. Mutant RPE cells show significantly 
increased eccentricity in central and peripheral 
RPE, whereas partially treated resembles wildtype 
in both areas at 48 weeks of age.  Means with 
SEMs. In center, statistically significant difference 
between wildtype and mutant (p<0.0001), and 
between mutant and treated (p=0.0003) was shown 
(wildtype, n = 9; mutant, n = 5, treated, n = 5) with 2-
way ANOVA. In temporal periphery, statistically 
significant difference between wildtype and mutant 
(p=0.0012) was shown (wildtype, n = 10; mutant, n = 
5, treated, n = 5; 2-way ANOVA). Green, wildtype; red, 
mutant; grey, treated. 

Figure 21. Mutant RPE cells show significantly 
decreased solidity in central and peripheral RPE, 
whereas partially treated resembles wildtype in 
temporal periphery and mutant in center at 48 
weeks of age. Means with SEMs. In center, 
statistically significant difference between wildtype 
and mutant (p=0.0066), and between wildtype and 
treated (p=0.0261) was shown (wildtype, n = 7; 
mutant, n = 5, treated, n = 5) with 2-way ANOVA. In 
temporal periphery, statistically significant difference 
between wildtype and mutant (p=0.0055) was shown 
(wildtype, n = 8; mutant, n = 3, treated, n = 5; 2-way 
ANOVA). Green, wildtype; red, mutant; grey, treated 
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variance in a relative number of RPE cells having one or two nuclei. Whereas none of them had three 

or more nuclei in the temporal periphery. 

Figure 23. A) No statistically significant difference in nuclei number between wildtype, mutant or 
treated mouse RPE in center can be seen at 48 weeks of age. Means with SEMs. Wildtype, n = 7; mutant, 
n = 6, treated, n = 5. 2-way ANOVA. B) No statistically significant difference in nuclei number between 
wildtype, mutant or treated mouse RPE in termporal periphery can be seen at 48 weeks of age. Means 
with SEMs. Wildtype, n = 7; mutant, n = 6, treated, n = 6. 2-way ANOVA. Green, wildtype; red, mutant; grey, 
treated.  

Figure 21. Representative fluorescence images of RPE wholemounts from 48-week-old wildtype, 
mutant and partially treated mice illustrating the nuclei number of RPE cells. RPE wholemounts were 
stained for anti-β-CATENIN with anti-rabbit Alexa 647 and for Hoechst. Green, β-catenin; Blue, nuclei. 
Scalebar, 20 µm. 



39 
 

From research with RPE wholemounts from 48-week-old mutant, four different cell areas could be 

observed (Fig.24). Around the ON, RPE cells could not be seen at all. In the next distal area, RPE 

cells seemed to be small and elongated. Then, the cell morphology changed to represent wildtype 

RPE as cells had partially hexagonal shape and regular size. In the most peripheral RPE, cells were 

large and elongated. Relative lengths of the cell areas in nasal and temporal sites were defined (Fig. 

25) by using fluorescence images from 48-week-old mutant RPE wholemounts. As a result, no 

significant difference in relative cell area lengths between nasal and temporal sites could be seen. 

 

 

 

 

 

 

 

 

 

  

Figure 24. Four different cell areas in 48-week-old mutant RPE can be observed. RPE wholemounts 
were immunolabelled with anti-β-CATENIN with anti-rabbit Alexa Fluor 647. Scalebar, 25 µm. 

Figure 25. Relative distal lengths of four 
morphologically different RPE cell areas do 
not differ significantly between temporal and 
nasal sites of 48-week-old mutant mice. 
Relative values with SEMs. No significance 
difference was observed in any cell area between 
nasal (blue) and temporal (red) sites (2-way 
ANOVA, n=3 in nasal, n=5 in temporal). Red, 
temporal; blue, nasal. 
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2.3 RPE apoptosis 

The RPE cell apoptosis rate in 48-week-old mutant and partially treated mice was studied by a 

TUNEL assay which was conducted for RPE wholemounts ex vivo. During apoptosis, DNA is 

cleaved. In the TUNEL assay, free 3´-OH termini of cleaved DNA are labelled by using FITC-

fluorescent labelled nucleotides. The polymerization reaction is catalyzed by Terminal 

deoxynucleotidyl transferase (TdT) enzyme. Results can be observed with a fluorescent microscope.  

(Negoescu et al., 1996) 

Wildtype did not show any sign of apoptosis in central nor in peripheral RPE. A tiny, dotted pattern 

of TUNEL signal could be seen. Mutant showed a strong TUNEL signal in the central RPE, but the 

pattern represented accumulated matter and not the nucleus-localized DNA fragments. Mutant had 

seemingly less TUNEL signal in the peripheral RPE where the pattern was tiny-dotted. Partially 

treated mice had a mutant-like accumulated pattern of TUNEL in the central RPE but in the temporal 

periphery, the TUNEL signal represented wildtype. 

Negative and positive controls were conducted for wildtype RPE wholemounts to confirm the 

functionality of the assay (Fig. 27). A weak, tiny-dotted pattern of TUNEL signal could be observed 

in the negative control. Positive control had a TUNEL signal which colocalized with nuclei in 

periphery but not in the center. 
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Figure 26. Representative confocal images of TUNEL assay results from central and temporal 
peripheral areas of 48-week-old RPE wholemounts from wildtype, mutant and partially treated 
mice. TUNEL assay was conducted for RPE wholemounts after which they were stained with anti-β-
catenin with anti-rabbit Alexa Fluor 647 and Hoechst. Red, β-CATENIN; green, FITC-labelled 
nucleotides (TUNEL); blue, nuclei (Hoechst). Scalebar, 20µm. 

Figure 27. Negative and positive controls of TUNEL assay. In negative control, TUNEL assay was 
conducted without the TdT enzyme. In positive control, in prior to TUNEL assay, RPE wholemounts were 
challenged with DNAse enzyme. Both negative and positive controls were conducted for wildtype RPE 
wholemounts. Red, β-catenin; green, FITC-labelled nucleotides; blue, nuclei (Hoechst). Scalebar, 20µm. 
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2.4 POS phagocytosis by the RPE 

POS phagocytosis is one of the major functions of RPE cells. Recognition, internalization, and 

degradation can be recognized as different phases of the process. An ex vivo POS phagocytosis assay 

was used to study the process in 48-week-old partially treated and mutant mice. In the experiments, 

RPE wholemounts were challenged with FITC-labelled porcine-POSs and later labelled also with 

anti-rhodopsin to localize mouse-originated POSs. In vitro POS phagocytosis assay by Mao & 

Finnemann was used as a template but some minor changes were made due to the use of RPE 

wholemounts instead of RPE cell culture (Mao and Finnemann, 2012a).  

After isolating and labelling porcine-POSs with FITC-fluorescent dye, a feasible POS amount per 

RPE wholemount was defined. A starting point for the definition was that mouse RPE contains 

approximately 55,000 cells (Jiang et al., 2013), and the feasible amount of POS particles per RPE cell 

in vitro has been 10 (Mao and Finnemann, 2012a). Eventually, three different amounts were chosen: 

16.2 x 106, 2.43 x 106 and 8.1 x 106 POS per RPE wholemount (Fig. 28). 

Figure 28. POS phagocytosis assay was conducted for wildtype RPE wholemounts to define the 
feasible number of POS per RPE for the experiments. RPE wholemounts were challenged for FITC-
labelled porcine-POS after which they were stained for anti-RHODOPSIN with anti-mouse Alexa Fluor 555 
and anti- β-CATENIN with anti-rabbit Alexa Fluor 647. Grey; β-CATENIN; red, mouse- and porcine-POS; 
green, FITC-labelled porcine POS, yellow (merge), membrane-bound porcine-POS. Scalebar, 20µm. 
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After the three POS phagocytosis assays, 16.2 x 106 POS per PRE was selected to use in the 

experiments since it seemed to show the most feasible pattern for defining the activity of POS 

phagocytosis. In the first assay (16.2 x 106 POS per PRE), 25 min incubation at RT for anti-β-catenin 

was not enough which could be seen as a weak expression in the RPE cell membrane. Thus, the 

incubation time was changed to be overnight. In addition, the confocal microscope was changed to a 

regular fluorescence microscope (Keyence) since the latter showed a better pattern for β-catenin.  

POS phagocytosis assay was conducted for 48-week-old RPE wholemounts from mutant and partially 

treated mice (Fig. 29). According to Mao & Finnemann, the following meanings for different 

fluorescence signals are defined: green represents both membrane-bound and internalized FITC-

labelled porcine-POSs, and if they overlap with anti-rhodopsin (red), the POSs are membrane-bound. 

Thus, FITC-labelled POSs not overlapping with anti-rhodopsin are internalized. However, since the 

protocol by Mao & Finnemann was carried out in vitro, no mouse-originated POS existed. Since the 

assay used in this project was ex vivo, anti-rhodopsin antibody labels also the mouse-originated POS 

which could be seen as red in a merged image. 

The RPE of partially treated mice seemed to have internalized more FITC-POS particles in the 

temporal periphery than in the center. Expression of RHODOPSIN was abundant in the central RPE 

but very low in the temporal periphery. A minority of FITC-POSs was membrane-bound in the center 

and temporal periphery. 

Mutant mice had an abundant expression of internalized FITC-POS particles in the central RPE 

whereas in the periphery the expression was really low. Multiple FITC-POSs were membrane-bound 

in the center, and also the amount of membrane-bound mouse-POSs seemed to be abundant. 
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Figure 29. Representative images resulting ex vivo POS phagocytosis assay conducted for 48-week-
old RPE wholemounts from treated and mutant mice. RPE wholemounts were challenged for FITC-
labelled porcine-POS after which they were stained for anti-RHODOPSIN with anti-mouse Alexa Fluor 555 
and anti- β-CATENIN with anti-rabbit Alexa Fluor 647. Grey; β-CATENIN; red, mouse- and porcine-POS; 
green, FITC-labelled porcine POS, yellow (merge), membrane-bound porcine-POS. Scalebar, 20µm. 
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3 Discussion 

3.1 Retinal morphology 

3.1.1 Pde6bST/ST 

In the retinae of 48-week-old Pde6bST/ST, rods and cones were completely degenerated and this could 

be seen to have led to the degeneration of rod (RBC) and cone bipolar cells (CBCs). RBCs and CBCs 

did not have any dendrites left and their axons and axon terminals were degenerated. Similar RBC 

degeneration has been seen in the rd10 mice which showed degenerated RBC dendrites already at 30 

days of age, but axons remained unchanged. Also, CBC dendrite loss has been seen in the rd10 mice 

at a later timepoint. (Gargini et al., 2007).  

Horizontal cells (HCs) get signals mainly from photoreceptor cells and after the total loss of them, 

HCs were almost completely degenerated in 48-week-old Pde6bST/ST. HCs had additional neuronal 

branches which entered to inner plexiform layer (IPL). This is called neuronal sprouting and it is seen 

as a remodelling attempt of HCs (Marc et al., 2003). A similar HC pattern has been seen in the rd1 

mice which also showed absent dendrites and additional neuronal branches (Kalloniatis et al., 2016; 

Phillips et al., 2010).  

Müller glia formed a dense glial seal above the INL where rods and cones were degenerated. The 

glial seal provides mechanical protection for the remaining retinal cells. In normal physiology, Müller 

glia get lactate from photoreceptor cells which convert it from glucose (Viegas and Neuhauss, 2021). 

After the cone and rod degeneration, the lactate supply for Müller cells decreases. However, except 

the glial seal, Müller cells seemed to remain stable and have an organized structure in the mutant 

retina. In addition to glutamine synthetase, multiple other proteins and small molecule targets have 

been used to study the morphology of Müller cells such as taurine, glutamate, glutamine, CRALBP 

(cellular Retinaldehyde binding protein 1) and glutathione. It has been proposed that in degenerating 

retina, additional glutamate pathways exist in addition to glutamine synthetase (Pfeiffer et al., 2016). 

Rod degeneration has been proposed to be a stimulating factor to activate retinal microglia (Gupta et 

al., 2003). The number of activated microglia was increased in the IPL, and above the INL. Microglia 

phagocyte cell debris and thus increased microglia activity in the INL is likely to be due to the 

photoreceptor cell degeneration and in the IPL due to the bipolar cell axon and axon terminal 

degeneration. In the long run, the cytokines and chemokines produced by microglia cause a state of 

chronic inflammation. This is harmful for the surrounding retinal tissue as increasing tissue damage. 
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(Rashid et al., 2019) Modulating retinal microglia activity may be a potential therapeutic target in 

future therapies against RP (Gupta et al., 2018). 

Photoreceptor cells have an essential role in the glucose metabolism between them and the RPE. 

Photoreceptors intake glucose from the RPE and convert it to lactate which is then intaken by the 

RPE and Müller cells. (Viegas and Neuhauss, 2021) Surprisingly, GLUT1 expression did not differ 

remarkably from wildtype. Despite the total loss of photoreceptor cells, potentially only a little 

increase in GLUT1 expression in the apical and basal sides of the RPE was seen. This may be due to 

the alternative energy strategy. However, since the morphology of the RPE differed remarkably 

between central and peripheral regions, more site-specific research about GLUT1 expression is 

needed. 

3.1.2 Pde6bST/ST Pax6αCre 

Signs of retinal remodelling could be seen in 48-week-old Pde6bST/ST Pax6αCre. Rod-specific anti-

PDE6B antibody showed a little PDE6B expression in the non-recombined area of Pde6bST/ST 

Pax6αCre retina at least in the very border of the recombination. PDE6B may have been transported 

from the recombined rods to non-recombined ones. Expression levels of a rod specific α-subunit of 

PDE6 may provide information about cellular compensating strategy due to the potential asymmetric 

cGMP binding to the PDE6 enzyme (Guo et al., 2005). Rods OSs showed a stable expression in the 

non-recombined area. The recombined area may have had a positive impact on Pde6b-deficient rods 

as potentially slowing the rod degeneration. 

Cones seemed to be shorter in Pde6bST/ST Pax6αCre. The cone shortening started already in the 

recombined area and increased in the non-recombined area. Shortening may be due to the cone cell 

death and thus thinner cone cell layer could create an illusion about the cell shortening. On the other 

hand, cone OS and IS shortening has been observed in early AMD patients (Baraas et al., 2021) and 

thus, the shortening might be a hallmark of cone degeneration. Despite the cone shortening, cone 

synapses remained as a stable line. Also, γ-subunit of PDE6 in rod and cone OSs remained expressed 

actively in the non-recombined area of Pde6bST/ST Pax6αCre although the total number of 

photoreceptor cells was lower.  

In ONL thickness measurements, the recombined area could be seen to have a positive impact on 

photoreceptor cell number in the central retina. Although ONL thickness was decreased in the center, 

it could reach the wildtype levels in the periphery. Also, there was no total loss of photoreceptor cells 

in the central retina. It could be proposed that rescued photoreceptor cells potentially with the RPE 
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can slow the degeneration of non-rescued photoreceptor cells. Although it seemed that the temporal 

periphery of Pde6bST/ST Pax6αCre ONL was thinner than in the nasal periphery, no conclusion 

between potential differences between nasal and temporal retinal degeneration cannot be made due 

to the small n-number (3).  

Bipolar cells and horizontal cells (HCs) get input from both photoreceptor cells. A partial 

photoreceptor cell degeneration seemed to have an impact on HCs in the non-recombined area where 

HCs had fewer dendrites. However, the number of HCs seemed to remain stable despite the 

photoreceptor cell degeneration. After rod and cone cell death, signals to HCs decrease and neuronal 

sprouting is seen as a remodelling attempt of HCs (Marc et al., 2003). This means that HCs create 

neuronal branches which typically enter the inner nuclear layer. Neuronal sprouting of HCs was seen 

in the non-recombined area of Pde6bST/ST Pax6αCre. A partial photoreceptor cell loss had an impact 

also to rod and cone (ON and OFF) bipolar cells. Both had a partial loss of dendrites and decreased 

synaptic activity in the non-recombined area. However, despite these minor defects, both cell types 

had dendrites and active synapses also in the non-recombined area closest to the recombined area. 

A partial degeneration of the retina was assumed to have an impact on glial cell activation. Indeed, 

there was a potential increase in the activated microglia number in the non-recombined area. 

Microglia have been reported to remain active in the remodelling process. Microglia activity can be 

either harmful or protective. Chronic microglia activity is harmful as promoting tissue damage and 

inflammation. Protective activity contains cell debris clearing and the release of anti-inflammatory 

cytokines. (Cherry et al., 2014; Rashid et al., 2019) By defining the activity of pro- and anti-

inflammatory agents in the retina would provide more detailed information about the state of the 

microglia activity. Müller cells had created a glial seal above the non-recombined ONL where 

photoreceptors were partially degenerated. The glial seal is believed to give mechanic protection for 

degenerated retina (Di Pierdomenico et al., 2020). 

GLUT1 expression was increased in the apical side of RPE in both recombined and non-recombined 

areas. Also, increased GLUT1 expression was seen above the non-recombined ONL. This atypical 

GLUT1 expression provides evidence of changed glucose metabolism in both RPE and remaining 

photoreceptors. Increased GLUT1 expression in the RPE indicates that the intake of glucose from 

choroid capillaries has increased enormously. Also, an increased GLUT1 expression in the non-

recombined ONL means that remaining photoreceptor cells have increased glucose intake. Since the 

number of lactate-producing photoreceptor cells has decreased, the retina may try to compensate for 

the loss by increasing the GLUT1 expression. 
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3.2 RPE morphology 

3.2.1 Pde6bST/ST 

The total photoreceptor cell loss was assumed to have an impact on RPE due to the strong symbiosis 

between them. The effects are probably both direct and indirect since also the other retinal cell types 

were degenerated and thus interfering with the retinal homeostasis. 

Fig. 32 illustrates the heterogeneous pattern of the RPE of 48-week-old Pde6bST/ST mice. As 

confirmed with cell size measurements, RPE cells of Pde6bST/ST were seemingly smaller in the center, 

and larger (double-size compared to wildtype) in the farthest periphery. Around the ON, RPE cells 

were absent. Between the central cell population consisting of small and elongated cells and the most 

peripheral large cells, a wildtype-like pattern of hexagonal RPE cells was observed. Parameters 

describing cell shape (solidity, eccentricity) showed that in both center and the farthest periphery the 

Figure 32. Schematic illustration of RPE of 48-week-old Pde6bST/ST mouse shows the heterogeneity 
of different RPE cell populations. RPE cells are absent around the ON after which they become small and 
elongated. When moving more to periphery, cells resemble wildtype as most of them having hexagonal shape 
and organized pattern. The most peripheral parts of RPE consist large and swollen cells. Nuclei number per 
RPE can be seen to shifted towards one in a cell population next to dead area. In farthest periphery nuclei 
number did not seem to differ from wildtype. Created with BioRender.com. 
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RPE cells have lost their hexagonal shape. Nuclei number per RPE was shifted towards one in the 

central cell population around the dead area. However, wide-range variation between percentages of 

one or two nuclei per RPE was seen which might indicate that also the wildtype-like cells have been 

analysed. Decreased nuclei number per RPE in center may indicate of cell death or decreased cell 

division. In the farthest periphery, nuclei number did not seem to differ from wildtype. 

RPE morphology of 48-week-old Pde6bST/ST is heterogeneous as proving that physiological features 

have site-specifically changed, and the lack of photoreceptor cells alone does not explain the 

morphological changes. One explaining factor for the absence of the most central RPE cells, and 

small and elongated cells around this dead area, is elevated intraocular pressure (IOP). In normal 

physiology, IOP is higher in the central compared to the peripheral region of the eye (Queirós et al., 

2007). Since one cell layer is completely absent (ONL) between the RPE and the vitreous, the impact 

of the IOP on the RPE may have been increased. Elevated IOP causes a decrease in retinal blood flow 

affecting especially the central area of the retina and optic nerve (Zhi et al., 2012). Retinal vessel 

narrowing can be seen as a clinical hallmark in late-stage RP patients as potentially being a cause of 

elevated IOP. Retinal vessel narrowing leads to decreased retinal blood flow as potentially causing 

hypoxia and further optic nerve damage. Hypoxia-mediated cell death may be taking place in the 

central RPE of Pde6bST/ST. In addition to retinal vessel narrowing, elevated IOP may be the driving 

factor for water movement (diffusion) from central RPE to peripheral regions, and thus explain the 

decreased cellular volume in the center, and larger in the periphery, respectively. 

Another perspective to understand the abnormal morphological characteristics of the RPE of 

Pde6bST/ST, is to consider its energy metabolism. Photoreceptors have a crucial role as suppliers of 

metabolic intermediates of glucose, such as lactate for surrounding cells, like RPE (Kanow et al., 

2017). Due to the absence of photoreceptor cells in 48-week-old retinae of Pde6bST/ST, lactate supply 

for RPE cells has collapsed. Despite the photoreceptor cell loss, no remarkable changes in GLUT1 

expression could be seen in the RPE of 48-week-old Pde6bST/ST. As a conclusion, RPE may have 

adapted its energy metabolism, and started to produce ATP from glucose itself. However, more 

research about GLUT1 expression in different morphological areas of Pde6bST/ST RPE is needed to 

understand the potential glucose metabolism changes. An elevated IOP and its caused retinal vessel 

narrowing behind the ON challenge the survival of RPE cells even more. The mid-peripheral RPE of 

Pde6bST/ST containing wildtype-like cells may be a result of adapted energy strategy. Also, the impact 

of elevated IOP could be assumed to be weaker in more mid-periphery and thus, retinal vessels have 

not narrowed notably and are capable to transport glucose. Whereas in the far periphery, swollen cell 
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shape may be a cause of excessive try of intake of glucose or its intermediates from the surrounding 

environment. 

3.2.2 Pde6bST/ST Pax6αCre 

As assumed, Cre recombined areas of Pde6bST/ST Pax6αCre retinae including RPE had wildtype-like 

morphology. Surprising was, how much the RPE of the non-recombined area resembled wildtype 

although its corresponding retina was partially degenerated. The non-recombined area had a similar 

RPE cell size and shape as wildtype. Indeed, the surrounding functional retina including vital RPE 

may have the capability to remodel RPE or prevent it from the degeneration.  

The nuclei number per RPE cell varied a lot in both central and temporal peripheral regions of the 

RPE. However, also wildtype showed a wide-range variation between one or two nuclei per RPE cell 

in the peripheral regions. This may indicate that despite the morphological similarities in cell shape, 

incomplete cell division is more prominent in the central regions of the RPE than in the periphery in 

both wildtype and Pde6bST/ST Pax6αCre mice. Whether the increased nuclei number per RPE in the 

central regions is due to the incomplete cell division, it may be relevant to study mitosis markers. 

The excessive increase of GLUT1 expression in both apical and basal sides of RPE, and above the 

remaining, thin photoreceptor cell layer may be the prominent factor behind the RPE regeneration. 

RPE uses lactate for the TCA cycle to produce ATP and thus it is dependent on photoreceptor cells’ 

capacity to convert glucose to lactate. The number of photoreceptor cells is seemingly decreased in 

the non-recombined area of the Pde6bST/ST Pax6αCre retina. Thus, by increasing GLUT1 expression 

in the RPE and photoreceptor cells, the retina may be able to compensate for the decrease of lactate-

producing photoreceptor cells. With increased GLUT1 expression, RPE can increase the glucose 

intake from choroidal capillaries, and further transport glucose for photoreceptor cells. Photoreceptors 

use glucose for their energy metabolism but are essential lactate-producers for RPE, but also for 

Müller cells. 

3.3 RPE apoptosis 

TUNEL assay did not show the desired information about apoptosis in the RPEs of 48-week-old 

Pde6bST/ST and Pde6bST/ST Pax6αCre since the FITC-labelled nucleotides did not colocalize with 

nuclei. The only exception was the positive control in which nucleus-localized FITC could be 

observed. A reason for the failed assay may be an insufficient tissue permeabilization since the 

nucleus-localized FITC dye was only seen in the peripheral, damaged part of the RPE wholemount 



52 
 

in the positive control. Previously, TUNEL assays have been conducted for RPE cells in vitro and the 

results were desired as FITC-labelled nucleotides colocalized with nuclei (Elner et al., 2003). 

Despite that the TUNEL assay did not show desired results, it indicated that mutant and partially 

treated mice might have an accumulated matter in either in- or outside the RPE cells. Especially 

central RPEs of both seemed to contain a lot of FITC-labelled nucleotides which have been attached 

by something unspecific. 

Accumulated matter bound to FITC-nucleotides may be lipofuscin which means granules containing 

lipid residues. Lipid remains are originated from the phagocytosis of photoreceptor outer segments 

(POSs). The amount of lipofuscin typically increases with age but lipofuscin accumulation is also 

related to hypoxia-induced metabolic changes in RPE cells (Kurihara et al., 2016). This would support 

the hypothesis that an elevated IOP induces retinal vessel narrowing which causes hypoxia for central 

RPE of Pde6bST/ST. Accumulated matter in the central RPE of Pde6bST/ST Pax6αCre reveals that 

despite the morphology of cells that resembles wildtype, their cell metabolism may be unstable. 

Another point of view to study apoptosis and cell death, is to study mitochondrial DNA or 

mitochondrial function in general. Although TUNEL staining has been shown to bind also to 

cytosolic, mitochondrial DNA in vitro (Song et al., 2019), in  Pde6bST/ST and Pde6bST/ST Pax6αCre 

unspecific binding is more likely something else. A commonly used apoptosis marker beside the 

TUNEL assay is an antibody against caspase-3 which is an essential enzyme in apoptosis (Elner et 

al., 2003). Additionally, other mechanisms leading to cell death exist. It has been shown in vitro that 

RPE cells die mainly via necroptosis and photoreceptors via apoptosis in response to oxidative stress. 

Necroptosis can be detected by using an antibody against its specific cytokine, HMGB1. (Hanus et 

al., 2016).  

Stronger RPE tissue permeabilization before the TUNEL assay might be the key to achieving better 

results. Lee & Kim. have proposed a permeabilization solution containing 0.5% Triton X-100, 1% 

BSA solution in 0.01% sodium acid diluted with PBS for the whole retina-RPE tissue (Lee and Kim, 

2021).  

3.4 POS phagocytosis by the RPE 

The ex vivo POS phagocytosis assay results can be seen as preliminary since they represented such a 

small n-number and did not have wildtype corresponds included.  
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The procedure behind the ex vivo POS phagocytosis assay was the in vitro assay by Mao & 

Finnemann. According to the authors, the following meanings for different fluorescence signals were 

defined: green represents both membrane-bound and internalized FITC-labelled porcine-POS, and if 

they overlap with anti-rhodopsin (red), they are membrane-bound. Rhodopsin is normally digested 

as a part of POS and therefore it is not assumed to be visible with fluorescence imaging after 

internalization. Thus, FITC-labelled POSs that do not overlap with anti-rhodopsin are internalized. 

(Mao and Finnemann, 2012a) However, since the protocol by Mao & Finnemann was carried out in 

vitro, no mouse-originated POSs existed. In the ex vivo assay, anti-rhodopsin antibody labels also the 

mouse-originated POSs which could be seen as red in the merged image. 

Abundant expression of both membrane-bound and internalized FITC-POS in the central RPE of 48-

week-old Pde6bST/ST mice showed that the RPE cells are capable to recognize and internalize POSs. 

However, it cannot be known whether the internalized POSs are also degraded or will they accumulate 

into the cell (lipofuscin). To study the accumulation of POSs or simply the amount of lipofuscin inside 

the RPE cells, lipofuscin can be stained with an antibody against a lipofuscin pigment, A2E 

(Abeywickrama et al., 2007). The amount of A2E in mouse RPE can also be measured quantitatively 

by using high-performance liquid chromatography (Sparrow et al., 2013). It has been seen that the 

A2E inhibits phagolysosomal degradation which is part of the POS degradation process (Finnemann 

et al., 2002). Since the RPE of Pde6bST/ST has a site-specific morphology, it may be beneficial to 

observe results of POS phagocytosis assay also in the wildtype-like area in addition to center and 

periphery. 

Partially treated mice did not show striking differences between central and temporal peripheral RPE 

in the number of internalized POSs. An interesting finding was that the central RPE which 

corresponding photoreceptor cells have partially degenerated, had seemingly more mouse-originated 

membrane-bound POSs than the temporal peripheral RPE. Also, it could be seen that the RPE cells 

that had membrane-bound mouse-POSs, did not have internalized FITC-POSs. 

Multiple methods to quantify results of POS phagocytosis exist, especially for the in vitro assays. 

Artero-Castro et al used flow cytometry as quantitative analysis for in vitro POS phagocytosis assay, 

and confocal imaging as a qualitative method. To confirm internalized POSs, RPE cells were labelled 

for F-actin (phalloidin) and sectioned vertically to illustrate whether POSs are bound to RPE 

microvilli and thus defined as internalized. (Artero-Castro et al., 2021). Inana et al. used FICT-

labelled bovine-POS for isolated human RPE cells and quantified internalized FITC-POSs based on 
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the shape and size of the POS particle. They described internalized FITC-POSs as being small, mostly 

circular and sharply demarcated. The rest were seen as membrane-bound (Inana et al., 2018). 

3.5 Summary 

3.5.1 48-week-old Pde6bST/ST represents late-stage retinitis pigmentosa 

In 48-week-old Pde6bST/ST mice, photoreceptors were absent and retinal degeneration was observed 

in RBCs, ON and OFF CBCs and HCs. Degenerated HCs had additional neuronal branches by which 

they try to adapt to the signal loss from photoreceptor cells. Increased expression of activated 

microglia was observed in inner and outer plexiform layers. The degenerated ONL was covered with 

a glial seal by Müller cells. 

RPE showed site-specific morphology as potentially revealing an impact of physical factors 

(increased intraocular pressure, hypoxia). The central retina may be affected by increased intraocular 

pressure due to the degeneration of retinal layers between the RPE and the vitreous. Increased 

intraocular pressure could cause retinal vessel narrowing and thus lead to hypoxia and starvation of 

central RPE cells. This would explain the abnormal RPE cell morphology in central regions and the 

RPE cell death around the ON. 

Since photoreceptor cells were absent, mice are blind as representing a late-stage retinitis pigmentosa. 

Results from this project together with previous findings with Pde6bST/ST mice (Zhang et al., 2018) 

suggest that Pde6bST/ST  has a similar retinal degeneration speed with rd10 mice. 

Although retinal section staining did not reveal any changes in GLUT1 expression in Pde6bST/ST, site-

specific research is needed due to the site-specific morphology of the RPE cells (Fig. 32). The RPE 

cells are assumed to be adapted their energy strategy since lactate-producing photoreceptor cells are 

absent. Alternative energy strategy may be the β-oxidation of lipids.  

3.5.2 48-week-old Pde6bST/ST Pax6αCre shows signs of retinal regeneration 

The non-recombined retina of Pde6bST/ST Pax6αCre showed degeneration in photoreceptor cells, 

RBCs, ON and OFF CBCs, HCs and the RPE whereas the recombined retina resembled wildtype as 

not having retinal degeneration. However, many of the retinal cell types showed signs of remodelling 

in the non-recombined area closest to the recombined area. PDE6B was expressed in the non-

recombined rods and rod OS expression remained stable. Also, the dendrite loss of bipolar and 
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horizontal cells was partially rescued. However, also opposite effects were seen. Cones seemed to be 

shorter already in the recombined area and shortened more in the non-recombined area. 

RPE cells showed perhaps the biggest regeneration capacity since they had almost identical 

morphology compared to wildtype in the non-recombined area of the retina. Increased GLUT1 

expression in both apical and basal sides of the RPE and in the remaining non-recombined 

photoreceptor cells may partially explain the rescued morphology of the RPE. 

3.5.3 Future aspects for retinitis pigmentosa research 

A deeper understanding of the mitochondria of the RPE cells would provide more information about 

the cell death and energy metabolism. The role of mitochondria is emphasized during hypoxia and 

oxidative stress. RPE cells are capable to adapt their energy metabolism, and during oxidative stress, 

the major pathway to produce energy is reductive carboxylation. The process starts in the 

mitochondria where citrate is produced after which it is transported to the cytosol where it increases 

the concentration of NADPH as protecting the cell from oxidative stress. (Du et al., 2016) 

Mitochondrial DNA (mtDNA) encodes essential proteins participating in the production of the ATP. 

mtDNA defects have been linked to the potential mechanisms behind retinal degenerations. MtDNA 

defects can be studied by defining deletions and point mutations in mtDNA and the expression of 

mitochondrial oxidative phosphorylation enzymes. (Karunadharma et al., 2010).  

Dysfunctional autophagy in the RPE cells have been related to AMD (Golestaneh et al., 2017) but it 

has been proposed that impaired autophagy in the RPE cells may contribute also to the pathogenesis 

of RP (Moreno et al., 2018). Autophagy is a process by which the cell removes dysfunctional or 

unnecessary components such as misfolded proteins or damaged organelles by degrading them with 

lysosomes (Glick et al., 2010). In addition to RPE, proteins related to autophagy have been found in 

photoreceptor cells, bipolar cells and ganglion cells (Moreno et al., 2018). RPE cells have been shown 

to degrade damaged mitochondria by using autophagy as a result of oxidative stress (Flores-Bellver 

et al., 2014). According to the current knowledge, impaired autophagy of the RPE cells leads to 

angiogenesis and the recruitment of macrophages, and increases the caspase-3 dependent apoptosis 

(Liu et al., 2016). LC3 is a protein associated with autophagosomes and autolysosomes, and thus it 

has been widely used as a target to study autophagy activity (Wang et al., 2009; Tanida et al., 2008). 

Metabolomics is a study that quantitatively measures metabolites in a biological system, such as 

blood, cells or solid tissues. Metabolomics is a promising tool to define new biomarkers that may 

improve the understanding of retinal degenerations, such as RP. (Li et al., 2021b; Tan et al., 2016) 
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Retinal tissues from mice have been studied successfully for different metabolites using either nuclear 

magnetic resonance (NMR) (Murenu et al., 2021) or liquid-chromatography-mass spectrometry (Sato 

et al., 2018) -based methods. Also, mouse RPE tissue has been used (Sparrow et al., 2013). 

Metabolomics may serve as a potential tool to study glucose metabolism in the retina, and glucose 

metabolites from mouse retinal tissue have been able to detect by using NMR (Murenu et al., 2021). 

Untargeted assays to discover retinal metabolome may provide also new discoveries. 

In addition to GLUT1, monocarboxylate transporters (MCTs) have an essential role in the glucose 

metabolism between photoreceptor cells and the RPE. MCTs are responsible for transporting lactate 

and other important metabolites related to the energy production of the outer retina. Photoreceptors 

encode MCT1 whereas the RPE encodes MCT1 in the apical membrane but MCT3 in the basolateral 

membrane. (Han et al., 2020)  
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4 Materials and methods 

All solutions were diluted in ddH2O if not indicated differently. 

4.1 Mice 

RPE morphology studies, TUNEL assay and POS phagocytosis assay were conducted by using 48-

week-old Pde6bST/WT, Pde6bST/ST and Pde6bST/ST Pax6αCre mice with no gender bias. In retinal section 

staining, mice had an additional reporter allele ROSAnT-nG and Pde6bST/WT had Cre gene (Pde6bST/WT 

Pax6αCre). Mice had water and food ad libitum while being kept in 12h light/dark circle. All animal 

experiments were conducted with permission from local authorities and in the accordance with the 

animal welfare laws of Germany. 

4.1.1  Genotyping 

Ear biopsies were incubated with 50 mM NaOH at +95°C for 10 min. 50µl of 1 M Tris-HCl, pH 8.0 

was added to the mixture, vortexed and centrifuged at 13,200 rpm at +4°C for 10 min. DNA extract 

was added to a master mix of primer solution (primers, 10xDreamTaq buffer, ddH2O, DreamTaq 

DNA Polymerase, Thermo Scientific dNTP mix). PCR was conducted with a nexus X2 cycler 

(Eppendorf) using a reaction volume of 15µl. Primers are listed in Table 2. 

 

Table 2. Primers used in genotyping. Primes from Metabion international AG, Germany. 

 

 

After PCR run, samples were run by agarose gel electrophoresis (2% agarose in 1M TAE solution: 

1mM EDTA, 40mM Tris, 20mM Acetic acid). The electrophoretic profile was visualized in UV light 

and genotypes were identified. Genotyping was done by Michelle Jentzsch. 

Target Forward primer Reverse primer Internal primer Annealing 

temperature (°C) 

Pax6α 
CGTATGAAGG 

GGGCAATAGA 

AGGCAAATTT 

TGGTGTACGG 
- 59,6 

Pde6bSTOP TGCTCTGTGG 

TGTTGCTCTGC 

TGGCGATGCA 

GAGTGTCCTGA 

GTCCTGCACG 

ACGCGAGCTG 
65 

ROSA26 
AAAGTCGCTC 

TGAGTTGTTAT 

GGAGCGGGAG 

AAATGGATATG 

CCAGGCGGGCC 

ATTTACCGTAAG 
60 
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4.2  Retinal morphology 

4.2.1 Section staining 

4.2.1.1 Preparation of the retinal sections 

Preparation of the eyecup was done as described in 4.4.1 without separating the retina from the RPE. 

The eye cup was incubated in 30% sucrose (Carl Roth GmbH, #4621.1) until sank to the bottom. 

Prior to embedding the eyecup in embedding medium (Tissue-Tek® O.C.T. Compound, 4583, Sakura 

Finetek), it was dried gently by using with forceps and tissue. Embedded eye cup was frozen with dry 

ice and stored in −80°C. 10-12 µm thick sections in temporal-nasal orientation were cut on a cryostat. 

All retinal sections were from Michelle Jentzsch and prepared by her. 

4.2.1.2 Antibodies 

Primary antibodies (Table 3) were diluted in 5% ChemiBlocker; 0,3% Triton X-100 in 1xPBS and 

incubated on slides on a shaker at +4°C overnight. After three times washing with 1xPBS, secondary 

antibodies (Table 4) diluted in 3% ChemiBlocker in 1xPBS were added and incubated at RT for 1.5 

h. Following three times washing with 1xPBS, 5 µg/ml Hoechst 33342 (ThermoFisher, #H3570) was 

added and incubated 5 min at RT. Slides were washed with 1xPBS and mounted with mounting 

medium (Polysciences, #18606-20). 

Table 3. Primary antibodies used for retinal sections. All antibodies diluted in 1:1 glycerol. M = mouse, R 
= rabbit, G = goat. 

 

Name Host Dilution Manufacturer, # 

PDE6B R 1:2000 Thermo Fischer, PA1-722 

PDE6B M 1:200 Santa Cruz, sc-377486 

Cone Arrestin R 1:500 Merck, AB15282 

PDE6G/H M 1:50 Santa Cruz, sc-166350 

PKCα M 1:500 Santa Cruz, sc-8393 

GFP G 1:500 Biomol, 600-101-215 

Calbindin D-28k M 1:4000 Swant, 300 

GARP, clone 4B1 M 1:400 Sigma Aldrich, MABN2429 

ß-Catenin R 1:500 CellSignalingTechnology, 8480S  

Glutamine synthetase R 1:2000 Abcam, ab228590 

Iba1 R 1:500 Fujifilm Wako, WAKO019-19741 

SCGN R 1:5000 [non-commercial; from Prof. Wagner 
(University of Vienna)] 

GLUT1 M 1:200 Abcam, ab40084 
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Table 4. Secondary antibodies used for retinal sections. All antibodies in 1:1 glycerol. 

Name Dilution Manufacturer, # 

Anti-rabbit Alexa Fluor 488 1:500 ThermoFisher, A-11070 

Anti-mouse Alexa Fluor 555 1:500 ThermoFisher, A-2425 

Anti-rabbit Alexa Fluor 647 1:500 ThermoFisher, A-21245 

Anti-mouse Alexa Fluor 405 1:500 ThermoFisher, A-31553 

Anti-goat Alexa Fluor 488 1:500 ThermoFisher, A-11055 

Anti-mouse Alexa Fluor 647 1:500 ThermoFisher, A-21240 

 

4.2.1.3 Image acquisition 

Sections were imaged with on Leica TCS SP8 MP confocal microscope with lasers emitting at 

wavelengths 405, 488, 555 and 647, using an objective magnification of 40x. Same settings were 

used for all sections. Leica Application Suite X 3.5.5.19976 software was used with the microscope.  

GLUT1 images were taken as z-stacks (1 µm thickness in wildtype, 3 µm thickness in mutant and 

partially treated) and 1-4 stacks were combined. 

4.2.2 ONL thickness measurements 

Temporal-nasal orientated retinal sections (prepared by Michelle Jentzsch) from 48-week-old 

wildtype, mutant and partially treated mice were imaged with Keyence BZ-X810, 10x magnification 

combined with stitching tool. ONL thickness was defined in every 50 µm starting from optic nerve 

and continued until the end of the section at 2200 µm in length in both nasal and temporal sites by 

using ImageJ. Analyses and graphs were made with GraphPad Prism 8.4.2. 

4.3 RPE morphology 

4.3.1 RPE wholemount preparation 

Mice were sacrificed and the temporal site was marked by pressing it gently with a heated needle. 

Then, the eyes were isolated gently by tweezers and put to 4% paraformaldehyde (PFA, Carl Roth 

GmbH, #0335.2) in 1xPBS, pH 7.4. Preparation was done under a dissecting microscope (dry) at RT. 

After making a hole into the cornea by using a needle, eyes were put back into 4% PFA for 5min. 

Cornea was cut away and vitreous was removed. Temporal mark cut was made. Eye cup was fixed in 

4% PFA at RT for 45 min and washed three times with 1xPBS. Retina was gently separated by using 

tweezers in 1xPBS. Optic nerve and fat tissue were removed from the remaining RPE/sclera/choroid 

tissue.  
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ß-Catenin antibody (1:500, CellSignalingTechnology, 8480S) was diluted in 5% ChemiBlocker; 

0,3% Triton X-100; 3% DMSO in 1xPBS and incubated on RPE wholemount at +4 °C overnight. 

After three times washing with 1xPBS, secondary antibody anti-rabbit Alexa Fluor 647 diluted in 3% 

ChemiBlocker in 1xPBS was added and incubated at RT for 1.5 h. Following three times washing 

with 1xPBS, 5 µg/ml Hoechst 33342 was added and incubated 5 min at RT. RPE wholemounts were 

washed three times with 1xPBS and mounted with mounting medium. 

4.3.1.1 Image acquisition 

RPE wholemounts were imaged with Leica TCS SP8 MP confocal microscope with lasers emitting 

at wavelengths 405 and 647, using an objective magnification of 40x. Leica Application Suite X 

3.5.5.19976 software was used with the microscope.  Same settings were used for all wholemounts. 

Images were processed with the ImageJ 1.53c software and finalized with GIMP 2.10.22.  

4.3.2 Cell size and shape measurements 

RPE cell sizes was defined from confocal images from ß-Catenin-stained RPE wholemounts (imaged 

by Michelle Jentzsch) by using CellProfiler software. GraphPad Prism 8.4.2 was used for the analyses 

and graphs (p<0.05 was considered as significant, 2-way ANOVA). n-values in center: wildtype, 9; 

mutant, 5, partially treated, 5 and in temporal periphery: wildtype, 10; mutant, 5; partially treated, 5. 

Solidity and eccentricity values were defined defined from confocal images from ß-Catenin-stained 

RPE wholemounts by using CellProfiler software. GraphPad Prism 8.4.2 was used for the analyses 

and graphs (p<0.05 was considered as statistically significant, 2-way ANOVA).  

n-numbers in eccentricity measurements: wildtype, n = 9; mutant, n = 5, partially treated, n = 5 in 

center and wildtype, n = 10; mutant, n = 5, partially treated, n = 5 in temporal periphery. n-values in 

solidity measurements in center: wildtype, n = 7; mutant, n = 5, partially treated, n = 5 and in temporal 

periphery: wildtype, n = 8; mutant, n = 3, partially treated, n = 5. periphery. 

Additional solidity measurements were conducted manually by using ImageJ 1.53c. Analyses and 

graphs were made as described above. 

4.3.3 Nuclei number 

Relative number of nuclei per RPE was defined from confocal images from ß-Catenin- and Hoechst 

stained RPE wholemounts (imaged by Michelle Jentzsch) manually by using ImageJ. GraphPad 
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Prism 8.4.2 was used for the analyses and graphs (p<0.05 was considered as significant, 2-way 

ANOVA). 

4.3.4 Temporal and nasal comparisons of Pde6ST/ST RPE morphology 

RPE wholemounts were imaged with Keyence BZ-X810 using 10x magnification with combination 

of stitching tool to illustrate four different cell areas. The cell areas were measured manually by using 

the ImageJ 1.53c software. GraphPad Prism 8.4.2 was used for the analyses and graphs (p<0.05 was 

considered as significant, 2-way ANOVA, n=3 in nasal, n=5 in temporal). 

4.4 POS Phagocytosis Assay 

4.4.1 Solutions 

Five POS isolation stock solutions were prepared:  

1. 100 mM glucose (Carl Roth GmbH, #HN06.2) 

2. 200mM Tris/Acetate pH 7.2 (Tris Base: Carl Roth GmbH, #3738.4. Acetic acid: Carl Roth 

GmbH, #3738.4) 

3. 70% sucrose (Carl Roth GmbH, #4621.1) 

4. 0.1 M Na2CO3 pH 11.5 (Carl Roth GmbH, #HN01.1) 

5. 0.1 M NaHCO3 pH 8.4 (Carl Roth GmbH, #8563.1) 

Nine POS isolation working solutions were prepared: 

1. Homogenization solution: 20% sucrose, 20 mM Tris/Acetate pH 7.2; 2 mM MgCl2 (Carl Roth 

GmbH, #KK36.2), 10 mM glucose, 5 mM taurine (Carl Roth GmbH, #4721.2)  

2. 25% sucrose solution: 25% sucrose, 20 mM Tris/Acetate pH 7.2; 10 mM glucose, 5 mM taurine 

3. 60% sucrose solution: 48 g of sucrose in a solution of 20 mM Tris–Acetate pH 7.2; 10 mM 

glucose, 5 mM taurine 

4. WASH1: 20 mM Tris–Acetate pH 7.2; 5 mM taurine 

5. WASH2: 10% sucrose, 20 mM Tris–Acetate pH 7.2; 5 mM taurine  

6. WASH3: 10% sucrose, 20 mM phosphate buffer pH 7.2; 5 mM taurine 

7. DMEM: DMEM/F-12 (ThermoFisher Scientific, # 11320, LOT 2401971), 4.5 g/L glucose 

8. FITC stock solution: 10 mg of FITC isomer I (Invitrogen, #F1906, LOT 2291415) dissolved in 5 

ml of 0.1 M Na-carbonate buffer, pH 9.5 

9. PBS-CM: 1 mM MgCl2 (Carl Roth GmbH, # KK36.2) 0.2 mM CaCl2 (Carl Roth GmbH, # 

CN93.1) in 1xPBS 
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4.4.2 Isolation of POS from porcine eyes (Fig. S1) 

58 porcine eyes were dissected under a dim red light and retinas were isolated using a scalp. Retinas 

were collected into a falcon containing 15ml of homogenization solution. Suspension was shaken 

gently for 2 min and then filtered three times through 1-layer gauze. Next, three 24ml of linear 

gradient of  25–60% sucrose, 20 mM Tris/Acetate pH 7.2, 10 mM glucose, 5mM taurine in 30ml 

ultracentrifuge tubes. Under dim red light equal volumes of retina isolate were pipetted on top of the 

sucrose gradient. Centrifugation tubes were balanced using homogenization solution. Tubes were 

spinned immediately at 25,000 rpm for 48min at +4°C (Beckman SW-28 rotor; Optima™ LE-80K 

Ultracentrifuge, serial No. COL00C28, Instance No. 825153). Two sharp, orange-like bands from the 

upper third of the gradient were collected using a needle through the tube. Collected samples were 

combined and diluted four times volume of ice-cold WASH 1. Solution was separated to two 

centrifugation tubes and spined at 3,000 x g for 10 min. Pellets were resuspended in 10 ml of WASH2, 

combined and spined at 3,000 x g for 10 min. Pellet was resuspended in 15 ml of WASH3, spined at 

3,000 x g for 10 min. Pellet was resuspended in 5 ml of WASH3 and 1,5 ml of FITC stock solution 

was added. The tube was rotated for 1 h at RT in the dark. After rotation, labelled POSs were washed 

twice in WASH3 and twice in 2,5% sucrose in DMEM. After every wash, FITC-POSs were spined 

at 3,000 x g for 10 min. After washing, labelled POSs were resuspended in 2,5% sucrose in DMEM. 

Concentration of FITC-POSs was calculated under a microscope using a hemocytometer. FITC-POSs 

were aliquoted to units of 16,2 x 106 POS and stored in −80°C. 

4.4.3 POS phagocytosis assay 

RPE wholemounts were prepared in as defined in section 4.4.1 except the whole preparation process 

was conducted in DMEM. One aliquot (16,2 x 106 POS per RPE) was used. FITC-POS aliquots were 

thawed from −80°C and spined at 2,400 x g for 5 min at RT. Pellets were gently resuspended with 

10% heat-inactivated FBS in DMEM. RPE wholemounts were incubated in FITC-POS suspension in 

48-well plate at 37°C 5% CO2 for 2 h. 

Phagocytosis was terminated by washing 3 x with 1xPBS-CM at RT. RPE wholemounts were fixed  

with 4% PFA in PBS at RT for 20 min. Remaining fixative was quenched by incubating RPE 

wholemounts in 50 mM NH4Cl in PBS-CM for 20 min at RT. Wholemounts were blocked with 1% 

BSA (Sigma, #A7030-50G) in PBS-CM for 10 min at RT. Wholemounts were incubated with anti-

rhodopsin antibody (1D4, Santa Cruz, sc-57432) 1:500 in 5% ChemiBlocker; 0,3% Triton X-100; 3% 

DMSO in 1xPBS for 25min at RT. Wholemounts were washed two times with PBS-CM and once 
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with 1 % BSA in PBS-CM for 5 min per each. β-catenin antibody (1:500 in 5% ChemiBlocker; 0,3% 

Triton X-100; 3% DMSO in 1xPBS ) was added and incubated at +4°C overnight. Anti-rabbit Alexa 

Fluor 647 and Anti-mouse Alexa Fluor 555 (both 1:500 in 3% ChemiBlocker in 1xPBS) were added 

and incubated 1.5h at RT. After washing with 1xPBS-CM, 5 µg/ml Hoechst 33342 was added and 

incubated at RT for 15min. Wells were washed three times with PBS-CM before mounting 

wholemounts on coverslips. 

4.4.4 Image acquisition and quantification 

The test experiments for defining the feasible amount of porcine-POS were images on Leica TCS 

SP8 MP confocal microscope with lasers emitting at wavelengths 405, 488, 555 and 647, using an 

objective magnification of 40x. Leica Application Suite X 3.5.5.19976 software was used with the 

microscope. For main experiments, Keyence BZ-X810 fluorescence microscope was used with 40x 

object. BZ-X800 Viewer and Analyzer software were used with Keyence. Images were processed 

with the ImageJ 1.53c software and finalized with GIMP 2.10.22.  

4.5 TUNEL assay 

4.5.1 Procedure 

TUNEL assay was conducted using a commercial kit by Roche (In Situ Cell Death Detection Kit, 

Fluorescein, #11684795910) according to the manufacturer’s instructions. RPE wholemounts were 

prepared as described in section 4.4.1. Then, wholemounts were bleached in 10% H2O2 (Carl Roth 

GmbH, # 9683.4) in 1xPBS at +55 °C for 1.5 h and then washed three times with 1xPBS. Wholemount 

were incubated in permeabilization solution (0.1% Triton X-100; 0,1% sodium citrate, 1xPBS) on ice 

using a 48-well plate. Wells were washed three times with 1xPBS. Wholemounts were incubated with 

TUNEL reaction mixture for 1 h at +37°C plate covered. After incubation wells were washed with 

1xPBS three times. 

After TUNEL assay, wholemounts were incubated with β-catenin antibody (1:500 in 5% 

ChemiBlocker; 0,3% Triton X-100; 3% DMSO in 1xPBS) at +4°C overnight. After primary antibody 

incubation wells were washed three times with 1xPBS. Secondary antibody anti-rabbit Alexa Fluor 

647 was added and incubated for 1.5 h at RT. 5 µg/ml  Hoechst 33342, ThermoFisher was added and 

incubated at RT for 15 min. Wholemounts were washed three times with 1xPBS after which mounted 

to cover slips. 
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4.5.2 Controls 

In negative control, TUNEL reaction was conducted by using only Label Solution (without the TdT 

enzyme). Positive control was incubated with DNase 1 (50 U/ml in 50 mM Tris-HCl, pH 7.5, 1 mg/ml 

BSA, 5mM Mg2+) for 10 min at 37 °C in prior to TUNEL assay. A 48-week-old Pde6bST/WT mouse 

was used for the negative control, and 4-week-old Pde6bST/WT mouse for the positive control. 

4.5.3 Image acquisition 

RPE wholemounts were imaged by Leica TCS SP8 MP confocal microscope with lasers emitting at 

wavelengths 405, 488 and 647, using an objective magnification of 40x. Leica Application Suite X 

3.5.5.19976 software was used with the microscope. Images were processed with the ImageJ 1.53c 

software and finalized with GIMP 2.10.22.  

4.6 Fluorescence microscopy 

Fluorescence imaging is a valuable tool to study cell physiology. Before the imaging process, samples 

are first labelled with a primary antibody which has a specific protein target. Depending on the host 

of the primary antibody, a secondary antibody is chosen according to that. The secondary antibody is 

conjugated with a fluorophore. When a sample is illuminated with a specific wavelength (emission), 

a fluorophore emits a longer wavelength which is then detected by the fluorescence microscope. 

(Sanderson et al., 2014) Autofluorescence is a phenomenon, in which a biological structure emits 

(without a fluorophore) light naturally when it is excited with suitable wavelength (Croce and 

Bottiroli, 2014). 

In this research project, two different fluorescence microscopes were used. Leica TCS SP8 MP is a 

confocal fluorescence microscope, whereas Keyence BZ-X810 is a phase contrast fluorescence 

microscope. Although both can detect fluorescent signals, confocal microscope uses lasers as having 

more resolution and contrast in its images. In a confocal microscope, the illumination and detection 

optics are focused on the same point of a sample, which is then the only spot imaged. Whereas, in 

non-confocal microscope, everything emitting of a certain wavelength will be imaged despite are they 

in focus or not. After finding a perfect spot on from the sample, image is taken with a desired 

magnification (objective). (Elliott, 2020) 
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Abbreviation list 

AAV  adeno-associated virus 

AQP  aquaporin (receptor) 

AMD  age-related macular degeneration  

AMPA α-amino-3-hydroxy-5-methyl-4 

isoxazolepropionic acid 

ATP  adenosine triphosphate 

BSA  bovine serum albumin 

CBC  cone bipolar cell 

cGMP   cyclic guanosine monophosphate 

CNG  cGMP gated cation channel 

EGFP  enhanced green fluorescent  

  protein 

EMA  European Medicines Agency 

FDA  U.S. Food and Drug   

  Administration 

GABA  γ-aminobutyric acid 

GDP  guanosine diphosphate 

GLUT1 glucose transporter 1 

GS  glutamine synthetase 

GDP  guanosine diphosphate 

GTP  guanosine triphosphate 

HC  horizontal cell 

IBA1  Ionized calcium binding adaptor 

  molecule 1 

INL  inner nuclear layer 

IPL  inner plexiform layer 

IOP  intraocular pressure 

IS  inner segment 

IRD  inherited retinal degeneration 

mGluR6 metabotropic glutamate receptor 6 

mtDNA  mitochondrial DNA 

NMR  nuclear magnetic resonance 

ONL  outer nuclear layer 

OPL  outer plexiform layer 

OS  outer segment 

PDE6  phosphodiesterase 6 

PDE6*  phosphodiesterase, activated form 

POS  photoreceptor outer segment 

PtdSer  phosphatidylserine 

R  rhodopsin 

R*  rhodopsin, activated form 

RBC  rod bipolar cell 

RPC  retinal progenitor cell 

RPE  retinal pigment epithelium 

RP  retinitis pigmentosa 

TdT  terminal deoxynucleotidyl  

  transferase
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Fig. S1. POS isolation from porcine retinas and labelling with FITC isomer. Retinae were isolated from 
porcine eyes, and mixed with homogenization solutions, and filtered. Next, glucose gradient was created, 
and the filtered solution was pipetted above glucose gradient. Tubes were centrifuged with an ultracentrifuge, 
and sharp, orangish layers was collected with a needle. After multiple dilution and resuspension rounds, 
FITC-label was added. Then, washing and resuspension was done once again, and finally POS concentration 
was defined under a microscope. Created with BioRender.com. 

Fig. S2. RBC dendrites are lost in the mutant mouse retina and partially degenerated in the treated 
mouse retina at 48 weeks of age. Arrows show that in wildtype abundant RBC dendrites in wildtype, 
whereas in mutant retina the RBC dendrites are lost (arrowhead). In treated mouse retina, a difference 
between recombined area (green) and non-recombined area (red) in the RBC dendrites is noticeable; 
recombined area consist of more dendrites in its RBCs. Red and green lines illustrates the non-recombined 
and recombined areas of the retina. Arrow, RBC dendrites. Arrowhead, dendrite-lacking RBC. Scalebar, 
25µm. 
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Fig. S3. CBC dendrite loss in 48-week-old mutant and treated mice is notable. CBC dendrites are lost 
in mutant retinae. Also, CBC axons and axon terminals in mutant have started to degenerate. CBC dendritic 
loss can be detected from non-recombined area of treated mouse retinae, but in recombined area dendrites 
can be seen. Red and green lines illustrates the non-recombined and recombined areas of the retina. Arrow, 
CBC dendrites. Arrowhead, dendrite-lacking CBC Scalebar, 25µm. 
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Fig. S4. Horizontal cells are almost completely degenerated in mutant retina and have less HC 
dendrites in the non-recombined area of partially treated retina at 48 weeks of age. Additional, long 
ectopic branches of HCs can be observed in both mutant and non-recombined area of partially treated retina. 
Arrow, ectopic branches of HCs. Arrowhead, dendritic branches of HCs. HC, horizontal cell.  Scalebar, 20µm. 
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Fig. S5. RPE cells of partially treated resembles 
wildtype solidity values in center, whereas mutant has 
significantly lower solidity values in both center and 
periphery compared to wildtype at 48 weeks of age. 
Additional solidity measurement conducted by using 
ImageJ. Means with SEMs. In center, significant difference 
between wildtype and mutant (p=0.0009) was shown 
(wildtype, n = 3; mutant, n = 3, partially treated, n = 3) with 
2-way ANOVA. In temporal periphery, significant difference 
between wildtype and mutant (p=0.0036) was shown 
(wildtype, n = 3; mutant, n = 3, treated, n = 3; 2-way 
ANOVA). Green, wildtype; red, mutant; grey, partially 
treated. 
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