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Abstract 

Retinitis pigmentosa (RP) is a group of severe hereditary blindness diseases usually caused by 

mutations in genes necessary for the process of phototransduction. RP is characterized by 

progressive retinal degeneration affecting rod photoreceptors and subsequently cone 

photoreceptors. Gene augmentation therapy using recombinant adeno-associated virus 

(rAAV) vectors represents a promising and potentially curative therapeutic option.  

In this study, a novel Cnga1MUT mouse model was characterized by in vivo analysis of retinal 

morphology and function over an observation period of 12 months, followed by 

immunohistochemical analysis. The Cnga1MUT mouse carries a c.1526A>G missense mutation 

in the Cnga1 gene encoding the A1 subunit of the cyclic-nucleotide gated (CNG) channel. This 

mutation leads to substitution of Tyr509 within the cyclic nucleotide-binding domain (CNBD) 

by cysteine resulting in degradation of the CNGA1 but also the CNGB1 protein, which together 

form the heterotetrameric channel complex in rod photoreceptors. Loss of the CNG channel 

results in impaired retinal function and progressive degeneration of photoreceptors. These 

phenotypic observations excellently mimic key findings in patients with CNGA1-linked RP 

(RP49) and qualify Cnga1MUT mice as a valid preclinical model for this disease. 

To shed light into the mechanisms underlying photoreceptor degeneration, proteomic 

analysis of different animal models of RP was performed and revealed the involvement of 

endoplasmic reticulum (ER) stress, autophagy, and metabolic and oxidative stress. 

Two novel gene therapy approaches based on rAAV-vector mediated gene augmentation for 

CNGB1- or CNGA1-linked RP were developed and tested in the respective mouse models. 

Therapeutic effects after intraocular injections of rAAVs were assessed in vivo by using 

spectral-domain optical coherence tomography (SD-OCT) and electroretinography (ERG). 

Transgene expression was investigated via immunohistochemistry. It was shown that both 

vectors had beneficial effects on retinal morphology and retinal function. In summary, these 

results demonstrate gene augmentation therapy as a promising approach to treat RP.  
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1 Introduction 

1.1 The Mammalian Retina 

1.1.1 Anatomy of the Retina 

The retina is a layered neuronal tissue that lines the back of the eye and resembles a neuronal 

network, enabling vision by detecting light stimuli and converting them into electrical signals. 

(Kolb, 1995; Hoon et al., 2014; Ptito et al., 2021). In mammals, the basic structure of the retina 

is highly conserved (Wässle and Boycott, 1991; Masland, 1996; Hoon et al., 2014) and consists 

of five major neuronal cell types: photoreceptors, horizontal cells, bipolar cells, amacrine cells 

and ganglion cells (Figure 1). Photoreceptor outer segments are attached to retinal pigment 

epithelial (RPE) cells. In addition, Müller glia, microglia and astrocytes are present supporting 

metabolic, homeostatic and immunological functions (Reichenbach and Bringmann, 2020). 

Cell bodies and processes of the cells are aligned in a distinct way forming the neuronal 

network with the characteristic structure with three nuclear and two synaptic (or plexiform) 

layers. Remarkably, the retina has an inverse architecture meaning that the light-sensitive 

photoreceptors are located in the outermost layer facing away from the incident light (Kolb, 

1995). The cell bodies of the photoreceptors form the outer nuclear layer (ONL), and their 

synaptic terminals are connected to the bipolar cells in the adjacent outer plexiform layer 

(OPL). Here, horizontal cells serve as modulator of synaptic transmission between 

photoreceptors and bipolar cells (Herrmann et al., 2011). In turn, the cell bodies of the bipolar 

cells, together with those of the amacrine and horizontal cells, form the inner nuclear layer 

(INL). In the inner plexiform layer (IPL), bipolar cells are connecting to ganglion cells in order 

to further process the electrical signal received from the photoreceptors (Euler et al., 2014; 

Diamond, 2017). Additionally, amacrine cells control ganglion cell responses by connecting to 

bipolar and ganglion cells (Sandell et al., 1989; Baccus et al., 2008; Grimes et al., 2010; 

Diamond, 2017). The cell bodies of the ganglion cells finally form the ganglion cell layer (GCL), 

while their axons gather at the optic disc and form the optic nerve that leaves the eye in order 

to forward the visual information to the brain. 

The photoreceptors can be divided into two classes: rods that mediate dim-light (scotopic) 

vision and cones that confer vision under daylight (photopic) conditions (Wässle and Boycott, 

1991). In the human retina, rods make up approximately 95% of photoreceptors (Curcio et al., 
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1990). They have high sensitivity to light and confer monochromatic vision at low light (Rieke, 

2000; Sampath and Rieke, 2004). In contrast, the less sensitive cones exist in different 

subtypes (three in primates, two in most other mammals) with distinct sensitivities to light 

wavelengths and are responsible for high acuity color vision in bright light (Rieke and Baylor, 

2000; Nikonov et al., 2006; Thoreson and Dacey, 2019). In primates, cones are mostly localized 

in the macula, a central spot in the retina known as the area of high-acuity vision (Molday and 

Moritz, 2015). 

 

Figure 1. The inverse Structure of the Retina. Light-sensitive photoreceptor outer segments (OS) are embedded 

in the retinal pigment epithelium (RPE). Photoreceptor cell bodies form the outer nuclear layer (ONL) and their 

endings synapse with bipolar cells in the outer plexiform layer (OPL). Cell bodies of bipolar cells, horizontal cells 

and amacrine cells form the inner nuclear layer (INL). Bipolar cells are connected to the ganglion cells in the 

adjacent inner plexiform layer (IPL). Ganglion cell bodies finally form the ganglion cell layer (GCL). 

Rods and cones are highly compartmentalized cells consisting of five principal parts (Figure 2): 

the synaptic terminal, the cell soma containing the nucleus, the inner segment (IS), the 

connecting cilium (CC), and the outer segment (OS) (Carter-Dawson and LaVail, 1979). Proteins 

are produced in the IS, which is the metabolic and biosynthetic machinery containing 

compartment. The CC connects the OS with the IS and controls protein translocation to the 
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OS. The RPE has small protrusions (microvilli) which engulf the OS and are involved in OS 

renewal, restoration of the visual pigment and thus in the maintenance of visual function 

(Young, 1967; Young and Bok, 1969; van Soest et al., 1999). The OS are filled with multiple 

stacks of membrane discs formed by invagination of the plasma membrane and contain the 

photosensitive pigments necessary for phototransduction (Fu, 1995). However, while rod OS 

discs are separated from the plasma membrane, cone discs are adjacent to the plasma 

membrane (Pearring et al., 2013). 

1.1.2 Phototransduction 

The process of absorbing photons in the OS of the photoreceptors in order to generate a visual 

signal is known as phototransduction. In rods, constant production of cyclic guanosine 

monophosphate (cGMP) by transmembrane guanylyl cyclases (GCs) causes activation of cyclic 

nucleotide gated (CNG) channels in the darkness (Yang et al., 1995; Pugh et al., 1997). cGMP-

binding to the channel leads to channel opening and permanent influx of sodium (Na+) and 

calcium (Ca2+) ions into the cytosol (Hagins et al., 1970; Stryer, 1986). This non-inactivating 

cation influx is known as the “dark current” which depolarizes the photoreceptor and, in turn, 

leads to glutamate release at the synaptic terminal (Michalakis et al., 2018). 

Upon illumination, a well-characterized G-protein-signaling pathway is initiated (Figure 2). 

Incoming photons activate the rod-specific photosensitive pigment rhodopsin, a G protein-

coupled receptor (GPCR), which causes a conformational change of the 11-cis-retinal 

chromophore to the all-trans isomer (Lamb and Pugh, 2006; Arshavsky and Burns, 2012; 

Palczewski, 2014). Activated rhodopsin, in turn, stimulates the trimeric G protein transducin 

by exchange of guanosine diphosphate (GDP) with guanosine triphosphate (GTP). 

Subsequently, the dissociated transducin α-subunit binds to the cGMP-specific 

phosphodiesterase 6 (PDE6) causing release of the inhibitory constraint of PDE6γ-subunits 

(Cote, 2021). Enzymatically active PDE6αβ-subunits hydrolyze cGMP resulting in reduction of 

free cGMP concentration, which in turn leads to CNG channel closure and photoreceptor 

hyperpolarization. Consequently, the darkness-induced glutamate release is terminated by 

this hyperpolarization (Molday and Moritz, 2015).  
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Figure 2. The Rod Phototransduction Process. Compartmentalized rods consist of a synaptic region, a nuclear 

region, and an inner segment (IS) and outer segment (OS) linked by the connecting cilium. The phototransduction 

process takes place in the OS: incoming light causes a conformational change of the rod-specific 11-cis-retinal 

chromophore rhodopsin to its all-trans isomer. Activated rhodopsin stimulates transducin by exchange of 

guanosine diphosphate (GDP) with guanosine triphosphate (GTP). The dissociated transducin α-subunit in turn 

binds to cGMP phosphodiesterase 6 (PDE6) causing release of the inhibitory constraint of PDE6γ-subunits. Cyclic 

guanosine monophosphate (cGMP) produced by guanylyl cyclases (GCs) is hydrolyzed by activated PDE6 resulting 

in decrease of free cGMP concentration and, subsequently, in cyclic nucleotide gated (CNG) channel closure. 

Consequently, the “dark current” cation influx is stopped causing photoreceptor hyperpolarization and finally 

termination of darkness-mediated glutamate release. 

1.1.3 Cyclic Nucleotide-Gated (CNG) Channels 

Rod CNG channels are responsible for visual signal transduction during the phototransduction 

process by controlling the cation influx of Na+ and Ca2+ ions. CNG channels represent a specific 

class of ion channels within the superfamily of voltage-gated ion channels (VGICs), with which 

they share a similar structure (Kaupp and Seifert, 2002; Yu et al., 2005; Biel and Michalakis, 

2009). The tetrameric native CNG channel complex consists of three α- and one β-subunit 

(CNGA1 and CNGB1 in rods, CNGA3 and CNGB3 in cones; Figure 3) (Weitz et al., 2002; Zheng 

et al., 2002; Zhong et al., 2002; Peng et al., 2004; Shuart et al., 2011; Ding et al., 2012; Zheng 

et al., 2022). Though native CNG channels function as heterotetramers, CNGA-subunits can 

form functional homotetrameric channels in vitro (Chen et al., 1993; Körschen et al., 1995; 

Finn et al., 1996; Biel et al., 1999b). While general CNG channel structure has been studied 

extensively, the respective studies focused mainly on homotetrameric CNGA channels 

including TAX-4 from C. elegans (Li et al., 2017; Zheng et al., 2020). Just recently, however, the 
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first human CNG channel structure was revealed giving new insights into structural 

mechanisms (Xue et al., 2021a; Xue et al., 2021b). Each subunit is composed of six 

α-transmembrane helices (S1-S6) and the intracellular N- and C-termini (Figure 3) (Kaupp et 

al., 1989; Henn et al., 1995). Though S1-S4 helices form the highly conserved so-called voltage-

sensitive domain (VSD), CNG channel gating is not voltage-dependent (Craven and Zagotta, 

2006; Li et al., 2017; Michalakis et al., 2018). While other members of the VGICs superfamily 

contain an S4 segment that has regularly distributed positively charged amino acids, the S4 of 

CNG channels seems to be segmented (Li et al., 2017). This segmentation causes an 

accumulation of positively charged amino acids at the C-terminal end of S4 and may explain 

the lacking voltage-dependency of CNG channels. The channel pore is formed by the S5 and 

S6 helices together with the pore helix and contains the selectivity filter with the sequence 

motif TIGE within the so-called pore loop (Goulding et al., 1993; Flynn and Zagotta, 2001; Zhou 

et al., 2001). The cytosolic C-terminus contains the cyclic nucleotide binding domain (CNBD) 

consisting of four α-helices (A-C and P) and a β-roll between helix A and B. The CNBD is 

connected to the transmembrane helices by the C-linker which consists of 6 α-helices (A’-F’) 

(Figure 3, right panel). 

 

 

Figure 3. Rod CNG Channel Structure. The tetrameric rod CNG channel consists of three A1- and one B1-subunit. 

Each subunit is composed of six transmembrane helices (S1-S6) and the intracellular N- and C-termini. The S1-S4 

helices form the voltage-sensitive domain (VSD) and the S5 and S6 helices together with the pore helix (green) 

form the channel pore which contains the selectivity filter in the pore loop. The C-linker located in the C-terminus 

consists of six α-helices (A’-F’) and connects the transmembrane helices to the cyclic nucleotide binding domain 

(CNBD). The CNBD, in turn, consists of four α-helices (A-C and P) and a β-roll. 
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The topology of the rod CNG channel subunits is highly conserved throughout the A1- and B1-

subtypes (Chen et al., 1993; Körschen et al., 1995; Molday and Molday, 1998; Kaupp and 

Seifert, 2002). 

The most important difference between A1 and B1 subunit, however, is the autoinhibitory N-

terminal 571-residue glutamic acid- and proline-rich (GARP) domain in rod B1-subunits 

(Körschen et al., 1995) which is responsible for CNG channel trafficking to rod OS and controls 

channel activation by acting as gatekeeper (Poetsch et al., 2001; Michalakis et al., 2011; 

Pearring et al., 2013; Pearring et al., 2021). 

While the A subunits are thought to be responsible for key channel properties, the B subunits 

appear to contribute specific biophysical properties to the native channel complex in addition 

to proper localization, such as Ca2+/Calmodulin-dependent modulation, ligand sensitivity and 

selectivity, and gating (Kaupp and Seifert, 2002; Biel and Michalakis, 2009; Michalakis et al., 

2018; Xue et al., 2021a). 

1.2 Retinitis Pigmentosa 

It is well established that mutations in human CNG channel genes are correlated with inherited 

diseases (so-called channelopathies) including retinitis pigmentosa (RP). 

RP is a group of hereditary blinding diseases with a prevalence of 1 in 3.000 - 7.000 that affect 

more than 1.5 million patients worldwide (Verbakel et al., 2018; Hanany et al., 2020). The term 

“retinitis pigmentosa” was first introduced by the Dutch ophthalmologist F.C. Donders and 

refers to the intraretinal pigmentation (“bone spicules”) arising in the mid-periphery and 

originating from migrating RPE cells (Fahim et al., 1993; Verbakel et al., 2018). RP is 

characterized by progressive retinal degeneration, that begins with primary demise of rod 

photoreceptors, followed by the secondary loss of cone photoreceptors (Hamel, 2006; 

Hartong et al., 2006; Verbakel et al., 2018). Initially, rod degeneration manifests as night 

blindness, followed by loss of peripheral vision which is known as “tunnel vision” (Figure 4). 

Since cone survival depends on rod survival, secondary degeneration of cones occurs as 

gradual visual field constrictions and eventually results in complete blindness. Although the 

main features are common in all forms of RP, the age of onset, time course of disease 

progression, and severity of symptoms depend on the genetic defect.  

Approximately 50-60% of all patients suffer from an autosomal recessive form, while 

autosomal dominant and X-chromosomal-linked forms make up 30-40% and 5-15%, 
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respectively (Hartong et al., 2006). To date, mutations in about 90 genes have been linked to 

RP (https://sph.uth.edu/RETNET/), but the mechanisms underlying photoreceptor cell death 

still remain unclear. 

 

 

Figure 4. Progression of RP. Initial rod degeneration manifests as night blindness followed by loss of peripheral 

vision in the early stage leading to so-called "tunnel vision". Secondary degeneration of cones leads to a further 

reduction of the visual field in the intermediate stage. In the late stage, complete blindness eventually occurs. 

Several hypotheses have been developed proposing that cell death is usually caused by 

apoptosis (Sancho-Pelluz et al., 2008; Newton and Megaw, 2020). Apoptosis is known as 

programmed cell death of dysfunctional cells triggered by the cell itself without damaging 

surrounding healthy cells (Kerr et al., 1972; Lockshin and Zakeri, 2001). One frequently raised 

photoreceptor cell death hypothesis involves extensively high cGMP levels and excessive Ca2+ 

influx (Fox et al., 1999; Fiscus, 2002). Indeed, mutations that incite either a nonfunctional 

cGMP-hydrolyzing PDE6 or overactive cGMP-producing GCs, both of which lead to extremely 

high levels of cGMP, have been shown to cause some types of RP (McLaughlin et al., 1993; Yan 

et al., 1998; Tucker et al., 1999). Consistent with this, cGMP-forced activation of CNG channels 

leading to excessive Ca2+ influx is suggested to have an impact on rod photoreceptor cell death 

(Takano et al., 2004; Wenzel et al., 2005; Paquet-Durand et al., 2011). In contrast, also low 

Ca2+ levels were reported to contribute to cell death mechanisms. Continuous light-induced 

damage, causing permanent CNG channel closure and, thus, reduction of Ca2+ levels, has 

widely been used for generation of RP models (Hao et al., 2002; Wenzel et al., 2005; Fain, 

2006). Moreover, by means of the equivalent-light hypothesis, these findings can be applied 

to CNG channelopathies. This hypothesis states that the absence of CNG channels is 

equivalent to permanent CNG channel closure by light overexposure, and thereby also leads 

to low Ca2+ levels (Lisman and Fain, 1995; Pierce, 2001). The low Ca2+ hypothesis also supports 

the assumption that excessive Ca2+ levels, as suggested by the high Ca2+ hypothesis, appear 

only secondary to the degeneration process. Furthermore, the excessive Ca2+ levels may not 



  Introduction 

9 
 

only be caused by CNG channels, but also by dysfunctional voltage-dependent L-type Ca2+ 

channels, mitochondria or endoplasmic reticulum (ER) (Frasson et al., 1999; Fain, 2006; 

Sancho-Pelluz et al., 2008).  

1.2.1 CNGA1-linked RP - Type 49 

Mutations in the CNGA1 gene are found to cause the autosomal recessive RP type 49 (RP49) 

that makes up 1-8% of all autosomal recessive RP cases depending on the genetic background 

(Dryja et al., 1995; Paloma et al., 2002; Zhang et al., 2004; Chen et al., 2013; Katagiri et al., 

2014; Maria et al., 2015; Jin et al., 2016; Wang et al., 2016; Gao et al., 2019; Wang et al., 2020). 

Several disease-causing mutation patters of CNGA1 are published to date and share a similar 

phenotype characterized by night blindness from an early age, followed by a slowly 

progressing age-related loss of peripheral vision and decreased visual acuity by about 30 years 

of age. The human CNGA1 gene is located on the shorter arm of chromosome 4 at position 12 

(4p12) and consists of at least 11 exons (Dhallan et al., 1992; Griffin et al., 1993). Two 

transcript variants are known resulting in the expression of two isoforms with a molecular 

weight of about 80 kDa. 

Until recently, only one transgenic mouse model was available, in which overexpression of a 

CNGA1 antisense mRNA causes a 50% reduction of CNGA1 transcript levels (Leconte and 

Barnstable, 2000). Although showing progressive retinal degeneration comparable to human 

patients, possible toxic effects induced by antisense mRNA overexpression that could affect 

the phenotype cannot be excluded. However, in 2021 a first knockout (KO) mouse model was 

established using the CRISPR/Cas technique (Liu et al., 2021), in which a 65 bp deletion in 

exon 2 leads to complete loss of CNGA1 protein. These mice developed a relatively rapid 

degeneration of rods with a reduction to 50% at 2 months of age, and complete loss at 4 

months of age. 

In the present study, a second mouse model, rederived from the ENU archive (Sabrautzki et 

al., 2017), was characterized. These mice carry a missense mutation in the murine Cnga1 gene 

leading to the substitution of Tyr509 by Cys (c.1526A>G; p.Tyr509Cys) and therefore to non-

functional CNGA1 protein. This mutation affects a residue that is highly conserved in a variety 

of species, including humans, and which is equivalent to human Tyr513. As it is thus only 4 

amino acids away from a mutant residue recently found in human RP patients (Arg509; 
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(Kandaswamy et al., unpublished) it is well likely that this mutation has similar effects and 

reflects the phenotype of RP49 patients. 

1.2.2 CNGB1-linked RP - Type 45 

The autosomal recessive RP type 45 (RP45) is caused by mutations in the CNGB1 gene and 

represents about 4% of all autosomal recessive RP cases (Hartong et al., 2006). The course of 

RP45 seems to be very similar to RP49, including night blindness in early childhood and 

progressive loss of peripheral vision (Bareil et al., 2001; Kondo et al., 2004; Sahel et al., 2010; 

Azam et al., 2011; Simpson et al., 2011; Song et al., 2011; Bocquet et al., 2013; Fu et al., 2013; 

Nishiguchi et al., 2013; Schorderet et al., 2013; Tiab et al., 2013; Maranhao et al., 2015; Maria 

et al., 2015; Saqib et al., 2015; Xu et al., 2015; Fradin et al., 2016; Perez-Carro et al., 2016; 

Habibi et al., 2017; Hull et al., 2017; Petersen-Jones et al., 2018; Xiang et al., 2018; Ba-Abbad 

et al., 2019; Rodriguez-Munoz et al., 2020). RP45 is typically diagnosed at around 30 years of 

age and leads to complete blindness by 60 years of age. The human CNGB1 gene is located on 

the longer arm of chromosome 16 at position 21 (16q21). It consists of at least 33 exons (Ardell 

et al., 1996; Ardell et al., 2000; Bareil et al., 2001) encoding several splicing variants. Rod 

photoreceptors express the 240 kDa CNGB1a isoform, whereas the shorter CNGB1b isoform 

is expressed in olfactory neurons (Chen et al., 1993; Körschen et al., 1995; Sautter et al., 1998; 

Bönigk et al., 1999). 

To date, various animal models of CNGB1-linked RP have been established (Hüttl et al., 2005; 

Zhang et al., 2009; Ahonen et al., 2013; Winkler et al., 2013). In this study, Cngb1-deficient 

mice were used as preclinical animal model for the development of new gene therapy 

approaches. The Cngb1 KO (Cngb1-/-) mouse model (Hüttl et al., 2005) lacking exon 26 (Cngb1‐

X26), and thus resulting in premature termination of CNGB1 translation, is characterized by a 

slow progressive retinal degeneration with an early onset already at postnatal day 15 (P15). 

By 6 months of age, about 50% of the rods are lost, which subsequently leads to cone 

degeneration, and by 1 year of age, only 10-20% of the photoreceptors remain. 

1.2.3 PDE6A-linked RP - Type 43 

Moreover, it is known that mutations in the gene encoding the PDE6 β-subunit cause some 

cases of RP (RP type 40, RP40). As both α- and β-subunits are required for full 

phosphodiesterase activity, also the PDE6A gene was screened for mutations (Huang et al., 
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1995). Until today, several mutations were identified causing the autosomal recessive RP type 

43 (RP43) (Dryja et al., 1999; Riazuddin et al., 2006; Sakamoto et al., 2009; Corton et al., 2010; 

Khan et al., 2015; Nair et al., 2017; Mizobuchi et al., 2019; Dawood et al., 2021). Patients with 

RP43 also share a similar phenotype including slow disease progression in childhood, followed 

by sudden loss of large visual field areas and subsequent slow progression of degeneration of 

the remaining visual field (Kuehlewein et al., 2020). The human PDE6A gene is located on the 

longer arm of chromosome 5 spanning the positions 31 to 33 (5q31-q33) (Pittler et al., 1990). 

It consists of 22 exons and causes the expression of a ~100 kDa protein (Huang et al., 1995). 

Several animal models have been established representing RP43 (Petersen-Jones et al., 1999; 

Sakamoto et al., 2009; Tuntivanich et al., 2009; Sothilingam et al., 2015). 

In this study, two different Pde6a-deficient mouse models were used for the generation of a 

new crossbred mouse line in order to characterize the mechanisms leading to photoreceptor 

cell death. For generating this new mouse model, homozygous Pde6a mutant (Pde6aMUT) mice 

carrying either the V685M mutation (Pde6aV685M) or the R562W mutation (Pde6aR562W) 

(Sakamoto et al., 2009; Sothilingam et al., 2015) were used. The V685M mutation causes an 

amino acid change in exon 16 resulting in loss of catalytic function of PDE6A. The R562W 

knock-in mutation leads to skipping of exon 13 and thereby to shortened PDE6A protein 

(p.541_576del), which lacks the amino-terminal portion of the catalytic domain. Both 

Pde6aMUT mouse lines exhibit a fast-progressing RP phenotype characterized by reduced 

photoreceptor layer thickness and reduced response to light. While Pde6aV685M mice have only 

minor residual PDE6 activity, Pde6aR562W mice still show 10% activity compared to 

corresponding wild type (WT) mice and therefore represent the less affected mutant. 

Recently, additional ablation of CNG channels in rd1 mice, a mouse model of fast-progressing 

PDE6B-linked RP, was shown to result in morphological rescue of rod photoreceptors (Paquet-

Durand et al., 2011). For this reason, Pde6aMUT mice were crossbred with Cngb1-/- mice in 

order to investigate possible rescue effects also in this new double-mutant (DBM) mouse 

model. 

In addition to this new mouse line, the previously described Pde6a-/- dog model was used for 

further development of a gene augmentation therapy (Petersen-Jones et al., 1999; 

Tuntivanich et al., 2009; Mowat et al., 2017; Occelli et al., 2017). Pde6a-/- dogs carry a 1 bp 

adenine deletion in exon 15 resulting in premature termination of translation and, thus, in 
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absence of PDE6A protein. Similar to Pde6aMUT mice, Pde6a-/- dogs show an early-onset and 

fast-progressing phenotype with photoreceptor cell death peaking at postnatal day 21 (P21). 

1.3 Therapeutic Interventions for RP: Gene Therapy 

To date, no curative treatment option for RP exists. Pharmacological approaches aim to 

provide supportive and conservative treatment but do not target the underlying mechanisms 

of RP leading to cell death (Dias et al., 2018). However, several strategies are under 

investigation including neuroprotection by neurotrophic or anti-apoptotic agents (Buch et al., 

2007; Drack et al., 2012; Trifunovic et al., 2012; Guadagni et al., 2015; Jayakody et al., 2015), 

retinal prostheses (Chow et al., 2004; Yanai et al., 2007) and cell transplantation (Shintani et 

al., 2009; Jones et al., 2017). One promising approach is the transplantation of autologous 

mutation-corrected induced pluripotent stem cells (iPSCs). Recently, a CRISPR/Cas9-mediated 

genome editing strategy was developed to correct retinal mutations in iPSCs (Burnight et al., 

2017).  

Nevertheless, a growing number of preclinical and clinical trials has successfully demonstrated 

photoreceptor rescue and preserved vision using gene therapeutic approaches for the therapy 

of inherited retinal diseases (Petersen-Jones et al., 2009; Komaromy et al., 2010; Michalakis 

et al., 2010; Carvalho et al., 2011; Black et al., 2014; Beltran et al., 2015; Latella et al., 2016; 

Hafler, 2017; Mowat et al., 2017; Occelli et al., 2017; Schön et al., 2017; Cideciyan et al., 2018; 

Ofri et al., 2018; Maeder et al., 2019; Cehajic-Kapetanovic et al., 2020; Garafalo et al., 2020; 

Wagner et al., 2021). Moreover, in 2018, the first gene therapy product for Leber congenital 

amaurosis, Luxturna® (voretigen neparvovec, Novartis) (Bainbridge et al., 2008; Jacobson et 

al., 2012; Maguire et al., 2019), was approved marking the beginning of a new era. 

1.3.1 The Eye as a Target for Gene Therapy 

Currently, the eye is in the focus of translational gene therapy research, as it offers favorable 

anatomical and immunological characteristics (Dias et al., 2018; Ziccardi et al., 2019). The main 

advantages are (1) the accessibility for surgeries and follow-up monitoring; (2) the small size 

of the retina that allows small amounts of therapeutics; (3) the compartmentalization of the 

eye that prevents systemic spreading of therapeutics; (4) the immune privilege that reduces 

immune response and allows good tolerance of therapeutics; and (5) the possibility of treating 

only one eye and using the contralateral untreated eye as an internal control. Besides, 
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mammals share a similar eye anatomy, allowing the testing of potential gene therapies in 

multiple mammalian animal models (Slijkerman et al., 2015). 

Gene therapy drugs are mainly administered by intraocular injections (Figure 5) (Dias et al., 

2018; Ziccardi et al., 2019; Botto et al., 2021; Ross and Ofri, 2021). To date, most retinal gene 

therapies require subretinal (SR) delivery of the therapeutic vector. SR injections, although 

reaching target cells in the outer retina more precisely, are more invasive and require 

iatrogenic retinal detachment. This can potentially damage the photoreceptors and thus 

impair remnant vision (Jacobson et al., 2006; Peng et al., 2017). Moreover, only retinal cells 

are transduced that are in close contact to the subretinal bleb, which is formed by the injection 

and contains the therapeutic agent. Consequently, the treatment effect is limited to a small 

area. In contrast, intravitreal (IVT) injections are less invasive, easier to perform and do not 

damage the retina. However, although a wide retinal area can be reached by IVT injections, 

delivery to the outer retinal cells seems to be less efficient (Harvey et al., 2002; Dalkara et al., 

2009). Despite the limitations of both types of applications, intraocular injections of gene 

therapy drugs represent a promising treatment option for inherited retinal diseases and are 

therefore of great scientific interest.  

 

 

Figure 5. Administration Pathways used for Gene Therapy in the Eye. Subretinal (SR) injections cause retinal 

detachment by formation of a subretinal bleb that contain the therapeutic agent. In contrast, intravitreal (IVT) 

injections force the therapeutic agent to spread inside the vitreous. 
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1.3.2 Recombinant Adeno-Associated Virus-Mediated Gene Augmentation 

The wide heterogeneity of RP makes it difficult to provide a single, common gene therapy 

approach. However, many auspicious gene therapy approaches are currently being 

investigated. While CRISPR/Cas-mediated genome editing and gene silencing seems to be 

promising for autosomal dominant mutations, gene augmentation (also called gene 

replacement or gene supplementation) has so far obtained the best results in the treatment 

of autosomal recessive RP (Dalkara and Sahel, 2014; Dias et al., 2018; Ziccardi et al., 2019). For 

this strategy, a healthy copy of the whole mutant gene, under the control of a tissue specific 

promoter, is delivered to the affected cells to compensate the lack of functional protein 

(Figure 6). Gene augmentation is therefore exceptionally suitable for the therapy of diseases 

caused by loss-of-function mutations. 

 

 

Figure 6. Gene Supplementation Therapy. An entire expression cassette including a tissue specific promoter, the 

gene of interest (transgene) and a polyadenylation signal (pA) is packaged into specific gene therapeutic vectors 

and delivered to the target cells. 

For the delivery of therapeutic genes (transgenes), viral and non-viral vectors can be used 

(Lipinski et al., 2013). Retinal gene therapies are mostly based on recombinant viral vectors, 

of which three types are available (Dias et al., 2018; Ziccardi et al., 2019; Botto et al., 2021): 

adenoviruses (Ads), lentiviruses (LVs) and adeno-associated viruses (AAVs). 

Ads are non-enveloped double-stranded (ds) DNA viruses with a diameter of approximately 

90-100 nm. Despite their large cargo capacity of up to 37 kb, and their abilities to transduce a 
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large number of cell types and to obtain high levels of transgene expression, Ads remain only 

second choice vectors for retinal gene therapy. This can be attributed to poor transduction of 

photoreceptor cells (except in early developmental stages), lack of longevity of expression, 

and high safety risks leading to immune responses and long-term toxicity. 

LVs are enveloped single-stranded (ss) RNA retroviruses that can integrate their proviral DNA 

into the host genome. LVs used for gene therapy are modified to stop their replication and 

thus are non-pathogenic. They are characterized by a relatively high loading capacity of about 

8-10 kb and allow stable transgene expression by genome integration. However, this 

integration also causes the risk of insertional mutagenesis. In addition, LVs transduce 

photoreceptor cells only poorly, which is why they are rarely used in retinal gene therapy. 

In contrast, AAVs represent a well suitable and the best characterized delivery approach for 

retinal gene therapy. AAVs are small (~25 nm), non-enveloped and non-pathogenic 

dependoviruses meaning that they require an AdHelper virus for replication since AAVs 

themselves are naturally deficient in replication (Hastie and Samulski, 2015). AAVs contain an 

ssDNA genome which consists of a rep gene encoding for replication proteins and a cap gene 

encoding for viral proteins. The rep and cap genes are flanked by inverted terminal repeats 

(ITRs) that serve as origins of replication (Barnes et al., 2019). For gene therapy application, 

rep/cap genes have been removed in favor of the transgene resulting in recombinant AAVs 

(rAAVs).  

The major advantages of rAAV-based gene therapy are the low immunogenicity, high 

transduction efficiency, and ability to maintain sustained transgene levels, and broad tropism 

by different serotypes (Dalkara et al., 2016; Srivastava, 2016; Ziccardi et al., 2019). To date, 

more than 100 serotypes have been identified (Gao et al., 2002; Gao et al., 2004; Mori et al., 

2004; Schmidt et al., 2006) and AAV serotype 2 (AAV2) has been used as gold standard for 

retinal gene therapy. In order to combine the advantages of AAV2, such as transduction 

efficiency with specific tissue tropism, so-called “pseudotyped” AAVs have been developed by 

fusion of AAV2 rep with another serotype’s cap gene (Auricchio, 2003; Grimm and Kay, 2003). 

Moreover, capsid engineering has become of great interest in recent years since there is an 

unmet need for novel rAAV capsids targeting larger retinal areas or enhancing retinal 

transduction (Petrs-Silva et al., 2009; Dalkara et al., 2013; Kay et al., 2013; Zinn et al., 2015; 

Grimm and Buning, 2017; Barnes et al., 2019; Katada et al., 2019; Pavlou et al., 2021; Ross and 

Ofri, 2021). The major limitation of AAVs, however, is the restricted packaging capacity of only 
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4.7 kb (Wu et al., 2010), which precludes treatment of diseases caused by mutated genes 

greater than 4 kb. To overcome this limitation, several strategies including rAAV dual vector 

technologies have been developed (McClements and MacLaren, 2017; Trapani, 2019). In this 

process, a transgene is split into at least two parts and packaged into the appropriate number 

of separate rAAV vectors. The transgene is then reconstituted in full length after co-

transduction of the target cells. 

 

Despite the great success of viral vectors in the treatment of inherited retinal diseases, 

delivery vectors still need to be improved. For this reason, non-viral delivery systems such as 

nanoparticles or liposomes are increasingly coming into the focus of basic and translational 

research (Dias et al., 2018; Ziccardi et al., 2019; Botto et al., 2021). Non-viral vectors are 

superior to viral vectors with respect to their low immunogenicity, easier producibility and 

lower production costs. However, they show lower transduction efficiency and are currently 

hardly used in clinical trials.  

Nevertheless, regardless of which vectors are used, gene therapy approaches have been 

investigated in various preclinical and clinical studies and the field has made significant 

progress in recent years, making gene therapy a promising new strategy for the treatment of 

inherited retinal diseases.
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2 Aim of the Thesis 

Most autosomal-recessive forms of RP (arRP) are caused by mutations in genes that are 

necessary for the phototransduction process. Although great scientific effort has been made, 

the mechanisms underlying the clinical manifestation of RP still remain unclear. Moreover, 

currently no approved treatments are available. Since RP is a monogenic disease caused by 

mutations, gene supplementation approaches have been increasingly investigated in recent 

years. 

In the present study, a multilevel approach was employed aiming to characterize disease 

mechanisms of RP and to develop novel potentially curative gene therapeutic approaches for 

specific forms of RP. For this purpose, the following concepts were investigated: 

 

(1) First, the retinal phenotype of a new Cnga1 mutant (Cnga1MUT) mouse line was 

characterized. In vivo and ex vivo tests were performed in order to clarify to which extent 

this mouse line can be used to model the phenotype of human RP patients. 

 

(2) Furthermore, in order to elucidate how signaling pathways are deregulated in RP, 

proteomic and immunohistochemical analysis of retinal samples from different animal 

models was performed. For this purpose, four mouse or dog models of RP with effects in 

different proteins involved in rod phototransduction were analyzed and compared. 

 

(3) The final aim was to develop new gene therapeutic approaches for the therapy of CNGA1- 

or CNGB1-linked RP and to test their efficacy in Cngb1-/- and Cnga1MUT mice, respectively. 

To this end, rAAV vectors expressing a healthy copy of the affected gene were generated 

and administered locally to the eye via subretinal or intravitreal injection. Subsequently, 

treatment effects were analyzed in the living animal or in tissue samples after necropsy to 

assess therapeutic benefit at the functional and morphological level.
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3 Materials and Methods 

3.1 Materials 

All materials, chemicals, solutions and buffers were purchased from Sigma-Aldrich, VWR, 

Merck, Thermo Fisher Scientific, Bio-Rad or Roth unless stated otherwise. Their quality was 

either “pro analysi” or “for molecular biology”. Highly pure deionized water obtained from a 

Milli-Q Plus System (Millipore) was used for all buffers and reaction mixes. 

Schematics were created with Biorender.com and figures were generated using Adobe 

Illustrator. 

3.2 Animals 

All animal experiments in this study were carried out in accordance with the ARVO Statement 

of the Use of Animals in Ophthalmic and Vision Research and were approved by the local 

authorities (Regierung von Oberbayern, Regierungspräsidium Tübingen, Michigan State 

University and Charles River Laboratories Institutional Animal Care and Use Committees). 

All mice maintained at the mouse facility of the Department of Pharmacy, Ludwig-

Maximilians-University Munich were kept in conventional Euro-Standard type III cages under SPF 

conditions in a 12 h light/dark cycle and received food (Ssniff; regular feed: R/M-H autoclavable 

V1534/35-3; breeding feed: M-Z Extrudat autoclavable V1124/25-3) and water ad libitum. Ear 

punctures were used for identification. 

All dogs were housed in standard laboratory accommodation in the AAALAC approved 

vivarium at the MSU College of Veterinary Medicine in a 12 h light/dark cycle and fed with a 

commercial laboratory dog diet. 

3.2.1 Cnga1MUT mice 

The Cnga1MUT mouse line was generated by the Institute of Developmental Genetics, 

Helmholtz Zentrum München, German Research Center for Environmental Health, 

Neuherberg, Germany. For that purpose, ten-week-old C3HeB/FeJ male mice were injected 

intraperitoneal with ENU (three doses of 90 mg/kg in weekly intervals) as previously described 

(Hrabe de Angelis et al., 2000). A DNA archive was generated by cryo-archiving of first 

generation (F1) founder male mice by their sperm and spleen-derived DNA samples 
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(Sabrautzki et al., 2017). This DNA archive was screened for mutations in the Cnga1 gene 

affecting the cytoplasmic domain using the following primers: 

 

Cnga1Ex9L1: 5´ - TGA GAG AGA AGT CCT GAG ATA CC - 3´ 

Cnga1Ex9R1: 5´ - TGA GGT CAT CTT TGG AGA GGC - 3´ 

 

Cnga1MUT mice were bred on a C57BL6/J-background, without the rd1 and rd8 mutation. The 

corresponding wild type mice were used as wild type controls. 

3.2.2 Cngb1-/- mice 

The Cngb1-/- mouse line was generated as described (Hüttl et al., 2005) and bred on a 

genetically mixed background of the strains 129/SvJ and C57BL6/N, without the rd8 (Crb111; 

(Mattapallil et al., 2012) mutation. The corresponding wild type mice were used as wild type 

controls. 

3.2.3 Pde6aMUTxCngb1-/- mice 

Double-mutant Pde6aMUTxCngb1-/- mice were housed at the animal facility of the Division of 

Ocular Neurodegeneration, Centre for Ophthalmology, Institute for Ophthalmic Research, 

University of Tübingen by the group of Dr. Regine Mühlfriedel (Prof. Dr. Mathias Seeliger lab). 

Pde6aMUTxCngb1-/- mice were generated by crossbreeding of homozygous Pde6a mutant mice, 

having either the V685M or the R562W mutation, with Cngb1-/- mice. The Pde6a-V685M 

(Pde6aV685M; A.B6-Tyr+/J-Pde6anmf282/nmf282) mouse line was obtained from Jackson Labs 

(Sakamoto et al., 2009). The Pde6a-R562W-knock-in (Pde6aR562W) mouse line was generated 

by GenOway using standard procedures of homologous recombination in murine embryonic 

stem (ES) cells as described previously (Sothilingam et al., 2015). Double-mutant (DBM) mice 

that were homozygous for Pde6a and Cngb1 mutations were used for the present study. The 

corresponding wild type mice were used as wild type controls. 

3.2.4 Pde6a-/- dogs 

The Pde6a-/- dog line was generated as described (Petersen-Jones et al., 1999; Tuntivanich et 

al., 2009) and all dogs used for this study were homozygous for a mutation in the Pde6a gene. 
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3.3 Genotyping of Cngb1-/- and Cnga1MUT mice 

3.3.1 Genomic DNA Isolation 

Tissue for genomic DNA isolation was obtained by ear biopsies and genomic DNA was isolated 

as follows. Tissue samples were digested in 600 µL NaOH (50 mM) at 95°C for 10 min. 

Subsequently, 50 μl Tris-HCl (pH 8.0) were added for pH neutralization, the samples were 

centrifuged for 6 minutes at 13.000 rpm and the DNA containing supernatant was used for 

polymerase chain reaction (PCR). 

3.3.2 Polymerase Chain Reaction (PCR) 

PCR was carried out using a ProFlex PCR System Cycler (Applied Biosystems) to amplify DNA 

fragments with GoTaq polymerase (Promega) in combination with the following primers 

(Eurofins Genomics Germany GmbH). 

 

Primer Sequence 5‘-3‘ (Cngb1-/-) Sequence 5‘-3‘ (Cnga1MUT) 

Primer_for CCT CAT GCA TGC GAC CTG AAA T TGA GAG AGA AGT CCT GAG ATA CC 

Primer_rev 1 GCC CAG ACT AGA ACA CAA GTC TGA GGT CAT CTT TGG AGA GGC 

Primer_rev 2 CAC AGC CAT TAC ACA TAG CAG TG - 

 

The following reaction mix was prepared for PCR: 

Substance Volume [µL] (Cngb1-/-) Volume [µL] (Cnga1MUT) 

Template DNA 2 2  

Primer_for (10 µM) 1.5 1.5 

Primer_rev 1 (10 µM) 1.5  1.5 

Primer_rev 2 (10 µM) 1.5 - 

dNTPs 4 4 

5x Green GoTaq® buffer 5 5 

GoTaq® DNA polymerase 0.2 0.2 

H2O ad 25 ad 25 
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The following PCR cycle protocol was used for amplification of DNA fragments: 

Step Temperature Duration Cycles 

Initial Denaturation 95°C 5 min 1 

Denaturation 95°C 30 s  

Annealing 
60°C (Cngb1-/-) 

59°C (Cnga1MUT) 
30 s 35 

Elongation 72°C 30 s  

Final Elongation 72°C 5 min 1 

 

3.3.3 Agarose Gel Electrophoresis and Fragment Isolation 

For separation and detection of amplified DNA fragments, gel electrophoresis was carried out 

using 2 % agarose gels. Gels were prepared by dissolving agarose (Genaxxon Bioscience) in 

Tris/Borate/EDTA (TBE) buffer. PeqGreen (VWR International GmbH) was used to visualize 

DNA fragments under UV light. The solid gel was placed in an electrophoresis chamber filled 

with TBE buffer. Pockets were loaded with PCR samples, a molecular weight marker (Gene 

Ruler 1 kb plus DNA ladder; Thermo Fisher Scientific) was used as a DNA size reference, and 

electrophoresis was carried out by applying a voltage of 120 – 180 V. Subsequently, separated 

bands were visualized under UV light (GelDoc 2000 molecular imager, Bio-Rad Laboratories, 

Inc.). For Cngb1-/- mice, wild type (WT) and knockout bands were identified at 480 bp and 

415 bp, respectively. For Cnga1MUT mice, the resulting 400 bp fragment was isolated using the 

Qiaquick Gel Extraction Kit (Qiagen) according to the manufacturer’s instructions and DNA 

concentration was measured using the NanodropTM 2000c spectrophotometer (Thermo Fisher 

Scientific). 

3.3.4 Restriction Digest 

For identifying Cnga1MUT mice, the isolated 400 bp fragment was digested using the restriction 

enzyme FastDigest RsaI (Thermo Fisher Scientific).  
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The following digestion mix was prepared: 

Substance Volume 

DNA sample 200 ng 

10x Fast Digest Green Buffer 2 µL 

Fast Digest RsaI 0.5 µL  

H2O ad 20 µL 

 

Digests were incubated for 2 h at 37°C and gel electrophoresis was carried out afterwards as 

described above. Wild type and mutant bands were identified at 200 bp and 400 bp, 

respectively. 

3.4 Cloning 

3.4.1 pGL2.0_hRHO194-hCNGB1a-SV40pA_modified 

For generation of pGL2.0_hRHO194-hCNGB1a-SV40pA_modified (Figure 7), an in-house 

produced version of pGL2.0_hRHO194-hCNGB1a-SV40pA (Wagner et al., 2021) was modified. 

cDNA sequence of hCNGB1a in in-house pGL2.0_hRHO194-hCNGB1a-SV40pA was based on 

transcript variant 1 (NCBI Reference Sequence NM_001297.4) with two differences: K404del 

and K1091Q. For modification of these differences (Q403_L404insK and Q1091K), standard 

cloning techniques and site-directed mutagenesis were used as described in chapter 3.4.3 and 

3.4.4. 

 

 

Figure 7. Plasmid Map of pGL2.0_hRHO194-

hCNGB1a-SV40pA_modified. The expression cassette 

consists of a short human rhodopsin promoter 

(hRHO194), the modified cDNA sequence of hCNGB1a 

(NM_001297.4), and a SV40 poly A, and is flanked by 

AAV2 ITRs. The map was designed with benchling.com. 
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First, the hCNGB1a-fragment was cloned into another backbone (pcDNATM3.1, Invitrogen, 

Thermo Fisher Scientific) using the restriction enzymes BamHI and BcuI. Site-directed 

mutagenesis was performed one after the other for both mutation sites using the following 

primers (Eurofins Genomics Germany GmbH): 

 

Q403_L404insK_for: 5’ - GCA CTT CAG ATC AGA AGC TGT GGG AGG AAG TTG GGG - 3’ 

Q403_L404insK_rev: 5’ - CCC CAA CTT CCT CCC ACA GCT TCT GAT CTG AAG TGC - 3’ 

 

Q1091K_for: 5’ - GCA ACA ATA AGC CCA AGG AGG AGA AGA GCG TGC - 3' 

Q1091K_rev: 5’ - GCA CGC TCT TCT CCT CCT TGG GCT TAT TGT TGC - 3' 

 

After confirmation of sequence modifications by Sanger sequencing (Eurofins Genomics 

Germany GmbH), hCNGB1a_modified was cloned back into the pGL2.0-backbone by again 

restriction digest with BamHI and BcuI and ligation. 

The final plasmid sequence was again verified by sequencing. 

3.4.2 pGL2.1_hRHO-hCNGA1-mWPRE-BGHpA 

The plasmid pGL2.1_hRHO-hCNGA1-mWPRE-BGHpA (Figure 8) was produced at LMU by Dr. 

Victoria Splith (now ViGeneron GmbH). Standard cloning techniques were used for plasmid 

generation. cDNA sequence of hCNGA1 in pGL2.1_hRHO-hCNGA1-mWPRE-BGHpA was based 

on transcript variant 2 (NCBI Reference Sequence NM_000087.5). 

 

 

Figure 8. Plasmid Map of pGL2.1_hRHO-hCNGA1-

mWPRE-BGHpA. The expression cassette consists of a 

human rhodopsin promoter (hRHO), the cDNA 

sequence of hCNGA1 (NM_000087.5), a mouse WPRE, 

and a BGH poly A, and is flanked by modified AAV2 

ITRs. The map was designed with benchling.com. 
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3.4.3 Standard Cloning Techniques 

3.4.3.1 Restriction Digest 

For restriction digest, FastDigest restriction enzymes (Thermo Fisher Scientific) were used 

according to the manufacturer’s instructions. 

 

The following digestion mix was prepared: 

Substance Volume 

DNA 3 µg 

10x Fast Digest Green Buffer 3 µL 

FastDigest RE 1 µL each  

H2O ad 30 µL 

 

Digests were incubated for 2 h at 37°C and gel electrophoresis was carried out afterwards. 

3.4.3.2 Agarose Gel Electrophoresis and Fragment Isolation 

For separation and isolation of digested DNA fragments, gel electrophoresis was carried out 

using 0.7 – 2% agarose gels depending on the size of the fragments of interest. Gel 

electrophoresis and visualization of DNA fragments was performed as described in chapter 

3.3.3. Fragments of interest were isolated using the Qiaquick Gel Extraction Kit (Qiagen) 

according to the manufacturer’s instructions and DNA concentration was measured using the 

NanodropTM 2000c spectrophotometer (Thermo Fisher Scientific). 

3.4.3.3 Ligation 

For ligation of two fragments, T4-DNA Ligase (Thermo Fisher Scientific) was used according to 

the manufacturer’s instructions. 

 

The following ligation mix was prepared: 

Substance Volume 

Backbone 100 ng 

Insert X ng 

T4-Ligase Buffer 4 µL 

T4-Ligase 1 µL  

H2O ad 20 µL 
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The amount of insert was calculated using the following equation: 

X [ng] = molar ratio (
insert

backbone
) x 100 ng x 

length insert [kb]

length backbone [kb]
 

 

A molar ratio (
insert

backbone
) of 1:2 or 1:3 was chosen depending on the size of the fragments. 

Ligations were incubated for 1 h at RT and used for bacterial transformation afterwards. 

3.4.3.4 Bacterial Transformation and Inoculation 

For production of plasmid DNA, chemically competent Stbl3 Escherichia coli bacteria (One 

Shot™ Stbl3™ Chemically Competent E. coli, Invitrogen, Thermo Fisher Scientific) were used. 

Bacteria were thawed on ice for 10 min prior to transformation. 3, 5 or 10 µL of the ligation 

mix were added to the bacteria, gently mixed and chilled on ice for 30 min. The bacteria were 

heat-shocked at 42°C for 30 s in a Thermomixer compact (Eppendorf) and incubated on ice for 

2 min. Subsequently, the bacteria were plated on LB(+) agar plates containing antibiotics (100 

µg/mL ampicillin or 200 µg/mL kanamycin, depending on the plasmid’s antibiotic resistance). 

In case of a kanamycin-resistance, bacteria were incubated in 1 mL S.O.C. medium (Invitrogen, 

Thermo Fisher Scientific) for 1 h at 37°C and 300 rpm prior to plating. Agar plates were 

incubated overnight at 37°C. 

 

LB(+) Medium* Volume  LB(+) Agar Plate Volume 

Peptone 10 g  Agar 15 g 

Yeast Extract 5 g  LB(+) Medium ad 1 L 

NaCl 5 g  Antibiotics*  

D-(+)-Glucose 1 g  * Added after autoclaving  

H2O ad 1 L   

* pH adjusted to 7.5 and sterile filtrated    

 

The next day, individual bacterial colonies were picked from the agar plates and incubated 

overnight at 37°C in a shaking incubator (Certomat IS, B. Braun Biotech International) at 

225 rpm in LB(+) medium containing antibiotics as described before. The following amounts 

of LB(+) medium were used: 5 mL for small-scale production, 100 mL for medium-scale 

production or 200 mL for large-scale production. Plasmid DNA was extracted using alkaline 
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lysis or the PureLinkTM HiPure Midiprep or Maxiprep Kit (Invitrogen, Thermo Fisher Scientific) 

according to the manufacturer’s instructions. 

3.4.4 Site-Directed Mutagenesis 

All primers were purchased from Eurofins Genomics. Primers for site-directed mutagenesis 

were designed to span the site-to-be-mutated in forward and reverse direction with the 

desired changes in the sequence center. The KAPA HiFi HotStart ReadyMix PCR kit (KAPA 

Biosystems) was used to amplify the complete plasmid with the designed primers to 

incorporate the mutated sequence. 

 

The following KAPA reaction mix was prepared: 

Substance Volume 

Template Plasmid DNA 10-25 ng 

2x KAPA Hotstart ReadyMix 12.5 µL 

Primer forward (10µM) 1 µL 

Primer reverse (10µM) 1 µL  

H2O ad 25 µL 

 

The following PCR cycle protocol was used for plasmid amplification: 

Step Temperature Duration Cycles 

Initial Denaturation 95°C 3 min 1 

Denaturation 98°C 20 s  

Annealing 60°C – 72°C * 15 s 25 

Elongation 72°C 60 s /kb + 60 s  

Final Elongation 72°C 10 min 1 

Cooling 10°C 15 min 1 

* Annealing temperature was set to the melting point of the respective primers 

 

After amplification of the plasmid containing the desired mutation, template plasmid DNA was 

degraded using the FastDigest DpnI restriction enzyme (Thermo Fisher Scientific). 
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The following digestion mix was prepared: 

Substance Volume 

Amplified Plasmid DNA 25 µL 

10x Fast Digest Green Buffer 3 µL 

FastDigest DpnI 1 µL  

H2O ad 30 µL 

 

The digest was incubated for 2 h at 37°C and the restriction enzyme was inactivated by 

denaturation at 80°C for 5 min afterwards. 3, 5 or 10 µL of the mix were transformed into 

competent bacteria as described in chapter 3.4.3.4. 

3.5 Production of Recombinant Adeno-Associated Virus Vectors 

Recombinant adeno-associated virus (rAAV) vectors using the following combinations of gene 

of interest (GOI) and capsid were produced: 

 

GOI GOI Plasmid Capsid 

hCNGB1a (NM_001297.4) pGL2.0_hRHO194-hCNGB1a-SV40pA_modified AAV5 

hCNGA1 (NM_000087.5) pGL2.1_hRHO-hCNGA1-mWPRE-BGHpA AAV2\GL (Pavlou et al., 2021) 

 

Production of rAAV2\GL.hCNGA1 was performed at LMU by the lab technicians Kerstin 

Skokann (Pharmacology for Natural Sciences, Department of Chemistry and Pharmacy, 

Ludwig-Maximilians-Universität München) and Tamara Gehringer (now ViGeneron GmbH). 

Production of rAAV5.hCNGB1\mod was performed at LMU with support of Kerstin Skokann. 

3.5.1 Cell Cultivation 

For in-house production of rAAVs, HEK293 derived Lenti-X 293T (HEK293T) cells (Clontech) 

were used. Cells were cultivated in T75 cell culture flasks (CELLSTAR®) and maintained in 

DMEM medium + GlutaMAX + 4.5 g/l glucose + 10% FBS + 1% penicillin/streptomycin in a CO2 

incubator (Heraeus, Thermo Fisher Scientific) at 37°C and 10% CO2. Cells were passaged twice 

per week at a confluency of approximately 90%. 
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3.5.2 Triple Transfection and Harvest 

For transfection, HEK293T cells were seeded onto 15 x 15 cm cell culture plates and incubated 

overnight at 37°C and 10% CO2 until 60-80% confluency was reached. Prior to transfection, 

cell culture medium was replaced by FBS-free medium. Cells were transfected via 

polyethylenimine (PEI) transfection technique using a pAD Helper plasmid containing 

necessary adenoviral genes, a plasmid encoding AAV rep and cap genes (capsid plasmid), and 

a plasmid containing the inverted terminal repeats (ITR)-flanked gene of interest (GOI 

plasmid). 

 

The following transfection mix was prepared: 

Transfection Mix Volume 

GOI Plasmid 90 µg 

pAD Helper Plasmid X µg 

Capsid Plasmid Y µg 

PEI Z µg 

FBS-free medium ad 15 mL 

 

The required amounts of pAD Helper plasmid and capsid plasmid were calculated via the 

following formulas: 

X µg = 
90 µg x MM of pAD Helper

MM of GOI Plasmid
  Y µg = 

90 µg x MM of Capsid Plasmid 

MM of GOI Plasmid
 

 

MM = molar mass of the double stranded plasmid 

 

The required amount of PEI was calculated using the following formula: 

Z µg = (90 µg + X µg + Y µg) x 4 

 

The transfection mix was incubated for 15 min at RT before adding 1 mL dropwise to each 

plate. The plates were shaken gently and incubated for 72 h at 37°C and 10% CO2. 

Cells were harvested 72 h post-transfection by detaching them with a cell scraper and unifying 

cells from all 15 cell culture plates. Harvested cells were centrifuged for 15 min at 4.500 rpm 

and 4°C (JA-10 rotor, J2-MC high speed centrifuge, Beckmann Coulter). Supernatant and pellet 

were collected and further processed separately. 
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Pellet cells were lysed by adding 7.5 mL lysis buffer, followed by three freeze and thaw cycles. 

Freezing was carried out in liquid nitrogen (-196°C), thawing in a heated water bath (Haake) 

at 37°C. The lysed cell pellet was stored at -80°C until further use. The supernatant was sterile 

filtrated using a 0.45 µm filter unit (Nalgene, Thermo Fisher Scientific), a 40% polyethylene 

glycol (PEG) solution was added to a final concentration of 8% and incubated overnight at 4°C. 

The next day, the PEG-containing supernatant was centrifuged for 15 min at 4.000 rpm and 

4°C (JA-10 rotor, J2-MC high speed centrifuge, Beckmann Coulter). The supernatant was 

discarded and the virus-containing PEG-pellet was kept at -20°C until further use. 

 

Lysis Buffer* Volume 

NaCl 150 mM 

Tris/HCl pH 8.5 59 mM 

H2O ad 50 mL 

* Sterile filtrated 

 

3.5.3 Iodixanol Density Gradient Ultracentrifugation 

Lysed cell pellet and PEG-pellet were thawed, unified, and incubated with Benzonase® (VWR) 

at a final concentration of 50 U/mL in a water bath at 37°C for 30 min to remove residual non-

packaged DNA. Afterwards, the unified pellets were centrifuged for 25 min at 4.000 rpm and 

4°C. The virus-containing supernatant was transferred into a Quick-Seal polypropylene tube 

(39 mL, Beckmann Coulter) and a density gradient was established by undercoating the virus-

containing layer with different iodixanol solutions in the following order: 7 mL of 15%, 5 mL of 

25%, 5 mL of 40%, and 6 mL of 60%. For this purpose, a MINIPULS 3 peristaltic pump (Gilson) 

was used. Afterwards, the tube was centrifuged for 105 min at 70.000 rpm and 18°C using an 

ultracentrifuge (Optima L-80K with a 70 Ti rotor; Beckman Coulter). The virus-containing 40% 

iodixanol phase was extracted and kept on ice for max. 24 h until further use. 
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15% Iodixanol* Volume  25% Iodixanol* Volume 

10x PBS 5 mL  10x PBS 5 mL 

MgCl2 1M 50 µL  MgCl2 1M 50 µL 

KCl 2.5M 50 µL  KCl 2.5M 50 µL 

NaCl 5M 10 mL  OptiprepTM (Progen) 20.9 mL 

OptiprepTM (Progen) 12.5 mL  Phenol red 1% 50 µL 

Phenol red 1% 37.5 µL  H2O ad 50 mL 

H2O ad 50 mL    

 

40% Iodixanol* Volume  60% Iodixanol* Volume 

10x PBS 5 mL  MgCl2 1M 50 µL 

MgCl2 1M 50 µL  KCl 2.5M 50 µL 

KCl 2.5M 50 µL  OptiprepTM (Progen) 33.3 mL 

NaCl 5M 10 mL  Phenol red 1% 37.5 µL 

OptiprepTM (Progen) 33.3 mL  H2O ad 50 mL 

H2O ad 50 mL  * Sterile filtrated  

 

3.5.4 Anion Exchange Chromatography 

For further virus purification, anion exchange chromatography was performed using the 

ÄKTAprime plus chromatography system (GE Healthcare) with a 5 mL HiTrapTM Q FF anion 

exchange chromatography column (GE Healthcare) and the PrimeView 5.31 software (GE 

Healthcare). Prior to sample loading, the column was equilibrated with ÄKTA buffer, and the 

virus-containing sample was diluted 1:1 in ÄKTA buffer. The sample was loaded onto the 

column using a loop injector (Superloop, 50 mL, GE Healthcare). UV-light absorbance and 

conductance were observed, and virus-containing fractions were collected when conduction 

peaked. All fractions were pooled and used for further processing. Afterwards, the column 

was washed with NaCl 2.5M pH 8.5 to remove remaining bound molecules. 

 

ÄKTA Buffer* Volume 

Tris 20 mM 

NaCl 15 mM 

H2O ad 1 L 

* pH adjusted to 8.5 and sterile filtrated 
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3.5.5 Concentration and Salination of rAAVs 

To further increase the virus concentration, the collected fractions were transferred to an 

Amicon column (Amicon® Ultra-4 Centrifugal Filter Units, 100 kDa, Merck). The Amicon tube 

was centrifuged at 4.000 rpm (A-10 rotor, J2-MC High speed centrifuge, Beckman Coulter) and 

4°C in 15 min intervals until the volume was reduced to 500 µL. Subsequently, the virus 

residuum was washed with 1 mL 0.014% Tween/PBS-MK and centrifuged again under the 

same conditions until the volume was reduced to 100 µL. Finally, 10 µL aliquots were prepared 

and stored at -80°C. 

 

0.014% Tween/PBS-MK* Volume 

10x PBS 50 mL 

MgCl2 1M 500 µL 

KCl 1.5M 500 µL 

Tween-20 70 µL 

H2O ad 500 mL 

* Sterile filtrated 

 

3.5.6 rAAV Titer Determination 

Genomic titers of rAAVs were determined by quantitative real-time PCR (qRT-PCR) using a 

QuantStudioTM 5 Real-Time PCR System (Applied Biosystems) as described in chapter 3.10.3. 

A standard curve was established to serve as a reference by generating a dilution series of an 

ITR fragment. The ITR fragment was amplified by PCR using the following primers (D'Costa et 

al., 2016): 

 

ITR2 forward: 5’ - GGA ACC CCT AGT GAT GGA GTT - 3’ 

ITR2 reverse: 5’ - CGG CCT CAG TGA GCG A - 3’ 

 

The amplified fragments were purified using agarose gel electrophoresis and fragment 

isolation as described in chapter 3.3.3. DNA concentration was determined with a NanodropTM 

2000c spectrophotometer (Thermo Fisher Scientific). A standard series was established by 
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preparing a 1010 ITR copy standard and serially diluting it further by factor 10 to generate a 

range of 105 - 109 ITR copies. For that purpose, the following formula was used: 

 

c (1010 copies) = 
1010x 660 x 1012 pg mol

‐1
 x fragment size

6.022 x 1023 mol‐1 x 5 µL
 

 

The standard curve was constructed by plotting the resulting cycle threshold (Ct) values 

against the logarithm of the dilution factors. The genomic titers (virus genomes (vg)/μl) of 

rAAVs could be derived from corresponding Ct values of the standard curve. 

3.6 in vivo Animal Experiments 

All in vivo mice experiments were performed under anesthesia consisting of a combination of 

ketamine (100 mg/kg body weight; Medistar GmbH) and xylazine (10 mg/kg body weight, 

Xylariem®; Ecuphar GmbH), diluted in 0.9 % sodium chloride (NaCl 0.9 %, B. Braun). 

Anesthesia was applied by intraperitoneal injection. 

Dog housing and subretinal injections of rAAVs for gene therapeutic treatment were carried 

out at the College of Veterinary Medicine at the Michigan State University, MA, USA, by the 

work group of Prof. Simon Petersen-Jones as described (Petersen-Jones et al., 2009).  

3.6.1 Intraocular Injections 

For subretinal or intravitreal injections, mice were anaesthetized as described above and 

pupils were dilated using tropicamide eye drops (Mydriaticum Stulln, Pharma Stulln GmbH). A 

NanoFil syringe (World Precision Instruments) with a 34-gauge beveled needle was used for 

manual operation. The process was monitored under a surgical microscope (OPMI 1 FR Pro, 

Zeiss). The needle was inserted from the ora serrata into the subretinal space for subretinal 

injections or into the vitreous for intravitreal injections at an angle of approximately 60°. One 

microliter of diluted viral particles at the indicated dose was slowly injected into the subretinal 

space or into the vitreous. For subretinal injections, an injection was considered successful if 

the formation of a bleb was visible indicating a temporal subretinal detachment of the retina. 

After the procedure, all injected eyes were treated with dexamethasone and gentamicin 

ophthalmic ointment (Dexamytrex®; Bausch and Lomb) for prevention of infection and for eye 

moisturization. 
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Injected viral vectors and corresponding vector diluents can be found in Table 1. 

 

Table 1. Viral Vectors used for intraocular Injections. 

Animal Model Viral Vector Vector Diluent 

Cngb1-/- mice AAV5.hRHO194-hCNGB1a-SV40pA_modified 0.014% Tween/PBS-MK 

Cnga1MUT mice AAV2\GL.hRHO-hCNGA1-mWPRE-BGHpA 0.014% Tween/PBS-MK 

 

3.6.2 Electroretinography 

For full-field electroretinography (ERG) measurements, a Celeris Fullfield ERG (Diagnosys LLC) 

was used. For that purpose, mice were anaesthetized, and pupils were delated as described 

before. Eyes were moisturized with one drop of methylcellulose (Methocel 2%, OmniVision), 

which also served to establish corneal contact to the electrodes of the device. White light 

(6.500k) stimuli of different luminance were directed to the eyes via the electrodes and the 

responses were recorded with the ERG device.  

 

Table 2. Scotopic Single-Flash ERG Protocol used for Scotopic ERGs Measurements. 

Step 
Luminance 

[cd s m-2] 

Time 

between 

Results [s] 

Sweep pre-

trigger time 

[ms] 

Sweep post-

trigger time 

[ms] 

Sweeps 
1st Sweep 

Delay [ms] 

Inter-Sweep 

Delay [ms] 

1 0.01 10 50 300 5 6000 5000 

2 0.03 10 50 300 5 6000 5000 

3 0.1 17 50 300 5 6000 10.000 

4 0.3 17 50 300 5 6000 10.000 

5 1 22 50 300 5 6000 10.000 

6 3 22 50 300 5 6000 10.000 

7 10 22 50 300 5 6000 10.000 

 

ERGs were measured under scotopic (dark-adapted) to assess rod-dominated activity or 

photopic (light-adapted) conditions to assess rod- and cone-dominated activity. For scotopic 

measurements, animals were dark-adapted overnight (>12 h) prior to the measurements. ERG 

measurement protocols (Table 2 and Table 3) were based on the International Society for 
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Clinical Electrophysiology of Vision (ISCEV) standardized protocol for clinical ERG recordings 

(Marmor and Fishman, 1989). 

 

Table 3. Photopic Single-Flash ERG Protocol used for Photopic ERGs Measurements. 

Step 
Luminance 

[cd s m-2] 

Time 

between 

Results [s] 

Sweep pre-

trigger time 

[ms] 

Sweep post-

trigger time 

[ms] 

Sweeps 
1st Sweep 

Delay [ms] 

Inter-Sweep 

Delay [ms] 

1 0.01 0 50 300 10 6000 987 

2 0.03 0 50 300 10 6000 987 

3 0.1 0 50 300 10 6000 987 

4 0.3 0 50 300 10 6000 987 

5 1 0 50 300 10 6000 987 

6 3 0 50 300 10 6000 987 

7 10 0 50 300 10 6000 987 

 

All eyes received dexpanthenol eye and nose ointment (Bepanthen®, Bayer) after 

measurements. Espion software V6.59.9 (Diagnosys LLC) was used for data analysis. 

3.6.3 Spectral-Domain Optical Coherence Tomography (SD-OCT) 

Spectral-Domain Optical Coherence Tomography (SD-OCT) was carried out using an adapted 

SpectralisTM HRA + OCT diagnostic imaging platform (Heidelberg Engineering) as described 

previously (Schön et al., 2012; Mühlfriedel et al., 2019). Mice were anaesthetized and pupils 

were diluted as described above and mice were placed on a platform afterwards. The eye to 

be measured was moisturized with one drop of methylcellulose (Methocel 2%, OmniVision) 

and a corneal contact lens was applied to adapt the refractive index. OCT scans were produced 

in a 12° circular scan mode. All eyes received dexpanthenol eye and nose ointment 

(Bepanthen®, Bayer) after measurements. Heidelberg Eye explorer software V1.10.4.0 

(Heidelberg Engineering) was used for data analysis. For subretinal injected eyes, the area of 

each eye that was within the subretinal bleb was used for OCT analysis. Only OCT scans that 

had the same distance from the optical nerve were used for comparison of wild type and 

Cnga1MUT mice as well as for comparison of treated and sham-injected eyes of all mouse lines. 
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3.7 Tissue Collection 

3.7.1 Tissue Preparation for Retinal Cross Sections 

For dissection of mouse retinal tissue, isoflurane anesthesia was induced and mice were 

immediately sacrificed by cervical dislocation. After confirmation of death, mouse eyes were 

enucleated and placed in 0.1 M phosphate buffer (PB). Next, the eyes were punctured at the 

ora serrata with a 21 G cannula and fixed in 4 % paraformaldehyde (PFA; PFA, Sigma Aldrich, 

pH adjusted to 7.4) for 5 min on ice. After fixation, the eyes were positioned below a 

stereomicroscope (Stemi 2000, Zeiss) on a filter paper drenched with 0.1 M PB. The eyes were 

cut along the ora serrata using micro scissors (Vannas Spring Scissors – 2.5 mm Cutting Edge, 

Fine Science Tools) and micro forceps (Dumont #55, Fine Science Tools) to remove cornea, 

vitreous, and lens. The remaining eyecups were fixed in 4 % PFA on ice for 45 min, washed 

three times for 10 min in 0.1 M PB afterwards, and incubated in 30 % sucrose overnight at 4°C 

for cryoprotection. Subsequently, the eyecups were embedded in tissue freezing medium 

(Tissue-Tek® O.C.T.TM Compound, Sakura FinetekTM), frozen on dry ice, and stored at -80 °C 

until use. 

Tissue collection and embedding of Pde6aMUTxCngb1-/- mouse retinal tissue was carried out at 

the Division of Ocular Neurodegeneration, Centre for Ophthalmology, Institute for 

Ophthalmic Research, University of Tübingen by the group of Dr. Regine Mühlfriedel. 

Eye removal, fixation, and embedding of dog retinal tissue was performed at the College of 

Veterinary Medicine at the Michigan State University, MA, USA, by the work group of Prof. 

Simon Petersen-Jones. Embedded tissue was shipped to the LMU for slicing. 

 

0.1 M Phosphate Buffer (PB)* Volume  4 % Paraformaldehyde (PFA)* Volume 

Na2HPO4 x 2H2O 28.48 g  Paraformaldehyde 6 g 

NaHPO4 x 2H2O 5.52 g  0.1 M PB ad 150 mL 

H2O ad 2 L  * Dissolved at 60°C and sterile filtrated 

* pH adjusted to 7.4 and sterile filtrated    

 

3.7.2 Tissue Preparation for RNA/Protein Extraction 

For RNA or protein extraction from mouse retinas, mice were sacrificed by cervical dislocation. 

A blunt forceps was positioned below the eye, the eye was incised using a sterile scalpel 
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(Swann-Morton) and the forceps was gradually moved upward to collect the retina. Retinal 

tissue was washed in 0.1 M PB, snap-frozen in liquid nitrogen, and stored at -80°C until use. 

Dog retinal and vitreal tissue was collected at the College of Veterinary Medicine at the 

Michigan State University, MA, USA, by the work group of Prof. Simon Petersen-Jones. Snap-

frozen tissue was shipped to the LMU for RNA or protein extraction. 

3.8 Immunohistochemistry 

Table 4. Primary Antibodies used for Immunohistochemistry 

Primary Antibody No. Producer Dilution 

-5hmC 39769 Active Motif 1 : 1.000 

-Calbindin C9848 Sigma-Aldrich 1 : 500 

-cGMP - 
Kindly provided by Dr. HWM Steinbusch, Maastricht 

University Medical Center 
1 : 3.000 

-CNGA1  Pmc2G11 
Kindly provided by Prof. Robert Molday, University of 

British Columbia (Molday et al., 1991) 
1 : 30 

-CNGA1 - 
Custom-made against the 19-mer C-RLTKVEKFLKPLIDTEFS-

NH2 (Wagner et al., 2021) 
1 : 2.000 

-CNGB1 - 

Custom-made against the 95-mer C-LRSNNKPKEEKSVLI 

LPPRAGTPKLFNAALAMTGKMGGKGAKGGKLAHLRARLKE 

LAALEAAAKQQ ELVEQAKSSQDVKGEEGSAAPDQHTHPKE-

NH2 

1 : 5.000 

-Cone Arrestin - 
Kindly provided by Prof. Wolfgang Baehr, University of 

Utah (Zhang et al., 2012) 
1 : 300 

-GFAP-Cy3 #C9205 Sigma-Aldrich 1 : 1.000 

-Iba1 234013 Synaptic Systems 1 : 500 

-PDE6A NBP1-87312 Novus Biologicals 1 : 500 

-PCP2 sc-137064 Santa Cruz Biotechnology 1 : 500 

-PKC-Biotin P108 Leinco Technologies 1 : 200 

-PNA-FITC #L7381 Sigma-Aldrich 1 : 100 

-Rhodopsin MAB5356 Merck 1 : 1.000 

 

Embedded eyecups were prepared as described in chapter 3.7.1. Cryosections were obtained 

using a cryostat (Leica CM3050 S, Leica and Epredia™ CryoStar™ NX70, Thermo Fisher 

Scientific). Slices of 10 µm for mouse samples were collected on coated glass object slides 

(Super Frost Plus, Menzel, Thermo Fisher Scientific). Cryosections were stored at -20 °C. 



  Materials and Methods 

37 
 

For immunostainings, cryosections were thawed at RT and encircled using a Super PAP Pen 

Liquid Blocker (Science Services). Next, the sections were rehydrated with 0.1 M PB for 5 min 

and fixed with 4 % PFA for 10 min, followed by three washing steps with 0.1 M PB for 5 min 

each. Afterwards, the sections were incubated overnight at 4°C with a solution containing the 

primary antibodies (Table 4), 5 % ChemiBLOCKER (CB; Merck), and 0.3 % Triton X-100 in 0.1 M 

PB. The next day, the sections were washed three times with 0.1 M PB for 5 min each. 

Afterwards, the sections were incubated without light for 1.5 h at RT with a solution 

containing the secondary antibodies (Table 5) and 3 % CB in 0.1 M PB. After three subsequent 

washing steps with 0.1 M PB for 5 min each, cell nuclei were stained with 1 µg/mL DAPI 

solution (Thermo Fisher Scientific) or 5 μg/mL Hoechst 33342 solution (Invitrogen, Thermo 

Fisher Scientific) for 10 min at RT. After a final washing step with 0.1 M PB for 5 min, the 

sections were embedded in Fluoromount-G Mounting Medium (Thermo Fisher Scientific), 

covered by a cover slip (#1.5; Menzel, Thermo Fisher Scientific) and stored at 4°C. 

 

Table 5. Secondary Antibodies used for Immunohistochemistry 

Secondary Antibody No. Producer Dilution 

Alexa488 Anti-Rabbit IgG (H+L) F(ab')2 4412 Cell Signaling 1 : 500 

Alexa488 Donkey Anti-Rat IgG (H+L) A-21208 Thermo Fisher 1 : 500 

Alexa488 Donkey Anti-Sheep IgG (H+L) A-11015 Thermo Fisher 1 : 500 

Alexa488 Goat Anti-Mouse IgG (H+L) A-11001 Invitrogen 1 : 500 

Alexa488 Goat Anti-Mouse IgG1 A-21121 Thermo Fisher 1 : 500 

Alexa488 Goat Anti-Mouse IgG2a A-21131 Thermo Fisher 1 : 500 

Alexa555 Goat Anti-Mouse IgG2b A-21147 Thermo Fisher 1 : 500 

Alexa594 Goat Anti-Mouse IgG2a A-21135 Thermo Fisher 1 : 500 

Alexa594 Donkey Anti-Sheep IgG (H+L) A-11016 Thermo Fisher 1 : 500 

Cy3 AffiniPure Donkey Anti-Rat IgG (H+L) 712-165-153 Jackson ImmunoResearch 1 : 400 

Cy3 AffiniPure Donkey Anti-Mouse IgG (H+L) 715-165-150 Jackson ImmunoResearch 1 : 400 

Cy3 AffiniPure Donkey Anti-Rabbit IgG (H+L) 711-165-152 Jackson ImmunoResearch 1 : 400 

Cy2 AffiniPure Donkey Anti-Sheep IgG (H+L) 713-225-147 Jackson ImmunoResearch 1 : 200 
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3.9 Laser Scanning Confocal Microscopy 

Laser scanning confocal microscopy images of immunostained retinal cross-sections were 

obtained using a Leica TCS SP8 inverted confocal laser scanning microscope (Leica 

Microsystems) equipped with the following lasers: 405, 448, 514, and 552 nm. The filter 

settings were chosen according to the emission spectrum of the respective dye. Images were 

acquired as confocal z stacks using LAS X software V3.5.1.18803 (Leica). Maximum projection 

(merging of all z stacks) and image processing was performed using Fiji ImageJ V2.1.0/1.53c 

software. 

3.10 Quantitative Real-Time Polymerase Chain Reaction 

3.10.1 RNA Extraction 

Retinal tissue for RNA extraction was collected as described in chapter 0 and thawed at RT. 

RNA extraction was performed using the RNeasy Plus Mini Kit (Qiagen) according to the 

manufacturer’s instructions. The tissue was lysed by adding 700 µL RNeasy lysis (RLT) buffer 

containing 1% β-mercaptoethanol (Sigma-Aldrich) and homogenized by using steel balls and 

a mixer mill (MM400, Retsch; 1 min, 30 Hz). The remaining steps were executed according to 

protocol. The RNA was eluted in 30 µL RNase-free water. RNA concentration was determined 

with a NanodropTM 2000c spectrophotometer (Thermo Fisher Scientific). 

3.10.2 cDNA Synthesis 

Reverse transcription of RNA to cDNA was performed using the RevertAid First Strand cDNA 

Synthesis Kit (Thermo Scientific) according to the manufacturer’s instructions. Equal amounts 

of RNA were used per experiment. 

 

The following reaction mix was prepared: 

Substance Volume 

RNA 100 - 800 ng 

Oligo (dT)18 Primer 1 µL 

Random Hexamer Primer 1 µL  

Nuclease-free H2O ad 12 µL 
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The reaction mix was incubated for 5 min at 65°C to remove secondary structures of the RNA 

and subsequently chilled to 10°C. 

 

Afterwards, the following components were added: 

Substance Volume 

5x Reaction Buffer 4 µL 

RiboLock RNase Inhibitor (20 U/µL) 1 µL 

dNTP Mix (10 mM) 2 µL  

RevertAid M-MuLV RT (200 U/µL) 1 µL 

 

The following PCR cycle protocol was used for cDNA synthesis: 

Temperature Duration 

25°C 5 min 

42°C 60 min 

70°C 5 min 

10°C hold 

 

The cDNA was kept on ice until further use or stored at -80°C.  

3.10.3 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

A QuantStudioTM 5 Real-Time PCR System (Applied Biosystems) was used for qRT-PCR. Primers 

were purchased from Eurofins Genomics (Table 6). qRT-PCR was performed using the 

PowerUpTM SYBR® Green Master Mix (Thermo Fisher). 

 

The following reaction mix was prepared in technical triplicates per sample: 

Substance Volume 

cDNA 5 µL 

PowerUpTM SYBR® Green Master Mix 10 µL 

Primer forward (10 µM) 0.6 µL  

Primer reverse (10 µM) 0.6 µL 

Nuclease-free H2O ad 20 µL 
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The following PCR cycle protocol was used for qRT-PCR: 

Step Temperature Duration Cycles 

UDG Activation 50°C 2 min 1 

Dual-Lock DNA polymerase 95°C 2 min 1 

Denaturation 95°C 15 s  

Annealing 55-60°C* 15 s 40 

Elongation 72°C 1 min  

* Annealing temperature was set to the melting point of the respective primers 

 

The ΔΔCT-method was used to quantify changes in RNA levels and mALAS was used as 

housekeeping gene. Baseline settings and cycling threshold position were adjusted manually 

if necessary. 

 

Table 6. Primers used for qRT-PCR 

 

 

 

 

3.11 Western Blot 

3.11.1 Protein Extraction 

Retinal tissue for protein extraction was collected as described in chapter 0 and thawed at RT. 

The tissue was lysed by adding 70 µL RIPA lysis mix containing RIPA lysis buffer (Merck), 

glycerol and protease inhibitor (cOmpleteTM ULTRA Tablets, Mini, EASYpacks Protease 

Inhibitor Cocktail, Roche). The tissue was homogenized by using steel balls and a mixer mill 

(MM400, Retsch; 30 s, 15 Hz). Afterwards, the tissue was rotated end-over-end (VWRTM tube 

rotator) for 40 min at 4°C. Subsequently, the lysates were centrifuged at 5.000xg for 10 min 

at 4°C. Protein concentration of the protein-containing supernatant was determined with a 

Qubit™ 4 Fluorometer (Invitrogen, Thermo Fisher Scientific) according to the Qubit™ Protein 

Assay Kit protocol and samples were stored at -20°C. 

 

Target Primer forward (5‘-3‘) Primer reverse (5‘-3‘) 

Cnga1 CTG TGA AGC TGG TCT GTT GG TAA CTG CCG TCA CTC AAC AC 

Cngb1 TCT GAA CAG GTG TCA GGA TGT T CTG TTT CTG GCT GTG GTC CT 

mAlas TCG CCG ATG CCC ATT CTT ATC GGC CCC AAC TTC CAT CAT CT 
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RIPA Lysis Mix* Volume 

10x RIPA Lysis Buffer 1 mL 

100% Glycerol 1 mL 

H2O 8 mL 

* 1 pill protease inhibitor added 

 

3.11.2 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

35 µg protein were mixed with 6x Laemmli + DTT buffer and incubated at 72°C for 10 min. 

Proteins were separated by SDS-PAGE at RT and 140 V for 70 min in 1x electrophoresis buffer 

using 6-12% gradient separation polyacrylamide gels. PageRulerTM Plus Prestained Protein 

Ladder (Thermo Fisher Scientific) was used for protein size control. 

 

6x Laemmli + DTT Buffer Volume  4x Tris/HCl Buffer* pH 8.8 pH 6.8 

4x Tris/HCl pH 6.8 buffer 7 mL  Tris/HCl 1.5 M 0.5 M 

Glycerol 3 mL  SDS 0.4 % 0.4 % 

SDS 1 g  * pH adjusted 

Bromophenol blue 1.2 mg     

DTT 0.93 g     

 

Gradient Separation Gel 6 % 12 %  Stacking Gel  

30 % acrylamide/bis-acrylamide 2.3 mL 4.5 mL  30 % acrylamide/bis-acrylamide 1.0 mL 

4x Tris/HCl pH 8.8 buffer 2.8 mL 2.8 mL  4x Tris/HCl pH 6.8 buffer 1.9 mL 

APS 22.5 µL 22.5 µL  APS 37.5 µL 

TEMED* 7.5 µL 7.5 µL  TEMED* 7.5 µL 

H2O 6.2 mL 3.9 mL  H2O 4.6 mL 

* Added right before pouring of the gel    

 

10x Electrophoresis Buffer Volume 

Tris 30 g 

Glycine 144 g 

SDS 10 g 

H2O ad 1 L 
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3.11.3 Blotting and Immunostaining 

The separated proteins were transferred to a PVDF membrane (PEQLAB, VWR) at RT and 100 V 

for 90 min in 1x blotting buffer by using a Mini Trans-Blot cell (Bio-Rad). 

Afterwards, unspecific binding sites were blocked by incubating the membrane in a blocking 

solution containing 5% non-fat dried milk powder (AppliChem) in Tris buffered saline with 

Tween-20 (TBS-T) buffer for 1 h at RT. The blocked membrane was incubated in a solution 

containing the primary antibody (Table 7) in 1% TBS-T buffer overnight at 4°C. The next day, 

the membrane was washed three times in TBS-T for 5 min at RT each before incubation in a 

solution containing the secondary antibody (Table 7) in 1% TBS-T buffer for 1.5 h at RT. After 

another three washing steps in TBS-T for 5 min at RT and one washing step in H2O for 5 min 

at RT, proteins were visualized using Western Blotting Luminol Reagent (Santa Cruz) according 

to the manufacturer’s instructions. Chemiluminescence was detected with a ChemiDocTM MP 

Imaging System (Bio-Rad) and analysis was performed with Image LabTM Software (Bio-Rad). 

 

TBS-T Buffer Volume  10x Blotting Buffer Volume 

Tris 1.21 g  Tris 30 g 

NaCl 8.02 g  Glycine 144 g 

Tween-20 1 mL  H2O ad 1 L 

H2O ad 1 L    

 

Table 7. Primary and Secondary Antibodies used for Western Blotting 

Antibody No. Producer Dilution 

--Actin-Peroxidase A3854 Sigma-Aldrich 1 : 25.000 

-CNGA1 - 
Custom-made against the 19-mer C-

RLTKVEKFLKPLIDTEFS-NH2 (Wagner et al., 2021) 
1 µg/mL 

-CNGB1 - 

Custom-made against the 95-mer C-

LRSNNKPKEEKSVLILPPRAGTPKLFNAALAMTGKMG 

GKGAKGGKLAHLRARLKE LAALEAAAKQQLVEQAKS 

SQDVKGEEGSAAPDQHTHPKE-NH2 

1 µg/mL 

-CNGB1 - 
Custom-made against the mouse S-Link 

(Hüttl et al., 2005) 
1 µg/mL 

Mouse anti-rabbit IgG-HRP sc-2357 Santa Cruz 1 : 2.000 
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3.12 Proteomics 

3.12.1 Protein Extraction 

Retinal tissue for protein extraction was collected as described in chapter 0 and thawed at RT. 

The tissue was lysed by adding 70 µL RIPA lysis mix without EDTA/EGTA containing RIPA lysis 

buffer -EDTA/EGTA, glycerol and protease inhibitor (cOmpleteTM ULTRA Tablets, Mini, 

EASYpacks Protease Inhibitor Cocktail, Roche). The tissue was homogenized by using steel 

balls and a mixer mill (MM400, Retsch; 30 s, 15 Hz). Afterwards, the tissue was rotated end-

over-end (VWRTM tube rotator) for 40 min at 4°C. Subsequently, the lysates were centrifuged 

at 5.000xg for 10 min at 4°C. Protein concentration of the protein-containing supernatant was 

determined with a Qubit™ 4 Fluorometer (Invitrogen, Thermo Fisher Scientific) according to 

the Qubit™ Protein Assay Kit protocol and samples were stored at -20°C. 

 

10x RIPA Lysis Buffer -EDTA/EGTA Volume  RIPA Lysis Mix -EDTA/EGTA* Volume 

NaCl 5M 150 mM  10x RIPA Lysis Buffer -EDTA/EGTA 1 mL 

Tris/HCl 1M pH 8.0 50 mM  100% Glycerol 1 mL 

Nonidet P-40 1 %  H2O 8 mL 

Sodium Deoxycholate 0.05 %  * 1 pill protease inhibitor added 

SDS 0.01 %   

H2O ad 100 mL   

 

Further sample preparation, mass spectrometry and data analysis were carried out by Dr. 

Pavel Kielkowski (Institute for Chemical Epigenetics (ICEM), Ludwig-Maximilians-Universität 

München). 

3.12.2 Sample Preparation 

Samples were further prepared using the cells whole proteome analysis with a modified filter-

aided sample preparation (FASP) protocol (Wisniewski et al., 2009) or the single-pot solid-

phase-enhanced sample preparation protocol (Hughes et al., 2019). 

3.12.3 Liquid Chromatography-Mass Spectrometry/Mass Spectrometry 

Liquid Chromatography-Mass Spectrometry/Mass Spectrometry (LC-MS/MS) measurements 

were performed on a Orbitrap EclipseTM TribridTM Mass Spectrometer (Thermo Fisher 
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Scientific) coupled to an UltiMateTM 3000 Nano-HPLC (Thermo Fisher Scientific) via an EASY-

SprayTM source (Thermo Fisher Scientific) and FAIMS interface (Thermo Fisher Scientific). First, 

peptides were loaded on an Acclaim PepMap 100 μ-precolumn cartridge (5 μm, 100 °, 300 μm 

ID × 5 mm, Thermo Fisher Scientific). Peptides were separated at 40°C on a PicoTip emitter 

(noncoated, 15 cm, 75 μm ID, 8 μm tip, New Objective) that was in-house packed with 

Reprosil-Pur 120 C18-AQ material (1.  μm, 150 A°, Dr. A. Maisch GmbH). The gradient was run 

from 4-35.2 % acetonitrile supplemented with 0.1 % formic acid during a 150 min method 

(0-5 min 4 %, 5-6 min to 7 %, 7-105 min to 24.8 %, 105-126 min to 35.2 %, 126-140 min to 

80 %, 140-150 min to 4 %) at a flow rate of 300 nL/min. High-field asymmetric-waveform ion-

mobility spectrometry (FAIMS) was performed with two alternating compensation voltages 

(CVs) including -50 V and -70 V. The spectrometer was operated in dd-MS2 mode with the 

following settings: Polarity: positive; MS1 resolution: 240k; MS1 AGC target: standard; MS1 

maximum injection time: 50 ms, MS1 scan range: m/z 375-1500; MS2 ion trap scan rate: rapid; 

MS2 AGC target: standard; MS2 maximum injection time: 35 ms; MS2 cycle time: 1.7 s; MS2 

isolation window: m/z 1.2; HCD stepped normalized collision energy: 30 %; intensity 

threshold: 1.0e4 counts; included charge states: 2-6; dynamic exclusion: 60 s.  

3.12.4 Data analysis 

For calculation, first, MS raw files were split by FAIMS-MzXML-generator and subsequently 

analysed with MaxQuant software 1.6.12.0. Peptides were searched against the in silico 

digested Uniprot database for Homo sapiens (taxon identifier: 9606), where two unique 

peptides were required for protein identification. False discovery rate (FDR) was determined 

by using a decoy database with a threshold of 1 % for both peptide-spectrum match and 

protein levels. LFQ intensities were calculated for each sample. For statistical analysis, the 

MaxQuant result table proteinGroups.txt was analyzed with Perseus software version 

1.6.10.43. LFQ intensities were log2 transformed. Subsequently, sample rows were assigned 

into two groups including either control or mutant/knockout. Next, the annotated rows were 

filtered for at least 2 valid values out of 3 replicates in at least one group. Missing values were 

replaced from normal distribution and differences between control and mutant/knockout 

were calculated. -log10(p-values) were obtained by a two-sided one sample Student’s t-test 

over replicates with the initial significance level of α = 0.05 adjustment by the multiple testing 
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correction method of Benjamini and Hochberg (FDR = 0.05). Finally, Ingenuity Pathway 

Analysis (QIAGEN IPA) was performed with significantly altered proteins. 

3.13 In silico Protein Structure Prediction Analysis 

In silico protein structure prediction analysis was performed by Jacqueline Bogedein 

(Department of Ophthalmology, University Hospital, Ludwig-Maximilians-Universität 

München). 

Models were generated using the RoseTTAfold deep learning algorithm (Baek et al., 2021) 

available at https://robetta.bakerlab.org/. For structure modeling of human and murine 

CNGA1, the protein data bank (PDB) file 7RHH (Xue et al., 2021a) was used as template 

structure. Sequences of human CNGA1 wild type and respective mutant were based on 

protein isoform 2 (NP_000078.3). Sequences of mouse CNGA1 wild type and respective 

mutant were based on NP_031749.2. Sequences were obtained from NCBI. 

The generated 3D models were visualized using the UCSF Chimera software 

(https://www.cgl.ucsf.edu/chimera/). 

3.14 Statistical Analysis 

All experiments were performed in triplicates if not stated differently. Data analysis was 

performed using GraphPad Prism software version 8 and 9. Data is presented as 

mean  standard error of the mean (SEM) if not stated differently. Statistical differences 

between two groups were assessed with student’s t-test. Statistical differences between three 

or more groups were assessed with ordinary one-way ANOVA, followed by Tukey’s multiple 

comparisons test. Statistical differences between groups with two different variables were 

assessed with ordinary two-way ANOVA, followed by Šídák’s post-hoc test for multiple 

comparisons. For all statistical tests, p  0.05 was considered significant (*p  0.05, 

**p  0.01, ***p  0.001, ns = not statistically significant). 
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4 Results 

4.1 Cnga1 Mutation in Mice: Characterization of a Novel Mouse Model of RP 

Reliable animal models of retinal degeneration are of great importance for a better 

understanding of the mechanisms leading to photoreceptor loss as well as for the preclinical 

development of therapies. In order to study the role of the CNGA1 subunit in a physiological 

context, a novel ENU-induced mutant mouse model was generated which carries a missense 

mutation in the Cnga1 gene leading to lack of the CNGA1 subunit. In the present study, the 

retinal phenotype of Cnga1-deficient (Cnga1MUT) mice was characterized. 

4.1.1 Structural Analysis of the Murine and Corresponding Human CNGA1 Mutation 

For the generation of a novel Cnga1-deficient mouse line, the DNA archive of ENU-induced 

mutant mice of the Helmholtz Center (Sabrautzki et al., 2017) was screened for mutations 

affecting the Cnga1 gene. The missense mutation c.1526A>G in the Cnga1 gene was identified, 

which leads to the substitution of Tyr509 by Cys (p.Tyr509Cys). This Tyr is located in the CNBD 

of the CNGA1 subunit and is highly conserved in a variety of species (Figure 9), including 

humans (Figure 10A, B).  Murine Tyr509 corresponds to human Tyr513 and is thus in close 

proximity to the mutant residue p.Gly509Arg, that was recently found to be disease-causing 

in human RP patients (Kandaswamy et al., unpublished). 

 

 

Figure 9. The affected Tyr of the CNGA1 protein is highly conserved in a variety of species. Partial sequence 

alignment of human, murine, rat, canine, bovine, macaque and chimpanzee CNGA1. The sequence section 

contains three β-strands (β2-β4), which are part of the β-roll of the CNBD. The β3-strand includes the conserved 

Tyr residue (red box). 
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Figure 10. In silico prediction of the structure of wild type and mutant mouse CNGA1 proteins. (A) Schematic 

of the rod CNGA1 channel subunit showing the membrane topology and the position of the mutation (red 

asterisk). The red box marks the area shown in structural zoom-ins in (B-F). (B) RoseTTAfold model of protein 

data bank (PDB) file 7RHH (Xue et al., 2021a). The CNGA1 subunit is shown in grey. The amino acids of interest 

are highlighted in green (Tyr513) and orange (Gly509). The structure is shown in the cGMP bound form with 

cGMP highlighted in blue. The amino acid residues R561, T562, A563, F544, E546, I547, and S548 being 

responsible for cGMP binding are shown as atoms. (C-F) RoseTTAfold models of wild type (CNGA1+/+; C, E) and 

mutant (CNGA1MUT; D, F) of the human (C-D) and murine (E-F) CNGA1 subunit. The mutated amino acid is 

highlighted in magenta (wild type) or cyan (mutated), respectively, and shown as atoms. 
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For a better understanding of the protein structure of wild type and mutated CNGA1, 

RoseTTAfold-based in silico modelling was performed. Modelling of wild type and mutant 

CNGA1 proteins showed that respective mutations in both human and murine protein caused 

similar structural changes of the CNBD and the cGMP binding pocket structure (Figure 10C-F). 

It is well likely that the murine p.Tyr509Cys substitution and the human p.Gly509Arg mutation 

have similar detrimental effects on the protein structure. 

4.1.2 Loss of CNG Channels by Disruption of the Cnga1 Gene 

In order to verify the disruption of the Cnga1 gene and the expected resulting expression of 

non-functional CNGA1 protein, immunohistochemistry, western blot, and qRT-PCR analyses 

were performed. 

 

 

Figure 11. Cnga1MUT mice are lacking CNGA1 and CNGB1 protein. Representative confocal images showing 

expression of CNGA1 (red; A-D) and CNGB1 protein (green; E-H) in retinal cross-sections of wild type (WT; PM1), 

and Cnga1MUT mouse retinas at PM1, PM6 and PM12. The edges of the ONL are marked with horizontal bars. Cell 

nuclei were stained with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, 

outer plexiform layer; INL, inner nuclear layer. Scale bars mark 20 µm. 

CNGA1 protein is found in the photoreceptor outer segments (OS) of Cnga1 wild type (WT) 

mice but could not be detected in retinal cross-sections of Cnga1MUT mice (Figure 11A, B). This 

was evident at the age of 1 month (postnatal month 1, PM1) and at later time points (PM6 
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and PM12; Figure 11C, D). Moreover, Cnga1MUT mice had a decreased thickness of the outer 

nuclear layer (ONL) compared to wild type mice, indicating photoreceptor degeneration. 

 

 

Figure 12. Disruption of the Cnga1 gene causes altered expression of CNGA1 and CNGB1 subunits. (A-C) 

Western blot analysis of wild type (WT) and mutant (MUT) Cnga1 mouse retinas at postnatal month 1 (PM1) and 

PM6 using CNGA1- and CNGB1-antibodies. β-Actin was used as loading control. Western blot stainings (A) and 

quantification of CNGA1 (B) and CNGB1 (C) expression. (D-E) qRT-PCR of Cnga1 mouse retinas at PM1 and PM6 

with murine Cnga1- (D) and Cngb1-specific primers (E). N = 3. Values are given as mean ±SEM (Ordinary one-way 

ANOVA paired with Tukey’s post-hoc test; **p0.01, ***p0.001). 
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At PM1, the ONL was already degenerated to about 70 % of its original thickness 

(approximately 11 rows of cell nuclei instead of normal 16 rows), at PM6 to about 30 % 

(approximately 5 rows of cell nuclei), and at PM12 to about 10 % with only 1-2 discontinuous 

rows of cell nuclei remaining. Additionally, although the CNGB1 subunit itself is not affected, 

there was no CNGB1 protein expression in Cnga1MUT mice at any age, showing that CNGB1 

was intensively downregulated in the photoreceptor OS. 

 

Western blot analysis of retinal lysates detected CNGA1 and CNGB1 protein in wild type mice 

at the expected size of ~60 kD and ~240 kD, respectively, and confirmed downregulation of 

CNG channel subunits in Cnga1MUT mice at PM1 and PM6 (Figure 12A-C). Strikingly, although 

nearly no CNGA1 protein could be found at PM1, Cnga1MUT transcript was expressed in similar 

levels as in the wild type control. (Figure 12D). Despite transcript levels of Cngb1 were 

significantly reduced to about 70 % at PM1 in Cnga1MUT mice compared to wild type (Figure 

12E), this reduction cannot explain the complete loss of the protein signal (Figure 11F, G). At 

PM6, however, substantial ONL loss was also manifested in significantly decreased transcript 

levels of both Cnga1 and Cngb1. These findings indicate that the reduction of CNGA1 and 

CNGB1 protein was not caused by a shutdown of gene expression but rather by translation 

repression or protein degradation. 

 

While at PM1 the photoreceptor OS of Cnga1MUT mice already lack CNGA1 protein, it is unclear 

whether the mutant protein is expressed at an earlier age before photoreceptor degeneration 

begins. Therefore, cross-sections of wild type and Cnga1MUT mice retinas collected at postnatal 

day 11 (P11), P14, P17, and P21 were immunostained for CNGA1 and CNGB1 expression 

(Figure 13). In wild type mice, both subunits were already expressed at P11, when eyes begin 

to open (Figure 13A, I). As rod OS are short at this age, CNG channel expression is very low 

and strongly increases until P21 as OS expand (Figure 13B-D, J-L). In contrast, no expression of 

CNGA1 or CNGB1 could be detected in Cnga1MUT mice at any age tested (Figure 13E-H, M-P). 

Moreover, the ONL thickness was comparable between wild type and Cnga1MUT mice until P17 

and first evidence of thinning only became obvious at P21, indicating ongoing photoreceptor 

degeneration at this stage. 
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Figure 13. Cnga1MUT mice do not express CNG channel subunits at any age. Representative confocal images 

showing expression of CNGA1 (red; A-H) and CNGB1 protein (green; I-P) in retinal cross-sections of wild type 

(WT) and Cnga1MUT mouse retinas at P11, P14, P17, and P21. Cell nuclei were stained with DAPI (blue). OS, outer 

segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer. Scale 

bars mark 20 µm. 

Pathologically high levels of the intracellular second messenger cyclic guanosine 

monophosphate (cGMP), caused by a missing Ca2+-mediated negative feedback on the cGMP-

producing rod guanylate cyclases (GCs) were previously shown in multiple mouse models of 

retinal degeneration (Farber and Lolley, 1974; Tanaka et al., 1997; Paquet-Durand et al., 2009; 

Michalakis et al., 2010; Trifunovic et al., 2010; Paquet-Durand et al., 2011; Xu et al., 2013; 
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Schön et al., 2017). Furthermore, it is known that also knockout of the Cngb1 gene goes along 

with profound accumulation of cGMP (Koch et al., 2012). Consistently, immunolabeling of 

paraformaldehyde-fixed cGMP revealed cGMP accumulation in Cnga1MUT mice at PM1, which 

peaked at PM3 (Figure 14A-C). At later time points, cGMP accumulation decreased again due 

to progressing photoreceptor cell death (Figure 14D-F). 

 

 

Figure 14. Non-functional CNGA1 leads to profound cGMP accumulation in Cnga1MUT mice. Representative 

confocal images showing paraformaldehyde-fixed second messenger cGMP (green) and expression of CNGA1 

protein (red) in retinal cross-sections of wild type (WT; PM1; A), and Cnga1MUT mouse retinas at PM1 (B), PM3 

(C), PM6 (D), PM9 (E), and PM12 (F). Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner 

segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer. Scale bar marks 20 µm. 

4.1.3 Rod and Cone Photoreceptor Degeneration in Cnga1MUT Mice 

The degeneration and loss of photoreceptors in RP patients, but also in animal models of RP, 

can be monitored by spectral-domain optical coherence tomography (SD-OCT). To investigate 

the effect of CNGA1 loss on the retinal structure and morphology of photoreceptors in living 

Cnga1MUT mice, SD-OCT was carried out over 12 months (Figure 15) and the total 

photoreceptor length, measured as combined thickness of photoreceptor OS and ONL 

(hereafter referred to as photoreceptor plus, or PR+) was analyzed. In wild type mice, the PR+ 

layer had reached its final thickness of approximately 100 µm at PM1 (Figure 15A, C, E). Until 

at least PM12, this thickness remained. In Cnga1MUT mice, a slowly progressing thinning of the 
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PR+ layer was evident. From the beginning of measurements at P21, the PR+ layer was 

decreased to about 80 µm and continued to decrease with disease progression, resulting in 

an almost absent ONL at PM12 (Figure 15B, D, E). However, retinal structures other than 

photoreceptors, such as the retinal pigment epithelium (RPE), the inner nuclear layer (INL), or 

the ganglion cell layer (GCL), were not visibly affected by the deletion of CNGA1. 

As cones make up only approximately 3% of all photoreceptors in the mouse retina (Jeon et 

al., 1998; Ortin-Martinez et al., 2014), these cells cannot be distinguished in SD-OCT but also 

do not substantially contribute to the PR+ thickness. Thus, the decrease of PR+ thickness 

especially reflects the degeneration of rod photoreceptors. 

 

 

Figure 15. Cnga1MUT mice show a reduced photoreceptor layer thickness. (A-D) Representative SD-OCT images 

of wild type (WT; A, C) and Cnga1MUT mice (B, D) at the age of 12 months (PM12). Black bars in C and D mark the 

thickness of the photoreceptor layer. RPE, retinal pigment epithelium; OS, outer segments; ONL, outer nuclear 

layer; INL, inner nuclear layer; GCL, ganglion cell layer. (E) Degeneration progress of photoreceptor layer 

thickness (PR+) in Cnga1MUT mice (blue) compared to WT mice (grey) from P21 until PM12. WT: N = 10; Cnga1MUT 

mice: N = 12. Values are given as mean ± SD. 
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To further evaluate the morphology of rod photoreceptors, retinal cross-sections of Cnga1MUT 

and wild type mice were immunostained with an antibody detecting the rod-specific 

photosensitive pigment rhodopsin (Figure 16). In Cnga1MUT mice, rod OS were shortened 

already at PM1 compared to wild type (Figure 16A, B). While in wild type mice rhodopsin was 

strictly located in rod OS, it was also found in rod inner segments (IS) in Cnga1MUT mice, 

indicating a destruction of rod OS and thus incomplete trafficking of rhodopsin to its actual 

location. Moreover, along with the progression of photoreceptor dell death, rod OS 

shortening proceeded with strongly destructed rods at PM6 (Figure 16D), until at PM9 rod OS 

and IS were completely lost (Figure 16E). At PM12, no more rhodopsin expression could be 

detected (Figure 16F).  

 

 

Figure 16. Cnga1 deletion leads to shortened rod outer segments and rod degeneration in Cnga1MUT mice. 

Representative confocal images showing expression of rhodopsin (green) in retinal cross-sections of wild type 

(WT; PM1; A), and Cnga1MUT mouse retinas at PM1 (B), PM3 (C), PM6 (D), PM9 (E), and PM12 (F). Cell nuclei were 

stained with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform 

layer; INL, inner nuclear layer. Scale bar marks 20 µm. 

Interestingly, in contrast to an early impairment of rod morphology after Cngb1 deletion (Hüttl 

et al., 2005), shortening of rod OS due to Cnga1 deletion did not start before loss of cell nuclei 

(Figure 17). Immunostaining of rhodopsin in wild type and Cnga1MUT mice at P11 revealed that 

rod OS formation was less impaired in Cnga1MUT mice (Figure 17A, E). Additionally, rods were 
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natively shaped at P14 and P17 with OS comparable to wild type mice (Figure 17B-C, F-G). 

Although decrease of the ONL thickness had now started, rod OS of Cnga1MUT mice still 

showed normal morphology at P21 (Figure 17D, H). Together with the findings of an unaltered 

ONL thickness until P17 and a clear decline starting from P21, these results further strengthen 

the assumption that primary degeneration of rod photoreceptor cell nuclei starts around P21, 

while rod OS shortening begins after loss of cell nuclei.  

 

 

Figure 17. Primary degeneration of rod photoreceptors starts around P21. Representative confocal images 

showing expression of rhodopsin (green) in retinal cross-sections of wild type (WT) and Cnga1MUT mouse retinas 

at P11, P14, P17, and P21. Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner segments; 

ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar marks 20 µm. 

Unlike rods, cones were initially unaffected by the mutation, since CNGA1 protein is not 

expressed in this type of photoreceptors. This became evident from immunolabeling of retinal 

cross-sections of wild type and Cnga1MUT mice with an antibody against cone arrestin, a 

protein specifically expressed in cones (Figure 18A-F), and with peanut agglutinin (PNA; Figure 

18G-L) that labels the extracellular matrix of cones (Ishikawa et al., 1997). In the wild type, 

cones were entirely stained by cone arrestin, including synapse, axon, cell body, IS, and OS 

(Figure 18A), while PNA only labels synaptic end feet, IS, and OS (Figure 18G). In Cnga1MUT 

mice, the staining revealed a wild type-like shape of cones until the age of 3 months (Figure 

18A-C, G-I). Although at PM6 cone OS started to collapse along with progressing demise of 

surrounding rod OS, cones were found at normal numbers (Figure 18D, J). Secondary 
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degeneration of cones eventually started after PM6, until at PM9 only so-called “dormant 

cones”, the non-functional cell body residues (Busskamp et al., 2010; Sahel et al., 2013), 

remained (Figure 18E-F). Finally, most cones were lost at PM12 and remaining cone arrestin-

positive cones appeared rounded and degenerated (Figure 18K-L). 

 

 

Figure 18. Cnga1 deletion causes secondary degeneration of cone photoreceptors in Cnga1MUT mice. 

Representative confocal images showing expression of cone arrestin (red; A-F) and peanut agglutinin (PNA; 

green; G-L) in retinal cross-sections of wild type (PM1; A, G), and Cnga1MUT mouse retinas PM1 (B, H), PM3 (C, I), 

PM6 (D, J), PM9 (E, K), and PM12 (F, L). Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner 

segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer. Scale bars mark 20 µm. 
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4.1.4 Impaired Photoreceptor Function in Cnga1MUT Mice 

In the next step, changes in retinal rod function were evaluated over time by recording ERGs 

under dark-adapted (scotopic) conditions at different ages starting from P21 (Figure 19 and 

Figure 20). 

 

 

Figure 19. Cnga1 deletion accompanies with loss of rod-driven retinal function in Cnga1MUT mice. (A) Overlays 

of averaged scotopic electroretinography (ERG) signals of Cnga1MUT (blue) compared to wild type mice (WT; grey) 

at P21, PM1, PM3, PM6, PM9 and PM12 at different light intensities. Vertical dotted lines mark the timepoint of 

light stimulation. (B-C) Quantification of a-wave (B) and b-wave (C) amplitudes of Cnga1MUT mice (blue) compared 

to WT mice (grey) at different ages. WT: N = 10; Cnga1MUT: N = 12. Values are given as mean ±SEM. 
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In dark-adapted conditions, wild type mice showed a response to light starting from the lowest 

light intensity of 0.01 cd.s/m2 at all ages investigated (Figure 19A), which, as expected, 

decreased slightly depending on age. In contrast, in Cnga1MUT mice, first responses to light 

were not observed before 0.1 cd.s/m2, even at early ages, when photoreceptor degeneration 

just started (Figure 19A). Consistent with the total loss of photoreceptors at PM9 seen by 

immunolabeling of rods and cones (Figure 16 and Figure 18), no response to any light intensity 

could be observed after PM9 (Figure 19A) and Cnga1MUT mice can be considered completely 

blind at this stage. 

 

  

Figure 20. Cnga1 deletion accompanies with loss of rod-driven retinal function in Cnga1MUT mice. 

Quantification of a-wave (A, B) and b-wave (C, D) amplitudes of Cnga1MUT mice (blue) compared to WT mice 

(grey) at the rod-specific light intensity of 0.03 cd.s/m2 (A, C) and the rod- and cone-reflecting light intensity of 

10 cd.s/m2 (C, D). WT: N = 10; Cnga1MUT: N = 12. Values are given as mean ± SEM. 
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Figure 21. Cnga1 mutation leads to secondary impairment of cone photoreceptor function in Cnga1MUT mice. 

(A-B) Overlays of averaged photopic electroretinography (ERG) signals of Cnga1MUT and WT mice at PM1 (A) and 

PM6 (B) at different light intensities. Vertical dotted lines mark the timepoint of light stimulation. (B-C) 

Quantification of light-adapted ERG a-wave (B) and b-wave (C) amplitudes of Cnga1MUT mice at PM1 and PM6. 

N = 12. Values are given as mean ± SEM (Ordinary two-way ANOVA with Šídák’s post-hoc test; ***p0.001). 

In a rhodopsin knockout mouse model, a threshold of 0.01-0.03 cd.s/m2 was found to mark 

rod-specific light responses (Jaissle et al., 2001). At 0.03 cd.s/m2, Cnga1MUT mice neither 

showed a- nor b-waves at any age (Figure 20A, C). Both a-wave, the initial negative deflection, 

and the positive-going b-wave are typical indicators of rod system activity (Biel et al., 1999a; 
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Tanimoto et al., 2013). Indeed, Cnga1MUT mice completely missed an a-wave at all ages, even 

at the highest light intensity of 10 cd.s/m2, which represents both rod and cone responses 

(Figure 19A, B, Figure 20B). In addition, also b-wave amplitudes of Cnga1MUT mice were 

strongly reduced compared to those of wild type mice, again even at the highest light intensity 

of 10 cd.s/m2 (Figure 19A, C, Figure 20D). Moreover, Cnga1MUT mice also lacked the major 

oscillatory potentials (OPs) at the beginning of a b-wave signal. Thus, these findings indicate 

an impaired rod system already at P21. 

Nevertheless, although b-wave signals were reduced in Cnga1MUT mice compared to wild type, 

clear signals could be detected at least until PM6 for light intensities which in wild type elicit 

mixed rod and cone responses (10 cd.s/m2; Figure 19A, C, Figure 20D). These findings from 

the scotopic ERG measurements suggest that the cone system is still intact in Cnga1MUT mice, 

at least up to PM6. 

To further investigate this assumption, light-adapted (photopic) ERGs were recorded (Figure 

21). No response differences between Cnga1MUT and wild type mice were observed at PM1 

(Figure 21A, C), confirming intact functionality of the cone system. At PM6, however, when 

substantial loss of cones has occurred (Figure 18), light-adapted ERG signals vanished (Figure 

21B, D). These data imply that secondary loss of cone function starts at PM6 and is complete 

after PM9. 

4.1.5 Cellular Stress Response in the Cnga1MUT Retina 

Müller glia cells are known to respond early to retinal degeneration by morphological and 

physiological changes in order to maintain retinal survival (Bringmann et al., 2009; Bringmann 

and Wiedemann, 2012). The process, termed “Müller cell gliosis”, is characterized by the 

induction of intermediate fibers that are positive for proteins such as glial fibrillary acidic 

protein (GFAP) and extend along almost the entire length of these radial glia (de Raad et al., 

1996; Bringmann and Reichenbach, 2001). Indeed, upregulation of GFAP was also detected in 

Cnga1MUT mice (Figure 22A-F). Whereas GFAP expression in wild type mice was found only in 

astrocytes and Müller cell end feet at the inner limiting membrane underneath the GCL (Figure 

22A), Cnga1MUT mice showed the appearance of first GFAP-positive intermediate fibers 

already at PM1 (Figure 22B, arrowheads). GFAP upregulation became very pronounced at 

later timepoints Figure 22C-E) and suddenly declined as retinal degeneration progressed at 

PM12 (Figure 22F). 
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Figure 22. Retinal stress activates immunoreaction of retinal residential cells in Cnga1MUT mice. Representative 

confocal images showing co-expression of CNGA1 (red) and glial fibrillar acidic protein (GFAP; green; A-F) or 

expression of ionized calcium-binding adapter molecule 1 (Iba1; green; G-L) in retinal cross-sections of wild type 

(PM1; A, G), and Cnga1MUT mouse retinas at PM1 (B, H), PM3 (C, I), PM6 (D, J), PM9 (E, K), and PM12 (F, L). Cell 

nuclei were stained with DAPI (blue). Arrowheads indicate first intermediate fibers (A-F) or microglia migrated 

into the ONL (G-L). Asterisks indicate microglia migrated into the photoreceptor layer (G-L). OS, outer segments; 

IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner 

plexiform layer; GCL, ganglion cell layer. Scale bars mark 20 µm. 

In addition, activation of microglia in response to retinal degeneration was observed in several 

retinal degenerative mouse models (Karlstetter et al., 2015; Reyes et al., 2017). Although 

inflammatory processes generally protect the retina, pathological activation of microglia may 

contribute to neurodegenerative diseases including RP (Karlstetter et al., 2010; Prinz and 

Priller, 2014; Zhao et al., 2015; Gupta et al., 2018). Immunolabeling of retinal cross-sections 

of wild type and Cnga1MUT mice with an antibody against ionized calcium-binding adapter 

molecule 1 (Iba1), a protein expressed in macrophages and microglia that is upregulated 

during the activation of these cells, revealed slight microglia activation in Cnga1MUT mice 

Figure 22G-L). In wild type mice, microglia were found in their ramified inactive morphology 

and at their colonized sites in the outer and inner plexiform layers (OPL, IPL; Figure 22G). In 
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contrast, in Cnga1MUT mice Iba1-positive cells migrated into the ONL and INL starting from 

PM1 (Figure 22H-L, arrowheads) and some had even infiltrated the photoreceptor layer 

(Figure 22H, I, asterisks). Additionally, microglia in Cnga1MUT mice changed their inactive 

morphology to the motile amoeboid shape. This type of microglia produces inflammatory 

cytokines and randomly phagocytizes living photoreceptors, contributing to the phenotype of 

RP (Zhao et al., 2015; Okajima and Tsuruta, 2018). In summary, Cnga1 deletion causes retinal 

stress that leads to early immunoreaction of retinal residential cells, such as Müller glia cells 

and microglia. 

 

 

Figure 23. Early Müller cell gliosis attempts to maintain photoreceptor survival in young Cnga1MUT mice. 

Representative confocal images showing expression of glial fibrillar acidic protein (GFAP; green) in retinal cross-

sections of wild type (WT) and Cnga1MUT mouse retinas at P11, P14, P17, and P21. Cell nuclei were stained with 

DAPI (blue). Arrowheads indicate first intermediate fibers. ONL, outer nuclear layer; OPL, outer plexiform layer; 

INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar marks 20 µm. 

Because the first timepoint analyzed (PM1) already showed induction of both markers, retinal 

cross-sections of wild type and Cnga1MUT mice were examined at the early ages P11, P14, P17 

and P21 to determine the starting point for GFAP upregulation (Figure 23) and microglia 

activation. First intermediate fibers were found at P17 in Cnga1MUT mice (Figure 23G), and 

their number continued to increase until P21 (Figure 23H). While thus Müller cell gliosis seems 
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to start already before photoreceptor degeneration in order to maintain photoreceptor 

survival, microglia activation and infiltration was not observed at these early stages (data not 

shown). 

 

 

Figure 24. Photoreceptor cell death peaks in the early development period of Cnga1MUT mice. (A-E) 

Representative confocal images showing 5-hydroxymethylcytosine (5hmC)-accessible cells (green) in retinal 

cross-sections of wild type (WT) and Cnga1MUT mouse retinas at PM1, PM6, and P21. Cell nuclei were stained 

with DAPI (blue). ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer. Scale bar marks 

20 µm. (F) Quantification of 5hmC-positive cells in WT (grey) and Cnga1MUT mouse retinas (blue) at different 

timepoints. N = 3. Values are given as mean ± SEM. 

5-Hydroxymethylcytosine (5hmC), a methylated version of the DNA base cytosine, is an 

important epigenetic marker in neurogenesis as well as in neurodegeneration (Wahlin et al., 

2013; Perera et al., 2015). It has been shown that the immunosignal from antibodies that 

specifically bind genomic 5hmC increases in degenerating photoreceptors (Wahlin et al., 

2013). Genomic 5hmC marks in normal cells are inaccessible to antibodies unless the integrity 

of the cell nucleus and chromatin structure has been changed and 5hmC becomes accessible 

during induction of cell death. Thus, 5hmC can serve as marker for photoreceptor 

degeneration. Immunolabeling of 5hmC in retinal cross sections of wild type and Cnga1MUT 

mice revealed slightly increased photoreceptor cell death at PM1 and PM6 compared to wild 

type (Figure 24A-C). However, this moderate upregulation of cell death does not cover the 

total photoreceptor degeneration during disease onset and progression. Indeed, examination 
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of earlier timepoints showed that photoreceptor cell death started after P14, reaching peak 

at P21 and declining afterwards (Figure 24D-F). These results are in line with previous findings 

of primary rod photoreceptor degeneration starting around P21 in Cnga1MUT mice. 

In summary, the present study provides a comprehensive characterization of the novel 

Cnga1MUT mouse model, which revealed that loss of CNGA1 leads to early impairment of rod 

photoreceptor morphology and function starting around P21, while cone photoreceptors 

remain unaffected until PM6. 
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4.2 Retinal Response to RP at the Molecular Level 

Until now, the mechanisms that contribute to the phenotype of RP still remain unclear. In 

order to elucidate potential mechanisms underlying photoreceptor cell death, different 

animal models of RP, whose mutations affect several distinct steps during phototransduction, 

were investigated. 

4.2.1 Altered Signaling Pathways Induced by Mutations linked to RP 

To gain insight into the underlying mechanisms of photoreceptor cell death, proteomics 

analysis of retinal protein lysates of Cnga1MUT mice at PM1 and PM6, and Pde6a-/- dogs at the 

age of 3 years (PM39) was performed.  

 

 

Figure 25. A huge number of proteins is altered in animal models of RP. Volcano plots of proteomics analysis of 

Cnga1MUT mice at PM1 (A) and PM6 (B), and Pde6a-/- dogs (PM39; C) over age-matched wild type control animals. 

Differentially expressed proteins (DEPs) are shown in blue (downregulated) or pink (upregulated), while non-

DEPs are shown in grey. Important proteins are highlighted. N = 3. 

In Cnga1MUT mice, a total of 2.976 proteins was detected, of which 248 were categorized as 

differentially expressed proteins (DEPs) with p  0.05 at PM1. 132 of these were upregulated 

and 116 were downregulated in Cnga1MUT mice compared to wild type mice (Figure 25A). At 

PM6, 520 proteins were categorized as DEPs, of which 264 were upregulated and 256 were 

downregulated (Figure 25B). In Pde6a-/- dogs, a total of 3.424 proteins was detected, of which 
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1.425 were categorized as DEPs with 746 proteins being upregulated and 679 proteins being 

downregulated compared to wild type dogs (Figure 25C). 

In both animal models, a huge number of proteins involved in vision cycle and 

phototransduction pathways were found to be significantly downregulated compared to 

respective wild type control animals (Figure 25, highlighted proteins, Figure 26). Interestingly, 

at PM1 a less intense difference between Cnga1MUT and wild type mice was observed 

compared to PM6, confirming an exacerbation of the retinal phenotype with age. 

 

 

Figure 26. Phototransduction proteins are significantly altered in animal models of RP. Heat map of z-scores of 

altered proteins involved in phototransduction of Cnga1MUT mice at PM1 and PM6, and Pde6a-/- dogs (PM39) 

over age-matched wild type control animals. N = 3. 

In the next step, protein expression data were further analyzed by Ingenuity Pathway Analysis 

(IPA) of DEPs to identify potential shifts in specific signaling pathways in animal models of RP. 

Confirming previous results on the retinal phenotype of both animal models, 

“phototransduction pathway” was among the top deregulated IPA canonical pathways 

(Cnga1MUT PM1: p = 1,91E-06; Cnga1MUT PM6: p = 3,98E-22, Pde6a-/-: p = 3,16E-11). 

4.2.1.1 Cell Death Mechanisms and Pathways in Animal Models of RP 

Different pathways contributing to photoreceptor cell death were previously reported in 

animal models of RP, including ER stress, oxidative stress, and metabolic stress (Newton and 
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Megaw, 2020). Thus, IPA results were analyzed for alterations in processes contributing to 

these pathways (Figure 27). Interestingly, ER stress activation was observed in Cnga1MUT mice 

already at the early stage of degeneration (PM1) and persisted at the later time point (PM6), 

noticed by the activation of eukaryotic initiation factor 2 (EIF2) signaling, a downstream 

effector of the ER stress-sensor R-like endoplasmic reticulum kinase (PERK) (Figure 27A-B). 

Moreover, it has been hypothesized that also high intracellular Ca2+ levels may induce ER 

stress (van Vliet et al., 2017) and trigger programmed cell death mechanisms by activation of 

the proteolytic enzymes calpains (Cheng et al., 2018). Indeed, IPA detected activation of Ca2+ 

signaling and transport as well as alterations of calpain protease regulations in Cnga1MUT mice 

and Pde6a-/- dogs (Figure 27A-C). Additionally, upregulation of the unfolded protein response 

(UPR), a compensatory mechanism to reduce ER stress by decreasing the load of unfolded 

protein in the ER (Hetz and Papa, 2018), was observed in Pde6a-/- dogs (Figure 27C). These 

results lead to the assumption that ER stress might contribute to photoreceptor cell death by 

ER stress-associated programmed cell death mechanisms across different animal models of 

RP. 

 

 

Figure 27. Animal models of RP show alterations in ER stress, autophagy and oxidative stress pathways. Altered 

cell death pathways in Cnga1MUT mice at PM1 (A) and PM6 (B), and Pde6a-/- dogs (PM39; C) over age-matched 

wild type control animals revealed by ingenuity canonical pathway analysis of DEPs. The number in the bar 

indicates the number of altered proteins in the pathway. ns = not significant. N = 3. 

In addition to enhanced ER stress, IPA also detected alterations in processes involved in 

macroautophagy (hereafter only referred to as autophagy) and proteasome regulation by the 

ubiquitin-proteasome system (UPS). While autophagy, a lysosome-mediated degradation 

process to maintain cell function and survival, can degrade long-lived proteins and whole cell 
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organelles, UPS is responsible for short-lived and misfolded proteins (Newton and Megaw, 

2020). In both animal models, not only direct changes in autophagy processes were found but 

also alterations in negative regulating pathways, such as mammalian target of rapamycin 

(mTOR) signaling, phosphatidylinositol-3 kinase (PI3K) / protein kinase B (AKT) signaling or 

14-3-3-mediated signaling (Figure 27A-C). Upstream regulator analysis suggested a 

deactivation of mTOR in both animal models (Table 8). Unexpectedly, phosphatase and tensin 

homologue (PTEN), which is a negative regulator of mTOR and thus an activator of autophagy 

was also predicted to be decreased (Table 8). In line with this, Cnga1MUT mice at PM6 and 

Pde6a-/- dogs showed an activation of the mTOR upstream regulator AKT (Table 8). These data 

indicate dysregulation of autophagic processes in these RP models. 

Moreover, differences in human leukocyte antigen-F adjacent transcript 10 (FAT10) signaling 

and protein ubiquitination pathway demonstrate impairment of the UPS. Altogether, these 

results are in line with previous findings that an imbalance between autophagy and UPS 

promotes photoreceptor cell death (Newton and Megaw, 2020).  

 

Table 8. Upstream regulators related to the PI3K/AKT/mTOR pathway in animal models of RP. Predicted 

activation state identified by z-scores, p values of overlap, and counts of altered proteins involved in the 

respective pathway, of upstream regulators in Cnga1MUT mice at PM1 and PM6, and Pde6a-/- dogs (PM39) over 

age-matched wild type control animals. Data was assessed via proteomics analysis and IPA. N = 3. 

Upstream Regulator Predicted Activation State Pval of Overlap Count 

Cnga1MUT PM1    

 mTOR Deactivated 1,25E-03 11 

 PTEN Deactivated 3,31E-03 16 

Cnga1MUT PM6    

 mTOR Deactivated 1,39E-06 24 

 PTEN Deactivated 1,34E-04 32 

 AKT Activated 2,98E-02 15 

Pde6a-/-    

 mTOR Deactivated 3,69E-10 53 

 PTEN Deactivated 4,41E-09 82 

 AKT Activated 1,63E-02 34 

 

Photoreceptors are known to be vulnerable to oxidative stress due to their high metabolism 

and oxygen demand. Accordingly, hyperoxia was shown to cause photoreceptor death in 

several studies (Wellard et al., 2005; Natoli et al., 2011; Zeviani and Carelli, 2021). Indeed, IPA 

of both animal models showed indications of increased oxidative stress by changes in 
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pathways such as NRF2-mediated oxidative stress response or glutathione redox reactions, 

which neutralize reactive oxygen species (ROS) (Figure 27A-C).  

4.2.1.2 Metabolic Shift Causes Mitochondrial Dysfunction in Animal Models of RP 

Given that IPA revealed increased oxidative stress in Cnga1MUT mouse and Pde6a-/- dog models 

of RP, which is known to be linked to mitochondrial dysfunction and subsequent 

photoreceptor degeneration (Murphy, 2009; Leveillard and Sahel, 2017; Petit et al., 2018; 

Rajala, 2020). IPA results were further examined for changes in mitochondrial pathways 

(Figure 28).  

 

 

Figure 28. RP leads to altered metabolic pathways and mitochondrial dysfunction in different animal models. 

Altered metabolism pathways in Cnga1MUT mice at PM1 (A) and PM6 (B), and Pde6a-/- dogs (PM39; C) over age-

matched wild type control animals revealed by ingenuity canonical pathway analysis of DEPs. The number in the 

bar indicates the number of altered proteins in the pathway. ns = not significant.  N = 3. 

In both animal models, several relevant canonical pathways, such as oxidative 

phosphorylation, adenosine monophosphate-activated protein kinase (AMPK) signaling, and 

tricarboxylic acid (TCA) cycle II were found to be dysregulated (Figure 28). To gain more 

detailed insight into metabolic changes, proteomics data were screened for specific proteins 

involved in metabolic pathways (Table 9). Interestingly, a downregulation of hexokinase 2 

(HK2), an enzyme necessary for aerobic glycolysis, was observed. Despite photoreceptors are 

generally able to produce energy by oxidative phosphorylation (OXPHOS), they preferentially 

metabolize glucose by aerobic glycolysis, an effect known as the “Warburg effect” (Warburg, 

1956; Ng et al., 2015). Previous studies have shown that loss of HK2 and thus impairment of 

aerobic glycolysis led to photoreceptor death (Petit et al., 2018). In addition to HK2, Cnga1MUT 
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mice also showed decreased expression of pyruvate kinase isoform M2 (PKM2, Table 9), 

another glycolytic enzyme whose knockout leads to a profound retinal phenotype (Chinchore 

et al., 2017). Furthermore, a slight upregulation of hexokinase 1 (HK1) was detected in the 

Cnga1MUT mouse model, which is consistent with previous findings that loss of HK2 is often 

followed by a compensatory upregulation of HK1 (Weh et al., 2020; Zhang et al., 2020). 

Additional hints for retinal metabolic remodeling were found by the upregulation of 

oxoglutarate dehydrogenase (OGDH; Table 9), a mitochondrial enzyme involved in the TCA 

cycle. Moreover, decreased levels of mitochondrial glutathione reductase (GSR; Table 9) 

indicate limited antioxidant activity and thus mitochondrial dysfunction (Figure 28).  

In summary, these data suggest a metabolic shift from aerobic glycolysis to mitochondrial 

OXPHOS in animal models of RP, thereby leading to mitochondrial dysfunction. 

 

Table 9. Proteins being involved in mitochondrial metabolism and function are altered in animal models of RP. 

P values and differences of specific proteins altered in Cnga1MUT mice at PM1 and PM6, and Pde6a-/- dogs (PM39) 

over age-matched wild type control animals. Data was assessed via proteomics analysis. n/d = not detected; 

n/a = not altered. N = 3. 

Protein 
Cnga1MUT Mice PM1 Cnga1MUT Mice PM6 Pde6a-/- Dogs 

Pval Difference Pval Difference Pval Difference 

HK1 4,45E-02 0,355 4,04E-02 0,396 n/d n/d 

HK2 7,85E-02 -2,352 5,89E-02 -2,436 2,67E-04 -5,286 

PMK2 7,38E-02 -0,584 4,91E-04 -1,288 n/d n/d 

OGDH n/d n/d 7,36E-04 4,337 n/d n/d 

GSR n/a n/a 1,65E-02 -0,377 2,23E-03 -1,396 

 

4.2.1.3 Recruitment and Activation of Immune Cells Contributes to Photoreceptor Death in Animal 

Models of RP 

As already mentioned above, RP is often accompanied by retinal infiltration of activated 

microglia and blood-derived macrophages, as well as Müller cell gliosis before and during early 

stages of rod photoreceptor degeneration (Newton and Megaw, 2020). Such phenomena 

were also observed in Cnga1MUT mice (Figure 22). This was corroborated by the IPA results 

from the proteomic analysis of retinal protein lysates of Cnga1MUT mice and Pde6a-/- dogs 

(Figure 29). 
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Figure 29. RP activates immunological pathways in different animal models. Altered immunological pathways 

in Cnga1MUT mice at PM1 (A) and PM6 (B), and Pde6a-/- dogs (PM39; C) over age-matched wild type control 

animals revealed by ingenuity canonical pathway analysis of DEPs. The number in the bar indicates the number 

of altered proteins in the pathway. ns = not significant. N = 3. 

Activation of the immune system was apparent in Cnga1MUT mice already at PM1 (Figure 29A-

B), as well as in the Pde6a-/- dog model (Figure 29C). This was indicated by upregulation of 

proteins involved in pathways like acute phase response signaling, interleukin (IL)-1 signaling 

or natural killer cell signaling. Pathological activation of microglia was shown to contribute to 

photoreceptor death in other degeneration models (Zhao et al., 2015; Gupta et al., 2018), and 

these results suggest that this is also the case in the animal models of RP analyzed in this study. 

4.2.2 Synaptic Changes in Response to RP 

Synaptogenesis demonstrated by neurite outgrowth into the outer retina as a response to 

photoreceptor impairment was previously shown in several studies (Claes et al., 2004; Hüttl 

et al., 2005; Michalakis et al., 2013). In order to investigate neuronal sprouting processes as a 

reaction of secondary neurons in response to RP, immunohistochemistry and proteomics 

analysis were performed with retinal samples from Cnga1MUT mice.  

First, retinal cross sections were labeled with antibodies against calbindin, protein kinase C 

alpha (PKC), and Purkinje cell protein 2 (PCP2) (Figure 30). Calbindin is normally localized in 

horizontal cells and amacrine cells in the OPL and IPL as detected in wild type mice (Figure 

30A). While these structures also appeared normal in Cnga1MUT mice at PM1 (Figure 30B), 

some sporadic outgrowth of horizontal cells was observed at PM6 (Figure 30C, arrowheads), 

i.e., just at the point of beginning cone degeneration. However, cell numbers in the OPL 

seemed to be decreased at PM6 resulting in a reduced thickness of the OPL. Thus, the 

observed outgrowth-like processes could also arise from horizontal cells trying to fit into a 

thinner OPL. Similar sprouting-like processes were detected by labeling of PKC (Figure 30F), 
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that is abundant in rod bipolar cells, and PCP2 (Figure 30I), which is expressed in ON-bipolar 

cells. Remarkably, despite showing roughly wild type-like morphology at PM1 (Figure 30E, H), 

numbers of bipolar synaptic end feet were apparently reduced compared to wild type mice 

(Figure 30D, G). Moreover, this reduction of synaptic end feet increased until PM6 (Figure 30F, 

I), indicating synaptic degeneration. 

 

 

Figure 30. Mutation in Cnga1 accompanies with degeneration of synaptic end feet. Representative confocal 

images showing expression of calbindin (green; A-C), PKC (green; D-F) or PCP2 (green; G-I) in retinal cross-

sections of wild type (WT; A, D, G) and Cnga1MUT mouse retinas at PM1 (B, E, H) and PM6 (C, F, I). Cell nuclei were 

stained with DAPI (blue). Arrowheads indicate signs of neuronal outgrowth into the ONL. ONL, outer nuclear 

layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale 

bar marks 20 µm. 
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Figure 31. Neurites do not outgrow in young Cnga1MUT mice. Representative confocal images showing 

expression of calbindin (green; A-H), PKC (green; I-P) or PCP2 (green; Q-X) in retinal cross-sections of wild type 

(WT) and Cnga1MUT mouse retinas at P11, P14, P17, and P21. Cell nuclei were stained with DAPI (blue). ONL, 

outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion 

cell layer. Scale bars mark 20 µm. 

To further investigate whether neuronal sprouting processes may occur even earlier as a 

response to primary rod photoreceptor degeneration, Cnga1MUT and wild type control retinas 

at the early ages of P11, P14, P17, and P21 were also immunolabeled for calbindin, PKC, and 

PCP2 (Figure 31). Interestingly, no neurite outgrowth was observed in young Cnga1MUT mice. 

Moreover, reduction of synaptic end feet was detected already starting from P17 (Figure 

31O, W). 

 

In the next step, retinal protein lysates from Cnga1MUT and corresponding wild type mice at 

PM1 and PM6 were used for proteomics analysis. DEPs were determined and IPA was carried 

out in order to investigate the proteomic changes underlying synapse formation and 

degeneration. IPA identified 17 dysregulated biological functions at PM1 and 16 at PM6, that 

are related to axon or neurite growth and development (Table 10). Strikingly, at PM1 biological 

functions related to neurite sprouting, such as “outgrowth of neurites” and “branching of 

neurons”, were decreased in Cnga1MUT mice compared to respective wild type control 

animals. Moreover, biological functions related to neuronal cell death were increased, 

indicating retraction and degeneration of neurites in response to CNGA1 ablation. 

Interestingly, these processes seemed to be reversed at PM6, when cone degeneration starts: 

Biological functions related to neurite sprouting were increased, while cell death functions 

were decreased (Table 10). These findings are in consistence with slight neuronal sprouting, 

as observed by immunohistochemistry in Cnga1MUT mice at PM6.  

In summary, these data indicate an early retraction of rod neurites followed by neuronal 

degeneration, but also neurite sprouting as a response to beginning cone degeneration at 

later time points. 
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Table 10. Biological functions related to neurite outgrowth and synapse formation in Cnga1MUT mice. Predicted 

activation state identified by z-scores, counts of altered proteins involved in the respective function, and p values 

of specific proteins altered in Cnga1MUT mice at PM1 and PM6 over age-matched wild type control animals. Data 

was assessed via proteomics analysis and IPA. N = 3. 

Biological Function Predicted Activation State Count Pval 

PM1    

 Growth of neurites Decreased 21 6,13E-06 

 Outgrowth of neurites Decreased 18 1,12E-05 

 Growth of axons Decreased 10 1,56E-04 

 Outgrowth of axons Decreased 7 2,36E-04 

 Dendritic growth/branching Decreased 12 4,37E-04 

 Branching of neurons Decreased 14 4,42E-04 

 Morphogenesis of neurons Decreased 21 6,12E-04 

 Development of neurons Decreased 25 8,19E-04 

 Sprouting Decreased 16 8,59E-04 

 Branching of neurites Decreased 13 1,06E-03 

 Synaptic transmission Decreased 13 1,57E-03 

 Neurotransmission Decreased 14 4,03E-03 

 Density of neurons Decreased 7 4,36E-03 

 Neuronal cell death Increased 27 9,02E-05 

 Apoptosis of neurons Increased 14 5,56E-03 

 Degeneration of neurons Increased 9 9,10E-03 

 Degeneration of neurons Increased 9 9,10E-03 

PM6    

 Quantity of neurons Increased 39 1,15E-08 

 Growth of neurites Increased 38 8,05E-08 

 Development of neurons Increased 56 1,15E-07 

 Proliferation of neuronal cells Increased 42 1,20E-07 

 Neuritogenesis Increased 46 1,29E-07 

 Outgrowth of neurons Increased 33 1,44E-07 

 Outgrowth of neurites Increased 32 2,71E-07 

 Growth of axons Increased 18 3,84E-06 

 Branching of neurons Increased 27 6,73E-06 

 Developmental process of synapse Increased 19 1,39E-05 

 Density of neurons Increased 15 2,92E-05 

 Neurotransmission Decreased 47 4,59E-14 

 Synaptic transmission Decreased 39 2,49E-12 

 Neuronal cell death Decreased 63 4,93E-11 

 Synaptic transmission of cells Decreased 12 4,65E-07 

 Degeneration of neurons Decreased 22 6,74E-06 
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4.2.3 Rescue of the PDE6A-linked Retinal Phenotype of RP by Ablation of CNG Channels 

Recent studies, in which the additional ablation of CNG channels in Pde6b- and Pde6g-

deficient mice resulted in morphological rescue of rod photoreceptors, attributed a key role 

in photoreceptor degeneration to CNG channels (Paquet-Durand et al., 2011; Wang et al., 

2017). In order to further investigate the role of CNG channels in RP, the following two double-

mutant (DBM) Pde6aMUTxCngb1-/- mouse models (hereafter referred to as DBM Pde6aMUT 

mice) were analyzed by immunohistochemical methods: Pde6aV685MxCngb1-/- (V685M DBM) 

and Pde6aR562WxCngb1-/- (R562W DBM), whose corresponding single-mutant (SM) animal 

models are both characterized by a fast-progressing RP phenotype. 

4.2.3.1 Ablation of CNG Channels Preserves Retinal Morphology in DBM Pde6aMUT Mice 

To confirm additional CNGB1 deletion in Pde6aMUT DBMs, immunolabeling of CNGB1 protein 

was carried out (Figure 32). Wild type rod OS showed strong expression of CNGB1 protein 

(Figure 32A), whereas no CNGB1 was found in SM Cngb1-/- mice at PM1 (Figure 32D). Due to 

progressed photoreceptor degeneration and consequent loss of photoreceptor OS, also no 

CNGB1 was detected in both SM Pde6aMUT mouse models (Figure 32B-C). Moreover, despite 

a clearly visible rescue of photoreceptor cells, no CNGB1 protein was expressed in Pde6aMUT 

DBMs (Figure 32E-F), confirming the additional knockout of the Cngb1 gene. 

To assess PDE6A expression in the DBM Pde6aMUT mouse models, immunolabeling with an 

antibody against PDE6A was performed (Figure 33). While there was robust PDE6A expression 

in rod OS of wild type retinas (PM1; Figure 33A), no PDE6a was detected in both SM Pde6aMUT 

mouse retinas (Figure 33B-C). In contrast, SM Cngb1-/- mice at PM1 showed clear PDE6A 

expression (Figure 33D), although less than in wild type mice owing to shortened rod OS. 

Consistent with the SM Pde6aMUT mouse retinas, no PDE6A protein was found in the V685M 

DBM at PM1, PM3 and PM6 (Figure 33E-G), while faint expression was detected in rod OS and 

IS of the R562W DMB at PM1 (Figure 33H) that decreased over time (Figure 33I-J). This spare 

expression can be attributed to a residual PDE6 activity of 10% in the R562W mutant 

(Sothilingam et al., 2015). However, remarkably, DBMs of both Pde6aMUT showed pronounced 

rescue of the ONL compared to their respective SMs. While in R562W SM at PM1, only ~15 % 

of the ONL were left compared to wild type (Figure 33C), additional ablation of Cngb1 in 

R562W DBMs caused a 6-fold rescue to about 85 % of wild type ONL (Figure 33H). 
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Figure 32. Double-mutant Pde6aMUT mice do not express CNGB1. Representative confocal images showing 

expression of CNGB1 (green) in retinal cross-sections of wild type (WT; A), single-mutant Pde6aV685M (V685M; B), 

single-mutant Pde6aR562W (R562W; C), and single-mutant Cngb1-/- (D) mouse retinas, as well as in double-mutant 

Pde6aV685MxCngb1-/- (V685M DBM; E) and Pde6aR562WxCngb1-/- (R562W DBM; F) mouse retinas at PM1. Cell nuclei 

were stained with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer 

plexiform layer; INL, inner plexiform layer. Scale bar marks 20 µm. 

Although ongoing degeneration led to further reduction of the ONL, a 5-fold rescue was still 

observed at PM3 (Figure 33I). At PM6, a similar thickness to that of the corresponding SM at 

PM1 was reached (Figure 33J), demonstrating a 6-months deceleration of degeneration in 

R562W DBM compared to SM. An even higher rescue was observed in the V685M DBM. While 

the ONL of V685M SM was reduced to ~2 % compared to wild type (Figure 33B), almost 90 % 

were still present in V685M DBM at PM1 (Figure 33E), corresponding to a 40-fold rescue. At 

PM3, still a 25-fold rescue was observed (Figure 33F), which continued to decrease until PM6 

but still resulted in an ONL thickness of 30 % of the wild type (15-fold rescue compared to 

V685M SM; Figure 33G). These data demonstrate a striking deceleration of degeneration by 

additional Cngb1 deletion in both DBM Pde6aMUT mouse models. 
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Figure 33. CNG channel ablation leads to photoreceptor rescue in double-mutant Pde6aMUT mice. 

Representative confocal images showing expression of PDE6A (red) in retinal cross-sections of wild type (WT; A), 

single-mutant Pde6aV685M (V685M; B), single-mutant Pde6aR562W (R562W; C), and single-mutant Cngb1-/- (D) 

mouse retinas at PM1, as well as in double-mutant Pde6aV685MxCngb1-/- (V685M DBM; E-G) and 

Pde6aR562WxCngb1-/- (R562W DBM; H-J) mouse retinas at PM1, PM3 and PM6. The edges of the ONL are marked 

with horizontal bars. Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner segments; ONL, 

outer nuclear layer; OPL, outer plexiform layer; INL, inner plexiform layer. Scale bar marks 20 µm.  

In the next step, rod (Figure 34) and cone (Figure 35) photoreceptor morphology was analyzed 

to further assess preservation of photoreceptor cells in DBM Pde6aMUT mice. Wild type mice 

correctly formed rod OS, which were labeled by an antibody against the rod-specific 

photosensitive pigment rhodopsin (Figure 34A). No rod OS were found in SM Pde6aMUT mouse 

retinas (Figure 34B-C), while they were clearly shortened but still present in SM Cngb1-/- mice 

(Figure 34D). Notably, in both DBM Pde6aMUT mouse models, wild type-like rhodopsin 

expression was detected at PM1 (Figure 34E, H), confirming proper formation of rod OS. 

Moreover, rod morphology was still preserved at PM3 although rod OS shortening had already 
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started in V685M DBM mice (Figure 34F, I). Consistent with the reduction of the ONL, rod OS 

were lost at PM6 in both DBM Pde6aMUT mouse models (Figure 34G, J). 

 

 

Figure 34. Rod photoreceptor morphology is preserved in double-mutant Pde6aMUT mice. Representative 

confocal images showing expression of rhodopsin (green) in retinal cross-sections of wild type (WT; A), single-

mutant Pde6aV685M (V685M; B), single-mutant Pde6aR562W (R562W; C), and single-mutant Cngb1-/- (D) mouse 

retinas at PM1, as well as in double-mutant Pde6aV685MxCngb1-/- (V685M DBM; E-G) and Pde6aR562WxCngb1-/- 

(R562W DBM; H-J) mouse retinas at PM1, PM3 and PM6. Cell nuclei were stained with DAPI (blue). OS, outer 

segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner plexiform layer. 

Scale bar marks 20 µm. 

Furthermore, also a rescue of cone photoreceptors was observed in DBM Pde6aMUT mice 

(Figure 35). Additional knockout of Cngb1 in V685M mice resulted in wild type-like cone 

morphology with properly positioned cell bodies and synapses at PM1 and PM3, although at 

the latter, cone axons seemed to have adjusted their length to fit in the thinner ONL (Figure 

35E-F). Additionally, a rescue of cones was still visible at PM6 (Figure 35G) compared to its 

corresponding single-mutant, in which cones were completely lost already at PM1 (Figure 
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35B). Despite cones had already started to collapse at this time point, they still might be 

functional as previously seen in Cngb1- (Hüttl et al., 2005) and Cnga1-deficient mouse models. 

Apart from this, also R562W DBM mice benefitted from additional Cngb1 deletion. Similar to 

V685M DBM mice, wild type-like morphology was also observed in this mutant at PM1 and 

PM3 (Figure 35H-I). At PM6, cones showed similar morphology to the corresponding PM1 

single-mutant (Figure 35C, J), indicating less rescue in R562W DBM mice than in V685M DBM 

mice derived from the more severe SM phenotype. 

In summary, additional ablation of Cngb1 in Pde6aMUT DBM mice caused deceleration of 

photoreceptor degeneration, as well as preservation of rod and cone morphology. 

 

 

Figure 35. Cngb1 deletion rescues cone photoreceptor morphology in double-mutant Pde6aMUT mice. 

Representative confocal images showing expression of cone arrestin (red) in retinal cross-sections of wild type 

(WT; A), single-mutant Pde6aV685M (V685M; B), single-mutant Pde6aR562W (R562W; C), and single-mutant Cngb1-/- 

(D) mouse retinas at PM1, as well as in double-mutant Pde6aV685MxCngb1-/- (V685M DBM; E-G) and 

Pde6aR562WxCngb1-/- (R562W DBM; H-J) mouse retinas at PM1, PM3 and PM6. Cell nuclei were stained with DAPI 

(blue). OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner 

plexiform layer. Scale bar marks 20 µm. 



  Results 

81 
 

4.2.3.2 CNG Channel Ablation Normalizes Extensive cGMP Levels in DBM Pde6aMUT Mice 

In both Pde6aMUT SM mouse models, it was shown that absence of PDE6A correlated with 

strong accumulation of the second messenger cGMP (Sothilingam et al., 2015). Additional 

ablation of CNG channels has already been demonstrated to reduce cGMP accumulation in 

the rd1 mouse model (Paquet-Durand et al., 2011).  

 

 

Figure 36. cGMP accumulation is reduced in double-mutant Pde6aMUT mice. Representative confocal images 

showing paraformaldehyde-fixed cGMP (green) in retinal cross-sections of wild type (WT; A), single-mutant 

Pde6aV685M (V685M; B), single-mutant Pde6aR562W (R562W; C), and single-mutant Cngb1-/- (D) mouse retinas at 

PM1, as well as in double-mutant Pde6aV685MxCngb1-/- (V685M DBM; E-G) and Pde6aR562WxCngb1-/- (R562W DBM; 

H-J) mouse retinas at PM1, PM3 and PM6. Cell nuclei were stained with DAPI (blue). ONL, outer nuclear layer; 

OPL, outer plexiform layer; INL, inner plexiform layer. Scale bar marks 20 µm. 

In order to investigate whether an additional knockout of Cngb1 can also achieve reduction of 

cGMP in the DBM Pde6aMUT mouse models, paraformaldehyde-fixed cGMP was 

immunolabeled in corresponding retinal cross-sections (Figure 36). Although high levels of 

cGMP accumulation were observed in V685M SM at P11 (Sothilingam et al., 2015), no cGMP 
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was detected at PM1 (Figure 36B), probably owing to the progressed retinal degeneration and 

no photoreceptor cells being left at this time point. R562W SM mice, however, still showed 

intense cGMP accumulation at PM1 (Figure 36C). Notably, despite an accumulation of cGMP 

was also observed in SM Cngb1-/- mice (Figure 36D), both V685M DBM and R562W DBM were 

characterized by a dominant reduction of cGMP levels at PM1 (Figure 36E, H) and PM3 (Figure 

36F, I), comparable to that of wild type mice (Figure 36A). Consistent with the previous 

findings that photoreceptor degeneration is slowed down until PM6, increased cGMP 

accumulation was detected first at PM6 (Figure 36G, J), when degeneration reached an extent 

that was still lower (V685M) or comparable (R562W) to their respective single-mutants at 

PM1. 

4.2.3.3 Additional Cngb1 Deletion Decelerates Müller Cell Gliosis and Increases Photoreceptor 

Survival in DBM Pde6aMUT Mice 

Response to retinal stress can be noticed by upregulation of GFAP and development of 

intermediate fibers by Müller cells, as shown in several animal models suffering from RP 

(Ekstrom et al., 1988; Hüttl et al., 2005). To assess the effect of additional removal of CNG 

channels in DBM Pde6aMUT mice on retinal stress responses, immunolabeling of GFAP was 

performed (Figure 37). Since both Pde6aMUT SM mice and Cngb1-/- SM mice developed Müller 

cell gliosis (Figure 37B-C), thus it is not surprising that also Pde6aMUT DBM mice showed 

intermediate fibers at all time points investigated (Figure 37E-J). However, despite prominent 

GFAP expression, Müller cell gliosis was reduced in both V685M DBM and R562W DBM mice 

compared to their respective single-mutant controls (Figure 37E-J). These results indicate 

deceleration of Müller cell gliosis in both Pde6aMUT DBM mouse models. 
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Figure 37. Double-mutant Pde6aMUT mice show decelerated Müller cell gliosis. Representative confocal images 

showing expression of GFAP (green) in retinal cross-sections of wild type (WT; A), single-mutant Pde6aV685M 

(V685M; B), single-mutant Pde6aR562W (R562W; C), and single-mutant Cngb1-/- (D) mouse retinas at PM1, as well 

as in double-mutant Pde6aV685MxCngb1-/- (V685M DBM; E-G) and Pde6aR562WxCngb1-/- (R562W DBM; H-J) mouse 

retinas at PM1, PM3 and PM6. Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner segments; 

ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner plexiform layer; IPL, inner plexiform layer; GCL, 

ganglion cell layer. Scale bar marks 20 µm. 

To further assess photoreceptor cell death in the DBM Pde6aMUT mice, immunolabeling of 

5hmC was performed (Figure 38). At PM1, V685M and R562W DMB mice showed counts of 

5hmC-positive cells that are similar to Cngb1-/- control mice (Figure 38D, E, H, K) but increased 

compared to their respective SM controls (Figure 38B-C, K). Characterization of single-mutant 

V685M and R562W mice revealed cell death peaking at P12 in V685M mice and at P15 in 

R562W mice, and declining afterwards (Sothilingam et al., 2015). Such a decrease was also 

observed in DBM Pde6aMUT mice, with lower numbers of 5hmC-positive cells after PM1 (Figure 

38F-G, I-J, L).  
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Figure 38. Photoreceptor cell death is delayed in double-mutant Pde6aMUT mice. Representative confocal 

images showing 5hmC-accessible cells (green) in retinal cross-sections of wild type (WT; A), single-mutant 

Pde6aV685M (V685M; B), single-mutant Pde6aR562W (R562W; C), and single-mutant Cngb1-/- (D) mouse retinas at 

PM1, as well as in double-mutant Pde6aV685MxCngb1-/- (V685M DBM; E-G) and Pde6aR562WxCngb1-/- (R562W DBM; 

H-J) mouse retinas at PM1, PM3 and PM6. Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner 

segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner plexiform layer; IPL, inner plexiform 

layer; GCL, ganglion cell layer. Scale bar marks 20 µm. (K-L) Quantification of 5hmC-positive cells in (K) WT, 

Cngb1-/- SM, V685M SM and DBM, and R562W SM and DBM at PM1 and (L) in V685M and R562W DBM mouse 

retinas at different ages. N = 3. Values are given as mean ± SEM. 
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This suggests that cell death has just or not yet peaked at PM1 in DBM V685M and R562W 

mice, indicating delayed onset of degeneration compared to their corresponding SM mouse 

models. 

In summary, additional ablation of CNG channels in two different Pde6aMUT mouse models 

resulted in a magnificent 6-month rescue of the PDE6A-linked RP phenotype, confirming a key 

role of CNG channels in photoreceptor degeneration during progression of RP.  
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4.3 Gene Augmentation Therapy Approaches for RP 

To date, there is no curative treatment option for RP. To overcome this problem, new 

potential gene augmentation therapy approaches for autosomal-recessive RP were developed 

in this study. To this end, rAAV vectors expressing the respective therapeutic transgenes were 

administered to Cngb1- and Cnga1-deficient mouse models in preclinical studies. 

4.3.1 hCNGB1 Gene Augmentation Therapy 

A recent study has shown that treatment of Cngb1-/- mice with an AAV5 serotype vector 

comprising human CNGB1 (rAAV5.hCNGB1) under control of a short human rhodopsin 

promoter (hRHO194) resulted in deceleration of retinal degeneration and prevention of 

secondary cone photoreceptor degeneration (Wagner et al., 2021). In the present study, a 

further developed, modified version of rAAV5.hCNGB1 (rAAV5.hCNGB1/mod) was tested for 

its potency in treating the RP phenotype in the Cngb1-/- mouse model. 

4.3.1.1 rAAV5.hCNGB1/mod Achieves Efficient and Specific Transgene Expression in Rod 

Photoreceptors 

The cDNA sequence of full-length human CNGB1 used in rAAV5.hCNGB1 (Wagner et al., 2021) 

was based on transcript variant 1 (NCBI Reference Sequence NM_001297.4). However, two 

sequence modifications leading to amino acid changes were found: K404del and K1091Q. In 

the present study, these modifications were corrected (Q403_L404insK and Q1091K). A gene 

expression cassette including the modified hCNGB1 cDNA together with a short SV40 polyA 

sequence and AAV2-ITRs was generated (Figure 39A). Due to the size of full-length hCNGB1 

(~3.7 kb), that, together with a full-length hRHO promoter (Allocca et al., 2007), would exceed 

the packaging capacity of an AAV (~4.7 kb), the short hRHO194 promoter (Wagner et al., 2021) 

was used to control gene expression. Finally, the AAV5 serotype vector rAAV5.hCNGB1/mod 

was produced and administered into the subretinal space of 4-week-old Cngb1-/- mice (1010 

total vg in 1 µL volume). The contralateral (sham-injected) control eye received 1 µL of vector 

diluent (0.014% Tween/PBS-MK).  
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Figure 39. Subretinal delivery of rAAV5.hCNGB1/mod results in the expression of full-length CNGB1. (A) 

Schematic of the gene expression cassette of rAAV5.hCNGB1/mod including the two modification sites 

Q403_L404insK and Q1091K. (B) Western blot analysis of treated (T; 1010 vg, rAAV5.hCNGB1/mod) and sham-

injected control (SC) Cngb1-/- mice, as well as of wild type mice (WT) at postnatal month 3 (2 months post-

injection, PI2) using CNGA1- and CNGB1-antibodies. β-Actin was used as loading control. (C) qRT-PCR of treated 

(T) and sham-injected control (SC) Cngb1-/- mice, as well as of wild type mice (WT) at PM3 (2 months post-

injection, PI2) using human Cngb1- and murine Cnga1-specific primers. WB: N = 3; qRT-PCR: N = 6. Values are 

given as mean ±SEM (Ordinary one-way ANOVA paired with Tukey’s post-hoc test; *p0.05, **p0.01, ns = not 

significant). (D) Representative confocal overview image showing the treated (within the subretinal bleb) and 

untreated (outside the subretinal bleb) parts of the retina. The treatment border is marked with a dashed line. 

Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, 

outer plexiform layer. Scale bar marks 100 µm. 

In order to first evaluate vector-derived transgene expression, injected mice were sacrificed 2 

months post-injection (PI2) and Western blot analysis as well as qRT-PCR were performed 

(Figure 39B-C). As the antibody against hCNGB1 also detects endogenous CNGB1 protein, 

profound expression of native CNGB1 was found in wild type mice at the expected size of ~250 

kDa (Figure 39B). While sham control eyes of Cngb1-/- mice did not show any CNGB1 

expression, subretinal delivery of rAAV5.hCNGB1/mod resulted in the expression of full-length 
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hCNGB1. Moreover, also expression of the 63 kDa endogenous mouse CNGA1 subunit could 

be rescued by treatment with rAAV5.hCNGB1/mod, which is otherwise degraded in the 

absence of mouse CNGB1 protein (Hüttl et al., 2005; Koch et al., 2012). Additionally, qRT-PCR 

with hCNGB1-specific primers showed significantly enriched hCNGB1 transcript levels in 

treated Cngb1-/- mice compared to sham control and wild type (Figure 39C, left panel). 

Interestingly, transcript levels of endogenous mCnga1 were reduced to about 50 % in treated 

Cngb1-/- mice compared to wild type but unaltered compared to sham control (Figure 39C, 

right panel). As the reduction of transcript levels can be explained by the fact that in Cngb1-/- 

mice only ~50-60 % of rod photoreceptors are left at this age (Petersen-Jones et al., 2018), 

these findings indicate that in Cngb1-/- mice endogenous Cnga1 transcripts are completely 

translated into protein, which is, however, degraded when CNGB1 protein is absent. 

Nevertheless, emerging expression of hCNGB1 protein by gene augmentation therapy with 

rAAV5.hCNGB1/mod rescues endogenous CNGA1 from degradation. 

 

 

Figure 40. rAAV5.hCNGB1/mod obtains efficient and rod-specific hCNGB1 and endogenous CNGA1 expression 

in Cngb1-/- mice. Representative confocal images showing expression of hCNGB1 (red, the antibody detects 

mouse and human CNGB1; A-C) and endogenous mCNGA1 protein (green; D-F) in retinal cross-sections of wild 

type (WT; A, D), treated (1010 vg, rAAV5.hCNGB1/mod; B, E), and sham-injected control Cngb1-/- mouse retinas 

(C, F) at 7 months of age (6 months post-injection). The edges of the ONL are marked with horizontal bars. Cell 

nuclei were stained with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, 

outer plexiform layer. Scale bar marks 20 µm.  



  Results 

89 
 

In the next step, immunohistochemical analysis was performed in order to evaluate correct 

localization of vector-derived hCNGB1. A representative overview image of a treated Cngb1-/- 

mouse retina 6 months post-injection (PI6; Figure 39D) shows that hCNGB1 protein is 

expressed in the treated area (within the subretinal bleb), but not in the untreated area 

(outside the subretinal bleb). Higher magnification confocal images (Figure 40) revealed 

prominent expression of native CNGB1 limited to rod OS in wild type mice (Figure 40A). In 

contrast, no CNGB1 expression was found in the sham control Cngb1-/- retina and, moreover, 

the ONL was decreased to about 20 % compared to wild type (Figure 40C). Although the ONL 

was also reduced in treated Cngb1-/- mice to about 50 %, efficient expression of hCNGB1 could 

be detected (Figure 40B). Importantly, as already shown by Western blot analysis, expression 

of hCNGB1 also rescued the expression of the endogenous mCNGA1 protein (Figure 40D-F).  

 

 

Figure 41. hCNGB1 is exclusively localized to rod OS in the transition region between treated and untreated 

area of a Cngb1-/- mouse retina. (A-B) Representative merged (A) and single (B) confocal images showing hCNGB1 

expression (red, the antibody detects mouse and human CNGB1) in the transition area in retinal cross-sections 

of a treated Cngb1-/- mouse retina (1010 vg, rAAV5.hCNGB1/mod) at 7 months of age (6 months post-injection). 

(C) Zoom-in of (A). Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer 

nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer. Scale bars mark 20 µm (A) and 10 µm (C).  

Consistent with the previous study using rAAV5.hCNGB1 (Wagner et al., 2021), vector-derived 

hCNGB1 localized not only to its natural expression site in rod OS, although expression of 
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rescued endogenous mCNGA1 was found exclusively there (Figure 40B, C). Instead, a 

substantial amount of CNGB1 was also found in rod IS and the ONL. These results might 

indicate a mismatch of vector-derived hCNGB1 and endogenous CNGA1 and thus an 

accumulation of hCNGB1 in rod IS and ONL, as only properly formed CNG channels are 

transported to rod OS. However, studying the transition region between the treated and 

untreated area uncovered a small part where hCNGB1 was strictly localized to rod OS with 

consistent ONL thickness (Figure 41). As in the transition region the effective therapeutic 

vector dose is lower than in the fully treated region, these findings indicate that a lower 

optimal vector dose should be achievable without loss of therapeutic effect. 

4.3.1.2 rAAV5.hCNGB1/mod Results in Reactivation of Rod CNG Channels 

The second messenger cGMP, the natural ligand of CNG channels, is known to accumulate in 

rod photoreceptors of Cngb1-/- mice due to a missing Ca2+-mediated negative feedback on the 

cGMP-producing rod guanylate cyclase (Tanaka et al., 1997; Koch et al., 2012). In the dark, 

cGMP activates CNG channels in healthy rod photoreceptors leading to a cationic inward 

current (known as the “dark current”). While influx of Ca2+ would then inhibit cGMP 

production, this deactivation is absent in rods of Cngb1-/- mice causing cGMP accumulation 

inside the cell. 

However, normalization of cGMP levels was previously shown as a result of successful CNGB1 

gene therapy and confirmed formation of functional rod CNG channels (Koch et al., 2012; 

Wagner et al., 2021). To investigate whether rAAV5.hCNGB1/mod treatment also leads to 

functional CNG channel formation, immunohistochemistry of paraformaldehyde-fixed cGMP 

was performed in Cngb1-/- and wild type mice (Figure 42). While in the wild type retina cGMP 

is efficiently degraded (Figure 42A, A’), the sham control Cngb1-/- mouse retina clearly showed 

cGMP accumulation in the remaining rod IS (Figure 42C, C’). In the treated Cngb1-/- mouse 

retina, however, there was decreased, wild type-like cGMP signal (Figure 42B, B’), illustrating 

cGMP normalization and thus functional CNG channel formation after treatment with 

rAAV5.hCNGB1/mod. 
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Figure 42. rAAV5.hCNGB1/mod normalizes cGMP levels in Cngb1-/- mice. Representative confocal images 

showing paraformaldehyde-fixed cGMP (green) and CNGB1 (red, the antibody detects mouse and human CNGB1; 

A-C) in retinal cross-sections of wild type (WT; A, A’), treated (1010 vg, rAAV5.hCNGB1/mod; B, B’), and sham-

injected control Cngb1-/- mouse retinas (C, C’) at 7 months of age (6 months post-injection). Cell nuclei were 

stained with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer nuclear layer. Scale bar marks 

20 µm. 

4.3.1.3 rAAV5.hCNGB1/mod Causes Gain of Rod Function 

In the next step, the effect of rAAV5.hCNGB1/mod on the function of rod photoreceptors was 

investigated by recording ERG signals under scotopic (dark-adapted) conditions (Figure 43). 

Mice were examined during an in-life period of 6 months at PI1, PI3 and PI5. As expected, ERG 

signals at PI1 did not differ between treated and sham control Cngb1-/- mice (Figure 43A, B, 

left panels), since degeneration had not progressed so far. However, the treated eye already 

showed a rescue of the major oscillatory potentials (OPs) at the beginning of the b-wave 

signals. At 3 months pi, when degeneration had progressed, positive deflections of b-waves 

were reduced in sham-injected Cngb1-/- control mice (Figure 43A, B, middle panels). In 

contrast, increased b-wave amplitudes could be detected after rAAV5.hCNGB1/mod 

treatment. Moreover, although a general decline of b-wave amplitudes was present, 

rAAV5.hCNGB1/mod treatment resulted in a maintained functional benefit of photoreceptors 

at PI5 (Figure 43A, B, right panels). Remarkably, a gain of b-wave amplitudes was also observed 

at the rod-specific luminances (0.01-0.03 cd.s/m2). At PI3 a small but nevertheless clear 
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increase in b-wave amplitudes of 6-16 % for rod-specific luminances could be detected, while 

at PI5 even a gain of up to 50 % was recorded. 

In summary, subretinal gene therapy of Cngb1-/- mice with rAAV5.hCNGB1/mod was 

confirmed to rescue rod-function over a medium-term period of at least 6 months. 

 

 

Figure 43. rAAV5.hCNGB1/mod rescues rod function in treated Cngb1-/- mice. (A) Overlays of representative 

scotopic electroretinography (ERG) signals of a treated Cngb1-/- eye (1010 vg, rAAV5.hCNGB1/mod; magenta) 

compared to the respective sham-injected control eye (grey) at 1, 3 and 5 months post-injection (PI) at different 

light intensities. Vertical dotted lines mark the timepoint of light stimulation. (B) Quantification of b-wave 

amplitudes of treated and sham-injected Cngb1-/- mice at PI1, PI3, and PI5. N = 9. Values are given as mean ±SEM. 

4.3.1.4 rAAV5.hCNGB1/mod Preserves Photoreceptor Layer Thickness and Prolongs Cone Survival 

In order to further assess and confirm the deceleration of retinal degeneration in Cngb1-/- mice 

after subretinal treatment with rAAV5.hCNGB1/mod, in vivo SD-OCT measurements were 
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performed (Figure 44). Gene supplementation of hCNGB1 resulted in preservation of the ONL 

as well as the photoreceptor OS layer (PR+ layer; Figure 44A, B). In contrast, the PR+ layer was 

severely decreased in the untreated area of the same retina (Figure 44A, C). While 

quantification of the PR+ layer demonstrated a continuous decrease over time in sham-

injected control eyes, a significant overall rescue could be detected in the contralateral 

treated eyes (Figure 44D). Moreover, at PI3 a rescue of already ~10 % was observed, which 

was even increased to about 30 % at PI5. Additionally, consistent with the previous study using 

rAAV5.hCNGB1 (Wagner et al., 2021), rAAV5.hCNGB1/mod did not affect other retinal 

structures, such as the retinal pigment epithelium (RPE), the inner nuclear layer (INL), or the 

ganglion cell layer (GCL). 

 

 

Figure 44. rAAV5.hCNGB1/mod gene therapy preserves photoreceptor layer thickness. (A) Representative SD-

OCT image of a treated Cngb1-/- mice (1010 vg, rAAV5.hCNGB1/mod) at 6 months of age. (B-C) Zoom-ins of (A) 

showing the treated area (B) and the untreated area (C). Black bars mark the photoreceptor plus (PR+) layer. (D) 

Quantification of photoreceptor layer thickness (µm) in Cngb1-/- mice eyes after treatment at 1, 3, and 5 months 

post-injection (PI) compared with their respective sham-injected contralateral eyes. N = 9. Values are given as 

mean ±SEM (Ordinary two-way ANOVA and paired Student’s t-test; *p0.05; **p0.01; ns = not significant). 
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Secondary degeneration of cone photoreceptors is a well-known phenomenon in RP and also 

occurs in Cngb1-deficent animal models (Hüttl et al., 2005; Petersen-Jones et al., 2018). As 

daylight vision mostly relies on cone photoreceptors, prevention of secondary cone 

degeneration is of great importance for RP therapies. Thus, immunohistochemistry was 

performed to evaluate the ability of rAAV5.hCNGB1/mod to prevent secondary loss of cones 

(Figure 45). 

 

 

Figure 45. rAAV5.hCNGB1/mod gene therapy prolongs cone photoreceptor survival in Cngb1-/- mice. 

Representative confocal images showing expression of cone arrestin (red) in retinal cross-sections of wild type 

(WT; A, A’), treated (1010 vg, rAAV5.hCNGB1/mod; B, B’), and sham-injected control (C, C’) Cngb1-/- mouse retinas 

at the age of 7 months (PI6). Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner segments; 

ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar marks 20 µm. 

Immunolabeling of cone arrestin confirmed the previously investigated secondary cone 

degeneration in untreated (sham control) Cngb1-/- mice at the age of 7 months (PI6; Figure 

45C, C’). At this age, cone OS start to collapse due to progressing demise of cone-stabilizing 

rod OS. In contrast, rAAV5.hCNGB1/mod treatment resulted in abundant rescue of cones with 

wild type-like morphology and accurate position (Figure 45A-B, A’-B’), together suggesting 

maintained daylight vision after hCNGB1 gene augmentation therapy. 
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4.3.1.5 rAAV5.hCNGB1/mod Reduces Müller Cell Gliosis 

Profound upregulation of GFAP and development of intermediate fibers, a typical reaction of 

Müller cells in response to retinal stress, was found in the novel Cnga1MUT mouse model, and 

it is known that this phenomenon also occurs in Cngb1-deficient mice (Hüttl et al., 2005). 

A murine gene augmentation therapy approach has already been demonstrated to result in 

reduction of Müller cell gliosis (Koch et al., 2012). Additionally, also the previous study using 

rAAV5.hCNGB1 (Wagner et al., 2021) confirmed a positive effect of the treatment on retinal 

stress by reduction of GFAP expression. Indeed, also the new therapeutic vector 

rAAV5.hCNGB1/mod successfully decreased intermediate fibers (Figure 46). While extensive 

GFAP upregulation was shown in sham control Cngb1-/- mouse retinas compared to age-

matched wild type control (Figure 46A, C), almost no intermediate fibers were recognizable in 

treated Cngb1-/- mouse retinas (Figure 46B). These results revealed reduced Müller cell gliosis 

after treatment with rAAV5.hCNGB1/mod, suggesting decline of degeneration-induced retinal 

stress. 

 

 

Figure 46. rAAV5.hCNGB1/mod treatment reduces Müller cell gliosis in Cngb1-/- mice. Representative confocal 

images showing co-expression of GFAP (green) and CNGB1 (red, the antibody detects mouse and human CNGB1) 

in retinal cross-sections of wild type (WT; A), treated (1010 vg, rAAV5.hCNGB1/mod; B), and sham-injected control 

(C) Cngb1-/- mouse retinas at the age of 7 months (PI6). Cell nuclei were stained with DAPI (blue). OS, outer 

segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, 

inner plexiform layer; GCL, ganglion cell layer. Scale bar marks 20 µm. 

In summary, gene augmentation therapy with a single subretinal injection of 

rAAV5.hCNGB1/mod led to efficient hCNGB1 transgene expression and deceleration of retinal 
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degeneration. Altogether, this study resulted in substantial improvements in rod function as 

well as preservation of cone photoreceptors. 

4.3.2 Proof-of-Concept: hCNGA1 Gene Augmentation Therapy 

In the past, the lack of a suitable Cnga1-deficient mouse model for RP has (drastically) 

challenged the development of an appropriate therapy. In the present study, a first proof-of-

concept approach using an rAAV-based vector for gene augmentation of human CNGA1 was 

tested in the novel Cnga1MUT mouse model. A gene expression cassette including full-length 

human CNGA1 cDNA based on transcript variant 2 (NCBI Reference Sequence NM_000087.5) 

under the control of full-length hRHO, together with a mouse WPRE and a BGH polyA 

sequence, and AAV2-ITRs was generated (Figure 47A). The AAV2\GL serotype (Pavlou et al., 

2021), a novel AAV2-based capsid variant with characteristics superior to those of the AAV2 

wild type capsid, was used to produce rAAV2\GL.hCNGA1. 

 

 

Figure 47. Proof-of-concept study design for treatment of Cnga1MUT mice with rAAV2\GL.hCNGA1. (A) 

Schematic of the gene expression cassette of rAAV2\GL.hCNGA1. (B) Schematic of routes of administration: the 

conventional subretinal route (left) and the less invasive intravitreal route (right). 

4.3.2.1 Subretinal Administration of rAAV2\GL.hCNGA1 

In a preliminary proof-of-concept trial, the novel rAAV2\GL.hCNGA1 was tested via subretinal 

injection, the conventional route of administration. Thus, a single Cnga1MUT mouse was 

injected subretinally at the age of 3 weeks with 6 x 109 total vg in 1 µL volume (Figure 47B). 

The contralateral (sham-injected) control eye received 1 µL of vector diluent (0.014% 

Tween/PBS-MK). After a short in-life observation period of 8 weeks, the mouse was sacrificed 

for immunohistochemical analysis at the age of 3 months (PI2). 

First, immunolabeling with an antibody against murine and human CNGA1 was perfomed in 

order to investigate whether the novel rAAV2\GL.hCNGA1 was able to cause expression of 
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hCNGA1 protein (Figure 48). As expected, endogenous CNGA1 was detected in rod OS of the 

age-matched wild type control (Figure 48A), while no protein expression was found in the 

sham control eye (Figure 48C). Remarkably, robust expression of hCNGA1 was observed after 

treatment with rAAV2\GL.hCNGA1 (Figure 48B), confirming successful delivery and 

transcription/translation of hCNGA1 in photoreceptors of a Cnga1MUT mouse. However, 

hCNGA1 was found not only in rod OS but also in IS and, to a lesser extent, in the ONL, which 

was observed in previous studies using trans-species gene supplementation therapies as well 

(Wagner et al., 2021). Nevertheless, rAAV2\GL.hCNGA1 additionally achieved rescue of 

endogenous mCNGB1 protein (Figure 48D-F). Analysis of the ONL thickness revealed a ~16 % 

rescue after subretinal treatment with rAAV2\GL.hCNGA1 compared to sham control, 

indicating a great therapeutic potential of rAAV2\GL.hCNGA1. 

 

 

Figure 48. Subretinal injection of rAAV2\GL.hCNGA1 leads to robust hCNGA1 expression and rescues 

endogenous CNGB1 expression in a Cnga1MUT mouse. Representative confocal images showing expression of 

hCNGA1 (red the antibody detects mouse and human CNGA1; A-C) and endogenous mCNGB1 protein (green; 

D-F) in retinal cross-sections of wild type (WT; A, D), treated (6 x 109 vg, rAAV2\GL.hCNGA1; B, E), and sham-

injected control Cnga1MUT mouse retinas (C, F) at 3 months of age (PI2). The edges of the ONL are marked with 

horizontal bars. Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer 

nuclear layer; OPL, outer plexiform layer. Scale bar marks 20 µm.  

To analyze the rod-dependent retinal function, dark-adapted (scotopic) ERGs were recorded 

during the in-life phase at 8 weeks pi (Figure 49). Consistent with the previous data (Figure 
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19), the sham-injected control eye first responded to light at the luminance of 0.1 cd.s/m2 

(Figure 49A). Due to a still intact cone-system, clear positive b-wave deflections were recorded 

at higher luminances. However, distinct increases in b-wave amplitudes were observed in the 

treated eye and additionally, also a slight recovery of a-wave amplitudes could be seen from 

0.1 cd.s/m2 upwards. Importantly, especially positive deflections at rod-specific luminances 

(0.01-0.03 cd.s/m2) were recovered after treatment with rAAV2\GL.hCNGA1. B-wave 

amplitudes of the treated eye were 3-fold higher than those of the sham control eye (Figure 

49B), indicating a pronounced regain of rod-function after subretinal injection of 

rAAV2\GL.hCNGA1. 

 

 

Figure 49. rAAV2\GL.hCNGA1 rescues rod function in a treated Cnga1MUT mouse after subretinal injection. 

(A) Overlays of scotopic electroretinography (ERG) signals of a treated Cnga1MUT eye (6 x 109 vg, 

rAAV2\GL.hCNGA1; purple) compared to the respective sham-injected control eye (grey) 8 weeks post-injection 

at different light intensities. Vertical dotted lines mark the timepoint of light stimulation. (B) Quantification of b-

wave amplitudes of treated and sham-injected Cnga1MUT eyes. N = 1. 

4.3.2.2 Intravitreal Administration of rAAV2\GL.hCNGA1 

Based on the promising results of subretinal delivery of rAAV2\GL.hCNGA1, a second study 

was performed in Cnga1MUT mice. This time, an intravitreal administration of the therapeutic 

vector was chosen (Figure 47B), since this less-invasive injection route would be superior to 

the conventional. For that purpose, Cnga1MUT mice at the age of 3 weeks received a single 
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intravitreal injection (6 x 109 total vg in 1 µL volume) of rAAV2\GL.hCNGA1. The contralateral 

(sham-injected) control eye received 1 µL of vector diluent (0.014% Tween/PBS-MK). Again, 

after a short in-life observation period of 8 weeks, mice were sacrificed for 

immunohistochemical analysis at the age of 3 months (PI2). 

 

 

Figure 50. Intravitreal injection of rAAV2\GL.hCNGA1 leads to pronounced rod OS-specific hCNGA1 expression 

and rescues endogenous CNGB1 expression in Cnga1MUT mice. Representative confocal images showing 

expression of hCNGA1 (red, the antibody detects mouse and human CNGA1; A-C) and endogenous CNGB1 

protein (green; D-F) in retinal cross-sections of wild type (WT; A, D), treated (6 x 109 vg, rAAV2\GL.hCNGA1; B, 

E), and sham-injected control Cnga1MUT mouse retinas (C, F) at 3 months of age (PI2). The edges of the ONL are 

marked with horizontal bars. Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner segments; 

ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar marks 20 µm.  

Like subretinal injection, also intravitreal injection of rAAV2\GL.hCNGA1 was able to 

successfully elicit pronounced hCNGA1 expression in treated Cnga1MUT mice (Figure 50A-C). 

However, hCNGA1 protein was strictly found in rod OS after intravitreal injection (Figure 50B). 

As vector doses for subretinal and intravitreal injection were similar, these findings suggest a 

less efficient transduction efficiency following intravitreal injection, causing a lower (more 

optimal) viral concentration and thus rod OS-specific transgene expression. Nevertheless, 

endogenous mCNGB1 could still be rescued by intravitreal injection (Figure 50D-F). Moreover, 

rAAV2\GL.hCNGA1 treatment led to preservation of the overall thickness of the ONL to about 
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95 % compared to wild type (Figure 50D, E), while only ~70 % were left in sham control treated 

animals (Figure 50F). 

 

Accumulation of cGMP as a result of non-functional CNG channels was observed in Cnga1MUT 

mice (Figure 14). However, gene therapeutic approaches have demonstrated cGMP 

normalization after treatment (Koch et al., 2012; Wagner et al., 2021). In order to investigate 

whether rAAV2\GL.hCNGA1 treatment can also achieve normalization of accumulated cGMP 

levels and thus functional CNG channel formation, immunohistochemistry of 

paraformaldehyde-fixed cGMP was performed in retinal cross-sections of treated and sham 

control eyes of intravitreally injected Cnga1MUT mice (Figure 51). While prominent cGMP 

accumulation was found in the sham control eye (Figure 51C, C’), an imposing reduction of 

cGMP to wild type-like levels was detected in treated Cnga1MUT mice (Figure 51A-B, A’-B’). 

These findings confirm formation of functional chimeric CNG channels consisting of human 

CNGA1 and mouse CNGB1 after a single intravitreal injection of rAAV2\GL.hCNGA1. 

 

 

Figure 51. Single intravitreal injection of rAAV2\GL.hCNGA1 normalizes cGMP levels in Cnga1MUT mice. 

Representative confocal images showing paraformaldehyde-fixed cGMP (green) and CNGA1 (red, the antibody 

detects mouse and human CNGA1; A-C) in retinal cross-sections of wild type (WT; A, A’), treated (6 x 109 vg, 

rAAV2\GL.hCNGA1; B, B’), and sham-injected control Cnga1MUT mouse retinas (C, C’) at 3 months of age (PI2). 

Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer nuclear layer. Scale 

bar marks 20 µm. 
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Since subretinal injection of rAAV2\GL.hCNGA1 achieved a pronounced regain of rod function, 

a possible effect on rod function was expected also after intravitreal injection. To assess rod-

driven ERG signals, dark-adapted (scotopic) ERGs were recorded in intravitreally injected 

Cnga1MUT mice during the in-life phase at 8 weeks pi (Figure 52). Indeed, rAAV2\GL.hCNGA1 

also achieved a gain in rod function following intravitreal injection. Again, the sham-injected 

control eye first responded to light at the luminance of 0.1 cd.s/m2, but there were clear 

positive deflections at higher light intensities representing both rod and cone responses 

(Figure 52A). In contrast, ERG signals from treated Cnga1MUT mouse eyes showed highly 

increased b-waves, especially at the rod-specific luminances of 0.01-0.03 cd.s/m2 (Figure 52A). 

B-wave amplitudes were ~1.5- to 2-fold higher in intravitreally treated Cnga1MUT than in sham 

control eyes, illustrating a significant overall increase in b-wave amplitudes (Figure 52B). The 

smaller differences at higher light intensities can be explained by a still well-functional cone 

system in untreated (sham control) eyes. In conclusion, these data demonstrate a beneficial 

gain of rod function also after intravitreal injection of rAAV2\GL.hCNGA1. 

 

 

Figure 52. rAAV2\GL.hCNGA1 rescues rod function in treated Cnga1MUT mice after intravitreal injection. 

(A) Overlays of scotopic electroretinography (ERG) signals of treated Cnga1MUT eye (6 x 109 vg, 

rAAV2\GL.hCNGA1; pink) compared to the respective sham-injected control eye (grey) 8 weeks post-injection at 

different light intensities. Vertical dotted lines mark the timepoint of light stimulation. (B) Quantification of b-

wave amplitudes of treated and sham-injected Cnga1MUT eyes. N = 5. Values are given as mean ±SEM (Ordinary 

two-way ANOVA with Šídák’s post-hoc test; *p0.05). 
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In the next step, it was investigated whether rAAV2\GL.hCNGA1 can reduce occurring Müller 

cell gliosis, as observed in several other gene supplementation therapy approaches (Koch et 

al., 2012; Wagner et al., 2021). To this end, immunolabeling of treated and sham control 

retinal cross-sections of intravitreally injected Cnga1MUT mice was performed (Figure 53). 

Indeed, in treated eyes less GFAP-expressing intermediate fibers were detected in treated 

eyes (Figure 53B) than in sham control eyes (Figure 53C), although Müller cell gliosis was still 

clearly visible in comparison to wild type (Figure 53A). However, these findings indicate a 

positive effect of rAAV2\GL.hCNGA1 by reducing retinal stress, resulting in less severe Müller 

cell gliosis. 

 

 

Figure 53. Intravitreal injection of rAAV2\GL.hCNGA1 reduces Müller cell gliosis in Cnga1MUT mice. 

Representative confocal images showing expression of GFAP (green) in retinal cross-sections of wild type (WT; 

A), treated (6 x 109 vg, rAAV2\GL.hCNGA1; B) and sham-injected control (C) retinas of Cnga1MUT mouse retinas 

at PI2. Cell nuclei were stained with DAPI (blue). ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner 

nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar marks 20 µm. 

In summary, rAAV2\GL.hCNGA1 was demonstrated to efficiently transduce photoreceptor 

cells of Cnga1MUT mice, leading to expression of hCNGA1 and endogenous mCNGB1, and 

formation of functional CNG channels. Moreover, both the conventional subretinal route of 

administration as well as the less invasive intravitreal injection resulted in beneficial treatment 

effects of rAAV2\GL.hCNGA1.  
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5 Discussion 

5.1 A Novel Mouse Model of CNGA1-linked RP 

Establishing reliable and well-characterized animal models of retinal degeneration is 

important for a better understanding of retinal diseases associated with photoreceptor loss 

and for the development of therapies. Until recently, only one transgenic Cnga1 mouse model 

was available. These animals are characterized by a 50 % reduction of Cnga1 transcript levels 

due to overexpression of a Cnga1 antisense mRNA (Leconte and Barnstable, 2000), leading to 

progressive retinal degeneration comparable to human RP patients. However, overexpression 

of antisense mRNA bears the risk to induce toxic effects that could possibly affect the 

phenotype. In 2021, a first KO mouse model was established using the CRISPR/Cas technique 

(Liu et al., 2021). In parallel to this, a novel mouse model of CNGA1-linked RP was 

characterized in the present study, which can be used for studying retinal degeneration and 

developing potential therapeutic approaches. 

CNG channels are a specific class of ion channels that are critically important for retinal 

phototransduction. The main characteristic feature of CNG channels lies in activation by 

binding of the second messenger cGMP to the CNBD within the intracellular C-terminus of the 

channel. Cnga1MUT mice carry a c.1526A>G mutation in the Cnga1 gene leading to a Tyr509Cys 

exchange in CNGA1 protein. Murine Tyr509 corresponds to human Tyr513, which is known to 

participate in the formation of the CNBD. This highly conserved Tyr residue is also found in 

other cyclic nucleotide-binding proteins, such as hyperpolarization-activated cyclic 

nucleotide-gated (HCN) channels, cGMP-dependent protein kinase 1 (PRKG1), and cAMP-

dependent protein kinase catalytic subunit alpha (PRKACA), highlighting its importance for 

proper channel function. Interestingly, the structurally related potassium voltage-gated 

channel subfamily H member 1 (KCNH1) protein with a presumably nonfunctional CNBD also 

carries a Cys instead of a Tyr at the corresponding position (aa 619) and cannot be modulated 

by cyclic nucleotides (Brelidze et al., 2009). 

Recently, the very similar mutation Gly509Arg was found in human RP patients (Kandaswamy 

et al., unpublished), which is in very close proximity to the murine Tyr509Cys mutation. 

Indeed, morphological and functional analysis confirmed the novel Cnga1MUT mouse model to 

reflect the human RP49 phenotype, which is characterized by progressive photoreceptor 
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degeneration and early loss of rod-mediated function. In consistence with Cngb1-deficient 

mouse (Hüttl et al., 2005) and dog models (Petersen-Jones et al., 2018), Cnga1 deletion is 

accompanied by a lack of CNGB1. This further demonstrates a dependency between both 

proteins with the generally unaffected protein being degraded in the absence of the other. 

However, Cnga1 transcript levels remained unaffected in Cnga1MUT mice, thus suggesting the 

Tyr509Cys mutation to have major impact on protein structure and stability, resulting in 

CNGA1 degradation rather than non-expression.  

In the present study, the progression rate of rod and cone degeneration was examined for a 

period of about one year, allowing for precise characterization of photoreceptor loss over 

time. Initial signs of rod degeneration including gliosis and cell death were observed starting 

from P17. At 5 months of age, the number of photoreceptors was reduced to about 50 %, and 

it took ~9 months for complete loss of rods. Although both the novel Tyr509Cys mutation and 

the previously described KO of Cnga1 led to a relatively rapid rod degeneration (Liu et al., 

2021), Cnga1MUT mice still showed about 60 % photoreceptor layer thickness at PM4, while 

the thickness was already reduced to about 20 % in Cnga1 KO mice. The reason for the 

different rate of degeneration in these two Cnga1 mouse models is unknown. Unfortunately, 

Western blot and immunohistochemistry protein data are missing in the Cnga1 KO study, 

meaning that the complete absence of rod CNG channel proteins can only be assumed. 

Moreover, both mouse models demonstrated reduced rod-mediated retinal response. 

However, Cnga1MUT mice did not show any rod-driven ERG response from the earliest 

observation point at P21, while Cnga1 KO mice took 10 weeks to develop complete loss of 

ERG scotopic response. Nevertheless, Liu et al. only used a 3 cd.s/m2 ERG stimulus for scotopic 

ERG measurements, which elicits a mixed response of rods and cones, whereas in the present 

study rod-specific stimuli of 0.01-0.03 cd.s/m2 were used. In contrast to primary rod 

degeneration, secondary degeneration of cone photoreceptors appears to proceed at similar 

rates in both mouse models, with slower kinetics than rod degeneration. 

In conclusion, the missense mutation Tyr509Cys in the CNBD of the rod CNG channel subunit A 

leads to loss of both channel subunits at the protein level, resulting in profound photoreceptor 

degeneration and early loss of rod function. The novel Cnga1MUT mouse model reflects the 

phenotype of RP49 very well and is thus excellently suited for future studies on CNGA1-linked 

RP. 
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5.2 Identification of Retinal Response Pathways to RP 

Despite growing knowledge about RP-linked mutations, the precise mechanisms leading to 

the phenotype of RP are still not well understood. Given the highly heterogeneous nature of 

the different genetic subtypes of RP, identification and understanding of common retinal 

response mechanisms is critical for the development of appropriate treatments. To gain better 

insight into these mechanisms, the present study utilizes proteomic analysis of retinal protein 

lysates obtained from Cnga1MUT mice and Pde6a-/- dogs. 

5.2.1 Photoreceptor Cell Death by Activation of Stress Response Pathways 

Several mechanisms, that may contribute to photoreceptor cell death, have been identified in 

the past, including ER stress, oxidative stress, and metabolic stress (Newton and Megaw, 

2020). 

ER stress is defined as an imbalance between the demand for protein synthesis and the 

capacity of the ER for protein folding. It is known that accumulation of mutant and/or 

misfolded proteins can cause ER stress, which might also arise in Cnga1MUT mice. ER stress can 

be activated by three sensors (Hetz and Papa, 2018): R-like endoplasmic reticulum kinase 

(PERK), inositol-requiring enzyme 1 (IRE1) and activating transcription factor 6 (ATF6). In 

response to ER stress, UPR can be activated to reduce unfolded protein load in the ER (Hetz 

and Papa, 2018). However, ER stress can also be induced by extensive intracellular Ca2+ levels, 

like observed in Pde6a-deficient dogs. The present study provides evidence for the occurrence 

of ER stress by activation of the PERK pathway as well as increased Ca2+ signaling, and 

subsequent compensatory mechanisms like UPR in both animal models, Cnga1MUT mice and 

Pde6a-/- dogs. While several studies suggested that photoreceptor cell death is caused by 

caspase-dependent apoptosis (Kunte et al., 2012; Choudhury et al., 2013), this was not 

confirmed in Cnga1MUT mice and Pde6a-/- dogs. Instead, calpain activation might lead to 

caspase-independent mechanisms of cell death, which was also observed in different other 

mouse models (Rodriguez-Muela et al., 2015; Comitato et al., 2020). 

Increased ER stress has been hypothesized to result in autophagic cell death (Yao et al., 2018). 

However, the role of autophagy, a lysosome-mediated degradation process to maintain cell 

function and survival, has been discussed controversially in the past. Inhibition of autophagy 

was shown to increase photoreceptor survival in some studies (Yao et al., 2018), whereas 

others suggested that autophagy has a protective function at least in the early stages of 
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degeneration (Li et al., 2019). As autophagy is interconnected to the proteasome regulation 

by the UPS (Kocaturk and Gozuacik, 2018), an imbalance of these systems may promote 

photoreceptor cell death. The present study demonstrates alterations of several pathways 

involved in autophagic processes and UPS in both Cnga1MUT mice and Pde6a-/- dogs by 

proteomics analysis, thereby strengthening the assumption that dysregulation of both 

systems contributes to photoreceptor cell death in RP. However, with proteomics analysis 

showing controversial results, it is not clear whether autophagy is increased or decreased in 

these animal models. It could be speculated that deactivation of PTEN and activation of AKT 

occur in an attempt to downregulate autophagy in a compensatory manner. However, for 

unknown reasons, this is not successful and inactivation of the PI3K/AKT/mTOR pathway 

follows. To better understand the exact cellular mechanism, further studies are needed to 

investigate the autophagic and UPS flux through the entire process, including examination of 

specific markers, such as Atg5, LC3-II or LAMP-2. 

The PI3K/AKT/mTOR pathway also plays a role in the regulation of metabolic stress. Several 

studies demonstrated the involvement of this pathway in reprogramming of the glycolytic 

machinery in photoreceptors (Punzo et al., 2009; Venkatesh et al., 2015; Zhang et al., 2016). 

It is well known that photoreceptors preferentially meet their extraordinarily high energy 

demand by aerobic glycolysis, an effect known as the “Warburg effect” (Warburg, 1956; Ng et 

al., 2015; Leveillard and Sahel, 2017; Petit et al., 2018; Zhang et al., 2020). However, they are 

also generally able to produce energy by OXPHOS. Consistently with previous studies (Wubben 

et al., 2017; Rajala, 2020; Weh et al., 2020), the present study provides evidence for a 

metabolic shift from aerobic glycolysis to OXPHOS in animal models of RP. Proteomics data 

revealed overall alteration of several canonical pathways involved in metabolism as well as 

expression changes of specific proteins within these pathways, such as HK2, PKM2 and HK1. 

It is known that photoreceptors are vulnerable to oxidative stress due to their high oxygen 

demand (Wellard et al., 2005; Zeviani and Carelli, 2021) and the high production of ROS during 

the phototransduction process (Pan et al., 2021). On the one hand OXPHOS activation serves 

to compensate for metabolic stress caused by loss of aerobic glycolysis and PR death. On the 

other hand, excessive OXPHOS further enhances the already high production of ROS (Petit et 

al., 2018; Zhang et al., 2020; Pan et al., 2021). Moreover, hyperoxia, as a consequence of 

primary photoreceptor cell death and resulting decreased oxygen consumption, additionally 

causes production of ROS. High levels of ROS induce oxidative stress, which was also observed 
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in Cnga1MUT mice and Pde6a-/- dogs. Moreover, downregulation of antioxidant enzyme 

systems like GSR, which are critical for photoreceptor survival, confirmed the failure to limit 

oxidative damage in animal models of RP. Increased oxidative stress is known to cause 

mitochondrial dysfunction and consequently photoreceptor degeneration (Murphy, 2009; 

Leveillard and Sahel, 2017; Petit et al., 2018; Rajala, 2020). In line with this, this study presents 

data also suggestive of mitochondrial dysfunction.  

Taken together, the results from proteomic analysis of Cnga1MUT mice and Pde6a-/- dogs 

demonstrate several hints that initial degeneration of rod photoreceptors is induced by ER 

stress and by an imbalance between autophagy and the UPS. Secondary cone degeneration 

then might be a result of increased metabolic and oxidative stress following rod cell death. 

This is mostly in agreement with previous studies as well as with the morphological and 

functional data. However, the exact relationship between all these pathways is not yet clear 

and requires further investigation. More extensive and detailed analyses of the respective 

processes will be necessary to complement and confirm the exact cellular pathways and their 

interactions leading to photoreceptor cell death. 

5.2.2 Contribution of CNG Channels to the Phenotype of RP 

It has previously been postulated that high as well as low intracellular Ca2+ levels may have an 

important impact on photoreceptor degeneration in RP (Biel and Michalakis, 2007; Paquet-

Durand et al., 2011; Das et al., 2021). In both cases, accumulation of cGMP is significantly 

involved. Mutations affecting PDE6 (as in Pde6a-/- dogs or Pde6aMUT mice) directly result in 

cGMP accumulation and thus in CNG channel overactivation and extensive Ca2+ influx. CNG 

channelopathies caused by mutation in Cnga1 or Cngb1 (as in Cnga1MUT or Cngb1-/- mice), 

however, lead to low intracellular Ca2+ followed by disinhibition of GCs and indirect cGMP 

accumulation. Both high intracellular Ca2+ levels as well as CNG channel depletion result in 

photoreceptor depolarization (Schön et al., 2016a; Das et al., 2021). This in turn activates L-

type voltage-gated Ca2+ channels (VGCCs), which then promote even more Ca2+ influx resulting 

in calpain activation and cell death. CNG channels as well as VGCCs are suggested to have a 

major impact on calpain activation (Schön et al., 2016a; Schön et al., 2016b). Proteomics data 

presented in this study indicate both alterations in Ca2+ levels and in calpain activation in 

Pde6a-/- and Cnga1MUT animal models, confirming their participation in photoreceptor cell 

death and pointing out a key role for CNG channels. Previous studies also showed 
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morphological rescue of rod photoreceptors by ablation of CNG channels in Pde6b- and 

Pde6g-deficient mice (Paquet-Durand et al., 2011; Wang et al., 2017). In the present study, 

two DBM Pde6aMUTxCngb1-/- mouse models were investigated for similar effects. Indeed, 

additional CNG channel ablation in Pde6a-deficient mice also resulted in outstanding rescue 

of photoreceptor morphology. This suggests that extensive Ca2+ influx is prevented by 

depletion of CNG channels, resulting in less calpain activity and reduced photoreceptor cell 

death. Conversely, pharmacological blockade of CNG channels and thus Ca2+ influx by the Ca2+ 

channel blocker diltiazem was recently demonstrated to reduce photoreceptor viability, 

suggesting a protective role for low level Ca2+ influx (Das et al., 2022). Thus, it is not clear 

whether a reduction of Ca2+ influx is responsible for the retinal rescue in Pde6aMUTxCngb1-/- 

DBM mice, despite a prevention of calpain activity can be assumed. Moreover, a recent study 

discovered that poly (ADP-ribose) polymerase (PARP), a DNA repair enzyme, is dependent on 

CNG channel and VGCC activity (Yan et al., 2022). PARP is suggested to be activated by cGMP 

accumulation (Power et al., 2020) and was reported to be involved in parthanatos, a specific 

form of cell death, thereby contributing to photoreceptor cell death in RP (David et al., 2009). 

Moreover, Yan et al. found PARP to be an upstream regulator of calpain. Thus, 

Pde6aMUTxCngb1-/- mice might also benefit from decreased PARP activity as a consequence of 

CNG channel depletion, resulting in less calpain activation. However, Ca2+, PARP and calpain 

levels were not directly examined in this study and further investigations are needed. 

Synaptogenesis, as observed by neurite sprouting into the outer retina as a response to 

photoreceptor degeneration, has previously been reported in human patients and animal 

models of RP (Li et al., 1995; Claes et al., 2004; Hüttl et al., 2005; Michalakis et al., 2013). Since 

such processes were detected in mice lacking CNG channels by knockout of Cngb1 (Hüttl et 

al., 2005), it was expected to find neurite sprouting in Cnga1MUT mice as well. However, no 

evidence for synaptogenesis was found in mice lacking CNGA1 at early stages of degeneration, 

neither by immunohistochemistry nor proteomics analysis. On the contrary, in fact, rather a 

retraction and loss of retinal neurons was detected. The same phenomenon of neurite 

retraction was also observed in rd10 mice (Barhoum et al., 2008; Phillips et al., 2010). These 

findings led to the hypothesis that rods lacking CNGB1 still have remaining electrical signal 

which triggers neurite sprouting towards rods, and that the CNGA1 subunit is responsible for 

generating this signal. In Cnga1MUT mice, however, the deficiency of the electrical signal-

generating subunit CNGA1 causes totally non-active rods, leading to retraction of neurons 
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owing to missing electrical stimuli. However, Cnga1MUT mice at PM6 showed spontaneous late 

neurite growth. Additionally, and in contrast to PM1 data, proteomics analysis revealed, a 

downregulation of neuronal cell death and an upregulation of neurite outgrowth at PM6. As 

these events occur simultaneously to the onset of cone degeneration, late neurite sprouting 

may be an attempt to preserve and rescue declining neurotransmission in cones. However, 

another study showed cone neurite sprouting already starting with onset of rod degeneration 

in rd1 mice (Fei, 2002), which could not be confirmed in Cnga1MUT mice. Moreover, it is not 

clear whether only rods or cones or both participate in the occurring synapse degeneration 

and synaptogenesis in Cnga1MUT mice. Further investigations are needed including the use of 

specific markers like mGluR6 as well as the analysis of the exact onset of late neurite sprouting. 

Taken together, it is clear that loss of CNG channels causes the typical phenotype of RP. 

However, is has also been shown that additional CNG channel ablation in different Pde6-

deficient animal models results in outstanding rescue of photoreceptor morphology and 

function. As there are several possible mechanisms by which dysfunctional or absent CNG 

channels could contribute to the phenotype of RP at the cellular level, future studies will need 

to directly examine these potential cellular pathways. Moreover, the reason for the 

differential occurrence of neurite sprouting in different animal models of RP is not yet fully 

understood and requires further investigation.  
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5.3 Novel Gene Augmentation Therapies for RP 

Currently, there is no curative treatment for RP available. However, several preclinical studies 

using gene therapeutic approaches demonstrated encouraging results (Petersen-Jones et al., 

2009; Beltran et al., 2015; Mowat et al., 2017; Occelli et al., 2017; Schön et al., 2017; Cideciyan 

et al., 2018; Cehajic-Kapetanovic et al., 2020; Wagner et al., 2021).  In the present study, rAAV 

vectors expressing the respective therapeutic transgenes were administered to Cngb1- and, 

for the first time, to Cnga1-deficient mouse models. 

5.3.1 Improvement of Gene Augmentation Therapy for CNGB1-linked RP 

In the past, preclinical proof-of-concept studies using rAAV-mediated, species-matched gene 

supplementation in mice and dogs have already shown great success (Koch et al., 2012; 

Petersen-Jones et al., 2018). In this study, rAAV5.hCNGB1/mod, a novel modified rAAV for 

gene augmentation of human CNGB1, was developed. One-time subretinal treatment of 

Cngb1-/- mice resulted in morphological rescue of rods and cones as well as functional benefit.  

Although being only a modulatory subunit, CNGB1 is essential for formation, intracellular 

transport, and functionality of the rod CNG channel. Comparable to its predecessor (Wagner 

et al., 2021), rAAV5.hCNGB1/mod achieved robust expression of hCNGB1 as well as rescue of 

endogenous murine CNGA1 protein, resulting in formation of functional CNG channels in 

Cngb1-/- mice. Notably, comparing both therapeutic vectors revealed optimal expression 

results of hCNGB1 at different doses. While rAAV5.hCNGB1 only needed a total vector dose 

of 109 vg, a higher dose of 1010 vg was necessary using rAAV5.hCNGB1/mod. However, this is 

most likely due to the different production methods of the two therapeutic vectors: 

rAAV5.hCNGB1 was produced in a HeLa producer cell line, whereas rAAV5.hCNGB1/mod was 

obtained by triple-transfection of HEK293T cells. While mCNGA1, rescued by treatment with 

rAAV5.hCNGB1/mod, localized exclusively to rod OS, vector-derived hCNGB1 expression was 

also found in rod IS and cell bodies. This was not observed in species-matched approaches 

(Koch et al., 2012; Petersen-Jones et al., 2018). However, proper hCNGB1 localization was 

detected in the transition region between treated and untreated part in the same retina, 

suggesting an oversupply of vector-derived hCNGB1. CNG channels are built of three CNGA1 

and one CNGB1 subunit. Thus, CNGA1 might represent the limiting factor for assembly of CNG 

channels, preventing treated rods from exceeding the number of wild type levels CNG 

channels. Nevertheless, a dose reduction in order to cause hCNGB1 localization in rod OS only, 
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might not achieve sufficient functional rescue of rod photoreceptors. In the previous study, 

treatment with a lower dose of rAAV5.hCNGB1 showed morphologic rescue but less 

improvement in functionality. Moreover, also this lower dose resulted in improperly localized 

hCNGB1 (Wagner et al., 2021). An explanation for this difference to species-matched 

approaches includes that oversupplied mCNGB1 is degraded immediately after species-

matched gene therapy, while elimination of hCNGB1 takes longer and thus degradation 

products were detected in rod IS and ONL. In addition, species-matched CNGB1 and CNGA1 

protein are expected to fuse with 100 % fidelity, whereas hCNGB1 and mCNGA1 fuse with only 

~70 % cross-species fidelity (Wagner et al., 2021), possibly also contributing to improper 

localization of hCNGB1. 

Overall, comparison of rAAV5.hCNGB1/mod with its template rAAV5.hCNGB1 revealed similar 

results regarding expression levels, rescue of rod-mediated function, and photoreceptor layer 

thickness with both therapeutic vectors. Remarkably, treatment with rAAV5.hCNGB1/mod 

resulted in even less Müller cell gliosis than treatment with rAAV5.hCNGB1, possibly indicating 

its potential for greater reduction of retinal stress. However, the mechanisms contributing to 

retinal stress are not well understood, and further investigation is needed to determine the 

potential of therapeutic vectors to reduce retinal stress. 

In summary, the present study showed efficient beneficial effects on retinal morphology and 

rescue of retinal function by treatment with rAAV5.hCNGB1/mod, which was comparable to 

treatment with rAAV5.hCNGB1. 

5.3.2 Heading Towards Minimally Invasive Technique: Intravitreal Gene Augmentation 

Therapy for CNGA1-linked RP 

Until recently, no suitable Cnga1-deficient mouse model was available, making the 

development of an appropriate therapy for CNGA1-linked RP almost impossible. However, the 

generation and characterization of the Cnga1MUT mouse model now offers new possibilities. 

In a first proof-of-concept study, Cnga1MUT mice were treated with a one-time subretinal 

administration of rAAV2\GL.hCNGA1. Conventional subretinal treatment resulted in robust 

expression of vector-derived hCNGA1, together with rescue of endogenous mCNGB1. Notably, 

considerably less improper localization of vector-derived human transgene product, as 

observed in Cngb1-/- mice, was detected after treatment with rAAV2\GL.hCNGA1. Instead, 

hCNGA1 localized mostly in rod OS and IS. Moreover, rAAV2\GL.hCNGA1 achieved 
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improvement of rod-mediated function as detected by profound increases in ERG b-wave 

amplitudes. However, subretinal injections are invasive and require iatrogenic retinal 

detachment, potentially leading to photoreceptor damage and vision impairment (Jacobson 

et al., 2006; Peng et al., 2017). In addition, only small parts of the retina can be treated by 

single injections, which either requires multiple injections and thus carries a higher risk or 

leads to a lower therapeutic effect. Therefore, intravitreal injections have recently received 

more and more attention. These are easier to perform and less invasive, reach a wide retinal 

area, and cause less damage to the retina. However, delivery to the outer retinal cells seems 

to be less efficient (Harvey et al., 2002; Dalkara et al., 2009). Hence, AAV capsid engineering 

to overcome these limitations has become of great interest in recent years (Petrs-Silva et al., 

2009; Dalkara et al., 2013; Kay et al., 2013; Zinn et al., 2015; Grimm and Buning, 2017; Barnes 

et al., 2019; Katada et al., 2019; Pavlou et al., 2021; Ross and Ofri, 2021). The novel engineered 

AAV2\GL capsid was recently shown to efficiently transduce photoreceptors after a single 

intravitreal injection in mice, dogs and non-human primates (NHP) (Pavlou et al., 2021). In the 

present study, it was demonstrated that rAAV2\GL.hCNGA1 can achieve beneficial effects on 

retinal function by conventional subretinal injection, as well as by intravitreal injection. 

Interestingly, after intravitreal injection, vector-derived hCNGA1 was expressed exclusively in 

rod OS. Considering that transduction of outer retinal cells is less efficient after intravitreal 

injections, it is tempting to speculate that the apparent disadvantage of this method in this 

case led to the delivery of a more optimal viral dose. Indeed, not only proper protein 

localization, but also intact functionality of chimeric CNG channels consisting of hCNGA1 and 

endogenous mCNGB1 was demonstrated. On the one hand, this is supported by normalization 

of the aberrantly high levels of cGMP in Cnga1MUT rods arising from missing negative feedback 

on cGMP-producing GCs. On the other hand, intravitreal administration of rAAV2\GL.hCNGA1 

led to improvements in retinal function as detected by ERG, further confirming functional CNG 

channel formation. Moreover, treatment with rAAV2\GL.hCNGA1 also reduced Müller cell 

gliosis, a commonly observed phenomenon in retinal degeneration. 

In conclusion, the present study is the first to demonstrate successful therapy of CNGA1-linked 

RP using a potent therapeutic vector that shows significant treatment effects not only by 

subretinal but also by intravitreal injection. 
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5.4 Summary 

RP, a group of hereditary blinding diseases that affect more than 1.5 million patients 

worldwide, is characterized by progressive retinal degeneration beginning with primary 

degeneration of rod photoreceptors, followed by the secondary loss of cone photoreceptors. 

RP is usually caused by mutations in genes that are necessary for the phototransduction 

process. Despite great scientific efforts, the underlying mechanisms are still unclear. However, 

understanding the common mechanisms that lead to photoreceptor death in RP is important 

for developing therapies, as currently no curative treatment options exist. 

In the present study, the novel Cnga1MUT mouse line was characterized. It was shown that the 

missense mutation Tyr509Cys in the A subunit of the major rod CNG channel leads to loss of 

both channel subunits, resulting in profound photoreceptor degeneration and early loss of rod 

function. This is accompanied by progressive retinal degeneration and by secondary loss of 

cone photoreceptors at later stages. Thus, the new Cnga1MUT mouse model closely reflects 

the phenotype of human RP49 and provides new opportunities for future studies on CNGA1-

linked RP as well as for the development of potential therapeutic approaches. 

Moreover, by taking different animal models into account, proteomic analysis revealed 

several signaling pathways to be altered in RP. These suggest the involvement of ER stress, 

autophagy, metabolic and oxidative stress in photoreceptor cell death. Further in-depth 

investigation of such common retinal response mechanisms among the different genetic 

subtypes of RP will be critical for the development of appropriate treatments. 

Finally, two novel therapeutic vectors aiming to treat CNGB1- and CNGA1-linked RP were 

developed. Both vectors showed beneficial effect on retinal morphology and rescue of retinal 

function by either one-time subretinal or even less invasive intravitreal injection, together 

demonstrating gene augmentation therapy as a promising approach to treat RP. 

Overall, this study contributes to a broader knowledge of the pathogenesis of RP and offers 

new directions for expand treatment options for human patients.
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Abbreviation Term 

AAV Adeno-associated virus 

Ad Adenovirus 

AKT Protein kinase B 

AMPK Adenosine monophosphate-activated protein kinase 

AmpR Ampicillin resistance 

ANOVA Analysis of variance 

APS Ammonium persulfate 

arRP Autosomal recessive RP 

ATF6 Activating transcription factor 6 

BAG2 BAG family molecular chaperone regulator 2 

BGH Bovine growth hormon 

bp Base pair 

c canine 

cAMP Cyclic adenosine monophosphate 

CB ChemiBLOCKER 

CC Connecting cilium 

cDNA Complementary DNA 

cGMP Cyclic guanosine monophosphate 

CNBD Cyclic nucleotide-binding domain 

CNG Cyclic nucleotide gated 

CNGA1 CNG channel subunit A1 

CNGB1 CNG channel subunit B1 

DEP Differentially expressed protein 

DMEM Dulbecco’s Modified Eagle Medium 

DNA Deoxyribonucleic acid 

dNTP Deoxynucleoside triphosphate 

DTT  Dithiothreitol  

EDTA Ethylenediaminetetracetic acid 

EGTA Ethyleneglycoltetraacetic acid 

EIF2 Eukaryotic initiation factor 2 
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ER Endoplasmic reticulum 

ERAD ER-associated protein degradation 

ERG Electroretinogram, Electroretinography 

ERK Extracellular-signal regulated kinases 

FAT10 human leukocyte antigen-F adjacent transcript 10 

FBS Fetal bovine serum 

FITC Fluorescein isothiocyanate 

GCL Ganglion cell layer 

GFAP Glial fibrillary acidic protein 

GNAT Guanine nucleotide-binding protein G(t) subunit alpha 

GRK G protein-coupled receptor kinase 

GSR Glutathione reductase 

GUCA Guanylyl cyclase-activating protein 

h human 

HK Hexokinase 

hRHO Human rhodopsin promoter 

hRHO194 Short human rhodopsin promoter (194 bp) 

HRP Horseradish peroxidase 

Iba1 Ionized calcium-binding adapter molecule 1 

IHC Immunohistochemistry 

ILM Inner limiting membrane 

INL Inner nuclear layer 

IPA Ingenuity pathway analysis 

IPL Inner plexiform layer 

IRE1 Inositol-requiring enzyme 1 

IS Inner segments 

ITR Inverted terminal repeat 

KanR Kanamycine resistance 

kb Kilobase 

KO Knockout 

LB Lysogeny broth 

LC-MS/MS Liquid chromatography-mass spectrometry/mass spectrometry 

m murine 

MAPK Mitogen-activated protein kinase 

mRNA Messenger RNA 

mTOR Mammalian target of rapamycin 
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n/a Not altered 

n/d Not detected 

NHP Non-human primate 

NRF2 Nuclear factor E2-related factor 2 

OGDH Oxoglutarate dehydrogenase 

ON Optic nerve 

ONH ON head 

ONL Outer nuclear layer 

OPL Outer plexiform layer 

ori Origin of replication 

OS Outer segments 

OXPHOS Oxidative phosphorylation 

pA Polyadenylation signal 

PB Phosphate buffer 

PBS Phosphate buffer saline 

PBS-MK PBS-MgCl2-KCl2 

PCR Polymerase chain reaction 

PDB Protein data bank 

PDE6 Phosphodiesterase 6 

PEG Polyethylene glycol 

PERK R-like endoplasmic reticulum kinase  

PFA Paraformaldehyde 

PI Post-injection 

PI3K Phosphatidylinositol-3 kinase 

PKM Pyruvate kinase isoform M 

PM Postnatal month 

PNA Peanut agglutinin 

PR+ Photoreceptor plus (combined thickness of photoreceptor OS and ONL) 

PRPH Peripherin 

PTEN Phosphatase and tensin homologue 

qRT-PCR Quantitative real-time PCR 

rAAV Recombinant AAV 

RHO Rhodopsin 

RNA Ribonucleic acid 

ROM Rod outer segment membrane protein 

RP Retinitis pigmentosa 
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RPE Retinal pigment epithelium 

rpm Rounds per minute 

RT Room temperature 

SAG S-arrestin 

SD-OCT Spectral-Domain Optical Coherence Tomography 

SDS Sodium dodecyl sulfate 

SDS-PAGE SDS polyacrylamide gel electrophoresis 

SV40 Simian virus 40 

TBS-T Tris-buffered saline with Tween-20 

TCA Tricarboxylic acid 

TEMED N, N, N’, N’ tetramethylethylene diamine 

Tris Tris(hydroxymethyl)aminomethane 

UPR Unfolded protein response 

vg Viral genomes 

WPRE Woodchuck hepatitis virus posttranscriptional regulatory element 

WT Wild type 
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Index of Figures 

Figure 1. The inverse Structure of the Retina. Light-sensitive photoreceptor outer segments (OS) are 

embedded in the retinal pigment epithelium (RPE). Photoreceptor cell bodies form the outer nuclear 

layer (ONL) and their endings synapse with bipolar cells in the outer plexiform layer (OPL). Cell bodies 

of bipolar cells, horizontal cells and amacrine cells form the inner nuclear layer (INL). Bipolar cells are 

connected to the ganglion cells in the adjacent inner plexiform layer (IPL). Ganglion cell bodies finally 

form the ganglion cell layer (GCL). .......................................................................................................... 3 

Figure 2. The Rod Phototransduction Process. Compartmentalized rods consist of a synaptic region, a 

nuclear region, and an inner segment (IS) and outer segment (OS) linked by the connecting cilium. The 

phototransduction process takes place in the OS: incoming light causes a conformational change of the 

rod-specific 11-cis-retinal chromophore rhodopsin to its all-trans isomer. Activated rhodopsin 

stimulates transducin by exchange of guanosine diphosphate (GDP) with guanosine triphosphate 

(GTP). The dissociated transducin α-subunit in turn binds to cGMP phosphodiesterase 6 (PDE6) causing 

release of the inhibitory constraint of PDE6γ-subunits. Cyclic guanosine monophosphate (cGMP) 

produced by guanylyl cyclases (GCs) is hydrolyzed by activated PDE6 resulting in decrease of free cGMP 

concentration and, subsequently, in cyclic nucleotide gated (CNG) channel closure. Consequently, the 

“dark current” cation influx is stopped causing photoreceptor hyperpolarization and finally termination 

of darkness-mediated glutamate release. .............................................................................................. 5 

Figure 3. Rod CNG Channel Structure. The tetrameric rod CNG channel consists of three A1- and one 

B1-subunit. Each subunit is composed of six transmembrane helices (S1-S6) and the intracellular N- 

and C-termini. The S1-S4 helices form the voltage-sensitive domain (VSD) and the S5 and S6 helices 

together with the pore helix (green) form the channel pore which contains the selectivity filter in the 

pore loop. The C-linker located in the C-terminus consists of six α-helices (A’-F’) and connects the 

transmembrane helices to the cyclic nucleotide binding domain (CNBD). The CNBD, in turn, consists of 

four α-helices (A-C and P) and a β-roll. ................................................................................................... 6 

Figure 4. Progression of RP. Initial rod degeneration manifests as night blindness followed by loss of 

peripheral vision in the early stage leading to so-called "tunnel vision". Secondary degeneration of 

cones leads to a further reduction of the visual field in the intermediate stage. In the late stage, 

complete blindness eventually occurs. ................................................................................................... 8 
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Figure 5. Administration Pathways used for Gene Therapy in the Eye. Subretinal (SR) injections cause 

retinal detachment by formation of a subretinal bleb that contain the therapeutic agent. In contrast, 

intravitreal (IVT) injections force the therapeutic agent to spread inside the vitreous. ...................... 13 

Figure 6. Gene Supplementation Therapy. An entire expression cassette including a tissue specific 

promoter, the gene of interest (transgene) and a polyadenylation signal (pA) is packaged into specific 

gene therapeutic vectors and delivered to the target cells. ................................................................. 14 

Figure 7. Plasmid Map of pGL2.0_hRHO194-hCNGB1a-SV40pA_modified. The expression cassette 

consists of a short human rhodopsin promoter (hRHO194), the modified cDNA sequence of hCNGB1a 

(NM_001297.4), and a SV40 poly A, and is flanked by AAV2 ITRs. The map was designed with 

benchling.com. ...................................................................................................................................... 22 

Figure 8. Plasmid Map of pGL2.1_hRHO-hCNGA1-mWPRE-BGHpA. The expression cassette consists of 

a human rhodopsin promoter (hRHO), the cDNA sequence of hCNGA1 (NM_000087.5), a mouse WPRE, 

and a BGH poly A, and is flanked by modified AAV2 ITRs. The map was designed with benchling.com.

 ............................................................................................................................................................... 23 

Figure 9. The affected Tyr of the CNGA1 protein is highly conserved in a variety of species. Partial 

sequence alignment of human, murine, rat, canine, bovine, macaque and chimpanzee CNGA1. The 

sequence section contains three β-strands (β2-β4), which are part of the β-roll of the CNBD. The β3-

strand includes the conserved Tyr residue (red box). ........................................................................... 46 

Figure 10. In silico prediction of the structure of wild type and mutant mouse CNGA1 proteins. (A) 

Schematic of the rod CNGA1 channel subunit showing the membrane topology and the position of the 

mutation (red asterisk). The red box marks the area shown in structural zoom-ins in (B-F). (B) 

RoseTTAfold model of protein data bank (PDB) file 7RHH (Xue et al., 2021a). The CNGA1 subunit is 

shown in grey. The amino acids of interest are highlighted in green (Tyr513) and orange (Gly509). The 

structure is shown in the cGMP bound form with cGMP highlighted in blue. The amino acid residues 

R561, T562, A563, F544, E546, I547, and S548 being responsible for cGMP binding are shown as atoms. 

(C-F) RoseTTAfold models of wild type (CNGA1+/+; C, E) and mutant (CNGA1MUT; D, F) of the human (C-

D) and murine (E-F) CNGA1 subunit. The mutated amino acid is highlighted in magenta (wild type) or 

cyan (mutated), respectively, and shown as atoms. ............................................................................. 47 

Figure 11. Cnga1MUT mice are lacking CNGA1 and CNGB1 protein. Representative confocal images 

showing expression of CNGA1 (red; A-D) and CNGB1 protein (green; E-H) in retinal cross-sections of 

wild type (WT; PM1), and Cnga1MUT mouse retinas at PM1, PM6 and PM12. The edges of the ONL are 
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marked with horizontal bars. Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner 

segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer. Scale bars 

mark 20 µm. .......................................................................................................................................... 48 

Figure 12. Disruption of the Cnga1 gene causes altered expression of CNGA1 and CNGB1 subunits. (A-

C) Western blot analysis of wild type (WT) and mutant (MUT) Cnga1 mouse retinas at postnatal month 

1 (PM1) and PM6 using CNGA1- and CNGB1-antibodies. β-Actin was used as loading control. Western 

blot stainings (A) and quantification of CNGA1 (B) and CNGB1 (C) expression. (D-E) qRT-PCR of Cnga1 

mouse retinas at PM1 and PM6 with murine Cnga1- (D) and Cngb1-specific primers (E). N = 3. Values 

are given as mean ±SEM (Ordinary one-way ANOVA paired with Tukey’s post-hoc test; **p0.01, 

***p0.001). ......................................................................................................................................... 49 

Figure 13. Cnga1MUT mice do not express CNG channel subunits at any age. Representative confocal 

images showing expression of CNGA1 (red; A-H) and CNGB1 protein (green; I-P) in retinal cross-

sections of wild type (WT) and Cnga1MUT mouse retinas at P11, P14, P17, and P21. Cell nuclei were 

stained with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer 

plexiform layer; INL, inner nuclear layer. Scale bars mark 20 µm. ....................................................... 51 

Figure 14. Non-functional CNGA1 leads to profound cGMP accumulation in Cnga1MUT mice. 

Representative confocal images showing paraformaldehyde-fixed second messenger cGMP (green) 

and expression of CNGA1 protein (red) in retinal cross-sections of wild type (WT; PM1; A), and 

Cnga1MUT mouse retinas at PM1 (B), PM3 (C), PM6 (D), PM9 (E), and PM12 (F). Cell nuclei were stained 

with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer 

plexiform layer; INL, inner nuclear layer. Scale bar marks 20 µm. ....................................................... 52 

Figure 15. Cnga1MUT mice show a reduced photoreceptor layer thickness. (A-D) Representative SD-OCT 

images of wild type (WT; A, C) and Cnga1MUT mice (B, D) at the age of 12 months (PM12). Black bars in 

C and D mark the thickness of the photoreceptor layer. RPE, retinal pigment epithelium; OS, outer 

segments; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. (E) Degeneration 

progress of photoreceptor layer thickness (PR+) in Cnga1MUT mice (blue) compared to WT mice (grey) 

from P21 until PM12. WT: N = 10; Cnga1MUT mice: N = 12. Values are given as mean ± SD. ............... 53 

Figure 16. Cnga1 deletion leads to shortened rod outer segments and rod degeneration in Cnga1MUT 

mice. Representative confocal images showing expression of rhodopsin (green) in retinal cross-

sections of wild type (WT; PM1; A), and Cnga1MUT mouse retinas at PM1 (B), PM3 (C), PM6 (D), PM9 

(E), and PM12 (F). Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner segments; 
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ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer. Scale bar marks 20 µm.

 ............................................................................................................................................................... 54 

Figure 17. Primary degeneration of rod photoreceptors starts around P21. Representative confocal 

images showing expression of rhodopsin (green) in retinal cross-sections of wild type (WT) and 

Cnga1MUT mouse retinas at P11, P14, P17, and P21. Cell nuclei were stained with DAPI (blue). OS, outer 

segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar marks 20 

µm. ........................................................................................................................................................ 55 

Figure 18. Cnga1 deletion causes secondary degeneration of cone photoreceptors in Cnga1MUT mice. 

Representative confocal images showing expression of cone arrestin (red; A-F) and peanut agglutinin 

(PNA; green; G-L) in retinal cross-sections of wild type (PM1; A, G), and Cnga1MUT mouse retinas PM1 

(B, H), PM3 (C, I), PM6 (D, J), PM9 (E, K), and PM12 (F, L). Cell nuclei were stained with DAPI (blue). OS, 

outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner 

nuclear layer. Scale bars mark 20 µm. .................................................................................................. 56 

Figure 19. Cnga1 deletion accompanies with loss of rod-driven retinal function in Cnga1MUT mice. (A) 

Overlays of averaged scotopic electroretinography (ERG) signals of Cnga1MUT (blue) compared to wild 

type mice (WT; grey) at P21, PM1, PM3, PM6, PM9 and PM12 at different light intensities. Vertical 

dotted lines mark the timepoint of light stimulation. (B-C) Quantification of a-wave (B) and b-wave (C) 

amplitudes of Cnga1MUT mice (blue) compared to WT mice (grey) at different ages. WT: N = 10; 

Cnga1MUT: N = 12. Values are given as mean ±SEM. ............................................................................. 57 

Figure 20. Cnga1 deletion accompanies with loss of rod-driven retinal function in Cnga1MUT mice. 

Quantification of a-wave (A, B) and b-wave (C, D) amplitudes of Cnga1MUT mice (blue) compared to WT 

mice (grey) at the rod-specific light intensity of 0.03 cd.s/m2 (A, C) and the rod- and cone-reflecting 

light intensity of 10 cd.s/m2 (C, D). WT: N = 10; Cnga1MUT: N = 12. Values are given as mean ± SEM. 58 

Figure 21. Cnga1 mutation leads to secondary impairment of cone photoreceptor function in Cnga1MUT 

mice. (A-B) Overlays of averaged photopic electroretinography (ERG) signals of Cnga1MUT and WT mice 

at PM1 (A) and PM6 (B) at different light intensities. Vertical dotted lines mark the timepoint of light 

stimulation. (B-C) Quantification of light-adapted ERG a-wave (B) and b-wave (C) amplitudes of 

Cnga1MUT mice at PM1 and PM6. N = 12. Values are given as mean ± SEM (Ordinary two-way ANOVA 

with Šídák’s post-hoc test; ***p0.001). .............................................................................................. 59 

Figure 22. Retinal stress activates immunoreaction of retinal residential cells in Cnga1MUT mice. 

Representative confocal images showing co-expression of CNGA1 (red) and glial fibrillar acidic protein 
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(GFAP; green; A-F) or expression of ionized calcium-binding adapter molecule 1 (Iba1; green; G-L) in 

retinal cross-sections of wild type (PM1; A, G), and Cnga1MUT mouse retinas at PM1 (B, H), PM3 (C, I), 

PM6 (D, J), PM9 (E, K), and PM12 (F, L). Cell nuclei were stained with DAPI (blue). Arrowheads indicate 

first intermediate fibers (A-F) or microglia migrated into the ONL (G-L). Asterisks indicate microglia 

migrated into the photoreceptor layer (G-L). OS, outer segments; IS, inner segments; ONL, outer 

nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, 

ganglion cell layer. Scale bars mark 20 µm. .......................................................................................... 61 

Figure 23. Early Müller cell gliosis attempts to maintain photoreceptor survival in young Cnga1MUT mice. 

Representative confocal images showing expression of glial fibrillar acidic protein (GFAP; green) in 

retinal cross-sections of wild type (WT) and Cnga1MUT mouse retinas at P11, P14, P17, and P21. Cell 

nuclei were stained with DAPI (blue). Arrowheads indicate first intermediate fibers. ONL, outer nuclear 

layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell 

layer. Scale bar marks 20 µm. ............................................................................................................... 62 

Figure 24. Photoreceptor cell death peaks in the early development period of Cnga1MUT mice. (A-E) 

Representative confocal images showing 5-hydroxymethylcytosine (5hmC)-accessible cells (green) in 

retinal cross-sections of wild type (WT) and Cnga1MUT mouse retinas at PM1, PM6, and P21. Cell nuclei 

were stained with DAPI (blue). ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear 

layer. Scale bar marks 20 µm. (F) Quantification of 5hmC-positive cells in WT (grey) and Cnga1MUT 

mouse retinas (blue) at different timepoints. N = 3. Values are given as mean ± SEM. ....................... 63 

Figure 25. A huge number of proteins is altered in animal models of RP. Volcano plots of proteomics 

analysis of Cnga1MUT mice at PM1 (A) and PM6 (B), and Pde6a-/- dogs (PM39; C) over age-matched wild 

type control animals. Differentially expressed proteins (DEPs) are shown in blue (downregulated) or 

pink (upregulated), while non-DEPs are shown in grey. Important proteins are highlighted. N = 3. ... 65 

Figure 26. Phototransduction proteins are significantly altered in animal models of RP. Heat map of z-

scores of altered proteins involved in phototransduction of Cnga1MUT mice at PM1 and PM6, and 

Pde6a-/- dogs (PM39) over age-matched wild type control animals. N = 3. ......................................... 66 

Figure 27. Animal models of RP show alterations in ER stress, autophagy and oxidative stress pathways. 

Altered cell death pathways in Cnga1MUT mice at PM1 (A) and PM6 (B), and Pde6a-/- dogs (PM39; C) 

over age-matched wild type control animals revealed by ingenuity canonical pathway analysis of DEPs. 

The number in the bar indicates the number of altered proteins in the pathway. ns = not significant. 

N = 3. ..................................................................................................................................................... 67 
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Figure 28. RP leads to altered metabolic pathways and mitochondrial dysfunction in different animal 

models. Altered metabolism pathways in Cnga1MUT mice at PM1 (A) and PM6 (B), and Pde6a-/- dogs 

(PM39; C) over age-matched wild type control animals revealed by ingenuity canonical pathway 

analysis of DEPs. The number in the bar indicates the number of altered proteins in the pathway. 

ns = not significant.  N = 3. .................................................................................................................... 69 

Figure 29. RP activates immunological pathways in different animal models. Altered immunological 

pathways in Cnga1MUT mice at PM1 (A) and PM6 (B), and Pde6a-/- dogs (PM39; C) over age-matched 

wild type control animals revealed by ingenuity canonical pathway analysis of DEPs. The number in the 

bar indicates the number of altered proteins in the pathway. ns = not significant. N = 3. .................. 71 

Figure 30. Mutation in Cnga1 accompanies with degeneration of synaptic end feet. Representative 

confocal images showing expression of calbindin (green; A-C), PKC (green; D-F) or PCP2 (green; G-I) 

in retinal cross-sections of wild type (WT; A, D, G) and Cnga1MUT mouse retinas at PM1 (B, E, H) and 

PM6 (C, F, I). Cell nuclei were stained with DAPI (blue). Arrowheads indicate signs of neuronal 

outgrowth into the ONL. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; 

IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar marks 20 µm. ........................................ 72 

Figure 31. Neurites do not outgrow in young Cnga1MUT mice. Representative confocal images showing 

expression of calbindin (green; A-H), PKC (green; I-P) or PCP2 (green; Q-X) in retinal cross-sections of 

wild type (WT) and Cnga1MUT mouse retinas at P11, P14, P17, and P21. Cell nuclei were stained with 

DAPI (blue). ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner 

plexiform layer; GCL, ganglion cell layer. Scale bars mark 20 µm. ........................................................ 74 

Figure 32. Double-mutant Pde6aMUT mice do not express CNGB1. Representative confocal images 

showing expression of CNGB1 (green) in retinal cross-sections of wild type (WT; A), single-mutant 

Pde6aV685M (V685M; B), single-mutant Pde6aR562W (R562W; C), and single-mutant Cngb1-/- (D) mouse 

retinas, as well as in double-mutant Pde6aV685MxCngb1-/- (V685M DBM; E) and Pde6aR562WxCngb1-/- 

(R562W DBM; F) mouse retinas at PM1. Cell nuclei were stained with DAPI (blue). OS, outer segments; 

IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner plexiform layer. 

Scale bar marks 20 µm. ......................................................................................................................... 77 

Figure 33. CNG channel ablation leads to photoreceptor rescue in double-mutant Pde6aMUT mice. 

Representative confocal images showing expression of PDE6A (red) in retinal cross-sections of wild 

type (WT; A), single-mutant Pde6aV685M (V685M; B), single-mutant Pde6aR562W (R562W; C), and single-

mutant Cngb1-/- (D) mouse retinas at PM1, as well as in double-mutant Pde6aV685MxCngb1-/- (V685M 

DBM; E-G) and Pde6aR562WxCngb1-/- (R562W DBM; H-J) mouse retinas at PM1, PM3 and PM6. The edges 
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of the ONL are marked with horizontal bars. Cell nuclei were stained with DAPI (blue). OS, outer 

segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner plexiform 

layer. Scale bar marks 20 µm. ............................................................................................................... 78 

Figure 34. Rod photoreceptor morphology is preserved in double-mutant Pde6aMUT mice. 

Representative confocal images showing expression of rhodopsin (green) in retinal cross-sections of 

wild type (WT; A), single-mutant Pde6aV685M (V685M; B), single-mutant Pde6aR562W (R562W; C), and 

single-mutant Cngb1-/- (D) mouse retinas at PM1, as well as in double-mutant Pde6aV685MxCngb1-/- 

(V685M DBM; E-G) and Pde6aR562WxCngb1-/- (R562W DBM; H-J) mouse retinas at PM1, PM3 and PM6. 

Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer nuclear 

layer; OPL, outer plexiform layer; INL, inner plexiform layer. Scale bar marks 20 µm. ........................ 79 

Figure 35. Cngb1 deletion rescues cone photoreceptor morphology in double-mutant Pde6aMUT mice. 

Representative confocal images showing expression of cone arrestin (red) in retinal cross-sections of 

wild type (WT; A), single-mutant Pde6aV685M (V685M; B), single-mutant Pde6aR562W (R562W; C), and 

single-mutant Cngb1-/- (D) mouse retinas at PM1, as well as in double-mutant Pde6aV685MxCngb1-/- 

(V685M DBM; E-G) and Pde6aR562WxCngb1-/- (R562W DBM; H-J) mouse retinas at PM1, PM3 and PM6. 

Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer nuclear 

layer; OPL, outer plexiform layer; INL, inner plexiform layer. Scale bar marks 20 µm. ........................ 80 

Figure 36. cGMP accumulation is reduced in double-mutant Pde6aMUT mice. Representative confocal 

images showing paraformaldehyde-fixed cGMP (green) in retinal cross-sections of wild type (WT; A), 

single-mutant Pde6aV685M (V685M; B), single-mutant Pde6aR562W (R562W; C), and single-mutant 

Cngb1-/- (D) mouse retinas at PM1, as well as in double-mutant Pde6aV685MxCngb1-/- (V685M DBM; E-

G) and Pde6aR562WxCngb1-/- (R562W DBM; H-J) mouse retinas at PM1, PM3 and PM6. Cell nuclei were 

stained with DAPI (blue). ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner plexiform 

layer. Scale bar marks 20 µm. ............................................................................................................... 81 

Figure 37. Double-mutant Pde6aMUT mice show decelerated Müller cell gliosis. Representative confocal 

images showing expression of GFAP (green) in retinal cross-sections of wild type (WT; A), single-mutant 

Pde6aV685M (V685M; B), single-mutant Pde6aR562W (R562W; C), and single-mutant Cngb1-/- (D) mouse 

retinas at PM1, as well as in double-mutant Pde6aV685MxCngb1-/- (V685M DBM; E-G) and 

Pde6aR562WxCngb1-/- (R562W DBM; H-J) mouse retinas at PM1, PM3 and PM6. Cell nuclei were stained 

with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer 

plexiform layer; INL, inner plexiform layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar 

marks 20 µm. ......................................................................................................................................... 83 
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Figure 38. Photoreceptor cell death is delayed in double-mutant Pde6aMUT mice. Representative 

confocal images showing 5hmC-accessible cells (green) in retinal cross-sections of wild type (WT; A), 

single-mutant Pde6aV685M (V685M; B), single-mutant Pde6aR562W (R562W; C), and single-mutant 

Cngb1-/- (D) mouse retinas at PM1, as well as in double-mutant Pde6aV685MxCngb1-/- (V685M DBM; E-

G) and Pde6aR562WxCngb1-/- (R562W DBM; H-J) mouse retinas at PM1, PM3 and PM6. Cell nuclei were 

stained with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer 

plexiform layer; INL, inner plexiform layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar 

marks 20 µm. (K-L) Quantification of 5hmC-positive cells in (K) WT, Cngb1-/- SM, V685M SM and DBM, 

and R562W SM and DBM at PM1 and (L) in V685M and R562W DBM mouse retinas at different ages. 

N = 3. Values are given as mean ± SEM. ................................................................................................ 84 

Figure 39. Subretinal delivery of rAAV5.hCNGB1/mod results in the expression of full-length CNGB1. 

(A) Schematic of the gene expression cassette of rAAV5.hCNGB1/mod including the two modification 

sites Q403_L404insK and Q1091K. (B) Western blot analysis of treated (T; 1010 vg, 

rAAV5.hCNGB1/mod) and sham-injected control (SC) Cngb1-/- mice, as well as of wild type mice (WT) 

at postnatal month 3 (2 months post-injection, PI2) using CNGA1- and CNGB1-antibodies. β-Actin was 

used as loading control. (C) qRT-PCR of treated (T) and sham-injected control (SC) Cngb1-/- mice, as well 

as of wild type mice (WT) at PM3 (2 months post-injection, PI2) using human Cngb1- and murine Cnga1-

specific primers. WB: N = 3; qRT-PCR: N = 6. Values are given as mean ±SEM (Ordinary one-way ANOVA 

paired with Tukey’s post-hoc test; *p0.05, **p0.01, ns = not significant). (D) Representative confocal 

overview image showing the treated (within the subretinal bleb) and untreated (outside the subretinal 

bleb) parts of the retina. The treatment border is marked with a dashed line. Cell nuclei were stained 

with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer 

plexiform layer. Scale bar marks 100 µm. ............................................................................................. 87 

Figure 40. rAAV5.hCNGB1/mod obtains efficient and rod-specific hCNGB1 and endogenous CNGA1 

expression in Cngb1-/- mice. Representative confocal images showing expression of hCNGB1 (red, the 

antibody detects mouse and human CNGB1; A-C) and endogenous mCNGA1 protein (green; D-F) in 

retinal cross-sections of wild type (WT; A, D), treated (1010 vg, rAAV5.hCNGB1/mod; B, E), and sham-

injected control Cngb1-/- mouse retinas (C, F) at 7 months of age (6 months post-injection). The edges 

of the ONL are marked with horizontal bars. Cell nuclei were stained with DAPI (blue). OS, outer 

segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar marks 20 

µm. ........................................................................................................................................................ 88 

Figure 41. hCNGB1 is exclusively localized to rod OS in the transition region between treated and 

untreated area of a Cngb1-/- mouse retina. (A-B) Representative merged (A) and single (B) confocal 
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images showing hCNGB1 expression (red, the antibody detects mouse and human CNGB1) in the 

transition area in retinal cross-sections of a treated Cngb1-/- mouse retina (1010 vg, 

rAAV5.hCNGB1/mod) at 7 months of age (6 months post-injection). (C) Zoom-in of (A). Cell nuclei were 

stained with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer 

plexiform layer; INL, inner nuclear layer. Scale bars mark 20 µm (A) and 10 µm (C). .......................... 89 

Figure 42. rAAV5.hCNGB1/mod normalizes cGMP levels in Cngb1-/- mice. Representative confocal 

images showing paraformaldehyde-fixed cGMP (green) and CNGB1 (red, the antibody detects mouse 

and human CNGB1; A-C) in retinal cross-sections of wild type (WT; A, A’), treated (1010 vg, 

rAAV5.hCNGB1/mod; B, B’), and sham-injected control Cngb1-/- mouse retinas (C, C’) at 7 months of 

age (6 months post-injection). Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner 

segments; ONL, outer nuclear layer. Scale bar marks 20 µm. .............................................................. 91 

Figure 43. rAAV5.hCNGB1/mod rescues rod function in treated Cngb1-/- mice. (A) Overlays of 

representative scotopic electroretinography (ERG) signals of a treated Cngb1-/- eye (1010 vg, 

rAAV5.hCNGB1/mod; magenta) compared to the respective sham-injected control eye (grey) at 1, 3 

and 5 months post-injection (PI) at different light intensities. Vertical dotted lines mark the timepoint 

of light stimulation. (B) Quantification of b-wave amplitudes of treated and sham-injected Cngb1-/- 

mice at PI1, PI3, and PI5. N = 9. Values are given as mean ±SEM. ........................................................ 92 

Figure 44. rAAV5.hCNGB1/mod gene therapy preserves photoreceptor layer thickness. (A) 

Representative SD-OCT image of a treated Cngb1-/- mice (1010 vg, rAAV5.hCNGB1/mod) at 6 months of 

age. (B-C) Zoom-ins of (A) showing the treated area (B) and the untreated area (C). Black bars mark the 

photoreceptor plus (PR+) layer. (D) Quantification of photoreceptor layer thickness (µm) in Cngb1-/- 

mice eyes after treatment at 1, 3, and 5 months post-injection (PI) compared with their respective 

sham-injected contralateral eyes. N = 9. Values are given as mean ±SEM (Ordinary two-way ANOVA 

and paired Student’s t-test; *p0.05; **p0.01; ns = not significant). ................................................ 93 

Figure 45. rAAV5.hCNGB1/mod gene therapy prolongs cone photoreceptor survival in Cngb1-/- mice. 

Representative confocal images showing expression of cone arrestin (red) in retinal cross-sections of 

wild type (WT; A, A’), treated (1010 vg, rAAV5.hCNGB1/mod; B, B’), and sham-injected control (C, C’) 

Cngb1-/- mouse retinas at the age of 7 months (PI6). Cell nuclei were stained with DAPI (blue). OS, outer 

segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar marks 20 

µm. ........................................................................................................................................................ 94 

Figure 46. rAAV5.hCNGB1/mod treatment reduces Müller cell gliosis in Cngb1-/- mice. Representative 

confocal images showing co-expression of GFAP (green) and CNGB1 (red, the antibody detects mouse 
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and human CNGB1) in retinal cross-sections of wild type (WT; A), treated (1010 vg, 

rAAV5.hCNGB1/mod; B), and sham-injected control (C) Cngb1-/- mouse retinas at the age of 7 months 

(PI6). Cell nuclei were stained with DAPI (blue). OS, outer segments; IS, inner segments; ONL, outer 

nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, 

ganglion cell layer. Scale bar marks 20 µm. .......................................................................................... 95 

Figure 47. Proof-of-concept study design for treatment of Cnga1MUT mice with rAAV2\GL.hCNGA1. (A) 

Schematic of the gene expression cassette of rAAV2\GL.hCNGA1. (B) Schematic of routes of 

administration: the conventional subretinal route (left) and the less invasive intravitreal route (right).

 ............................................................................................................................................................... 96 

Figure 48. Subretinal injection of rAAV2\GL.hCNGA1 leads to robust hCNGA1 expression and rescues 

endogenous CNGB1 expression in a Cnga1MUT mouse. Representative confocal images showing 

expression of hCNGA1 (red the antibody detects mouse and human CNGA1; A-C) and endogenous 

mCNGB1 protein (green; D-F) in retinal cross-sections of wild type (WT; A, D), treated (6 x 109 vg, 

rAAV2\GL.hCNGA1; B, E), and sham-injected control Cnga1MUT mouse retinas (C, F) at 3 months of age 

(PI2). The edges of the ONL are marked with horizontal bars. Cell nuclei were stained with DAPI (blue). 

OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar 

marks 20 µm. ......................................................................................................................................... 97 

Figure 49. rAAV2\GL.hCNGA1 rescues rod function in a treated Cnga1MUT mouse after subretinal 
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