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Summary 

 
 

The vertebrate family of tubby-like proteins (TULPs) include the founding 

member TUB and related members of the tubby-like protein family such as TULP1, 

TULP2, TULP3, TULP4. TULP1 encoded by TULP1 gene is believed to play a crucial role 

in retinal physiology due to its selective expression in the retina. Mutations in TULP1 are 

causative of early onset recessive retinal degenerations. The majority of TULP1-linked 

patients manifest similar disease phenotypes such as; rapid photoreceptor degeneration 

with granular pigmentation, retinal pigment epithelial (RPE) atrophy, optic disc pallor, 

maculopathy the affected rods and cones resulting nystagmus and night blindness during 

the first weeks of life. Absence of TULP1 in photoreceptors is thought to be the major 

contributor to the disease. There is an underlying principle that replacing TULP1 should 

prevent the devastating events that drive photoreceptors towards the fate of cell death in 

TULP1-linked disease. For this reason, an AAV-mediated TULP1 replacement therapy was 

explored during the course of the study presented in this thesis.  

The study presented in Chapter 2 of this thesis involved the designing, cloning and 

producing of high titre AAV2/5 vectors encoding a functional human TULP1 gene. In the 

study the Tulp1-/- mouse, a naturally occurring mouse model of a recessively inherited 

retinopathy was employed. Similar to the human patients, the retinopathy in Tulp1-/- mice 

presents as a severe, very early onset disease and hence delivery of gene therapy to young 

mouse pups was required in order to provide benefit. The generated AAV-TULP1 was 

administered subretinally at postnatal day (p) 1-2 to provide sufficiency levels of TULP1 

in photoreceptor cells at early stage. To evaluate the AAV-mediated TULP1 replacement 

therapy in the Tulp1-/- murine model, the research described in Chapter 2 of this thesis 



 

 

  

employed a variety of assays to evaluate the effects of the therapy. Interestingly, initial 

studies were undertaken with the AAV-TULP1 gene replacement vector and no rescue of 

the disease phenotype was observed. Subsequently, the AAV2/5 vectors were re-

engineered to contain the codon-optimized mouse Tulp1 replacement gene to determine if 

more effective rescue in this mouse model might be achieved using this mouse gene, given 

the divergence between the mouse Tulp1 and human TULP1 genes. However, the 

optimization and evaluation of novel AAV-Tulp1 gene therapy showed no morphological 

nor functional rescue in Tulp1-/- even though the correct localization of TULP1 protein and 

efficient Tulp1 mRNA expression were obtained.  

Chapter 3 focused on characterizing the nature of retinal degeneration in the 

mouse model in greater depth in addition to mouse models of inherited retinopathies such 

as Rds-/- and Rho-/- mice. The study revealed that common features of photoreceptor 

degeneration were detected in Tulp1-/-, Rho-/- and Rds-/- retinas. In contrast, other 

alterations in bipolar, amacrine and ganglion cells, were specific to Tulp1-/- mice and 

suggest early involvement of the inner retina in TULP1-linked inherited retinal 

degenerations (IRDs). Peak expression of Tulp1 was detected in wild type mouse retina 

RNA at p8 and protein TULP1 in the inner nuclear layer at p5-8. Bioinformatic analysis 

indicated Tulp1 or TULP1 expression in retinal progenitor and non-photoreceptor cells. 

Additionally, TULP1 interactors differed significantly in different retinal cell types, 

suggesting TULP1 may have different functions in these cell types. The early expression 

of TULP1 in the inner retina indicates that perhaps gene therapies targeting TULP1 may 

need to be expressed in both the inner and outer retina.  

Chapter 4 involved evaluating the impact of inner retinal alterations on retinal 

vasculature in Tulp1-/- murine model including a number of other IRD mouse models such 

as Rds-/-, P23H and P347S mice in comparison with wild type mouse lines available in the 



 

 

  

TCD laboratory. Attenuation of retinal blood vessels is hallmark of IRDs, typically reported 

in conjunction with photoreceptor death. Exploring retinal flatmounts, we tested early 

changes of the retinal vasculature in IRD mouse models using AngioTool and 

morphometric analyses. The correlation between retinal degeneration and vascular changes 

was evaluated by advanced statistical analysis. The study demonstrated that retinal 

vasculature in deep plexus was compromised significantly in all tested IRD models 

showing a strong correlation between photoreceptor loss and vascular alterations in deep 

plexus. Interestingly, the retinal vasculature in the superficial and intermediate plexuses 

was significantly altered in Tulp1-/- and Rds-/-. GFAP down-regulation was also 

characteristic for those models suggesting that the inner retinal remodelling (early observed 

in Chapter 3) may affect the inner retinal vascular growth and development. The work 

presented in the thesis provides new insights into the complex retinal degeneration in 

TULP1-linked IRDs and potential challenges in treating patients with this condition. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

  

Table of Contents 

CHAPTER 1 GENERAL INTRODUCTION ......................................................................................... 1 

1.1 THE EYE ANATOMY AND PHYSIOLOGY ............................................................................................... 1 
1.1.1. Anatomy and Physiology of the Retina ....................................................................................... 3 

1.2 PHOTOTRANSDUCTION ....................................................................................................................... 10 
1.2.2 Rod phototransduction ............................................................................................................... 10 
1.2.2 Cone phototransduction ............................................................................................................. 13 

1.3 THE VISUAL CYCLE............................................................................................................................. 16 
1.4 INHERITED RETINAL DISEASE ........................................................................................................... 18 

1.4.1 Stationary & Progressive cone dystrophies ............................................................................... 19 
1.4.2 Stationary & Progressive rod dystrophies .......................................................................................... 21 

1.4.2.1 Retinitis pigmentosa (RP) ............................................................................................................. 23 
1.5 GENE THERAPY AND AAV BASED GENE THERAPIES ......................................................................... 27 
1.6 THESIS OBJECTIVES............................................................................................................................ 33 

CHAPTER 2 AAV-DELIVERED TULP1 SUPPLEMENTATION THERAPY TARGETING 

PHOTORECEPTORS PROVIDES MINIMAL BENEFIT IN TULP1−/− RETINAS ........................ 35 

2.1 INTRODUCTION ................................................................................................................................... 35 
2.2 MATERIAL AND METHODS ................................................................................................................. 42 

2.2.1. Cloning pAAV.MCS-CBAP-hTULP1/hRhKP-OPTmTULP1 ................................................. 42 
2.2.1.1 DNA/RNA spectrophotometry .......................................................................................................... 42 
2.2.1.2 Agarose gel electrophoresis ............................................................................................................... 43 
2.2.1.3 Restriction enzyme digestion ............................................................................................................. 44 
2.2.1.4 DNA Ligation...................................................................................................................................... 44 
2.2.1.5 Transformation of XL1-blueMRA competent cells ......................................................................... 45 
2.2.1.6 DNA mini-preparation ....................................................................................................................... 47 
2.2.1.7 DNA maxi-preparation ...................................................................................................................... 47 
2.2.1.8 DNA mega-preparation ..................................................................................................................... 48 
2.2.1.9 Sequencing .......................................................................................................................................... 49 

2.2.2 Human cell culture..................................................................................................................... 49 
2.2.2.1 Maintenance of HEK293 cells ........................................................................................................... 49 
2.2.2.2 Maintenance of SH-SY5Y cell line .................................................................................................... 51 
2.2.2.3 Cell counting using a haemocytometer ............................................................................................. 52 
2.2.2.4 pAAV.MCS-CBAP-TULP1 & pAAV.MCS-CBAP-EGFP co-transfection in HEK293 cells using 

Lipofectamine®3000 reagent ........................................................................................................................ 52 
2.2.2.5 Immunocytochemistry ....................................................................................................................... 53 

2.2.3 DNA and RNA isolation, and PCR methods ............................................................................. 54 
2.2.3.1 Tail DNA isolation from mice............................................................................................................ 54 
2.2.3.2 Genotyping Tulp1-/- mice using Polymerase Chain Reaction (PCR) ............................................ 55 
2.2.3.3 RNA isolation from HEK293 cells .................................................................................................... 56 
2.2.3.4 RNA isolation from mouse retina ..................................................................................................... 56 
2.2.3.5 Real-Time RT-qPCR ......................................................................................................................... 57 

2.2.4 Protein analysis techniques........................................................................................................ 59 
2.2.4.1 Mouse retina homogenization/lysis ................................................................................................... 59 
2.2.4.2 BCA PROTEIN ASSAY .................................................................................................................... 60 
2.2.4.3 Western Blot Protocol ........................................................................................................................ 61 

2.2.5 Generation of AAV2/5 ................................................................................................................ 64 
2.2.5.1 Triple transfection method ................................................................................................................ 64 
2.2.5.2 AAV2/5 purification using the caesium chloride gradient .............................................................. 65 
2.2.5.3 AAV2/5 tittering protocol .................................................................................................................. 66 

2.2.6 Animal related procedures ......................................................................................................... 67 
2.2.6.1 Animal housing ................................................................................................................................... 67 
2.2.6.2 Genotyping procedure ....................................................................................................................... 67 
2.2.6.3 Subretinal injections in pups ............................................................................................................. 68 
2.2.6.4 ERG analysis ...................................................................................................................................... 68 

2.2.7 Histology procedures .................................................................................................................. 69 
2.2.7.1 Immunohistochemistry and microscopy ................................................................................. 70 
2.2.8 Statistical analysis ...................................................................................................................... 72 



 

 

  

2.3 RESULTS ............................................................................................................................................. 73 
2.3.1 Human TULP1 construct........................................................................................................... 73 

2.3.1.1 Human TULP1 cloning ........................................................................................................................ 73 
2.3.1.2 Co-transfection CBAP-TULP1 and CBAP-EGFP into HEK-293 cells and AAV generation .............. 75 
2.3.1.3 Tulp1-/- transgenic animal ................................................................................................................... 78 
2.3.1.4 Subretinal injections of AAV-2/5 -CBAP-TULP1 gene therapy into Tulp1 -/- mice ........................... 80 
2.3.1.5 Real-time RT-PCR-Tulp1/Actb assay optimisation ............................................................................. 82 
2.3.1.6 Real-time RT-PCR and Western Blot analysis on isolated retinal RNA  3 weeks post-injection of 

AAV ................................................................................................................................................................. 86 
2.3.1.7 Histological and ERG analyses ............................................................................................................ 87 
2.3.1.8 In silico analysis of human TULP1 and mouse TULP1 ....................................................................... 91 

2.3.2 Mouse Tulp1 construct .............................................................................................................. 94 
2.3.2.1 Cloning of the Codon Optimized Mouse Tulp1cDNA driven by Human Rhodopsin Kinase Promoter 

(hRhKP) and AAV2/5 generation .................................................................................................................... 94 
2.3.2.1 Subretinal injections of AAV-2/5-hRhKP-OPT-Tulp1 gene therapy into Tulp1 -/- mice .................... 97 
2.3.2.2 Real-time RT-PCR analysis  on the isolated retinal RNA after 3 weeks of post-injection ................... 97 
2.3.2.3 Histological and ERG analysis of 3 weeks post-injected Tulp1-/- mice ............................................... 98 
2.3.2.4 The 12 weeks of post-administered AAV2/5- hRhKP-OPT-Tulp1(6.6x108vg/eye) therapy analysis on 

Tulp1 null mice .............................................................................................................................................. 104 
2.3.2.5 Analysis of protein expression in Tulp1-/- mice after 3 and 12 weeks of post-injection with 1/6 NEAT 

dose of AAV2/5-hRhKP-OPT-Tulp1 by western blot ................................................................................... 107 
2.3.2.6 Real-time RT-PCR analysis on the isolated retinal RNA after 3 weeks of post-injection with titre 

matched AAV2/5-hRhKP-OPT-Tulp1 versus AAV2/5-CBAP-TULP1 ........................................................ 109 
2.4 DISCUSSION ...................................................................................................................................... 111 

CHAPTER 3 NON-PHOTORECEPTOR EXPRESSION OF TULP1 MAY CONTRIBUTE TO 

EXTENSIVE RETINAL DEGENERATION IN TULP1-/- MICE ..................................................... 129 

3.1 INTRODUCTION ................................................................................................................................. 129 
3.2 MATERIALS AND METHODS ............................................................................................................. 133 

3.2.1 Animals ..................................................................................................................................... 133 
3.2.2 Immunohistochemistry and TUNEL stain .............................................................................. 133 
3.2.3 Microscopy and analysis .......................................................................................................... 135 
3.2.4 Cell counts in Olympus ............................................................................................................ 135 
3.2.5 Tulp1 expression analysis ........................................................................................................ 136 
3.2.6 Tulp1 interactors and IRD genes ............................................................................................. 136 
3.2.7 Statistics .................................................................................................................................... 138 

3.3 RESULTS ........................................................................................................................................... 139 
3.3.1 Gross retinal architecture ......................................................................................................... 139 
3.3.2 Outer nuclear layer (ONL)........................................................................................................ 141 
3.3.3 Outer plexiform layer (OPL) ..................................................................................................... 143 
3.3.4 Inner nuclear layer (INL) .......................................................................................................... 147 
3.3.5 Cell Death in Developing Retinal Neurons of IRD and C57 mice using  TUNEL Assay .......... 160 
3.3.6 Tulp1 expression in the mouse retina ........................................................................................ 163 

3.4 DISCUSSION ...................................................................................................................................... 172 

CHAPTER 4 EARLY PERTURBATION IN RETINAL VESSELS IN MOUSE MODELS OF 

RETINITIS PIGMENTOSA ............................................................................................................... 177 

4.1 INTRODUCTION ................................................................................................................................. 177 
4.2 MATERIALS AND METHODS ............................................................................................................. 183 

4.2.1 Animals ..................................................................................................................................... 183 
4.2.2 Immunohistochemistry ............................................................................................................ 183 
4.2.3 Microscopy and analysis .......................................................................................................... 184 
4.2.4 The preparation of retinal and choroidal flatmounts ............................................................. 185 
4.2.5 The retinal and choroidal flatmounts staining........................................................................ 186 
4.2.6 Statistical analysis .................................................................................................................... 187 

4.3 RESULTS ........................................................................................................................................... 188 
4.3.1 Gross Retinal Architecture of IRD mouse models compared to wild type controls .................. 188 
4.3.2 Quantification of retinal capillary plexuses in IRD and wild type mouse models .................... 191 

4.3.2.1 The vessels density ............................................................................................................................. 193 



 

 

  

4.3.2.2 The branching index ........................................................................................................................... 198 
4.3.2.3 Total Vessel Length ........................................................................................................................... 200 
4.3.2.4 Total Number of Endpoints ................................................................................................................ 202 
4.3.2.5 Lacunarity .......................................................................................................................................... 203 

4.3.3 Quantification of retinal vessel size .......................................................................................... 207 
4.3.4 Astrocytes dysregulation in IRD models versus WTs. ............................................................... 210 
4.3.5 Quantification of choroidal vessels in IRD versus WTs retinas ................................................ 213 

4.4 DISCUSSION ...................................................................................................................................... 217 

CHAPTER 5 GENERAL DISCUSSION ............................................................................................ 229 

CHAPTER 6 REFERENCES ............................................................................................................. 242 

CHAPTER 7 APPENDIX ................................................................................................................... 264 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

  

Figure contents 
 

Chapter 1 
 
Figure 1. The anatomy of the eye. The figure was taken from http://academia.hixie.ch/ 
bath/eye/home.html. Accessed (1998). .......................................................................................................... 2 
Figure 2. The schematic demonstration of the complex function(s) of RPE in the retina. ............................... 4 
Figure 3. The demonstration of the structure of the retina. ............................................................................ 6 
Figure 4. The schematic demonstration of the structure of rod and cone photoreceptors. ............................ 7 
Figure 5. The neuronal organisation of the retina. .......................................................................................... 8 
Figure 6. The schematic illustration of the circuity assembly sequence in the mouse retina. ......................... 9 
Figure 7. The demonstration of ganglion cells in dog and ox retinas. ............................................................. 9 
Figure 8. Rod phototransduction cascade involves a chain biochemical reactions and operates a cGMP-
gated channel. ............................................................................................................................................... 13 
Figure 9. The demonstration of cone phototransduction. ............................................................................. 15 
Figure 10. The demonstration of the visual cycle. ......................................................................................... 17 
Figure 11.The OCT and ERG of a patient with achromatopsia. ..................................................................... 19 
Figure 12.The fundus picture of a 45-year-old patient with CRD. ................................................................. 21 
Figure 13. The fundus and ERG of a patient with CSNB. ................................................................................ 22 
Figure 14. The fundus picture of a patient with Usher syndrome 2. .............................................................. 25 
Figure 15. The clinical characterization of the juvenile non-syndromic RP patient with a homozygous splice 
site mutation in TULP1. ................................................................................................................................. 26 
Figure 16. The schematic illustration of AAV-mediated gene therapy. ......................................................... 29 
 
 

Chapter 2  
 

Figure 2. 1. The human TULP1 construct. ...................................................................................................... 74 
Figure 2. 2. The construct assessment in HEK293 cells. ................................................................................. 77 
Figure 2. 3. The evaluation of Tulp1-/- genotype. ......................................................................................... 79 
Figure 2. 4. Diagrammatic representation of the experimental design of the TULP1-based gene therapy and 
associated retinal  histological analysis. ........................................................................................................ 81 
Figure 2. 5. Real-time RT-PCR-Tulp1/Actb assay. .......................................................................................... 85 
Figure 2. 6. Evaluation of Tulp1-/- treated retinas with NEAT dose of AAV-TULP1 + AAV-EGFP (treated) 
versus AAV-EGFP (untreated). ....................................................................................................................... 90 
Figure 2. 7. In silico evaluation of human and mouse TULP1 proteins. ......................................................... 93 
Figure 2. 8. The mouse Tulp1 construct. ........................................................................................................ 96 
Figure 2. 9. Evaluation of Tulp1-/- treated retinas after 3 weeks post-administration with AAV-Tulp1 versus 
controls. ....................................................................................................................................................... 103 
Figure 2. 10. 12 weeks post-injection of 1/6 NEAT dose of the AAV-Tulp1  + AAV-EGFP  versus controls. .. 106 
Figure 2. 11. Western blot analysis of 3 and 12 weeks post-injected Tulp1-/- retinas with AAV-Tulp1 + AAV-
EGFP versus controls. ................................................................................................................................... 108 
Figure 2. 12. Titre/dose-matched study of AAV-TULP1 and AAV-Tulp1 constructs. .................................... 110 
 

 

 

 

 

 

 

 

 

 

 

 



 

 

  

Chapter 3 
 

Figure 3. 1. Gross retinal architecture from C57 wt, Tulp1-/-, Rho-/- and Rds-/- mice were taken at p5, p8 
and p14. ....................................................................................................................................................... 140 
Figure 3. 2. Rod photoreceptor cells. ........................................................................................................... 142 
Figure 3. 3. Cone photoreceptor cells. ......................................................................................................... 142 
Figure 3. 4. OPL synaptic region. ................................................................................................................. 144 
Figure 3. 5. Horizontal cells. ......................................................................................................................... 146 
Figure 3. 6. Bipolar cells detected by CHX10 and PKCα immunocytochemistries. ....................................... 149 
Figure 3. 7. Amacrine and ganglion cells stained with PAX6 immunocytochemistry. ................................. 151 
Figure 3. 8. CTBP2 immunocytochemistry in INL and GCL. .......................................................................... 153 
Figure 3. 9. Muller cells labelled using CRALBP immunocytochemistry. ...................................................... 155 
Figure 3. 10. Muller cells (CRALBP label) in the OLM - ONL - OPL region..................................................... 156 
Figure 3. 11. Inner plexiform layer (IPL) and ganglion cells. ........................................................................ 158 
Figure 3. 12. Ganglion cells labelled using RBPMS immunocytochemistry. ................................................. 159 
Figure 3. 13. Combined TUNEL stain and immunocytochemistry in the ONL – INL region. ......................... 161 
Figure 3. 14. Combined TUNEL stain and immunocytochemistry in the ONL – INL region. ......................... 162 
Figure 3. 15.TULP1 expression from C57 wt and Tulp1-/- mice were taken at p5, p8, p14 and p30 (n=4). . 164 
Figure 3. 16. Expression analysis of Tulp1 in various retinal cell types. ....................................................... 167 
Figure 3. 17. Tulp1 interactors and IRD gene expression profile. ................................................................ 170 
Figure 3. 18. The expression profile of IRD genes. ....................................................................................... 171 
 
 

Chapter 4 
 

Figure 4. 1. The retinal flatmount preparation. ........................................................................................... 185 
Figure 4. 2. Gross retinal architecture analysis conducted by immunohistochemistry. ............................... 190 
Figure 4. 3. The illustration of retinal flatmount/ whole mount and section. .............................................. 192 
Figure 4. 4. Multiple regression analysis output plots. ................................................................................ 197 
Figure 4. 5. The retinal analysis via AngioTool. ........................................................................................... 206 
Figure 4. 6. Vessel size analysis. ................................................................................................................... 209 
Figure 4. 7. Evaluation of astrocytes in IRD vs WTs retinas. ........................................................................ 212 
Figure 4. 8. Choroidal flatmounts of dark pigmented mouse models stained with SMA- antibody (Cyan).
 ..................................................................................................................................................................... 215 
Figure 4. 9. Evaluation of choroidal flatmounts in Rds-/- and Balb/c mice. ................................................ 216 
 

 

 



 

 

  

Table contents 

 
Table 1. The IRD classification into 4 groups depending on the type of mutation and the characteristics of 
retinal degeneration and affected region of the retina in IRD. ..................................................................... 18 
Table 2.1 Blocking solution recipe. ................................................................................................................ 54 
Table 3.1 Antibodies used in this study........................................................................................................ 135 
Table 4.1 Antibodies used in this study........................................................................................................ 186 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

 

 1 

 

Chapter 1 General Introduction 
 

 

1.1 The Eye Anatomy and Physiology 
  

One of the remarkable sensory organs reacting to light and pressure is the eye. 

This precious organ plays crucial roles in function as a window to the world. The vast 

majority of mammalian eyes are spherical, and its anterior portion is composed of the 

cornea, iris, pupils, and crystalline lens (Figure 1) (Ross, 2010). The primary function of 

the eye is when the light encounters the eye, and it converts the response to light into 

electrochemical impulses to be interpreted by the brain. The light first hits the cornea, 

which is mainly responsible for directing optical images on to the retina (Niederkorn, et al., 

2007). The regulation of the amount of light entering the eye is controlled by the iris, which 

can contract or expand to control the pupil size. Suspensory ligaments attached to the ciliary 

muscle hold the crystalline lens in place. The lens refines the light from the cornea and has 

a greater refraction ability than cornea (Kels, Grant-Kels, & Grzybowski, 2015). The ciliary 

epithelium of the posterior chamber’s ciliary body forms the aqueous humour that is 

continuously supplied with flows through the pupil and replenishes the anterior chamber. 

The aqueous humour flow regulates ocular pressure in order to maintain the optical 

properties of the eye. Positioned between the retina and lens and comprising two-thirds of 

the volume of the entire eye, the vitreous humour is made up of 99% of water (De La Hoz 

Polo, et al., 2016). This avascular gel-like structured part of the eye serves as a support for 

the lens, providing a material which refracted light can pass through towards the retina. The 

vitreous humour exerts pressure on the retina against the choroid in order to hold the retina 

in place (Zhu, Zhang, & Rio‐Tsonis, 2012). The retina is like an optical system film 

consisting of the multi-layered sensory tissue enabling transformation of refracted light into 
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images. The choroid is the external layer of the retina and is primarily made up of 

endothelial cells. The role of the choroid is to provide the back of the eye with oxygen and 

nutrients. The outer part of the eye is the sclera. It is also known as the protective fibrous 

outer layer of the eye, which primarily contains collagens (Willoughby, et al., 2010). 

 

 

 

Figure 1. The anatomy of the eye. The figure was taken from http://academia.hixie.ch/ bath/eye/home.html. Accessed (1998). 

 

 



 

 

 3 

 

1.1.1. Anatomy and Physiology of the Retina 
 

 

The retina is the single light detective organ and the part of the central nervous 

system that is formed by three layers of neurons, two layers of synapses, Müller glial cells 

and the pigmented cells (Blond & Léveillard, 2019) (Figure 3). The retina is characterised 

as having 10 layers: 1) Internal Limiting Membrane (ILM); 2) Nerve Fiber Layer (NFL); 

3) Ganglion Cell Layer (GCL); 4) Inner Plexiform Layer (IPL); 5) Inner Nuclear Layer 

(INL); 6) Outer Plexiform Layer (OPL); 7) Outer Nuclear Layer (ONL); 8) External 

Limiting Membrane (ELM); 9) Inner and Outer Segments (ISs/OSs); 10) Retinal Pigment 

Epithelium (RPE) (Abràmoff, Sonka, & Milan, 2010). 

 ILM is transparent acellular layer on the surface of the retina formed by retinal 

and vitreal elements. Although ILM function was poorly understood, it cannot be 

illuminated the importance of its role in the early stages of retinal development (de Smet, 

Gad Elkareem, & Zwinderman, 2013). NFL consists of the ganglion cells’ axons that 

bundle together in order to intersect at the optic disc creating the optic nerve of the eye 

(Salazar, et al., 2018).  

The visual function is often referred to as the interaction between the 

photoreceptor cells and the pigmented cell. RPE is a monolayer of melanin-cuboidal cells 

which is close to the neurosensory retina separating it from the choroid. Moreover, it has 

been shown that there is a strong dependence of the neurosensory retina on the RPE and 

vice versa (Strauss , 2005). 

RPE contains tight junction proteins creating the blood-retinal barrier, which 

contributes to the regulation of the flow of solution and nutrition from the choroid to the 

sub-retinal space (Campbell & Humphries, 2012). It is worth noting that the blood-retinal 

barrier is responsible for selective epithelial transportation between the blood and the retina 

and provides immune privilege (Crane & Liversidge, 2008). Moreover, the interconnection 



 

 

 4 

 

of photoreceptors with RPE can be supported by the modulation of RPE tight junctions 

through rhodopsin GTPase in order to enhance the RPE barrier function (Benedicto, et al., 

2017). The RPE also maintains the adhesion of retinal cells, providing support for the inter-

photoreceptor matrix (Shikawa, Sawada, & Yoshitomi, 2015).  

Due to being exposed to intense photo-oxidative energy and an excess of oxygen, 

the RPE must be able to maintain the retinal structural integrity in order to protect the retinal 

neurosensory cells from free radicals and photo-oxidation coming from the light energy 

(Zhao, et al., 2014). The RPE is also involved in the phagocytosis of photoreceptor outer 

segments, which need constant renewal as a result of being damaged by photo-oxidation. 

The presence of melanin in RPE cells is believed to play a protective role in the retina by 

absorbing  excess light (Kevany & Palczewski, 2010). The reduction of light absorption in 

the RPE and the reduced protection from oxidative damage is believed to be involved in 

the onset of age-related macular degeneration in the aging population (Nita & Grzybowski, 

2016).  Moreover, it should not be forgotten the fact that the uptake, storage, and re-

isomerisation of vitamin A are involved in synthesizing the visual pigments such as 

rhodopsin and photopsin which help RPE to regenerate visual pigments (Thompson, et al., 

2003)(Figure 2).   

 

Figure 2. The schematic demonstration of the complex function(s) of RPE in the retina.  
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PEDF: Pigment epithelium-derived factor also known as serpin F1 (SERPINF1). VEGF: Vascular endothelial growth 

factor, originally known as vascular permeability factor (VPF). The figure was adopted from Olaf Strauss, 2005. 

 

The photoreceptor layer is responsible for the contribution to the vertical signal 

transfer and composed of two in mouse or three types of the cone cells in human and a 

single type of rod cell. Rod outer segments contain “closed discs,” which are physically 

and electrically separate from the surrounding plasma membrane and possess distinct 

protein and lipid compositions. In contrast, cones, which are evolutionarily older than rods, 

possess “open discs” that are contiguous infoldings of the plasma membrane (Jin-Dong, 1 

Raquel Y., & Vadim Y., 2015). The primary role of rod and cone cells is to receive and to 

transform light photons into electrochemical impulses (Reichenbach, et al., 2016).  It is 

known that in the human eye, there are approximately 106 million photoreceptor cells, and 

of those 100 million are rods which are characterised as long slim cylindrical cells with 

their ISs and OSs (Figure 4). Cones, on the other hand, are approximately 6 million and 

much thicker conical-shaped cells with inner and outer segments registering details and 

colours once enough light is received (Chen & Sampath, 2013). Generally, ISs/OSs of rods 

and cones are different from each other in terms of thickness of their diameter. Both cones 

and rods cells have a light-sensitive protein known as opsin (Chen & Sampath, 2013). Rod 

cells recruit only one type of opsin that can bind to the retinal (Vitamin A derivative) 

bending backward from the neutral position. Therefore, this complex conformation is 

termed as rhodopsin. The cones have three types of opsins, that similar to rhodopsin, can 

bind to retinal, creating three classes of photopsins. Unlike rhodopsin, each class of 

photopsins is responsible for one of three primary colours such as red, blue, and green. 

Cones, however, are not sensitive to low light intensities, thus, to create an electrical 

impulse needs greater light intensities. There are three cone types: S cones – 420 nm, M 

cones – 534 nm, L cones – 546 nm. Hence, we can see our world full of beautiful shades 
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of colours at daylight when cones are functional whereas at night we see only shades of 

grey using rods (Kolb, 2012). 

 

Figure 3. The demonstration of the structure of the retina.  

The picture was adopted from (DeRemer, 2016) The red arrows represent the light transmission from the photoreceptor 

cells 
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Figure 4. The schematic demonstration of the structure of rod and cone photoreceptors.  

The figure was adopted from (Sergouniotis, 2012) 

Photoreceptor, horizontal, and bipolar cells make synaptic connections within a 

single lamina called the OPL (Figure 5). The horizontal and bipolar cell bodies reside in 

INL, and their dendrites receive signals from photoreceptor cells due to being connected to 

most of the neurosensory cells throughout ONL (Fain & Sampath, 2018). 

The retinal bipolar axons terminate at the IPL lying on the two main sublaminae 

that is sublamina-a, the most superficial, and sublamina-b, the deepest. The sublamina-a is  

the two strata below the amacrine cell bodies. In sublamina-a the basal-contacting bipolar 

cells interact with one set of OFF ganglion cells shown at Figure 6. On the other hand, the 

sublamina-b is the two strata below the amacrine cell bodies and it is a primary localization 

for the synaptic region of invaginating-contacting bipolar cells and another set of ON 

ganglion cell branching shown in Figure 6 (Dumitrescu, et al., 2009; Kolb, 2007).  

The inner retinal synapses, known as the IPL, are composed of retinal ganglion 

dendrites and interneurons such as amacrine and bipolar cells (Figure 5.B). The amacrine 

cells are  the intrinsic interneurons of the inner retina that is positioned to modify the output 
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signals. Although the functions of amacrine cells are still poorly understood, they are 

believed to increase perceived contrast like horizontal cells (Balasubramanian, et al., 2014). 

In addition, the amacrine cells are the most varied retinal cell population with about thirty 

subtypes defined according to morphological criteria and their primary neurotransmitter. 

Amacrine cells are connected: to bipolar cells of cones and rods and to ganglion cells (Kolb, 

2007) (Figure 6). The vast majority of amacrine cells are inhibitory (GABAergic or 

glycinergic), but some subtypes also produce dopamine (DA) or acetylcholine. Amacrine 

cells play a role in the detection of moving objects (Kolb, 2009). 

 

Figure 5. The neuronal organisation of the retina.  

The figures were adopted from webvision (https://webvision.med.utah.edu) (A.B) and Mashlan, 2012 (C.). A. The 

immunostained retinal cross-section from a Grm6-GFP transgenic mouse demonstrates cell body lamination and synaptic 

terminals. Cone cells were stained with anti-cone arrestin (bluish-purple). Horizontal, amacrine and ganglion cells were 

stained with calbindin (red). In the Grm-6-GFP mouse model ON bipolar cells express GFP (green) under the GluR6 

promoter generated by Anuradha Dhingra et al. 201. B. The schematic illustration of the main retinal neurons and their 

projection patterns in the mature vertebrate retina. C. The demonstration of the spiking response of ganglion cells driven 

by bipolar cell stimuli. Mouse retinal section stained with Dapi (blue) and Synapsin-1 (green. ONL: outer nuclear layer, 

OPL: outer plexiform layer, INL:inner nuclear layer,  IPL: inner plexiform layer, R: rod cells, C: cone cells, RB: rod 

bipolar cells, CB: cone bipolar cells, H: horizontal cells, All: All amacrine cells, A: amacrine cells, G: ganglion cells.  

https://webvision.med.utah.edu/
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Figure 6. The schematic illustration of the circuity assembly sequence in the mouse retina.  

The figure was adopted from webvision (https://webvision.med.utah.edu). P1,5,7: postnatal day 1,5,7. OPL: outer 

plexiform layer, IPL: inner plexiform layer, P: photoreceptor cells, RB: rod bipolar cells, CB: cone bipolar cells, H: 

horizontal cells, A- amacrine cells, AII- All amacrine cells, G-ganglion cells.  

 

 

Figure 7. The demonstration of ganglion cells in dog and ox retinas.  

The figure was adopted from webvision (https://webvision.med.utah.edu). 

 

Ganglion cells are the projection neurons of the retina (Figure 7). They transmit electrical 

signal information to the brain (Nelson, 2001). Ganglion cells can be classified into more 

than 32 subtypes according to their dendritic arborization and the type of bipolar and 

amacrine cells. The ON-bipolar cells contact with the ON ganglion cells and OFF-bipolar 

cells contact with OFF ganglion cells (Tian, 2011). 
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1.2 Phototransduction 
 

1.2.2 Rod phototransduction 
 

 

The mechanism of visual phototransduction has been well characterized in rod 

cells including the role of rhodopsin in the process (Figure 8). As all vertebrate rhodopsins 

share very similar properties, much of our understanding of human visual transduction in 

rods has come from studies of bovine rhodopsin (Bocchero, Tam, Chiu, Torre, & Moritz, 

2019). The phototransduction cascade is thought to be efficient compared to other 

transduction systems due to the high density of the visual pigment, rhodopsin, in stacks of 

disc membranes reaching approximately 25000 molecules / μm2 of disc membrane (Karl-

Wilhelm, et al., 2015). The initial phase of phototransduction starts with the absorption of 

a photon of light by rhodopsin resulting in the formation of the 48 k-metarhodopsin II (MII) 

complex with a rate of 2.3 seconds-1 following isomerization of 11-cis retinal into all-trans-

retinal in less than 200 mseconds (Schleicher, et al., 1989). The MII complex undergoes 

significant conformational changes permitting its motif to recognise transducin and arrestin 

in order to bind and activate it (Pulvermüller, et al., 2000). Transducin is a heterotrimeric 

G protein (Gt) (Lerea, et al., 1986). It was commonly believed that a single activated 

rhodopsin was able to activate over a hundred transducins during its lifetime in mammalian 

rods. However recently it was updated, as it was found that in mouse rod cells, ~ 20 

transducins activated by rhodopsins with 240 seconds-1 activation rate, even though they 

have the shorter lifetime of 80 mseconds (Fu, 2010).  

When the MII complex activates Gt, it involves the exchange of GDP on the Gt 

subunit for GTP to produce the active form of Gt-GTP (Hargrave, et al., 1993; Sprang, 

2016). The lifetime of that complex is short resulting in the induction of a conformational 

change triggering dissociation of the MII complex as well as the Gt subunits (Phillips & 
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Cerione, 1991). The dissociated MII complex thus can bind another heterotrimeric 

transducing, Gt, to activate it (Maureen A. Downs, 2006).   

The next stage in visual transduction involves activation of a photoreceptor-

specific protein known as phosphodiesterase 6 (PDE6) (Kolandaivelu, Chang, & 

Ramamurthy, 2011). PDE, in rod cells, is composed of the catalytic subunits PDE6A and 

PDE6B and also two inhibitory subunits PDE6G and PDE6, whereas in cone cells, PDE6  

comprises two catalytic PDE6C subunits as well as two PDE6 inhibitory subunits 

(Kolandaivelu, et al., 2011; Deng, et al., 2018). PDE6 is activated by Gt-GTP which 

disables the inhibition of inhibitory subunits PDE6. PDE6 is the most efficient of the PDE 

family, hydrolysing cGMP at a rate of 6000-8000 cGMP / second (Cote, 2004). The 

enzymatic activity of PDE6, therefore, leads to a significant drop in the cytosolic 

concentration of cGMP and, consequently, to the closure of Na+/Ca2+ pores in the plasma 

membrane of photoreceptors whose opening depends on the binding cGMP (Krizaj, et al., 

2002). In addition, a Na+ / Ca2+ exchanger in the plasma membrane continues to pump Ca2+ 

to the outside of the photoreceptors which causes a significant fall in the intracellular Ca2+ 

concentration in the outer segment and the hyperpolarization of the photoreceptors, as well 

as stopping secretion of glutamate at synaptic termini (Bauer, 2002). Subsequently, 

rhodopsin and phosphodiesterase must be inactivated, and cGMP synthesized by guanylate 

cyclase to open the Na+ / Ca2+ pores of the plasma membrane of the OS. The significant 

fall in the intracellular Ca2+ concentration is mainly responsible for the regulation of this 

inactivation mechanism. This process was in part elucidated studying rods from a null 

GCAPs murine model (guanylate cyclase-activating proteins).  

The next step in the inactivation process involves of a 23 kDa myristoylated 

protein known as recoverin, which undergoes extrusion of its myristoyl in the presence of 

Ca2+ which favors binding to membrane discs and inhibition of rhodopsin kinase (GRK1). 
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However, myristoyl degrades in the absence of Ca2+ leading to membrane dissociation and 

activation of GRK1 (Maeda, et al., 2003). The activated GRK1 then phosphorylates several 

amino acids of rhodopsin triggering the recognition and binding of Arrestin (ARR1) to 

phosphorylated rhodopsin with high affinity. Rhodopsin is, therefore, inactivated by this 

mechanism (Burns, 2010). Consequently, it stimulates the activation of GTPase 

hydrolyzing GTP to GDP on Gαt-GTP (Sprang, 2016) and ending the inhibition of the 

inhibitory subunit PDE6, there by impeding the enzymatic activity of PDE6 (Lamb, Heck, 

& Kraft, 2018). The intrinsic GTPase activity of Gαt-GTP involves a prolonged process 

accounting for the constant time of recovery of the flash response (Burns, 2010). In order 

to accelerate this process a protein complex is needed such as Regulator of G-protein 

signaling 9 (RGS9) proteins (Krispel, et al., 2006), Guanine nucleotide-binding protein 

subunit beta 5 (GNB5) proteins (Shamseldin, et al., 2016) and RGS9 anchor protein 

(R9AP) proteins (Hu & Wensel, 2002). They form a complex with Gt-GTP-PDE6 known 

as RGS-9-GNB5-R9AP-Gt-GTP-PDE6 which catalyses the hydrolysis of GTP of Gt 

leading to the termination of PDE6 and at the end of cGMP hydrolysis (Figure 1.8) (Chen 

C. , 2015).  
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Figure 8. Rod phototransduction cascade involves a chain biochemical reactions and operates a cGMP-gated channel.  

The figure was adopted from Veleri et al. 2015.  

 

1.2.2 Cone phototransduction 
 

 

The phototransduction of cones is similar to those of rhodopsin but their precise 

mechanisms, particularly those of deactivation, are still to come (Figure 9) (Gurevich & 

Gurevich, 2017).  It is believed that G protein cone (transducin) has subunits and affinities 

that differ from those of rhodopsin transducin due to the higher light threshold for cones 

than for rods (Deng, et al., 2009). However, it was found that cone Gαt2-subunits and rod 

Gαt1-subunits equivalently exhibited the activation of the intrinsic GTPase as well as the 

acceleration of GTP hydrolysis through RGS9 (Gopalakrishna, et al., 2012). The regulation 

of the openings-closures of N+/Ca2+, K+ channels of the cones is controlled (as for the rod) 

by the level of cGMP with different kinetics (Vinberg, et al., 2017). Despite the similarities 

of rod/cone N+/Ca2+, K+ exchangers (NCKX), it was found that NCKX1 is rod specific 

whereas NCKX2 and NCKX4 are responsible for cones (Vinberg, et al., 2017). The 
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mechanism of activation and deactivation of cone visual pigments is also much faster than 

that of rhodopsin. On the other hand, the cones need much more the light than the rods to 

be stimulated; however, the absolute values of light consumption vary depending on the 

species differences and the type of cone cell (Ingram, et al., 2016). Тhe most considerable 

difference of phototransduction of cones is their regeneration during long-term exposure to 

light that passes through Müller cells and not through the pigment epithelium as for 

rhodopsin (Kusakabe, et al., 2009). The regeneration of the visual pigments of the cones 

known as the re-isomerization of the chromophore from its all-trans-retinol and the 11-cis 

retinal which are necessary to be re-associated with opsin-passes through Müller cells 

(Crouch, 2009). After detachment of opsin, all-trans-retinol is fixed by Müller cells and 

isomerised to 11-cis retinol. The latter is released into the extracellular medium and then 

captured by the cones. The cones then proceed to its oxidation to 11-cis retinal, which is 

then re-associated with opsin. 11-cis retinol can also be oxidized in Müller cells and 

transported to the cone. This retinal mechanism explains the rapid regeneration of cone 

visual pigments and the possibility of continuous viewing in a bright bleaching luminous 

environment (Kolesnikov, et al., 2011; Kiser, et al., 2014). 

Besides, the biochemistry of phototransduction of cones is very similar to rods 

even though activation of transducin is 27 times less effective in cones than in rods 

(Yamaoka, Tachibanaki, & Kawamura, 2015). In humans, only one type of rhodopsin 

kinase (GRK1) is found in rods whereas cones express GRK7 in addition to GRK1, but 

variations are observed in different species (Weiss, et al., 2001). Dephosphorylation of the 

visual pigments of cones is 50 times faster than rhodopsin in rods; however, it purely 

depends on the bleach level of light. This observation explained by the very high expression 

and activity of GRK7 in the cones as GRK1 in the rods (Tachibanaki, et al., 2005; 

Yamaoka, et al., 2015). Moreover, the rate of inactivation of transducin is ∼25 times faster 
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in cones than rods (Tachibanaki, Yonetsu, Fukaya, Koshitani, & Kawamura, 2012), which 

is explained by the 20-fold increase in GTPase acceleration complex in the cones 

(Arshavsky, et al., 2013). The hydrolysis of cGMP by the PDE is therefore stopped much 

more rapidly in the cones than in the rods (Arshavsky, et al., 2013). Thus, these essential 

differences make it possible to explain, at least in part, the very rapid termination of the 

photoresponse of cones compared to rods. 

 

 

 

Figure 9. The demonstration of cone phototransduction.  

It involves with a biochemical reaction in cone and Muller cell. The figure was adopted from (Kiser, Golczak, & 

Palczewski, 2014). 
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1.3 The visual cycle 
 

 

 During phototransduction, retinal changes from the 11-cis state to the all-trans 

state after absorbing a photon of light in the outer segments. As photoreceptors do not have 

the ability to re-isomerize the molecule to the 11-cis form required to receive new photons 

of light, all-trans-retinal will be exported to the RPE to be re-isomerized and then 

transported back to photoreceptors. It is all of these steps that constitute the visual cycle 

(Figure 10) (Crouch, 2009). The initial stage of the visual cycle starts at the level of the 

discs of the OS: the all-trans-retinal is transferred from the intradiscal space to the 

cytoplasmic space of the OS by the ABCA4 transporter (ATP-binding cassette, subfamily 

A, member 4), specific carrier of the retina (Xiang, et al., 2019). All-trans-retinal is reduced 

to all-trans-retinol by retinol dehydrogenase 8 and 12 (RDH8 and RDH12) (Parker, et al., 

2010). Then the all-trans-retinol released into the interphotoreceptor matrix will bind to 

Interstitial Retinal Binding Protein (IRBP), which will direct it to the cells of RPE (Jin, et 

al., 2009). As outlined above, it has been shown that RPE and Müller glial cells are 

respectively responsible for the slow and rapid regeneration of 11-cis retinal in cones, 

whereas only the RPE is involved in the regeneration of 11-cis retinal in rods.  After 

entering the RPE cell, all-trans-retinol interacts with Cellular Retinol Binding Protein 

(CRBP) which aids in the regeneration of 11-cis-retinal via a series of proteins. These 

proteins act successively; initially Lecithin Retinol Acyltransferase (LRAT) esterifies the 

molecule by adding an acyl group, thereby forming the all-trans-retinyl ester (Kiser, et al., 

2014). RPE65 isomerase allowing the formation of 11-cis and 13-cis-retinol through the 

isomerization of retinol and hydrolysis of the ester linkage (Redmond, Poliakov, Kuo, 

Chander, & Gentleman, 2010). 11-cis-retinol (11-cis-ROL) dehydrogenase oxidizes the 

molecule to give 11-cis retinal. Retinal in the 11-cis state will then bind to Cellular 

Retinaldehyde Binding Protein (CRALBP) that will transfer the 11-cis-retinal to the inter-
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photoreceptor matrix. The 11-cis-retinal then binds to IRBP, enabling transport to the OS 

(Ward, et al., 2018).   

 

Figure 10. The demonstration of the visual cycle.  

It involved in a complex biochemical reaction such as chromophore regeneration in rod and cone photoreceptors. The 

picture was adopted from (Ward, Sundaramurthi, Giacomo, & Kennedy, 2018). 
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1.4 Inherited Retinal Disease 
 

 Retinal dystrophies include many pathologies of various etiologies: genetic, 

multifactorial or idiopathic. They are characterized by dysfunction due to the loss of retinal 

cells, mainly photoreceptors, resulting in partial or total visual impairment. Hereditary 

retinal dystrophies manifest at all ages of life. They affect about 1 in 2000-3000 individuals 

and more than 300 genes have been implicated as cause of retinal diseases (Farrar, et al., 

2017 ; Daiger, et al., 2019; Motta, et al., 2018). Although the majority of retinal dystrophies 

are clinically and genetically heterogeneous, it is possible to classify them according to the 

type of photoreceptor (cones or rods) that degenerates first and/or is most affected, and the 

region of the retina that is affected (peripheral or central) (Tsui, et al., 2018). According to 

Tsui, et al., 2018, the retinal dystrophies can be classified into four groups, such as: 

stationary, progressive, central and progressive generalized (see Table 1). Here some of 

those groups will be briefly discussed. 

 

Table 1. The IRD classification into 4 groups depending on the type of mutation and the characteristics of retinal 

degeneration and affected region of the retina in IRD.  

The table was adopted from (Tsui, Song, Lin, & Tsang, 2018) 
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1.4.1 Stationary & Progressive cone dystrophies 
 

 Cone-type photoreceptors are responsible for day vision as well as color 

discrimination (Purves, et al., 2001); these are the two main functions that are affected in 

the framework of the photopic components of the electroretinogram (ERG) (cones) 

whereas the scotopic components (rods) of the ERG are normal (Gill, et al., 2019). 

Achromatopsia (Figure 11) is one of the stationary cone dystrophies which is a very rare 

type of impaired color vision, and its incidence in the population is less than 1 in 30000 

individuals (Zobor, et al., 2015). This syndrome of cone dysfunction comprises several 

forms. Complete congenital achromatopsia is the classic most frequent form; it is also 

called rod monochromatism. Most patients with complete achromatopsia have symptoms 

such as compromised function of three types of cone photoreceptor cells and visual acuity 

is mediated by the rod photoreceptors. Incomplete congenital achromatopsia brings 

together the anomalies of color vision in which only one type of cone is functional; the 

clinical symptoms are less than in the complete form, so it is diagnosed later (Kohl, et al., 

2018). These disorders are due to mutations in five genes coding essential proteins in the 

phototransduction of cones: CNGA3, CNGB3, GNAT2, PDE6C and PDE6H (Chen, et al., 

2015).   

 

Figure 11.The OCT and ERG of a patient with achromatopsia. 

 The ERG shows that the cone response was affected noticeably in the patient. The figure was adopted from Tsang et al. 

2018.  
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 Regarding ocular disorders involving the progressive degeneration of cones, such 

disorders can be sub-grouped into pure cone dystrophies (rare), cone-rod dystrophies and 

macular degenerations, largely based on two clinical criteria. Indeed, only patients with 

cone dystrophies (CRDs) have an impaired cone-rod maximum ERG response due to the 

degeneration of all of the cones in the retina. However, patients with macular degenerations 

exhibit an exclusive alteration of the cones of the macula, which contribute a negligible 

part to the full-field ERG response. To date 48 genes have been identified as carriers of 

mutations responsible for cone-rod dystrophies with variable modes of transmission 

depending on the gene implicated and the specific mutation (Birtel, et al., 2018). 

 Many genes have been implicated as causative of cone dystrophies including 

GUCY2D, GUCA1A, CACNA2D4, CNGB3, ORF15, RPGR, KCNV2, ABCA4 and RPRH2. 

Most of these genes, depending on the severity of their mutations, can also be categorized 

as progressive dystrophies or CRDs (Gill, et al., 2019). The encoded proteins participate in 

retinal metabolism, visual transduction, ion channels and/or photoreceptor membranes. The 

frequency of cone dystrophy is estimated to be 1 in 40000 individuals (Manes, Mamouni, 

Hérald, Richard, & al., 2017). As an example, Stargardt's disease is one of the most 

common severe forms of progressive cone and central retinal dysfunction (Figure 12). It is 

an autosomal recessive disorder due to biallelic mutations in the ABCA4 gene, which codes 

for the ABCA4 protein transporter (Gill, Georgiou, Kalitzeos, Moore, & Michaelides, 

2019). This protein is involved in the transport of retinoids from photoreceptors to the 

pigment epithelium and is specifically expressed at the membrane of the photoreceptor 

discs (Molday, Zhong, & Quazi, 2009).  Furthermore, recently it was also shown that 

ABCA4 is expressed in RPE cells and that ABCA4 deficiency in the RPE may also play a 

crucial role in the pathogenesis of Stargardt's disease (Lenis, et al., 2018). The pathogenic 

ABCA4 changes can cause highly variable phenotypes (Nassisi, et al., 2018). Therefore, 
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depending on the degree of severity, the pathology will be limited to macular degeneration 

or may spread to present as a cone-rod dystrophy (Tanna, et al., 2016).  

 
 
Figure 12.The fundus picture of a 45-year-old patient with CRD.  

The CRD resulted due to the E1087X mutation in ABCA4. The figure was adopted from (Hamel, 2007). 

 

 

1.4.2 Stationary & Progressive rod dystrophies 
 

 The rods are responsible for the vision in scotopic conditions and absent from the 

fovea; therefore, a degeneration of the rods disturbs in the first place the nocturnal and 

peripheral vision. There are two main classes of rod-cone dystrophies: stationary forms 

regrouped under the term of congenital stationary nocturnal blindness (CSNB) (Figure 13). 

As its name suggests, the CSNB is a non-progressive visual impairment that presents at 

birth, and it has been reported that CSNB has three modes of transmission: autosomal 

dominant, recessive, and recessive X-linked. Currently, 17 genes are known to carry 

mutations associated with this disease (Shields, et al., 2019). Many of those genes have a 

specific role in the retina for instance, some of these genes encode proteins involved in the 

phototransduction cascade i.e., PDE6B (Zeitz, et al., 2018), some correspond to proteins 

localized in bipolar cells (Shields, et al., 2019) as the glutamate receptor GPR176 and 

GRM6 (O'Connor, et al., 2006; Audo, et al., 2012) or Ion channel (TRPM1) (van Genderen, 
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et al., 2009). Interestingly, TRMP1 mutation was found that may not be considered as 

CSNB owing to having both rods and cones complications (Pfeifer, et al., 2014). While 

most mutations in the RHO gene lead to retinitis pigmentosa (RPs), some amino acid 

substitutions may lead to CSNB as well (McAlear, et al., 2010; Singhal, et al., 2013). 

 

Figure 13. The fundus and ERG of a patient with CSNB.  

A. The fundus pictures of a 6-year-old patient with CSNB due to a homozygous nonsense mutation in the SAG gene. B. 

Full-field ERG findings from a 6-year-old patient; RE: right eye, LE: left eye, N: normal control subjects. The figure was 

adopted from (Zeitz, et al., 2018).  
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1.4.2.1 Retinitis pigmentosa (RP) 
 

 The term RP represents a group of inherited diseases that are characterized by a 

degeneration of photoreceptors and retinal pigment epithelium (Ferrari, et al., 2011). RP 

belong to progressive rod-cone dystrophies with an initial degeneration of rods starting in 

the periphery, followed in most cases by degeneration of cones. This degeneration 

progresses from the peripheral retina to the central retina, thereby explaining why patients 

initially suffer from night blindness with a deficiency in day vision only later in life (Chang, 

et al., 2011). In general, RP can start in early childhood or later in adulthood and can 

sometimes result in complete blindness. Indeed, the progression of the disease varies 

significantly dependent on the gene and mutation involved, syndromic versus non-

syndromic RP and environmental factors (Birtel, et al., 2019). When RP is not associated 

with other symptoms, for some patients it may be difficult to assess the onset of the disease, 

as patients may already have lost a vast number of rods before the first symptoms occur 

(Chang, et al., 2011). 

1.4.2.1.1 Syndromic RP 
 

 In 20 - 30% of cases, RP is associated with a non-ocular syndrome (Ferrari, et al., 

2011; Verbakel, et al., 2018). The two primary syndromes in terms of the number of 

affected patients and identified genes are Bardet-Biedl syndrome and Usher syndrome with 

21 and 13 genes respectively (Forsythe, Kenny, Bacchelli, & Beales, 2018; Fuster-García, 

et al., 2018). Bardet-Biedl syndrome is a rare complex disorder with RP which is 

characterized by the association of symptoms such as obesity, post-axial polydactyly, 

impaired renal function, hypogenitalism and intellectual deficits which can be of variable 

severity (Forsythe, et al., 2012; Madireddi, et al., 2015; Weihbrecht, et al., 2017). These 

syndromes can be explained by dysfunction in ciliary metabolism, which is shared by 

systems involved in retina, kidney, bone, central nervous system (CNS), etc. The 
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association of these pathologies defines a new family of disease termed ciliopathies 

(Mockel, et al., 2011). Many ciliopathies with retinal involvement have been characterised 

(Braun, et al., 2017). Although less frequent, for example, Joubert's syndrome corresponds 

to a more general degeneration of the CNS with congenital abnormal development of the 

brainstem. Symptoms include trouble breathing, nystagmus, hypotonia, ataxia and delayed 

motor development (Wang, et al., 2018). Senior Loken Syndrome (SLS) meanwhile refers 

to an infrequent oculo-renal disorder with a prevalence of 1 in 50000 individuals which is 

characterized by chronic tubulointerstitial nephropathy and RP (Aggarwal, et al., 2013). 

Bardet-Biedl, Joubert and Senior-Loken syndromes are all genetically heterogeneous 

conditions (Forsythe, et al., 2015). Another syndrome, Usher syndrome (USH), involves a 

profound neurosensory deafness with RP. Some forms of USH manifest at birth and present 

with a vestibular phenotype, for example, USH1. USH2 involves a moderate to low 

intensity to severe hearing loss, preserved vestibular function and progressive retinal 

degeneration (Figure 14) (Lee, et al., 2019). The USH3 form of the syndrome is sporadic 

and involves a progressive RP as well as vestibular ataxia (Mathur & Yang, 2019). It has 

been reported that the prevalence of USH varies from 3.2 to 6.2 per 100000 individuals 

making it the most common cause of inherited deafness-blindness (Millán, et al., 2011; 

Lentz, et al., 2016). USH1 and USH2 are the most common forms of USH, forming 

frequently observed diseases, since they together account for 90-95% of all cases 

(Marazova, et al., 2011). To date 11 genes have been implicated in USH including 

ADGRV1, CDH23, CIB2, CRLN1, HARS1, MYO7A, PCDH15, USH1C, USH1G, USH2A 

and WHRN (NIH, 2019). 
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Figure 14. The fundus picture of a patient with Usher syndrome 2.  

The figure was adopted from Dai, et al., 2008. 

 

1.4.2.1.2 Non-syndromic RP 
 

 Non-syndromic forms of RP are by far the most common with prevalence 

estimated of 1 in 4000 people, or more than 1 million people worldwide (Sahel, et al., 

2015). The genetic heterogeneity of RP is well known with three modes of Mendelian 

inheritance; ~ 19% of RP cases are autosomal dominant, ~ 65% autosomal recessive and ~ 

8% X-linked (Daiger, et al., 2013; Daiger, et al., 2019; Sahel, et al., 2015). Some cases of 

mitochondrial inheritance have been reported and are usually associated with atypical 

forms of non-syndromic and syndromic RP (Verbakel, et al., 2018). The genes associated 

with RP can be grouped into six broad categories depending on the role of the coding 

proteins: phototransduction, retinal metabolism such as visual cycle, phagocytosis of RPE 

cells, cellular development and differentiation, cell structure and splicing (Verbakel, et al., 

2018). For instance, the identified ceramide kinase-like (CERKL) gene is associated with 

RP26 which is believed to be a negative regulator of apoptosis in photoreceptor cells 

(Avila-Fernández, et al., 2010; Tsang, et al., 2018). The gene encoding rhodopsin (RHO) 

is the most frequently mutated autosomal dominant form of RP with approximately 10% 
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of cases of RP and more than two hundred different mutations (Sancho-Pelluz, et al., 2012). 

A large number of genes encoding proteins involved in the visual cycle are also involved 

in RP: LRAT, RDH, RPE65 and CRALBP.  Mutations in the LRAT and RPE65 genes can 

cause severe forms of RP or Leber Congenital Amaurosis (LCA) (Kumaran, et al., 2017). 

Mutations in other genes encode proteins responsible for specific biological functions of 

RPE cells, such as MERTK (Al-Khersan, et al., 2017). Moreover, the particular structure of 

photoreceptors is determined by proteins that maintain the structure of the OS and 

mutations in some genes encoding these proteins such as Rod outer segment protein 1 

(ROMq1), peripherin (PRPH2), TULP1 can cause RP (Figure 15) (Diakatou, et al., 2019; 

Avela, et al., 2019; Böhm, et al., 2017). As TULP1 is the primary focus of the research 

findings presented in this thesis, it will be discussed in Chapters 2-5.  

 

Figure 15. The clinical characterization of the juvenile non-syndromic RP patient with a homozygous splice site mutation 

in TULP1.  

A. Fundus picture of the right eye of an 8-year-old patient demonstrating the attenuation of artery and the yellow 

perifoveal ring. B. Goldman visual field map demonstrates the relative preservation of the visual field with 20/200 acuity. 

The picture was adopted from (den Hollander, et al., 2007). 
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1.5 Gene Therapy and AAV based gene therapies 

 

Gene therapy refers to a set of strategies where genes are used to rescue diseases. 

The idea was formulated as early as the 1960s as a solution for rare and incurable genetic 

diseases (Oner, 2017; Ong, Pennesi, Birch, Lam, & Tsang, 2019). Gene therapy, for 

recessive diseases involving loss of function is typically based on the deliberate 

introduction of genetic material into human somatic cells to correct the genetic defect and 

overcome the lack of a wild type protein by providing the correct gene and encoded protein. 

Currently, advances in gene therapy techniques can extend its application in areas as 

diverse as cancer, AIDS, diabetes, CNS disorders (Parkinson's or Alzheimer's) or 

cardiovascular disease (Selkirk, 2004), among others. Gene therapy is, therefore, an 

immense hope for the treatment of many autosomal recessive and dominant conditions. 

The proof of principle of this approach in human patients was initially provided in children 

with severe combined immunodeficiency (SCID), a lethal disease, but much work remains 

to be done to ensure maximum safety of this type of treatment and various improvements 

have been undertaken to try to improve the safety profile of SCID gene therapies since the 

early clinical trials (Kumar, et al., 2016).  

 The primary goal of ocular gene therapy is, therefore, to transfer a gene into cells 

whose function is impaired following a mutation affecting the metabolism, structure or 

activity of photoreceptors, RPE cells or other retinal cell types. There are different ways to 

transfer a gene. For example, one of the simplest ways is to create an electric current that 

transiently permeabilises the cell membrane thereby aiding the DNA in entering the target 

cells. This technique is used mainly inaccessible tissues such as muscles, for the transfer of 

genes coding for secreted factors in the blood such as factor VIII or erythropoietin 

(Rosazza, Meglic, Zumbusch, Rols, & Miklavcic, 2016). Electroporation has been tested 
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in the ciliary body of rodents to release therapeutic factors, and in ganglion cells as a proof 

of concept (Dezawa, et al., 2002; de Melo, et al., 2018). Another tool of choice is the use 

of recombinant viruses that are unable to replicate (non-replicative vectors). Since viruses 

have the capacity to integrate into the genome of transduced cells, while other cannot 

integrate. For most viral vectors, the idea is to retain the viral proteins allowing infection 

of the target cell and to remove all of the pathogenic genes and replace these genes with a 

therapeutic gene (Bouard, et al., 2009). For some viral vectors, only the non-coding ends 

of the virus, such as the long terminal repeats (LTRs), are maintained in the final 

recombinant virus (Ryu, 2017).  

Most importantly, gene therapy must be safe, effective, specific to a particular cell 

type or requiring infection of multiple cell types and capable of functioning in dividing and 

/ or non-dividing cells depending on the target disorder. Typically the goal is to ensure 

stable gene expression of the therapeutic gene of interest. Viruses are natural gene delivery 

vectors since their essential property is to transfer genetic material (DNA or RNA) into the 

cells and hence they are perfect tools for the development of gene therapies for a wide range 

of diseases (Lundstrom, 2018). Therefore, the genome of the virus is engineered to carry 

the therapeutic gene sequences while eliminating much of the viral genome to minimise 

adverse side effects. Typically, formation of therapeutic viral particles is produced by cells, 

such as HEK 293 cells (Lundstrom, 2018).  Today, approximately two-thirds of clinical 

gene therapy protocols use a gene delivery vector of viral origin (Husain, et al., 2015). For 

most of disease targets, viral vectors are considered to be more effective than non-viral 

vectors for delivery of the drug gene; however, they have some disadvantages relating to 

their potential immunogenicity, pathogenicity and the duration and level of transgene 

expression provided (Reena, et al., 2019). Since the retina only contains post mitotic cells, 

the choice of virus is somewhat restricted and so far the most widely used virus for ocular 
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gene therapy is adenovirus-associated viruses (AAV) although other viruses such as 

lentivirus are being considered for some ocular conditions (Figure 16). 

 

 

 

Figure 16. The schematic illustration of AAV-mediated gene therapy. 

The figure was adopted from http://research.med.helsinki.fi/corefacilities/aav/default.html 

 

A small single-stranded linear DNA (4.7 kb) non-enveloped virus, adeno-associated 

virus (AAV) is non-pathogenic and widespread in humans. Naturally deficient for the genes 

coding for specific replication and capsid proteins, AAV must be associated with an 

auxiliary virus (adenovirus or herpes virus) to replicate. Eleven serotypes of AAV have 

been isolated in humans or primates, but the virus is also present in many other mammals 

(Cearley, et al., 2008) (Naso, et al., 2017). The majority of the human population is 

seropositive for AAV, although no disease is associated. The latent persistence of the virus 

is asymptomatic, and some epidemiological and molecular observations suggest AAV may 

confer an antineoplastic capacity (Hüser, et al., 2017).  

http://research.med.helsinki.fi/corefacilities/aav/default.html
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The AAV genome of 4680 nucleotides comprises mainly of genes encoding the 

replication and capsid proteins, for example, the rep and cap genes. The rep gene codes for 

four replication and regulatory proteins, the cap gene for three structural proteins. In 

addition, there are terminal segments termed inverted terminal repeats (ITRs). ITRs of 145 

base pairs each, necessary in cis for the replication of the genome and its encapsulation 

(Xie, et al., 2017). 

 The production of recombinant particles called recombinant AAV (rAAV) is 

provided by a complementation system in which the proteins encoded by rep and cap as 

well as auxiliary adenoviral functions are provided in trans to replicate and encapsulate the 

defective genomes (Ayuso, 2016). One effective method for rAAV production is based on 

transient cell transfection in mammalian cells. The therapeutic construct with the ITRs and 

an expression vector with the rep genes and cap are introduced by transfection into human 

cells. The necessary auxiliary functions for the formation of viral particles can be provided 

by a third plasmid provides adenoviral genes which support viral replication (Clément, et 

al., 2009). 

Many efforts have been made to modify the tropism of rAAV vectors, either by 

modifying the capsids, by creating hybrid particles so-called chimeric capsids or mosaics, 

made from the assembly of capsid proteins of different viral serotypes (Choi et al. 2005). 

In addition to capsid modifications, it is often necessary to also control the tissue specific 

expression and level of expression of the transgene. These aspects, while no less essential 

in the optimization of an AAV gene therapy, can be limited by the small genomic storage 

capacity of rAAVs (5kb at most) (Naso, et al., 2017).  

Different properties of rAAVs make them very attractive for use as gene delivery 

vectors. In addition to being safe, they can infect a broad spectrum of host cells and have 

the ability to infect such cells whatever their stage of the cell cycle (Salganik, et al., 2015). 
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Finally, rAAV viral particles are resistant to extreme conditions which allow easier 

handling (François, et al., 2018) and can be stable for many years at -80oC. Although 

difficult to use for the transfer of genes to all cell types, rAAV appears to be very effective 

for gene delivery to the CNS and retina, where viral vectors tend to cause fewer immune 

or inflammatory responses (Howarth, et al., 2009).  

One of the successful demonstrations of AAV-mediated gene therapy is the 

subretinal administration of AAV containing RPE65 cDNA in the natural mutated RPE65 

canine model. Substantial rescue of functional vision was obtained providing the 

opportunity to translate this gene therapy into multiple human clinical trials for RPE65-

linked retinal degenerations and more generally promoting the field of AAV-mediated 

ocular gene therapy for many IRDs (Trapani & A., 2018). For instance, in 2008, one 

recently approved gene therapy started with promising results from three-phase I/II trials 

for an aggressive form of IRD - Leber's Congenital Amaurosis (LCA) - treated with 

subretinal injection of AAV-RPE65 published (Hauswirth, et al., 2008; Maguire, et al., 

2008; Bainbridge, et al., 2008). Recently, Voretigene neparvovec (VN, LuxturnaTM, Spark 

Therapeutics) was developed to target biallelic RPE65-associated inherited retinal 

dystrophy as a subretinal gene replacement agent and the Food and Drug Administration 

(FDA) finally approved it in December 2017 (Utz, Coussa, Antaki, & Traboulsi, 2018) and 

the European Medicines Agency (EMA) in November 2018. Furthermore, GenSight 

Biologics has also reported their phase 3 clinical trial of a single intravitreal injection of 

rAAV2/2-ND4 for Leber Hereditary Optic Neuropathy (LHON) patients resulting in 

prolonged efficacy and safety with visual function rescue at 96 weeks in the treated 

subjects. They expect to share their findings with regulatory agencies and file for approval 

in Europe in Q3 2020 (Magda, 2019). Currently, Nightstar Therapeutics (NightstaRx) has 

been undertaking human clinical phase 1/2 trials on the AAV8-mediated gene replacement 
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therapy for RPGR-associated XLRP (NCT03116113; XIRIUS) and also MeiraGTx UK II 

has been investigating a gene therapy packaged in AAV2 vectors in clinical phase 1/2 trials 

for XLRP (NCT03252847) (Kay, 2019). Furthermore, NightstaRx has also been exploring 

a dose escalation, phase 1 and expansion human clinical trials phase 2/3 employing AAV8 

encoding RPGR for RPGR-associated XLRP since January, 2017 

(www.clinicaltrialsregister.eu). Gene therapy for achromatopsia caused by CNGA3 have 

also been undertaken by MeiraGTx in human clinical phase1/2 trails in order to determine 

the safety and efficacy of subretinal administration of an AAV2 vector containing CNGA3 

(www.fightingblindness.ca, updated August 2019) and also they have been investigating 

AAV2/5 based gene therapy (AAV2/5-OPTIRPE65) for LCA caused by mutations in 

RPE65 in human clinical phase1/2 dose escalation trials since March, 2016 

(www.clinicaltrialsregister.eu).  

Therefore, current interest in ocular gene therapy is enormous with the recent 

approval by the FDA and EMA of the first ocular gene therapy. Given the availability of 

safe and efficient vectors for gene delivery to the retina and knowledge of the underlying 

cause of many Mendelian forms of IRD, many teams are exploring gene therapies for such 

ocular conditions.  As a part of the studies that have been undertaken for this thesis, we 

decided to explore an AAV-based gene therapy for human TULP1-linked patients in the 

Tulp1-/- mouse model in order to attempt to correct the primary defect as discussed in detail 

in Chapter 2.  
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1.6 Thesis objectives 
 

 The overall objective of the research described in this PhD thesis was to explore 

AAV-mediated gene replacement therapy and characterisation of the Tulp1-/- murine 

model. This dissertation contains 3 main results chapters corresponding to the specific 

goals (Chapter 2-4) and the last chapter summarizes the overall project and provides 

concluding remarks (Chapter 5). The key goals for each result chapter were:  

• In Chapter 2:  

 1. to design and to clone the replacement gene construct and to package the 

transgene into high titre AAV vectors.  For example, the human TULP1 cDNAs driven by 

the chicken beta-actin promoter (CBA) promoter was generated as AAV2/5 vectors 

((AAV2/5-CBAP-TULP1) and also the codon optimised mouse Tulp1 cDNAs driven by 

mouse rhodopsin kinase (hRhK) promoter was produced also as AAV2/5 vectors 

(AAV2/5-hRhKP-OPT-Tulp1). In addition to vectors carrying the therapeutic gene, 

research was undertaken in Tulp1-/- mice with AAV vectors carrying a reporter gene (the 

enhanced green fluorescence protein (EGFP) gene;  

 2. to deliver AAV vectors to Tulp1-/- mice at postnatal day 2 via sub-retinal 

injection was undertaken. Prior to choosing day 2 injections, various timeframes of 

administration were evaluated. Eyes injected with control AAV2/5 vector (AAV2/5-EGFP) 

or uninjected eyes were used as controls; 

 3. to evaluate a potential benefit in AAV2/5-CBAP-TULP1 and AAV2/5-hRhKP-

OPT-Tulp1 injected mouse eyes versus controls 4 weeks post-injection by 

electroretinography (ERG), immunoblotting analysis and retinal histology.  

• In Chapter 3: 

 1. to perform a more comprehensive comparison with other mutant mouse lines 

with inherited retinopathies such as Rho-/- and Rds-/- murine models including Tulp1-/- 

and wild type lines available in the TCD laboratory;  

 2. to evaluate Tulp1 expression in the inner retina of wild type mice; 

 3. to undertake in silico analyses for expression profile of Tulp1 and other IRD 

genes and identification of potential Tulp1 interactors. 
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• In Chapter 4: 

 1. to undertake a more detailed comparative analysis of the retinal and choroidal 

vasculature in a number IRD murine models (Tulp1-/-, Rds-/-, P23H, P347S) as well as 

wild type lines available in the TCD laboratory;  

2. to conduct an advanced statistical analysis to elucidate the correlation between 

the retinal degeneration and vascular alterations.  
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Chapter 2 AAV-Delivered Tulp1 Supplementation 

Therapy Targeting Photoreceptors Provides Minimal 

Benefit in Tulp1−/− Retinas 
 

 

2.1 Introduction 
 

 

Advances stemming from genetics, molecular biology and genome sequencing 

have made it possible to highlight biological targets implicated in diseases, including for 

some Mendelian disorders and some so-called multifactorial complex diseases. However, 

despite the availability of a growing number of targets, it must be recognized that the 

discovery of truly innovative medicines remains a difficult process. Recent advances in 

gene transfer and the discovery of technologies such as RNA interference and genome 

editing, among others, are opening up radically new approaches to exploiting these multiple 

targets, the validity of which can be evaluated quickly and hence help in developing 

innovative therapeutics for many pathologies. Gene therapy that relies on local gene 

transfer to the target tissue aims to deliver a therapeutic protein in situ. In principle this 

approach allows the blood-brain barrier to be circumvented and avoids potential side effects 

associated with systemic gene therapy. Moreover, gene therapy differs from conventional 

therapies because it is not based on pharmacological drug use but on the administration of 

a fragment of DNA carried by a vector and the on-going expression of a therapeutic product 

from this DNA/gene fragment.   

The eye has unique features that make it an ideal target organ for gene therapy. In 

addition to its easy accessibility, the eye, like the brain, is an immuno-privileged organ 

thanks to the retinal pigment epithelium which constitutes the external blood-ocular barrier. 

Immune responses tend to be considerably attenuated during intraocular administration of 

a gene therapy compared to systemic administration. Finally, the effectiveness of the 
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treatment can be evaluated non-invasively by measuring visual function. As it was 

mentioned in Chapter 1, in 2008, one eventually successful (approved) gene therapy 

started with promising results from three different phase I/II clinical trials for a severe form 

of inherited retinal degeneration (IRD) - Leber's Congenital Amaurosis (LCA) - treated 

with subretinal injection of adeno-associated viral vectors (AAV) (Hauswirth, et al., 2008; 

Maguire, et al., 2008; Bainbridge, et al., 2008).  One of the gene therapies, tested by Jean 

Bennett, Kathy High, Al Maguire and others, was developed through Phase III clinical trials 

via Spark Therapeutics and was approved in the US (The Food and Drug Administration 

(FDA), December 2017, Virginia et al. 2018) and Europe (European Medicines Agency 

(EMA) November 2018) and is termed Voretigene neparvovec (VN, LuxturnaTM, 

SparkTherapeutics)  

A number of IRDs are particularly devastating  involving significant visual 

impairment among children such as juvenile retinitis pigmentosa (JRP), Leber congenital 

amaurosis (LCA) and some forms of cone-rod dystrophy (CRD). The early-onset IRDs 

have heterogenous phenotypes and genotypes but mostly are inherited autosomal 

recessively with a worldwide estimated prevalence of 1/3500. More than 300 genes have 

now been identified and associated with at least one specific IRD (Daiger, Sullivan, & 

Bowne, 2019, RetNet website). Among those IRD genes, TULP1 has been associated with 

rare, early onset (juvenile), severe forms of autosomal recessive retinal degeneration; 

mostly diagnosed as Leber congenital amaurosis 15 (LCA15) and retinitis pigmentosa 14 

(RP14) (North, et al., 1997) or sometimes as cone-rod dystrophy (Chen X. , et al., 2018; 

Jacobson, et al., 2014) and optic neuropathy (Widgren, et al., 2016).    

The Tub and Tubby like gene family members such as TUB, TULP1, TULP2, 

TULP3, TULP4 have been identified in plants and in animals (Iqbal, et al., 2011; 

Mukhopadhyay & Jackson, 2011). The proteins encoded by these genes share a C-terminal 
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region of approximately 200 amino acid residues and they have a tightly regulated distinct 

gene expression profile (Mukhopadhyay & Jackson, 2011). For instance, TUB has been 

found in the brain and retina and dysfunction of this gene associated with obesity and 

sensorineural degeneration (Sun, et al., 2012). TULP1 has been found exclusively in retina 

(specifically in the photoreceptor cells) (Ikeda, et al., 2000) and in IRD patients with 

TULP1 mutations, rod and cone cells are affected very early due to abnormal prenatal 

retinal development and rapid postnatal degeneration (Avela, et al., 2019).  

In this study, the goal is to explore AAV-mediated gene therapies targeting 

TULP1-related IRDs. For TULP1-linked IRDs, the efficient transduction of photoreceptor 

cells is deemed to be of particular importance. Various serotypes of AAV have been 

isolated from non-human primate and human tissues and have different abilities to 

transduce different retinal cell types in vivo. Among these, AAV2/5 is one of a number of 

serotypes that has been used for the development of ocular gene therapy in the eye. 

Following subretinal administration, rAAV2/5 mediates gene expression in both 

photoreceptor and RPE cells and photoreceptor transduction by AAV2/5 is aided by the 

presence of N-linked sialic acid and other coreceptors such as platelet-derived growth 

factor receptor (PDGFR) (Srivastava, 2016). Various AAV serotype options are available 

for delivery to photoreceptors, for example, Allocca, et al., 2007 concluded in their study 

that AAV2/8 driven by rhodopsin promoter provided the highest levels of photoreceptor 

transduction both in vivo and ex vivo compared to AAV2/5. It has been shown that, after 

subretinal injection, the pattern of AAV transduction in retinal cells differs significantly 

between neonatal and adult rodents (Harvey, et al., 2002). For instance, according to 

Watanabe, et al., 2013, AAV2/5 was remarkably efficient at transducing the progenitor 

cells in the developing retina compared to AAV2/8. There could be two reasonable 

explanations for the alteration of AAV tropism between the developing retina and the 
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mature retina. The initial explanation is that AAV receptors in the host retinal cells could 

change their expression level or manifestation. Secondly, the injected viral particles may 

more likely scatter across the developing retina due to the undersized retina at p0 and its 

abandoned dynamic of cellular migration (Watanabe, et al., 2013). Therefore, Watanabe, 

et al., 2013 pointed out that the timeframe of performing the gene therapy during the 

development of the retina is crucial to obtain proper transduction of AAV vectors in the 

cell type of interest. Recently, the TCD team achieved results with AAV2/8 and 

AAV2/rh10 showing significantly higher and faster transgene expression with AAV2/8 

compared to AAV2/rh10 serotypes at the neonatal stage of the gene delivery (Palfi, et al., 

2015).  

 In addition, the Internal Limiting Membrane (ILM) is a basement membrane 

containing ten extracellular matrix proteins and histologically defining the border between 

retina and vitreous. This is the first physical barrier to penetration of AAV into the retina 

from the vitreous in adults (Teo, et al., 2018; Xue, et al., 2017 ). In contrast, less 

differentiated ILM or greater extracellular space in the developing retina may present fewer 

barriers. The dystroglycan 66 and also laminin γ3 are found to be required for maintaining 

the structural integrity of the ILM in the developing retina (Clements, et al., 2017 ; Dorgau, 

et al., 2018 ). Interestingly, it is believed that laminin is one of the receptors which provides 

cellular attachment for AAV2/8 viruses (Denard, et al., 2018).  

Nevertheless, recently it was reported that AAV2/5 is highly specific to 

photoreceptor cells compared to AAV2/8 which showed low transduction efficiency in 

human retinal explants generated from adult human donor eyes (Wiley, et al., 2018). Even 

though it was reported that in mouse and human pluripotent stem cell-derived-RPE and 

photoreceptor cells AAV2/8 showed robust transduction efficiency compared to AAV2/5, 

which was only mostly efficient for RPE cells (Gonzalez-Cordero, et al., 2018). 
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 The provision of AAV vectors with optimised tropisms for either neonatal and / 

or adult retina may be realised by emerging new AAV serotypes (Colella et al. 2017); for 

instance, the AAV-TT vector can efficiently mediate transgene expression in photoreceptor 

and RPE cells after subretinal injections (Tordo, et al., 2018), whereas the AAV-DJ vector 

can target both outer and inner retinal cell layers depending on the route of administration 

(Katada, Kobayashi, Tsubota, & Kurihara, 2019). Besides, AAV8BP2 and AAV7m8 are 

novel serotypes that have been reported to successfully mediate transgene expression in 

many retinal cells including photoreceptors via both intravitreal and subretinal routes of the 

gene delivery (Ramachandran, et al., 2017 ; Hickey, et al., 2017 ). 

As mentioned above, TULP1-linked IRDs are severe early onset disorders, hence 

it was decided to deliver TULP1 as earlier as possible using an appropriate AAV serotype, 

therefore, the aim of the work described in this chapter was to determine the potential value 

of an AAV 2/5-TULP1 vector in alleviating a primary photoreceptor-based retinal 

degeneration caused by defects in the TULP1 gene.  

Even though AAV2/5 is a relatively efficient serotype that targets photoreceptor 

cells and RPE, the rescue of retinal degeneration has achieved mixed success due to factors 

such as the lack of appropriate models and the speed of disease progression in animal 

models. It is known that the window of opportunity in a disease model is essential as the 

balance between time for vector-mediated transgene expression and rate of photoreceptor 

degeneration are some of the key parameters for the success of the therapy.  

There are currently 2 mouse models of TULP1-related retinal degeneration, 

C57BL/6J-Tulp1tvrm124/PjnMmjax mice which carry a mutation in the Tulp1 gene that 

results in a truncated protein and the Tulp1 knockout mouse model (B6.129X1-

Tulp1tm1pjn/Pjn mice). Similar to TULP1-linked IRD patients, both models exhibit the same 

phenotype, an early and severe type of retinal degeneration (Hagstrom, Duyao, North, & 
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Li, 1999; Ikeda, et al., 2000; Won, et al., 2011). Both rod and cone electroretinography 

(ERG) amplitudes are markedly reduced by 4 weeks of age, and cone (ERG) become 

unrecordable by 8 weeks. All photoreceptors die by 20 weeks (Hagstrom, et al., 1999; 

Ikeda, et al., 2000; Won, et al., 2011). 

The function(s) of  TULP1 are not clearly established. TULP1 is a cytoplasmic 

protein, which interacts with cytoskeletal proteins such as f-actin (Xi, Pauer, Marmorstein, 

Crabb, & Hagstrom, 2005). In photoreceptors, TULP1 appears to be involved in protein 

trafficking between the inner and outer segment (Xi, et al., 2005). Abnormal distribution 

of RAB8 and RAB11 in Tulp1-/- retina suggests that TULP1 may possibly be involved in 

rhodopsin transport (Grossman, et al., 2011; Hagstrom, et al., 2012; Hagstrom, et al., 2001). 

However, the small GTPases Rab8 and Rab11 were found to be dispensable for rhodopsin 

transport in mouse photoreceptors (Ying, et al., 2016). TULP1 is also needed for normal 

development of photoreceptor synapses and the survival of photoreceptor cells (Grossman, 

et al., 2009). TULP1 interacts with the synaptic ribbon protein (RIBEYE) and mediates 

localization of the endocytic machinery at the periactive zone of photoreceptor synapses 

(Wahl, et al., 2016). Direct interaction between dynamin-1, involved in vesicular 

trafficking and TULP1 also highlights the role of TULP1 at the synaptic machinery (Xi, et 

al., 2007; Grossman, et al., 2013). In addition, it was revealed that the microtubule-

associated gene, Mtap1a, is able to modify hearing loss in Tub-/- mice as well as retinal 

degeneration in Tub-/- and Tulp1-/- knockout mouse models (Maddox, et al., 2012). 

Functionally nonredundant TULP family members, such as TUB and TULP1, are 

suggested to have a common biological interaction with MTAP1A (Maddox, et al., 2012). 

Indeed it was lately proven that TULP1 and microtubule-associated proteins such as 

MAP1A and MAP1B are capable of interacting with each other, and also, in the absence 

of TULP1 those proteins were miss-localized (Grossman, Beight, Ebke, Pauer, & S.A., 
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2014). In addition, according to (Caberoy, et al., 2009), et al., 2010, TULP1 binds TYRO3, 

AXT and MERTK activating the receptors of MerTK-dependent phagocytosis. As 

phagocytosis is crucial for the elimination of cellular debris, knockout Tulp1-/- mice 

showed abolishment of the stimulation of RPE phagocytosis (Caberoy, et al., 2009). 

However, location of TULP1 protein was not described in the RPE, and hence the 

recruitment of TULP1 in RPE phagocytosis was explained by shedding of photoreceptors 

segments providing TULP1 release into RPE (Caberoy, et al., 2010).  

Thus, there is an underlying principle that replacing TULP1 should prevent the 

devastating events that drive photoreceptors towards the fate of cell death in TULP1-linked 

disease. Consequently, the knockout model was chosen as the initial animal model in which 

to assess the efficacy of a gene replacement therapy for TULP1 deficiency. 
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2.2 Material and Methods 
 

2.2.1. Cloning pAAV.MCS-CBAP-hTULP1/hRhKP-

OPTmTULP1 
 

2.2.1.1 DNA/RNA spectrophotometry 
 

DNA and RNA concentrations and purity were calculated from light absorbance 

at wavelengths () of 260 nm (A260) and 280 nm (A280) using a NanoDrop™ 

Spectrophotometer (Thermo Scientific). The absorbance at 260nm allows the calculation 

of the concentration of nucleic acids in the sample, for instance:  

at 260 nm = 50 ng/μl of for double-stranded DNA (dsDNA)  

at 260 nm for single-stranded DNA = 20-33 ng/μl of ssDNA  

at 260 nm for RNA molecules = 40 ng/μl of RNA 

In order to quantify DNA/RNA samples, first the NanoDrop™ Spectrophotometer 

was initialised by adding 2 l of nuclease free H2O, then blanked with the particular buffer 

the samples were dissolved in. The operating software was set to dsDNA, ssDNA or RNA 

depending on the nucleic acid being measured. One by one, 2 l of each sample was loaded 

onto the optical surface and corresponding concentration calculated. The optical surface 

was cleaned between each sample using tissue paper. Purity of nucleic acids was 

determined by calculating the A260/A280 ratios measured for each sample. 
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2.2.1.2 Agarose gel electrophoresis 
Materials： 

• DNA agarose gel (different percentages for different use) 

• TAE buffer  

• Ethidium bromide (EtBr) solution, 0.2 μg/ml 

• Syber Safe (ThermoFisher, Cat no: S33102) 

• DNA Loading Dye (6x) (ThermoFisher, Cat no: R0611) 

• 1 kb or 100 bp Quick-Load Purple, no SDS (NEB #B7025) 

Laboratory procedures 

DNA agarose gel (typically 0.5, 0.75 or 1.5%) was made by adding the proper 

amount of agarose in TAE buffer and using a microwave oven to boil the buffer in order to 

dissolve the agarose completely (until solution is clear). For example, 1.5 g agarose to 100 

ml buffer for 1.5% agarose gel. After letting agarose solution to cool down to about 50°C 

(about 5 minutes), EtBr (1 μl) or SyberSafe (2 μl) was added and mixed, then the gel was 

poured into a gel tray with the well comb in place. When the gel completely solidified, 

TAE buffer was added into the gel electrophoresis tank. Next, 6x loading dye (to make up 

a final 1x concentration) was added into the sample and mixed. 10 μl of samples were 

loaded into the wells; 5 μl of DNA ladder (0.5 μg, 1 kb or 100 bp Quick-Load marker) was 

loaded into the first and last well of the gel. The electrophoresis was set 100V voltage and 

ran for approximately 20-30 minutes until marker dye rans to 2/3rds of gel. A photo of the 

gel was taken by using a Minin Bis PRO gel capture system (DNR, BioImaging Systems) 

with Gel capture software (DNR, Bio-Imaging Systems). 
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2.2.1.3 Restriction enzyme digestion 
 

Materials: 

• Restriction enzymes: BglII, HindIII, EcoRL, NotI, XbaI (10000 units/ml) supplied by 

NEB  

• Restriction Buffer: NEBuffer™ Set (1.1, 2.1, 3.1 and CutSmart®)  

Protocol for DNA digestion with a single or two restriction enzymes 

The components were added to a nuclease-free Eppendorf tube (1.5 ml) as follows: 

- 1 µl DNA (concentration 1 µg/µl)  

- 2 µl 10x Buffer 

- 1 µl each restriction enzyme (10 units)  

- Add nuclease free H2O, to a final volume of 50 µl.  

The components were gently mixed, and the reaction incubated at 37°C for 1 hour 

and stopped by heat inactivation (65°C for 15 minutes) or addition of 10mM final 

concentration of EDTA. Cleaning-up the digest was carried out using QIAquick PCR 

Purification Kit (50) (Cat no: 28104, Qiagen).  

2.2.1.4 DNA Ligation 
 

Typically, 1:1, 1:3 and 3:1 molar ratios of vector and insert DNA are used when 

cloning a fragment into a plasmid vector. The following example illustrates the conversion 

of molar ratios to mass ratios for a 2.8 kb plasmid and 4 kb insert DNA.  

𝑛𝑔 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 ∗  𝑘𝑏 𝑠𝑖𝑧𝑒 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡
𝑘𝑏 𝑠𝑖𝑧𝑒 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟

∗  𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 
𝑖𝑛𝑠𝑒𝑟𝑡

𝑣𝑒𝑐𝑡𝑜𝑟
= 𝑛𝑔 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 

For instance: to calculate how many ng of CBAP-TULP1 (4 kb) or hRhKP-OPT-

Tulp1 (2.5 kb) was needed to a ligation reaction, in which 100 ng of 2.8 kb p.AAV.MCS 

vector was used, the following equation was performed. The desired vector insert ratio is 

1:3 in the example.  



 

 

 45 

 

100 𝑛𝑔∗ 4 𝑘𝑏

2.8 𝑘𝑏
∗

1

3
= 48 𝑛𝑔 𝑖𝑛𝑠𝑒𝑟𝑡 (CBAP-TULP1) 

100 𝑛𝑔∗ 2.5 𝑘𝑏

2.8 𝑘𝑏
∗

1

3
= 30 𝑛𝑔 𝑖𝑛𝑠𝑒𝑟𝑡 (hRhKP-OPT-Tulp1) 

A T4 ligase (Promega, Cat no: M1801) protocol was carried out according to the 

manufacturer’s instructions by assembling the following reaction in a nuclease free 

Eppendorf (1.5 ml) microcentrifuge tube: 

- vector DNA – 100 ng 

- insert DNA – 17 ng 

- Ligase 10X Buffer – 1 μl  

- T4 DNA Ligase (Weiss units) 0.1 U – 1 μl  

- Nuclease-free H2O to final volume of 10 μl 

The reaction mixture was incubated for overnight at 4°C.  

2.2.1.5 Transformation of XL1-blueMRA competent cells 
 

The XL1-Blue strain allows blue-white colour screening for recombinant plasmids 

and is an excellent host strain for routine cloning applications using plasmid or lambda 

vectors. 

XL1-Blue Genotype: recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´ 

proAB lacIqZΔM15 Tn10 (Tetr)]. (Genes listed signify mutant alleles. Genes on the F´ 

episome, however, are wild type unless indicated otherwise). 

XL-1 cells are tetracycline resistant. XL1-Blue cells are endonuclease (endA) 

deficient, which greatly improves the quality of subsequent miniprep DNA, and are 

recombination (recA) deficient, improving insert stability. The hsdR mutation prevents 

cleavage of the cloned DNA by the EcoK endonuclease system. The lacIqZΔM15 gene on 

the F´ episome allows blue-white colour screening. 

Materials:  
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• Luria-Bertani (LB) broth: 1% tryptone (Oxoid), 0.5% yeast extract (Oxoid) and 1% 

NaCl (Sigma-Aldrich) were added to 1 l of ddH2O and the LB autoclaved at 121°C, 

103 kPa for 15 minutes  

• LB/agar: tryptone (1%), 5 g yeast extract (0.5%), 10 g NaCl (1%) and BBLTM Agar 

Grade A (1.5%) was added to 1 l of ddH2O and the LB/agar autoclaved 

• LB/agar plates: 400 ml of LB/agar was melted by boiling in a microwave oven and then 

cooled to approximately 60°C, the appropriate antibody was added, and the LB/agar 

was poured immediately into sterile plastic petri dishes and allowed to set in a laminar 

air flow cabinet 

• XL1-BlueMRA Competent Cells (Stratagene) 

• antibiotics 

- ampicillin (Sigma-Aldrich): 20 mg/ml of stock solution; 50 μg/ml of 

working concentration 

- tetracycline (Sigma-Aldrich): 10 mg/ml of stock solution; 25 μg/ml of 

working concentration  

Competent cell preparation protocol 

 Day 1: 

A colony from the XL1-Blue E. coli plate was picked and added into 5 ml LB 

supplemented with 12.5 μg/ml Tetracycline and incubated in an orbital shaker (Innova 

4300) overnight at 37°C. 

 Day 2: 

One ml of the overnight culture was added into 500 ml LB + 12.5 μg/ml Tet + 15 

mM MgCl2. The culture was grown at 37°C until late exponential phase for overnight. 

Next, the bacterial culture was pelleted at 3000 rpm (1811 g) for 15 minutes at 4°C 

(Centrifuge 5810, Eppendorf). The pellet was resuspended in 150 ml cold 100 mM CaCl2 
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and incubated on ice for 20 minutes. The resuspended culture was centrifuged at 3000 rpm 

(1811 g) for 15 minutes at 4°C and the pellet resuspended in 30 ml of cold 100 mM CaCl2 

+ 15% Glycerol, aliquoted into 200-300 μl competent cell stocks, snap-frozen in liquid 

nitrogen and stored at -80 ⁰C.  

For transformations used the above frozen aliquots of competent cells 

100 μl or 50 μl of XL1-blueMRA competent cells was transformed for ligation 

reactions or uncut plasmids, respectively. First, a competent cell vial was defrosted on ice 

for 30 minutes, then the DNA was added (10 ng for ligation or 100 ng for plasmid to cells), 

mixed and incubating on ice for 2 minutes. Next, the transformations were heat-shocked in 

a water-bath for 2 minutes at 42°C, then they were immediately put onto ice for 2 minutes. 

Next, prewarmed LB was added (100 μl for ligation or 950 μl for plasmid) and incubated 

at 37°C for 30 minutes. 200 μl of transformed cells for ligation or 100 μl of transformed 

cells for plasmid was plated on LB/agar plates with antibiotics, plates dried and incubated 

at 37°C for overnight. The next day, the transformed plate was analysed. 

2.2.1.6 DNA mini-preparation 
 

DNA mini-preparation was undertaken using QIAprep® miniprep kit (Qiagen, 

Cat no: 27104). Bacterial cells from single colonies were grown in 5ml of LB supplemented 

with the appropriate antibiotics overnight at 37°C in an orbital shaker (Innova 4300). The 

overnight culture was centrifuged at 3000 rpm (1811g) (Centrifuge 5810, Eppendorf) for 

10 minutes and the supernatant removed. A mini preparation was undertaken on the pellet 

according to the QIAprep® miniprep handbook (Qiagen). DNA was resuspended in 50 μl 

of nuclease free H2O and stored at -20°C.     

2.2.1.7 DNA maxi-preparation 
 

In order to get high quality DNA of up to 1 mg, DNA maxi-preparation was 

undertaken using the HiSpeed® Plasmid Midi and Maxi kit (Qiagen, Cat no:12643). 5 ml 
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of LB broth with the appropriate antibiotic was inoculated with the colony to be prepared. 

This starter culture was grown for 8 hours at 37°C in an orbital shaker at 220 rpm (Innova 

4300). Next, 250 μl of this starter culture was used to inoculate 250 ml LB containing the 

appropriate antibiotic (1:100 dilution). The culture was grown at 37°C in the orbital shaker 

at 220 rpm (Innova 4300) overnight. The next day the bacterial cultures were centrifuged 

at 3000 rpm (1811 g) for 15 minutes (Centrifuge 5810, Eppendorf) and the supernatant 

removed. The maxi-preparation was carried out on the pellet according to the HiSpeed® 

Plasmid Purification handbook. DNA was resuspended in 1 ml of nuclease free H2O and 

stored at -20°C.  

2.2.1.8 DNA mega-preparation 
 

DNA mega-preparation was carried out using the QIAGEN® Plasmid Megakit 

(25) (Cat no: 12183, Qiagen). 2 ml of LB broth with the appropriate antibiotic was 

inoculated with cells from the colony to be prepared. This starter culture was grown for 8 

hours at 37°C in an orbital shaker at 220 rpm (Innova 4300). Next, the 2 ml starter culture 

(1:300 dilution) was used to inoculate 600 ml LB broth (in a 2000 ml conical flask) 

containing the appropriate antibiotic. Cultures were grown at 37°C overnight, shaking at 

220 rpm in an orbital shaker. The next day the bacteria were harvested by centrifugation in 

500 ml centrifuge bottles at 8000 rpm (11325 g) (Sorvall RC-5B refrigerated superspeed 

centrifuge-rotor GSA). The mega-preparation was carried out on bacterial pellets according 

to the QIAGEN® Plasmid Purification handbook. Following step 16 (the washing of the 

DNA pellet with 70% ethanol), the remainder of the protocol was carried out in a laminar 

flow cabinet (Holten LaminAir Model 1.2, Thermo Electron Corporation), in order to 

prevent contamination of the DNA. The pellet was air-dried for approximately 30 minutes 

and resuspended in 1.5 ml nuclease free H2O.  
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2.2.1.9 Sequencing 
 

Sequencing reactions were outsourced to Eurofins Genomics. The samples were 

prepared according to the manufacturer’s guidelines. 15 l of plasmid DNA samples were 

sent at a concentration of approximately 100 ng/l along with 10 l of 10 pmol/l of the 

sequencing primers. The primers were designed using Primer-Blast and oligonucleotides 

were synthesised by Sigma. The sequencing results were checked by the alignment 

programme such as Basic Local Alignment Search Tool (BLAST). The reference sequence 

was aligned with the sequenced fragments.  

2.2.2 Human cell culture 
 

2.2.2.1 Maintenance of HEK293 cells 
 

Human Embryonic Kidney 293 (HEK 293) cells were originally derived from 

human embryonic kidney cells. These cells were obtained from American Type Culture 

Collection (www.atcc.org;  Cat no: CRL-1573). It is easy to culture and transfect these cells 

and they have been widely used in cell biology research and biotechnology industry to 

produce therapeutic proteins and viruses. 

Materials: 

• Dulbecco’s modified Eagle medium (DMEM), high glucose (Invitrogen Cat no: 

11965-118)  

• heat inactivated fetal bovine serum (HI FBS, Qualified, Invitrogen Cat no: 16140-

071) 

• dimethyl sulfoxide (DMSO) (Sigma-Aldrich Cat no: D2438) 

• Dulbecco’s Phosphate Buffered Saline (DPBS Invitrogen Cat no: 14190-250) 

• 0.05% Trypsin-EDTA 1X (Invitrogen Cat no: 25300-054) 

• antibiotic-antimycotic 100x (anti-anti Invitrogen Cat no: 15240) 

http://www.atcc.org/
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• 15 ml/High Clarity Polypropylene Conical tubes (BD Falcon Cat no: REF 352096) 

• 1.8 ml Cryo Tube Vials (NUNC, Cat no: 363401) 

• tissue Culture Flasks (BD Falcon, Cat no: 353136; 353132) 

• class II biological safety cabinet 

• haemocytometer 

• humidified 37°C, 5% CO2 tissue culture incubator (Steri-Cycle, Thermo Electron 

Corporation) 

• inverted microscope (Leica MZ6, Laboratory Instruments & Supplies Co. Ltd.) 

• cryo 1°C freezing container (Mr. Frosty, Nalgene Cat no: 5100-0001) 

• growth medium (500 ml): DMEM, 10% HI-FBS, l D-glucose and amino-acids 

(Invitrogen Cat no: 31885), Anti-anti (5 ml) 

• freezing medium: 80% DMEM, 15% HI-FBS, 5% DMS 

Propagation of Cells 

HEK293 cells were maintained between 10% and 90% confluency in a 37°C, 5% 

CO2 tissue culture incubator (Steri-Cycle, Thermo Electron Corporation). HEK293 cells 

typically require passaging the culture twice a week; the approximate cell number for 100% 

confluency for this cell line in a T75 flask (Thermo-Fisher, Nunc; Cat no: 156499). When 

the cells reached the appropriate density (90%, 8.4x106 cells), the medium was aspirated 

from the flask. The cells were washed once with 2 ml of 1x DPBS then 2 ml of 0.05% 

Trypsin-EDTA was added, it was made sure that the flask surface was evenly coated, and 

cells incubated at 37°C for 2 minutes. After trypsin digestion, to make sure cells were 

completely detached from the flask, they were checked in a microscope. In order to stop 

the trypsin digest, 10 ml of growth medium was added, and cell suspension was 

immediately transferred to a 50 ml conical tube and cells pelleted at 500 g for 5 minutes at 

the room temperature. The supernatant was aspirated, cells resuspended in 10 ml of growth 
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medium and 1 ml seeded into the new T75 flasks (Thermo-Fisher, Nunc; Cat no: 156499) 

at a density of 2.1x106 cells. 

Freezing Cells 

In order to freeze cells, cells were grown to 50% confluence and the culture 

medium + antibiotic-antimycotic was replaced with culture medium (no antibiotic-

antimycotic) the day before harvest. Then the cells were harvested as given in the section 

of Propagation of Cells. After the cells were detached and centrifuged at 800 g, for 5 

minutes, the cell pellets were resuspended in freezing medium and 10 ml aliquoted into 1 

ml cryogenic vials. Each vial was placed in an insulated container (Nalgene® Mr. Frosty, 

Cat no: 5100-0001) for slow cooling and were placed into at -80°C freezer for overnight. 

2.2.2.2 Maintenance of SH-SY5Y cell line 
 

Materials: 

• DMEM, high glucose (Invitrogen Cat no: 11965-118) 

• L-glutamine (Invitrogen Cat no: 25030081) 

 

• sodium pyruvate (Invitrogen Cat no: 11360070) 

• l D-glucose and amino-acids (Invitrogen Cat no: 31885)  

• heat Inactivated Fetal Bovine Serum (HI FBS, Qualified, Invitrogen Cat no: 16140-

071) 

• antibiotic-antimycotic 100X (anti-anti Invitrogen Cat no: 15240) 

• SH-SY5Y growth medium (500 ml): DMEM supplemented with L-glutamine, sodium 

pyruvate, l D-glucose and amino acids to which were added 20% heat inactivated 

fetal bovine serum (FBS), antibiotic-antimycotic (5ml)  

SH-SY5Y cells (ATCC® CRL-2266™) were seeded at 2.5x104 cells and grown to 

confluence (90%) in T-25 flasks (Nunc, Thermo-Fisher) in SH-SY5Y growth medium (500 
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ml) in a 5% CO2 humidified incubator at 37°C. Cultures were split twice a week and 

maintained similarly to HEK293 cells as described in Section 2.2.2.1.  

2.2.2.3 Cell counting using a haemocytometer 
 

First, after trypsin digest of the cells, the flask was gently swirled to ensure that 

the cells were evenly distributed and then immediately, before the cells settled down, 0.5 

ml of cell suspension placed in an Eppendorf tube (1.5 ml). 100 μl of cells were taken into 

a new Eppendorf tube and 400 μl 0.4 % Trypan Blue (final concentration 0.08%) was added 

and the cells mixed gently. Next, 100 μl of trypan blue-treated cell suspension was applied 

to the haemocytometer. Using a microscope with a 10x objective (Laboratory Instruments 

& Supplies Co. Ltd., Leica) and focusing on the grid lines of the haemocytometer unstained 

cells were counted (live cells do not take up trypan blue) in one set of 16 squares. When 

counting, a system was adopted whereby cells were only counted when they were within a 

square or on the right-hand or bottom boundary line. Following the same guidelines, dead 

cells stained with trypan blue were also be counted for a viability estimate if required. To 

calculate the number of viable cells per ml, the average live cell count from the four 16 

squares was taken. It was then multiplied by 10000 cells/ml and then by five (to correct for 

the 1:5 dilution from the trypan blue addition). The final value was the number of viable 

cells/ml in the original cell suspension. 

 

 

 

 

2.2.2.4 pAAV.MCS-CBAP-TULP1 & pAAV.MCS-CBAP-EGFP co-

transfection in HEK293 cells using Lipofectamine®3000 reagent 
 

Cell Seeding 
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For optimal transfection conditions, cells should be 70% to 90% confluent at the 

time of transfection. For experiments in 24-well plates, typically 4-5x104 cells were seeded 

per well 24 hours prior to transfection. 

Transfection of DNA plasmids  

The following conditions were used per well of a 24-well plate. First, 500 ng of 

each DNA plasmid was diluted with 1μl EnhancerTMReagent and 0.75 μl 

Lipofectamine®3000 reagent into 50 μl of high glucose DMEM without serum. The 

samples were immediately vortexed for 10 seconds and incubated for 5 minutes at room 

temperature. After, the transfection mixture was added dropwise into each well and the 

plates gently rocked back and forth and from side to side and the pate returned to the 37°C 

CO2 incubator. After 24 to 48 hours post-transfection the required analyses were conducted. 

2.2.2.5 Immunocytochemistry 
 

Preparation of slides and cell fixation 

Prior to immunocytochemistry analysis, cells were grown on the plastic coverslips 

(Thermanox Plastic Coverslip, Round, Cat no: 174950) in 24-well plates (in 500 μl of 

media/well). Then the cells were rinsed briefly with 250 μl phosphate-buffered saline (PBS) 

and 250 μl of 4% paraformaldehyde in PBS pH7.4 was added and incubated for 10 minutes 

at room temperature. Afterwards, the fixed cells were washed for 3x5 minutes in PBS.  

Tulp1-immunostaining 

After the fixation the cells were incubated with blocking solution (for recipe, see 

Table 2.1) for 1 hour at room temperature to block unspecific binding. Next the blocking 

solution was removed, and the cells incubated with anti-TULP1 rabbit antibody 

(ABIN1537977; antibodies online.com; 1/400 dilution) in blocking solution in a 

humidified chamber for overnight at 4°C. Next, the antibody solution was decanted, and 

the cells were washed 3x5 minutes in PBS. In the next step, the cells were incubated with 
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anti-rabbit secondary antibody conjugated with Cy3 (Anti-rabbit Cy3: Jakson Immuno, 

111-165-144; 1:400 dilution) in blocking solution for 2 hours at room temperature in the 

dark. Afterwards, the secondary antibody solution was decanted, and the cells were washed 

with PBS 3x5 minutes in the dark. After washing, the cells were incubated with 0.1 μg/ml 

DAPI (DNA stain) for 1 minute and rinsed with PBS 3x5 minutes. Finally, the samples 

were mounted a drop of mounting medium (Aqua-Poly/Mount, 18606-20) and covered 

with coverslips; samples were stored in dark at 4°C. 

Addition (blocking solution) Volume (ml) Volume (ml) Volume (ml) 

Donkey serum (final 5%) 0.50 0.30 0.10 

10% triton in PBS (final 0.3%) 0.30 0.18 0.06 

PBS 9.20 5.52 1.84 

Total Volume 10.0 6.00 2.00 

Table 2.1 Blocking solution recipe. 

 

2.2.3 DNA and RNA isolation, and PCR methods 
 

2.2.3.1 Tail DNA isolation from mice 
 

Materials:  

• Gentra Puregene Tissue Kit (Qiagen, Cat no:158667) 

• Proteinase K (10 mg/ml) (Sigma, Cat no: P2308) 

Tail DNA isolation was carried out using the Gentra Puregene Tissue Kit (Qiagen, 

Cat no:158667). C57 wt (n=1), Tulp1-/- (n=2) and Tulp1-/+ (n=1) mice were sacrificed by 

CO2 asphyxiation. Animal welfare complied with the Directive 2010/63/EU; Protection of 

Animals Used for Scientific Purposes, Regulations 2012 [S.I. No. 543 of 2012]. The tails 

of euthanised animals were dissected quickly and frozen in liquid nitrogen. They were 

placed into 400 μl tissue lysis buffer + 30 μl of proteinase K (10 mg/ml) and incubated 
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overnight at 55°C.They then were grinded with the pellet pestles cordless motor (Sigma, 

Cat no: Z359971-1EA) keeping tissues on ice at all times. The tail DNA isolation was 

carried out on the lysate according to the Gentra®Puregene® Handbook.The isolated DNA 

was resuspended in 100 μl of nuclease free H2O and stored at -20°C.  

2.2.3.2 Genotyping Tulp1-/- mice using Polymerase Chain Reaction 

(PCR) 
 

Materials:  

• 5XQ5 Reaction Buffer (NEB, Cat no: B9027S) 

• Deoxynucleotide (dNTP) solution mix (NEB, Cat no: N0447L) 

• primers designed via Primer-Blast (Sigma) 

• DNA samples (Section 2.2.3.1) 

• Q5 Hi-Fi DNA Polymerase (M0491L) 

• T3000 Thermocycler (Whatman Biometra, Cat no: 2102210) 

The PCR procedure 

In order to conduct the PCR,  the following reaction was set up on ice:  

Components  50 μl 

Reaction  

Final 

Concentration 

5x Q5 Reaction Buffer  10 μl  1X  

10 mM dNTP  1 μl  200 nM  

1. Primer mix (Tulp1 gene): a forward primer in 

exon 10 (5’-CCTGTGGAAGTGGGTGAAC-3’) 

and a reverse primer in exon 11 

(5’GGTCACTGGAGATGAGATAGTTG-3’)  

2. Primer mix (Neo gene): a pair of primers from the 

neo gene (5’-ACAATCGGCTGCTCTGATGC-3’ 

and 5’-GTCACGACGAGATCATCGC-3’) 

1.2 μl  200 nM  

Tail DNA of mice (C57 wt, Tulp1-/- and Tulp1-/+) 5 μl 10 ng 

Q5 High-Fidelity DNA Polymerase  0.5 μl  0.02 U/μl  

RNase-free water  To 50 μl  
 

After preparing the reaction mix, the PCR tubes were transferred to a PCR machine and  

the following programme was run:  

STEP  TEMP  TIME  

Initial Denaturation  98°C  30 seconds (s) 
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30 cycles: Denaturation, Annealing, Extension  98°C, 57°C, 72°C  10 s, 30 s, 30 s  

Final Extension  72°C  5 minutes 

Hold  4°C  -  

Once PCR completed, the samples were run on the gel according to Section 2.2.1.2.  

2.2.3.3 RNA isolation from HEK293 cells 
 

RNA was isolated using the RNeasy®Plus minikit (50) (Qiagen, Cat no: 74134). 

87.5 μl of Buffer RLT (containing 0.88 μl -mercaptoethanol) was added to each well of 

the 24 well plates of HEK293 cells and lysates from 4 wells were combined. The cell lysates 

were then homogenised in a QIAshredder spin column provided by the kit. Samples were 

centrifuged at 13000 rpm (15805 g) (IEC Micromax Microcentrifuge Thermo-Electron) for 

2 minutes. The remainder of the isolation was carried out according to the manufacturer's 

instructions. In order to remove contaminating DNA from the RNA samples, an on-column 

DNase digestion step was performed. The RNeasy spin column was washed with 350 μl 

Buffer RWI and centrifuged for 15 seconds at 10000 rpm (9352 g) (IEC Micromax 

Microcentrifuge, Thermo-Electron), then the flow through was discarded. Next, 80 μl of 

DNase 1 in Buffer RDD (10 μl of DNase1 + 70 μl of Buffer RDD) was added to the centre 

of each column and incubated for 2 hours at 37°C. The column was then briefly centrifuged 

to remove the DNase and subsequently washed with 350 μl of Buffer RWI. The sample 

was centrifuged at 10000 rpm (9352 g) for 15 seconds and the flow through discarded. 

RNA was eluted in 50 μl nuclease free H2O.  

2.2.3.4 RNA isolation from mouse retina 
 

The mice were sacrificed by CO2 asphyxiation; animal welfare complied with the 

Directive 2010/63/EU; Protection of Animals Used for Scientific Purposes, Regulations 

2012 [S.I. No. 543 of 2012]. Retinas were extracted from mice and immediately washed in 

1 ml of ice cold HBSS in a 2-well plate. The lens and surrounding RPE was removed from 

the samples, and each retina was placed into 350 μl RLT solution (containing 3.5 μl -
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mercaptoethanol). The retinas were homogenised by pipetting the samples up and down a 

number of times until dissolved. The remainder of the isolation was carried out according 

to the RNeasy®Plus minikit (50) (Qiagen, Cat no: 74134). In order to remove 

contaminating DNA from mouse retinal RNA samples, an on-column DNase digestion step 

was performed. The RNeasy spin column was washed with 350 μl Buffer RWI and 

centrifuged for 15 seconds at 10000 rpm (9352 g) (IEC Micromax Microcentrifuge, 

Thermo-Electron), the flow through was discarded. Following this, 80 μl of DNase 1 in 

Buffer RDD (10 μl of DNase1 + 70 μl of Buffer RDD) was added to the centre of each 

column and incubated for 2 hours at 37°C. The column was then briefly centrifuged to 

remove the DNase in RDD Buffer mixture and subsequently washed with 350 μl of Buffer 

RWI. The sample was centrifuged at 10000 rpm (9352 g) (IEC Micromax Microcentrifuge, 

Thermo-Electron) for 15 seconds and the flow through discarded. RNA was eluted in 50 μl 

nuclease free H2O.  

2.2.3.5 Real-Time RT-qPCR 
 

Materials: 

 

• Oligonucleotide DNA primers  

• RNA from HEK cells 

• RNA from mouse retinas 

• The QuantiTect®SYBR® Green RT-PCR kit (Qiagen, Cat no: 204145)  

• MicroAMPTM optical 96-well plate (Applied Biosystems, Cat no: 4326659) 

• 100 bp DNA ladder (NEB) 

• Applied Biosystems 7300 Real-Time PCR system  

 

Detailed procedure 
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In all one-step real-time reverse transcriptase PCR (RT-PCR) experiments in this 

thesis, a relative standard curve method was employed for quantification of RNA. The 

Normalisation determines the ratio between the amount of Tulp1 RNA and an internal 

control housekeeping -actin gene (Actb) (Applied Biosystems Real-Time PCR systems 

chemistry guide, 2005). The mRNA transcript of a housekeeping such as Actb is 

ubiquitously expressed, therefore the ratio of Tulp1 mRNA expression and Actb mRNA 

levels across different samples provides accurate measurement.  

The QuantiTect®SYBR® Green RT-PCR kit was used in all RT-PCR reactions 

which were carried out on an Applied Biosystems 7300 Real-Time PCR system. SYBR 

Green I binds to double stranded DNA, which can be detected via fluorescence. During the 

PCR reaction the more DNA that has been amplified, the more SYBR Green I will bind to 

it and the higher the fluorescent intensity will be (Applied Biosystems Real Time PCR 

systems chemistry guide, 2005). The ABI StepOnePlus system measures the fluorescence 

after each PCR cycle.  

Real-time PCR preparation 

 

First, gene-specific forward and reverse primers were designed (using Primer-Blast; 

https://www.ncbi.nlm.nih.gov › tools › primer-blast) and synthesized by Sigma; the primers were 

selected and ordered from Sigma; primers were dissolved at 10 pmol/l concentration: 

• Human/Mouse Tulp1 forward primer – 5’-ACCCCGGGAGTTTGTGC-3’ 

• Human/Mouse Tulp1 reverse primer – 5’ GTGTCCAGGTGCAGGAAGTA-3’ 

• Actb forward primer – 5’- AGAGCAAGAGAGGCATCC-3’ 

• Actb reverse primer – 5’- TCATTGTAGAAGGTGTGGTGC-3’ 

As 20 l of a real-time PCR reactions was used in MicroAMPTM optical 96-well plate. 

The following reaction mixture was prepared:  
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10 l SYBR Green Mix (2x) 

4.5 l HEK293 cells RNA or mouse retinal RNA 

0.2 l reverse transcriptase (RT) mix 

0.6 l primer pair mix (10 pmol/l each primer) 

4.7 l H2O 

 

 

 

The following PCR cycling program was used in the ABI StepOnePlus system machine:  

• stage 1 - 50°C for 20 minutes;  

• stage 2 - 95.00°C for 15 minutes and  

• stage 3 - repeats of PCR for 36-40 cycles and 60.00°C for 1 minute.  

The dissociation curve analysis was performed in the PCR system to check if there was 

any bimodal dissociation curve or abnormal amplification plot. After termination of PCR, 

specificity of the reaction was examined by 2% agarose gel electrophoresis with 5 l of each 

reaction.  

2.2.4 Protein analysis techniques 
 

2.2.4.1 Mouse retina homogenization/lysis 
 

Materials: 

  

• Lysis Buffer: 

- 45 ml of 50 mM Tris pH 8.0 

- 438.3 mg of 150 mM NaCl 

- 5 ml of 10 % glycerol 

- 50 l of 0.5 % Triton X-100 

- 50 l of 0.01 % NP4O (This could be increased; total detergent should be <1%) 

• 25X complete protease inhibitor (Sigma, cOmplete™) 
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• pellet pestles cordless motor (Sigma, Cat no: Z359971-1EA) 

• Centrifuge (Sorvall Legend microcentrifuge, Thermo-Fisher, Cat no: 75002445) 

For each mouse retina, 500 l lysis buffer + 16 l of 25x complete protease 

inhibitor (Sigma, cOmplete™; added just before use) was used. At the start 100-150 l of 

lysis buffer and a retina were added in a sterile Eppendorf tube (1.5 ml). The retinal samples 

were broken up with a pestle (Sigma, Cat no: Z359971-1EA) and frozen on dry ice. Then 

the samples were homogenized again breaking up the frozen slurry and repeating the 

freezing one more time. The remaining lysis buffer was added to the samples and the 

samples were put in an orbital shaker (Belco Biotechnology) at 4°C for 20-30 minutes. The 

samples then were centrifuged at 9000 rpm (7575 g) (Sorvall Legend microcentrifuge, 

Thermo-Fisher, Cat no: 75002445) at 4°C for 10 minutes. The supernatant containing the 

cytoplasmic proteins was transferring to a new sterile Eppendorf (1.5 ml) and stored at -

20°C. 

2.2.4.2 BCA PROTEIN ASSAY 
 

The protein quantification was used by Pierce™ BCA Protein Assay Kit (Thermo-

Fisher, Cat no: 23227). First, samples were diluted by adding 5 l sample into 45 l PBS 

(1:10 dilution). A standard curve with varying amounts of 2.0 mg/ml BSA in PBS was also 

prepared in 50 l: 0 mg/ml, 0.25 mg/ml, 0.75 mg/ml,1.0 mg/ml, 1.5 mg/ml and 2 mg/ml. 

A batch of protein assay reagent mixture was prepared by adding 50 l of Reagent B per 1 

ml Reagent A as required; 1ml reagent mixture was added to each test sample and standard. 

Then tubes were placed into 60°C water bath for 30 minutes. 96-well plate (NuncTM) was 

loaded with 200 l of test samples and standards. The plate was analysed by reading at 562 

nm in SpectraMax plate reader (Molecular Devices LLC). The absorbance values of the 

standards (y-axis) were plotted against their concentration (x-axis). A trend-line was 

generated, and the slope of this line calculated. The concentration of the protein present in 
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each unknown protein sample was calculated using the equation: y=mx+c, where y=OD, 

m=slope of the line, x=concentration of protein and c is the intercept (0).  

2.2.4.3 Western Blot Protocol 
 

 

SDS-PAGE 

 

Materials:  

• 10% sodium dodecyl sulphate pH 7.2 (SDS) (Sigma, Cat no: 71736) 

• 1.5 M Tris-HCL pH 8.8 

• 0.5 M Tris-HCL pH 6.8 

• 10% ammonium persulphate (APS) (Sigma, Cat no: A3678) 

• 5x Lane Marker Reducing Sample Buffer (Thermo Scientific, Cat no: 39000) 

• Prestained protein loading marker-broad range (7-175kDa) (NEB, Cat no: P7708) 

• Resolving 12% gel for SDS-PAGE electrophoresis:  

- 5 ml of 1.5 M Tris-HCL pH8.8 

- 6.6 ml of ddH2O 

- 8 ml of Acrylamide/bis-acrylamide 30% solution (Sigma, Cat no: A3699) 

- 200 l of 10% SDS 

- 200 l of APS 

- 20 l of TEMED (Sigma, Cat no: T9281) 

• Stacking 4% gel: 

- 2.5 ml of 0.5 M Tris-HCL pH 6.8 

- 6.8 ml of ddH2O 

- 1.33 ml of Acrylamide/bis-acrylamide 30% solution (Sigma, Cat no: A3699) 

- 100 l of 10% SDS 

- 100 l of APS 
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- 10 l of TEMED (Sigma, Cat no: T9281) 

• 10x Running Buffer (pH 8.6): 

- 30.3 g Tris 

- 144 g Glycine  

- 1% SDS 

- 1000 ml of ddH2O 

The SDS gels were cast employing the AE-6450 Dual Mini Slab Kit (ATTO 

Bioscience and Biotechnology Corporation). The gels were prepared according to the 

manufacturer’s instructions. The prepared Tris/Glycine gel was assembled into the gel 

electrophoresis apparatus and filled up with 1x Running Buffer. 25 g of total protein was 

prepared in 20 l and 5 l 5x Sample Buffer was added. The samples were heated for 5 

minutes at 95-100°C and then they were put on ice. The denatured samples were loaded 

into the each well of the assembled gel. The SDS-PAGE electrophoresis was undertaken at 

125 volts for 90 minutes.  

 

TRANSFER 

Materials: 

 

• Transfer Buffer:  

- 3.03 g Tris 

- 14.42 g Glycine 

- 20% Methanol 

• The semi dry transfer rig (AE-6688 HorizBlot) 

• Transfer membrane (Nitrocellulose, Prortran BA 83, PVDF, ImmobilonTM) 

• Whatman 3MM CHR paper (Sigma, Cat no: WHA3030861) 

When the electrophoresis was complete, the gel(s) were carefully removed from 

the electrophoresis unit and washed in 2 changes of transfer buffer for 5 and 10 minutes. 
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The semi dry transfer rig was assembled and 4 pieces of Whatman 3MM CHR paper 

(soaked in transfer buffer) were placed on the rig. Transfer membrane was first activated 

with methanol then, washed with ddH2O and transfer buffer and then it was placed on 

Whatman 3MM CHR paper. The gel was placed carefully onto the membrane and 4 pieces 

of Whatman 3MM CHR paper (soaked in transfer buffer) were placed on top of the gel and 

air bubbles were removed. The transfer rig was closed and attached to the power leads of 

the power unit and run for 1.5 hours at constant current of 40 mA/gel. 

DETECTION 

 

Materials:  

• Marvel original dries skimmed Milk powder (Tesco) 

• orbital shaker (Belco Biotechnology) 

• 1 l of TBST buffer: 

- 24 g Tris-HCl  

- 5.6 g Tris base  

- 88 g NaCl  

- Dissolve in 900 ml of ddH2O 

- 1 ml of Tween 20 (Sigma, Cat no: P1379) 

• AmershamTMECLTMWestern Blotting Detection Reagents (GE Healthcare, Cat no: 

RPN2106) 

• Developer (Kodak GBX developer and replenisher (Sigma, Cat no: P7542) 

• Fixer (Kodak GBX fixer and replenisher (Sigma, Cat no: P6557) 

• Autoradiography film (Super RX medical X-ray film, FUJIFILM) 

The membrane was blocked in 15 ml of 5% Milk/TBST (2.5 g dry milk powder 

into 50 ml TBST) on the orbital shaker (Belco Biotechnology) for 1 hour at room 
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temperature. The membrane then was probed with 10ml of primary antibody solution in 

5% Milk/TBST:  

o TULP1 polyclonal rabbit (ABIN1537977; antibodies 

online.com): (1:1000-1:4000) 

o TULP1 polyclonal rabbit (M-tulp1N antibody; (Hagstrom, et al., 

2001)): (1:1000-1:4000) 

o ACTB (ab8227, Abcam).  

The primary antibody was incubated was overnight on the orbital shaker at 30 rpm 

(Belco Biotechnology) at 4°C. Next, the membrane was washed with TBST for 2x5 

minutes, then incubated with TBST for 4x5 minutes. Next, the membrane was probed with 

secondary antibody (goat anti-rabbit secondary IgG H&L conjugated with horseradish 

peroxidase (HPR) (ab6721)) in 5% Milk/TBST (1/10000) (15 ml per blot) for 2 hours at 

room temperature on the orbital shaker at 30 rpm (Belco Biotechnology). Following this 

incubation, the membrane was washed for 4x15 minutes with TBST. The rest of western 

blot detection was carried out in the dark room. Chemiluminescence was undertaken 

employing the Amersham ECL Western blotting detection reagents. One ml of detection 

solution was applied onto the membrane and incubated for 1 minute. After the incubation, 

the membrane was put between two transparent sheets and placed into a film cassette. 

Autoradiography film was put on top of the membrane and cassette was closed. The film 

was exposed for 2-3 minutes. After the adequate exposure, the autoradiography film was 

developed, washed with ddH2O and fixed. 

2.2.5 Generation of AAV2/5 
 

2.2.5.1 Triple transfection method 

 
AAV2/5 was generated employing the triple transfection method according to 

Xiao, et al., 1998. AAV2/5-CBAP-TULP1, AAV2/5-RHO-EGFP and AAV2/5-hRhKP-
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OPT-Tulp1 were produced by Dr. Naomi Chadderton, TCD as previously describe 

(Chadderton, et al., 2013). One hundred 150 mm plates with HEK293 cells (ATCC, CRL-

1573) (grown in DMEM containing foetal calf serum, sodium pyruvate and L-Glutamine) 

were co-transfected with three plasmids – the vector construct of interest, a plasmid 

expressing the AAV2/5 viral capsid proteins, and a helper plasmid to enable virus 

production. 1.25 mg of viral capsid, 2.5 mg of helper plasmid, and 1.25 mg of vector 

construct (2.05 mg for the large backbone constructs) were used in the transfection. 72 

hours post-transfection, cells were harvested and lysed by three freeze thaw cycles (freeze 

at -80°C, thawed at 37°C).  

2.2.5.2 AAV2/5 purification using the caesium chloride gradient 
 

AAV2/5 purification using the caesium chloride purification methodology was 

carried out according to (Auricchio, Hildinger, O'Connor, Gao, & Wilson, 2001). Cells 

were trypsinized and transferred into 50 ml collection tubes (Sarsedt, Cat no: 50809218) 

and were pelleted at 3000 rpm (1811 g) for 30 minutes. The cell pellet was combined with 

the retained media and incubated in a solution containing PEG8000 and sodium chloride 

overnight. The virus-containing solution was then centrifuged, and the pellet resuspended 

in PBS (0.005% sodium deoxycholate). A caesium chloride (CsCl) gradient was prepared 

– 27.415 g of CsCl (Sigma, Cat no: 289329) was dissolved in 50 ml water to prepare 1.4 

density of CsCl, and 40.825 g CsCl was dissolved in 50 ml of water to produce 1.6 density 

of CsCl. Then 9 ml of 1.6 density of CsCl was layered slowly upon 9 ml of 1.4 density of 

CsCl in a 50 ml polyallomer tube (Beckman Coulter, Cat no: 158370). Next, 16.344 g of 

CsCl was dissolved in the viral solution, and this was layered slowly upon the other two 

layers of CsCl to complete the gradient. Tubes containing the AAV preparations were spun 

at 28000 rpm (103789 g) for overnight at 4C in an ultracentrifuge with a Beckman SW28 

rotor (Beckman Coulter OptimaTML-100 XP ultracentrifuge). Next, the gradient solution 
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was drained into a series of 1.5ml nuclease free Eppendorf tubes and the fractions were 

taken, measured from 3.373 to 3.368 (the polyallomer tube labels). The fractions were 

assembled and spun again overnight at 59000 rpm (460829 g) for overnight at 4°C in an 

ultracentrifuge with a Beckman fixed angle rotor VTi65. This process was repeated once. 

Samples were then dialysed against changes of 1x PBS over approximately overnight in a 

slide-a-lyser (Thermo Scientific, Cat no: 66230). 

2.2.5.3 AAV2/5 tittering protocol 
 

The determination of viral titre was undertaken according to Rohr, et al., 2002. 1 

l from each viral fraction was initially treated with 7 U DNase I for 30 minutes at 37ºC 

and this was incubated for 10 minutes at 70°C. Proteinase K (7 g) was added and the 

reaction was incubated at 50°C for 1 hour and inactivated at 95ºC for 20 minutes. qPCR 

analysis was carried out with Human/Tulp1primer mix. A serial dilution of a plasmid 

containing the viral transgene was made consisting of between 104 -108 copies of plasmid. 

These dilutions were used to generate a standard curve for determining viral titre. qPCR 

was performed using the one step QuantiTect®SYBR® Green RT-PCR kit (Qiagen, Cat 

no: 204145) and reactions were carried out as follows:  

 

Activation of DNA polymerase:  

- 95°C for 10 minutes.  

cDNA amplification:  

o 37 cycles of  

o 95 C for 15 seconds, 

o 67°C for 15 seconds and 72°C for 10 seconds. 
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2.2.6 Animal related procedures 
 

2.2.6.1 Animal housing 
 

The congenic inbred strain of the Tulp1-/- mice and the isogenic C57BL/6J mice 

were acquired from The Jackson Laboratory (Bar Harbor, ME, USA). Mice were bred and 

maintained in the Animal Facilities of Trinity College, Dublin (TCD, Ireland). All animals 

were maintained on a light cycle of 12 hours of light and 12 hours of dark, with free access 

to water and food. Animal welfare complied with the Directive 2010/63/EU; Protection of 

Animals Used for Scientific Purposes, Regulations 2012 [S.I. No. 543 of 2012]. Pups were 

kept with the mother until weaning at 21 days. After weaning, males and females were 

separated from each other. No more than four female or three male mice were kept together 

in one cage.  

2.2.6.2 Genotyping procedure 
 

This is not how we genotype these mice. This is testing the exact nature of the 

mutation. The whole genome sequencing of Tulp1-/- mice tail DNA was outsourced to 

Source Bioscience. The genomic DNA library was prepared using KAPA HyperPlus 

Library Preparation Kit (KAPABIOSYSTEMS, Cat no: 07962380001). Tail DNA was 

generated according to Section 2.2.3.1 and the isolated tail DNA was fragmented 

enzymatically, and library prepared according to the HyperPlus Library Preparation 

Handbook. The obtained genomic DNA library sample of (50 l) 22  g/ml was sent to 

Source Bioscience. The sequence reads were aligned against an index reference genome 

(GRCm38/mm10) using Burrows-Wheeler Alignment (Li & Durbin, 2009). The 

computational alignment, the construction of a map of each chromosome with estimated 

copy numbers of different regions and identification other retinal inherited degenerative 

mutations were carried out by Dr. Matthew Carrigan. 
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2.2.6.3 Subretinal injections in pups 
 

Subretinal injections were carried out by Dr. Paul Kenna, a registered 

ophthalmologist. New-born mice at p1-2 were chilled on ice for six minutes in order to 

anaesthetise them, then a small incision was made into the eye lid and the eye was exposed 

(Xiong & Cepko, 2015). The eyes of new-born mice are not clearly visible; therefore, all 

sub-retinal injections were performed by touch, injected using a blunt-ended microneedle 

(34-gauge, Hamilton) with AAV contained in a 10 l syringe (1 l of AAV) into the sub-

retinal space. Pups then were warmed for 30 minutes at 33°C. Upon recovery they were 

returned to their mother.  

2.2.6.4 ERG analysis 
Materials: 

• absorbent pads (Bound Tree Medical, Cat no: 111-16650) 

• syringes and needles (BD, Cat no: 329461) 

• cotton swabs (Uline, Cat no: S18985PK) 

• ketamine hydrochloride (NADA: 045-290)/xylazine hydrochloride (NADA: 139-236) 

cocktail (80 mg/kg/13 mg/kg) 

• 1% atropine sulfate ophthalmic solution (NDC: 24208-750-60) 

• 2.5% phenylephrine hydrochloride ophthalmic solution (NDC: 17478-200-12) 

• 0.5% proparacaine hydrochloride (NDC: 24208-730-06) 

• hydrating eye ointment (Refresh Tears; Allergan, NDC: 0023-0798) 

• 2.5% hypromellose (NDC: 17238-610-15) 

• 70% ethanol 

• PetriPort/Scan (Ronald Consult, 6.12.2.2) 

• Ganzfeld bowl (Ronald Consult, Q400) 

• gold-wire electrode (Ronald Consult, 3103RC) 
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• reference electrodes (Ronald Consult, U61-000-G) 

Procedure 

ERG analyses were carried out by Dr. Paul Kenna a registered ophthalmologist 

and Dr. Sophia Millington-Ward, Farrar Laboratory, TCD according to Palfi, et al., 2015. 

This was based on a protocol approved by the International Clinical Standards Committee 

for human electroretinography. The mice were dark-adapted for overnight and all 

preparations were subsequently carried out under dim red light. Mice were anesthetized by 

injection of ketamine hydrochloride/xylazine hydrochloride (80 mg/kg /13 mg/kg). Eyes 

were treated with 1% atropine sulfate, 2.5% phenylephrine hydrochloride, and 0.5% 

proparacaine hydrochloride drops. Eyes were kept hydrated with a hydrating eye ointment. 

To record the ERG response simultaneously in both eyes, small contact lens electrodes 

(Goldwire electrodes, Roland Consulting) were placed on the cornea of both eyes using 1% 

amethocaine as a topical anaesthetic. The ground needle electrode was placed in the base 

of the tail, while the reference needle electrode was placed subdermally between the eyes. 

Full field standardised flashes of light were presented to the mouse and analysed using a 

RetiScan RetiPort electrophysiology unit. Dark adapted a mixed rod-cone maximum ERG 

response was recorded under dim white light conditions (the strength of the standard flash 

is 3 photopic cd/s/m-2 with a scotopic strength of 7.5 scotopic cd/s/m-2).  

2.2.7 Histology procedures 
 

The dissection and fixation of the murine eye 

Adult mice were sacrificed using CO2 asphyxiation. Cervical dislocation was used 

for young pups. The eyes were removed using McPherson forceps holding tightly with the 

forceps at the back of the eye and pulling out gently. The removed eyes were put into 

labelled specimen glass tubes containing 0.25 ml of 4% paraformaldehyde (PFA) in PBS 

and fixed at 4C overnight. The next day 4% PFA was removed and replaced with PBS. 
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Subsequently, the cornea and lens were cut out from the eyes under a stereomicroscope 

(Carl Zeiss Ltd., Axiophot) using McPherson forceps and Vannas Scissors. The eyes cups 

were washed for 1x5 minutes and 2x10 minutes in PBS at room temperature.  

Cryosectioning 

The eyes were cryoprotected in 0.3 ml of 10% sucrose in 1x PBS for 15 minutes 

at room temperature, 0.3 ml, 20% sucrose in PBS for 20 minutes at room temperature and 

0.3 ml 30% sucrose in PBS for overnight at 4C. Next, an equal volume of Polyfreeze 

(Biolab, Cat no: 494328) was added and the tubes rotated for 15 minutes at room 

temperature. The eyes then were embedded in Polyfreeze (Biolab, Cat no: 494328) in 

plastic moulds. Finally, the moulds were placed in a metal tray and frozen by pouring liquid 

nitrogen into the tray. The frozen eyes were sectioned in a Cryostat (Leica CM 1900 

Cryostat, Leica Biosciences) at 20C and 10-14 sections (12 m thick) were thaw-mounted 

onto each poly L glass slide (Cat no: Thermo Scientific, J2800AMNZ), and 6-8 slides/eye 

were prepared. Slides were stored in slide boxes at -20°C.  

2.2.7.1 Immunohistochemistry and microscopy 
Materials: 

• primary antibodies  

- human specific polyclonal anti-rabbit anti-TULP1(ABIN1537977; 

antibodies online.com) 

- mouse specific polyclonal anti-rabbit anti TULP1 (M-tulp1N antibody; 

(Hagstrom, et al., 2001)) 

• secondary antibodies  

- anti-rabbit Cy3: Jakson Immuno, 111-165-144  

• PBS (Sigma, Cat no: P3813) 

• 4, 6-diamidine-2-phenylindole- dihydrochloride (DAPI) (Sigma, Cat no: D9542) 
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• PAP pen (Sigma, Cat no: Z672548) 

• Aqueous mounting media (Aqua-Poly/Mount, Cat no: 18606-20) 

Immunostaining 

Slides were removed from the freezer and left to dry at room temperature for 20 

minutes. Using a PAP pen a mark was drawn around the sections. The slides were then 

washed for 5 minutes with 1x PBS followed by blocking procedure with blocking solution 

according to Section 2.2.2.3 (120 l/slide) for 1 hour in a humidified chamber. The 

blocking solution was removed by gently tapping the slide to tissue paper, and the primary 

antibodies were applied at 1:200 dilution. Slides were incubated for overnight at 4C in a 

humidified chamber. The next day, the slides were washed 3x5 minutes with 1xPBS and 

then the secondary antibody was added in blocking solution (1:400 dilution) and incubated 

for two hours at room temperature in a humidified chamber. The secondary antibody was 

removed, the slides were washed 2x5 minutes with 1x PBS. Nuclei were counterstained by 

adding DAPI solution in 1:10000 dilutions for 5 minutes at room temperature. Slides were 

then washed for 2x5 minutes with 1x PBS and mounted using aqueous mounting media 

Microscopy 

Fluorescent microscopy was carried out utilising an Olympus IX83 inverted 

motorised microscope (cellSens v1.9 software) equipped with a SpectraX LED light source 

(Lumencor) and an Orca-Flash4.0 LT PLUS/sCMOS camera (Hamamatsu). Multi-channel 

fluorescence images were acquired as separate 16 bit grey-value images with fluorescence 

colours assign and channels superimposed. In a given observation method, the same 

settings/operations were applied to all images. Pan-retinal images were produced from 10x 

magnification (plan fluorite objective) lateral frames stitched together in cellSens. Single 

frame images were taken using 20x and 40x plan super apochromat objectives using 



 

 

 72 

 

enhanced focal imaging (EFI) with 5-8 Z-slices. Sections were taken from or adjacent 

(within 250 m) areas to the optic nerve. 

Measurements were taken in images from central retinas using comparable AAV 

injected areas and similar analysis windows; retinal layer thickness of outer nuclear layer 

(ONL) and inner retinal layer (INL) were quantified manually. Typically, 4 sections/eye 

were analysed, and 3 measurements per section were made. All measurements were made 

using cellSens software (Olympus). Representative images for figures were exported from 

cellSense by individual fluorescence channels and post-processed in Photoshop CS6 

(Adobe). In a given observation method, the same settings/operations were applied for all 

images both in cellSens and Photoshop.  

 

2.2.8 Statistical analysis 
 

The data were checked by Shapiro-Wilk test for normality before applying any 

parametric tests. Un-paired sample t-test or a one-way analysis of variance (ANOVA) with 

a Tukey’s multiple comparison post-hoc test was used to compare study groups; n numbers 

varied between 3-6 in various analyses. Brown-Forsythe test was used to evaluate the 

robustness of testing equality of means. The homogenous subset test was also included in 

the analysis in order to check the likelihood of making Type I error. A P-value of less than 

0.05 was considered statistically significant. Statistical analyses were carried out using 

IBM SPSS and Minitab software; GraphPad Prism 8 was used to plot the charts. 
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2.3 Results 
 

2.3.1 Human TULP1 construct 
 

2.3.1.1 Human TULP1 cloning 
 

The pAAV.MCS-CBAP-TULP1 plasmid was originally designed and generated 

by Dr. Arpad Palfi, Farrar laboratory, TCD as described below.  The cloning strategy for 

the construct is detailed in Figure 2.1.A. In order to generate an AAV construct, two 

fragments were designed. Firstly, in the human TULP1 cDNA (NM_003322.4), [EcoRL-

Kozak-TULP1CDS73’UTR/PolyA-MinPolyA-NotI, 2329 bp], a modification was made to 

the sequence surrounding the ATG start site and it was embedded within a consensus Kozac 

sequence {CCACCATGG}to aid efficient initiation of translation of the TULP1 mRNA 

(Kozak, 1989).  The coding sequence ends with a TGA stop codon followed by the entire 

TULP1 3’UTR including both the endogenous Poly(A) and a minimal Rabbit -Globin 

Poly(A). In addition, EcoRI and  NotI sites were added on either end of the TULP1 

fragment with 7 bp and 5 bp overhangs respectively. Secondly, the CBAP, [BglII-NotI-

HindIII-CBAP-EcoRI, 1689 bp], fragment was designed in the same way by preceding the 

restriction sites such as a BglII, a NotI, a HindIII with a 5 bp overhang and an EcoRI 

restriction site with a 19 bp overhang was located at the end of the fragments. The EcoRL-

Kozak-TULP1CDS73’UTR/PolyA-MinPolyA-NotI and BglII-NotI-HindIII-CBAP-EcoRI 

fragments were synthesized and cloned into pMA 9ampR using PacI and AscI cloning sites 

by GeneArt.  The initial step of the cloning strategy employed the BglII and EcoRI 

restriction sites and involved the removal of the CBAP fragment from pMA (Section 

2.2.1.3). These fragments were inserted into the pcDNA3.1 (+) plasmid (Invitrogen) 

(Section 2.2.1.4). Likewise the promoter fragments, the TULP1 fragment was subsequently 

ligated into the pcDNA3.1(+) plasmid utilizing the EcoRI and NotI restriction sites. The 

entire gene therapies were then flanked by NotI sites (Section 2.2.1.3)  and ligated into the 
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pAAV-MCS (Stratagene) backbone (Section 2.2.1.4) followed by transforming them into 

XL1-Blue E.Coli. The transformed bacterial colonies were screened for candidate clones 

employing standard methodologies (Section 2.2.1.6).  The plasmid DNA was purified from 

transformed bacteria and verified by sequencing and restriction mapping (Figure 2.1) by 

Dr. Arpad Palfi, Farrar laboratory, TCD (Section 2.2.1.10).   

 

 

Figure 2. 1. The human TULP1 construct.  

A. Plasmid map of CBAP-TULP1 with the p.AAV.MCS backbone for AAV production. B. Restriction digest map of 

plasmid digest of the pAAV.MSC_CBAP-TULP1 plasmid using NotI restriction enzyme resulting in  two fragments; 

CBAP-TULP1 (4018 bp) and the pAAV.MCS backbone (2844 kb).  Lane 1 Marker – 1kb Ladder (NEB) Lane 2 and Lane 

3 - pAAV.MCS.-CBAP-TULP1. The full construct sequence is presented in the appendix (Chapter 7, Section 7.1). 
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2.3.1.2 Co-transfection CBAP-TULP1 and CBAP-EGFP into HEK-293 cells 

and AAV generation 
 

Before generating AAV viruses it was decided to evaluate TULP1 expression at 

the cellular level to ensure that the designed gene therapy and associated plasmid resulted 

in expression of the recombinant protein. The investigation was carried out in the TULP1 

negative HEK293 cells and as a TULP1 positive control SH-SY5Y neuroblastoma cells 

were employed (Rodriguez, et al., 2017). The p.AAV.MCS_CBAP-TULP1 (Figure 2.2.A) 

and p.AAV.MCS_CBAP-EGFP (Figure 2.2.B) plasmids (previously produced by Dr. 

Arpad Palfi,  Farrar laboratory, TCD)  were co-transfected into HEK293 cells (0.04x105 

cells per well) utilizing Lipofectamine 3000 (Invitrogen) and 500 ng quantity of plasmid 

DNA according to the commercial protocol (Section 2.2.2.4). In addition, in order to assess 

toxicity, wells of the cells containing an p.AAV.MCS_CBAP-TULP1 plasmid only control, 

an p.AAV.MCS_CBAP-EGFP only control and a Lipofectamine 3000 only control were 

initially included in experiments. After 48 hours post-transfection of the construct, cells 

were analysed by immunocytochemistry (ICC) (Section 2.2.2.5) employing the human 

specific anti-TULP1 (ABIN1537977; antibodies online.com) antibody and also cells were 

viewed under the microscope and the amount of cell death observed to evaluate the 

p.AAV.MCS_CBAP-TULP1 construct. As seen in Figure 2.2.D and Figure 2.2.E, the 

expression of TULP1 protein appears to be cytoplasmic and more localised to the 

membranes which is similar to native TULP1 protein in SH-SY5Y neuroblastoma cells. As 

anticipated, there was no human recombinant TULP1 observed in HEK293 cells 

transfected with only p.AAV.MCS_CBAP-EGFP plasmid (Figure 2.2.D). However, 

TULP1 is reputedly a retinal specific protein and therefore,  additional investigation should 

be undertaken in the correct cell type or tissue – see below. Furthermore, the cell viability 

was assessed by cell counts (Section 2.2.2.3) and there was no statistical difference 

between the p.AAV.MCS_CBAP-TULP1 transfected wells (0.192x106±9201.44 cells), the 
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p.AAV.MCS_CBAP-EGFP transfected wells (0.196x106±6184.65 cells) and untransfected 

wells (0.194x106±9695.35 cells) (Figure 2.2.F), suggesting that the transfection of TULP1 

and EGFP using Lipofectamine 3000 may have no negative effect on the cell survival.  

Subsequent to plasmid sequence confirmation and ICC analysis as per above, 

high-titre AAV2/5 viruses containing p.AAV.MCS_CBAP-TULP1 was produced using the 

triple transfection method in HEK 293 cells generated by Dr. Naomi Chadderton (Section 

2.2.5.1).  48 hours post transfection of the three plasmids for AAV generation, the cells 

were harvested and further processed using the AAV2/5 production protocol and following 

the purification procedure of viruses (Section 2.2.5.2). After dialysis, three fractions of 

AAV2/5-CBAP-TULP1 were analysed by qPCR using TULP1 specific primers to evaluate 

viral titre (Section 2.2.5.3). The genomic copy number obtained during qPCR analysis of 

the viral fractions was compared to that of a control AAV vector of known titre. In this 

case, AAV2/5-CMV-EGFP, with an estimated titre of 1x1012 vg/ml (previously been 

generated and titre calculated by Dr. Naomi Chadderton), was used as a control in order to 

estimate the titre of AAV2/5-CBAP-TULP1. Fraction 2 of AAV2/5-CBAP-TULP1 was 

estimated titre of 1.6x1012 vg/ml against the AAV2/5-CMV-EGFP control by Dr. Naomi 

Chadderton.   
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Figure 2. 2. The construct assessment in HEK293 cells.  

A. p.AAV.MCS_CBAP-TULP1 plasmid B. p.AAV.MCS_CBAP-EGFP plasmid C. HEK293 cells co-transfected with 

p.AAV.MCS_CBAP-TULP1 and p.AAV.MCS_CBAP-EGFP plasmids. D. HEK293 cells transfected with only 

p.AAV.MCS_CBAP-EGFP. Two days post-transfection, cells were fixed and stained with the anti-TULP1 antibody (red). 

E. SH-SY5Y neuroblastoma cells, fixed and stained with anti-TULP1 antibody (red). F. Bar charts represents the viability 

assay obtained by the cell counts using ImageJ. The cell nuclei and EGFP positive cells were counted and the transfection 

efficiency was obtained by dividing EGFP positive cells by total number of cell nuclei. DAPI was used as a nuclear 

counterstain (blue). EGFP (native expression) is green. Scale bars (C & D): 20 μm. Scale bar (E): 100 μm. 
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2.3.1.3 Tulp1-/- transgenic animal 
 

To evaluate AAV delivered replacement of TULP1 in vivo, the Tulp1-/- knockout 

mouse (B6. 129X1-Tulp1tm1pjn/Pjn) was purchased from the Jackson Laboratories. The 

mutation within the Tulp1 gene consisted of a neomycin resistance (Neo) gene insertion 

between exons 8 and 12 replacing  exons 9, 10 and 11. In the Farrar laboratory the 

purchased B6. 129X1-Tulp1tm1pjn/Pjn mice are maintained on a C57BL/6 (C57 wt) 

background and is now an established Tulp1-/- line within the Department (Section 

2.2.6.1). In order to confirm that the genotype of these mice are homozygous for the Tulp1 

null mutation, PCR analysis and the whole genome sequencing (WGS) of tail DNA (n=2) 

was conducted (Section 2.2.6.2 & Section 2.2.3.1). The PCR products were run on a 

agarose gel and the resulting gel image is shown in Figure 2.3 (Section 2.2.1.2). The gel 

and WGS  indicate that the 2 mice tested were positive for the Neo insertion as well as the 

absence of exons 9, 10 and 11, Lanes 1 and 2 showed the presence of the 450 bp (Neo 

fragment) and absence of the 600 bp fragment (with Tulp1 wild type (wt) exons 9-11), 

which was present in Lanes 3 (heterozygous Neo/Tulp1-/+ wt control)  and 4 (Tulp1+/+ 

C57 wt control). Moreover, it was decided to investigate by WGS whether Tulp1-/- mice 

may have any other IRD mutations to make sure that this model is only generated by the 

disruption of Tulp1. The mutation screening analysis of WGS was carried out by Dr. 

Matthew Carrigan, Farrar laboratory, TCD and the analysis confirmed that Tulp1-/- mice 

are free of other IRD mutations and hence is an appropriate animal model for the current 

study.  
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Figure 2. 3. The evaluation of Tulp1-/- genotype.  

A. Diagrammatic representation of the evaluation of Tulp1-/- genotype using Tail DNA via PCR gel analysis and WGS. 

B. WGS result aligned to the reference genome using IGV_2.4.4 software (Integrative Genomics Viewer). It is clearly 

seen that exons 9, 10, 11 of Tulp1 is disrupted in Tulp1-/- mice making an appropriate model for this study. C.  PCR 

analysis of tail DNA. Lanes 1 and 2 with 450 bp band are from Tulp1-/- tail DNA showing the correct Neo gene insertion. 

Lane 3 is from heterozygous Tulp1-/+ tail DNA containing the Neo insert and wt Tulp1 gene illustrating 450 bp mutant 

and 600 bp wt PCR products. Lane 4 shows the wild type C57 wt tail DNA PCR product with 600 bp.  
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2.3.1.4 Subretinal injections of AAV-2/5 -CBAP-TULP1 gene therapy into 

Tulp1 -/- mice 
 

To evaluate this candidate gene therapy, the AAV2/5-CBAP-TULP1 vector 

(AAV-TULP1) was subretinally injected into the right eye (RE), and due to the limited 

laboratory availability of the EGFP gene driven by the CBAP in an AAV2/5 virus, it was 

decided to use as a control an AAV2/5-RHO-EGFP vector (AAV-EGFP) and inject this 

into the left eye (LE) of each Tulp1-/- pup at p1-2, to assess the ability of the gene therapy 

to rescue the phenotype of Tulp1 null mice when the therapy is administered at an earlier 

age (Figure 2.4.) (Section 2.2.6.3). For evaluation of AAV-TULP1, it was decided to 

employ two doses amounting to one sixth (2.66x1011 vg/ml) of the original neat dose of the 

vector (1/6 NEAT) and neat dose (1.6x1012 vg/ml) (NEAT). In total 1 l of vector was 

subretinally administered per pup eye representing 2.66x108 vg/eye and 1.6x109 vg/eye. In 

TULP1 treated eyes,  one eightieth dose of AAV-EGFP (3.75x1010 vg/ml; administered 

3.75x105 vg/eye - generated and tittered by Dr. Naomi Chadderton) of the original dose of 

the viral vector (3x10e12 vg/ml) was co-injected (0.5 l/eye)  as a tracer instead of AAV2/5-

CBAP-EGFP in order to visualise transduction of the retina (use of a different promoter 

potentially avoids transcription factor competition at promoter level) (Dronadula, et al., 

2017; Zabet, et al., 2013). For the control left eyes for both treated groups, only one dose 

of AAV2/5-EGFP (3.75x105 vg/eye) was delivered (0.5 l/eye) at one eightieth (3.75x1010 

vg/ml) of the original dose of 3x10e12 vg/ml. Any sub-optimal injections were noted, as 

they could affect analysis. All subretinal injections were undertaken by Dr Paul Kenna. 

After 3 weeks post-injection, animals were culled and eyes were taken for the RNA and 

histological analyses according to the protocols (Section 2.2.3.4 & Section 2.2.6.5).   
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Figure 2. 4. Diagrammatic representation of the experimental design of the TULP1-based gene therapy and associated 

retinal  histological analysis.  

1. Production of AAV2/5-CBAP-TULP1 and AAV2/5-RHO-EGFP in HEK293 cells. 2. Purification of high titre 

AAV2/5. 3. Injection of purified AAV2/5 vectors into p1-2 Tulp1-/- pups. 4. The 3 weeks post-injected Tulp1-/- mice 5. 

Representation of transduced retinal photoreceptor cells which are labelled green (rods) and yellow (cones). 6. The co-

transduced AAV2/5-CBAP-TULP1 and AAV2/5-RHO-EGFP retinal histology after 3 weeks post-injection. 7. EGFP-

based visualisation of the injected area in a Tulp1-/- retinal section.  Abbreviations: OS, outer segment. ONL, outer 

nuclear layer. INL, inner nuclear layer, GCL, ganglion cell layer. Scale bar (6) = 20 µm. Scale bar (7) = 100 µm.  Cell 

nuclei stained with DAPI-blue. 
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2.3.1.5 Real-time RT-PCR-Tulp1/Actb assay optimisation 
 

It is vital to optimise all employed primer sets in order to perform a robust real-

time RT-PCR assay as well as identifying a consistent highly expressed housekeeping gene. 

Therefore, a human/mouse specific primer set, which is able to detect both human TULP1 

and mouse Tulp1 cDNA, was designed specifically in the regions of exons 9-11 of mouse 

Tulp1 gene, which are absent in Tulp1-/- mice. Primers were designed such that they were 

homologous to the human TULP1 cDNA sequence, using NCBI Primer-BLAST, and they 

were tested using isolated RNA of C57 wt retinas (Section 2.2.3.4) via real-time RT-PCR 

prior to in vivo experiments. Additionally, RNA of Tulp1-/- retinas was used as a negative 

control alongside reverse transcriptase (RT) minus and water blank controls (Section 

2.2.3.5). As the housekeeping gene, mouse Actb was chosen, as its primer set was 

previously designed and was known to be an efficient housekeeping control in the 

laboratory. The designed human/mouse specific primer set resulted in high specificity using 

the retinal RNA and it was negative for water and RT minus control samples; however it 

needed further optimisation to obtain an accurate quantification of relative Tulp1 mRNA 

expression in the mouse retina. For optimisation, a 10x standard curve was employed by 

generating RNA from C57 wt retinas and arbitrary concentrations of 1, 0.2, 0.04 and 0.01 

were set for each standard from low to high respectively. Furthermore, for the ‘unknown’ 

samples, isolated RNA from C57 wt retinal RNA was used,  as well as controls such as 

Tulp1-/- retinal RNA (T), H293 cells (Section 2.2.3.3) transfected with 

p.AAV.MCS_CBAP-TULP1 (AMChT)  and p.AAV.MCS_CBAP-EGFP (AMCE) 

according to Section 2.2.2.4, and RT minus RNA samples of HEK293 cells transfected 

with p.AAV.MCS_CBAP-TULP1 (RT(-)) (Section 2.2.3.5).  Following the real-time RT-

PCR, the cycle number at which each standard is amplified was graphed with the log of the 

concentration producing best fit line. The slope of the Tulp1 standard curve was -3.3 which 
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is within the optimal slope range for this assay [-3.1to -3.6 (100±10%)] and R2 value was 

0.999 which indicates there is an almost perfect correlation between cycle number and 

concentration (Figure 2.5.D.II). This result indicates that a good standard curve was 

generated for Tulp1 using retinal RNAs and the designed primer set. Moreover, the 

amplification curve (Figure 2.5.D.III) shows the correct predicted melting Tm of the 

amplified Tulp1 cDNA, which was approximately 86.2C with these primer pairs, and no 

unspecific amplifications suggesting no primer dimers had occurred. The amplification 

product size was analysed using a 2% agarose gel (Section 2.2.1.2) and a correct amplified 

band was detected at approximately 120 bp in samples of C57 wt and AMChT as illustrated 

in Figure 2.5.A.II (Lanes 2 and 3). There were no amplified products in samples T (Lane 

4), AMCE (Lane 5) and RT(-) (Lane 1) (Figure 2.5.A.II). As aforementioned, Actb 

housekeeper was employed to normalise human TULP1 and mouse Tulp1 expression 

levels. As can be seen in Figure 2.5.D.I, the Actb standard was as efficient as the Tulp1 

standard curve with a slope of -3.2 and an R2 value of 0.999. The correct Tm of 79.16C 

was detected consistently for Actb amplification products due to the established 

optimisation of the primer set in the laboratory (Figure 2.5.D.IV). The product size of 103 

bp in all samples was also confirmed by the 2% agarose gel, and as expected in the RT(-) 

sample there was no bands suggesting no genomic DNA contamination had occurred  

(Figure 2.5.A.I).    

For clarity regarding the analysis of levels of TULP1 and Tulp1 expression, the 

associated calculation was established previously in the laboratory. The average quantity 

of both TULP1 and Tulp1 and Actb in each sample (samples were in triplicate) was obtained 

by comparison of both the Tulp1 and Actb standard curves. The TULP1 and Tulp1 values 

in each sample were normalised to Actb by dividing the average of TULP1 and Tulp1 

quantities by the average Actb. The obtained values of Tulp1 in AMChT were compared to 
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values in the C57 wt sample. The level of Tulp1 in the C57 wt sample is set at 100% 

expression and thus, in order to calculate the relative expression level of TULP1 in the 

AMChT samples, the normalised Tulp1 value of C57 wt is divided by the normalised 

TULP1 value of AMChT and multiplied by 100 to get the percentage value. Thus, in the 

working example for relative TULP1 expression, in HEK cells with 100±7.9% transfection 

efficiency, previously calculated by number of cells co-transfected with AMChT and 

AMCE /total number of cells stained with DAPI per field) x 100 (Figure 2.5.B) using 

ImageJ, TULP1 was delivered at 150 ± 3.5% percent (P=0.0001) compared to Tulp1 in C57 

wt mice (Figure 2.5.C).   

In summary, this experiment was only conducted for the purpose of optimising 

the real-time RT-PCR-Tulp1/Actb assay and evaluating the assay performance; the test 

result supported the view that pAAV.MCS-CBAP-TULP1 plasmid constructs can express 

the target gene of interest in mammalian cells. The experiment has limitations as such 

comparing the gene expression level in-vitro transfected cells with in-vivo obtained retinal 

samples, as there are many factors that need to be taken into the account such as the 

differences in expression level of housekeeping genes, different methods of delivery in 

vivo, heterogeneity of cell populations in vivo and many others. Nevertheless, given that 

efficient expression of recombinant human TULP1 RNA and protein expression, obtained 

via immunocytochemistry, by pAAV.MCS-CBAP-TULP1 plasmids in HEK293 cells was 

achieved, it was decided to evaluate this gene replacement strategy in vivo using the 

recently generated high titre AAV-TULP1 vectors.    



 

 

 85 

 

 

Figure 2. 5. Real-time RT-PCR-Tulp1/Actb assay.  

A.  The 2% gel image of qPCR products. I. The PCR Actb 103 bp products amplified in Lanes of 2, 3, 4 and 5 but not on 

Lane 1. II. The PCR Tulp1/TULP1 120 bp products amplified in Lane 2 and 3 but no bands detected on Lanes 1, 4 and 5. 

B. The co-transfection with p.AAV.MCS_CBAP-TULP1  and p.AAV.MCS_CBAP-EGFP into H293 cells using 

Lipofectamine 3000. The transfection efficiency was calculated by EGFP expressing cells dividing by total number of 

cell nuclei stained with DAPI. Scale bars: 20 m. C. The optimised Real-time RT-PCR-Tulp1/Actb assay result showing 

the relative Tulp1/TULP1 mRNA expression. D. qPCR standard curve and amplification curve for melting Tm 

representing images. I. Standard curve for Actb.  II. Standard curve for Tulp1. III. Melting Curve for Tulp1/TULP1.  IV. 

Melting Curve for Actb. ***, P<0.001. 
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2.3.1.6 Real-time RT-PCR and Western Blot analysis on isolated retinal 

RNA  3 weeks post-injection of AAV 
 

Isolated RNA from 3 weeks post-injected retinas (Section 2.2.3.4), with either 

AAV-TULP1 [1. NEAT (1.6x109 vg/eye) + AAV-EGFP (3.75x105 vg/eye); 2. 1/6NEAT 

(2.66x108 vg/eye) + AAV-EGFP (3.75x105 vg/eye)] versus only AAV-EGFP (3.75x105 

vg/eye) control eyes were analysed via real-time RT-PCR to quantify TULP1 expression 

in the treated retinas (Section 2.2.3.5). A ±50 g/ml RNA concentration per sample, 

quantified using a nanodrop spectrophotometer (Section 2.2.1.1), was used as the initial 

RNA concentration and a 10x standard curve was generated. Each sample was compared 

to the two curves as shown in Section 2.3.5 and a quantity of TULP1 RNA and Actb in 

AAV-TULP1+ AAV-EGFP versus only AAV-EGFP injected retinas was obtained. TULP1 

expression in each sample was subsequently normalised to Actb and was analysed as 

described in Section 2.3.5. The level of TULP1 expression in Tulp1-/- retinas 3 weeks post-

injection with dose 1: 1/6NEAT of AAV-TULP1+ AAV-EGFP was 2.4±1.18% (n=8); and 

dose 2: NEAT of AAV-TULP1+ AAV-EGFP was 15.5 ±9.7% (P=0.0001; n=8) and AAV-

EGFP was 0.1±0.1% (n=8) compared to Tulp1 expression of C57 wt (p20) (Figure 2.6.C).  

These results indicate that the injections with undiluted/ NEAT AAV vector were the best 

compared to the 1/6 dilution. Additionally, it seems that TULP1 expression with the highest 

vector dose driven by the CBA promoter in Tulp1-/- retinas was quite low compared to 

endogenous Tulp1 expression; however, AAV2/5 tropism in the neonatal mouse retina 

needs to be taken into consideration.  

As a significant replacement of TULP1 in Tulp1-/- retinas was achieved with 

undiluted vector, it was decided to evaluate TULP1 protein expression in Tulp1-/- retinas  

3 weeks  post-injection with NEAT dose of AAV-TULP1 + AAV-EGFP versus only AAV-

EGFP; additionally C57 wt retinas at p20 were used as a control (Section 2.2.4). Western 

Blot analysis was performed employing human specific anti-TULP1 polyclonal rabbit 
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(ABIN1537977; antibodies online.com) antibody and for the normalization the 

housekeeping ACTB was used employing a mouse specific polyclonal anti-rabbit ACTB 

antibody (ab8227, Abcam) (Section 2.2.4.3). A representative western blot is shown Figure 

2.6.D, abundant TULP1 protein was visible at the correct size of 60 kDa in the retinal 

protein sample from mice injected with AAV-TULP1 + AAV-EGFP (Figure 2.6.D, Lane 

2) compared to the sample injected only with AAV-EGFP in which no TULP1 protein was 

observed (Figure 2.6.D, Lane 1). The endogenous mouse TULP1 was also observed in the 

retinal protein samples from C57 wt (Figure 2.6.D, Lane 3). The mouse ACTB was used 

to assess equal loading at an exposure time of 12 minutes. As equal loading of all samples 

was 25 l/lane (and a protein concentration of 25 g; Section 2.2.4.3 ), western blot gel 

analysis using ImageJ -Fiji was undertaken in order to calculate the relative % TULP1 

protein expression in AAV-TULP1 + AAV-EGFP injected retinas. The mean pixel 

intensity of mouse TULP1 in protein samples of retinas of C57 wt was set at 100% 

expression and the mean pixel intensity of human recombinant TULP1 protein samples of 

retinas injected with AAV-TULP1 + AAV-EGFP was compared to this value. It was found 

that the Tulp1-/- retinas injected with AAV-TULP1 + AAV-EGFP vectors had human 

recombinant TULP1 expression at 19.6±6.23% (P=0.0001; n=8) of that in the C57 wt mice 

(Figure 2.6. D).  

2.3.1.7 Histological and ERG analyses 
 

There is a possibility that the NEAT dose of the AAV-TULP1 vector + AAV-

EGFP vector might result in toxicity in the retina; thus, it was decided to subretinally inject 

C57 wt animals in order evaluate the potential toxicity or retinal tolerance of the AAV-

TULP1 gene therapy in the C57 wt retinas.    

For the toxicity, morphology and protein localisation assessments it was decided to 

examine murine retinas via immunohistochemistry (Section 2.2.6.6) in retinal sections 
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from mice 3 weeks post-injection. Six C57 wt (p1-2) mice were injected in the REs with 

the previous NEAT dose of AAV-TULP1 (1.6x109 vg/eye ) + AAV-EGFP was used as a 

tracer vector using the reduced dose (3.75x105 vg/eye) and the LEs were uninjected. 

Additionally, six Tulp1-/- pups were injected in the REs with NEAT dose of AAV-TULP1 

(1.6x109 vg/eye) + AAV-EGFP (3.75x105 vg/eye) versus LEs with only AAV-EGFP 

(3.75x105 vg/eye) vector.  

The  histological evaluation (Section 2.2.6.6) showed that the injections of NEAT 

dose of AAV-TULP1 + AAV-EGFP did not result in a significant degenerative effect when 

comparing undiluted/ NEAT AAV-TULP1 vector + AAV-EGFP vector injected C57 wt 

retinas versus uninjected control retinas (n=6). Morphological analysis of the ONL and INL 

of injected retina versus uninjected retina (injected C57 wt ONL was 66.4 ±4.48 m; INL 

was 52.4±1.12 m versus uninjected C57 wt ONL was 64.93±6.52 m; INL  was 

53.70±5.17 m; n=6) indicates that they were similar (Figure 2.6.B) and hence it was 

concluded that the dose administered seems to be relatively well tolerated. It was a 

challenge to distinguish human recombinant TULP1 from endogenous mouse TULP1 in 

C57 wt  retinas due to the human TULP1 antibody binding to the endogenous mouse 

TULP1 protein and thus, it was hard to evaluate the intensity of human recombinant TULP1 

expression in C57 wt retinas by immunocytochemistry (Figure 2.6.A). Of note endogenous 

mouse TULP1 localization was found in IS, ONL and OPL layers of C57 wt retinas (Figure 

2.6.A) agreeing with previous TULP1 characterisation studies (Ikeda, et al., 1999; Ikeda, 

et al., 2000; Hagstrom, et al., 1999).  

As the aforementioned result showed NEAT dose of AAV-TULP1 + AAV-EGFP 

injections did not seem to have any negative side effects on C57 wt retinas, it was decided 

to evaluate Tulp1-/- mouse eyes 3 weeks post-injection with NEAT dose of AAV-TULP1 

+ AAV-EGFP vectors versus AAV-EGFP only via immunohistochemistry.  



 

 

 89 

 

The retinal histology was undertaken at 3 weeks post-injection using anti-human 

TULP1 polyclonal rabbit (ABIN1537977; antibodies online.com), which should 

specifically bind the human recombinant TULP1 protein in the Tulp1-/- treated 

photoreceptors with NEAT AAV-TULP1 + AAV-EGFP, revealed that most of human 

recombinant TULP1 was localised in the RPE; the protein was not yet observed in IS, ONL 

and OPL of the treated retinas (Figure 2.6.A). In addition, morphological analysis was 

performed to evaluate whether the gene therapy was able to rescue the retinal degeneration 

in treated eyes or not. The ONL and INL thickness of Tulp1-/- retinas injected with NEAT 

AAV-TULP1 (1.6x109 vg/eye) + AAV-EGFP (3.75x105 vg/eye) was 45.448±1.93 m; and 

38.20±4.26 m; n=6 respectively versus the thickness of ONL and INL treated with only 

AAV-EGFP (3.75x105vg/eye) resulted 46.349±2.43 m and 38.08±3.38 m (n=6) 

respectively (Figure 2.6.B), with associated P value of 0.793 and 0.993 respectively. These 

results indicate that there were no statistical significant differences between treated retinas 

versus retinas treated with control vectors. Furthermore, despite the insignificant 

morphological results obtained with the AAV-TULP1 treatment, it was decided to conduct 

ERGs (Section 2.2.6.4) at 4 and 6 weeks post-injection of vector (n=4 per group; ERGs 

were undertaken by Dr Paul Kenna). Unfortunately, in none of the treated animals was a 

recordable ERG obtained (Figure 2.6.E). Therefore, these results suggest that the 

replacement of human TULP1 gene in Tulp1-/- mice probably did not have a positive 

impact on photoreceptor cell survival and visual functional rescue was not obtained. This 

finding was supported by the absence of a significant improvement in rows of 

photoreceptor nuclei in the ONL of treated eyes compared to the control eyes injected with 

AAV-EGFP. Furthermore, the human TULP1 protein was also not localised in the IS, ONL 

and OPL, unlike the endogenous mouse TULP1 which is localised in the IS, ONL and OPL 

of C57 wt retinas. Together these data support the view that these initial experiments were 



 

 

 90 

 

unsuccessful in terms of the TULP1 replacement gene therapy providing benefit in null 

Tulp1 mice.  

 

Figure 2. 6. Evaluation of Tulp1-/- treated retinas with NEAT dose of AAV-TULP1 + AAV-EGFP (treated) versus AAV-

EGFP (untreated).  
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A. Immunohistological assessments using anti-TULP1 polyclonal rabbit – red (ABIN1537977; antibodies online.com ) 

and cell nuclei staining DAPI-blue on treated C57 wt (a, b) Tulp1-/- treated (c, d) and Tulp1-/- control (e, f). The mouse 

TULP1 is localised at IS, ONL and OPL region of the C57 wt retinas (d). In Tulp1-/- treated retinas human TULP1 was 

found restricted only in RPE (arrows) but not in IS, ONL and OPL of retina (f). No human TULP1 was observed in Tulp1-

/- injected with only control EGFP (f). B. Retinal Morphometry analysis graph resulting no significant differences in the 

examined retinas (see Section 2.2.6.6). AAV-TULP1+AAV-EGFP injected C57 wt, ONL was 66.4±4.48 m; INL was 

52.4±1.12 m versus uninjected C57 wt (represented as untreated), ONL was 64.93±6.52 m; INL  was 53.70±5.17 m; 

n=6. In treated Tulp1-/-mice with AAV-TULP1 (1.6x109 vg/eye) + AAV-EGFP (3.75x105vg/eye ), ONL and INL  were 

45.448±1.93 m; and 38.20±4.26 m; n=6 respectively versus untreated Tulp1-/- mice. The thickness of ONL and INL 

treated with only AAV-EGFP (3.75x105vg/eye) resulted 46.349±2.43 m and 38.08±3.38 m (ONL-P value = 0.793 and 

INL- P value = 0.993; n=6 per group). Measurements were taken in images from the central half of the retinas using 

comparable AAV injected areas and similar analysis windows; object numbers were normalized to length of retina. 

Typically, 4 sections/eye were analysed, and 3 measurements per section were made. All measurements were made using 

cellSens software (Olympus). C. Human recombinant TULP1 mRNA level representative graph showing TULP1 

expression in Tulp1-/- mice treated with AAV-TULP1+AAV-EGFP (represented as NEAT) at 15.5 ±9.7%  that of the 

C57 wt controls (n=8). TULP1 expression from the diluted vector (1/6 NEAT) and from uninjected Tulp1-/- mice 

(represented as untreat) is also presented. D. Western Blot analysis. Lane 1 – Tulp1-/- injected AAV-EGFP retinal lysate. 

Lane 2 – Tulp1-/- injected with NEAT dose of AAV-TULP1 + AAV-EGFP retinal lysate, positive for human TULP1, 60 

kDa. Lane 3 – C57 wt retinal lysate, positive for endogenous mouse TULP1, 60 kDa. The administration of AAV-TULP1 

successfully translated into human TULP1 expression in Tulp1-/- mice at 19.6±6.23% that of C57 mice. E. Max ERG 

recording output shows in treated Tulp1-/- mice with AAV-TULP1 + AAV-EGFP there was no functional ERG observed. 

(a). Max ERG in C57 wt uninjected. (b). Max ERG in Tulp1-/- injected with AAV-TULP1 + AAV-EGFP. (c). Max ERG 

in Tulp1-/- injected with only AAV-EGFP. Abbreviations: IS, inner segment. ONL, outer nuclear layer. INL, inner 

nuclear layer, GCL, ganglion cell layer. Scale bar (a) = 20 µm. 

 

2.3.1.8 In silico analysis of human TULP1 and mouse TULP1 
 

To explore possible reasons underlying the initial unsuccessful TULP1 gene 

therapy, it was decided to conduct a comparative proteomic analysis in silico. In order to 

compare endogenous mouse TULP1 and human TULP1, the ExPASy online tool was 

employed. The comparison matrix showed that mouse TULP1 with 543 residues and 

human TULP1 with 489 residues had 12 gap open penalties (the penalty for opening a gap 

in the alignment makes the gaps less frequent when this value increases) and their extension 

penalty (the penalty for extending a gap by one residue; thus, increasing this value makes 

the gaps shorter) was 4. Subsequently, it was observed that there was 72.48% identity in 

489 residues between mouse and human TULP1. The high percentage identity as well as 

previously observed low open gap score and small extension penalties between two 

examined proteins indicate that mouse and human TULP1 are quite similar to each other 

(Figure 2.7.A). Thus, the protein sequences were run in a Constraint-based Multiple 

Alignment Tool (COBALT) to identify where the two proteins might be more divergent. 

Bioinformatics revealed that the N-terminal of the human TULP1 is more divergent in 
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comparison with the mouse protein (Figure 2.7.B). For the visualisation of two proteins, 

RaptorX online software was used to see the predicted molecular structures of the two 

TULP1 proteins (Figure 2.7.C). Thus, the N terminus of human TULP1 by in silico analysis 

was predicted to be significantly different compared to the mouse protein warranting 

further investigation. Given the differences between the human and mouse TULP1 

proteins, it was decided to design a mouse Tulp1 construct to see whether the early 

administration of this species specific gene therapy may have therapeutic potential given 

the ‘mouse gene to mouse model’ strategy and whether this might provide substantial 

benefit in Tulp1-/- mice, in contrast to the lack of benefit in the previous study which had 

a AAV-TULP1 human gene and therefore a species mismatch.  
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Figure 2. 7. In silico evaluation of human and mouse TULP1 proteins.  

A. Human TULP1 and Mouse TULP1 proteins were aligned to evaluate the similarity scale using the ExPASy online 

tool. Human & Mouse TULP1 proteins alignment analysis showed 72.48% identity with 12 gap open penalties (the 

penalty for opening a gap in the alignment so increasing this value makes the gaps less frequent) and their extension 

penalty (the penalty for extending a gap by one residue; thus, increasing this value makes the gaps more shorter) was 4. 

B. Constraint-based Multiple Alignment Tool (COBALT) output revealed that that N-terminal of the human TULP1 is 

more  divergent in comparison with the mouse protein. Query_10001- mouse TULP1,565 residues; Query_10002-human 

TULP, 489 residues C. RaptorX online software generated Human TULP1 and Mouse TULP1 predicted 3D structures. 
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2.3.2 Mouse Tulp1 construct 
 

2.3.2.1 Cloning of the Codon Optimized Mouse Tulp1cDNA driven by 

Human Rhodopsin Kinase Promoter (hRhKP) and AAV2/5 generation 
 

Taking into consideration the AAV2/5-TULP1 driven by CBAP vector that was 

explored in the previous study, it was decided to explore a AAV2/5 vector with the mouse 

Tulp1 cDNA driven by a photoreceptor specific promoter, the human rhodopsin kinase 

(hRhKP) promoter, as there have been some reports from mouse studies that some cell 

specific promoters can be efficient in photoreceptors and at times can result in less toxicity 

compared to generic/ubiquitous promoters (Xiong, et al., 2019). Furthermore, O'Reilly, et 

al., 2007 showed that codon-modified RHO genes can express functional wt protein 

resulting in a significant benefit in the Pro23His mouse model. Indeed codon optimisation 

has been used extensively to optimise transgene expression (Millington-Ward, et al., 2011; 

Fischer, et al., 2017; Georgiadis, et al., 2016). Therefore, it was also decided to perform the 

complete codon optimization of the mouse Tulp1 cDNA (NM_021478; gene 22157), while 

leaving the previously optimised RT-PCR-Tulp1/Actb assay primer set region of the mouse 

Tulp1 cDNA unmodified. Additionally Hind3, Not1, Xba1 and EcoR1 sites were excluded 

from the cDNA sequence via the IDT Codon Optimisation Tool. Furthermore, in the 

optimised mouse Tulp1 cDNA (OPT-Tulp1) a modification was also made to the sequence 

surrounding the ATG start site and it was embedded within a consensus partial 5’UTR and 

Kozac sequence {CCACCATGG}which should aid efficient initiation of translation of the 

optimised mouse Tulp1 mRNA (Kozac, 1989).  The coding sequence ends with a TGA stop 

codon following by incorporating of the entire mouse Tulp1 3’UTR including the 

endogenous Poly(A) and the addition of a minimal Rabbit -Globin Poly(A). In addition, 

EcoRI and NotI sites were also added on either end of the Tulp1 fragment with 7 bp and 5 

bp overhangs respectively. The EcoRI-partial5’UTR-Kozak-OPT-



 

 

 95 

 

Tulp1CDS73’UTR/PolyA-MinPolyA-NotI-XbaI fragment of 2226 bp was then synthesized 

and cloned into pMA9ampR using PacI and AscI cloning sites (synthesis and cloning 

undertaken by GeneArt). Post receipt of plasmid from GeneArt, the initial step of the 

cloning strategy employed the EcoRI restriction site and involved the removal of the Tulp1 

fragment from pMA. This fragment was to replace a Cas9 fragment from pcDNA3.1 (+) 

plasmid (Invitrogen) containing a hRhKP-Cas9 construct (generated by Dr. Arpad Palfi, 

Farrar laboratory, TCD). When the Cas9 fragment was cut out of the pcDNA3.1(+)  plasmid 

using EcoRI and XbaI restriction sites (Section 2.2.1.3), the EcoRI-partial5’UTR-Kozak-

TULP1CDS73’UTR/PolyA-MinPolyA-NotI-XbaI fragment was successfully inserted into 

the plasmid containing the hRhKP promoter resulting in a total size of insert of 2510 bp 

not inclusive of the backbone of pcDNA3.1(+) (Invitrogen) (Section 2.2.1.4). 

Subsequently, the entire therapeutic transgene was then flanked by NotI sites (Section 

2.2.1.3) and ligated into the pAAV-MCS plasmid (Stratagene) (Section 2.2.1.4) followed 

by transforming it into XL1-Blue E.Coli (Section 2.2.1.6). The transformed bacterial 

colonies were screened for candidate clones employing standard methodologies (Section 

2.2.1.6).  The plasmid DNA was purified from transformed bacteria and verified by 

sequencing and restriction mapping (Section 2.2.1.10) (Figure 2.8.A.B.C). Subsequent to 

sequence confirmation, high-titre AAV2/5 virus containing the hRhKP-OPT-Tulp1 

transgene was produced in HEK293 cells using the triple transfection method by Dr. Naomi 

Chadderton (Section 2.2.5.1). 48 hours post transfection, HEK293 cells were harvested and 

further processed using the AAV2/5 production protocol following the purification 

procedure for AAV (Section 2.2.5.2). After dialysis of vector, two fractions of the 

AAV2/5-hRKP-OPT-Tulp1 vector were analysed by qPCR using Tulp1 specific primers 

(Section 2.2.5.3) to evaluate viral titre. The copy number obtained during qPCR analysis 

of the AAV fractions was compared to that of a control AAV vector of known titre. In this 
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case, the AAV2/5-CMV-EGFP vector with estimated titre of 1x1012 vg/ml had previously 

been generated and the titre calculated by Dr. Naomi Chadderton, was used as a control in 

order to estimate the titre of the AAV2/5-hRKP-OPT-Tulp1. Fraction 3 of AAV2/5-hRKP-

OPT-Tulp1 was estimated titre of 4 x 1012 vg/ml by Dr. Naomi Chadderton. 

 

Figure 2. 8. The mouse Tulp1 construct. 

 A. Plasmid map of hRhKP-OPT-Tulp1 construct with the p.AAV.MCS backbone for AAV production. B. NotI 

restriction digest map of plasmid digest to clone of hRhKP-OPT-Tulp1 (Lane (1-2)-2510 bp) into the pAAV.MCS 

backbone (Lane (1-2)-2844 bp) for AAV preparation. ). Lane 1 Marker – 1kb Ladder (NEB) Lane 2 and Lane 3 

pAAV.MCS- hRhKP-OPT-Tulp1. C. Sequencing confirming the successful cloning of pAAV.MCS_hRhKP-OPT-Tulp1. 

The full construct sequence is presented in the appendix (Chapter 7, Section 7.2).  
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2.3.2.1 Subretinal injections of AAV-2/5-hRhKP-OPT-Tulp1 gene therapy 

into Tulp1 -/- mice 
 

To evaluate this candidate gene therapy, the AAV-2/5-hRhKP-OPT-Tulp1 vector 

(AAV-Tulp1) was subretinally injected (Section 2.2.6.3) into RE and as EGFP driven by 

hRhKP was not available in AAV2/5 at the lab, the AAV2/5-RHO-EGFP virus (AAV-

EGFP) was used as a control to be consistent with the previous study; therefore, AAV-

EGFP was injected into LE of each Tulp1-/- pup at p1-2 to evaluate potential rescue of the 

phenotype of Tulp1-/- mice after early administration of the gene therapy. To evaluate the 

AAV-Tulp1 therapy, it was decided to explore three AAV doses amounting to one sixth  

(6.6 x1011 vg/ml) (1/6 NEAT) and one eighteenth (2.2 x1011 vg/ml) of the original neat 

dose of the vector (1/18 NEAT) and neat (4x1012 vg/ml) (NEAT). In total 1 l of vector 

was subretinally administered per pup eye representing 6.6x108 vg/eye, 2.2x108 vg/eye and 

4x109 vg/eye. AAV-Tulp1 treated eyes, were co-injected (0.5 l/eye) with one eightieth 

dose AAV-EGFP (3.75x1010 vg/ml; administered 3.75x105 vg/eye) (generated and tittered 

by Dr. Naomi Chadderton) of the original dose of the viral vector (3x10e12 vg/ml) as a 

tracer in order to visualise transduction of the retina. For the control left eyes for both 

treated groups it was decided to use the same does of AAV-EGFP (3.75x105 vg/eye) as in 

the previous AAV-TULP1 study (detailed Section 2.3.1.4), which was (0.5 l/eye) at one 

eightieth dose (3.75x1010 vg/ml) of the original dose of 3x10e12 vg/ml. Any suboptimal 

injections were noted, as they could affect analysis. After 3 weeks post-injection of animals, 

mice were culled and eyes were taken for RNA analyses and histology according to the 

protocols (Section 2.2.3.4 & Section 2.2.6.5).   

2.3.2.2 Real-time RT-PCR analysis  on the isolated retinal RNA after 3 

weeks of post-injection 
 

As previously described in Section 2.3.1.6, the isolated RNA (Section 2.2.3.4) of 

3 weeks post-injected retinas with either AAV-Tulp1 {1. NEAT (4x109 vg/eye) or 2. 
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1/6NEAT (6.6x108 vg/eye) or 3. 1/18NEAT (2.2x108 vg/eye) with  reduced dose of AAV-

EGFP (3.75x105 vg/eye)} versus only AAV-EGFP (3.75x105 vg/eye) were analysed via 

real-time RT-PCR (Section 2.2.3.5) to evaluate Tulp1 expression in the treated p20 retinas 

to establish a suitable dose for the current study. A ±50 g/ml RNA concentration per 

sample, quantified using a nanodrop spectrophotometer (Section 2.2.1.1), was used as the 

initial standard and a 10x standard curve was generated. Each sample was compared to the 

two curves as shown in Section 2.3.1.6 and a quantity of Tulp1 RNA and Actb in AAV-

Tulp1 + AAV-EGFP versus AAV-EGFP injected retinas was obtained. Tulp1 expression 

in each sample was subsequently normalised to Actb and was analysed as described at the 

Section 2.3.5. The level of Tulp1 expression in Tulp1-/- p20 retinas injected with 

1/18NEAT AAV-Tulp1  + AAV-EGFP (at p1-2) was 17.7±7.96% (P=0.0001; n=8); 

1/6NEAT AAV-Tulp1 + AAV-EGFP was 94.99±0.008% (n=8) and NEAT AAV-Tulp1 + 

AAV-EGFP was 135.44±23.84% (P=0.0001; n=8) and only AAV-EGFP injected was 

0.001±0.01% (n=8) compared to C57 wt (p20) Tulp1 expression (Figure 9.I).  

In summary, these results suggest that the AAV-Tulp1 vector transgene may be 

more efficiently expressed in the Tulp1 null mouse model compared to the AAV-TULP1 

vector (Section 2.3.1.6). However, it should be noted that in previous study the AAV-

TULP1 undiluted (NEAT) dose/titre was 2.5-fold less than AAV-Tulp1 undiluted (NEAT) 

dose/titre. Moreover, there were other different parameters in the two studies such as the 

use of different promoters in the vectors and species differences and so the studies are not 

directly comparable.  

 

2.3.2.3 Histological and ERG analysis of 3 weeks post-injected Tulp1-/- mice 
 

Immunohistochemical analysis (Section 2.2.6.6) was undertaken on retinal 

sections from n=8 mice per group injected with AAV-Tulp1{1. NEAT (4x109 vg/eye) or 2. 
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1/6NEAT (6.6x108 vg/eye) or 3. 1/18NEAT (2.2x108 vg/eye) with AAV-EGFP 

(3.75x105vg/eye)} versus injected with only AAV-EGFP (3.75x105 vg/eye). Thus, it was 

decided to evaluate the optimised mouse recombinant TULP1 protein expression in the 

Tulp1-/- mouse retinas and to observe whether the optimised Tulp1 gene therapy resulted 

in the correct protein localization in the mouse model, as the human recombinant TULP1 

protein did not show the correct localization in the initial gene therapy study (Section 

2.3.1.7). Retinal histology was performed at 3 weeks post-injection of AAV vectors using 

the rabbit-polyclonal mouse specific anti-TULP1 antibody (M-tulp1N antibody; 

(Hagstrom, et al., 2001)) which specifically binds to native TULP1 in IS, ONL and OPL of 

the wt mouse retina (Section 2.3.1.7). As can be seen in Figure 2.9.A-B, in 1/18NEAT 

AAV-Tulp1 + AAV-EGFP dose injected retinas,  no recombinant TULP1 protein was 

detected. In contrast in Tulp1-/- mouse retinas injected with 1/6NEAT AAV-Tulp1 + AAV-

EGFP and NEAT AAV-Tulp1 + AAV-EGFP doses the recombinant TULP1 protein was 

localised correctly in the IS, ONL and OPL. The intensity of the expression of recombinant 

TULP1, however, seemed to be higher in the retinal sections of eyes treated with NEAT 

AAV-Tulp1 + AAV-EGFP  versus the 1/6 NEAT AAV-Tulp1 + AAV-EGFP vector. This 

evaluation was purely observational and no quantitative measurements were conducted 

(Figure 2.9.C-F).  

As before, it was decided to test the level of potential toxicity or the tolerance of 

the NEAT AAV-Tulp1 + AAV-EGFP vectors in C57 wt retinas (n=4). Histological analysis 

of C57 wt retinas at 3 weeks post-injection of the NEAT (4x109 vg/eye) dose of AAV-

Tulp1 with AAV-EGFP (3.75x105 vg/eye) in REs, the control LEs being uninjected, 

revealed that no disturbance in the retinal morphological was observed. The treated REs 

(ONL was 62.79±7.96 m; INL was 59.35±2.77 m; n=4) of C57 wt mice thus were 
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comparable with the uninjected LEs (ONL was 64.4±1.7 m; INL was 58.8±5.5 m; n=4) 

(Figure 2.9.G.,H.,J).  

Given the positive histological results, it was decided to conduct morphometric 

analysis in order to see whether the gene therapy was sufficient to rescue the degeneration 

of photoreceptor cell layer and inner retinal cells of the treated Tulp1-/- retinas. 

In the assay, the thickness of the ONL and INL layers of the retinas injected with 

NEAT, 1/6NEAT, 1/8NEAT doses of AAV-Tulp1 + AAV-EGFP and fellow control eyes 

injected with only AAV-EGFP, as well as uninjected retinas were quantified on the retinal 

section from Tulp1-/- mouse eyes at 3 weeks post-injection of AAV vectors (Section 

2.2.6.6) and it was observed that the photoreceptor nuclei rows in the 1/6NEAT AAV-

Tulp1 + AAV-EGFP injected retinal ONL (47.21±0.91 m; n=5) and in the 1/18NEAT 

AAV-Tulp1 + AAV-EGFP (44.72±1.56 m; n=5) were not statistically significant than the 

ONL in the eyes treated with only AAV-EGFP vector (37.11±6.92 m; n=5) nor with 

uninjected Tulp1-/- retinal sections (47.21±0.91 m; n=5)(Figure 2.9.J). The NEAT AAV-

Tulp1 + AAV-EGFP administration (37.23±3.93 m; n=8) also showed no significant 

difference from the control eyes received only AAV-EGFP vector, but it (37.23±3.93 m; 

P<0.05; n=8) was dissimilar to uninjected Tulp1-/- retinas (47.21±0.91 m; n=5; 

n=5)(Figure 2.9.J). This result suggests that 1/6NEAT AAV-Tulp1 + AAV-EGFP and 

1/18NEAT AAV-Tulp1 + AAV-EGFP injections did not have a significant rescue of 

photoreceptor cells but both doses were well tolerable compared to the NEAT AAV-Tulp1 

+ AAV-EGFP dose which showed a modest degeneration possibly due to the high-dose 

toxicity in Tulp1-/- retinas, even though the NEAT AAV-Tulp1 + AAV-EGFP injections 

of C57 wt mice showed no evidence of a toxic effect.    

Similarly, the INL layer of treated retina with NEAT AAV-Tulp1 + AAV-EGFP 

(32.24±2.77 m; n=5), 1/6NEAT AAV-Tulp1 + AAV-EGFP (43.5±3.97 m; n=5), 



 

 

 101 

 

1/18NEAT AAV-Tulp1 + AAV-EGFP (45.26±2.75 m; n=5) vectors versus the injected 

control AAV-EGFP vector (32.14±4.09 m; n=5) and the uninjected retinas (38.49±5.74 

m; n=5) showed no significant changes. Nonetheless, the morphometric analyses showed 

that the INL region of both injected and uninjected Tulp1-/- retinas was thinner than the 

C57 wt retinas (58.8±5.5 m; P=0.0001; n=4) (Figure 9.J).  

Consequently, we thought that the presence of the TULP1 protein may be vital to 

maintaining retinal integrity and function in the retina. As we did not see any protein from 

1/18NEAT AAV-Tulp1 + AAV-EGFP injections employing immunohistochemistry 

analysis and moreover the NEAT AAV-Tulp1 + AAV-EGFP dose may be toxic, we 

thought that we would use the 1/6NEAT AAV-Tulp1 + AAV-EGFP vectors for further 

analyses.  

Therefore, it was decided to undertake Max (a mixed rod-cone maximum 

response) ERG analysis (Section 2.2.6.4) 4 weeks post-injection of Tulp1-/- mice 

administered with the 1/6NEAT AAV-Tulp1 + AAV-EGFP vectors in REs versus LEs 

injected with only AAV-EGFP control vector (n=5). In addition, Tulp1-/- (n=5) uninjected 

mice and C57 wt (n=5) mice controls were included for ERG analysis in order to evaluate 

the differences between the retinal function of treated Tulp1-/- mice versus the retinal 

function of untreated Tulp1-/- mice, as well as C57 wt controls.   

Interestingly, 4 weeks post-treatment, animals with 1/6NEAT AAV-Tulp1 + 

AAV-EGFP (25.66±7.014 V; n=5) did show a modest maximum ERG response compared 

to the AAV-EGFP injected controls (13.35±2.196 V; P<0.05; n=5) (Figure 2.9.K); 

however, the 1/6NEAT AAV-Tulp1 + AAV-EGFP treated retinas did not differ statistically 

from uninjected Tulp1-/- mice (28.54±6.89 V; n=5) suggesting that no visual 

improvement was achieved (Figure 2.9.K-O).  
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In summary, a 1/6NEAT dose of AAV-Tulp1 vector was found to be the best 

administrative dose in the Tulp1-/- mouse model providing the correct localisation of the 

protein as evaluated by histological analysis. However, ERG benefit (a mixed rod-cone 

maximum response) was not achieved at 4 weeks of post-injection, with no morphological 

improvement of ONL obtained in the Tulp1-/- retinas at 3 weeks post injection.   

Therefore, it was decided to leave the animals injected with the 1/6NEAT dose of 

AAV-Tulp1 until 12 weeks post-injection of AAV vectors to see whether the gene therapy 

may be able to provide a longer-term rescue of some of the Tulp1-/- mouse phenotype.  
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Figure 2. 9. Evaluation of Tulp1-/- treated retinas after 3 weeks post-administration with AAV-Tulp1 versus controls.  

A. Immunohistochemistry employing a mouse specific anti-TULP1 antibody ( magenta) on  retinal sections of Tulp1-/- 

eyes injected with 1/18 NEAT AAV-Tulp1 (2.2x108 vg/eye) and AAV-EGFP (3.75x105  vg/eye) (REs), no TULP1 

(magenta) was found; n=8. B. The control LEs injected with AAV-EGFP (3.75x105 vg/eye) for 1/18 NEAT AAV-Tulp1 

injections, demonstrating no TULP1 protein; n=8. C. Tulp1-/- retinal sections (REs) treated with 1/6 NEAT AAV-Tulp1 

(6.6x108 vg/eye) and AAV-EGFP (3.75x105 vg/eye ) stained with anti-TULP1 antibody (magenta) showing the correct 

localization of TULP1 similar to C57 wt controls; n=8. D. The control AAV-EGFP (3.75x105 vg/eye) injected LEs for 

1/6 NEAT AAV-Tulp1 injections, no protein was found; n=8. E. The NEAT AAV-Tulp1 (4x109 vg/eye) and AAV-EGFP 

(3.75x105 vg/eye ) injected Tulp1-/- REs, the high level of TULP1 with the correct localization was obtained; n=8. F. The 

control AAV-EGFP (3.75x105 vg/eye) injected LEs for the NEAT AAV-Tulp1 injections, no TULP1 stained; n=8. G.  

Immunohistochemistry analysis on 3 weeks post-injected NEAT AAV-Tulp1 (4x109 vg/eye) of C57 wt retinal sections 

(REs) using mouse specific anti-TULP1 antibody (magenta) showing the well tolerance for NEAT dose of AAV-Tulp1 

injections; n=4. H. Uninjected C57 wt retinal section (LEs)  stained with anti-TULP1 antibody (magenta) localising in 

IS, ONL and OPL. I. Tulp1 mRNA expression levels of 3 weeks post-injected Tulp1-/- mice with NEAT, 1/6 NEAT and 

1/18 NEAT doses of AAV-Tulp1 and uninjected C57 wt (p20) mice; n=8. J. Morphometric analysis of 3 weeks post-

injected retinas of Tulp1-/- and C57 wt were conducted according to the protocol established by the TCD laboratory 

(Section 2.2.6.6). K. ERG analysis summary of C57 wt, Tulp1-/- uninjected, 1/6 NEAT AAV-Tulp1 + AAV-EGFP, and 

AAV-EGFP injected Tulp1-/- mice; n=5 per group. No statistical difference was observed between treated with 1/6 NEAT 

AAV-Tulp1 + AAV-EGFP versus uninjected retinas of Tulp1-/- mice. However, Max (a mixed rod-cone maximum 

response) ERG response of only injected with AAV-EGFP in Tulp1-/- eyes, there were a modest decrease compared to 

1/6 NEAT AAV-Tulp1 + AVV-EGFP treated and uninjected Tulp1-/- mice. L. Max (a mixed rod-cone maximum 

response) ERG responses in C57 wt uninjected mice; n=5.  M. Max (a mixed rod-cone maximum response) ERG 

responses of the 1/6 NEAT AAV-Tulp1 + AAV-EGFP injected eyes in Tulp1-/- mice; n=5 . N. Max (a mixed rod-cone 

maximum response) ERG responses in Tulp1-/- uninjected mice; n=5. O. Max (a mixed rod-cone maximum response) 

ERG responses of AAV-EGFP only treated eyes in Tulp1-/- mice; n=5 Abbreviations: IS, inner segment. ONL, outer 

nuclear layer. INL, inner nuclear layer, GCL, ganglion cell layer. Cell nuclei stained with DAPI-blue. Scale bar = 20 µm. 

P values: *< 0.05; ***<0.001.    
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2.3.2.4 The 12 weeks of post-administered AAV2/5- hRhKP-OPT-

Tulp1(6.6x108vg/eye) therapy analysis on Tulp1 null mice 
 

It was decided to undertake a real-time RT-PCR-Tulp1/Actb assay on RNA from 

retinas 12 weeks of post-injected of AAV (Section 2.2.3.4) to assess Tulp1 expression in 

Tulp1-/- treated mice with 1/6NEAT does of AAV-Tulp1 (6.6x108 vg/eye) + AAV-EGFP 

(3.75x105 vg/eye) vectors versus injected with only AAV-EGFP (3.75x105 vg/eye) vector 

(Section 2.2.3.5). A ±50 g/ml RNA concentration per sample, quantified using a nanodrop 

spectrophotometer (Section 2.2.1.1), was used as the initial standard and a 10x standard 

curve generated. Each sample was compared to the two curves as shown in Section 2.3.2.2 

and a quantity of Tulp1 RNA and Actb in 1/6NEAT AAV-Tulp1  + AAV-EGFP versus 

only AAV-EGFP injected retinas was obtained. The Tulp1 expression in each sample was 

subsequently normalised to Actb and was analysed as described at Section 2.3.2.2. The 

level of Tulp1 expression in Tulp1-/- retinas at p90 injected with 1/6NEAT AAV-Tulp1 

(6.6x108 vg/eye) + AAV-EGFP (3.75x105 vg/eye) was 17.77±4.69% (P=0.0001; n=8)  and 

AAV-EGFP (3.75x105 vg/eye) was 0.001±0.2% (n=8) compared to C57 wt (p90) Tulp1 

expression (Figure 2.10.d). Furthermore, immunohistochemical and morphometry analyses 

(Section 2.2.6.6) were performed on retinal sections from mice 12 weeks post-injection of 

AAV (n=4) using the rabbit-polyclonal anti-TULP1 antibody (M-tulp1N antibody; 

(Hagstrom, et al., 2001)). All eight examined mice showed the same result with the correct 

localisation of the codon optimised recombinant mouse TULP1 in the ONL and OPL at 

p90 (Figure 2.10.A-B); however, at that stage, no segments were observed in the injected 

nor in uninjected Tulp1-/- mice. Morphometric analysis also was consistent with no 

improvement in photoreceptor cell survival, as evaluated by Section 2.2.6.6, the ONL of 

retinas treated with the 1/6NEAT AAV-Tulp1 + AAV-EGFP (13.11±0.96 m; n=4) and 

the ONL of uninjected  Tulp1-/- (12.55±1.01 m; n=4) were significantly thicker compared 
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to the control injected with AAV-EGFP (8.406±2.04 m; P<0.001; n=4); however, the  

ONL of 1/6NEAT AAV-Tulp1 + AAV-EGFP treated retinas was not significant compared 

to uninjected Tulp1-/- retinas (Figure 2.10.E). Similarly, morphometric evaluation 

demonstrated that there was also no improvement in the INL region between the 1/6NEAT 

AAV-Tulp1 + AAV-EGFP treated (19.5±1.87 m; n=4) and AAV-EGFP only treated 

(19.86±1.37 m; n=4) eyes; however, the INL of both injected (AAV-Tulp1 + AAV-EGFP 

vectors in REs and AAV-EGFP control vector in LEs) Tulp1-/- retinas were significantly 

thinner than uninjected Tulp1-/- (36.93±2.56 m; P<0.0001; n=4) retinas (Figure 2.10.C) 

suggesting that the subretinal AAV administration may have negative effect on the INL in 

injected retinas of Tulp1 -/- mice (Figure 2.10.E). Therefore, it requires further 

investigation to clarify the cause of the inner-retinal degeneration in the AAV injected 

Tulp1-/- retinas compared to the uninjected Tulp1-/- controls.   

Next, we decided to conduct the Max (a mixed rod-cone maximum response) ERG 

analysis for treated eyes and untreated eyes to make sure that the histological analysis 

mirrors the visual ERG function of those retinas. Therefore, ERGs were undertaken on 

another injected group of Tulp1-/- mice (n=5) at 12 weeks post-injection of REs with 

1/6NEAT AAV-Tulp1 + AAV-EGFP and LEs with only AAV-EGFP including uninjected 

p90 Tulp1-/- mice (Section 2.2.6.4). All treated and control animals were comparable with 

no ERG recordings giving no improvement in ERG responses also (Figure 2.10.F-H).  

In summary, in the analysed animals after 12 weeks post-injection of a 1/6 NEAT 

dose of  AAV-Tulp1 + AAV-EGFP versus only AAV-EGFP, there was approximately 17% 

mouse recombinant Tulp1 mRNA expression in Tulp1-/- compared to Tulp1 expression in 

C57 wt mice which in this study did not provide any benefit in terms of substantial 

photoreceptor cell survival nor visual function as evaluated in the treated eyes compared to 

untreated eyes via ERG analysis. Interestingly, it was also observed in this study that the 
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subretinal AAV administration seemed to result in an accelerated inner-retinal degeneration 

in the Tulp1-/- mice. This latter finding needs further clarification.  

 

Figure 2. 10. 12 weeks post-injection of 1/6 NEAT dose of the AAV-Tulp1  + AAV-EGFP  versus controls.  

A. 1/6 NEAT dose of the AAV-Tulp1 + AAV-EGFP vectors injected Tulp1-/- retinas. Tulp1-/- retinal sections were 

stained with mouse specific anti-TULP1 antibody (magenta) showing the correct localization of the codon optimised 

mouse recombinant TULP1 in ONL and OPL at p90. B. The control left eyes of Tulp1-/- mice at 12 weeks post injection 

of AAV-EGFP stained with anti-TULP1 antibody demonstrating the absence of TULP1. C. p90 Tulp1-/- uninjected 

retina. D. Tulp1 mRNA expression level in the treated retinas administered with the 1/6 NEAT dose of AAV-Tulp1 + 

AAV-EGFP showed 17.77±4.69% expression compared to AAV-EGFP controls (P=0.0001; n=8)  E. Morphometric 

analysis at 12 weeks post-injection of Tulp1-/- mice demonstrated no ONL benefit in the treated retinas nor inner retinal 

change was observed. F-G. Max (a mixed rod-cone maximum response) ERG response was not detected in either treated 

or untreated eyes suggesting no visual rescue was achieved. F. ERG of REs injected with AAV-Tulp1 (6.6x108 vg/eye) 

+ AAV-EGFP (3.75x105 vg/eye) vectors. G. ERG of LEs treated with AAV-EGFP (3.75x105 vg/eye) vector. ERG (a 

mixed rod-cone maximum response) was conducted at 12 weeks post-injection of Tulp1-/- mice. H. Max ERG of Tulp1-

/- uninjected eyes at p90. Abbreviations: OS, outer segment. ONL, outer nuclear layer. INL, inner nuclear layer, GCL, 

ganglion cell layer. Cell nuclei stained with DAPI-blue. Scale bar: 20 µm. P values: ***<0.001. 
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2.3.2.5 Analysis of protein expression in Tulp1-/- mice after 3 and 12 weeks 

of post-injection with 1/6 NEAT dose of AAV2/5-hRhKP-OPT-Tulp1 by 

western blot 
 

As the codon optimised Tulp1 gene replacement showed expression of RNA by 

real time RT-PCR and protein by immunocytochemistry at p20 and p90 using the 1/6NEAT 

AAV-Tulp1 (6.6x108 vg/eye) + AAV-EGFP (3.75x105 vg/eye), western blotting was 

undertaken to quantify the protein level in the treated retinas of Tulp1-/- mice (Section 

2.2.4). 3 and 12 weeks post-injection of AAV, proteins were extracted (according to the 

protocol in Section 2.3.1.6) from the retinas of Tulp1-/- mice administered with 1/6NEAT 

AAV-Tulp1 + AAV-EGFP or a AAV-EGFP control vector.  A western blot (Section 

2.2.4.3) was carried out using polyclonal anti-rabbit mouse TULP1 antibody (M-tulp1N 

antibody; (Hagstrom, et al., 2001)) and ACTB  used as a house keeping control employing 

the mouse specific polyclonal anti-rabbit ACTB antibody (ab8227, Abcam). In protein 

samples from 1/6NEAT AAV-Tulp1 + AAV-EGFP injected eyes at p20 and p90, 

recombinant mouse TULP1 was visible at 60 kDa (Lanes 1-2 (p20) and Lanes 3-4 (p90) 

and AAV-EGFP injected control samples (Lanes 6-7) had no recombinant mouse TULP1 

protein. Mouse ACTB at 40 kDa was detected, however, equal loading was somewhat 

difficult to obtain as each retina was degenerating at different rates and thus, the level of 

ACTB protein in each retina may have varied; protein densitometry (via Image J) was 

carried out to try to quantify protein (Figure 2.11.A) (Section 2.2.4.2). In Tulp1-/- retinas 

3 weeks post-injection with 1/6NEAT AAV-Tulp1 + AAV-EGFP, 55±38.22% of mouse 

recombinant TULP1 protein expression was observed compared to C57 wt retinas, whereas 

12 weeks post-injection with 1/6NEAT AAV-Tulp1 + AAV-EGFP Tulp1-/- retinas had 

5.27±2.35% of wt level of TULP1 expression (Figure 2.11.B). These results are in line with 

the results from the RT-PCR-Tulp1/Actb assay taking into account the transduction level 

of AAV2/5 may not be equally distributed all over Tulp1-/- retinas, and moreover, that not 
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all mouse recombinant Tulp1 RNA from the AAV vector will necessarily be translated into 

TULP1 protein. In addition, the results again may support the view that the AAV-Tulp1 

vector worked more efficiently in comparison to the AAV-TULP1 vector.  

 

Figure 2. 11. Western blot analysis of 3 and 12 weeks post-injected Tulp1-/- retinas with AAV-Tulp1 + AAV-EGFP 

versus controls. 

 A. Western Blot illustrating the presence of TULP1 and ACTB proteins. Retinal lysates from retinas 3 weeks post-

subretinal injection of Tulp1-/- mice with 1/6 dose of the NEAT AAV-Tulp1 vector (6.6x108 vg/eye) + AAV- EGFP 

(Lanes 1-2). Retinal lysates from retinas 12 weeks post-subretinal injection of Tulp1-/- mice with 1/6 dose of the NEAT-

Tulp1 vector + AAV-EGFP (Lanes 3-4). A band with the correct size of 60 kDa for mouse recombinant TULP1 was 

observed. Lane 5 shows retinal lysate from C57wt retinas at p20 demonstrating expression of the 60 kDa endogenous 

mouse TULP1 protein. Controls such as AAV-EGFP injected Tulp1-/- retinas at p20 and p90 are found in Lanes 6-7 and 

a Tulp1-/- uninjected control at p20 in Lane 8; in Lanes 6-8 no TULP1 protein was found.  The protein level was TULP1 

normalized to ACTB expression shown as 40 kDa. B. TULP1 relative protein expression levels graphed showing 

55±38.22% and 5.27±2.35% level of mouse recombinant TULP1 in 3 and 12 weeks post-injected Tulp1-/- retinas 

respectively. 
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2.3.2.6 Real-time RT-PCR analysis on the isolated retinal RNA after 3 weeks 

of post-injection with titre matched AAV2/5-hRhKP-OPT-Tulp1 versus 

AAV2/5-CBAP-TULP1 
 

In order to compare the mouse and human gene therapies, as previously there was 

2.5-fold viral-dose difference, we decided to inject Tulp1-/- pups with titre and dose 

matched NEAT (4x109 vg/eye) of AAV-Tulp1 vector + AAV-EGFP (3.75x105 vg/eye) 

vector in the REs, with the LEs receiving NEAT (4x109 vg/eye) of AAV-TULP1 vector + 

AAV-EGFP (3.75x105 vg/eye) vector. As previously described in Section 2.3.1.6, the 

isolated RNA (Section 2.2.3.4) of 3 weeks post-injected retinas with either NEAT (4x109 

vg/eye) AAV-Tulp1 + AAV-EGFP versus NEAT (4x109 vg/eye) AAV-TULP1 + AAV-

EGFP were analysed via real-time RT-PCR (Section 2.2.3.5) to evaluate Tulp1 expression 

in the treated p20 retinas to evaluate whether the previous substantial differences in 

expression between the human TULP1 and mouse Tulp1 gene therapies were due to the 

titre differences. A ±50 g/ml RNA concentration per sample, quantified using a nanodrop 

spectrophotometer (Section 2.2.1.1), was used as the initial standard and a 10x standard 

curve was generated. Each sample was compared to the two curves as shown in Section 

2.3.1.6 and a quantity of Tulp1 and Actb in AAV-Tulp1 + AAV-EGFP versus AAV-TULP1 

+ AAV-EGFP injected retinas was obtained. Tulp1 expression in each sample was 

subsequently normalised to Actb and was analysed as described at the Section 2.3.5. The 

analysis showed that AAV-Tulp1 + AAV-EGFP was 112.86±1.27% (P=0.0001; n=7) and 

AAV-TULP1 + AAV-EGFP  was 19.03±1.51% (n=7) compared to C57 wt (p20) Tulp1 

expression (Figure 2.12). This result suggests that in the titre-matched mouse Tulp1 gene 

therapy was able to express Tulp1 6-fold higher than the human TULP1 gene therapy in 

Tulp1-/- retinas supporting our initial hypothesis that the mouse gene therapy worked more 

efficiently than the human gene therapy in the Tulp1-/- murine model. However, it needs 

to be highlighted that in both therapies the target genes (Tulp1/TULP1) were driven by 
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different promoters which may result the huge differences in the Tulp1/TULP1 expression, 

and that moreover, for the mouse Tulp1 gene therapy, significant codon optimisation had 

been undertaken.  

 

 

Figure 2. 12. Titre/dose-matched study of AAV-TULP1 and AAV-Tulp1 constructs. 

 Tulp1 mRNA expression level in the treated retinas administered the NEAT dose of AAV-Tulp1 + AAV-EGFP showed 

112.86±1.27% (P=0.0001; n=7) expression compared with AAV2/5-TULP1 + AAV-EGFP which was 19.03±1.51% 

(n=7) in C57 wt level (The both gene therapies were titre-matched and injected equal amount into Tulp1-/- eyes). P values: 

***<0.001.  
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2.4 Discussion 
 

Over the past 25 years, due to the rapid development of retinal gene therapy many 

preclinical studies have moved to human clinical trials broadening the success and value of 

retinal gene therapy for a growing number of retinal degenerative conditions. The potential 

of this approach has been recently demonstrated given the approval by the FDA of the first 

AAV based ocular gene therapy for RPE65-linked IRD patients (see review, (Trapani & 

A., 2018)). The majority of retinal diseases are associated with a photoreceptor cell loss 

phenotype and understanding the molecular mechanisms that contribute to the survival of 

photoreceptors is of great importance.  

The Tulp1-/- mouse is a naturally occurring mouse model of a recessive form of 

IRD as the absence of Tulp1, most abundantly expressed in photoreceptor cells, leads to 

apoptosis of photoreceptor cells. Therefore, the most advantageous situation would be to 

develop an effective gene therapy for degenerating retinopathies such as those caused by 

TULP1 mutations conferring long term stable expression in vivo in the retina.  The Tulp1-

/- mouse model provides a model in which to test such therapeutic strategies. In principle, 

the design of a TULP1 replacement gene therapy, allowing stable expression of the gene 

from an efficient promoter within the context of the degenerating retina, should be 

beneficial.  

Considering the aforementioned purpose, it was decide to generate a series of 

high-titter AAV vectors encoding a functional TULP1 gene. These vectors have been used 

to explore the beneficial effects or otherwise of an AAV-mediated gene replacement 

therapy for TULP1-related IRDs in the Tulp1-/- mouse model. Characteristics of the 

photoreceptor phenotype in the Tulp1 -/- mice, as previously reported,  include the 

mislocalisation of rhodopsin from a very early age, histopathological changes in 

photoreceptor OS and ONL at week 2 postnatally and the ensuing decline of retinal function 
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(Ikeda, et al., 1999; Ikeda, et al., 2000; Hagstrom, et al., 1999; Won, et al., 2011).  Of note 

the retinopathy in Tulp1-/- mice presents at a very early age with a severe retinopathy and 

hence delivery of the gene therapy to young mouse pups may be required to provide benefit. 

In this study it was decided to drive the human TULP1 cDNA via the chicken beta-actin 

(CBA) promoter as the chosen promoter has been widely used and implemented in human 

clinal trials (Acland, et al., 2005; Weleber, et al., 2016 ; Maguire, et al., 2008). Furthermore, 

the ubiquitous CBA promoter in principle provides the opportunity to explore the TULP1 

gene therapy in various cell models and potentially in retinal organoids (Kruczek, et al., 

2017), for example, generated from the TULP1-IRD related patients.  

Before undertaking the in vivo studies described in this Chapter, an in vitro 

evaluation was necessary to ensure that the TULP1 constructs expressed the gene of interest 

and therefore would potentially work when subsequently subretinally injected into Tulp1-

/- mice. HEK293 cells were chosen for the in vitro studies as these cells naturally lack 

TULP1 expression. The RT-QPCR and immunocytochemistry analyses showed that the 

efficient delivery of TULP1 RNA and protein by pAAV.MCS-CBAP-TULP1 in HEK293 

cells was achieved, and therefore, it was decided to evaluate this gene replacement strategy 

in vivo. This involved the packaging pAAV.MCS-CBAP-TULP1 into the AAV2/5 

serotype, as it was previously reported that AAV2/5 is more efficient in transducing the 

developing mammalian retina compared to other known AAV serotypes (Surace, et al., 

2003; Watanabe, et al., 2013). The generated AAV-TULP1 vector was subsequently 

administered subretinally using NEAT (undiluted vector; 1.6x109 vg/eye) or one sixth of 

the undiluted/NEAT (2.66x108 vg/eye) doses with AAV-EGFP (as a tracer) at p1-2 in one 

eye and fellow eyes received only the reduced dose of AAV-EGFP (3.75x105vg/eye) as a 

control. The reason for not using the same total viral vector dose in the control eyes 

compared to the treated group, is because the EGFP reporter gene is known to cause toxicity 
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when using high titre AAV-EGFP (Xiong, et al., 2019) and hence may impact negatively 

on the left eye receiving control virus resulting in false positive results (Type I error) in the 

current study. Generating empty capsids for the control eye would have been a better 

option, mimicking the side effects of detachment of the retina and enabling use of the same 

amount of viral-load but at the time of the study this control was not available. Furthermore 

there are significant limitations with use of empty vector such as the lack of robust 

methodology to titter empty capsids and difficulties with conducting histological analyses 

due to the absence of a reporter gene making it is hard to visualise / find the area of 

injection. Therefore, the reduced dose of AAV2/5-RHO-EGFP vector was thought to be an 

appropriate control for this study mimicking the retinal detachment as well as enabling easy 

identification of the injected retinal area. However, the usage of the most ideal controls for 

gene therapy is still open to debate as some researchers like to employ PBS or saline 

injections as a control or uninjected controls or other EGFP-AAV vectors or a combination 

of the same (Zeng, et al., 2019; Chekuri, et al., 2019).  

RNA analysis using samples from retinas 3 week post-injection with AAV-TULP1 

+ AAV-EGFP demonstrated that the low dose of the treatment was not competent 

compared to the undiluted/NEAT vector (1.6x109 vg/eye). The NEAT dose achieved 15% 

TULP1 expression level in vivo compared to C57 wt mice (Figure 2.6.C). In addition, 

western blot analysis mirrored the in vivo RNA result showing 19% of human recombinant 

TULP1 protein in transduced Tulp1-/- retinas compared to C57 wt retinas (Figure 2.6.D). 

However, if we take into the consideration that AAV2/5  transduction efficiency (it is the 

area of the retina that is transduced by the injection – under the bleb that is generated by 

the injection) after a single subretinal injection in young mice approximately 30% of the 

area of the retina is transduced according to the literature (Pang, et al., 2012; Surace, et al., 

2003; Watanabe, et al., 2013; Lee, et al., 2018; Teo, et al., 2018), thus, the true expression 
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level in Tulp1-/- mice may have been approximately 52%.  To confirm this hypothesis RNA 

isolation and analysis in the transduced retinal area of the injected Tulp1-/- mice could be 

undertaken, for example, using FACs to purify the EGFP positive cells (only AAV 

transduced cells) (Ryals, et al., 2011; François,  et al., 2018).  

To evaluate human recombinant TULP1 protein localisation, semi-quantitative 

immunohistochemistry was undertaken after 3 weeks post-injection of AAV-TULP1 + 

AAV-EGFP and demonstrated that human recombinant TULP1 was abundant only in the 

RPE but not in IS, ONL and OPL regions unlike the natural endogenous mouse TULP1 

which is mostly localised in IS, ONL and OPL (Figure 2.6.A). This might be due to the 

early administration of the gene therapy in Tulp1-/- mice and possibly AAV gene delivery 

at different stages of retinal development may affect the viral tropism (Castle, et al., 2016; 

Watanabe, et al., 2013). Moreover, at p1-2 mostly RPE cells are developed (Fuhrmann, et 

al., 2014) compared to photoreceptor cells which are not fully formed until p7 (Sharma, et 

al., 2003), and RPE cells thus may have taken up most of the viral vector in Tulp1-/- retinas 

due to the early delivery of the gene therapy as per other studies in the literature (Surace, 

et al., 2003). In addition, the CBA promoter works well in RPE cells (Allocca, et al., 2007; 

Xiong, et al., 2019; Ong, et al., 2019) which might be the one of the reasons that we saw in 

the histology that the human recombinant TULP1 mostly accumulated in the RPE rather 

than in photoreceptor cells. Hence, the mislocalisation of the human recombinant TULP1 

in treated Tulp1-/- retinas may have resulted in more harm by negatively impacting on the 

retina and simply accelerating the degeneration.  

Unfortunately, retinal morphometric analysis of treated versus untreated Tulp1-/- 

retinas showed that they were comparable. Similarly the ERG analysis (Figure 2.6.E) 

indicated that no rescue of visual function was achieved in treated versus control Tulp1-/- 
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eyes. While evidence of TULP1 RNA and protein expression was apparent, no beneficial 

effects associated with TULP1 expression were observed in this first study.  

 One option to consider was that the AAV dose may have an effect on the efficacy 

of the TULP1 therapy due to potential toxicity at high AAV doses and/or high levels of 

transgene expression, as the preliminary cellular toxicity work-up in cells is not fully 

representative of what may occur in the in vivo study (Xiong, et al., 2019). Therefore, the 

same experimental design was used to deliver the AAV-TULP1 (1.6x109 vg/eye)  with 

AAV-EGFP (3.75x105 vg/eye) vectors to REs but LEs being uninjected in C57 wt mice at 

p1-2. Histological analysis of retinal sections 3 weeks post-injection of AAV using the 

undiluted/NEAT does of AAV-TULP1 with AAV-EGFP showed that no morphological 

abnormalities were observed compared to uninjected C57 wt retinas suggesting that the 

undiluted/NEAT vector should be safe to use in the rodent models (Figure 2.6.B). This 

results provides evidence against our initial hypothesis that the undiluted high vector dose 

may have had a negative impact on the TULP1 expression level in Tulp1-/- mice, possibly 

due to an immune response to the vector or via some other mechanism.  

It was then decided to investigate whether human TULP1 is similar to mouse 

TULP1 via in silico analysis, albeit given the significant limitations of such computational 

analyses. In silico analysis revealed that despite the conserved C-terminal region (~200 bp) 

of human and mouse TULP1 proteins, a significant divergence at the N-terminus was 

present and may possibly contribute to the low efficacy of the TULP1 replacement therapy 

in Tulp1-/- mice (Figure 2.7.A.B.C). For instance, it is well-established that species-

specific differences can significantly influence the expression of reporter or therapeutic 

transgenes (Aguirre, 2017). 

As the N-terminal region of the human TULP1 protein is significantly different 

compared to the endogenous mouse protein, the resulting human protein may not be fully 
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competent in the context of the null mouse to undertake all functions of the protein and or 

it may induce immune response(s) interfering with retinal development and or function, 

despite the fact that retinal morphometric analysis showed no significant abnormal changes 

in the morphology of C57 wt AAV-TULP1 injected retinas. It also should be noted that the 

ERG-based visual assessment was not conducted in the treated C57 wt mice which will 

need to be followed up in the future, as at times retinal visual function may show deficits 

without prominent morphological changes (Ragauskas, et al., 2014). Thus, further 

investigation could be undertaken employing various robust assays (such as enzyme-linked 

immunosorbent assay (ELISA), a neutralizing antibody (NAb) assay, an enzyme-linked 

immunosorbent spot (ELISPOT) and immohistochemical assays to evaluate the activation 

of macrophages employing antibodies against CD45, CD68, Iba1) to assess possible 

immune response(s) in the retina after viral administration (Willett, K. & Bennett, J., 2013; 

Trapani & A., 2018). However, the value of such analyses in murine models may be limited 

given the significant differences in immune responses to AAV vectors noted between 

species in a number of other studies (Reichel, et al., 2017; Amado, et al., 2010). 

In addition, it ought to be taken into account that the very early therapeutic 

intervention used in the current study may have negative consequences due to pathology 

induced by complications of AAV delivery or retinal detachment which would be expected 

to exacerbate disease pathology (Pang, et al., 2012). Recently, it was also shown that 

delivery of constructs with non-EGFP reporter genes or EGFP reporter gene or therapeutic 

genes driven by generic promoters such as the CMV and CAG (CMV+CBA) packaged into 

the AAV2/5 and AAV2/8 vectors in mice could be more toxic than using cell-type-specific 

promoters, for example, the human rhodopsin kinase (hRhK) promoter (Xiong, et al., 

2019). It was hence hard to conclude the actual reason or reasons for the failure of the 

examined human TULP1 gene replacement therapy in Tulp1-/- mice to provide benefit.  
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As a result, it was decided to deliver the endogenous mouse Tulp1 gene to the 

Tulp1-/- mouse model to see whether this species specific gene therapy may be able to 

rescue the retinal degeneration in Tulp1-/- mice to test an initial hypothesis in relation to 

the species-specific differences between mouse Tulp1 and human TULP1 genes being a 

key reason for the failure of the gene therapy.  

Given that the generic promoter used for the study, CBA promoter, may result in 

toxicity (Xiong, et al., 2019), it was decided to design the mouse cDNA driven by hRhK 

promoter (Figure 8.A) (Boye, et al., 2012; Xiong, et al., 2019; McDougald, et al., 2019). 

The hRhK promoter can drive transgene expression in both rods and cones, primary target 

cell types of TULP1-related IRDs. As previously confirmed by the TCD team and many 

others, the codon optimised gene delivery can be used to optimise transgene expression and 

to successfully rescue various retinal pathologies (Millington-Ward, et al., 2011; Fischer, 

et al., 2017; Georgiadis, et al., 2016). Hence, codon modifications were implemented in the 

new mouse Tulp1 construct as informed by the IDT algorithm (Codon Optimization Tool), 

among other tools such as GenSmartTM Codon Optimization Tool by GenScript, 

ExpOptimizer by Novoprolabs and many others. The new high-titre AAV2/5-Tulp1 vector 

was generated and three doses injected into Tulp1-/- mice at p1-2 . One eye of each pup 

received either the NEAT vector (4x109 vg/eye), 1/6NEAT (6.6x108 vg/eye) or 1/18NEAT 

(2.2x108 vg/eye) dose of AAV-Tulp1 vector with a reduced dose of AAV-EGFP (3.75x105 

vg/eye) and fellow eyes received the AAV-EGFP control vector (3.75x105 vg/eye), instead 

of EGFP driven by hRhK promoter in AAV2/5, due to the lack of availability of this 

control. The AAV-EGFP driven by RHO promoter was deemed the most appropriate 

control, among other available AAV-EGFP viruses, as it had the advantage of keeping the 

design the same as the previous experimental conditions. RNA analysis employing samples 

from AAV2/5 treated retinas revealed that in highest doses, that is, the 1/6NEAT and 
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NEAT AAV doses, there was 95% and 135% recombinant Tulp1 expression achieved 

respectively, meanwhile the 1/18NEAT AAV dose showed only 17% expression of mouse 

recombinant Tulp1, a similar level to the previously tested human replacement therapy 

(Figure 2.9.I). Therefore, the latter results may have demonstrated that codon optimised 

mouse Tulp1 driven by the hRhK promoter seem to be provided higher levels of expression 

in the mouse retina with the NEAT (4x109 vg/eye) and 1/6NEAT AAV doses compared to 

CBA promoter driven human construct which using the NEAT AAV dose (1.6x109 vg/eye) 

provided only 15% expression compared to the C57 wt control (Figure 2.6.C). 

Moreover, as mentioned above if we hypothesised based on the knowledge from 

the literature that at neonatal stage delivery the transduction area might have been ~30%; 

consequently, the NEAT (4x109 vg/eye), 1/6NEAT (6.6x108 vg/eye) and 1/18NEAT 

(2.2x108 vg/eye) AAVs may have possibly provided 450%, 316% and 59% expression of 

mouse recombinant Tulp1 respectively in Tulp1-/- retinas. However, this hypothesis also 

requires further clarification using aforementioned method such as FACs to obtain isolated 

RNA from the transduced area.  

Besides, it should be noted that in the previous study AAV-TULP1 undiluted 

(NEAT; 1.6x109 vg/eye) dose was 2.5-fold less than AAV-Tulp1 NEAT (4x109 vg/eye) 

dose suggesting that in the current study, the obtained difference in Tulp1 expression may 

be in part due to the usage of higher viral-load of the mouse vector. Even though these 

results might support our hypothesis that the species divergent may possibly have played a 

role in determining the lack of efficiency of TULP1 replacement therapy in Tulp1-/- mice, 

many other parameters may have also influenced this. For example, one needs to take into 

an account that two different promoters were used, the construct was codon optimised for 

expression and the differences in the viral load between two studies, all of which may also 

impact on the results (Aguirre, 2017). Therefore, we decided to explore one of the 
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parameters, the viral-load differences used in both studies. Titre-dose-matched gene 

therapies were delivered at p1-2 into the eyes of Tulp1-/- pups and after 3 weeks post-

injection analysis of isolated RNA was undertaken by Real-Time QPCR. The RNA analysis 

revealed that even if the human and mouse gene therapies were titre / dose matched, the 

mouse gene therapy (AAV-Tulp1 + AAV-EGFP) achieved a 6-fold higher Tulp1 

expression compared to the human gene therapy (AAV-TULP1 + AAV-EGFP) (Figure 

2.12, Section 2.3.2.6). However, the human TULP1 and mouse Tulp1 genes were driven 

by different promoters and the mouse therapy was codon optimised which will influence 

levels of transgene expression.  

In addition, as discussed above the transduction area may have been around 30% 

; the high level of Tulp1 expression in Tulp1-/- mice obtained by the gene therapy with 

NEAT (4x109 vg/eye)  and 1/6NEAT (6.6x108 vg/eye) AAVs may have been too high and 

may accelerate the retinal degeneration due to toxicity. Therefore, four C57 wt pups were 

injected with the NEAT dose of AAV-Tulp1 (4x109 vg/eye) with a reduced dose of AAV-

EGFP (3.75x105 vg/eye). The histological and morphometric analysis on retinal sections 

from C57 wt mice 3 weeks post-injection of the NEAT dose of AAV (Figure 2.9.G.J) 

showed no morphological abnormalities and good tolerance of the NEAT dose (4x109 

vg/eye) of the codon optimised mouse Tulp1 vector, suggesting that in the context of the 

mouse eye, the doses being used were well tolerated and could continue to be used in our 

current study. 

Subsequent to the above small toxicity study in C57 wt retinas, it was planned to 

evaluate the protein expression and localization of three doses of AAV-Tulp1 in Tulp1-/- 

mice. The immunohistochemistry evaluation supported the view that retinas treated with 

the NEAT and 1/6NEAT AAV doses showed the correct localisation of mouse recombinant 

TULP1 in the IS, ONL and OPL similar to the endogenous mouse TULP1 (Figure 2.9.C-
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F) and also that the TULP1 staining in these injection doses seemed to be higher than the 

endogenous TULP1 in C57 wt retinas, however, this was purely observational and no 

quantifications and statistical analyses were obtained. In contrast,  in the retinas injected 

with the 1/18 NEAT AAV dose there was no TULP1 detected (Figure 2.9.A-B). 

Furthermore, retinal morphometry analyses showed that the retinas treated with 

1/18NEAT, 1/6NEAT AAV dose had a similar ONL thickness compared to control 

AAV2/5-RHO-EGFP injected and uninjected eyes (Figure 2. 9.J). However, in the NEAT 

AAV administered Tulp1-/- retinas there was a statistical significant but modest 

degeneration of the ONL compared to the control uninjected eyes. The INL was also 

included in the evaluation to see if the gene therapy provided a benefit in the INL of the 

retina. Similarly, the retinal morphometric analysis also demonstrated that INL in the 

treated eyes with NEAT, 1/6NEAT and 1/18NEAT AAV doses were comparable with the 

control eyes (Figure 2.9.J), suggesting that the gene therapy was not sufficient to influence 

the degeneration in the outer nor inner retina. Moreover, the INL of injected/uninjected 

Tulp1-/- retinas was compared with C57 wt injected/uninjected retinas and it was confirmed 

that the INL of Tulp1-/- was significantly different than the INL of C57 wt retinas. This 

result might be consider somewhat unusual due to Tulp1 being considered as only a 

photoreceptor-specific gene (Hagstrom, et al., 1999; Ikeda, et al., 1999; Ikeda, et al., 2000) 

and indeed, its absence results a significant degeneration only in ONL of Tulp1-/- at this 

stage compared to C57 wt and also it needs to note that the inner retinal degeneration being 

believed to occur after the complete photoreceptor loss (Figure 2.9.J) (Liu, et al., 2016).  

Overall, the three AAV doses of the Tulp1 gene replacement therapy tested did 

not rescue the retinal degeneration in Tulp1-/- mice. It was also found that undiluted/NEAT 

dose (Figure 2.9.E.F.J) had a modest toxic degenerative effect compared to other doses in 

Tulp1-/- mice but not in C57 wt mice. However, the correct localisation of TULP1 was 
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obtained in Tulp1-/- retinas with 1/6NEAT and NEAT AAV doses but not with 1/18NEAT 

AAV dose. Based on the histological and immunohistological analyses, it was established 

that 1/6NEAT AAV dose was the right dose to carry out further analyses. Moreover, it 

should be emphasised that previously the NEAT dose of AAV-TULP1 human gene therapy 

did not obtain the correct localisation of the recombinant TULP1 protein suggesting the 

mouse gene therapy seems to be more effective despite aforementioned differences in 

parameters in both studies.  

It is worth noting that after 4 weeks it was challenging to obtain any ERG 

recordings due to the rapid degeneration of photoreceptor cell layer in Tulp1-/- mice (Ikeda, 

et al., 2000; Hagstrom, et al., 1999), and also it has been established in the laboratory that 

at 4 weeks post subretinal injection, the injected retina will be still detached from the RPE 

which may impact on ERG (Dr. Palfi Arpad/Dr Paul Kenna). Despite the above challenges, 

it was decided to undergo Max (cone-rod maximum) ERG analysis after 4 weeks post-

administration of AAV. In agreement with morphometry and histological analyses, the 

1/6NEAT AAV dose demonstrated no improvement in the mixed rod-cone maximum ERG 

response compared to uninjected Tulp1-/- retinas (Figure 2.9.K-O); albeit, AAV-EGFP 

injected control eyes showed significant reduction in the mixed rod-cone maximum ERG 

response suggesting that the control treatment had a negative impact on the visual function 

of Tulp1-/- mice but not in the treated Tulp1-/- mice with the 1/6NEAT dose of AAV-Tulp1 

vector + AAV-EGFP compared to uninjected Tulp1-/- mice. Interestingly, in previous 

study no ERG recordings were obtained in both AAV-TULP1 vector + AAV-EGFP and 

AAV-EGFP only injected controls in Tulp1-/- at 4 weeks post-injection suggesting that 

they might have also affected the eyes of Tulp1-/-; however, in previous study uninjected 

Tulp1-/- controls were not included; therefore, it needs a clarity in relation to understand 
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the cause of adverse effect of the subretinal AAV administration in the study of human 

TULP1 gene replacement therapy.    

Subsequently, it was decided to leave the treated animals until 12 weeks post-

injection with 1/6NEAT AAV in order to assess whether the mouse gene therapy may 

provide some longer-term rescue of the ONL. The RNA analysis demonstrated 17% 

expression of Tulp1 was achieved compared to the C57 wt control (Figure 2.10.D), and 

also mouse recombinant TULP1 still was predominantly localised in the IS, ONL and OPL 

regions of the treated retinas (Figure 2.10.A-B). Interestingly, the ONL of AAV-Tulp1 

(6.6x108 vg/eye) + AAV-EGFP (3.75x105 vg/eye) treated retinas (P=0.001; n=4) were 

significantly thicker than injected eyes with only AAV-EGFP (3.75x105 vg/eye) vector but 

statistically similar to uninjected Tulp1-/- retinas suggesting that there was no long term 

preservation of photoreceptor nuclei achieved compared to untreated retinas of Tulp1-/- 

mice as evaluated via morphometric analysis (Figure 2.10.E). However, the AAV 

treatment or retinal detachment may have caused degeneration in the retinas administered 

only with AAV-EGFP but not in AAV-EGFP treated with Tulp1 in Tulp1-/- retinas (Figure 

2.10.D). Similarly, the visual function assessment using ERG analysis did not show any 

improvements in the treated animals  (Figure 2.10.F-H). It is also worth noting that the 

INL of treated retinas was comparable with AAV-EGFP treated retinas but both injected 

with Tulp1 and AAV-EGFP retinas were significantly thinner than uninjected Tulp1-/- 

retinas suggesting the AAV administration or retinal detachment may have triggered inner 

retinal degeneration at p90, even though the inner retinal involvement was not observed at 

3 weeks post-injection in Tulp1-/- mice nor in C57 wt mice (Figure 2.9.J). Alternatively, 

while the viral dose of the AAV-EGFP vector is the same in both eyes, the effective dose 

may be greater in the control eye, as there is no competition for viral transduction with the 

AAV-Tulp1 vector (as is present in the treated eye). As EGFP at high levels is well known 
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to cause toxicity (Xiong, et al., 2019), this may possibly account for the negative effect of 

the AAV-EGFP vector in control eyes. Furthermore, while it may be that the AAV-Tulp1 

gene replacement may possibly provide some protection from apoptosis in the ONL from 

the potential damage of subretinal AAV administration in the treated Tulp1-/- retinas 

compared to the AAV-EGFP injected controls; however, the therapy does not seem to 

support retardation of the inner retinal degeneration which we observed and it may be due 

to the retinal detachment or AAV administration. Therefore, further investigation would be 

required, for example, by analysing 12 weeks post-injected retinas of C57 wt mice with 

1/6NEAT dose (6.6x108 vg/eye) of AAV-Tulp1 + a reduced dose of AAV-EGFP (3.75x105 

vg/eye) vectors versus uninjected controls, as well as examining 3 and 12 weeks post-

injected retinas of Tulp1-/- with either PBS or empty AAV2/5 capsids versus uninjected 

controls. Those assessments may provide answers in relation to understanding the cause of 

the inner retinal degeneration observed with the gene therapy in the Tulp1-/- mouse model. 

It is also worth considering that there could be a possibility that the continued 

degeneration in the INL may impact the visual or cellular function in AAV-Tulp1 

administered retinas due to the lack of neuro-synaptic restoration. For instance, in one study 

of a PDE6 gene replacement therapy in Pde6nmf363 mice, it has been demonstrated that 

PDE6 gene delivery driven by the rhodopsin promoter, which strictly limits transgene 

expression to the photoreceptor cells, can globally rescue retinal function (Wert, Davis, 

Sancho-Pelluz, Nishina, & Tsang, 2013). PDE6 and PDE6 proteins are known to be co-

localised with TULP1, however, it has been shown that the absence of TULP1 causes 

significant early synaptic defects compared to that observed when the PDE6 subunits are 

absent (Grossman, et al., 2009). Moreover, it is of interest to note that in another gene 

replacement therapy study in the rd1 mouse model, with a mutation in the Pde6 due to 

the additional Gpr179 mutation which causes abnormal development of the ON-bipolar 



 

 

 124 

 

dendrites, it was suggested that the main reason of the failure of the gene therapy was this 

abnormal development (Nishiguchi, et al., 2015). However, in our Tulp1-/- model no 

additional mutations were detected and albeit that the mouse Tulp1 gene was successfully 

replaced in the Tulp1 -/- mouse model, the gene therapy still was not sufficient to support 

rescue or retardation of the degeneration of the outer or inner retina of Tulp1-/- mice. 

Furthermore, recently another unsuccessful gene therapy in a Cln6nclf murine model has 

been reported (Kleine Holthaus, et al., 2018). They found that that even though the 

deficiency of Cln6 causes the primary degeneration of photoreceptor cells in the Cln6nclf 

murine model, the substantial delivery of Cln6 in photoreceptor cells has not been 

beneficial. However, the supplementation of Cln6 in bipolar cells employing 

AAV2/2(7m8) has aided significantly to slow the loss of photoreceptor function and cells. 

In addition, in the same study they demonstrated that the expression of endogenous CLN6 

not only present in photoreceptor but also in bipolar cells in wt retinas via the 

immunohistochemistry analysis. Interestingly, even though in this model the inner retinal 

degeneration starts at late stage of the disease, in the wt mice CLN6 expresses highly in the 

bipolar cells and comparably lower in photoreceptor cells suggesting that the Cln6 

deficiency in bipolar cells may cause photoreceptor degeneration (Kleine Holthaus, et al., 

2018). Interestingly, in our immunocytochemistry we did not detect TULP1 in the inner 

retina of C57 wt mice at p20; however, there might be possibility that TULP1 may be 

required earlier stage of retinal development as it has been already observed the early 

expression of TULP1 in human retinal samples (Milam, et al., 2000). Such observations, 

together with our recent finding, may hint to a greater role for Tulp1/TULP1 in not solely 

the outer retina but also in the inner retina in murine retinas than previously believed (see 

Chapter 3 of this thesis).  
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Although in the current study the gene therapy did not show promising results 

from morphometry and ERG analyses, it was decided to undertake western blots on 

previously obtained 3 week and 12 week post-injected with AAV-Tulp1 (6.6x108 vg/eye) 

+ AAV-EGFP retinal samples. In the western blot, the correct size 60 kDa mouse 

recombinant TULP1 protein was observed in both 3 week and 12 week post-injected retinal 

lysates supporting the view that successful gene replacement had been obtained (Figure 

2.11.A.B). While the presence of the protein in the right localisation is one of essential 

indications of a successful gene therapy in the mouse model, it does not demonstrate 

whether the expressed protein is functional. Therefore, in the future, the recombinant 

TULP1 in Tulp1-/- retinas could be evaluated by protein interaction assays such as co-

immunoprecipitation or proximity ligation assays recruiting TULP1 interactors i.e., 

RIBEYE(A) or RIBEYE(B) subunits (Wahl, et al., 2016) or MAP1B (Grossman, et al., 

2014). While the cDNA sequence was codon optimised to optimise transgene expression, 

no amino acids were altered in the optimised Tulp1 construct and therefore one would 

anticipate that the encoded recombinant TULP1 protein should be functional.  

Given the aforementioned observation of inner retinal abnormalities in Tulp1-/- 

retinas, there may be a possibility of early Tulp1 expression in the outer and also the inner 

retina (see Chapter 3). Therefore, if this is the case, possibly further optimisations are 

required for gene therapies in Tulp1-/- mice. Firstly, the AAV2/5 serotype may need to be 

replaced by other AAV serotypes, for example, AAV-DJ vector (Katada, et al., 2019), 

AAV2/2(7m8) (Hickey, et al., 2017 ), AAV9 (Lei, et al., 2010) and many others which can 

transduce cells in the photoreceptor cell layer as well as an inner retinal layer too. However, 

other considerations for such serotypes would be providing the endogenous level of Tulp1 

expression at an early developmental stage (see Chapter 3), which may be lacking in our 

previously studied gene therapies. In addition, the inner retinal expression of Tulp1 may be 
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lower compared to the photoreceptor layer, as at 3 weeks postnatally C57 wt retinas do not 

have any TULP1 label in the inner retina. Thus, an effective gene therapy may require 

intravitreal and subretinal intervention using two different doses of AAV and possibly two 

different AAV serotypes in order to provide two different expression levels, for example, 

in the photoreceptor layer versus inner retinal layer. However, as was mentioned above, 

early expression of Tulp1 in the outer and inner retina may not be achieved by employing 

single-stranded AAV vectors in the Tulp1-/- model. Hence, there may be merit in 

considering the use of self-complementary AAV vectors given their faster onset of 

expression in retinal cells (McCarty, 2008; Mowat, et al., 2014). For instance, the gene 

therapy with self-complementary Y733 capsid mutant AAV2/8 achieved substantial 

preservation of retinal photoreceptors and functional vision in Aipl1-/- mouse model (Ku, 

et al., 2011). Given the lack of knowledge of natural Tulp1 promoter, we may not be able 

to mimic the same Tulp1 expression pattern present during retinal development in Tulp1-/- 

retinas. 

Another possible option  to consider is employing CRISPR Cas9 editing gene 

therapy which may eliminate the dose/expression level-related guessing game in the 

context of the identification of the ideal dose which may provide natural Tulp1 expression 

level in different retinal layers of Tulp1-/- mice (Xu, et al., 2018). However, the gene-

editing technology still requires gene delivery of the guide RNA and CRISPR Cas9 to 

Tulp1-/- retinas within the limited AAV capacity of ~4.7kb; therefore, it may require 

generation of two AAV vectors and also in vivo and in vitro based assays showing that the 

generated CRISPR Cas9 system does not have any off-target effects and Cas9 immunity, 

which are still the subject of heated discussion in the scientific community (Chrenek, et al., 

2016 ; Roy, et al., 2018 ; Crudele & Chamberlain, 2018). Moreover, as the photoreceptor 

degeneration in Tulp1-/- mouse model is extremely rapid (Grossman, et al., 2009), and also 
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the previously shown divergence of TULP1 protein between human and mouse (Section 

2.3.1.8), the study may require the use of another model such as retinal organoids (Fligor, 

et al., 2018; Capowski, et al., 2019; Guo Yonglong, et al., 2019), also known as optic cups, 

which can be generated from the iPSCs (induced pluripotent stem cells) of TULP1-linked 

patients. However, the cost of the maintenance and maturation of optic cups, as well as the 

production of a subset of undesired neurons due to limitations of oxygen and nutrient 

diffusion through the tissue layers, are significant disadvantages associated with such 

studies (Mazerik, et al., 2018 ).  

Of note our study highlights that early subretinal AAV administration may trigger 

the inner retinal degeneration in Tulp1-/- mice. Interestingly, it is well known that retinal 

detachment due to the subretinal intervention can cause massive retinal remodelling 

producing new neuritis from outer/inner retinal neurons which are generating non-

functional connections and it can change the retinal function as well (Fisher, et al., 2007 ; 

Bartuma, et al., 2015; Jones, et al., 2016; Barliya, et al., 2017). Additionally, animal studies 

cannot be fully generalised to the human condition. For instance, many clinical studies of 

gene therapy of RPE65-LCA have showed that subretinal AAV administration is safe and 

effective in children and adult patients (Jacobson, et al., 2012; Trapani & A., 2018). 

Nonetheless, RPE65-LCA is an RPE/photoreceptor specific disease and in the context of 

the current study it may be difficult to rule out the potential adverse effect(s) of subretinal 

AAV administration to rescue both the outer and the inner retinal degeneration in TULP1-

linked patients. TULP1 gene replacement or gene editing AAV-based therapeutic 

approaches hence may need to be delivered via subretinal and or intravitreal administration. 

Further investigations will be required to explore the most optimal therapeutic 

approaches for this severe IRD. Further detailed characterisation of TULP1-related 

pathology in the Tulp1-/- mouse model will be needed to aid in designing the most 



 

 

 128 

 

appropriate therapeutic approach to rescue this disease, as the conclusion from the current 

study is that thus far AAV-mediated gene replacement has not as yet provided benefit. (see 

Chapter 3). 

In summary, the results from the study indicate that the mouse codon optimised 

AAV2/5-hRhKP-OPT-Tulp1 candidate gene therapy provided no substantial rescue of 

photoreceptor cells (as evaluated up to 90 days) nor any improvement in visual function. 

This may possibly be influenced by the progressive cell death of the inner retina which 

warrants further investigations. In this regard, further investigation of Tulp1 expression in 

the inner retina is the subject of Chapter 3 of this thesis.  
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Chapter 3 Non-photoreceptor Expression of Tulp1 May 

Contribute to Extensive Retinal Degeneration in Tulp1-/- 

Mice 
 

3.1 Introduction 
 

Mutation in over 300 genes have been identified as causative of inherited retinal 

degenerations (IRDs) (Duncan, et al., 2018; Daiger, Sullivan, & Bowne, 2019, p. RetNet 

website) affecting 1 in 3000, or more than 2 million people worldwide (Sahel, Marazova, 

& Audo, 2015; Farrar, et al., 2017). The impact of IRDs on vision ranges from mild 

impairment to complete blindness; IRDs represent a significant economic and social burden 

including devastating psychological and quality-of-life impacts on patients and families 

(Smith, Ward, Michaelides, Moore, & S., 2015). 

IRDs, such as RP or multifactorial ocular diseases such as age related macular 

degeneration (AMD) are not only characterized by progressive death of photoreceptor cells 

but also by reprograming and rewiring of remaining cells, a process termed retinal 

remodelling (Jones, et al., 2016; Marc, et al., 2007; Jones, Marc, & Pfeiffer, 2016). Studies 

using human IRD samples and IRD animal models suggest that the course of retinal 

remodelling is similar between patients and animal models and occurs in three phases. 1. 

Early remodelling and reprogramming due to initial photoreceptor stress; notably, 

photoreceptor death does not occur in this phase. 2. Photoreceptor cell death and activation 

of glia-mediated neuroinflammation. 3. Topological and functional restructuring of the 

retina including negative plasticity, de novo neurite formation, rewiring and neuronal death 

and translocation (Jones, Marc, & Pfeiffer, Retinal Degeneration, Remodeling and 

Plasticity , 2016; Jones, et al., 2016; Jones, et al., 2016). 

The common characteristics of remodelling start with dendritic truncation and 
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early polyaxonal growth of bipolar cells (Marc, et al., 2007) progressing to amacrine and 

ganglion cell neurogenesis (Jones, et al., 2016). Later, these processes evolve into an 

anomalous bundle of axons and micro-neuromas including new connectivities (Pfeiffer, 

Marc, & Jones, 2019) made of both ribbon and conventional synapses (Krishnamoorthy, et 

al., 2016). The functionality of these synaptic connections are elusive but at least in the 

P347L rabbit (Kondo, et al., 2009; Jones, et al., 2011) and a light-induced retinal 

degeneration mouse model (Marc, et al., 2007) they were demonstrated to be active.  After 

the completion of photoreceptor death Muller cells go through reactivation and 

transformation into a glial seal isolating the RPE and choroid from the remnant neural retina 

(Krishnamoorthy, et al., 2016).  

In juvenile IRDs, retinal development, degeneration and remodelling overlap 

suggesting that the retina may never develop properly. To our best knowledge, there is no 

early data available from juvenile IRDs with regards to retinal remodelling. However, early 

phases of retinal degeneration and remodelling have been studied in IRD mouse models 

(e.g. Strettoi, et al., 2000; Roche, et al., 2016). Death of photoreceptors was evident in the 

rd1 mouse (Pde6brd1) by p15 (Strettoi, Porciatti, Falsini, Pignatelli, & Rossi, 2002). Loss 

of rod bipolar cell dendrites in the OPL detected using Protein Kinase C alfa (PKC-) label 

was detected from p10 (Strettoi & Pignatelli, 2000; Strettoi E. , Pignatelli, Porciatti, & 

Falsini, 2003). Additionally, neurofilament and calbindin 1 (CALB1) 

immunocytochemistry revealed sprouting of processes from horizontal cells at p15 while 

upregulation of glial fibrillary acidic protein (GFAP) was apparent in Muller cells from p15 

(Strettoi, Porciatti, Falsini, Pignatelli, & Rossi, 2002). Rod-cone bipolar cells and amacrine 

cells exhibited normal morphology at this stage (Strettoi, Porciatti, Falsini, Pignatelli, & 

Rossi, 2002). A second mutation (in Gpr179 encoding for a receptor localized to ON-

bipolar cells) has recently been identified in the rd1 mouse (Nishiguchi, et al., 2015), 
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suggesting that the rd1 phenotype is due to the combined effects of Pde6brd1 and Gpr179rd1. 

 Furthermore, various alterations in retinal architecture have been also detected in 

the rd10 mouse (Pde6brd10) (Roche, Wyse-Jackson, Byrne, Ruiz-Lopez, & Cotter, 2016). 

TUNEL-positive photoreceptors were observed from p15 while significant loss of these 

cells was apparent by p20. Abnormalities of rod and cone segments were identified in the 

central retina by p10 and p15, respectively. Rod bipolar cell processes were altered from 

p10, while CALB1-positive horizontal cells displayed reduced immunolabeling from p15. 

Significantly less syntaxin-1 and synaptophysin expression was detected as early as p5 in 

the IPL and ONL. Microglia, Muller glia and astrocytes became involved from p5, p10 and 

p15, respectively (Roche, Wyse-Jackson, Byrne, Ruiz-Lopez, & Cotter, 2016).  

The early remodelling was also observed in the Aipl1-/-  mouse model (Singh, 

Kolandaivelu, & Ramamurthy, 2014). Early synaptogenesis was involved such as defective 

expression of postsynaptic proteins in bipolar cells due to abnormal development of the 

photoreceptor–bipolar synapse as well as progressive cell death of rod-cone photoreceptor 

cells in Aipl1-/- mice at p8. The initial remodelling of inner retina as such sprouting of 

axonal branches of horizontal cells was detected at p14. However, the morphological and 

immunoreactive characteristics of amacrine and ganglion cells were comparable in mice 

lacking Aipl1 and wt mice suggesting that inner retinal circuit development is likely 

independent from the input of photoreceptor cells (Singh, Kolandaivelu, & Ramamurthy, 

2014).  

With regard to Tulp1-/- retinas, mislocalisation of rhodopsin (Hagstrom, Duyao, 

North, & Li, 1999) and TUNEL-positive photoreceptors were detected by p18 (Ikeda, et 

al., 2000). Significant shortening of photoreceptor segments, along with swollen extruded 

mitochondria were evident by p14. Analysing the distribution of bassoon, piccolo and 
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RIBEYE revealed abnormal ribbon synapse architecture in the OPL by p13-p16 

(Grossman, Pauer, Narendra, Peachey, & Hagstrom, 2009). The postsynaptic architecture 

in the OPL was also compromised as shorter bipolar cell dendrites with less branching were 

observed at this stage; the compromised ERG b-wave mirrored the structural changes in 

bipolar cells (Grossman, Pauer, Narendra, Peachey, & Hagstrom, 2009).  

In Chapter 2, the global retinal rescue was not achieved by the AAV-mediated 

gene therapy in Tulp1-/- potentially due to the rapid retinal degeneration. Our TULP1 

immunohistochemistry using M-tulp1N antibody (Hagstrom, et al., 2001) indicated TULP1 

being distributed in the inner segments and the synaptic ribbons at p20 in C57 wt mice 

mirroring the previous studies (Hagstrom, et al., 2001). In addition, TULP1 

immunohistochemistry did not demonstrate labelling in any other areas of the retina up to 

p18 (Hagstrom, Duyao, North, & Li, 1999) or indeed in adult mice (Hagstrom, Duyao, 

North, & Li, 1999).  However, Milan, et al., 2000 suggested TULP1 is expressed in the 

inner retina in humans and therefore, we hypothesised that the Tulp1-/- retina (Hagstrom, 

et al., 1999; Ikeda, et al., 2000) could be characterised by primary effects in both the inner 

and outer retina due to the absence of TULP1. This may differ from retinas with a primary 

photoreceptor degeneration due to the absence of a gene expressed solely in photoreceptors 

(albeit with a subsequent secondary inner retinal degeneration) (Won, et al., 2011; Soto F. 

a., 2015). To test this hypothesis, we selected two photoreceptor specific knock-out mouse 

models, Rho-/- (Humphries, et al., 1997), and Rds-/- (Sanyal, De Ruiter, & Hawkins, 1980) 

as disease controls. We then compared the architecture of retinas from the disease control 

mice (Rho-/- and Rds-/-) with retinas from Tulp1-/- and C57 wt mice using a range of 

cellular markers at p5, p8 and p14 (n=5-6). All mice were on a C57/BL6J background, 

except Rds-/-. 
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3.2 Materials and Methods 
 

3.2.1 Animals 
 

The following mice were used in this study; Tulp1-/- (B6.129X1-

Tulp1tm1Pjn/Pjn; The Jackson Laboratory) (Ikeda, et al., 2000) on C57BL/6J background, 

Rho-/- (Humphries, et al., 1997) on C57BL/6J, Rds-/- (Sanyal, De Ruiter, & Hawkins, 

1980) on O20/A albino background and C57BL/6J (C57) mice were used as controls; 

unfortunately, O20/A albino mice were discontinued. Mice were maintained under specific 

pathogen free (SPF) housing conditions; both sexes were used for experiments. Animal 

welfare complied with the Directive 2010/63/EU; Protection of Animals Used for Scientific 

Purposes, Regulations 2012 [S.I. No. 543 of 2012] and the Association for Research in 

Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and 

Vision Research.  

3.2.2 Immunohistochemistry and TUNEL stain 
 

Mice were sacrificed, eyes enucleated and fixed in 4% paraformaldehyde in PBS 

for 4 hour at 4°C. Eyes were washed in PBS, cryoprotected in 10%, 20% and 30% sucrose 

in PBS, embedded in OCT (VWR), cryosectioned (12 μm), thaw-mounted onto polysine 

slides (Thermo Scientific) and stored at -20°C. Immunocytochemistry was performed as 

described before (Palfi, et al., 2015). Sections were incubate with a combination of 2-3 

primary antibodies (Table 3.1) overnight at 4°C, then incubated with secondary antibodies 

conjugated with either FITC, Alexa-Fluor-488, Cy3 and Alexa-Fluor-647 (Jackson 

ImmunoResearch Laboratories) in 1:400 dilution for 2 hours at RT and nuclei 

counterstained with DAPI. TUNEL staining was completed using the TMR red in situ cell 

death detection kit (Roche), as per the manufacturer’s protocol. Subsequent to TUNEL 

staining, sections were processed for immunocytochemistry. Sections were covered using 

Hydromount (National Diagnostics). 
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Primary 

antibody 

Number Species Dilution Source 

Rhodopsin  4D2 Mouse 1:200 Robert Molday, 

University of 

British 

Columbia, 

Vancouver, BC, 

Canada 

Arrestin 3 AB15282 Rabbit 1:200 Merck 

CRALBP Ab15051 Mouse 1:200 Abcam 

PKC P4334 Rabbit 1:2000 Sigma 

Chx10 Sc-374151 Mouse 1:200 Santa Cruz 

Pax6 PRB-278P Rabbit 1:200 Biolegend 

Map2 Ab592 Chicken 1:600 Abcam  

Calbindin A85359 Chicken 1:200 Antibodies.com 

Ltd 

CTBP2 612044 Mouse 1:200 BD Biosciences 

RBPMS ABN1376 Guinea Pig 1:400 Millipore 

Tulp1 M-tulp1N 

antibody 

Rabbit 1:200 Stephanie A. 

Hagstrom 

Cleveland 

Clinic, 

Cleveland, Ohio  

GABA A2052 Rabbit 1:500 Sigma 
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COX4 Ab16056 Rabbit 1:200 Abcam 

Table 3.1 Antibodies used in this study. 

3.2.3 Microscopy and analysis 
 

Fluorescent microscopy was carried out utilising an Olympus IX83 inverted 

motorised microscope (cellSens v1.9 software) equipped with a SpectraX LED light source 

(Lumencor) and an Orca-Flash4.0 LT PLUS/sCMOS camera (Hamamatsu). Multi-channel 

fluorescence images were acquired as separate 16 bit grey-value images with fluorescence 

colours assign and channels superimposed. In a given observation method, the same 

settings/operations were applied to all images. Pan-retinal images were produced from 10x 

magnification (plan fluorite objective) lateral frames stitched together in cellSens. Single 

frame images were taken using 20x and 40x plan super apochromat  objectives using 

enhanced focal imaging (EFI) with 5-8 Z-slices. Sections were taken from or adjacent 

(within 250 μm) areas to the optic nerve. Measurements were taken in images from the 

central half of the retinas using comparable areas and similar analysis windows; object 

numbers were normalized to length of retina. Typically, 4 sections/eye were analysed, and 

4 measurements per section were made. All measurements were made using cellSens 

software (Olympus). 

3.2.4 Cell counts in Olympus 
 

PAX6-positive cells were counted in 10x magnification stitched images using 

automatic image analysis; 2D deconvolution and Count and Measure tool. Bipolar (CHX10 

positive) cells were manually counted in single frame 20x images. TUNEL-positive cells 

were counted in 10x pan-retinal stitched images using manual counting. For intensity 

measurements, the area of interest was delineated using a polygonal tool and average 

fluorescence intensity, i.e. average 16 bit grey-value determined. 
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Representative images for figures were exported from cellSens by individual 

fluorescence channels and post-processed in Photoshop CS6 (Adobe). In a given 

observation method, the same settings/operations were applied for all images both in 

cellSens and Photoshop. The only exception from this was in images co-labelled with 

TUNEL stain and immunocytochemistry, where the aim was to highlight positive cells 

(independent to their original signal intensity) to facilitate localization of TUNEL-positive 

cells. 

3.2.5 Tulp1 expression analysis 
 

Tulp1 expression was analysed in retinal cell type specific datasets by Dr. Karsten 

Hokamp and Dr. Arpad Palfi, Jane Farrar lab, TCD. Expression values for individual data 

sets were downloaded from the Gene Expression Omnibus resource. Depending on the 

microarray platform used, raw CEL files were processed either with GCRMA and Limma 

(GSE121467, GSE12601, GSE35077, GSE90648, GSE59201) or, in case of GSE33088, 

with the oligo package from Bioconductor to derive normalised expression values. Other 

microarray data sets, for which raw expression values were provided, were normalised with 

the tmm method in R (GSE120588, GSE19304). Bulk-RNA-seq data were transformed 

from counts or FPKM/RPKM values to TPM values using Perl scripts 

(https://github.com/khokamp/Perl-scripts). Technical and biological replicates in each data 

set were averaged. Normalisation between data sets was carried out by dividing each data 

point by the mean average of the housekeeping genes; Actb, B2m, Gapdh, Gusb, Hmsb, 

Hprt, Impdh2 Mapk1, Oaz1, Pgk1, Ppia, Rpl13a, Rplp0, Sdha, Tbp, Tfrc and Ywhaz. 

 

3.2.6 Tulp1 interactors and IRD genes 
 

Potential Tulp1 interactors were predicted using three online tools: PrePPI 

(https://bhapp.c2b2.columbia.edu/PrePPI/), STRING (functional protein association 

https://github.com/khokamp/Perl-scripts
https://bhapp.c2b2.columbia.edu/PrePPI/
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networks; https://string-db.org) and Integrated Interactions Database 

(http://iid.ophid.utoronto.ca/) (appendix, Chapter 7., Section 7.3). Seven interactors 

(Dnm1, Map1B, Mertk, Ribeye, Triobp, Tub and TYRO3) were taken from published 

studies (appendix, Chapter 7., Section 7.3). As such, a list of 227 (mostly predicted) 

interactors were assembled (appendix, Chapter 7., Section 7.3). Utilising the open source 

retinal expression datasets, Tulp1 interactors were ranked by expression level for each 

available cell type and postnatal age. From the interactor lists derived from non-

photoreceptor cells, rod- and cone-specific genes (as specified by GeneCards; 

https://www.genecards.org) were omitted and the 40 highest expressed interactors (~20% 

of the total) selected for analysis. Heat maps for selected datasets were generated by Dr. 

Karsten Hokamp, TCD with the pheatmap package in R (https://cran.r-

project.org/web/packages/pheatmap/index.html). Default settings were applied except for 

scaling in row direction and Pearson correlation as the distance matrix. The rows were 

divided into clusters based on manually selected tree heights. Venn diagrams were 

produced by Arpad Palfi, TCD using the Venn diagram tool available at 

http://bioinformatics.psb.ugent.be/webtools/Venn/. 

- IRD genes 

 

A list of 317 human IRD genes (appendix, Chapter 7, Section 7.4) were obtained 

from RetNet https://sph.uth.edu/retnet/. 38 of these genes were identified as being 

expressed by more than one retinal cell type using literature search (appendix, Chapter 7, 

Section 7.5). 

 

 

 

 

https://string-db.org/
http://iid.ophid.utoronto.ca/
https://cran.r-project.org/web/packages/pheatmap/index.html
https://cran.r-project.org/web/packages/pheatmap/index.html
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://sph.uth.edu/retnet/
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3.2.7 Statistics 
 

The data were checked by Shapiro-Wilk test for normality before applying any 

parametric test. Unpaired sample t-test or a one-way analysis of variance (ANOVA) with 

a Tukey’s multiple comparison post hoc test was used to compare study groups; n numbers 

varied between 3-6 in various analyses. Brown-Forsythe test was conducted which shows 

the robustness of testing equality of means. The homogenous subset test was also included 

in the measurements in order to check likelihood making Type I error. A P-value of less 

than 0.05 was considered statistically significant. Statistical analyses were carried out using 

IBM SPSS and Minitab software; Microsoft Excel was used to plot the chart. 
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3.3 Results 
 

We evaluated the architecture of the Tulp1-/- retina, along with Rho-/- and Rds-/- 

(IRD retinas), and C57 control retinas (C57 wt) using a range of cellular markers at p5, p8 

and p14 (n=5-6).   

3.3.1 Gross retinal architecture 
 

In this study we have evaluated the early postnatal period of retinal development 

to provide a detailed analysis of the retinal architecture of IRDs in multiple rodent models 

over this time period. Initially we quantified the thickness of retinal layers in sections using 

a cytochrome C oxidase subunit 4  (COX4) immunohistochemistry (n=6; Figure 3.1.A-M). 

Results from morphometric analysis indicated that the gross structures of the retinas of the 

three IRD rodent models  were similar to C57 wt between p5-p14 (Figure 3.1.A-M); 

however some differences were found. At p5 the inner nuclear layer (INL) was significantly 

thinner in Rho-/- (P<0.001) and Rds-/- (P<0.001) retinas compared to C57 wt retinas, while 

Tulp1-/- retinas were somewhat thicker (P<0.001) (Figure 3.1.A-D.N). The INL was 

significantly different between Tulp1-/-, and Rho-/- and Rds-/- at p5 (p<0.001), changes 

that were also reflected in the whole retina thickness (Figure 3.1.A-D.N). However, we did 

not observe  by p14 the thicknesses of the INL was reduced in all three IRD models 

(P<0.001) compared to C57 wt retinas. The ONL also became significantly thinner in 

Tulp1-/- (P<0.05), Rds-/- (P<0.001) and Rho-/- (P<0.001) compared to C57 wt retinas by 

p14; this was also reflected in the whole retina measurements (Figure 3.1.I-L.M). While a 

similar observation has been reported in Rds-/- mice (Sanyal, De Ruiter, & Hawkins, 1980),  

ONL thickness akin to wild type was observed in Rho-/- (Humphries, et al., 1997) and 

Tulp1-/- retinas (Ikeda, et al., 2000) at p14. Additionally, the IPL was significantly thinner 

in Tulp1-/- as compared to C57 wt (P<0.01), Rho-/- (P<0.01) and Rds-/- (P<0.001) retinas 
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by p14. Furthermore, the PS significantly decreased in Tulp1-/- (P<0.001), Rho-/- 

(P<0.001) and Rds-/- as compared to C57 wt by p14 (Figure 3.1.I-L.O). 

 

Figure 3. 1. Gross retinal architecture from C57 wt, Tulp1-/-, Rho-/- and Rds-/- mice were taken at p5, p8 and p14.  

Sections were labeled with COX4 (red) immunocytochemistries and counterstained with DAPI. A-L: Microscope images 

were taken, and lateral frames stitched together to create pan-retinal images. The thickness of the outer nuclear layer 

(ONL; chart M), inner nuclear layer (INL; chart N) photoreceptor segment layer (PS; p14 only; chart O), inner plexiform 

layer (IPL; chart P) and retina (chart Q), were measured in sections within 200m of the optic nerve using cellSens 

software (n=4-6). Scale bar (L): 500 m. *: P<0.05 **; P<0.01; ***: P<0.001. Stars above the data points refer to 

differences between IRD and C57 wt mice; stars below the data points refer to differences between Tulp1-/- and the other 

two IRD mice. 
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3.3.2 Outer nuclear layer (ONL) 
 

Rod and cone photoreceptors were detected using rhodopsin (RHO) (Figure 3.2) 

and cone arrestin 3 (ARR3) immunohistochemistries, respectively (Figure 3.3) on retinal 

sections of IRD and C57 wt mice.  

• Rod photoreceptor cells  

The analysis confirmed that RHO was in the perikarya of developing rod 

photoreceptors at p5 and p8 and in rod photoreceptor segments of C57 wt retinas by p14 

(Figure 3.2.A-D). Interestingly, the immunohistochemistry of IRD retinal sections showed 

that RHO seemed to be accumulated above C57 wt levels in both Tulp1-/- and Rds-/- by p5 

(Figure 3.2.B.D) and it remained mislocalized in Tulp1-/- and Rds-/- until p14 (Figure 

3.2.F.J.H.L); RHO was not detected in Rho-/- mice as predicted (Figure 3.2.C.G.K) 

(Humphries, et al., 1997). These data confirmed and validated previous observations in 

Tulp1-/- (Hagstrom, Duyao, North, & Li, 1999) and Rds-/- (Lee, Burnside, & Flannery, 

2006) mice. Significant shortening of the photoreceptor segments at p14 was also observed 

in the three IRD models (Figure 3.2.A-L) as described before (Hagstrom, et al., 1999; 

Ikeda, et al., 2000; Humphries, et al., 1997; Sanyal, De Ruiter, & Hawkins, 1980) 

• Cone photoreceptor cells  

We found that the cone discs localised on the top of the ONL and were strongly 

labelled for ARR3 in C57 wt retinas by p8 (Figure 3.3.A.E). In contrast, in IRD retinas, 

cones stained weakly for ARR3 and were dispersed in the forming ONL at p5 and at p8 

(Figure 3.3.F-H). By p14 Tulp1-/- retinas exhibited similar cone labelling to that of C57 wt 

retinas, apart from the presence of shortened outer segments and cone-synaptic regions in 

outer plexiform layer labelled weakly with ARR3 as opposed to C57 wt as well as Rds-/- 

and Rho-/- (Figure 3.3.I-L). In contrast, abnormally shaped cones were detected in both 

Rho-/- and Rds-/- retinas at p14; however, the cone segments seemed to be normal in Rho-
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/- compared to other IRD retinas (Figure 3.3.I-L). Cones were previously reported to be 

normal in Rho-/- (Gesine, et al., 2001). In summary, these results indicate significant 

perturbations in rod and cone photoreceptors between p5 and p14 in the retinas of the three 

IRD models evaluated. 

 

Figure 3. 2. Rod photoreceptor cells.  

Rod photoreceptor cells assessed by RHO immunocytochemistry in the ONL from C57 wt, Tulp1-/-, Rho-/- and Rds-/- 

retinas mice were evaluated at p5, p8 and p14 (n=5-6) (A-L). Sections were labelled with RHO immunocytochemistry 

(green) and counterstained with DAPI (far right). ONL: outer nuclear layer, INL: inner nuclear layer, NBL: neuroblast 

layer.  Scale bar (L): 50 m. 

 

Figure 3. 3. Cone photoreceptor cells.  

Cone photoreceptor cells visualised by ARR3 immunocytochemistry in the ONL from C57 wt, Tulp1-/-, Rho-/- and Rds-

/- retinas were evaluated at p5, p8 and p14 (n=5-6) (A-L). Sections were labelled with ARR3 immunocytochemistry (red) 

and counterstained with DAPI ( far right). ONL: outer nuclear layer, INL: inner nuclear layer, NBL: neuroblast layer.  

Scale bar (L): 50 m. 
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3.3.3 Outer plexiform layer (OPL) 
 

The CTBP2 gene encodes two alternative transcripts producing two distinct 

proteins; CTBP2 (C-terminal binding protein 2, a transcriptional repressor) and RIBEYE 

(a major component of the synaptic ribbons in the retina) (Bergman, et al., 2006). We used 

a CTBP2 antibody, which detects both CTBP2 and RIBEYE; however, we refer to both of 

them as CTBP2. As CTBP2 is located in the cell nuclei, while RIBEYE in the synaptic 

region the two proteins are spatially separated and easily distinguished. 

Equivalent CTBP2 labelling was observed in the forming OPL for all retinas at p5 

(Figure 3.4.A-D.Q). CTBP2 labelling intensity in the OPL peaked in C57 wt at p8 

(Pp5/p8<0.001). CTBP2 labelling was less in Tulp1-/-, Rho-/- and Rds-/- (P<0.001) 

compared to C57 wt retinas at p8 (Figure 3.4.E-H.Q); furthermore Tulp1-/- levels were 

significantly lower than Rho-/- (P<0.001) and Rds-/- (P<0.001) levels at p8. CTBP2 label 

decreased in C57 wt (Pp8/p14<0.01) retinas from p8 to p14 while it increased (Pp8/p14<0.05) 

and peaked in Tulp1-/- retinas at p14; Tulp1-/- and Rds-/- levels were significantly different 

at p14 (P<0.001). There was a marked difference between the shape of intensity curves 

between C57 wt and Tulp1-/-, while Rho-/- and Rds-/- exhibited an intermediate intensity 

curve profile (Figure 3.4.Q). Thinning of the CTBP2-positive synaptic region was also 

detected in Tulp1-/-, Rho-/- and Rds-/- retinas by p14 (Figure 3.4.I-L). Our results indicate 

compromised synaptic architecture in the OPL in IRD retinas and a somewhat delayed 

development of the synaptic architecture in Tulp1-/- retinas. Previously altered RIBEYE 

expression was found in the OPL of Tulp1-/- mice by p13-p16 (Grossman, et al., 2009), 

however our results suggest that the deterioration of synaptic terminals begins earlier in 

Tulp1-/- retinas at least by p8. TULP1 and RIBEYE have been identified as direct 

interactors (Wahl, et al., 2016), which may contribute to the breakdown of Tulp1-/- synaptic 

terminals. Reduced synaptic connectivity in the OPL was also one of the first signs of early 
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remodelling in the rd10 (Roche, et al., 2016) and Aipl1-/- (Singh, et al., 2014) murine 

retinas at p14. 

 

Figure 3. 4. OPL synaptic region.  

CTBP2 and COX4 immunocytochemistries in the OPL from C57 wt, Tulp1-/-, Rho-/- and Rds-/- retinas were taken at p5, 

p8 and p14 (n=5-6). Different sections were labelled with CTBP2 (A-L; light blue) and COX4 (M-P, red) (p14 only) 

immunocytochemistries and counterstained with DAPI (overlaid on the far right). Q: CTBP2 label intensities in the OPL 

were measured in microscope images using cellSens software (n=4). ONL: outer nuclear layer, OPL: outer plexiform 

layer, INL: inner nuclear layer, NBL: neuroblast layer.  Scale bar (P): 20m. Arrowheads indicate the synaptic terminal 

region*: P<0.05 **; P<0.01; ***: P<0.001. Stars above the data points refer to differences between IRD and C57 wt 

mice; stars below the data points refer to differences between Tulp1-/- and the other two IRD mice. 

 

Furthermore, we utilised COX4 antibody to detect mitochondria in retinal sections. 

The immunohistochemical analysis showed that COX4 express ubiquitously throughout the 

retinas of C57 wt mice (Johnson, et al., 2007). However, in IRD retinas we saw the 

differences only in the outer plexiform layer as opposed to C57 wt retinas. Generally, the 

intense punctate label was detected in the photoreceptor synaptic terminal region in C57 wt 

retinas by p14 (Figure 3.4.M-P). In contrast to C57 wt retinas, COX4-positive staining 
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seemed to be notably less in the OPL of Rds-/- and Tulp1-/-; however, COX4-positive 

staining might be reduced slightly in Rho-/- retinas. However, this is a pure observational 

description and it was not quantified nor conducted statistical analysis. These results may 

possibly suggest reduced bioenergetics and therefore possibly reduced synaptic function in 

the OPL of IRD retinas by p14. In contrast, wild type COX4 labelling was previously 

reported in Tulp1-/- retinas at p16 (Grossman, et al., 2011). 

• Retinal Horizontal cells  

Horizontal cells were labelled using calbindin1 (CALB1) antibody and CALB1 

expression in the OPL evaluated. Weak signal was detected in all retinas, with the highest 

label found in Rds-/- (P<0.001) retinas at p5 (Figure 3.5.A-D.U). Intensity of fluorescence 

label increased significantly by p8 in wild type and IRD retinas and further increased by 

p14 but remained similar between wild type and mutant mice (Figure 3.5.E-H.M-P.U). 

While the number of horizontal cells was similar in C57 wt and IRD retinas (Figure 3.5.V), 

the cell bodies were more elongated and located further from the OPL in C57 wt, Rho-/- 

and Rds-/- compared to Tulp1-/- retinas at p8 (Figure 3.5.E-H). The horizontal cell dendritic 

arborizations were significantly reduced in all IRD retinas at p14 (Figure 3.5.M-P). 

Moreover, ectopic sprouting of horizontal cell neurites started in Rds-/- and also a lesser 

extent in Rho-/- retinas at p8 and was widespread in all three IRD retinas at p14. The ectopic 

neurites reached up to the RPE in Tulp1-/- and Rds-/- retinas at p14 (Figure 3.5.I-L.Q-T). 

In contrast, in a prior study ectopic sprouting of horizontal cells was not observed in Tulp1-

/- retinas (Grossman, et al., 2009). However, horizontal cell neurite sprouting was also 

observed in Aipl1-/- (Singh, et al., 2014) and rd1 (Strettoi, et al., 2002) mice from p14 and 

p15, respectively. The observed ectopic sprouting of horizontal cells along with decreased 

expression of CTBP2 suggests a breakdown of synaptic connectivity and remodelling in 

the OPL of these IRD retinas by p8-14.  
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Figure 3. 5. Horizontal cells.  

Horizontal cells evaluated using CALB1 immunocytochemistry in the OPL/INL region from C57 wt, Tulp1-/-, Rho-/- 

and Rds-/- mice were taken at p5, p8 and p14 (n=5-6). A-L: Sections were labelled with CALB1 immunocytochemistry 

(green) and counterstained with DAPI (overlaid on the far right). CALB1 label intensities in the OPL (U) and CALB1-

positive cell numbers (V) in the INL were quantified in microscope images using cellSens software (n=4). Inserts on E, 

F, G and H are magnified on I, J, K and L, respectively, while insert on M, N, O and P are magnified on Q, R, S and T, 

respectively. ONL: outer nuclear layer, OPL: outer plexiform layer, INL: inner nuclear layer, NBL: neuroblast layer. 

Arrowheads indicate ectopic neurites of horizontal cells in the ONL. Scale bar (L): 20m. Scale bar (T): 10m.  *: P<0.05 

**; P<0.01; ***: P<0.001  
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3.3.4 Inner nuclear layer (INL) 
 

• Bipolar cells 

Bipolar cells in the INL were detected using protein kinase Cα (PKCα), which 

labels both cell bodies and processes of rod bipolar cells, and ceh-10 homeodomain 

containing homolog (CHX10), which labels retinal progenitor cells and cell bodies of all 

bipolar cells (Liu, et al., 1994) (Figure 3.6.A-L). 

Strong labelling was detected with PKCα in all retinas at p8-14 (Figure 3.6.E-L). 

While it was not possible to quantify the number of PKCα-positive cell bodies accurately 

due to the complexity of rod bipolar cell organisation, we measured the labelling intensity 

of these cells in three subcellular compartments instead; the region of the cell bodies in the 

INL and in strata 1-3 and strata 4-5 (the main terminals of these cells) in the IPL. While the 

PKCα intensity levels were different in these three subcellular compartments, their trends 

during the p8-p14 period were similar within particular strains. C57 wt, Rho-/- and Rds-/- 

intensity levels decreased (apart from C57 wt in strata 4-5 of INL) while Tulp1-/- levels 

increased (Pp8/p14<0.001, 0.01, 0.05 in cell bodies, strata 1-3 and strata 4-5, respectively) 

between p8 and p14 (Figure 3.6.M-O). Tulp1-/- intensity levels were lower compared to 

C57 wt, Rho-/- and Rds-/- in the cell bodies at p8 (P<0.001). Tulp1-/- intensity levels were 

higher in strata 1-3 and in strata 4-5 compared to C57 wt (P<0.01; P<0.05), Rho-/- 

(P<0.001; P<0.05) and Rds-/- (P<0.001; P<0.05) at p14, respectively (Figure 3.6.M-O). 

Additionally, a marked loss of PKCα-positive dendritic arborisation was evident in all three 

IRD models from p8 (Figure 3.6.E-L). Development of PKCα immunoreactivity appeared 

to be ahead of Tulp1-/- and C57 wt retinas in Rho-/- and in particular, Rds-/- retinas at p5 

(Figure 3.6.A-D).  

CHX10 labelling was similar in intensity between C57 wt (Pp5/p8<0.001; 

Pp8/p14<0.001), Rho-/- and Rds-/- retinas and peaked at p8 (Figure 3.6.A-L.P) In contrast, 
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CHX10 expression was significantly less in Tulp1-/- compared to C57 wt, Rho-/- and Rds-

/- retinas at p8 (P<0.001) (Figure 3.6.P) and instead peaked at p14 (Pp5/p8<0.01; 

Pp8/p14<0.001) (Figure 3.6.P). At p5 there were fewer CHX10-positive cell bodies in Tulp1-

/- (P<0.001) compared to the other retinas. Similarly, the number of CHX10-positive cell 

bodies was still significantly less in Tulp1-/- (P<0.001) retinas at p8. At p14, all IRD retinas 

had significantly less CHX10-positive cell bodies compared to C57 wt (P<0.001), and 

furthermore, Tulp1-/- retinas had significantly less CHX10-positive cell bodies compared 

to Rho-/- (P<0.01) and Rds-/- (P<0.001) retinas (Figure 3.6.Q).  

During the p8 - p14 period, the perturbation in PKCα and CHX10 expression in 

Tulp1-/- versus C57 wt and other IRD retinas, suggests a delayed postnatal development of 

bipolar cells in Tulp1-/- retinas. Conversely, we observed earlier development of these cells 

in Rds-/- retinas at p5 which to the bets of our knowledge has not been reported previously. 

However, it needs to be noted that Rds-/- was on O20/A albino background; therefore, it 

needs to be checked in O20/A albino wild type strain to see whether this observational 

finding did or did not occur due to the background divergences.  

A marked loss of dendritic arborisation of bipolar cells in all three IRD models 

from p8 may be a direct result of reduced photoreceptor input. Compromised dendritic 

arborisation has been described in rd1 and rd10 mice from p10 (Strettoi, et al., 2000; 

Strettoi, et al., 2002; Roche, et al., 2016), and in Tulp1-/- mice from p13-p16 (Grossman, 

et al., 2009). 
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Figure 3. 6. Bipolar cells detected by CHX10 and PKCα immunocytochemistries.  

Retinas from C57 wt, Tulp1-/-, Rho-/- and Rds-/- mice were taken at p5, p8 and p14 (n=6). A-L: Sections were colabelled 

with CHX10 (light blue) and PKCα (green) immunocytochemistries and counterstained with DAPI (overlaid on the far 

right). CHX10 labels all bipolar cell bodies while PKCα labels rod bipolar cells only in the inner nuclear layer (INL); 

fluorescence label intensities and cell numbers were determined in microscope images using cellSens software. M-O: 

PKCα label intensity in the cell bodies in INL, in strata 1-3 of the inner plexiform layer (IPL) and in strata 4-5 of IPL, 

respectively (n=4). P: CHX10 label intensity in cell bodies in the INL (n=4). Q: Quantification CHX10-positive cells in 

the INL (n=6). ONL: outer nuclear layer, NBL: neuroblast layer, INL: inner nuclear layer, OPL: outer plexiform layer, 

GCL ganglion cell layer. Scale bar (L): 20 m. *: P<0.05 **; P<0.01; ***: P<0.001. Stars above the data points refer to 

differences between IRD and C57 wt mice, stars below the data points refer to differences between Tulp1-/- and the other 

two IRD mice; black stars on the lines refer to differences between the corresponding datapoints. 
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• PAX6-positive cells 

Paired Box 6 (PAX6) immunocytochemistry strongly labels amacrine and 

ganglion cells in the developing mouse retina. In the INL of C57 wt, Rho-/- and Rds-/- 

retinas, the expression of PAX6 was lower at p5, reached its highest intensity at p8 (for 

C57 wt: Pp5/p8<0.01) and then decreased by p14 (for C57 wt: Pp8/p14<0.01) (Figure 3.7.A-

L.M). In the Tulp1-/- INL, the expression profile differed substantially; expression 

increased from p5 to p14 (Pp5/p14<0.01), compared to C57 wt the expression in Tulp1-/- was 

lower at p8 (P<0.01) and higher at p14 (P<0.05)(Figure 3.7.A-L.M). In the GCL, PAX6 

expression profiles in C57 wt (Pp5/p8<0.01; Pp8/p14<0.01) and Tulp1-/- (Pp5/p14<0.05) retinas 

mirrored that in the INL, PAX6 expression being lower at p8 (P<0.05) and higher at p14 

(P<0.001) in Tulp1-/- compared to C57 wt retinas (Figure 3.7.A-L.N). In addition, PAX6 

intensities decreased for C57 wt (P<0.01) as above and also for Rho-/- and Rds-/- retinas 

between p8-p14, while levels increased for Tulp1-/- (Figure 3.7.A-L.N). At p14 PAX6 

intensity levels in Tulp1-/- were higher compared to Rho-/- in the INL (P<0.001) and 

compared to Rho-/- and Rds-/- in the GCL (P<0.001). 

PAX6-positive cell numbers typically decreased from p5-p14; IRD retinas had 

slightly lower numbers compared to C57 wt. In the INL, PAX6-positive cell numbers were 

significantly less in Tulp1-/- at p5 (P<0.001), p8 (P<0.001) and p14 (P<0.05), in Rho-/- at 

p14 (P<0.05) and in Rds-/- at p5 (P<0.05), p8 (P<0.05), and p14 (P<0.001) compared to 

C57 wt (Figure 3.7.O). In the GCL, PAX6-positive cell numbers were significantly less in 

Tulp1-/- at p5 (P<0.05), p8 (P<0.001) and p14 (P<0.01), in Rho-/- at p14 (P<0.001) and in 

Rds-/- at p5 and p8 and p14 (P<0.001) (Figure 3.7.P).  

Furthermore, PAX6-positive cell numbers were significantly less in Tulp1-/- 

compared to Rho-/- and Rds-/- in the GCL at p14 (P<0.001). The data suggest perturbations 

of PAX6-positive cell development in the three IRD when compared to C57 wt retinas. 
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However, the alterations in Tulp1-/- retinas were distinctive from those in Rho-/- and Rds-

/- retinas.  

  

Figure 3. 7. Amacrine and ganglion cells stained with PAX6 immunocytochemistry.  

Retinas from C57 wt, Tulp1-/-, Rho-/- and Rds-/- mice were taken at p5, p8 and p14 (n=5-6). A-L: Sections were labelled 

with PAX6 immunocytochemistry (red) and counterstained with DAPI (overlaid on the far right). PAX6 label intensities 

(M and N; n=4) and PAX6-positive cell numbers (O and P; n=5) were quantified in the inner nuclear layer (INL) and 

ganglion cell layer (GCL) from microscope images using cellSens software. NBL: neuroblast layer. Scale bar (L): 50m. 

*: P<0.05 **; P<0.01; ***: P<0.001. Stars above the data points refer to differences between IRD and C57 wt mice; stars 

below the data points refer to differences between Tulp1-/- and the other two IRD mice; black stars on the lines refer to 

differences between the corresponding datapoints.  
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• CTBP2-positive cells 

As noted above, the C-terminal-binding protein 2 (CTBP2) is a transcriptional 

repressor (Wang, et al., 2015). CTBP2 immunocytochemistry revealed cell bodies 

predominantly in the INL and GCL and a few in the ONL at p8 (Figure 3.4.A-L). Amacrine 

and ganglion cells stained strongly at p5 and p8 and less intensely at p14 in C57 wt INLs 

(Pp8/p14<0.01) (Figure 3.8.A-L). Labelling in the Tulp1-/- INL was less intense compared 

to C57 wt (P<0.001) and Rds-/- (P<0.05) retinas at p8 but increased by p14 (Pp8/p14<0.01) 

and was higher compared to C57 wt, Rho-/- and Rds-/- retinas (P<0.001); (Figure 3.8.M). 

Similar labelling intensities were observed in the GCL (Figure 3.8.A-L.N). Labelling in 

C57 wt GCLs increased from p5 to p8 (Pp5/p8<0.05) and decrease by p14 (Pp8/p14<0.01) 

(Figure 3.8.N). CTBP2 expression in Tulp1-/- GCLs was the opposite of C57 wt decreasing 

from p5 to p8 (Pp5/p8<0.05) and significantly lower compared to C57 wt (P<0.001) and Rds-

/- (P<0.05) retinas at p8. Subsequently CTBP2 expression increased (Pp8/p14<0.05) in 

Tulp1-/- retinas and was higher compared to C57 wt (P<0.001), Rho-/- (P<0.001) and Rds-

/- (P<0.01) by p14 (Figure 3.8.A-L.N). The data suggest perturbations of CTBP2 

expression in all three IRD retinas, albeit that alterations in Tulp1-/- retinas were different 

to those in Rho-/- and Rds-/- retinas.  
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Figure 3. 8. CTBP2 immunocytochemistry in INL and GCL.  

Retinas from C57 wt, Tulp1-/-, Rho-/- and Rds-/- mice were taken at p5, p8 and p14 (n=5-6). A-L: Sections were labelled 

with CTBP2 immunocytochemistry (light blue) and counterstained with DAPI (overlaid on the far right). CTBP2 label 

intensities (n=4) were quantified in the inner nuclear layer (INL; chart M) and ganglion cell layer (GCL; chart N) from 

microscope images using cellSens software. ONL: outer nuclear layer. NBL: neuroblast layer. Scale bar (L): 50m. *: 

P<0.05 **; P<0.01; ***: P<0.001. Stars above the data points refer to differences between IRD and C57 wt mice; stars 

below the data points refer to differences between Tulp1-/- and the other two IRD mice. 
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• Muller cells 

Muller cells, the main macroglia in the retina were labelled using cellular 

retinaldehyde-binding protein (CRALBP) immunocytochemistry (Vecino, et al., 2016). 

CRALBP expression was low at p5 retinas and increased by p8 in all but Tulp1-/- retinas 

(Figure 3.9.A-H). In C57 wt retinas, Muller processes were labelled strongly and span the 

retina radially from OLM to ILM by p8. In the ONL, the radial processes reached the OLM 

and formed a CRALBP-positive continuous layer at p8 (Figure 3.9.E-H); this pattern was 

even more marked at p14 (Figure 3.9.I-L). In Tulp1-/- retinas, CRALBP labelling was weak 

in the ONL-IPL region at p8 (Figure 3.9.E-H), the radial processes in the ONL did not 

reach the OLM until p14 (Figure 3.9.I-L). The CRALBP-positive layer in the OLM was 

weak at p8, and less intense and more dispersed at p14 compared to C57 wt (Figure 3.10.A-

H). In Rho-/- and Rds-/- retinas, CRALBP labelling intensity in the INL-IPL region was 

more similar to C57 wt than to Tulp1-/- (Figure 3.9.E-H), however, the radial processes in 

the ONL were less evident compared to C57 wt retinas at p8 (Figure 3.10.A-H). CRALBP 

labelling in the OLM was less intense in Rho-/- and Rds-/- retinas than C57 wt, similar to 

that in Tulp1-/- retinas. As Muller glia processes are thin and comprise only a small fraction 

of the area in retinal sections, it was not possible to measure their intensity levels. The 

radial Muller glia processes in the ONL were straight and run between the columns of 

photoreceptor nuclei in the C57 wt retina (Figure 3.10.A.E), while they appeared to enclose 

some of the photoreceptor cell bodies in the IRD retinas. The severity of this phenotype 

increased from Tulp1-/- to Rho-/- and to Rds-/- and from p8 to p14. These findings are in 

line with the results of a recent study indicating that Muller cells are the primary effectors 

of photoreceptor phagocytosis in P23H (and indeed in C57 wt) mice (Sakami, et al., 2019). 

However, the current study suggests that this remodelling has been initiated in IRD retinas 

models by p8 as compared to p14 in P23H mice (Sakami, et al., 2019). Other studies have 
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also reported remodelling of Muller cells but at later time points. For example, glutamine 

synthetase expression decreased by p20 and GFAP increased from p15 in Muller cells of 

the rd10 retina (Roche, et al., 2016). GFAP increased from p18 to 30 in the rd1 retina 

(Strettoi, et al., 2002). Early perturbations in glial architecture in the ONL and OLM of 

IRD retinas occurred by p8 indicating that remodelling of Muller cells begins earlier than 

found in previous studies.  

 

Figure 3. 9. Muller cells labelled using CRALBP immunocytochemistry. 

 Retinas from C57 wt, Tulp1-/-, Rho-/- and Rds-/- mice were taken at p5, p8 and p14 (n=5-6). A-L: Sections were labelled 

with CRALBP immunocytochemistry (light blue) and counterstained with DAPI (overlaid on the far right). ONL: outer 

nuclear layer, NBL: neuroblast layer, INL: inner nuclear layer, GCL: ganglion cell layer. Scale bar (L): 50 m.  
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Figure 3. 10. Muller cells (CRALBP label) in the OLM - ONL - OPL region. 

 Retinas from C57 wt, Tulp1-/-, Rho-/- and Rds-/- mice were taken at p8 and p14 (n=5-6). A-H: Sections were labelled with CRALBP 

immunocytochemistry (light blue) and counterstained with DAPI (overlaid on the far right). ONL: outer nuclear layer, OPL: outer 

plexiform layer, INL: inner nuclear layer. Scale bar (H): 20 m.  

 

• Ganglion cells and IPL 

 

Ganglion cells were specifically labelled for microtubule associated protein 2 

(MAP2) (Zalis, et al., 2017) and the RNA binding protein RBPMS (Rodriguez, de Sevilla 

Müller, & Brecha, 2014). MAP2 is localized in RGCs and amacrine cells' soma and 

dendrites at IPL (Figure 3.11.A-L), while RBPMS was predominantly localised to the cell 

bodies and to a lesser extent to the main dendritic bunches of ganglion cells (Figure 3.12.A-

L). Intensity levels of MAP2 and RBPMS were quantified in the IPL and the GCL, 

respectively. Intensity curves of MAP2 and RBPMS labelling were similar in C57 wt 

retinas; MAP2 and RBPMS expression was low at p5, peaked at p8 (Map2: Pp5/p8<0.001; 

RBPMS: Pp5/p8<0.05) and decreased by p14 (MAP2: Pp8/p14<0.001; RBPMS: Pp8/p14<0.05) 

(Figure 3.11.M; Figure 3.12.M). Intense dendritic signal (both MAP2 and RBPMS) was 

detected in C57 wt retinas at p8 but not at p14 (Figure 3.11.M; Figure 3.12.M). MAP2 

intensities were significantly less in IRD compared to C57 wt retinas at p8 (P<0.001). In 

Tulp1-/- retinas, MAP2 expression was low at p5 and p8 and peaked at p14 (Pp8/p14<0.01). 

MAP2 intensity was significantly less at p8 (P<0.001) and higher at p14 (P<0.001) in 

Tulp1-/- compared to Rho-/- and Rds-/- retinas. RBPMS intensities increase between p5 
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and p8 in IRD retinas (e.g., Tulp1-/-: Pp5/p8<0.01) but did not decrease between p8 and p14. 

RBPMS-positive cell numbers were significantly higher in Tulp1-/- compared to C57 wt 

retinas at p5 (p<0.001) and p8 (P<0.01) (Figure 3.12.N). Additionally, RBPMS-positive 

cell numbers were also significantly higher in Tulp1-/- compare to Rho-/- and Rds-/- at p5 

(P<0.05). MAP2 immunoreactivity developed somewhat earlier in Rds-/- retinas at p5. 

In the IPL, CTBP2 is localised to the synaptic ribbons of bipolar cells (Figure 11. 

A-L). The profile of CTBP2 intensity curves were similar to that of MAP2 in the IPL in 

C57 wt and Tulp1-/- retinas (Figure 3.11.N). In C57 wt retinas, CTBP2 label was low in 

the IPL at p5, peaked at p8 (Pp5/p8<0.05) and then it decreased by p14 (Figure 3.11.A.E.I. 

N). In Tulp1-/- retinas, CTBP2 label decreased between p5 and p8 (Pp5/p8<0.05) and peaked 

at p14 (Pp8/p14<0.05) (Figure 3.11.B.F.J. N). CTBP2 intensity curves were almost level in 

Rho-/- and Rds-/- retinas (Figure 3.11.C-D.G-H.K-L.N). CTBP2 intensities were 

significantly less at p8 in Tulp1-/- (P<0.001), Rho-/- (P<0.01) and Rds-/- (P<0.001) 

compared to C57 wt retinas. The profile of MAP2 and CTPB2 intensity curves could be 

differentiated into three classes (1. C57 wt, 2. Tulp1-/-, and 3. Rho-/- and Rds-/- retinas) 

while RBPMS intensity curves into two classes (i.e. 1. C57 wt and 2. IRD retinas).  

In summary, together these observations suggest that the development of ganglion 

cell dendrites and bipolar presynaptic terminals in the IPL is altered in IRD retinas and 

moreover differs significantly between Tulp1-/-, and Rho-/- and Rds-/- retinas. 
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Figure 3. 11. Inner plexiform layer (IPL) and ganglion cells.  

Retinas from C57 wt, Tulp1-/-, Rho-/- and Rds-/- mice were taken at p5, p8 and p14 (n=5-6). A-L: Sections were co-

labelled with MAP2 (left; green) and CTBP2 (right; purple) immunocytochemistries. MAP2 (n=3; chart M) and CTBP2 

(n=3; chart N) label intensities in the inner plexiform layer (IPL), were quantified from microscope images using cellSens 

software. INL: inner nuclear layer. Scale bar (L): 20 m. *: P<0.05 **; P<0.01; ***: P<0.001. Stars above the data points 

refer to differences between IRD and C57 wt mice; stars below the data points refer to differences between Tulp1-/- and 

the other two IRD mice. 
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Figure 3. 12. Ganglion cells labelled using RBPMS immunocytochemistry.  

Retinas from C57 wt, Tulp1-/-, Rho-/- and Rds-/- mice were taken at p5, p8 and p14 (n=5-6). A-L: Sections were labelled 

with RBPMS immunocytochemistry (red) and counterstained with DAPI (blue). RBPMS label intensities (n=4; chart M) 

and RBPMS-positive cell numbers (n=4; chart N) in the ganglion cell layer (GCL) were quantified from microscope 

images using cellSens software. INL: inner nuclear layer. Scale bar (L): 20 m. *: P<0.05 **; P<0.01; ***: P<0.001. 

Stars above the data points refer to differences between IRD and C57 wt mice; stars below the data points refer to 

differences between Tulp1-/- and the other two IRD mice. 
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3.3.5 Cell Death in Developing Retinal Neurons of IRD and C57 mice using  

TUNEL Assay 
 

TUNEL staining was performed to enable visualization of apoptotic cells. TUNEL 

stain was co-labelled with immunocytochemistry for PAX6 (amacrine cells) and CHX10 

and PKCα (both bipolar cells) to enable identification of TUNEL-positive cells in the INL. 

At p5-p8, the majority of  TUNEL-positive cells were in the NBL and bipolar cell region 

of the INL in both wt and IRD retinas (Figure 3.13.A-L; Figure 3.14.A-L). Some other cell 

types, e.g., photoreceptors, ganglion cells, Muller glia, etc. were TUNEL-positive but in 

much lower numbers. At p14, the number of TUNEL-positive cells increased in the ONL 

of IRD retinas (P<0.001); lesser numbers were present in C57 wt retinas. The highest 

numbers were detected in Rds-/- ONL; indeed, the number of TUNEL-positive cells started 

to increase in Rho-/- and Rds-/- compared to Tulp1-/- by p8 (P<0.001). Notably, few 

TUNEL positive cells were found in the INL of C57 wt, Rho-/- and Rds-/- retinas by p14. 

In contrast, TUNEL-positive bipolar and amacrine cells were still characteristic of Tulp1-

/- retinas at p14 and differed significantly between Tulp1-/- compared to C57 wt, Rho-/- 

and Rds-/- retinas (P<0.001) (Figure 3.13.A-L; Figure 3.14. A-L). 

The results indicate that large-scale photoreceptor apoptosis is in progress in the 

three IRD models by p8-p14, timeframes that are somewhat earlier than evaluated 

previously where increased numbers of TUNEL-positive cells were detected in Rds-/- from 

p14 (Portera-Cailliau, Sung, & Adler, 1994) and in Tulp1-/- retinas from p18 (Ikeda, et al., 

2000). On the other hand, cell differentiation was largely over in C57 wt, Rho-/- and Rds-

/- retinas by p14, yet a significant amount of TUNEL-positive cells were still present in the 

Tulp1-/- INL. This may be a sign of a delayed development in the Tulp1-/- retina, supported 

by other indications, such as the altered (delayed) immunocytochemistry staining patters 

presented above, or may be the consequence of the early and extensive retinal degeneration 

in Tulp1-/- mice. 
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Figure 3. 13. Combined TUNEL stain and immunocytochemistry in the ONL – INL region.  

Retinas from C57 wt, Tulp1-/-, Rho-/- and Rds-/- mice were taken at p5, p8 and p14 (n=3). A-L: Sections were co-labelled 

with TUNEL stain (red) and PAX6 immunocytochemistry of CHX10 (green) and counterstained with DAPI (overlaid on 

the far right). Quantification of TUNEL-positive cells in the outer nuclear layer (ONL; chart M), inner nuclear layer (INL; 

chart N) and ganglion cell layer (GCL; chart O) were carried out from microscope images using cellSens software. NBL: 

neuroblast layer. Scale bar (L): 50m. *: P<0.05 **; P<0.01; ***: P<0.001. Stars above the data points refer to differences 

between IRD and C57 wt mice while stars below the data points refer to differences between Tulp1-/- and the other two 

IRD mice. 
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Figure 3. 14. Combined TUNEL stain and immunocytochemistry in the ONL – INL region.  

Retinas from C57 wt, Tulp1-/-, Rho-/- and Rds-/- mice were taken at p5, p8 and p14 (n=3). Sections were co-labelled 

with TUNEL stain (red) and PAX6 immunocytochemistry (light blue; overlaid on the right side) and counterstained with 

DAPI (overlaid on the far right). ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer, NBL: 

neuroblast layer. Scale bar (L): 50 m.  
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3.3.6 Tulp1 expression in the mouse retina 
 

Expression of Tulp1 is typically associated with photoreceptor cells in the mouse 

retina (Hagstrom, et al., 2001; Ikeda, et al., 2000) although TULP1 has been detected in the 

inner retina in human samples (Milan, et al., 2000). Utilising TULP1 

immunohistochemistry (M-tulp1N antibody; Hagstrom, et al.,  2001) in C57 wt retinas, we 

found evidence of photoreceptor expression at p5, an earlier timeframe than previously 

analysed (Figure 3.15.A-B). TULP1 was distributed in the perikaryon, inner segment and 

synapse of developing photoreceptors by p8, which became confined to the inner segments 

and the synaptic ribbons in C57 wt retinas by p14-p30 (Figure 3.15.A-L); reflecting 

previous studies (Hagstrom, et al., 1999; Xi, et al. 2005). TULP1 intensity profile was 

determined in the ONL and peaked at p8 (P<0.001) (Figure 3.15.Q). While some TULP1 

expression was also detected in the ONL at p5 and p30, this was not at sufficient intensity 

to enable accurate measurement. Notably, weak but consistent TULP1 expression was 

observed in the NBL/INL in C57 at p5 and in the INL at p8 but not at p14 or p30. No 

TULP1 expression was found in Tulp1-/- retinas as anticipated (Figure 3.15.A-L), although 

background label was observed in the tips of degenerating outer segments at p14 (Figure 

3.15.K) and at p30 (Figure 3.15.O) as also observed in outer segment tips of C57 wt retinas. 

RT-qPCR analysis from C57 wt retinal RNA indicated expression mirroring the TULP1 

intensity curve in the ONL with peak expression at p8 (Figure 3.15.Q.R). The data provide 

evidence that TULP1 is not only expressed in murine photoreceptor cells but also in the 

inner retina, at least during early postnatal development (p5-p8). 
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Figure 3. 15.TULP1 expression from C57 wt and Tulp1-/- mice were taken at p5, p8, p14 and p30 (n=4).  

A-P: Sections were labelled with TULP1 (red) immunocytochemistry and counterstained with DAPI (blue). A, E, I, M, 

C, G, K and O: low magnification overview; B, F, J, N, D, H, L and P: high magnification view of the ONL/INL 

boundary. Arrowheads indicate TULP1-positive cells in the NBL/INL (B) and INL (F). TULP1 label intensities (n=4) 

were quantified in the outer nuclear layer (ONL; chart Q) from microscope images using cellSens software. R: Tulp1 

RTqPCR was carried out using Actb control for normalization (n=3). INL: inner nuclear layer, NBL: neuroblast layer, 

GCL: ganglion cell layer. Scale bar (O): 100 m. Scale bar (P): 20 m labels, C57 wt in chart. *: P<0.05 **; P<0.01; 

***: P<0.001 
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To further investigate cell type specific expression of Tulp1 in the murine retina, 

data-mining of open source expression datasets from purified populations of specific retinal 

cell types was undertaken employing the NCBI Gene Expression Omnibus resource by Dr. 

Karsten Hokamp and Dr. Arpad Palfi, Farrar Laboratory, TCD (see methods, Section 

3.2.5). Normalised expression of Tulp1 and Rho in various retinal cell types is given in 

Figure 3.16.A. 

In photoreceptors, a mixture of cones and rods (Jeon, Strettoi, & Masland, 1998), 

the Tulp1 expression profile was similar to that found with RTqPCR from whole retinas 

(Figure 3.15.R) and TULP1 immunocytochemistry in the ONL (Figure 3.15.Q), that is a 

peak of expression was observed at p8. Non-photoreceptor retinal cell types, including 

progenitor cells (and whole embryonic retinas), also expressed Tulp1, though typically at 

lower levels compared to photoreceptors (Figure 3.16.A). As the majority of retinal cells 

are photoreceptors from p5 onwards (Jeon, Strettoi, & Masland, 1998), they represent a 

potential source of contamination when separating non-photoreceptor cells from retinas 

older than ~p5. As photoreceptors express Tulp1 at high levels, photoreceptor cell 

contamination in other purified retinal cell populations may have led to false positive Tulp1 

expression in our analysis. 

To estimate the possible photoreceptor contamination in non-photoreceptor cells, 

we used expression level of Rho (Figure 3.16.A). As Rho expression is low before p2, this 

analysis was only carried out in samples older than p2. Indeed, Rho mRNA was detected 

in all cell types (very low levels in embryonic samples), even though Rho is specific for 

rod photoreceptors (Figure 3.16.A). The ratio of Rho expression in each sample versus the 

age-matched photoreceptor sample was taken as the value for photoreceptor contamination; 

this ranged between ~2-30% (11.9±10.6%). Photoreceptor contamination derived Tulp1 

expression values in the non-photoreceptor cells were calculated using the photoreceptor 
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contamination % of each sample multiplied by the age-matched photoreceptor Tulp1 

expression levels (Figure 3.16.B). A higher Tulp1 expression than the estimated 

contamination level suggests bona fide Tulp1 expression in the cell type-specific samples. 

This analysis suggested that Tulp1 was expressed in p7 bipolar, p4 Muller, ganglion and 

adult RPE cells (Figure 3.16.B). Tulp1 expression in p8 amacrine cells was also possible 

but less likely (Figure 3.16.B). Tulp1 was also expressed in e14-p2 progenitor cells, their 

substantial contamination with other cells exhibiting high Tulp1 expression was unlikely 

(e.g. expression of Tulp1 was also low in whole retinas at e14 and e18), therefore the 

progenitor cells should have expressed Tulp1 genuinely.  

In summary, immunocytochemistry data indicates that TULP1 is not solely 

expressed in murine photoreceptors (Hagstrom, et al., 1999; Xi, et al., 2005), but, during 

p5-p8, is also expressed in the inner retina. Retinal cell type specific expression datasets 

(appendix, Chapter 7., Section 7.3) provide additional evidence for more extensive 

expression of Tulp1 in murine retina including in retinal progenitor, bipolar, Muller glia, 

ganglion and RPE cells. Tulp1 expression peaks at p8 in photoreceptors and is maintained 

at a lower level in adulthood. The peak of Tulp1 expression also appears to coincide with 

the ~p1-p8 period in non-photoreceptor cells. The data also suggest that Tulp1 expression 

stops in bipolar cells before p17, but appears to be maintained in ganglion and RPE cells 

into adulthood. 
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Figure 3. 16. Expression analysis of Tulp1 in various retinal cell types.  

Raw expression data was taken from Gene Expression Omnibus (NCBI) using GSE59201 (ref1), GSE97534 (ref2), 

GSE71462 (ref3), GSE19304 (ref4), GSE127771 (ref5), GSE80232 (ref6), GSE81903 (ref7), GSE33088 (ref8), 

GSE12601 (ref9), GSE86199 (ref10), GSE115404 (ref11) and GSE90652 (ref12) datasets. A: normalised expression 

values of Tulp1 (colour coded for different cell types) and Rho (grey). B: Rho-normalised Tulp1 expression values (colour 

coded for different cell types).  

 

• Retinal cell type specific Tulp1 interactomes 

Next, we assessed the potential interactors of TULP1 in different retinal cell types. 

Retinal cell type specific expression of 227 mostly predicted TULP1 interactors (appendix, 

Chapter 7, Section 7.3) were determined from the above open source expression datasets 

(see methods). TULP1 interactors were ranked by gene expression level in each available 

cell type and the 40 highest expressed interactors were analysed from each cell type. 
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Significant differences in expression patterns of these ‘top’ interactor genes between rod, 

cone, bipolar, amacrine, Muller glia and ganglion cells at ~p5 (Figure 3.17.A), and between 

photoreceptor (~rod), cone, bipolar, ganglion and RPE cells from ~adult retinas (Figure 

3.17.C) were determined as indicated by the heatmaps. Venn diagrams also indicate utility 

of substantially different sets of interactors (Figure 3.17.B.D; appendix Chapter 7, 

Section 7.6, Table 1; 2) between the different retinal cell types.  

Many of the top predicted interactors in photoreceptors included proteins involved 

in phototransduction (e.g. Pdc, Rho, Rgs9bp, Cngb1, Pde6b, Gnat1). As most of these 

proteins are located in the outer segments while Tulp1 is located in the inner segments, it 

is possible that Tulp1 is implicated in their transport as proposed for Rho (Grossman, et al., 

2011). Pacsin2, another predicted rod interactor may link the actin cytoskeleton with 

vesicle formation and fits in the general role of interaction with the cytoskeleton (Xi, et al., 

2005). Similar to rods, top Tulp1 interactors in cones included mostly cone specific genes, 

such as Pde6c, Gnat2 and Opn1sw, and photoreceptor specific genes, such as Cdhr1, Crb1, 

Ush2a, Abca4 and Prph2 most of which are involved in either phototransduction or other 

photoreceptor-specific functions. In RPE cells, some predicted interactors (e.g. Rpe65, Rgr, 

Lrat) are involved in the vitamin A visual cycle (appendix Chapter 7, Section 7.6, Table 

1; 2). TULP1 has also been proposed of having a role in RPE cells (Caberoy, et al., 2010). 

Two interesting bipolar cell-specific predicted interactors (at p7) included Igsf9, which 

functions in dendrite outgrowth and synapse maturation, and Grm6, which is the ON 

bipolar cell-specific metabotropic glutamate receptor located on the bipolar cell dendrites. 

Top predicted interactors in both adult and p5 ganglion cells (appendix Chapter 7, Section 

7.6, Table 1; 2) included Snca and Pard6a, which may be involved in presynaptic 

signalling and cell polarization, respectively. The above few examples of predicted Tulp1 



 

 

 169 

 

interactors suggest differential utility and function of TULP1 in various cell types in the 

mouse retina. 

 

 

• IRD genes with similar expression profiles to Tulp1 

Next we aimed to determine the expression level of IRD genes in multiple retinal 

cell types. A set of 317 human IRD genes were obtained from RetNet 

https://sph.uth.edu/retnet/ (appendix, Chapter 7, Section 7.4). We identified 38 mouse 

orthologues (appendix, Chapter 7, Section 7.5) which are expressed in more than one 

retinal cell types via literature search. From the above open source retinal expression 

datasets, normalised expression levels of these mouse IRD orthologues plus Tulp1 were 

determined in selected retinal cell types at two developmental stages (~p5 and ~adult) and 

are given in a clustered heatmap (Figure 3.17.E). Our data mining expression analysis also 

suggests widespread expression of these genes in various retinal cell types. Expression 

pattern of Tulp1 was closely clustered with Vsx2, Prss56, Trmp1, Rlbp1, Otx2, Sox2, Nr2e3, 

Nrl, Kif11, Bmp4, Timp3, Elovl4 and Tub (Figure 3.17.E). Apart from ELOVL4, Prss56, 

Trmp1, Ki11 and Timp3 these proteins are all predicted (STRING) interactors of TULP1 

(Figure 3.17.F). Furthermore, we decided to check the expression level of IRD genes using 

Pearson correlation heat-map in the progenitor cells employing dataset (GSE118880) from 

e10 until p2. Our Pearson correlation showed that some of IRD genes including Tulp1 were 

positive in the retinal progenitor cells and they might be involved in murine retinal 

development (Figure 3.18; appendix Chapter 7, Section 7.7).  

 

https://sph.uth.edu/retnet/
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Figure 3. 17. Tulp1 interactors and IRD gene expression profile.  

A. Clustered heatmap showing the gene expression profile of potential predicted Tulp1 interactors at p4-p7. Red colour 

demonstrates the highest expression while blue colour shows the lowest expression point in the different cell types at p4-

p7 wild type retinas. B. Ven diagram representing the distribution of predicted Tulp1 interactors by their gene expression 

level in the various cells at p4-p7. C. Clustered heatmap showing the gene expression profile of potential predicted Tulp1 

interactors in various adult retinal cell types. D. Ven diagram representing the distribution of predicted Tulp1 interactors 

by their gene expression level in the various retinal adult cells. E. Clustered heatmap illustrating 38 selected IRD gene 

expression in various cell types from p4 to adult retinas. F. STRING protein network showing the predicted TULP1 

interactors which are associated with IRD diseases.  
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Figure 3. 18. The expression profile of IRD genes.  

Clustered heatmap showing the gene expression profile of IRD genes in progenitor cells at e10-p2. 
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3.4 Discussion 
 

In order to explore the impact of TULP1 on the development of the inner retina, 

we analysed the architecture of the retina in Tulp1-/- mice in the p5-p14 window. This 

period coincides with a major part of the retinal development and peak expression of Tulp1 

in the mouse retina. As controls for photoreceptor degeneration, we evaluated retinas from 

Rho-/- (Humphries, et al., 1997) and Rds-/- (Sanyal, De Ruiter, & Hawkins, 1980) mice. In 

these mice, retinopathy is due to loss of photoreceptor specific proteins, therefore any 

alterations in the inner retina are the results of secondary degeneration.  

First, we observed common alterations in the three IRD retinas in the ONL and OPL 

regions including alterations in rod and cone photoreceptors from p5 (Figure 3.2.A-L; 

3.3.A-L), ectopic sprouting of horizontal cell neurites from p8 (Figure 3.5.A-T), distorted 

Muller glia labelling in the ONL from p8 (Figure 3.10.A-H), decreased immunoreactivity 

of CTBP2 in the OPL (and IPL) from p8 (Figure 3.4.Q; 3.8.A-L), compromised rod bipolar 

cell dendritic (from p8) and axon terminal (from p14) development (Figure 3.6.A-L), 

decreased bipolar cell numbers (CHX10) from p8-p14 (Figure 3.6.Q), decreased PAX6-

positive cell numbers (Figure 3.7.O.P) and significant rise of TUNEL-positive 

photoreceptor numbers by p8-p14 (Figure 3.13.M). Similar events of early degeneration 

and remodelling have been described in IRD mouse models (Soto, et al., 2015). For 

example, significant shortening of photoreceptor segments by p14 was observed in the IRD 

models we analysed, which is in agreement with previous observations (Hagstrom, et al., 

1999; Ikeda, et al., 2000; Lee, et al., 2006; Humphries, et al., 1997; Sanyal, De Ruiter, & 

Hawkins, 1980; Roche, et al., 2016). Decreased synaptic connectivity in the OPL and IPL 

was detected in the rd10 mouse as early as p5 (Roche, et al., 2016). PKCα positive bipolar 

cell dendrites were affected in rd1 (Strettoi, et al., 2002; Strettoi, et al., 2003) and rd10 

(Roche, et al., 2016) from p10. Ectopic sprouting of horizontal cell processes was 



 

 

 173 

 

previously reported in Aipl1-/- (Singh, et al., 2014) and rd1 (Strettoi, et al,. 2003) mice 

from p14-p15, but was not observed in Tulp1-/- retinas (Grossman, et al., 2009). Altered 

CTPB2 label in the OPL, parallel with impeded bipolar cell dendrites, were also detected 

in Aipl1-/- retinas from p10 (Singh, et al., 2014) and in Tulp1-/- retinas by p13-p16 

(Grossman, et al., 2009). We also found a slight decrease in CHX10- and PAX6-positive 

cell numbers in the IRD retinas evaluated. On the contrary, rod bipolar cell (Gargini, 

Terzibasi, Mazzoni, & Srettoi, 2007) and AII amacrine cell numbers (Strettoi, et al., 2003) 

were maintained in rd10 and rd1 retinas, respectively, at this age. 

The observed impediment in photoreceptors and second order neurons in Rho-/-, 

Rds-/- and the other IRD retinas (detailed above) are the result of loss of photoreceptor-

specific proteins and photoreceptor function. Deafferentation of the first synaptic nexus 

exerts a negative effect on the postsynaptic (second order) neurons (Jones, et al., 2016). It 

is rational to conclude, that the comparable alterations observed in Tulp1-/- photoreceptors 

and second order neurons originate from loss of TULP1 in photoreceptors as TULP1 is 

highly specific to photoreceptors (Hagstrom, et al., 1999; Ikeda, et al., 2000).  

Secondly, interestingly we detected further alteration in the architecture and 

development of the inner retina of Tulp1-/- mice. These alterations were different from the 

characteristic secondary degeneration observed in Rho-/- and Rds-/- retinas. These changes 

included different expression profiles of CHX10 and PKCα in bipolar cells (Figure 3.6.M-

P), of PAX6 and CTBP2 in INL (Figure 3.7.M.; 3.8.M;) and GCL and of MAP2 in IPL 

(Figure 3.11.M). Expression of PKCα (Figure 3.6.N.O), CHX10 (Figure 3.6.P), CTBP2 

and MAP2 (Figure 3.11.M), increased in Tulp1-/- retinas from p8 to p14, while their 

expression was maintained or decreased in Rho-/-, Rds-/- and wt retinas from p8 to p14. 

Additionally, significant number of apoptotic cells in the INL were present in Tulp1-/- but 

not in Rho-/-, Rds-/- and wt INLs at p14 (Figure 3.13.N). Delayed peak expression (from 
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p8 to p14) of the above cellular markers in Tulp1-/- retinas, may be a sign of altered 

development and maturation of bipolar, amacrine and ganglion cells. For example, MAP2 

is a critical component for dendritic extension, branching and remodelling (Johnson & 

Jope, 1992). MAP2 upregulation is a hallmark of activity-dependent stabilisation of 

dendrites in cultured sympathetic neurons (Vaillant, et al., 2002). Therefore, delayed MAP2 

expression in the Tulp1-/- IPL may possibly indicate delayed development of synaptic 

connectivity in the Tulp1-/- retina. The data suggest that loss of Tulp1 expression may 

directly affect these cells, which is in line with expression of Tulp1 in inner retinal cells 

and highlights the possibility of a developmental function for TULP1, which has been 

proposed previously (Boggon, Shan, Santagata, Myers, & Shapiro, 1999; Milam, et al., 

2000). 

Alternatively, increased expression of some of these markers may be a response to 

cellular injury, in which case it is not clear why these changes characterise the Tulp1-/- but 

not the other IRD retinas analysed at the p5-p14 period. Indeed, increased PAX6 expression 

was observed in rd1 and rd10 INLs at later timepoints, i.e. at p21 and p28, respectively 

(Joly, Pernet, Samardzija, & Grimm, 2011). Increased expression of CTBP2 has been also 

been described in relation to injury and repair in the central nervous system (Wang, et al., 

2015; Zou, et al., 2013). 

Based on the above differences between Tulp1-/-, and Rho-/- and Rds-/- inner 

retinas, we hypothesized that there could be a photoreceptor-independent aspect in the early 

remodelling of Tulp1-/- retinas, which was absent in the Rho-/- and Rds-/- retinas. While 

the Rho and Rds genes are specifically expressed in photoreceptor cells (Chakraborty, 

Conley, Pittler, & Naash, 2016) expression of Tulp1 in photoreceptors (Ikeda, et al., 2000) 

may not be exclusive. For example, (Milam, et al., 2000) suggested that TULP1 is 

expressed in the inner retina during development (e.g. in progenitor and ganglion cells) and 
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in adult retinas (e.g. ganglion cells) in human samples. Therefore, we speculated that Tulp1 

may also be expressed in the inner retina of mice. Consequently, the absence of TULP1 in 

the inner retina of Tulp1-/- mice may contribute to the remodelling events in Tulp1-/- mice 

and hence to the observed differences between Tulp1-/-, and Rho-/- and Rds-/- retinas. 

Indeed, our immunocytochemistry data indicated widespread expression of TULP1 

in the neuroblastic/INL region during the p5-p8 period with expression of TULP1 evident 

in IS, ONL and OPL at p14 (Figure 3.15.A-P). While expression of TULP1 was detected 

in occasional ganglion cells in humans (Milam, et al., 2000), we did not find evidence of 

TULP1 expression in these cells between p5 and p30 due the low affinity of M-tulp1N 

antibody in ganglion cells. However, bioinformatic evaluation (based on mRNA expression 

data) indicated that Tulp1 was expressed in ganglion cells, along with expression in RPE, 

bipolar, Muller glia and retinal progenitor cells (Figure 3.16.B). TULP1 has previously 

been proposed as having a role in MerTK-dependent phagocytosis in the RPE of Tulp1-/- 

mice (Caberoy & Li, 2009), however, the source of TULP1 in the RPE was suggested to 

be via TULP1 release from shedding of photoreceptor segments (Caberoy, Zhou, & Li, 

2010). Our bioinformatic analysis places Tulp1 mRNA in the RPE, which is in agreement 

with a transcriptomic analysis of human RPE/choroid (Whitmore, et al., 2014). Postnatal 

expression of Tulp1 peaks in photoreceptors at ~p8 in mice. Tulp1 is also expressed at early 

postnatal development (p4-p7), in mouse bipolar, Muller glia and ganglion cells; we did 

not have corresponding data from RPE (Figure 3.16.B). Tulp1 appears to be switched off 

in bipolar cells by p17, while it is expressed in ganglion and RPE cells in adulthood (no 

data was available from Muller glia cells). Timing of peak expression of Tulp1 overlaps 

with differentiation, maturation and synaptic development of the mouse retina and therefore 

it is possible that Tulp1/TULP1 has a role in developmental regulation in the retina as 
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suggested previously (Boggon, Shan, Santagata, Myers, & Shapiro, 1999; Milam, et al., 

2000). 

As detailed above, the function of TULP1 is not fully established and include, 

among others, roles in trafficking in photoreceptor segments (Xi et al. 2005; Grossman et 

al. 2011; Hagstrom et al. 2001), photoreceptor synapses (Grossman, et al., 2009; Wahl, et 

al., 2016; Xi, et al., 2007; Grossman, et al., 2013), and phagocytosis in the RPE (Caberoy, 

Zhou, & Li, 2010). Predicted retinal cell type-specific TULP1 interactors suggest multiple 

cellular pathways and functions for TULP1 including phototransduction and other 

photoreceptor-specific functions in rods and cones, retinoid visual cycle in RPE, 

postsynaptic development in bipolar cells, cell adhesion, membrane trafficking and 

cytoskeleton in amacrine cells, and presynaptic signalling and cell polarization in ganglion 

cells. Additionally, the cluster of IRD genes with a similar expression pattern to Tulp1 

contains a striking proportion of transcription factors.  

Our data suggest expression of and significant role(s) for TULP1 in non-

photoreceptor cells and correlate with human studies (Milam, et al., 2000; Caberoy, Zhou, 

& Li, 2010). Current interest in ocular gene therapy is enormous with recent approval, by 

the FDA/EMA, of LuxturnaTM, the first ocular gene therapy. Our findings, suggest that 

gene therapies, targeting TULP1 in human patients (Widgren, et al., 2015 Chen, et al., 

2018; Jacobson, et al., 2014; Avela, et al., 2019) may need to restore expression of TULP1 

in both photoreceptor and non-photoreceptor cells. Early postnatal and possible embryonic 

expression of Tulp1/TULP1 highlight the hurdles of potential treatments for TULP1-linked 

IRDs. Moreover, our bioinformatic analysis suggests widespread expression of many other 

IRD genes in the retinal progenitor cells. These findings highlight that gene therapies for 

ocular disorders caused by these genes, may possibly also need to recapitulate early 

expression of these IRD genes in the retina. 
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Chapter 4 Early perturbation in retinal vessels in mouse 

models of retinitis pigmentosa  
 

 

4.1 Introduction 
 

As detailed elsewhere in the thesis, RP  is an inherited ocular disease due to 

mutations in genes involved in the functioning and regulation of  photoreceptors (see 

Chapter 1, Section 1.4.2.1)  RP typically involves the gradual degeneration of the cones 

and rods ,the thinning of the blood vessels, pigmented deposits in the retina (visible in the 

back of the eye) and associated appearance of scotomas due to retinal degeneration which 

can in many cases cause a sensation of tunnel vision. The visual field is therefore 

significantly reduced, progressing in most cases to blindness (www.fighting blindness.ie). 

The disfunction in the vascular system, which results in constriction of the vessels, 

insufficient blood flow and therefore reduced blood circulation compromising the inner 

retinal layers and accelerating the degeneration of outer retinal cell layer. Since the retinal 

structure is complex with high energy demands the requirements for blood supply are high 

(Yang, Peng, Ying, & Peng, 2018). Like the neurons of the central nervous system, the 

retina cells equally cannot tolerate oxygen starvation in poor circulation (Country, 2017). 

Therefore, understanding the biology of angiogenesis is deemed to be of particular 

importance in ocular genetics. Technological developments in the past few decades, has 

resulted in the emergence of many non-invasive methods, allowing the investigation of 

parameters inherent to the vascular dynamics of the human eye and the analysis of 

responses to physiological and pharmacological stimuli (Campbell, et al., 2017). These 

techniques provided information on ocular physiology circulation in humans and could also 

facilitate the understanding of the role of the vasculature and retinal blood flow in the 

pathogenesis of ocular diseases (Bates, et al., 2018). 
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In all mammals, the retinal supply of metabolic substrates and oxygen is provided 

by two separate vascular systems, the retinal system and the choroidal system (Riva & 

Schmetterer, 2011).   

The retinal circulation has been described as a terminal arterial system, devoid of 

the communication with other arterial systems. Subsequently, a specific retinal quadrant 

supplied by the particular artery and vein; if any of those vessels is blocked it will cause 

the retinal infarction resulting blindness in matter of seconds (Biousse & Newman, 2009). 

The central retinal artery (CRA) lies on the nasal side relative to the central retinal vein, 

and both artery and vein running along the optic nerve (Hayreh, 1996). When entering the 

retina, the artery and vein divide into four main branches: the upper and lower nasal and 

the upper and lower temporal. Then the arteries dichotomously divided, moving away from 

the main branch, and gradually turn into arterioles, and then into capillaries (Stokoe & 

Turner, 1966) 

As in arteries, the walls of arterioles contain smooth muscle cells. In this case, the 

basement membrane of endothelial cells fuses with the basement membrane of muscle 

cells. Between the smooth muscles and surrounding glia lies a narrow strip of collagen 

tissue. Interestingly, it is believed that active dilation of arterioles regulates functional 

hyperaemia in the retina (Hogan & Feeney, 1963; Martinez-Lemus, 2012; Kornfield & 

Newman, 2014).   

The central vein of the retina is the main vein that provides the outflow of blood 

from the retina and it leaves the optic sheath from the eyeball draining the blood into the 

superior ophthalmic vein (Cheung & McNab, 2003). The development of veins and arteries 

starts from small vessels which mainly constructed from endothelial cells and the basal 

lamina such as pericytes, connective tissue and smooth muscle join at later stage of 

development under the regulation of endothelial cells (Alberts, Johnson, & Lewis, 2002). 



 

 

 179 

 

Moreover, it was established that glia appears to contribute the basal diameter of retinal 

veins but not arteries (Li, Bui, Cull, Wang, & Wang, 2017). Due to the irregular presence 

of smooth muscle cells and pericytes, the venous wall does not have a reasonably high 

elasticity like arteries, but it designed to prevent the backflow of blood due to its valves 

(Bergers & Song, 2005).  

Despite the structural differences of veins and arteries, it has been shown that 

blood flow in both vessels is comparable measuring via bidrectional laser Droppler 

velocimetry in young subjects (Garhofer, Werkmeister, Dragostinoff, & Schmetterer, 

2012). However, it has been recently determined that there is a small volume of retinal 

blood flow in arteries than veins using laser speckle flowgraphy in healthy subjects (Iwase, 

et al., 2015). As the caliber of the veins decreases, they turn into venules. The wall of the 

venule is significantly different from the wall of the vein (Tucker & Mahajan, 2019). 

Classically, capillaries spread throughout the retina in the form of a dense network 

suspended between arterioles and venules (Arthur, et al., 2019). The retinal capillary 

network is grouped into three plexuses including the superficial, intermediate, and deep 

plexus. The CRA contributes to the superficial plexus which is composed of larger arteries, 

arterioles, capillaries, venules, and veins primarily in the ganglion cell layer (GCL). The 

intermediate plexus network connects the deep plexus and superficial plexus and is mainly 

located in the inner nuclear layer (INL). The deep plexus is a complex vascular network 

occupying in the outer plexiform layer; however, it does not reach the outer retinal layer 

(Rust, Grönnert, Dogançay, & Schwab, 2019). The distribution of the capillary network in 

the retina is non-uniform; for instance, the capillary networks in the human perifovea are 

morphologically heterogeneous (Chan, et al., 2012). These features may play a crucial role 

in supporting neuronal homeostasis and a profound elucidation of these features may aid 
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in understanding pathogenic mechanisms underlying retinal vascular diseases (Tan, et al., 

2015). 

The choroid vessels supply nutrients to the photoreceptor cells as well as 

maintaining the temperature and volume of the eye. The choroidal circulation, representing 

85% of the total blood flow in the eye, is a high-performance system with relatively low 

oxygen content. Choroidal circulation is largely controlled by sympathetic nervous system 

and is not self-regulated (Delaey & Van De Voorde, 2000). This lack of self-regulation 

makes the choroid more dependent on ocular perfusion pressure (Reiner, Fitzgerald, Del 

Mar, & Li, 2018; Riva & Schmetterer, 2011). The choroidal arteries are contributed by 

long- and short-posterior ciliary arteries (PCAs) and branches of Zinn’s circle (Riva & 

Schmetterer, 2011). The distal branches, penetrating the sclera against the optic nerve, are 

the long ciliary arteries that join the large arterial circle of the iris (Kiel, 2010; Gupta, 

Motlagh, & Singh, 2019). The other distal branches are called short posterior ciliary 

arteries. Their calibre decreases as they progress, and they supply the ciliary processes and 

optic disk (Gupta, Motlagh, & Singh, 2019). The branches of the short posterior ciliated 

arteries form the circle of Zinn (Zinn-Haller) that surrounds the optic nerve at the level of 

the choroid (Remington, 2012). 

Like choroidal arteries, the choroidal vein system is supplied by two distinct 

venous drainages. The first venous outflow flourishes from the central region of choroid 

towards the posterior ciliary vein. The second venous outflow, known as the vortex veins, 

are formed on the periphery and in the outer part of the choroid. The configuration and 

number of vortex systems seem extremely variable (Bhutto & Amemiya, 2001; Kolb, 

Simple Anatomy of the Retina, 2012). 

There are many animal models employed to study vascular development, and the 

most frequently used animals are C57BL/6J mice and BALB/cByJ albino mice. It was 



 

 

 181 

 

reported that the vascular development can differ between strains (Aguilar, et al., 2008). 

However, most of the mouse strains ultimately form full vasculature at postnatal day 14, 

including C57BL/6J mice and BALB/cByJ albino mice, despite the slight developmental 

differences (Aguilar, et al., 2008). Moreover, it has been recently suggested that despite the 

potential deviations in vascular growth and remodelling between mouse strains, in 

C57BL/6J and 129S2/Sv mice no major differences have been observed (Rust, Grönnert, 

Dogançay, & Schwab, 2019). It is well known that even though animal models do not 

replicate the human condition, they are still a valuable in-vivo tool to elucidate many human 

diseases including inherited retinal degenerations (Veleri, et al., 2015). It has been pointed 

out that transgenic mouse models may provide a vital understanding of the mechanisms 

and physiology of the retinal vasculature in these degenerative conditions (Sun & Smith, 

2018). Therefore, there are many studies employing RP mouse models, and most of them 

concluded that photoreceptor degeneration tends to correlate with the loss of retinal 

capillaries. For instance, in the rhodopsin-deficient mouse model (C57Bl/6J_Rho-/-) and 

C57Bl/6J mice in which P23H rhodopsin mutation was knocked in 

(C57Bl/6J_Rho23H/P23H), at two months it was found that degenerating photoreceptor cells 

might initiate retinal capillary degeneration. Besides, it was observed that after complete 

photoreceptor degeneration in those mice, the retinal capillary loss significantly slows 

down (Liu, et al., 2016). This study mirrored a former study by Pennesi, et al., 2008 in 

which early photoreceptor loss in rodents was shown to have a profound effect on vascular 

development using the rat rhodopsin S334ter model (which results in a C-terminal 

truncated rhodopsin protein lacking the last 15 amino acid residues and, thus, all of the 

phosphorylation sites of the protein). At postnatal day 15 the photoreceptor degeneration 

had a greater effect on the deep capillary plexus than superficial plexus. The authors 

suggested the physiological oxygen tension and alteration of angiogenic factor release, may 
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drive abnormal development in the retinal vasculature. Furthermore, a study of 4-month-

old albino P23H rats showed similar results to the previous studies demonstrating that no 

quantitative changes in the superficial plexus and intermediate plexus were found; 

however, a significant reduction of the deep capillary plexus correlated with the 

degeneration of photoreceptor cells (Fernández-Sánchez, et al., 2018). Moreover, 

Fernández-Sánchez, et al., 2018 suggested that photoreceptor loss initiates inner retinal 

neurocells and vascular remodelling; however, the mechanism of the vascular remodelling 

is still unknown.  Besides, they also suggested that astrocytes may dysregulate the 

maintenance of superficial plexus while the reduction of the retinal blood vessels on the 

deep plexus may correlate with the decreased expression of vascular endothelial growth 

factor (VEGF), which is involved in the formation of blood vessels,  

Detailed characterisation of the Tulp1-/- mouse compared to wild type mice and 

two recessive mouse models, Rds-/- and Rho-/-, highlighted early retinal remodeling in IRD 

retinas mirroring other studies of retinal remodelling (see Chapter 3). Rds-/- and Rho-/- 

mice showed a similar characterisation pattern of photoreceptor degeneration driving the 

retinal remodeling. Notably the retinal remodelling in Tulp1-/- mice differed due to the 

absence of Tulp1 in the inner retina compared to latter mouse models. Therefore, it was of 

interest to explore whether inner retinal alterations due to the absence of Tulp1 may also 

have an impact on the inner retinal vasculature network or not.  
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4.2 Materials and Methods 
 

4.2.1 Animals 
 

The following transgenic mice were used in this study; Tulp1-/- (B6.L129X1-

Tulp1tm1Pjn/Pjn; The Jackson Laboratory; Ikeda, et al., 2000), P23H (RhoP23H/+ ) 

(Sakami, et al., 2011), P347S (Rho-PP347SS+/-) (Li, Snyder, & Olsson, 1996 ) and Rds-/- 

(Sanyal, De Ruiter, & Hawkins, 1980). The background strain of Tulp1-/-, P23H was on 

C57BL/6J background  while P347S was on L129 background and Rds-/- was on O20/A 

background; wild type C57, L129 and Balb/c (instead of O20/A) mice were used as 

controls. Mice were maintained under specific pathogen free (SPF) housing conditions; 

both sexes were used for experiments. Animal welfare complied with the Directive 

2010/63/EU; Protection of Animals Used for Scientific Purposes, Regulations 2012 [S.I. 

No. 543 of 2012] and the Association for Research in Vision and Ophthalmology (ARVO) 

Statement for the Use of Animals in Ophthalmic and Vision Research.  

4.2.2 Immunohistochemistry 
 

Mice were sacrificed, eyes enucleated and fixed in 4% paraformaldehyde in PBS 

for 4 hours at 4°C. Eyes were washed in PBS, cryoprotected in 10%, 20% and 30% sucrose 

in PBS, embedded in OCT (VWR), cryosectioned (12 μm), thaw-mounted onto polysine 

slides (Thermo Scientific) and stored at -20°C. Immunocytochemistry was performed as 

described before (Palfi, et al.,  2015). Sections were incubate with a combination of 2-3 

primary antibodies (Table 1) overnight at 4°C, then incubated with secondary antibodies 

conjugated with either FITC, Alexa-Fluor-488, Cy3 and Alexa-Fluor-647 (Jackson 

ImmunoResearch Laboratories) in 1:400 dilution for 2 hours at RT and nuclei 

counterstained with DAPI.  

 

 



 

 

 184 

 

 

4.2.3 Microscopy and analysis 
 

Fluorescent microscopy was carried out utilising an Olympus IX83 inverted 

motorised microscope (cellSens v1.9 software) equipped with a SpectraX LED light source 

(Lumencor) and an Orca-Flash4.0 LT PLUS/sCMOS camera (Hamamatsu). Multi-channel 

fluorescence images were acquired as separate 16 bit gray-value images with fluorescence 

colours assigned and channels superimposed. In a given observation method, the same 

settings/operations were applied to all images. Pan-retinal and retinal whole mount images 

were produced from 10x magnification (plan fluorite objective) with lateral frames stitched 

together in cellSens. Single frame images were taken using 20x and 40x plan super 

apochromat objectives using enhanced focal imaging (EFI) with 5-8 Z-slices. Sections were 

taken from areas adjacent (within 250 μm) to the optic nerve. Thickness of retinal layers 

was determined in 10x magnification stitched images from sections stained with RHO 

immunocytochemistries. Measurements for retinal architecture were taken in images from 

the central half of the retinas using comparable areas and similar analysis windows. 

Typically, 4 sections/eye were analysed, and 4 measurements per section were made. All 

measurements were made using cellSens software (Olympus). For single plexus 

visualization 10x image stacks were obtained at mid-radial distance of every quadrant of 

the retinal flatmounts  stained with isolectin-B4 using Olympus microscope. Then the 

pictures were analysed by AngioTool software (see Zudaire E. et al.2011).  

In order to calculate the diameter of the vessels, the circle was generated in the 

retinal flatmounts 100m away from the optic nerve and the diameter of vessels which are 

aliened within the circle were measured by Olympus ruler. The identification of the artery 

and vein was clarified beforehand staining with SMA- which stains more artery than vein 

and Collagen-4 which are artery and vein specific. The measurements were done on 
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Collagen-4 stained retinal flatmounts. For intensity measurements, the pictures at mid-

radial distance of the four quadrant staining with GFAP was delineated using the closed 

polygon tool and mean fluorescence intensity, i.e. mean 16 bit grey-value determined via 

Olympus. 

Representative images for figures were exported from cellSense as individual 

fluorescence channels and post-processed in Photoshop CS6 (Adobe). In a given 

observation method, the same settings/operations were applied for all images both in 

cellSens and Photoshop.  

4.2.4 The preparation of retinal and choroidal flatmounts 
 

Mice were sacrificed, eyes were removed   and fixed  in 4% PFA overnight at 4°C. 

The eyes were washed in 1 X PBS twice and dissected removing the cornea and lens from 

the eyecups. Then under the microscope using the forceps manipulate the eye such that the 

hole left by the optic nerve is facing directly up and centre (Figure 4.1.A). Next using the 

forceps the eyecups need to be cut approximately 2 mm away from the optic nerve head 

slicing right through the edge of peripheral retina (Figure 4.1.B (1)). After the first incision 

the procedure needs to be repeated turning the eyecup to 90 degrees (Figure 4.1.B (2,3,4)) 

until the eyecup divided into quadrants (Figure 4.1.C). Using the forceps to hold each 

retinal quadrant, carefully cut away the very outer edge (the curved region) of each retinal 

quadrant to ensure that the edge of each eyecup does not fold back on itself when 

flatmounted (Figure 4.1.C). Then the retina and choroid was separated under the PBS. Each 

retina and choroid  should be divided into quadrants and be perfectly flat (Figure 4.1.D).  

 

Figure 4. 1. The retinal flatmount preparation.  
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A. The anterior segments are removed and the flatmounts is performed on the eyecup. B. The eyecup is to slice into 4 

quadrants making at 90 degrees to the optic nerve. C. The curled edge of each quadrants removed  ensuring the 

retina/choroid does not curl back on itself. D. The retina/choroid is to be flattened out on the dissection slide. 

4.2.5 The retinal and choroidal flatmounts staining 
 

Immediately after the dissection, the retinal/choroidal flatmounts need to be 

blocked in Blocking buffer for overnight at 4°C. Next day, the isolectin B4 conjugated with 

Alexa-488 diluted 20 µg/ml and primary antibodies (Table 4.1) in Blocking buffer should 

be replaced the previous Blocking buffer and the wholemounts needs to be stained for 2 

days overnight at 4°C. The following day the stained flatmounts are to be washed in 1x 

PBS (2 changes of buffer/hour). The diluted secondary antibody (see Table 4.1) in Blocking 

Buffer then should be added into the tube with the flatmounts and stained for overnight at 

4°C. The stained flatmounts have to be washed with 1x PBS (3 changes of buffer/hour) and 

kept in the dark until they are further processed for the microscopy.    

 

Primary antibody Number Species Dilution Source 

Rhodopsin  4D2 Mouse 1:200 

 

 

Robert Molday, 

University of British 

Columbia, 

isolectin-B4 L2140 - 1:100 Sigma 

SMA- Ab5694 Rabbit 1:500 Abcam 

GFAP G3893 Mouse 1:200 Sigma 

Table 4.1 Antibodies used in this study. 
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4.2.6 Statistical analysis 
 

All data is presented as means ± standard error of the mean (s.e.m). All data was 

tested for normal distribution by using the Shapiro-Wilk test. Anatomical changes over 

time were assessed using one way ANOVA measures followed by Turkey’s post hoc test. 

Whenever two groups were compared; (1) Normally distributed data was tested for 

differences with a two-tailed unpaired one-sample t-test; (2) Non-normally distributed data 

was tested with a Mann-Whitney U test. Statistical analysis was performed using 

GraphPrism. Multiple regression was performed according to Software guide. The level of 

significance was set at *P < 0.05, **P < 0.01, ***P < 0.001.  
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4.3 Results 
 

4.3.1 Gross Retinal Architecture of IRD mouse models compared to wild 

type controls 
 

In order to see the correlation between vasculature change and photoreceptor loss 

it was decided to evaluate the architecture of the Tulp1-/- retinas , along with P347S, P23H 

and Rds-/- (IRD retinas), and wild types mice including C57BL/6J and L129 control retinas 

(WTs). However, due to the limited  number of Balb/c in the laboratory and also they were 

not the same background as Rds-/- mice it was decided not to introduce them in this study; 

therefore, Rds-/- retinal sections were evaluated by C57 wt and L129 wt control retinas. 

The gross retinal and vasculature analyses were decided to undertake at two time-points 

such at p15 and p30. As it was mentioned in Section 4.1 at p15 all IRD and WTs retinas 

should be relatively developed and also retinal degeneration is not too rapid at that stage. 

However, the retinal degeneration in dominant RP models usually starts after 1 month; 

consequently, we thought we might see no difference in the vasculature between those 

models and WTs. Therefore, we decided to include p30 as the second point in the current 

study.  

The thickness of retinal layers in sections using RHO immunohistochemistry was 

quantified according to an established protocol (Section 4.2.3) developed by Dr. Arpad 

Palfi, Farrar Laboratory, TCD (n=6; Figure 4.2). Results from morphometric analysis 

indicated that the gross structures of the retinas of the four IRD rodent models  were similar 

to WTs between p15 and p30 (Figure 4.2); however, some differences were found. At p15 

the outer nuclear layer (ONL) layer was significantly thinner in Tulp1-/- (51.7±1 m; 

P<0.05; n=6) and Rds-/- (50.6±3.1 m; P<0.05; n=6) retinas compared to WTs (C57 wt 

(64.5±1.7 m); L129 wt (66.4±1.1 m; n=6) retinas, P347S (68.5±4.3 m)  and P23H 

(70.1±2.3 m). The thickness of the INL was also reduced in Tulp1-/- (39.3±3.4 m; 
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P<0.05; n=6) and Rds-/- (36.1±2.6 m; P<0.05; n=6) compared to WTs (C57 wt (58.8±5.5 

m); L129 wt (55.3±2.9 m); n=6) retinas agreeing with our previous results (Chapter 3). 

In contrast, P347S (72.4±7.6 m; n=6) and P23H (68.6±5.2 m; n=6) were comparable 

with WTs retinas. By p30 the ONL became significantly thinner in all IRDs (Tulp1-/- 

(30.9±2.8 m); Rds-/- (36.1±2.6 m); P347S  (30.1±1 m); P23H (39.5±0.8 m); P<0.001; 

n=6) compared to WTs retinas (C57 wt (55.5±3.4 m); L129 wt (57.7±3.3 m); n=6); the 

thickness of the INL, on the other hand, did not reduce in P23H (53.8±2.2 m; n=6) and 

P347S (49.2±3.6 m; n=6) mouse models compared to WTs (C57 wt (54.2±2.6 m); L129 

wt (54.2±4.9 m); n=6) retinas but a significant deterioration was observed in the Tulp1-/- 

(39.3±3.4 m; P<0.001; n=6) and Rds-/- (36.1±2.6 m; P<0.001; n=6) mice at p30 (Figure 

4.2). While a similar observation was reported in Rds-/- mice at p14 (Sanyal, De Ruiter, & 

Hawkins, 1980), ONL thickness akin to wild type was observed in P347S (Li, Snyder, & 

Olsson, 1996 ) and P23H (Sakami, et al., 2011) and Tulp1-/- retinas (Ikeda, et al., 2000) at 

p15 and p30.  

In summary, in this study  a greater photoreceptor loss was observed in recessive 

models in comparison with dominant models at p15. However, at p30, ONL thickness of 

all IRD models was notably deteriorated compared to WTs retinas but INL thickness was 

more compromised in Tulp1-/- and Rds-/- models. While C57 wt and L129 wt controls were 

used in the study and were appropriate for many of the murine models investigated, it is 

worth noting that there were some limitations in this study, such as, not having the 

availability of O20/A albino mice or including Balb/c mice for the Rds-/- control. Therefore, 

some aspects of the experiments, may need to be undertaken again, for example, 

introducing Balb/c wild type or the O20/A albino mice as more appropriate controls for the 

Rds-/- model.   
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Figure 4. 2. Gross retinal architecture analysis conducted by immunohistochemistry.  

The retinal sections were stained with 4D2-Rhodopsin monoclonal mouse antibody  (green) with co-staining cell nuclei 

DAPI (blue). C57: A-K.  The analysed whole retinal section at p15 and p30. F-P. Enlarged area of the sections at p15 

and p30. Tulp1-/-: B-L. The analysed whole retinal section at p15 and p30. G-Q. Enlarged area of the sections at p15 and 

p30. Rds-/-: C-M. The analysed whole retinal section at p15 and p30. H-R. Enlarged area of the sections at p15and 30. 

P23H: D-N. The analysed whole retinal section at p15 and p30. I-S. Enlarged area of the sections at p15 and p30. P347S: 

E-O. The analysed whole retinal section at p15 and p30. J-T. Enlarged area of the sections at p15 and p30. U. Retinal 

thickness quantification of IRD versus WTs control retinas. Abbreviations: ONL-outer nuclear layer; INL-inner nuclear 

layer; GCL-ganglion cell layer. A-E; K-O: Scale bar for the whole stitched pan-retinal cross section (O): 100 µm. Scale 

bar (T): 20 µm. P values: *<0.05; **<0.01; ***<0.001. 
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4.3.2 Quantification of retinal capillary plexuses in IRD and wild type mouse 

models 
 

As Rust, et al., 2019 suggested that single plexus analysis offers a more accurate 

quantification rather than analysing the whole retinal vasculature, we decided to conduct a 

detailed characterisation of retinal vasculature processing images from IRD and WTs 

retinal flatmounts  (see methods, Section 4.2.4) employing AngioTool software (see 

methods, Section 4.2.3). The software is designed to quantify multi-parametric 

characteristics such as vessel density (the percentage of area occupied by vessels inside the 

explant area), branching index (the number of vessel junctions normalised by per mm2), 

total number of end points (the number of open ended segments), lacunarity (lacunarity is 

defined as gappiness, visual texture, translational and rotational invariance) and total 

vessel* length (the sum of Euclidean distance between the pixels of all the vessels in the 

image; *vessel is defined after segmentation as a segment between two branching points or 

a branching point and an end point) (Zudaire, Gambardella, Kurcz, & Vermeren, 2011). 

Retinal flatmounts highlighting the areas used for quantifications are shown in Figure 

3.B.E. As the Figure 3 demonstrated isolection-B4 antibody stains both artery and vein 

vessels and three capillary plexuses. The three capillary plexuses were measured using the 

pictures taken at the mid-radial distance of each retinal quadrants (4) from 2 flatmounts per 

animal. When it comes to choroids, they were stained with SMA- antibody which has a 

high affinity to the arteries (Figure 3.A.D). The choroidal measurements were done on the 

two choroidal flatmounts per animal using AngioTool. The retinal/ choroidal vessel size 

was measured by Olympus Ruler according to Section 4.2.3.  
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Figure 4. 3. The illustration of retinal flatmount/ whole mount and section.  

A. Illustration of the mouse choroid flatmount with short and long posterior ciliary arteries.  B. Illustration of the retinal 

flatmount showing the areas analysed in the current study for retinal capillary plexuses. C. Illustration of a retinal section 

and localization of plexuses. D. Balb/c choroidal flatmount staining with SMA- antibody - yellow. E. C57 wt retinal 

flatmount stained with isolectin-B4 antibody-red. F. C57 wt retinal section stained with isolectin-B4-red and co-stained 

with DAPI cell nuclei- blue. Abbreviations: DP-deep plexus; IP-intermediate plexus; SP-superficial plexus; ONL-outer 

nuclear layer; INL-inner nuclear layer; GCL-ganglion cell layer. Scale bar for the flatmounts: 100 µm. Scale bar for 

retinal section: 20 µm.  
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4.3.2.1 The vessels density 
 

The quantification of the vessel density of the three capillary plexuses resulted in 

some interesting insights. At p15 the superficial plexus (SP) vessel densities of Tulp1-/- 

(13.9±1/9%; P<0.0001; n=6) and P347S (15.04±0.75%; P<0.0001; n=6) retinas were 

significantly less than WTs (C57 wt - 18.7±2.01%; L129 wt - 18.46±1.9%; Balb/c - 

18.02±1.31%; n=6) but not Rds-/- (16.7±1.7%; P<0.05; n=6) and P23H (16.7±1.7%; n=6) 

retinas (Figure 4.5.EE). However, by p30 in Tulp1-/- (13.2±1.2%; P<0.05 n=6) and Rds-/- 

(12.2±1.23%; P<0.001; n=6) retinas, SP vessel density was reduced compared to WTs (C57 

wt - 15.09±1.089%; Balb/c - 14.98±1.33%; n=6) controls. Interestingly, the SP vessel 

densities of P347S (15.4±0.68%; n=6) and P23H (14.13±0.58%; n=6) were comparable to 

WTs (C57 wt - 15.09±1.089%; L129 wt - 15.45±0.58%; n=6) retinas by p30 (Figure 

4.5.EE), in agreement with other studies showing no significant changes in superficial 

plexuses were found in the P23H rodent model by p30 (Pennesi, Nishikawa, Matthes, 

Yasumura, & LaVail, 2008 ).  

In contrast, at p15 the intermediate plexus (IP) vessel density was notably less in 

Rds-/- (7.3±1.29%; P<0.0001; n=6), P23H (8.9±0.82%; P<0.001; n=6) and P347S 

(10.25±0.88%; P<0.0001; n=6) but not in Tulp1-/- (14.7±1.19%; n=6) retinas compared to 

WTs (C57 wt -14.39±0.67%; L129 wt - 14.61±0.64%; Balb/c - 14.21±1.68%). 

Surprisingly, like the SP vessel density of the dominant models at p30, the IP vessel 

densities of P23H (18.04±1.2%; n=6) and P347S (16.78±2.76%; n=6) mice were similar to 

WTs (C57 wt - 17.22±0.75%; L129 wt - 17.49±0.69%; Balb/c - 17.19±1.067%; n=6) 

controls, yet the IP vessel densities of Tulp1-/-(13.28±1.29%; P<0.001; n=6) and Rds-/- 

(11.28±1.19%; P<0.0001; n=6) mice were remarkably less than controls.  

Deep plexus (DP) vessel density at p15, on other hand, was significantly higher in 

P23H (30.27±1.39%; P<0.0001; n=6) in comparison with WTs controls (C57 wt - 
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24.55±1.52%) and also other IRD models. However, at p15 DP vessel density of P347S 

(19.89±1.92%; P<0.0001), Rds-/- (13.74±1.87%; P<0.0001; n=6) and Tulp1-/- 

(19.58±0.9%; P<0.001; n=6)  was notably reduced compared to WTs (C57 wt - 

24.55±1.52%; L129 wt - 24.97±1.57%; Balb/c - 25.48±1.43%) controls. Inexplicably, by 

p30 DP vessel density of P23H(20.35±1.3%; P<0.0001; n=6) decreased significantly from 

p15 and was statistically different from WTs controls (C57 wt - 23.91±0.75%), while DP 

vessel density of P347S (15.9±1.3%; P<0.0001; n=6), Rds-/- (6.57±0.89%; P<0.0001; n=6) 

and Tulp1-/- (13.98±1.31%; P<0.0001; n=6) at p30 still remained less than WTs (C57 wt - 

23.91±0.75%; L129 wt - 24.08±0.54%; Balb/c - 23.91±1.06%; n=6).  

Multiple regression analysis was also conducted to see whether retinal architecture 

may correlate with retinal vessels density of each plexuses using statistical Tools such as 

PrismGraph8 (Section 2.4.6). The reason of using multiple linear regression is due to the 

presence of three predictors such as deep, intermediate and superficial plexuses which may 

have a relationship with single variable either ONL or INL. For the regression analysis, it 

was decided to evaluate only Tulp1-/-, P23H and P347S with C57 and L129 wild type 

retinas as Rds-/- and Balb/c  mice were not on the same background it was thought this 

might influence the results; therefore, they were excluded from the analysis. Firstly, since 

the vessels density and ONL/INL thickness are in different metrics they cannot be added 

into the analysis. Therefore, they were transformed in order to make them scale-free. We 

decided to transform them into the log transformation (Figure 4.4.A.C). Generally, a log 

transformation can help the sample observations better satisfy the assumptions of the 

statistical analysis (Curran-Everett, 2018). 

The analysis showed that the thickness of the ONL may correlate with the vessel 

density of the DP at p15 (P<0.001; n=6); however, SP and IP did not have a correlation 

with ONL. The robustness of  multiple regression analysis evaluated by regression output 
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(Figure 4.4.B). The regression output represented by: P value<0.0001; R2=0.73; Adjusted 

R2=0.68; VIF=1.4.  

Furthermore, the regression analysis of INL thickness and three capillary plexus 

showed that there was no a significant correlation between vessel density in three plexuses 

and INL thickness at p15 (P=0.876; n=6).  The robustness of  multiple regression analysis 

evaluated by regression output (Figure 4.4.D). The regression output represented by: P 

value<0.0001; R2=0.74; Adjusted R2=0.67; VIF=1.4.  

Meanwhile, the multiple regression analysis showed that at p30 there was a 

statistically significant correlation between ONL thickness and vessel density of the DP 

(P<0.001; n=6) while the vessel density of the IP and SP did not have any correlation with  

the alterations in ONL thickness agreeing with other studies (Nesper, Scarinci, & Fawzi, 

2017; Fernández-Sánchez, Esquiva, Pinilla, Lax, & Cuenca, 2018 ; Pennesi, Nishikawa, 

Matthes, Yasumura, & LaVail, 2008 ) whereas a correlation between INL thickness and IP 

vessel density was observed in the analysis (P<0.01; n=6) but not with SP and DP vessel 

densities. The robustness of  multiple regression analysis evaluated by regression output 

and residual plot. The multiple regression output: ONL regression P value<0.0001; 

R2=0.80; Adjusted R2=0.78; VIF=1.4 (Figure 4.4.E). INL regression P value<0.0001; 

R2=0.58; Adjusted R2=0.51; VIF=1.598 (Figure 4.4.F). 

In summary, the vessel density analysis showed some specific changes concerning 

retinal capillary plexuses of IRD models versus WTs controls. The SP and IP were reduced 

in recessive models of RP yet not in dominant models at p30 ; nevertheless, this might be 

due to the fact that the timeframe of retinal degeneration in Rds-/- and Tulp1-/- mice was 

rapid compared to the dominant models suggesting that the changes in the SP and the IP 

might be due to a secondary effect.  Inexplicably, an increased vessel density in the DP was 

observed in the P23H model at p15; however, by p30, it normalised to C57 wt levels. In 
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the other IRD models, there was a significant decrease in vessel density in the DP compared 

to the controls. Therefore, this vessel density reduction in the DP may mirror the 

progression of photoreceptor degeneration in agreement with previous studies. 

Furthermore, it was decided to conduct a multiple regression analysis to 

interrogate the possible correlation between the degeneration of retinal neurons and vessel 

density. The analysis showed that at p15 the ONL thickness might have an impact on the 

vessel density of the DP, whereas the INL thickness may not correlate with the change in 

vessel density. However, at p30 the ONL thickness was determined as a significant 

parameter for the change of vessel density of the DP, while INL thickness might have an 

impact on the vessel density of the IP. 
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Figure 4. 4. Multiple regression analysis output plots.  

A. The graph shows p15 vascular and retinal thickness Log -transformed data. B. Residual plot of multiple regression 

analysis on vessels density and ONL thickness for p15 transformed dataset. If the residuals of vessels density are randomly 

dispersed around the horizontal axis; a linear regression model is appropriate for the data. The multiple regression output: 

regression P value<0.0001; R2=0.73; Adjusted R2=0.68; VIF=1.4.  D. Residual plot of multiple regression analysis on 

vessels density and INL thickness showing a linear regression model is appropriate for the p15 transformed data. The 

multiple regression output: regression P value<0.0001; R2=0.74; Adjusted R2=0.67; VIF=1.4. C. The graph shows p30 

vascular and retinal thickness Log -transformed data. E. Residual plot of multiple regression analysis on vessels density 

and ONL thickness for p30 transformed dataset. The multiple regression output: ONL regression P value<0.0001; 

R2=0.80; Adjusted R2=0.78; VIF=1.4.  F. Residual plot of multiple regression analysis on vessels density and INL 

thickness showing a linear regression model is appropriate for the p30 transformed data. INL regression P value<0.0001; 

R2=0.58; Adjusted R2=0.51; VIF=1.598. 
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4.3.2.2 The branching index 
 

As stated above the branching index measure the number of vessel junctions 

normalised by per mm2 . The analysis of the branching index of the SP showed that at p15 

none of the IRD models (Tulp1-/- (3.51E-05±5.47E-06 junctions/mm2; n=6), P347S 

(4.15E-0.5±4.47E-06 junctions/mm2; n=6), Rds-/- (4.16E-05±1.31E-05 junctions/mm2; 

n=6) and P23H (4.9E-05±6.93E-06 junctions/mm2; n=6) were different from WTs (C57 wt 

- 4.74E-05±1.13E-05 junctions/mm2; L129 wt - 4.78E-05±8.11E-06 junctions/mm2; n=6; 

Balb/c - 4.98E-05±1.35E-05 junctions/mm2; n=6) controls (Figure 4.5.EE). However by 

p30, the branching index of the SP was significantly reduced only in Rds-/- (1.9E-

05±3.46E-06 junctions/mm2; P<0.001; n=6) retinas but not in Tulp1-/- (2.97E-05±4.45E-

06 junctions/mm2; n=6), P347S (2.73E-05±1.82E-06 junctions/mm2; n=6) and P23H 

(2.53E-05±1.82E-06 junctions/mm2; n=6) retinas compared to WTs (C57 wt - 2.64E-

05±1.86E-06 junctions/mm2; L129 wt - 2.76E-05±1.47E-05 junctions/mm2; Balb/c - 

2.81E-05±4.9E-06 junctions/mm2; n=6) (Figure 4.5.EE).  

In terms of the branching index of the IP, at p15 Rds-/- (2.36E-05±5.98E-06 

junctions/mm2; P<0.001; n=6), and P23H (2.2E-05±3.7E-06 junctions/mm2; P<0.0001; 

n=6) retinas were  significantly diminished compared to WTs (Balb/c - 4.5E-05±4.51E-06 

junctions/mm2; C57 wt - 4.38E-05±5.72E-06 junctions/mm2; n=6), while the branching 

index of Tulp1-/- (3.51E-05±5.4E-06 junctions/mm2; n=6) and P347S (3.3E-05±8.1E-06 

junctions/mm2; n=6) retinas were similar to the controls (C57 wt - 4.38E-05±5.72E-06 

junctions/mm2; L129 wt - 4.59E-05±9.66E-06 junctions/mm2; n=6) retinas (Figure 4.5.FF). 

By p30 the branching index of P23H (1.72E-05±3.3E-06 junctions/mm2; P<0.0001; n=6) 

and Rds-/- (1.94E-05±3.2E-06 junctions/mm2; P<0.0001; n=6) mice remained less than 

wild type, while Tulp1-/- (2.71E-05±6.92E-06 junctions/mm2; n=6) and P347S (2.54E-

05±2.82E-06 junctions/mm2; n=6) were statistically insignificant compared to WTs 
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controls (C57 wt - 3.13E-05±2.07E-06 junctions/mm2; Balb/c - 3.26E-05±5.12E-06 

junctions/mm2; L129 wt - 3.22E-05±3.58E-06  junctions/mm2; n=6) (Figure 4.5.FF).  

The branching index of the DP at p15, on other hand, in Tulp11-/- (7.73E-

05±8.47E-06 junctions/mm2 ; P<0.05; n=6) and Rds-/- (3.95E-05±6.63E-06 junctions/mm2 

; P<0.0001; n=6) retinas was notably reduced compared to WTs (L129 wt - 7.73E-

05±9.47E-06 junctions/mm2; Balb/c - 9.87E-05±2.05E-05 junctions/mm2; n=6), while in 

P23H (0.00011±2.9E-05 junctions/mm2; n=6) and P347S (6.33E-05±1.98E-05 

junctions/mm2; n=6) retinas, the DP branching index was comparable with WTs (L129 wt 

- 7.73E-05±9.47E-06 junctions/mm2; C57 wt - 9.27E-05±8.47E-06 junctions/mm2; n=6) 

(Figure 4.5.FF). By p30 all IRD models had a statistically significant reduction in branching 

index compared to WTs. For instance, in P23H (7.37E-05±5.65E-06 junctions/mm2; 

P<0.001; n=6), the branching index was remarkably higher than WTs (C57 wt - 5.76E-

05±5.63E-06 junctions/mm2; n=6) and the rest of IRD models. The branching indexes of 

Tulp1-/- (4.17E-05±7.46E-06 junctions/mm2; P<0.001; n=6), Rds-/- (4.75E-06±1.38E-06 

junctions/mm2; P<0.0001; n=6) and P347S (3.82E-05±5.43E-06 junctions/mm2; P<0.0001; 

n=6), in contrast, were reduced significantly in comparison to WTs controls (C57 wt - 

5.76E-05±5.63E-06 junctions/mm2; Balb/c - 6.07E-05±9.01E-06 junctions/mm2; n=6) 

(Figure 4.5.FF).  

In summary, branching index analysis in SP revealed that there was a significant 

reduction in Rds-/- retinas at p15 and p30, whereas the rest of the studied IRD models were 

similar to WTs controls. Interestingly, at p15 and p30 in Rds-/- and P23H retinas, the 

branching index of IP was remarkably less than WTs, suggesting the branching network 

was not as developed as that in Tulp1-/- and P347S mice. Meantime, the branching index 

of DP was significantly altered in all IRD models compared to WTs at p30, although at p15 

a difference was only observed in Rds-/- and Tulp1-/- retinas. In contrast, the branching 
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index in DP was quite high in P23H models at p30, whereas other IRD retinas were 

remarkably diminished compared to WTs controls. 

4.3.2.3 Total Vessel Length 
 

The analysis of total vessel length of the SP demonstrated that Tulp1-/-

(34694.03±2824.68 mm; P<0.05; n=6); P347S (37195.88±2965.405 mm; n=6), P23H 

(46492.02±5624.551 mm; n=6) and Rds-/- (37600.56±3774.947 mm; n=6)  retinas were 

comparable to WTs controls (L129 wt - 41879.38±5460.552 mm; C57 wt - 

41409.02±6489.239 mm; Balb/c  - 40291.16±4247.299 mm; n=6) (Figure 4.5.GG). By p30, 

the total vessel length of the SP in Rds-/- (25188.75±1087.554 mm; P<0.01; n=6) was 

remarkably reduced compared to Balb/c (29652.8±2925.883 mm; n=6), whereas Tulp1-/- 

(31822.6±1320.741 mm; n=6), P347S (31373.95±1180.912 mm; n=6) and P23H 

(30131.31±600.0538 mm; n=6) were similar to WTs (C57 wt -  30368.28±1756.55mm; 

L129 wt - 30867.89±1035.452mm; n=6) retinas (Figure 4.5.GG).  

The total vessel length in the IP of P347S (28120.77±5950.692 mm; P<0.01; n=6), 

P23H (25760.12±2283.252 mm; P<0.01; n=6) and Rds-/- (26143.1±6272.208 mm; 

P<0.001; n=6) was significantly diminished compared to WTs (L129 wt -  

40718.12±3262.561 mm; C57 wt - 39352.97±3292.648 mm; Balb/c - 37477.28±1961.03 

mm; n=6) at p15, whereas Tulp1-/- (39765.44737±2985.73 mm; n=6) was similar to C57 

wt (39352.97±3292.648 mm; n=6) retinas (Figure 4.5.GG). By p30 the total vessel length 

of the IP showed that Rds-/- retinas (28794.46±1941.752 mm; P<0.01; n=6) were 

significantly reduced compared to Balb/c (35157.44±3324.381 mm; n=6), while Tulp1-/- 

(31761.15±3035.456 mm; n=6), P347S (34467.61±3115.576 mm; n=6) and P23H 

(32550.39±3561.597 mm; n=6) were akin to WTs (C57 wt - 34430.21±1779.424 mm; L129 

wt -  37328.97±1521.843 mm; n=6) retinas (Figure 4.5.GG).  
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In addition, the total vessel length of the DP was found to be significantly altered 

in all IRD models compared to WTs: Tulp1-/- (53500.34±3055.785 mm; P<0.01; n=6); 

Rds-/- (35507.33±3011.44 mm; P<0.0001; n=6); P347S (50940.15±2570 mm; P<0.01; 

n=6); P23H (76326.64±1617.271 mm; P<0.0001; n=6) in contrast to WTs (C57 wt - 

59723.72±2779.188 mm; L129 wt - 56519±2871.077 mm; Balb/c - 57607.2±4810.005 

mm) retinas at p15 (Figure 4.5.GG). The DP total vessel length was notably reduced in 

P347S (39985.89±3129.417 mm; P<0.0001; n=6), Rds-/- (15615.98±2163.936 mm; 

P<0.0001; n=6) and Tulp1-/- (35949.59±3756.94 mm; P<0.0001; n=6) models at p30, 

whereas P23H (51870.72±2198.88 mm; n=6) was reduced from p15 and was similar to 

WTs retinas (C57 wt - 50871.7±2165.448mm; L129 wt - 51587.82±1010.027 mm; Balb/c 

- 50480.76±1741.908 mm; n=6) (Figure 4.5.GG).  

 In summary, at p15 and p30, the total vessel length of the SP was significantly 

reduced in Rds-/- retinas, while the rest of the IRD retinas were comparable to WTs. 

Similarly, at p15 in Rds-/- retinas the total vessel length of the IP was reduced, and likewise 

at p15 the IP total vessel length was also decreased in P347S and P23H retinas, but indeed 

their numbers increased compared to WTs by p30 except in Rds-/- retinas IP total vessel 

length which was still reduced at p30. At p15 and p30 the total vessel length of the IP in 

Tulp1-/- retinas was akin to C57 wt retinas. The total vessel length of the DP, on the other 

hand, demonstrated that all IRD retinas were dissimilar to WTs control retinas. At p15 and 

p30 in Tulp1-/-, Rds-/- and P347S retinas there was a significant drop in the total vessel 

length of the DP, while the total vessel length of the DP in P23H was higher than C57 wt 

retinas at p15, but the vessels length of the DP in P23H levelled out to that of the control 

retinas by p30.   
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4.3.2.4 Total Number of Endpoints 
 

Total number of endpoints is defined by the number of open ended segments as 

per above. The analysis of the total number of endpoints in the SP indicated that at p15 

none of the IRD models, Tulp1-/- (182.33±25.29; n=6), Rds-/- (233.94±35.91; n=6), P347S 

(227.44±19.19; n=6) and P23H (229.44±31.86; n=6) were statistically different compared 

to WTs (C57 wt - 216.88±33.27;  L129 wt - 223.05±13.98;  Balb/c - 222.73±34.04; n=6) 

(Figure 4.5.HH). In Tulp1-/- (161.22±21.52; n=6), Rds-/- (127.83±27.48; n=6) and P347S 

(165.61±13.43; n=6) retinas, the total number of endpoints of the SP was similar to WTs 

(C57 wt - 155.11±8.75; Balb/c = 148.83±16.54; L129 wt - 158.05±10.75; n=6) at p30, 

whereas a modest reduction was observed in P23H (137.66±21.52; P<0.05; n=6) retinas 

(Figure 4.5.HH).   

An analysis of the total number of endpoints in the IP showed that at p15 in P347S 

(205.83±14.51; P<0.01; n=6) retinas there was a significant reduction compared to WTs 

(L129 wt - 262.88±27.06; n=6), whereas Tulp1-/- (235±25.98; n=6), Rds-/- (203.88±22.48; 

n=6) and P23H (223.27±15.27; n=6) were comparable to control retinas (C57 wt - 

238.72±24.28; L129 wt - 262.88±27.06; Balb/c - 233.88±25.42; n=6) (Figure 4.5.HH). By 

p30, a decrease in the total number of endpoints was found in P23H (104±3.82; P<0.0001; 

n=6), Tulp1-/- (177.69±19.02; P<0.05; n=6) and Rds-/- (143.38±13.51; P<0.0001; n=6) 

compared to WTs controls (C57 wt - 208.11±18.68; Balb/c - 205.83±8.74; n=6). In 

contrast, P347S (202.61±33.63; n=6) retinas showed comparable numbers of endpoints to 

that in L129 wt (198.61±15.92; n=6) control retinas (Figure 4.5.HH).  

Evaluation of the total number of endpoints of the DP, demonstrated that all IRD 

models  different numbers of endpoints compared to the WTs retinas at p15. A significant 

reduction was observed in P347S (209.61±35.05; P<0.01; n=6), Tulp1-/- (198.44±9.32; 

P<0.01; n=6) and Rds-/- (200.16±12.52; P<0.0001; n=6) retinas, while P23H 
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(299.55±19.99; P<0.0001; n=6) retinas were significantly higher than WTs controls (C57 

wt - 268.55±26.72; L129 wt - 290.44±21.14; Balb/c - 281.38±31.11; n=6) (Figure 4.5.HH). 

In contrast, at p30 Rds-/- (85.88±16.99; P<0.0001; n=6) retinas were still reduced compared 

to Balb/c  (209.66±19.08; n=6) retinas, but Tulp1-/- (236.08±49.53; n=6), P347S 

(180.5±20.93; n=6) and P23H (247.27±22.934; n=6) retinas were statistically similar to the 

controls (C57 wt - 221.94±23.78; L129 wt - 203.77±18.06; n=6) (Figure 4.5.HH).  

In summary, the total number of endpoints analysis shows the number of open-

ended segments in IRD retinas versus WTs controls. A modest reduction in the total number 

of endpoints in the SP was observed only in P23H retinas at p30; however, other IRD 

models did not differ from WTs controls at any age studied. The decrease of the total 

number of endpoints in the IP was mostly seen in IRD models at p30. In contrast, all IRD 

models differed to WTs in the total number of endpoints in the DP at p15. For instance, a 

high number of endpoints was observed in P23H retinas compared to WTs, while the rest 

of the IRD models were reduced compared to WTs controls. In contrast to p15 by p30 only 

in Rds-/- retinas was the total number of endpoints reduced in the DP, whereas all other 

IRD models were statistically similar to WTs controls. 

4.3.2.5 Lacunarity 
 

Lacunarity is the dimensional distribution of the empty spaces surrounding the 

object in the image. Generally speaking, Lacunarity is a widely-used term in geometry 

corresponding the quantification of how fractals or geometrical patterns fill space. The 

geometrical objects with higher gaps generally have greater lacunarity (Gould, Vadakkan, 

Poché, & Dickinson, 2011).  

Lacunarity analysis showed that at p15 Tulp1-/- (0.51±0.05; P<0.05; n=6) and 

Rds-/- (0.61±0.1; P<0.01; n=6) were significantly different in the SP compared to WTs 

(C57 wt - 0.39±0.07; Balb/c - 0.40±0.03; n=6) retinas, while P347S (0.43±0.05; n=6) and 



 

 

 204 

 

P23H (0.31±0.05; n=6) retinas were similar to controls (L129 wt - 0.38±0.03; C57 

wt=0.39±0.07; n=6) (Figure 4.5.II). By p30, yet only in Rds-/- (0.41±0.04; P<0.01; n=6) 

retinas, there was a significant alteration compared to Balb/c (0.3±0.04; n=6) retinas, but 

Tulp1-/- (0.33±0.03; n=6), P347S (0.33±0.06; n=6) and P23H (0.34±0.02; n=6) retinas 

were not distinguishable from controls (C57 wt - 0.31±0.03; L129 wt - 0.29±0.04; n=6) 

(Figure 4.5.II).   

In of the IP, at p15 and p30 Tulp1-/- (p15 - 0.47±0.047; P<0.0001; n=6 / p30 -

0.58±0.06; P<0.0001; n=6), Rds-/- (p15 - 1.03±0.24; P<0.0001; n=6 / p30 - 0.68±0.06; 

P<0.0001; n=6) retinas showed an abnormal dimensional distribution of empty spaces in 

the retinal vasculature; however, P347S (p15 - 0.29±0.01; n=6 / p30 - 0.32±0.07; n=6) and 

P23H (p15 - 0.27±0.07; n=6 / p30 - 0.31±0.05; n=6) were akin to C57 wt (p15 - 0.25±0.04; 

n=6 / p30 - 0.28±0.05; n=6) , L129 wt (p15 - 0.27±0.01; n=6 / p30 - 0.29±0.07; n=6) and 

Balb/c  (p15 -0.26±0.034; n=6 / p30 - 0.27±0.03; n=6) controls (Figure 4.5.II).  

Lacunarity analysis of the DP, on other hand, indicated that a significantly greater 

lacunarity was found in Tulp1-/- (0.38±0.04; P<0.0001; n=6), Rds-/- (0.79±0.1; P<0.0001; 

n=6) and P347S  (0.33±0.04; P<0.01; n=6) retinas compared to controls.  However, in 

contrast, a notable reduction of the lacunarity value was observed in P23H (0.15±0.006; 

P<0.0001; n=6) retinas at p15 as opposed to WTs (C57 wt - 0.25±0.01; L129 wt - 

0.25±0.03; Balb/c - 0.23±0.01; n=6) retinas (Figure 4.5.II). In contrast n P23H (0.32±0.02; 

n=6) retinas, the lacunarity was  equivalent to C57 wt (0.28±0.02; n=6) retinas, while 

Tulp1-/- (0.55±0.08; P<0.0001; n=6), Rds-/- (1.37±0.24; P<0.0001; n=6) and P347S  

(0.438±0.048; P<0.0001; n=6) retinas were still higher than control retinas (C57 wt - 

0.28±0.02; L129 wt - 0.26±0.01; Balb/c - 0.26±0.03; n=6) at p30 (Figure 4.5.II).  

In summary, lacunarity measurements were conducted to assess whether vessels 

in IRD retinas have any abnormal dimensional distributions. The analysis demonstrated 
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that at p15 and p30 the SP of Rds-/- retinas was significantly abnormal compared to Balb/c 

control retinas. Interestingly, the recessive IRD models, Tulp1-/- and Rds-/-, had 

significantly high lacunarity in the IP at all ages compared to both WTs and the dominant 

IRD models. In contrast, lacunarity of the DP showed that all IRD models differed from 

WTs controls at p15; however, while most IRD models had a high lacunarity, in the P23H 

model, the lacunarity was significantly lower than controls suggesting that the dimensional 

space or ‘gappiness’ was less than in WTs and in the other IRD models at p15. Although 

in P23H retinas, the lacunarity of the DP was lower than controls at p15, the value was 

comparable to C57 wt retinas at p30, while in the rest of the IRD models the lacunarity was 

still significantly high at p30 compared to control.  
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Figure 4. 5. The retinal analysis via AngioTool.  

The figure shows analysed plexus pictures taken at mid-radial of each quadrants from IRD and C57 wt flatmounts  (the 

remaining wt are provided in the appendix (Chapter 7, Section 7.8.A)). The green label is isolectin B4; the red panel 

represents the AngioTool outcome. The magnification for all analysed  panel was 100m. p15 C57 wt: A. superficial 

plexus; F. intermediate plexus; K. deep plexus; p30 C57 wt: P. superficial plexus; U. intermediate plexus; Z. deep plexus. 

p15 Tulp1-/-: B.  superficial; G. intermediate plexus; L. deep plexus; p30 Tulp1-/-: Q. superficial plexus; V. intermediate 

plexus; AA. deep plexus. p15 Rds-/-: C. superficial plexus; H. intermediate plexus; M. deep plexus; p30 Rds-/-: R. 

superficial plexus; W. intermediate plexus; BB. deep plexus. p15 P23H: D. superficial plexus; I. intermediate plexus; N. 

deep plexus; p30 P23H: S. superficial plexus; X. intermediate plexus; CC. deep plexus. p15 P347S: E. superficial plexus; 

J. intermediate plexus; O. deep plexus; p30 P347S: T. superficial plexus; Y. intermediate plexus; DD. deep plexus. EE. 

Plot representing vessel density of IRD models versus WTs controls. FF. Branching index of IRD models versus WTs 

controls. GG. The graph represents total vessel length of IRD and WTs controls. HH. Total number of endpoints shown 

on the given graph. II. The plot demonstrates the lacunarity of three plexuses of IRD versus WTs controls. P values: 

*<0.05; **<0.01; ***<0.001. The plexus pictures were analysed in AngioTool and Statistics & Visualisation were 

conducted on GraphPrism8.  
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4.3.3 Quantification of retinal vessel size 
 

Retinal vessel thickness was quantified on the retinal flatmounts stained with 

Collagen 4 and SMA- antibodies using the standard protocol (Section 4.2.3). The vein 

and artery were quantified separately. As we had three different controls, we decided to 

conduct statistical analyses on each IRD model with corresponding the wild type control. 

Quantification of retinal vessel thickness revealed that at p15, there were significant 

differences between recessive IRD models (Tulp1-/-: 13.53±2.4 m, P<0.05; Rds-/-: 

14.64±2.6 m, P<0.05; n=6) but not in dominant RD models (P347S: 15.65±3.74 m; and 

P23H:  15.28±3.08 m; n=6) models compared to WTs (C57 wt: 18.34±2.89 m; L129: 

18.72±2.98 m; Balb/c: 18.52±3.02 m) controls in arteries (Figure 4.6.K). The diameter 

of veins in Tulp1-/- (16.79±6.9 m; P<0.05; n=6) and Rds-/- (16.85±6.02 m; P<0.05; n=6) 

retinas were significantly attenuated, whereas there were no significant difference in P347S 

(18.87±7.2 m; n=6) and P23H (20.89±6.16 m; n=6) retinas compared to WTs retinas 

(C57 wt: 26.2±7.4 m, L129: 26.4±7.22 m and Balb/c: 27.01±7.12 m; n=6) (Figure 

4.6.K). Similarly, at p30 vein attenuation was also observed in Tulp1-/- (17.47±6.6 m; 

P<0.01; n=6) and Rds-/- (16.48±5.6 m; P<0.01; n=6), yet P347S (24.26±7.9 m; n=6) and 

P23H (24.92±7.53 m; n=6) retinas were not statistically different from control retinas 

(C57 wt: 27.11±9.27 m; L129: 28.01±8.33 m; Balb/c: 27.01±7.94 m; n=6) (Figure 

4.6.K). Likewise, the veins, at p30 the diameter of retinal arteries in the models of Tulp1-

/- (15.43±2.4 m; P<0.05; n=6), Rds-/- (14.97±3.16 m; P<0.05; n=6) was modestly 

different than WTs whereas P347S (16.48±2.54 m; n=6) and P23H (21.58±3.5 m; n=6), 

were not statistically dissimilar than WTs (C57 wt=21.3±4.1m, L129=20.87±5.7m and 

Balb/c =21.34±6.27m; n=6) (Figure 4.6.K).  
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Furthermore, it was decided to conduct multiple regression analysis to see whether 

attenuation does correlate with photoreceptor cell loss. The analysis showed that at p15 no 

significant correlation between the thickness of ONL/INL and the retinal vessel size was 

observed; however, at p30 it revealed that the vessel size strongly correlates with only the 

changes of ONL thickness (Artery p30 - P<0.01; Vein p30 - P<0.05; n=6) (Figure 4.6.L). 

The robustness of the analysis was checked by multiple linear regression analysis output: 

R2=0.79; Adjusted R2=0.76; VIF=1.3; P<0.0001. 

In summary, quantifications of retinal vessel thickness were undertaken using 

flatmounts  stained with Collagen 4 (stains both veins and arteries). The analysis revealed 

that at p15 and p30, the diameter of retinal arteries in recessive IRD models were thinner 

than WTs but not in dominant IRD models. In addition , the diameter of veins in Tulp1-/- 

and Rds-/- retinas were attenuated compared to WTs retinas, while the veins of P347S and 

P23H were not statistically different from control retinas at any ages. Moreover, multiple 

regression was conducted to evaluate the relationship between changes in vessel size and 

ONL degeneration. It revealed that at p15 there was no significant relationship found, but 

at p30, the vessel size had a significant correlation with the changes of ONL thickness.  
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Figure 4. 6. Vessel size analysis.  

The analysis conducted on C57 wt and IRD retinal flatmounts  stained with Collagen 4 – red (Balb/c  and L129 can be 

found in the appendix (Chapter 7, Section 7.8.B). C57 wt: A.  p15 whole mount stained Collagen 4 (red) F. p30 whole 

mount stained Collagen 4 (red). Tulp1-/-: B. p15 whole mount stained Collagen 4 (red). G. p30 whole mount stained 

Collagen 4 (red). Rds-/-: C. p15 whole mount stained Collagen 4 (red). H.  p30 whole mount stained Collagen 4 (red).  

P23H: D. p15 whole mount stained Collagen 4 (red). I. p30 whole mount stained Collagen 4 (red). P347S: E. p15 whole 

mount stained Collagen 4 (red). J. p30 whole mount stained Collagen 4 (red) K. The bar chart demonstrates the outcome 

of retinal artery and vein size measurements. L. Residual plot of multiple regression analysis on vessels size and ONL 

thickness for p30 IRD and WTs. The multiple regression output: R2=0.79; Adjusted R2=0.76; VIF=1.3; P<0.0001. P 

values: *<0.05; **<0.01; ***<0.001. Two flatmounts  were analysed for each mouse model at each timepoint. The vessel 

diameter was calculated by Olympus Ruler.  
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4.3.4 Astrocytes dysregulation in IRD models versus WTs. 
 

Differentiation into mature astrocytes was evaluated on retinal flatmounts by 

immunohistochemistry employing GFAP antibody and co-stained with the retinal vascular 

biomarker isolectin GS-IB4 (IB4). GFAP staining enables an analysis of the differentiation 

state of astrocytes as staining is absent in progenitors, weak in immature astrocytes and 

significantly stronger in mature astrocytes. Due to the challenge of quantification of vessel 

coverage of GFAP positive cells (the challenges occurred due to GFAP antibody not 

staining the cell nuclei; therefore it was hard to quantify), it was decided to quantify the 

intensity of GFAP staining on retinal flatmounts  using pictures of the middle part of 

superior, inferior, nasal and temporal regions in the flatmounts  and quantifying them using 

Olympus Tool (Section 4.2.3). GFAP staining showed in Tulp1-/- (8955.45±1208.70; 

P<0.01; n=6) and Rds-/- (9485.55±736.88; P<0.01; n=6) retinas the downregulation of 

GFAP at p15 compared to WR controls, while in dominant IRD models, such as P347S 

(22014.9912±1975.87; P<0.001; n=6) and P23H (19678.7951±941; P<0.001; n=6), 

upregulation of GFAP was found compared to WTs (C57 wt - 13975.88±610.08; L129 wt 

- 14483.76±1300.54; Balb/c - 14959±804.85; n=6) retinas at p15 (Figure 4.7.L). 

Nevertheless, by p30 a significant increase in GFAP was observed in Tulp1-/- 

(16987.211±187.839; P<0.001; n=6) and Rds-/- retinas including P347S 

(25L129.4±1445.07; P<0.001; n=6) and P23H (20164.58±1449.41; P<0.001; n=6) retinas 

compared to WTs (C57 wt - 8248.37±249.41; L129 wt - 90438±1129.54; Balb/c 

=86594±387; n=6) (Figure 4.7.L). As it was shown in Chapter 3 that retinal remodelling 

starts early in Tulp1-/- by p15 and Rds-/- retinas by p8, it was unexpected to see 

downregulation of GFAP as multiple studies have shown that where there is extensive 

retinal remodelling, glial activation tends to be observed (Zhang, et al., 2018; Fernández-
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Sánchez, Esquiva, Pinilla, Lax, & Cuenca, 2018 ; Jones, et al., 2016), as was seen in the 

P347S and P23H models. 

In summary, as some studies have suggested that astrocytes may dysregulate the 

maintenance of the retinal vessels, it was decided to evaluate astrocytes using the GFAP 

antibody. While there are plenty of other biomarkers for astrocytes that could have used, 

due to the availability of GFAP antibody in the laboratory, we used this marker. 

Immunohistochemistry showed that GFAP positive cells typically have a robust spatial 

interaction with blood vessels re-aligning themselves radially with what appears to be axon 

fibre bundles. Interestingly, in Tulp1-/- and Rds-/- retinas, less GFAP positive cells were 

found over vessels, and their intensity was significantly reduced. In contrast, upregulation 

of GFAP in P347S and P23H retinas was observed compared to WTs controls at p15. 

However, at p30 in all IRD retinas, GFAP intensity was significantly higher than WTs. 

 

 



 

 

 212 

 

 

Figure 4. 7. Evaluation of astrocytes in IRD vs WTs retinas.  

GFAP expression in IRD and WTs controls (C57 wt is shown in the figure; L129 and Balb/c are provided in the appendix 

(Chapter 7; Section 7.8.C)). C57 wt: A. p15 whole mount co-stained with GFAP and IB4. The top half of each panel is 

the flatmount view, and the bottom half is an enlarged view of GFAP positive cells localized over vessels. F. p30 

flatmounts co-stained with GFAP and IB4. Top half is the whole mount view and the bottom part is enlarged view of 

GFAP positive cells localization over vessels. P347S: B. p15 flatmounts co-stained with GFAP and IB4. H. p30 whole 

mount co-stained with GFAP and IB4. P23H: C. p15 flatmounts co-stained with GFAP and IB4. I. p30 flatmounts co-

stained with GFAP and IB4. Tulp1-/-: D. p15 who co-stained with GFAP and IB4. J. p30 flatmounts co-stained with 

GFAP and IB4. Rds-/-: E. p15 flatmounts co-stained with GFAP and IB4. K. p30 flatmounts co-stained with GFAP and 

IB4. L. The demonstration of GFAP intensity bar chart. P values: *<0.05; **<0.01; ***<0.001. The taken pictures at 

mid-radial of each quadrants from two flatmounts  were analysed for each mouse model at each timepoint. The GFAP 

intensity was calculated by using the closed polygon tool and mean fluorescence intensity, i.e. mean 16 bit grey-value 

determined via Olympus. 
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4.3.5 Quantification of choroidal vessels in IRD versus WTs retinas 
 

Due to the challenging task of quantifying vortex veins due to the dissection 

process, it was decided to quantify central choroidal arteries. The choroidal artery 

quantification was undertaken using a SMA- antibody and quantified employing 

AngioTool and Olympus Tool Ruler (Methods, Section 4.2.3). As the central choroidal 

arteries are difficult to evaluate in C57 wt, L129 wt, Tulp1-/-, P23H and P347S mice due 

to the pigmented cell layer (Figure 12), it was decided to quantify only Rds-/- and Balb/c 

models, as they are albino mice. In the choroidal whole mount of Balb/c and Rds-/-, the 

two long and short posterior arteries and vortex veins were clearly evident; however, the 

vortex veins were damaged during the dissection and hence it was decided to exclude these 

from the analysis. Moreover, we decided to evaluate, using AngioTool, the full choroidal 

whole mount instead of taking pictures in four quadrats, the method utilised for the retinal 

capillary plexus study. A diagrammatic representation of the choroidal flatmount is shown 

in Figure 4.2A. AngioTool analysis indicated that at p15 the choroidal branching index 

(BI), total vessel length (TVL), total number of endpoints (TNE) and lacunarity (L) were 

significantly lower in Rds-/- (BI - 2.25E-05±7.8E-05 junctions/mm2, P<0.001; TVL - 

24537.77±2315.77 mm, P<0.0001; TNE - 136±9.89, P<0.001; L=1.13±0.12, P<0.001; 

n=6) compared to Balb/c (BI - 7.06E-05±1.34E-05 junctions/mm2; TVL - 

39542.8±1631.229 mm; TNE - 373.33±13.9; L=0.4±0.08; n=6) retinas (Figure 13.E-H). 

By p30 like p15, there was a significant drop in choroidal BI  (2.33E-05±6.35E-07 

junctions/mm2; P<0.001; n=6), TVL (16359±1043.75 mm; P<0.001; n=6), TNE 

(183±14.38; P<0.001; n=6), and L (1.39±0.2) in Rds-/- choroids compared to Balb/c 

choroids (BI - 5.04E-05±6.99E-06 junctions/mm2; TVL - 33919.42±2550.14; TNE - 

305±18.45; L=0.52; n=6) (Figure 13.E-H). Moreover, the thickness of choroidal arteries 

was evaluated according to the protocol provided in the Methods, Section 4.2.3. The 
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analysis showed that the long (22.31±0.93 m) and short (18.48±0.50 m) arteries were 

significantly attenuated in Rds-/- choroids compared to Balb/c (the long (27.14±1.5 m) 

and short (20.67±1.39 m) arteries) controls at p15 (P<0.0001; n=6) (Figure 13.I). This 

trend did not change by p30 demonstrating extensive attenuation in Rds-/- mice (the long 

(22.42±0.89 m) and short (19.23±1.21 m) arteries) compared to Balb/c (the long 

(34.96±1.11 m) and short (25.80±0.95 m) arteries) controls choroids (Figure 13.I). 

In summary, unfortunately, C57 wt, L129 wt and IRD mice, used previously for 

the earlier work presented in this thesis, are on genetic backgrounds that result in a darkly 

pigmented cell layer which makes it extremely difficult to visualise choroidal vessels. 

Therefore, it was decided to study choroidal vessels of Balb/c  and Rds-/- mice, both albino 

mice. The vortex veins of those mice were also hard to evaluate due to the dissection 

process. Therefore, we decided to explore the choroidal arteries. AngioTool and Olympus 

Tool ruler were used to evaluate Rds-/- and Balb/c choroidal arteries. The analysis revealed 

that all the parameters assessed by AngioTool were significantly reduced in Rds-/- retinas 

compared to Balb/c choroids with the exception of the lacunarity measurement, which 

showed an increase in dimensional space in Rds-/- compared to Balb/c choroids at all ages. 

The results suggest that choroidal arteries of Rds-/- retinas may be diminished significantly 

compared to Balb/c mice. Furthermore, the short and long artery sizes were also measured 

and it was found that at both ages, there was a remarkable attenuation observed in Rds-/- 

retinas versus Balb/c controls. Nevertheless, it should be noted that Rds-/- mice were on 

the albino O20/A strain, which was not available as a control. Therefore, it is hard to 

conclude whether the observed difference in phenotypes between the Rds-/- and Balb/c 

mice relate to the presence of the Rds mutation or are as a result of strain-specific 

differences; further investigation would be required to establish this. 
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Figure 4. 8. Choroidal flatmounts of dark pigmented mouse models stained with SMA- antibody (Cyan). 

 A-F. p15 and p30 L129 wt choroids. B-G. p15 and p30 C57 wt choroids. C-H. p15 and p30 Tulp1-/- choroids. D-I. p15 

and p30 P347S choroids. E-J. p15 and p30 P23H choroids.  
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Figure 4. 9. Evaluation of choroidal flatmounts in Rds-/- and Balb/c mice. 

A-C. p15 and p30 flatmounts of Balb/c choroid stained with SMA- antibody (yellow). B-D. p15 and p30 the whole 

mount of Rds-/- choroid stained with SMA- antibody (yellow). E. Choroidal total vessel length bar chart of Rds-/- versus 

Balb/c choroids at p15 and p30. F. Lacunarity of Balb/c and Rds-/- choroids p15 and p30. G. The plot represents branching 

index of Rds-/- and Balb/c choroidal vessels p15 and p30. H. The representation of total number of endpoints in Balb/c 

and Rds-/- choroids. I. Quantified choroidal posterior arterial’s wall size representing on the bar chart. P values: *<0.05; 

**<0.01; ***<0.001. Two flatmounts  were analysed for each mouse model at each timepoint. The vessel diameter was 

calculated by Olympus Ruler and AngioTool. 
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4.4 Discussion 
 

Retinal vascularization provides an opportunity to study vascular remodelling 

during ocular disease in order to elucidate the mechanism(s) of the various ocular diseases. 

Due to improvements in imaging techniques and analysis, the pathological alterations in 

the retinal vasculature associated with retinal disorders can be investigated.  

As described in Chapter 3, we conducted a detailed characterization of Tulp1-/- 

mice, and it arose the interest of vascular remodelling during the disease in Tulp1-/- mice 

and other RP mouse models. Therefore, the current study was designed to evaluate the 

retinal and choroidal vasculature of the Tulp1-/- retinas, along with P347S, P23H and Rds-

/- and also  C57, L129  and Balb/c wt mice, employing AngioTool software, Olympus Cell 

counts Tool and advanced statistical analyses. Moreover, we decided to explore two-time 

points: the first at postnatal p15 when the photoreceptor degeneration has not progressed 

too much, i.e. in Tulp1-/- and Rds-/- mice the photoreceptor degeneration starts at p14 and 

p8 respectively (Chapter 3) but in P347S and P23H models may start later than p15, albeit 

a relatively extensive vasculature has developed in most of the rodents by 15. Subsequently, 

we may end up seeing the early vascular changes only in recessive IRD models (Tulp1-/- 

and Rds-/-), but not in dominant IRD models (P347S and P23H). Therefore, we decided to 

explore the retinal and choroidal vasculature of IRD versus WTs mouse models at p30 as 

well.  

In order to explore the possible correlation between degeneration and vascular 

alterations, we chose to evaluate the thickness of the outer and inner nuclear layers. 

However, visual function assays were not included to assess the progression of the 

degeneration but could be added in the future study. Gross retinal architecture was 

evaluated on the retinal sections of IRD mice as well as C57 and L129 wt mice at p15 and 

p30. Morphological analyses of IRD and WTs revealed that at p15 there was a modest 
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reduction in the thickness of the ONL and INL in the Tulp1-/- and Rds-/- models whereas 

no statistical divergence between P347S and P23H retinas and WTs was found (Figure 

4.2.A-J.U). At p30 the thickness of the ONL was significantly reduced in all IRD models 

compared to WTs controls; however, the thickness of the INL was significantly reduced in 

Tulp1-/- and Rds-/- retinas but not in P347S and P23H retinas compared to WTs retinas 

(Figure 4.2.K-T.U). The results from the study suggest that the IRD recessive models seem 

to have a more rapid degeneration compared to that in the dominant models.  

Quantification of retinal capillary plexuses in IRD mice versus WTs controls was 

conducted using AngioTool. In this analysis, albino Balb/c mice were included as controls 

to confirm that the retinal vascular plexuses were not changing due to the albinism of Rds-

/- mice.   

Vessel density analysis on the retinal flatmounts  of IRD and WTs revealed that at 

p15 in the Tulp1-/- and P347S models, the SP was significantly reduced, yet in the Rds-/- 

and P23H retinas no difference was observed compared to WTs (Figure 4.5.A-E.EE). 

However, at p30, the P347S and P23H retinal SP was similar to WTs but in Tulp1-/- and 

Rds-/- the SP was significantly reduced (Figure 4.5.P-T.EE). Regarding the vessel density 

of the IP of IRD versus WTs retinas, interestingly, in Rds-/-, P347S and P23H retinas a 

notable decrease in IP but not in Tulp1-/- was observed at p15 (Figure 4.5.F-J.EE). 

Nevertheless, by p30 Tulp1-/- and Rds-/- retinas showed a remarkable reduction in IP but 

not in dominant IRD retinas compared to WTs retinas (Figure 4.5.U-Y.EE). Similarly, 

early reduction of the IP and SP was observed in other rodent RP models (S334ter-3 and 

S334ter-7) (Pennesi, Nishikawa, Matthes, Yasumura, & LaVail, 2008 ) at p15-30. In this 

study the authors suggested that the changes in vasculature were simply secondary effect(s) 

due to photoreceptor degeneration, which starts from p15 in those models. Moreover, in 

hm Tie2-GFP-Pde6brd1mouse model it was also observed that all three plexuses were 
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affected due to the retinal degeneration at 2 weeks using a combined retinal confocal 

scanning laser ophthalmoscopy and optical coherence tomography system (OCT) and 

histological analysis (Hanna, et al., 2018). However, as described in Chapter 3 of this 

thesis, we did show early remodelling of the inner retinal neurons in Tulp1-/- and Rds-/- 

retinas at p5 and p14. It may be that such alterations may impact on the development of the 

retinal vasculature including the SP and IP. Interestingly, in  another RP mouse model such 

as rd10 the vessel density of SP was demonstrated to be resistant to photoreceptor 

degeneration and the IP vessel density was slower demolished due to the delayed time 

course of inner retinal degeneration at p21 using OCT angiography (Kim, Son, Lu, Alam, 

& Yao, 2018). Nevertheless, Giannakaki-Zimmermann, et al., 2016 proposed that even 

though OCT angiography can quantify vessels significantly higher than the flatmount 

quantification method, the outcome of the SP vascular network quantification was similar 

in both methodologies analysing with AngioTool.  

Additionally, our results also confirm the previous animal vasculature studies that 

there is the significant reduction in vessel density of the DP in IRD compared to WTs 

retinas at p15 and p30. For instance, in previous study of P23H rat model the vessel density 

decreased progressively from p18 using ImageJ function “ Measure Area” (Fernández-

Sánchez, Esquiva, Pinilla, Lax, & Cuenca, 2018 ).  

Further investigation to see if there was a correlation with vessel alterations and 

retinal thickness, multiple regression analysis was performed in Tulp1-/-, P23H and P347S 

mice, as well as C57 and L129 wt controls. The multiple linear regression showed that ONL 

or INL thickness and vessel density of three plexuses were appropriate variables for the 

linear regression with a significant p-value <0.0001 (Figure 4.4.A-F). The outcome of the 

regression analysis revealed that at p15 and p30 ONL thickness does have a strong 

correlation with the vessel density in the DP, in agreement with prior studies (Liu, et al., 
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2016; Pennesi, Nishikawa, Matthes, Yasumura, & LaVail, 2008 ; Kim, Son, Lu, Alam, & 

Yao, 2018; Hanna, et al., 2018). However, even though at p15 no correlation was observed 

between the vessel density of the three plexuses and INL thickness, INL thickness showed 

a significant correlation with the vessel density in the IP by p30.  

Consequently, we confirmed that there was a correlation between alterations in 

the DP and IP and retinal degeneration in these murine models; however, mouse IRD 

models  differ significantly to the human disease. Just by way of example, the composition 

of the mouse retina differs significantly from the primate retina as highlighted by the 

absence of a macula in rodents, among other differences.   

However, there is a study showing that in human RP patients, the DP and SP were 

significantly compromised compared to healthy controls suggesting that the results 

obtained from this observational study in mice might mirror at least some aspects of the 

vascular pathology in the human disease (Toto, et al., 2016). Furthermore, the recent 

vascular study of the human RP patients also demonstrated that vessel density in the 

perifovea of DP and IP significantly reduced in RP patients and they strongly correlated 

with outer retinal thinness using OCT angiography yet the vessel density alterations were 

moderate in SP (Hagag, et al., 2019).  

Next AngioTool software was utilised to undertake branching index analyses on 

IRD versus WTs retinal images. The analyses suggested that at  p15 and p30 the branching 

index in the SP was less in Rds-/- retinas, while all other IRD models were similar to WTs 

(Figure 4.5.A-E.P-T.FF). Those changes might have been occurred due to the observation, 

in our laboratory, of a relatively fast degenerative nature of Rds-/- retinas compared to other 

IRD models. Previously, in hm Tie2-GFP-Pde6brd1mouse model the reduction of main 

vessel branching was also observed (Hanna, et al., 2018). Similar to SP, at p15 and p30 the 

branching index in the IP showed a decrease in Rds-/- retinas and also in P23H retinas, 
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whereas in Tulp1-/- and P347S no alterations were found compared to WTs. The decrease 

in the intermediate branching index in P23H retinas was somewhat unexpected as we did 

not observe any significant changes in the gross inner retinal architecture of P23H at p30 

(Figure 4.5.F-J.U-Y. FF). In terms of branching index in the DP, at p15 a significant 

reduction was observed in Tulp1-/- and Rds-/- retinas but not in P23H and P347S retinas 

(Figure 4.5.K-O.FF). However, at p30 a notable decrease in the branching index of the DP 

was found in Tulp1-/-, Rds-/- and P347S, while in P23H, the branching index of the DP 

was significantly higher than WTs retinas at p30 (Figure 4.5.Z-DD.FF) It is worth noting 

that P347S and P23H mouse models have different dominant mutations within the 

rhodopsin gene, and using this assay, the vasculature pathology was divergent between the 

two models. However, it should be noted that the P347S and P23H mouse models were on 

different genetic backgrounds which might potentially influence the effect(s) of a given 

mutation.   

The total vessel in the SP plexus of Rds-/- retinas was statistically reduced 

compared to Balb/c retinas, while all other IRD models were similar to controls at p15 and 

p30 (Figure 4.5.A-E.Z-DD.GG). Analogously, a significant decline in the total vessel 

length of the IP was found in Rds-/- at p15 and p30.  A decline in total vessel length was 

also seen in P347S as well as P23H retinas at p15, but had recovered by p30 compared to 

control retinas. Interestingly, no noticeable change was observed in Tulp1-/- in the total 

vessel length of the IP at p15 and p30 (Figure 4.5.F-J.U-Y.GG). While pathological 

changes were observed in the inner retina of Tulp1-/- mice at an early age (Chapter 3), it 

seems that the total vessel length was not affected in the Tulp1-/- retinas, even though the 

vessel density was reduced at p30. In the DP, total vessel length was significantly reduced 

in Tulp1-/-, Rds-/- and P347S retinas at p15 and p30, whereas in the P23H model a 

noticeable increase was found at p15, but by p30 the total vessel length of the DP in P23H 
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model was similar to controls (Figure 4.5.K-O.Z-DD.GG). Moreover, the branching 

index, the vessel length were seemed to be directly related to the vessel density and it did 

not seem that those parameters differ from each other.   

Subsequently, an analysis of the total number of endpoints was also undertaken, 

by evaluating the number of open-ended segments on images of IRD and WTs retinas. The 

analyses showed that no significant differences were evident at p15 in the SP of IRD versus 

WTs retinas (Figure 4.5.A-E.HH). By p30, a modest reduction of the SP was observed in 

P23H retinas, while the other IRD models were indistinguishable from control retinas 

(Figure 4.5.P-T.HH). In terms of the total number of endpoints in the IP, although at p15 

a significant reduction was observed in P347S retinas, this had normalised by p30. In the 

other IRD retinas at p15, there was no notable change in total number of endpoints 

compared to WT controls, however, by p30 a significant decline was apparent in Tulp1-/-, 

Rds-/- and P23H retinas (Figure 4.5.F-J.U-Y.HH). At p15 the total number of endpoints 

in the DP, on the other hand, showed a noticeable decline in Tulp1-/-, Rds-/- and P347S 

retinas but a remarkable increase in P23H retinas. However, by p30 only in Rds-/- retinas 

was observed a significant decrease in the total number of endpoints observed, whereas all 

other IRD models were similar to WTs controls (Figure 4.5.K-O.Z-DD.HH). This 

parameter interestingly differed from other above studied parameters showing specific 

differences between IRD models. In human nor animal studies, the total number of 

endpoints in retinal vasculature was not studied before; it would be interesting using new 

advanced OCT angiography and evaluate the open ended segments taken from RP patients 

and see whether the given parameter is able to detect the vascular changes depending on 

the disease form of IRD.      

In the current study, the lacunarity was also quantified using the AngioTool 

platform to evaluate the dimensional distribution of empty spaces surrounding an object in 
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an image. The analysis revealed that at p15 in the SP of Tulp1-/- and Rds-/- retinas there 

was a high lacunarity, whereas P347S and P23H retinas were similar to the controls (Figure 

4.5.A-E.II). However, at p30 the highest lacunarity was found only in the SP of Rds-/- 

retinas, while all other IRD models were not different than WTs (Figure 4.5.P-T.II). 

Similarly, the lacunarity of the IP demonstrated abnormalities in Rds-/- and Tulp1-/- retinas 

at p15 and p30.  In contrast, P347S and P23H retinas were not distinguishable from WT 

controls at p15 and p30 (Figure 4.5.K-O.Z-DD.II).  In contrast, at p15 the lacunarity of 

the DP showed a significant increase in Tulp1-/-, Rds-/- and P347S retinas, however in 

P23H retinas a notable decrease in lacunarity was observed, suggesting the lack of 

dimensional space  compared to WTs controls (Figure 4.5.K-O.II). However, at p30, the 

lacunarity in the DP of P23H retinas was equivalent to WTs, while it remained statistically 

higher in other IRD models (Figure 4.5.Z-DD.II). These results suggest that Rds-/- was a 

sever photoreceptor-degenerative model in contrast to those studied IRD models due to the 

rapid photoreceptor and vascular degeneration. Interestingly, the lacunarity of the IP 

correlated with our previous Tulp1-/- observation where inner retinal remodelling 

(Chapter 3) was present at p14, such remodelling may possibly influence inner retinal 

vascular morphology in Tulp1-/- retinas. Also, the lacunarity in the DP of P23H retinas 

differed significantly compared to all other IRD models. Previously, Gould, Vadakkan, 

Poché, & Dickinson, 2011 pointed out that the heterogenous morphology of vessels may 

impact retinal vessel diameter producing not reliable outcomes but lacunarity analysis 

could help to detect the early changes within pathological tissues. For instance, the study 

of the characterisation of the human retinal vascular arborisation in normal and amblyopic 

eyes revealed that lacunarity analysis could robustly detect early vascular alterations in the 

patients (Tălu, Vlăduţiu, & Lupaşcu, 2015). The authors suggested lacunarity could be used 

as a non-invasive predictive tool for an early diagnosis of patients with amblyopia (Tălu, 
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Vlăduţiu, & Lupaşcu, 2015). Unfortunately, we could not find from the literature using 

lacunarity analysis as a parameter analysing the OCT images of IRD subjects. In the future, 

it would be interesting to utilize the latter parameter to see whether the lacunarity analysis 

is able to detect early vascular morphological alterations in IRD patients.  

Furthermore, the core characterisation of IRD patients is the retinal vessel 

attenuation; therefore, the vessel size quantification was conducted on the retinal 

flatmounts of IRD versus WTs retinas. The analysis showed that at p15 and p30 significant 

reduction in the diameter of artery size was observed in recessive Tulp1-/- and Rds-/- 

models but not in P23H and P347S mice (Figure 4.6.A-J.K); similarly, the diameter of 

vein size notably declined in Rds-/- and Tulp1-/- models but not in P347S and P23H retinas 

(Figure 4.6.A-J.K). The retinal vessel attenuation was also observed in NOD.SCID-rd1 

mouse model at p30 correlating with photoreceptor degeneration (Mishra, et al., 2017). It 

is interesting that most TULP1-linked patients have severe vein and artery vessel 

attenuation with multiple occluded vessels at an early age which mirrors the Tulp1 -/- 

mouse model phenotype (Mataftsi, et al., 2007; Avela, et al., 2019). Moreover, the multiple 

linear regression analysis showed that ONL thickness may have a significant correlation 

with vessel attenuation of artery and veins at p30 but not at p15. There were also human 

studies shown the retinal vessel attenuation has a significant correlation with loss of visual 

field in the retinitis pigmentosa patients (Ma, et al., 2012; Nakagawa, et al., 2014; Sodi, et 

al., 2016). 

Since a network of retinal astrocytic precursors is created before vascular 

development in the murine retina and retinal vascular development has been shown to be 

important for differentiation of astrocytic precursors into mature astrocytes (Duan, Pan, 

Sato, & Fong, 2017 ), thus, it was decided to investigate if astrocytes using the GFAP 

biomarker for astrocytes and glial cells in IRD and WTs retinas. As stated above, GFAP 
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staining enables an analysis of the differentiation state of astrocytes as staining is absent in 

progenitors, weak in immature astrocytes and significantly stronger in mature astrocytes. 

GFAP intensity analysis showed that at p15 in P347S and P23H, GFAP intensity was 

significantly higher than WTs retinas but in Tulp1-/- and Rds-/-, a reduction found (Figure 

4.7.A-E.L). However, by p30 in all IRD retinas, GFAP expression was higher than the 

control retinas (Figure 4.7.F-K.L). The results were somewhat surprising, especially 

GFAP downregulation in Rds-/- and Tulp1-/- retinas compared to WTs, because it is well 

known that glial activation is one of the characteristics of retinal remodelling in RP mouse 

models (see Chapter 3), in line with the upregulation of GFAP in the P347S and P23H 

models. It, therefore, needs further clarification in order to elucidate the mechanism and 

timing of the pathologies in Tulp1-/- and Rds-/- retinas. Furthermore it would be of value 

to employ other biomarkers for astrocytes such as CD44, Glast, Ran-2, S100b and FGFR3 

(Tao & Zhang, 2014) to support the finding and ensure that this observation is due to 

astrocyte dysregulation.  

In the current study, the choroidal vessels of IRD and WTs mice was also analysed 

using immunocytochemistry, co-staining with SMA- and IB4. Unfortunately, a challenge 

was imaging the choroids of L129 wt, C57 wt, Tulp1-/-, P347S, and P23H eyes due to the 

presence of pigmented cells in the RPE and choroid that hinder light transmission (Figure 

4.8.A-J). Of note there are two melanin bleaching protocols, including hydrogen peroxide 

treatment and potassium permanganate (KMnO4) with oxalic acid, which could possibly 

be conducted in the future to try to overcome this issue (Manicam, et al., 2014; Kim & 

Assawachananont, 2016; Zhao, et al., 2018). However given the above, we decided to 

evaluate albino Balb/c and Rds-/- mice instead. The analysis showed that at p15 and p30, 

all AngioTool parameters such as branching index, total vessel length, total number of 

endpoints and lacunarity were compromised in Rds-/- choroids compared to Balb/c (Figure 
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4.9.A-D.F-I). Moreover, we established that both short and long posterior arteries were 

significantly attenuated in Rds-/- choroids compared to Balb/c choroids at p15 and p30 

(Figure 4.9.A-D.J). Our choroidal studies in Rds-/- versus Balb/c choroids mirrored with 

results of human IRD patients showing perturbations in choroidal vasculature. For instance, 

in human studies of RPGR-associated RP demonstrated that the choroidal capillaries are 

significantly attenuated using OCT angiography (Tang, Jauregui, Tsang, Bassuk, & 

Mahajan, 2019). In human Bietti crystalline dystrophy patients with CYP4V2 mutations the 

choroidal vasculature was also shown severely affected (Hirashima, et al., 2017). Also 

many studies showed that in RP patients the vascular network in retina and choroid was 

significantly compromised compare to the healthy subjects (Guduru, et al., 2018; Wei, et 

al., 2019).  

In summary, in this preliminary study of the retinal vasculature together with the 

data in Chapter 3, the Rds-/- RP model in our hands seems to be the most severe IRD 

model among those studied. The Tulp1-/- mouse model showed some interesting insights 

such as the retinal IP and SP had less vessel density, and additionally the IP was 

compromised in lacunarity suggesting the inner retinal remodelling in Tulp1-/- mice (see 

Chapter 3) may have an impact on the vascular growth and development. Furthermore, 

inexplicably, we found that GFAP was downregulated at p15 in Rds-/- and Tulp1-/- retinas, 

but at p30 GFAP expression was higher than wild type controls. In the future it would be 

of interest to evaluate whether dysregulation of astrocytic maturation might influence  the 

retinal vasculature in those models or not. In this study, differences in IP and DP in two 

rhodopsin-linked RP models, P347S and P23H, were found.  

Moreover, in the future, it would be interesting to see whether the differences in 

retinal and choroidal vessels observed in this study in IRD models are mirrored in the 

human disorders. In this regard, mouse models are valuable but not 100% reliable in the 
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context of human disease and as noted previously the mouse retina differs significantly in 

cell composition from the primate retina. The current study provides some initial 

observations regarding the retinal vasculature in a number of murine IRD models compared 

to WTs and provides some insights into aspects of the retinal pathologies in these models 

relating to perturbation in the retinal vasculature. While a number of interesting findings 

have been observed in the current study as highlighted in detail above, it is of note that this 

preliminary study of the retinal vasculature also has a number of limitations.  For example, 

we did not have O/20A albino mice as controls for Rds-/- mice. Furthermore, other vessel-

quantitative software, such as, Angiogenesis plugin Image J might have been explored as 

another means to try to quantify differences in vasculature. However, the software utilised, 

AngioTool, has been employed in a number of studies previously to evaluate retinal 

vasculature (Roberts, Nesper, Gill, & Fawzi, 2017; Giannakaki-Zimmermann, Kokona, 

Wolf, Ebneter, & Zinkernagel, 2016; Montoya-Zegarra, et al., 2019). In addition, if it was 

not ideal that the P23H and P347S mice were not on the same genetic background, 

however, these were the mouse models available in the laboratory and due to time 

constraints we were not able to place these models on the same genetic background. To try 

to compensate for this, both C57 and L129 wild type controls were evaluated in the study, 

however, while of value, this does not fully account for the possible interaction of genetic 

background with specific disease mutations. Furthermore additional astrocytes biomarkers 

might have been used in the study and we could have considered including protocols to 

bleach the melanin from the choroids in the dark pigmented models and indeed this protocol 

may be adopted in future studies.   

In conclusion, it is worth noting, that recently in a number of studies significant 

differences have been observed in the retinal vasculature in both animal models of retinal 

disorders and in human patients (Hagag, et al., 2019; Sodi, et al., 2016; Fernández-Sánchez, 
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Esquiva, Pinilla, Lax, & Cuenca, 2018 ; Kim, Son, Lu, Alam, & Yao, 2018; Hanna, et al., 

2018). The current study adds to a growing body of evidence that the retinal vasculature, 

at many levels (the SP, IP, DP, choroid etc), is  perturbed in some IRDs. Further studies 

will be required to understand whether such perturbation of the retinal vasculature results 

in further escalating/amplifying retinal disease pathologies, that are typically initiated by a 

single primary genetic mutation in one of over 300 IRD genes. 
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Chapter 5 General Discussion 
 

 
Given the recessive nature of mutations in TULP1-linked inherited retinal 

degeneration patients, a therapeutic approach that replaces mutant TULP1 alleles may be 

the most feasible strategy for rescuing the primary defect in TULP1-linked patients. In this 

study, we designed an AAV based gene therapy carrying the human TULP1 cDNA driven 

by the CBA promoter and used a Tulp1-/- knockout mouse model to test the efficacy of this 

therapeutic approach. Previously, in TCD, in the Farrar laboratory, an AAV-mediated gene 

replacement therapy for the Rho-/- mouse model was successfully undertaken and shown 

to provide a significant improvement in vision and the morphological architecture of the 

retina (Palfi, et al., 2015). Thus, it was decided to use similar methodology to try to correct 

the defect in Tulp1-/- mice.  

To evaluate expression of the therapeutic transgene, we generated a real-time RT-

PCR-TULP1/Actb assay and tested expression in HEK cells at both the RNA and protein 

levels (Section 2.3.1.5). The human TULP1 cDNA driven by the CBA promoter (generated 

by Dr. Arpad Palfi, the Farrar laboratory, TCD), and the construct was packaged 

successfully into AAV2/5 (produced by Dr. Naomi Chadderton, Farrar laboratory, TCD). 

High titre AAV-TULP1 with a reduced dose of AAV-EGFP was subretinally injected by 

Dr. Paul F. Kenna, an ophthalmic surgeon, into the right eyes of Tulp1-/- pups at postnatal 

day 1-2 (p1-2), and the left eyes received an AAV-EGFP control vector. It should be noted 

that the EGFP gene was driven by a different promoter, the RHO promoter, in the injected 

left control eyes. However, the optimal control vector for gene therapy studies is worth 

considering. Indeed, possibly a more ideal control would have been empty AAV capsids 

providing the same viral load but without EGFP expression, which at high doses may be 

toxic. However, due to limitations associated with such a control, such as the lack of 
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identification of the injected area and viral spread due to the absence of a reporter gene it 

was deemed appropriate to use the AAV-EGFP vector as the control for these studies – a 

more detailed discussion of this is provided in Chapter 2, Section 2.4. 

After three weeks post-injection of AAV into Tulp1-/- pups, the treated animals 

were analysed using immunohistochemistry, western blot, and real-time RT-PCR-

Tulp1/Actb assays. This analysis revealed that the AAV-TULP1 gene therapy achieved 

15% of human recombinant TULP1 expression level in vivo compared to TULP1 

expression in C57 wt mice. In addition, results from western blot analysis mirrored the in 

vivo RNA results showing 19% of human recombinant TULP1 protein expression in 

transduced Tulp1-/- retinas compared to C57 wt retinas (Chapter 2, Section 2.3.1.7). 

Interestingly, immunohistochemistry showed that the human TULP1 protein was in the 

RPE and photoreceptor segments; however, we did not detect TULP1 protein in the ONL 

or IPL which is where TULP1 protein is predominantly observed in C57 wt retinas. This 

may possibly be due to the transduction efficiency of the AAV2/5 serotype and or the 

specificity of the CBA promoter, as this promoter expresses efficiently in the RPE and 

photoreceptor cells (Chapter 2, Section 2.4). In these initial studies we did not find any 

notable differences in the thickness of the INL and ONL between treated and untreated 

groups of mice, and moreover a functional ERG was not detectable in treated and control 

eyes, suggesting that no rescue had been achieved in Tulp1-/- mice after this AAV-TULP1 

gene replacement therapy. 

Consequently, we hypothesised that it may be that rescue using the human TULP1 

gene as replacement might not be feasible in the Tulp1-/- mouse model considering the 

divergences in the Tulp1 gene and encoded protein between the two species. While in silico 

analysis has significant limitations in terms of predicting protein function in vivo, we 

aligned and assessed whether the human and mouse TULP1 proteins differ from each other. 
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The analysis suggested that the N-terminal of these proteins was relatively divergent 

warranting further investigations (Chapter 2, Section 2.3.1.8). 

Subsequently, we decided to generate a new optimised mouse Tulp1 cDNA which 

was codon optimised driven by the photoreceptor-specific human rhodopsin kinase 

promoter in order to establish whether the mouse Tulp1 gene replacement therapy would 

work more efficiently than the human construct in the Tulp1-/- mouse model. The reason 

for using a different promoter for this study was that we thought that as the CBA promoter 

was a generic/ubiquitous promoter, it might have resulted in a toxic effect in some retinal 

cells due to the superfluous gene expression (Chapter 2, Section 2.3.2). For instance, we 

observed from the first study that human recombinant TULP1 was mostly expressed in 

RPE, which may be due to the early delivery of the gene therapy at p1-2, a timeframe when 

photoreceptor cells are not fully developed as yet, and therefore at that stage the developed 

RPE may take up most of the virus. Moreover, the CBA promoter works efficiently in RPE 

cells providing undesirable gene expression. Thus, the choice of a cell-specific promoter 

such as the human rhodopsin kinase promoter was a reasonable choice. The newly designed 

construct was packaged into AAV2/5 by Dr. Naomi Chadderton, the Farrar laboratory, 

TCD. The produced and tittered AAV-Tulp1 vector was subretinally delivered into eyes of 

Tulp1-/- pups at p1-2. 

The histological analyses after 3 weeks of post-delivery revealed that the best dose 

of AAV-Tulp1 was 1/6 diluted (6.6x108 vg/eye) vector among others (Chapter 2, Section 

2.4) providing some benefit, i.e. the correct localization of TULP1 protein to ONL, OPL 

and IS which had not been achieved with the previous AAV-TULP1 vector at 3 weeks. 

Nevertheless, the morphological improvement was not obtained with AAV-Tulp1 nor with 

AAV-TULP1 at that stage. Similarly to histology analysis, we did not see an improvement 

in the mixed rod-cone maximum ERG response of treated eyes with AAV-Tulp1 nor with 
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AAV-TULP1 vectors. However, the codon optimised AAV-delivered Tulp1 gene therapy 

achieved 95% expression of the endogenous gene at the RNA level and 55% that of the 

endogenous gene at the protein level suggesting that the mouse recombinant Tulp1 

replacement in Tulp1-/- was more sustainable than the human recombinant TULP1 

replacement therapy (Chapter 2, Section 2.3.2.2; Section 2.3.2.3).  However, as discussed 

in Chapter 2 it should be noted that the AAV-TULP1 vector was administered at a 2.5 fold 

lower dose compared to the AAV-Tulp1 vector. Therefore, we decided to evaluate both 

gene therapies, but in this study the titre and dose of both vectors was matched, and to 

establish, under these conditions, the levels of human and mouse TULP1/Tulp1 transgenes 

expression in treated Tulp1-/- retinas (Chapter 2, Section 2.3.2.7). The study revealed that 

the equal delivery of relatively titre and dose matched AAV-TULP1 and AAV-Tulp1 still 

demonstrated that there was a large difference in transgene expression between the two 

vectors. For instance, the AAV-Tulp1 vector gave a 6-fold higher Tulp1 expression than 

the AAV-TULP1 vector (Chapter 2, Section 2.3.2.7). However, it is worth highlighting 

that the therapies used two different promoters and that moreover, for the mouse Tulp1 

gene therapy, significant codon optimisation had been undertaken.   

In addition to the p20 timepoint detailed above, some treated animals were 

evaluated at 12 weeks post-injection (p90)  of the gene therapy. The analyses demonstrated 

that the mouse recombinant TULP1 protein was still present and was localized correctly in 

Tulp1-/- retinas at p90. Interestingly, even though the gene therapy provided benefit to 

partially preserve the ONL thickness as compared to AAV-EGFP only treated eyes; it failed 

to provide substantial improvement in ONL thickness in comparison with uninjected 

Tulp1-/- retinas. Similarly, at this later timepoint there was no longer any preservation of 

the INL compared to AAV2/5-EGFP injected retinas; however, INL thickness of both 

AAV-Tulp1 + AAV-EGFP and AAV-EGFP only treated retinas was significantly thinner 
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than uninjected Tulp1-/- retinas. This was somewhat a surprising result as we did not see 

adverse effects in the INL at 3 weeks post-delivery of any of three doses of AAV-

Tulp1+AAV-EGFP nor AAV-EGFP only in Tulp1-/- retinas. Similarly, undiluted dose of 

AAV-Tulp1+AAV-EGFP was tolerated in C57 wt retinas without any adverse effects. At 

p90, we no longer detected visual function as evaluated by ERG (Chapter 2, Section 

2.3.2.4). It is well known that the subretinal injections result in retinal remodelling (Fischer, 

et al., 2017; Bartuma, Petrus-Reurer, Westman, Andre, & Kvanta, 2015; Jones, et al., 2016; 

Barliya, Ofri, Sandalon, Weinberger, & Livnat, 2017); however, inner retinal degeneration 

due to the subretinal AAV administration has not been reported in other photoreceptor 

driven retinal degeneration models. This may hint that Tulp1 may have some cellular 

function in the inner retina and might explain the modest protection achieved in the Tulp1-

/- retinas when the gene therapy was solely targeted to the outer retina (Chapter 2, Section 

2.3.2.5). 

Overall, we explored an adeno-associated virus (AAV)-mediated gene 

replacement therapy in a murine model carrying a targeted disruption of the Tulp1 gene 

(Tulp1-/- mice). The human TULP1 construct did not rescue the retinal morphology nor the 

visual function in Tulp1-/- mice. One hypothesis is that despite the conserved C-terminal 

region (~200 bp) of human and mouse TULP1 proteins, a significant divergence at the N-

terminus may contribute to the low efficacy of TULP1 replacement in Tulp1-/- mice. Given 

the above, it was decided to assess effects of subretinal delivery of an AAV vector carrying 

the optimized mouse Tulp1 cDNA driven by the human rhodopsin kinase (hRK) promoter. 

We wanted to investigate whether the mouse Tulp1 construct may have a greater 

therapeutic efficacy than the human TULP1 construct. Even though the mouse Tulp1 

construct provided the correct localization and 6-fold higher Tulp1 expression than the 
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human TULP1 construct it did not improve either the visual function or retinal morphology 

in Tulp1-/- mice.  

In the future, we could change the CBA promoter in the human gene therapy to 

hRhK promoter and repeat the study to test whether the difference in promoters accounted 

for the lower expression of the human TULP1 construct. Moreover, as we demonstrated 

expression of Tulp1 in the inner retina in C57 wt mice (Chapter 3), AAV 2/5 serotype could 

be changed or supplemented with another AAV vector, such as Anc80 vector, which is 

capable of efficiently targeting many retinal cell types via subretinal injections including 

RPE, photoreceptors, inner retinal neurons, Muller glia and ganglion cells in both the 

murine and macaque retinas (Carvalho, et al., 2018). AAV7m8 has also been shown  having 

a high affinity for targeting various retinal cell types via subretinal injection 

(Ramachandran, et al., 2017). In addition, in Chapter 3, we demonstrated that the inner 

retinal remodelling differed in Tulp1-/- mice from primary photoreceptor degeneration 

models such as Rho-/- and Rds-/-; we suggested that it was due to early ubiquitous 

expression of Tulp1 in the murine retina. Therefore, in order to achieve earlier expression 

of Tulp1 in mouse models, we may consider using self-complementary AAV vectors due 

to the their faster onset of expression in retinal cells. For instance, a gene therapy with self-

complementary Y733 capsid mutant AAV2/8 achieved substantial preservation of retinal 

photoreceptors and functional vision in Aipl1-/- mouse model (Ku, et al., 2011). However, 

due to lack of knowledge of the endogenous Tulp1 promoter, we may not be able to mimic 

the Tulp1 expression pattern accurately during retinal development in Tulp1-/- retinas. As 

such, CRISPR Cas9 gene editing of mutant Tulp1 alleles may help to circumvent the latter 

issue. For instance, several studies have demonstrated  prolonged and safe expression of 

AAV mediated SpCas9 targeting specific mutations in Rho, Cep290 and Nrl (Giannelli, et 

al., 2018; Ruan, et al., 2017; Yu, et al., 2017). However, the prolonged Cas9 expression has 
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been found to trigger a significant immune response in humans and mice resulting in 

abolition of edited cells and severe tissue damage (Wagner, et al., 2019). Recently, Li, et 

al., 2018 described a self-deleting AAV-CRISPR system, which has a self-deleting guide 

RNA targeting the codon sequence of SaCas9 can inactivate AAV-SaCas9 episomes in vivo 

without off-target mutagenesis. It has been also shown that an efficient integration of AAV 

into Cas9-induced double-strand breaks in therapeutically relevant genes and AAV could 

be an excellent tool for genome editing (Hanlon, et al., 2019). To explore AAV-mediated 

CRISPR Cas9 gene editing in Tulp1-/- mice, we have generated six gRNA constructs which 

target the mutation in the Tulp1 gene in these mice; this study is currently being undertaken. 

Our studies suggest that subretinal delivery of AAV vectors may trigger inner 

retinal degeneration; therefore, for delivery of Tulp1, it may be interesting to test AAV 

serotypes which target various retinal cell types via intravitreal administration. For 

instance, novel multiple-phenylalanine(F)-tyrosine(Y) substitution AAV2 vectors 

exhibited effective transduction of a wide variety of retinal cell types via intravitreal gene 

delivery (Petrs-Silva, et al., 2011). However, the inner limiting membrane (ILM) has been 

suggested to act as a tissue barrier for AAV gene therapies when delivering via intravitreal 

injections in larger animals such as monkeys and dogs as compared to rodents (Dalkara, et 

al., 2009). Even though ILM may change AAV tropism to a greater degree the mutated 

AAV2/2 vectors (with substitution of four surface-exposed capsid tyrosine residues with 

phenylalanine (Y272F, Y444F, Y500F and Y730F or with the same four tyrosine to 

phenylalanine substitutions, plus an additional substitution of a surface-exposed T–V 

(T491V)) driven by the interphotoreceptor-binding protein promoter demonstrated 

effective photoreceptor-specific transgene expression in dogs via intravitreal delivery 

(Boyd, et al., 2016). Notably, Takahashi et al. 2017 also demonstrated an improvement in 
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AAV-mediated inner retinal gene transduction via intravitreal administration after surgical 

vitrectomy and ILM peeling in nonhuman primate retinas (Takahashi, et al., 2017).  

Another therapeutic approach we may consider for the treatment of TULP1-linked 

IRDs is mutation-independent treatments; for instance, an AAV8 based therapy delivering 

soluble CX3CL1 encoding microglial regulatory signals was proposed, which has provided 

a long-term preservation of cone cells and a substantial visual improvement in rd1, rd10 

and Rho-/- murine models (Wang, Xue, Rana, Hong, & Cepko, 2019). Besides, optogenetic 

prosthesis of ganglion cells has also been shown promising results rescuing the visual 

function in murine models of retinal degeneration. For instance, the demonstration of 

human synapsin promoter-driven cone opsin (MW-opsin) packaged in AAV2/2(4YF) and 

delivered intravitreally to retinal ganglion cells in rd1 murine retinas indicated that the 

MW-opsin in retinal ganglion cells enabled rd1 mice to regain some ability to recognise 

visual patterns on an LCD computer screen. Similar therapies have the potential to offer 

blind patients the ability to read and even watch videos again (Berry, et al., 2019). Most 

recently, another therapeutic approach employing immature photoreceptors armed with a 

microbial opsin has also demonstrated light-driven responses at both photoreceptor and 

ganglion cell levels in Cpfl1/Rho−/− and rd1 murine models (Garita-Hernandez, et al., 

2019). However, even though the microbial opsins have fast kinetics with high frequency 

modulation of light (~20 Hz) they have a low sensitivity to light (Berry, et al., 2019). 

Moreover, the cell transplantation technology in mice has several limitations. Firstly, cell 

transplantation efficiency varies significantly due to the interaction between the donor cells 

and the host microenvironment (Waldron, et al., 2018). Secondly, microglia activation as 

an innate immune response in the host retina may attack transplanted cells (West, et al., 

2010). Thirdly, although several studies suggested the restoration of synaptic connectivity 

between host bipolar and transplanted hESC-derived photoreceptor cell, efficient synaptic 
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connectivity is hampered by highly species-specific and divergent ribbon synapse proteins 

(Gasparini, Llonch, Borsch, & Ader, 2019). This study also suggests that synaptic 

formation after hESC-derived photoreceptor transplantation in mice has not been studied 

extensively enough; and this needs further evaluation in other pre-clinical models. 

However, lately, AAV-mediated (AAV1/2 chimeric vector) supplementation of netrin-G 

ligand 2 (NGL2) in second-order neurons such as horizontal cells promotes the formation, 

maintenance and restoration of synapses in the developing and mature retina. This 

therapeutic approach may help the integration of hESC-derived photoreceptor 

transplantation into the host circuits, consequently, restoring the visual function (Soto, 

Zhao, & Kerschensteiner, 2018).  

Another current mutation-independent therapeutic approach employs the 

regenerative capability of Muller cells to generate new healthy photoreceptor cells. For 

instance, (Yao, et al., 2018) centred to activate the endogenous retinal regenerative ability 

in IRD murine model. They demonstrated that the AAV-mediated gene transfer of β-

catenin stimulates cell-cycle-reactivation in Muller cells which then can be reprogrammed 

to generate new rod photoreceptor cells by similar viral gene transfer of rod cell 

specification and determination transcription factors such as Otx2, Crx and Nrl. This 

approach successfully restored the functional vision in Gnat1rd17:Gnat2cpfl3 double mutant 

mice. However, another study  hypothesised that Muller glia do not exhibit a proliferative 

capability due to the Hippo pathway which prevents Muller glia reprogramming. Therefore, 

it was suggested that the Hippo pathway mediated repression of transcription factor YAP 

may aid mammalian Muller glia to regain latent regenerative capacity (Rueda, et al., 2019). 

A recent study (Dvoriantchikova, Seemungal, & Ivanov, 2019) suggested that the presence 

of specific pioneer transcription factors and DNA demethylase activities may aid to restore 

the epigenetic plasticity of Muller glia allowing its regeneration in retinal degeneration or 
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injury. This approach seems to be more advantageous compared to transplantation of hESC 

induced retinal neurons.  

As discussed above, the potential mutation independent therapeutic approaches 

for IRDs mainly exploit the inner retinal neurons by modifying their function via 

optogenetics or reprograming them to regenerate new photoreceptor cells or restoring their 

synaptic connectivity. These approaches may not be beneficial in some IRD diseases as 

some of the IRD genes may be recruited at embryonic stage and involved in retinal 

development. Consequently, the dysfunction of such genes may perturbate the development 

of various retinal cells highlighting the hurdles of potential aforementioned therapies. As 

an example, in this thesis, we presented a detailed characterization of the Tulp1-/- mouse 

model in Chapter 3. We  conducted immunohistochemical analysis of wt retinas and 

expression profiling analysis of RNA-seq data from GEO. These datasets were obtained 

from a wt mouse retinas where the various retinal cells were typically cell-sorted using 

specifically expressed reporter genes from postnatal day four till adult retinas. The 

immunohistochemistry revealed that TULP1 expression was evident in the NBL/INL 

during the p5-p8 period (Section 3.3.6). Furthermore, our expression profiling analysis 

suggested that Tulp1 was expressed more ubiquitously throughout the retina at the early 

stage; however, its expression was reduced by adulthood. This was also confirmed using 

RTqPCR indicating that Tulp1 expression significantly increases by p8, while it decreases 

by p30, mirroring our previous results (Section 3.3.6). Similarly, TULP1 was also shown 

in the inner nuclear layer of human retinal sections, stem cell-derived retinal ganglion cells 

and human RPE (Milam, et al., 2000; Whitmore, et al., 2014; Rheaume, et al., 2018; 

Daniszewski, et al., 2018). 

As detailed in Chapter 3, the functions of Tulp1 are not fully identified and 

include, among others, roles in trafficking in photoreceptor segments (Xi, et al., 2005, 
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Grossman, et al., 2011; Hagstrom, et al., 2012; Hagstrom, et al,. 2001), in synaptic 

machinery in photoreceptor synapses (Grossman, et al., 2009; Wahl, et al., 2016; Xi, et al., 

2007; Grossman, et al., 2013) and in phagocytosis in RPE (Caberoy, et al., 2010). 

Furthermore, our predicted retinal cell type-specific Tulp1 interactors suggest unique cell 

type specific functions for Tulp1, such as phototransduction or other photoreceptor-specific 

functions in rods and cones; vitamin A visual cycle in RPE, postsynaptic development and 

function in bipolar cells; and presynaptic signalling and cell polarization in ganglion cells. 

These predicted functions are more widespread than anticipated before. Next, we wanted 

to test if there were other IRD genes which had similar expression pattern to Tulp1 (i.e. 

including various cell types) in the retina. We identified 38 IRD genes from the literature 

which appeared to expressed in more than one cell types in the retina. In addition, we found 

that many IRD genes are positive in the retinal progenitor cells which might involve in the 

retinal development. Besides, we identified that some of them might be TULP1 predicted 

interactors (Section 3.3.6). Additionally, the cluster of IRD genes with similar expression 

to Tulp1/TULP1 contains a striking proportion of transcription factors. This highlights the 

possibility of an additional and more general; developmental function for Tulp1/TULP1, 

which has been suggested before (Boggon, et al., 1999; Milam, et al., 2000). Our results 

interrogating the development of the Tulp1-/- retina seem to be in agreement with this latter 

role.  

Subsequently, we were inquisitive about how inner retinal neuronal alterations due 

to the disruption of Tulp1 may impact the retinal vasculature in Tulp1-/- retinas, as it is 

known that the vascular system tends to adapt to meet the metabolic requirements of the 

retina to ensure visual function can be maintained as discussed in Chapter 4. Therefore, 

we decided to explore vascular remodelling in Tulp1-/- mice along with other IRD models. 

Interestingly, in Tulp1-/- and Rds-/- retinas alterations in the SP and IP compared to controls 



 

 

 240 

 

were observed. These results suggest that the inner retinal remodelling (established as part 

of the work in Chapter 3) may substantially impact the inner retinal vascular growth and 

development (Section 4.3.3.1). Moreover, Fernández-Sánchez, Esquiva, Pinilla, Lax, & 

Cuenca, 2018 suggested that dysregulation of astrocytes may impact on SP development. 

This was also supported by Kautzman, et al., 2018 describing an overall diminution of the 

SP in a mouse model where astrocytes lack expression of Sox2. Therefore, we decided to 

evaluate the differentiation of retinal astrocyte in IRD mouse models. Interestingly, the 

expression of the astrocyte marker, GFAP, was reduced at p15 in Tulp1-/- and Rds-/- 

retinas, which warrants further confirmation using other astrocytic markers. The results 

may suggest that in Tulp1-/- and Rds-/-retinas the astrocytes maturation may be delayed 

compared to controls. Astrocytes have also been suggested to serve as templates for the 

formation of retinal vasculature in mice (Chan-Ling, et al., 2004; Kautzman, et al., 2018). 

Furthermore, in all IRD models the DP were significantly compromised mirroring previous 

animal studies showing the direct relationship between photoreceptor loss and alterations 

in the DP (Fernández-Sánchez, Esquiva, Pinilla, Lax, & Cuenca, 2018 ; Nesper, Scarinci, 

& Fawzi, 2017; Pennesi, Nishikawa, Matthes, Yasumura, & LaVail, 2008 ). In summary, 

the results obtained in Chapter 4 mirrored previous studies of the retinal vasculature in RP 

patients showing a reduction of retinal IP and DP, as well as a significant correlation 

between retinal vessel attenuation and visual loss (Hagag, et al., 2019; Ma, et al., 2012; 

Nakagawa, et al., 2014).   

In conclusion, significant progress in development of retinal therapeutic advances 

has been made in order to provide treatment for IRDs. However, there are still several 

obstacles which need to be overcome to achieve benefit in the visual function in patients 

diagnosed with currently incurable devastating diseases such TULP1-linked IRDs. For 

instance, in this study a complex disease phenotype was found that in Tulp1-/- murine 
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model, including the retinal neuro-vascular-remodelling, along  with perturbations in 

development of outer and inner retina and synapsis, as well as, early loss of photoreceptors. 

It appears that the Tulp1-/- phenotype mimics the clinical features observed in patients 

(Jacobson, et al., 2014). As such, future therapies need to address not only the degeneration 

of photoreceptors but the other aspects too. Since the early AAV-mediated TULP1/Tulp1 

replacement therapies have failed to initiate the correct development of retinal cells in the 

Tulp1-/- murine model. Therefore, gene replacement therapy may need to be 

complemented or replaced by other options such as or mutation independent therapeutic 

approaches or gene editing. Early (possibly embryonic) and widespread expression of 

Tulp1/TULP1 and possibly many other IRD genes will require adequate spatial and 

temporal expression of the future therapeutics.  
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Chapter 7 Appendix 
 

 

Section 7.1 The full sequence of AAV-CBAP-TULP1 vector  
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Section 7.2 The full sequence of AAV-hRhKP-Tulp1 vector 
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Section 7.3 The list of Tulp1 predicted interactors 

Gene 1 Gene 2 Score Sourse  

Tulp1 GRB2  0.999\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 FYN 0.998\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 NCK1  0.997\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SRC  0.981\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 AIPL1  0.980\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 NR2E3  0.970\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 YWHAH  0.967\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 PACSIN1  0.962\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 STAT3  0.953\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CRX  0.951\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 PARD6A  0.943\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 TERF2  0.941\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CTNNB1  0.929\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 APP  0.925\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 NOTCH1  0.924\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 STAT1 0.924\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CNGB1  0.920\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 USH2A 0.917\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 ITGA2  0.917\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SAG 0.914\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SPACA3  0.903\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 YWHAZ 0.901\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 GNAT1  0.893\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 RP1  0.890\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CABP4 0.888\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 NRL  0.888\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 PACSIN3 0.888\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SOCS3 0.884\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 RBP3 0.884\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 PDE6C  0.879\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 VAV1  0.878\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 GRK1  0.878\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 RPGRIP1 0.877\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 FEZF2 0.871\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 PIK3R1  0.869\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 TH  0.868\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CHRNB2 0.864\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SQSTM1  0.862\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 IGSF9  0.860\  https://bhapp.c2b2.columbia.edu/PrePPI/ 
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Tulp1 USH1C  0.860\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 GUCA1B  0.858\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 TERF1 0.854\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 DVL1 0.852\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 PDE6B  0.845\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CACNA1 0.841\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 MYO7A  0.836\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SNCA  0.826\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 PDC 0.825\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CDHR1  0.824\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 RORB  0.816\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SUMO1  0.816\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 IHH 0.815\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 EGFR  0.812\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 DCX 0.809\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 AANAT 0.808\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 RGR 0.807\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 RHO  0.807\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 TLX2  0.806\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SHROOM2  0.803\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SHH 0.801\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CRB1 0.797\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 BIN1  0.794\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 ARRB1  0.792\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 DSCAM 0.791\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 YWHAG 0.788\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 ICAM5  0.780\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 NECTIN1  0.780\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 NLGN2  0.780\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CD2AP 0.779\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 

EP300 

P300 0.773\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 VTN 0.768\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 GNGT1 0.765\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 RGS9BP 0.763\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 KALRN 0.762\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 PLEKHB1  0.753\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SOCS1  0.750\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CAMSAP3  0.749\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 GPR98 0.749\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 BCL2 0.745\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CDH23  0.743\  https://bhapp.c2b2.columbia.edu/PrePPI/ 
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Tulp1 CBL 0.743\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 VCAM1 0.741\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 ABI2  0.741\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 NEDD4L  0.739\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SH2B1  0.737\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CACNA1A 0.730\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 DOCK1 0.728\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 LZTS1  0.726\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 TCAP 0.725\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 AHSG  0.725\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 ADIPOQ  0.721\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 GNAT2  0.720\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 UNC119  0.720\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 OPN4  0.720\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 ITGAV  0.716\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 MPZ 0.714\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 RDH12  0.711\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 ABCA4  0.711\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 PTPN11  0.702\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SCARF1  0.700\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 AZU1 0.699\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 YY1  0.693\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SMAD3  0.691\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SORBS3  0.689\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SFTPD  0.682\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 OPN1MW 0.681\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 PLEKHA7 0.680\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SH2D6 0.674\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 RARA  0.672\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 ITGA8 0.670\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 ITGB4 0.670\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 GRIN3A 0.669\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 RAX RX 0.668\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 ATXN1  0.664\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 MYO15A  0.663\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 MBL2  0.663\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 HCK 0.661\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 ILK 0.658\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 BAIAP2L2  0.658\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 NCK2  0.657\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 C3 0.647\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 PCDH15  0.644\  https://bhapp.c2b2.columbia.edu/PrePPI/ 
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Tulp1 RCVRN  0.642\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 YWHAQ 0.639\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 PLD2 0.637\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 INPPL1  0.637\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 TGFB1  0.635\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 PRKCI  0.635\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 BBS1  0.629\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SLC11A1  0.628\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CRYAA  0.627\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 ARR3  0.616\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 WNT3A 0.615\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CLRN1  0.614\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 DOC2B  0.614\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SORBS1  0.612\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 NR2F6  0.611\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 AVP  0.606\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CALR  0.603\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 BBS2 0.598\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SP1  0.596\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 NUMBL 0.596\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 UNC13D 0.594\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 USH1G  0.589\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 GJA10  0.581\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 DCLK1 0.578\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 MFGE8 0.577\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CLTCL1  0.577\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 GUCY2D  0.569\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 BAIAP2 0.569\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SH3GL2  0.569\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 PPEF2 0.565\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 GRM6  0.564\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 OPN1SW 0.564\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 ROBO1  0.560\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 GHRHR 0.548\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 STRN 0.543\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CDK5  0.543\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 BHLHE23  0.542\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 OLFM3  0.540\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 PRKDC  0.537\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 GATA2 0.531\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 VSX1  0.527\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 ITSN1  0.526\  https://bhapp.c2b2.columbia.edu/PrePPI/ 
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Tulp1 PACSIN2 0.525\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CALY  0.523\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 GHRL 0.522\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 ESR1 0.519\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 OXT OT 0.517\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 KLHL1  0.516\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SHD 0.514\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 SELE  0.512\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 DBH 0.511\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 COL8A2 0.510\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 NPFFR2  0.510\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CHRNA3  0.510\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 LRP1  0.507\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 VAV2 0.505\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 CELSR2  0.503\  https://bhapp.c2b2.columbia.edu/PrePPI/ 

Tulp1 Grk1 0.613 STRING 

Tulp1 Guca1b 0.411 STRING 

Tulp1 Nr2e3 0.437 STRING 

Tulp1 Nrl 0.427 STRING 

Tulp1 Opn1sw 0.494 STRING 

Tulp1 Pde6a 0.514 STRING 

Tulp1 Pde6b 0.576 STRING 

Tulp1 Prph2 0.416 STRING 

Tulp1 Rbp3 0.498 STRING 

Tulp1 Rdh12 0.642 STRING 

Tulp1 Rho 0.55 STRING 

Tulp1 Rom1 0.498 STRING 

Tulp1 Rpgrip1 0.561 STRING 

Tulp1 Sag 0.452 STRING 

Tulp1 Abca4 0.484 STRING 

Tulp1 Aipl1 0.694 STRING 

Tulp1 Cnga1 0.412 STRING 

Tulp1 Crb1 0.51 STRING 

Tulp1 Crx 0.574 STRING 

Tulp1 Gnat1 0.596 STRING 

Tulp1 Gnb1 0.46 STRING 

Tulp1 Gnb3 0.519 STRING 

Tulp1 Gngt1 0.447 STRING 

Tulp1 Cep290 0.434 STRING 

Tulp1 Rpe65 0.674 STRING 

Tulp1 Gna11 0.426 STRING 

Tulp1 Lca5 0.546 STRING 
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Tulp1 Rqcd1 0.547 STRING 

Tulp1 Gnat2 0.507 STRING 

Tulp1 Pde6c 0.522 STRING 

Tulp1 Rrm2b 0.424 STRING 

Tulp1 Ring1 0.41 STRING 

Tulp1 Tbc1d5 0.595 STRING 

Tulp1 Spata7 0.457 STRING 

Tulp1 Vangl2 0.417 STRING 

Tulp1 Lrat 0.447 STRING 

Tulp1 Prph 0.459 STRING 

Tulp1 Ap1s3 0.481 STRING 

Tulp1 Gpr6 0.507 STRING 

Tulp1 Tbc1d5 0.595 STRING 

Tulp1 Impdh1 0.498 STRING 

Tulp1 Iqcb1 0.424 STRING 

Tulp1 Gja8 0.437 STRING 

Tulp1 H2-Eb2 0.546 STRING 

Tulp1 Rd3 0.425 STRING 

Tulp1 Gnaq 0.426 STRING 

Tulp1 H2-Ob 0.546 STRING 

Tulp1 H2-Eb1 0.546 STRING 

Tulp1 Rrm2 0.424 STRING 

Tulp1 Gna14 0.426 STRING 

Tulp1 BC048355 0.413 STRING 

Tulp1 Rpgr 0.404 STRING 

Tulp1 Cnga1 0.412 STRING 

Tulp1 Rrm2b 0.424 STRING 

Tulp1 Cit 0.489 STRING 

Tulp1 Gja3 0.431 STRING 

Tulp1 Ap1s3 0.481 STRING 

Tulp1 H2-Ab1 0.546 STRING 

Tulp1 ABCF1 0 

http://iid.ophid.utoronto.ca/SearchPPIs/protein/Q9H

222 

Tulp1 PSIP1 0 

http://iid.ophid.utoronto.ca/SearchPPIs/protein/Q9H

222 

Tulp1 ZEB1 0 

http://iid.ophid.utoronto.ca/SearchPPIs/protein/Q9H

222 

Tulp1 HMGB2 0 

http://iid.ophid.utoronto.ca/SearchPPIs/protein/Q9H

222 

Tulp1 

ARHGAP2

6  0 

http://iid.ophid.utoronto.ca/SearchPPIs/protein/Q9H

222 

Tulp1 FYN 0 

http://iid.ophid.utoronto.ca/SearchPPIs/protein/Q9H

222 

http://iid.ophid.utoronto.ca/SearchPPIs/protein/Q9H222
http://iid.ophid.utoronto.ca/SearchPPIs/protein/Q9H222
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Tulp1 GRB2  0 

http://iid.ophid.utoronto.ca/SearchPPIs/protein/Q9H

222 

Tulp1 NCK1 0 

http://iid.ophid.utoronto.ca/SearchPPIs/protein/Q9H

222 

Tulp1 NRXN1 0 

http://iid.ophid.utoronto.ca/SearchPPIs/protein/Q9H

222 

Tulp1 Map1B 1 Lindsey Ebke et al. 2013 

Tulp1 Triobp 1 Xi, Q., et al. 2005 

Tulp1 Tub 1 Xi, Q.,et al. 2007 

Tulp1 TYRO3 1 Caberoy, N. B., et al. 2010 

Tulp1 Mertk 0.474 STRING 

Tulp1 Dnm1 0.529 STRING 

 

Section 7.4. The List of IRD genes 

ABCA4, ABCC6, ABHD12, ACBD5, ACO2, ADAM9, ADAMTS10, ADAMTS18, 

ADAMTSL4, AGK, AHI1, AIPL1, AKR1E2, ALDH1A3, ALMS1, APOA1, ARL6, 

ATXN7, B3GALTL, BBS1, BBS10, BBS12, BBS2, BBS4, BBS5, BBS7, BBS9, BCOR, 

BEST1, BFSP1, BFSP2, BMP4, C10orf2, C12orf57, C1QTNF5, C21orf2, C2orf71, 

C8orf37, CA4, CABP4, CACNA1F, CACNA2D4, CAPN5, CC2D2A, CDH23, CDH3, 

CDHR1, CEP164, CEP290, CERKL, CHD7, CHM, CHMP4B, CHN1, CHRDL1, CHST6, 

CIB2, CLN3, CLRN1, CNBP, CNGA1, CNGA3, CNGB1, CNGB3, CNNM4, COL11A1, 

COL2A1, COL8A2, COL9A1, CRB1, CRX, CRYAA, CRYAB, CRYBA1, CRYBA4, 

CRYBB1, CRYBB2, CRYBB3, CRYGB, CRYGC, CRYGD, CRYGS, CSAD, CTDP1, 

CYP1B1, CYP27A1, CYP4V2, CYP51A1, DCN, DFNB31, DHDDS, DMD, DMPK, 

DTHD1, EFEMP1, ELOVL4, EMC1, EPHA2, EYS, FAM161A, FLVCR1, FOXC1, 

FOXE3, FRMD7, FSCN2, FYCO1, FZD4, GALK1, GALT, GCNT2, GDF3, GDF6, 

GJA3, GJA8, GNAT1, GNAT2, GNPTG, GPR125, GPR143, GPR179, GPR98, GRK1, 

GRM6KRT3, GUCA1A, GUCA1B, GUCY2D, HARS, HCCS, HDAC8, HMCN1, HMX1, 

HOXA1, HSF4, IDH3B, IFT140, IGBP1, IGFBP7, IMPDH1, IMPG2, INPP5E, INVS, 

IQCB1, IQSEC2, JAG1, KCNJ13, KCNV2, KERA, KIAA1549, KIF11, KIF21A, KLHL7, 

KRT12, KRT3, LCA5, LEPREL1, LIM2, LRAT, LRIT3, LRP5, LTBP2, LZTFL1, MAF, 

MAK, MERTK, MFN2, MFRP, MFSD6L, MIP, MIR184, MITF, MKKS, MKS1, MTTP, 

MYH9, MYO7A, MYOC, NBAS, NDP, NHS, NMNAT1, NPHP1, NPHP3, NPHP4, 

NR2E3, NRL, NTF4, NYX, OAT, OCRL, OFD1, OPA1, OPA3, OPN1LW, OPN1MW, 

OPN1SW, OPTN, OTX2, PANK2, PAX2, PAX6, PCDH15, PDE6A, PDE6B, PDE6C, 

PDE6G, PDE6H, PDZD7, PEX1, PEX2, PEX7, PGK1, PHGDH, PHOX2A, PHYH, 

PIKFYVE, PITPNM3, PITX2, PITX3, PLA2G5, PLOD3, POLG, POLG2, POMT1, 

PRCD, PRDM5, PROM1, PRPF3, PRPF31, PRPF6, PRPF8, PRPH2, PRSS56, RAB18, 

RAB3GAP1, RAB3GAP2, RAX, RAX2, RB1, RBP3, RBP4, RD3, RDH12, RDH5, RGR, 

RGS9, RGS9BP, RHO, RIMS1, RLBP1, RNLS, ROBO3, ROM1, RP1, RP1L1, RP2, RP9, 

RPE65, RPGR, RPGRIP1, RPGRIP1L, RRM2B, RS1, RYR1, SAG, SDCCAG8, 

SEMA4A, SETX, SIL1, SIX6, SLC16A12, SLC24A1, SLC25A4, SLC4A11, SMOC1, 

SNRNP200, SOX2, SPATA7, STRA6, TACSTD2, TDRD7, TEAD1, TENM3, TGFBI, 

TIMM8A, TIMP3, TMEM126A, TMEM237, TOPORS, TREX1, TRIM32, TRPM1, 

TSPAN12 , TTC8, TTPA, TUBB3, TULP1, UBIAD1, UNC119, USH1C, USH1G, 



 

 

 296 

 

USH2A, VAX1, VCAN, VIM, VSX1, VSX2, WDPCP, WDR19, WDR36, WFS1, WRN, 

ZEB1, ZNF423, ZNF469, ZNF513, ZNF644  

 

 

 

 

Section 7.5. The list of IRD genes expressing more than one cell type 

Genes References 

AHI1 

Retinal Degeneration and Failure of Photoreceptor Outer Segment 

Formation in Mice with Targeted Deletion of the Joubert Syndrome 

Gene, Ahi1. Jennifer E. Westfall, Carlton Hoyt, Qin Liu, Yi-Chun Hsiao, 

Eric A. Pierce, Patrick S. Page-McCaw, Russell J. Ferland Journal of 

Neuroscience 30 June 2010, 30 (26) 8759-8768; DOI: 

10.1523/JNEUROSCI.5229-09.2010 

NRL  

MOLECULAR BASIS OF CELL AND DEVELOPMENTAL 

BIOLOGY: 

Prabodha K. Swain, David Hicks, Alan J. Mears, Ingrid J. Apel, Julie E. 

Smith, Sinoj K. John, Anita Hendrickson, Ann H. Milam, and Anand 

Swaroop 

Multiple Phosphorylated Isoforms of NRL Are Expressed in Rod 

Photoreceptors 

J. Biol. Chem. 2001 276: 36824-. doi:10.1074/jbc.M105855200 

Transcriptional Activity of Neural Retina Leucine Zipper (Nrl) Is 

Regulated by c-Jun N-Terminal Kinase and Tip60 during Retina 

Development; Jung-Woong Kim, Sang-Min Jang, Chul-Hong Kim, Joo-

Hee An, Kyung-Hee Choi; Molecular and Cellular Biology Apr 2012, 32 

(9) 1720-1732; DOI: 10.1128/MCB.06440-11   
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CRX  

Glubrecht, D. D., Kim, J. H., Russell, L., Bamforth, J. S., & Godbout, R. 

(2009). Differential CRX and OTX2 expression in human retina and 

retinoblastoma.  

Journal of neurochemistry, 111(1), 250–263. doi:10.1111/j.1471-

4159.2009.06322.x 

TUB  

Ikeda, S., He, W., Ikeda, A., Naggert, J.K., North, M.A., & Nishina, P.M. 

(1999).  

Cell-specific expression of tubby gene family members (tub, Tulp1,2, 

and 3) in the retina. Investigative ophthalmology & visual science, 40 11, 

2706-12 . 

Nr2e3  

The Rod Photoreceptor-Specific Nuclear Receptor Nr2e3 Represses 

Transcription of Multiple Cone-Specific Genes, Jichao Chen, Amir 

Rattner, Jeremy Nathans; Journal of Neuroscience 5 January 2005, 25 (1) 

118-129; DOI: 10.1523/JNEUROSCI.3571-04.2005; Guang-Hua Peng, 

Omar Ahmad, Faisel Ahmad, Jianfeng Liu, Shiming Chen, The 

photoreceptor-specific nuclear receptor Nr2e3 interacts with Crx and 

exerts opposing effects on the transcription of rod versus cone genes, 

Human Molecular Genetics, Volume 14, Issue 6, 15 March 2005, Pages 

747–764, https://doi.org/10.1093/hmg/ddi070 

Rcvrn  

McGinnis, J. F., Stepanik, P. L., Jariangprasert, S. and Lerious, V. 

(1997), 

Functional significance of recoverin localization in multiple retina cell 

types.  

J. Neurosci. Res., 50: 487-495.; doi:10.1002/(SICI)1097-

4547(19971101)50:3<487::AID-JNR15>3.0.CO;2-3 

CYP27A1  

Lee, J. W., Fuda, H., Javitt, N. B., Strott, C. A., & Rodriguez, I. R. 

(2006). 

Expression and localization of sterol 27-hydroxylase (CYP27A1) in 

monkey retina. Experimental eye research, 83(2), 465–469. 

doi:10.1016/j.exer.2005.11.018 
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ABCA4  

Expression of ABCA4 in the retinal pigment epithelium and its 

implications for Stargardt macular degeneration 

Tamara L. Lenis, Jane Hu, Sze Yin Ng, Zhichun Jiang, Shanta Sarfare, 

Marcia B. Lloyd, Nicholas J. Esposito, William Samuel, Cynthia 

Jaworski, Dean Bok, Silvia C. Finnemann, Monte J. Radeke, T. Michael 

Redmond, Gabriel H. Travis, Roxana A. Radu;Proceedings of the 

National Academy of Sciences Nov 2018, 115 (47) E11120-E11127; 

DOI: 10.1073/pnas.1802519115 

BBS3 

Pretorius, P. R., Baye, L. M., Nishimura, D. Y., Searby, C. C., Bugge, 

K., Yang, B., Slusarski, D. C. (2010).  

Identification and functional analysis of the vision-specific BBS3 

(ARL6) long isoform. PLoS genetics, 6(3), e1000884. 

doi:10.1371/journal.pgen.1000884 

BMP4   

Yang Du, Qi Xiao, Henry K. Yip; Regulation of Retinal Progenitor Cell 

Differentiation by Bone Morphogenetic Protein 4  Is Mediated by the 

Smad/Id Cascade. Invest. Ophthalmol. Vis. Sci. 2010;51(7):3764-3773. 

doi: 10.1167/iovs.09-4906. 

ELOVL4 

Vidyullatha Vasireddy, Monica M. Jablonski, Md Nawajes A. Mandal, 

Dorit Raz-Prag, Xiaofei F. Wang, Lesli Nizol, Alessandro Iannaccone, 

David C. Musch, Ronald A. Bush, Norman Salem, Paul A. Sieving, 

Radha Ayyagari; Elovl4 5-bp–Deletion Knock-in Mice Develop 

Progressive Photoreceptor Degeneration. Invest. Ophthalmol. Vis. Sci. 

2006;47(10):4558-4568. doi: 10.1167/iovs.06-0353.. 

GALT  

Ridano, M. E., Subirada, P. V., Paz, M. C., Lorenc, V. E., Stupirski, J. 

C., Gramajo, A. L., … Sánchez, M. C. (2017).  

Galectin-1 expression imprints a neurovascular phenotype in 

proliferative retinopathies and delineates responses to anti-VEGF. 

Oncotarget, 8(20), 32505–32522. doi:10.18632/oncotarget.17129 
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HDAC8  

Ankita Saha, Sarika Tiwari, Subramanian Dharmarajan, Deborah C. 

Otteson, Teri L. Belecky-Adams,Class I histone deacetylases in retinal 

progenitors and differentiating ganglion cells, Gene Expression Patterns, 

Volume 30, 

2018, Pages 37-48, ISSN 1567-133X, 

https://doi.org/10.1016/j.gep.2018.08.007. 

(http://www.sciencedirect.com/science/article/pii/S1567133X18300954) 

IFT140 

Intraflagellar transport molecules in ciliary and nonciliary cells of the 

retina 

Tina Sedmak, Uwe Wolfrum; The Journal of Cell Biology Apr 2010, 189 

(1) 171-186; DOI: 10.1083/jcb.200911095 

OFD1 

Wang, J., Chen, X., Wang, F., Zhang, J., Li, P., Li, Z., … Xu, G. T. 

(2016).  

OFD1, as a Ciliary Protein, Exhibits Neuroprotective Function in 

Photoreceptor Degeneration Models. PloS one, 11(5), e0155860. 

doi:10.1371/journal.pone.0155860 

OPA1 

Satomi Kamei, Murielle Chen-Kuo-Chang, Chantal Cazevieille, Guy 

Lenaers, Aurélien Olichon, Pascale Bélenguer, Gautier Roussignol, 

Nicole Renard, Michel Eybalin, Adeline Michelin, Cécile Delettre, 

Philippe Brabet, Christian P. Hamel;  Expression of the Opa1 

Mitochondrial Protein in Retinal Ganglion Cells: Its Downregulation 

Causes Aggregation of the Mitochondrial Network. Invest. Ophthalmol. 

Vis. Sci. 2005;46(11):4288-4294. doi: 10.1167/iovs.03-1407. 
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OTX2  

Hyoung-Tai Kim, Soung Jung Kim, Young-In Sohn, Sun-Sook Paik, 

Romain Caplette, Manuel Simonutti, Kyeong Hwan Moon, Eun Jung 

Lee, Kwang Wook Min, Mi Jeong Kim, Dong-Gi Lee, Antonio Simeone, 

Thomas Lamonerie, Takahisa Furukawa, Jong-Soon Choi, Hee-Seok 

Kweon, Serge Picaud, In-Beom Kim, Minho Shong, Jin Woo Kim, 

Mitochondrial Protection by Exogenous Otx2 in Mouse Retinal Neurons, 

Cell Reports, Volume 13, Issue 5, 2015, Pages 990-1002, ISSN 2211-

1247, https://doi.org/10.1016/j.celrep.2015.09.075. 

(http://www.sciencedirect.com/science/article/pii/S2211124715011171) 

PAX2  

Todd, L. , Suarez, L. , Squires, N. , Zelinka, C. P., Gribbins, K. and 

Fischer, A. J. (2016),  Comparative analysis of glucagonergic cells, glia, 

and the circumferential marginal zone in the reptilian retina. J. Comp. 

Neurol., 524: 74-89. doi:10.1002/cne.23823 

PAX6  

Pax6 is required for establishing naso-temporal and dorsal characteristics 

of the optic vesicle Nicole Bäumer, Till Marquardt, Anastassia Stoykova, 

Ruth Ashery-Padan, Kamal Chowdhury, Peter Gruss 

Development 2002 129: 4535-4545 

PEX1  

Catherine Argyriou, Anna Polosa, Bruno Cecyre, Monica Hsieh, Erminia 

Di Pietro, Wei Cui, Jean-François Bouchard, Pierre Lachapelle, Nancy 

Braverman, 

A longitudinal study of retinopathy in the PEX1-Gly844Asp mouse 

model for mild Zellweger Spectrum Disorder, Experimental Eye 

Research, Volume 186, 

2019, 107713, ISSN 0014-4835, 

https://doi.org/10.1016/j.exer.2019.107713. 

(http://www.sciencedirect.com/science/article/pii/S001448351930185X) 
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PEX2  

"Catherine Argyriou, Anna Polosa, Bruno Cecyre, Monica Hsieh, 

Erminia Di Pietro, Wei Cui, Jean-François Bouchard, Pierre Lachapelle, 

Nancy Braverman, 

A longitudinal study of retinopathy in the PEX1-Gly844Asp mouse 

model for mild Zellweger Spectrum Disorder, Experimental Eye 

Research, Volume 186, 

2019, 107713, ISSN 0014-4835, 

https://doi.org/10.1016/j.exer.2019.107713. 

(http://www.sciencedirect.com/science/article/pii/S001448351930185X)" 

PEX7 

"Catherine Argyriou, Anna Polosa, Bruno Cecyre, Monica Hsieh, 

Erminia Di Pietro, Wei Cui, Jean-François Bouchard, Pierre Lachapelle, 

Nancy Braverman, 

A longitudinal study of retinopathy in the PEX1-Gly844Asp mouse 

model for mild Zellweger Spectrum Disorder, Experimental Eye 

Research, Volume 186, 

2019, 107713, ISSN 0014-4835, 

https://doi.org/10.1016/j.exer.2019.107713. 

(http://www.sciencedirect.com/science/article/pii/S001448351930185X)" 

PHGDH  

Zhang, T., Zhu, L., Madigan, M. C., Liu, W., Shen, W., Cherepanoff, S., 

… Gillies, M. C. (2019).  Human macular Müller cells rely more on 

serine biosynthesis to combat oxidative stress than those from the 

periphery. eLife, 8, e43598. doi:10.7554/eLife.43598; Zhang, T., Gillies, 

M.C., Madigan, M.C. et al. Mol Neurobiol (2018) 55: 7025. 

https://doi.org/10.1007/s12035-017-0840-8 

PRSS56 

Müller glia-derived PRSS56 is required to sustain ocular axial growth 

and prevent refractive error; Paylakhi S, Labelle-Dumais C, Tolman NG, 

Sellarole MA, Seymens Y, et al. (2018) Müller glia-derived PRSS56 is 

required to sustain ocular axial growth and prevent refractive error. 

PLOS Genetics 14(3): e1007244. 

https://doi.org/10.1371/journal.pgen.1007244 

RAX  

Rax Homeoprotein Regulates Photoreceptor Cell Maturation and 

Survival in Association with Crx in the Postnatal Mouse Retina; Shoichi 

Irie, Rikako Sanuki, Yuki Muranishi, Kimiko Kato, Taro Chaya, 

Takahisa Furukawa; Molecular and Cellular Biology Jul 2015, 35 (15) 

2583-2596; DOI: 10.1128/MCB.00048-15 
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RLBP1  

Single-cell RNA-seq analysis maps the development of human fetal 

retina 

Yufeng Lu, Wenyang Yi, Qian Wu, Suijuan Zhong, Zhentao Zuo, Fangqi 

Zhao, Mei Zhang, Nicole Tsai, Yan Zhuo, Sheng He, Jun Zhang, Xin 

Duan, Xiaoqun Wang, Tian Xue; bioRxiv 423830; doi: 

https://doi.org/10.1101/423830 ; Xue, Y., Shen, S. Q., Jui, J., Rupp, A. 

C., Byrne, L. C., Hattar, S., … Kefalov, V. J. (2015).CRALBP supports 

the mammalian retinal visual cycle and cone vision. The Journal of 

clinical investigation, 125(2), 727–738. doi:10.1172/JCI79651 

RS1  

J Biol Chem. 2007 Nov 9;282(45):32792-801. Epub 2007 Sep 5. 

Retinoschisin (RS1), the protein encoded by the X-linked retinoschisis 

gene, is anchored to the surface of retinal photoreceptor and bipolar cells 

through its interactions with a Na/K ATPase-SARM1 complex. Molday 

LL1, Wu WW, Molday RS. 

RYR1  

Huang, W., Xing, W., Ryskamp, D. A., Punzo, C., & Križaj, D. (2011).  

Localization and phenotype-specific expression of ryanodine calcium 

release channels in C57BL6 and DBA/2J mouse strains. Experimental 

eye research, 93(5), 700–709. doi:10.1016/j.exer.2011.09.001 

SIX6  

doi:10.1016/j.celrep.2018.10.106 Diacou, R., Zhao, Y., Zheng, D., 

Cvekl, A., & Liu, W. (2018). Six3 and Six6 Are Jointly Required for the 

Maintenance of Multipotent Retinal Progenitors through Both Positive 

and Negative Regulation. Cell reports, 25(9), 2510–

2523.e4.doi:10.1016/j.celrep.2018.10.106 

SOX2  

Sox2 Regulates Cholinergic Amacrine Cell Positioning and Dendritic 

Stratification in the Retina Irene E. Whitney, Patrick W. Keeley, Ace J. 

St. John, Amanda G. Kautzman, Jeremy N. Kay, Benjamin E. Reese 

Journal of Neuroscience 23 July 2014, 34 (30) 10109-10121; DOI: 

10.1523/JNEUROSCI.0415-14.2014 
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TIMP3  

D.C. Chung, N.W. Keiser, J.L. Bennicelli, W. Tang, Z. Wei, J. 

Bennett; Co–Localization of EFEMP1 and TIMP3 in the Developing and 

Mature Mouse Retina . Invest. Ophthalmol. Vis. Sci. 2005;46(13):1637. 

TRPM1  

TRPM1 is required for the depolarizing light response in retinal ON-

bipolar cells. Catherine W. Morgans, Jianmei Zhang, Brett G. Jeffrey, 

Steve M. Nelson, Neal S. Burke, Robert M. Duvoisin, R. Lane Brown 

Proceedings of the National Academy of Sciences Nov 2009, 106 (45) 

19174-19178; DOI: 10.1073/pnas.0908711106 

TUBB3  

Dvoriantchikova, G., Degterev, A., & Ivanov, D.L. (2014).  

Retinal ganglion cell (RGC) programmed necrosis contributes to 

ischemia-reperfusion-induced retinal damage. Experimental eye research, 

123, 1-7 . 

USH1C  

Harmonin (Ush1c) is required in zebrafish Müller glial cells for 

photoreceptor synaptic development and function 

Jennifer B. Phillips, Bernardo Blanco-Sanchez, Jennifer J. Lentz, 

Alexandra Tallafuss, Kornnika Khanobdee, Srirangan Sampath, Zachary 

G. Jacobs, Philip F. Han, Monalisa Mishra, Tom A. Titus, David S. 

Williams, Bronya J. Keats, Philip Washbourne, Monte Westerfield 

Disease Models & Mechanisms 2011 4: 786-800; doi: 

10.1242/dmm.006429 

VAX1  

Kim, N., Min, K. W., Kang, K. H., Lee, E. J., Kim, H. T., Moon, K., … 

Kim, J. W. (2014).  Regulation of retinal axon growth by secreted Vax1 

homeodomain protein. eLife, 3, e02671. doi:10.7554/eLife.02671 

VSX1  

Clark, A.M., Yun, S., Veien, E.S., Wu, Y.Y., & Levine, E.M. (2008).  

Negative regulation of Vsx1 by its paralog Chx10/Vsx2 is conserved in 

the vertebrate retina. Brain Research, 1192, 99-113. 
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VSX2  

"Vitorino, M., Jusuf, P. R., Maurus, D., Kimura, Y., Higashijima, S., & 

Harris, W. A. (2009).  Vsx2 in the zebrafish retina: restricted lineages 

through derepression. Neural development, 4, 14. doi:10.1186/1749-

8104-4-14" 

WRN 

Oshitari, T., Kitahashi, M., Mizuno, S., Baba, T., Kubota-Taniai, M., 

Takemoto, M., … Roy, S. (2014).  Werner syndrome with refractory 

cystoid macular edema and immunohistochemical analysis of WRN 

proteins in human retinas. BMC ophthalmology, 14, 31. 

doi:10.1186/1471-2415-14-31  
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Section 7.6 Venn diagram interactor tables  

Table 1. Tulp1 interactors in p5-p7 retinal cells  

Names total 
Interactor 
genes 

p5 amacrine p5 cone p5 ganglion p5 
rod p7 bipolar 9 Pik3r1 

    Map1b 

    Dnm1 

    Rorb 

    Ywhaz 

    Gnb1 

    Psip1 

    Ctnnb1 

    Bin1 

p5 cone p5 ganglion p5 rod p7 bipolar 2 Ywhaq 

    Sumo1 

p5 amacrine p5 ganglion p5 rod p7 
bipolar 1 Abcf1 

p5 amacrine p5 cone p5 ganglion p7 
bipolar 1 Calr 

p5 cone p5 rod p7 bipolar 6 Rcvrn 

    Crx 

    Gnb3 

    Nr2e3 

    Nrl 

    Plekhb1 

p5 ganglion p5 rod p7 bipolar 1 Ilk 

p5 amacrine p5 ganglion p5 rod 1 Yy1 

p5 cone p5 ganglion p7 bipolar 2 Ywhah 

    Impdh1 

p5 amacrine p5 cone p5 ganglion 2 Abi2 

    Chrna3 

p5 amacrine p5 ganglion p7 bipolar 8 App 

    Cdk5 

    Sqstm1 

    Sh3gl2 

    Pacsin1 

    Nlgn2 

    Fyn 

    Grb2 

p5 cone p5 rod 9 Sag 
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    Cdhr1 

    Rom1 

    Rp1 

    Ppef2 

    Rpgrip1 

    Aipl1 

    Unc119 

    Rbp3 

p5 rod p7 bipolar 2 Dvl1 

    Tub 

p5 cone p7 bipolar 3 Pcdh15 

    Arr3 

    Doc2b 

p5 ganglion p7 bipolar 1 Ywhag 

p5 amacrine p5 ganglion 6 Dscam 

    Nrxn1 

    Gna11 

    Dclk1 

    Dcx 

    Gnaq 

p5 rod 9 Gngt1 

    Pdc 

    Cngb1 

    Hmgb2 

    Rho 

    Pacsin2 

    Pde6b 

    Gnat1 

    Rdh12 

p5 cone 6 Pde6c 

    Cep290 

    Prph2 

    Ush2a 

    Gnat2 

    Opn1sw 

p7 bipolar 4 Igsf9 

    Grm6 

    Bbs2 

    Mfge8 

p5 amacrine 12 Terf2 

    Nedd4l 
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    Nectin1 

    Camsap3 

    Itsn1 

    Robo1 

    Cd2ap 

    Lrp1 

    Hck 

    Cbl 

    Arrb1 

    Egfr 

p5 ganglion 6 Caly 

    Shroom2 

    Snca 

    Numbl 

    Shd 

    Pard6a 

 

Table 2. Tulp1 interactors in adult retinal cells 

Names total elements 

amacrine p43 cone adult ganglion adult 
photoreceptor adult rpe adult 4 Ywhaz 

    Gnb1 

    Sh3gl2 

    Bin1 

cone adult ganglion adult photoreceptor adult 
rpe adult 7 Rcvrn 

    Crx 

    Vtn 

    Gnb3 

    Impdh1 

    Mfge8 

    Plekhb1 

amacrine p43 ganglion adult photoreceptor adult 
rpe adult 2 Pacsin1 

    Lrp1 

amacrine p43 cone adult ganglion adult rpe adult 1 Dnm1 

ganglion adult photoreceptor adult rpe adult 7 Vangl2 

    Triobp 

    Cryaa 

    Avp 
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    Abcf1 

    Sumo1 

    Ring1 

amacrine p43 cone adult ganglion adult 1 Psip1 

amacrine p43 ganglion adult rpe adult 2 Gna11 

    Nck2 

cone adult photoreceptor adult 11 Opn1mw 

    Sag 

    Prph2 

    Rom1 

    Arr3 

    Rpgrip1 

    Aipl1 

    Unc119 

    Gnat2 

    Rbp3 

    Guca1b 

photoreceptor adult rpe adult 1 Nrl 

amacrine p43 cone adult 2 Map1b 

    Calr 

amacrine p43 ganglion adult 3 Nlgn2 

    Ctnnb1 

    Dclk1 

amacrine p43 rpe adult 2 Nedd4l 

    Grb2 

ganglion adult rpe adult 7 Stat1 

    Ywhag 

    Nck1 

    Dbh 

    Sh2b1 

    Ywhah 

    Inppl1 

photoreceptor adult 8 Rgs9bp 

    Pdc 

    Cngb1 

    Ppef2 

    Rho 

    Slc11a1 

    Pde6b 

    Gnat1 

cone adult 14 Pde6c 

    Grk1 
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    Ywhaq 

    Cdhr1 

    Crb1 

    Ush2a 

    Rp1 

    Pcdh15 

    Abca4 

    Cabp4 

    Rd3 

    Opn1sw 

    Rdh12 

    Doc2b 

amacrine p43 23 Abi2 

    Pik3r1 

    Ptpn11 

    App 

    Rorb 

    Cdk5 

    Nrxn1 

    Dscam 

    Terf2 

    Sqstm1 

    Prkci 

    Olfm3 

    Tub 

    Nectin1 

    Itsn1 

    Cacna1a 

    Robo1 

    Cd2ap 

    Fyn 

    Gnaq 

    Cbl 

    Arrb1 

    Ilk 

ganglion adult 6 Zeb1 

    Cdh23 

    Snca 

    Chrnb2 

    Baiap2 

    Pard6a 
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RPE adult 7 Col8a2 

    Notch1 

    Rpe65 

    Rgr 

    Lrat 

    Tyro3 

    Smad3 

 

Section 7.7  The gene expression profile of IRD genes in progenitor cells 

gene E10 E14 E18 P0 P2 

C1qtnf5 0 0 0 0 0 

Opn1mw 0.1497078 0.02488963 0.03090503 0.01397376 0.07167828 

Slc16a12 0.16124858 0.09523962 0.08224214 0.06724286 0.1205007 

Kera 0.16391085 0.04019135 0.04947101 0.02622767 0.07802038 

Rpgrip1l 0.17253597 0.11541055 0.14501812 0.12781981 0.13259684 

Zeb1 0.17301746 0.12833175 0.13295651 0.13284321 0.13724335 

Cep290 0.1749022 0.06078635 0.07927 0.07242824 0.10920464 

Lrat 0.18210857 0.13021335 0.10091662 0.10271731 0.17662772 

Chm 0.10319903 0.16234852 0.18388856 0.16196 0.13230509 

Gpr143 0.110626 0.14259383 0.14197039 0.13418986 0.19122397 

Cngb3 0.19720431 0.11819798 0.06482086 0.06696542 0.1204188 

Chrdl1 0.20005998 0.13844642 0.11344983 0.13786896 0.14982265 

Vcan 0.20827006 0.15014739 0.11033176 0.09140598 0.14372956 

Gdf3 0.21650488 0.07772471 0.0707353 0.05658411 0.0865935 

Myoc 0.21952346 0.0520016 0.0478636 0.05939453 0.11200401 

Frmd7 0.22599532 0.01921882 0.01900687 0.01561209 0.03433628 

Rgr 0.20183632 0.045097 0.05447075 0.03082818 0.1053669 

Cryba1 0.24512917 0.07556446 0.1313726 0.05003266 0.20782918 

Dmd 0.11207551 0.09706232 0.0991537 0.0668012 0.10383094 

Cacna1f 0.23300202 0.09379498 0.09931936 0.10594546 0.13212374 

Cdh3 0.25525898 0.11075026 0.11159138 0.12268097 0.18936716 

Ocrl 0.19678882 0.26000202 0.23772661 0.20394102 0.21383535 

Dcn 0.17528169 0.26038788 0.13706976 0.10440103 0.19553651 

Gcnt2 0.24433771 0.22559242 0.13767441 0.15867455 0.26431804 

Trpm1 0.26721802 0.18922028 0.15688725 0.12031533 0.19386359 

Kif11 0.19582033 0.18794369 0.2558992 0.22729863 0.2695957 

Crygc 0.24910463 0.20403111 0.1868787 0.27176118 0.25807307 

Lrit3 0.25321938 0.05152334 0.07084886 0.04819461 0.09262976 

Krt12 0.2791208 0.03126246 0.0471028 0.05517147 0.09406831 
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Gpr98 0.28191561 0.23809087 0.27969036 0.26330541 0.27704874 

Pikfyve 0.28669055 0.27874767 0.26789876 0.2696036 0.21986789 

Ush2a 0.2902479 0.10315855 0.12750494 0.12065079 0.21231463 

Pcdh15 0.26942785 0.08232327 0.1073996 0.09994669 0.16503001 

Pex1 0.30058665 0.15229936 0.13149823 0.11486792 0.14077483 

Cnga3 0.30457991 0.02797886 0.04030525 0.01951637 0.06331661 

Mfsd6l 0.31031666 0.05906106 0.04338382 0.03098763 0.06977383 

Alms1 0.20122984 0.28142827 0.27430048 0.31590079 0.28659268 

Pde6c 0.32361744 0.043542 0.05595679 0.02164694 0.11637893 

Hdac8 0.27368277 0.29565526 0.3035282 0.31643591 0.32553492 

Nbas 0.33425782 0.15088656 0.22336442 0.21375965 0.23561353 

Iqsec2 0.33882892 0.2542238 0.1832667 0.20629583 0.24280469 

Cc2d2a 0.3435669 0.18262922 0.20357683 0.18694702 0.25790757 

Crygs 0.34396143 0.05747031 0.08826504 0.0360647 0.11946997 

Opa1 0.29162508 0.26750116 0.3288147 0.34718924 0.28998685 

Rpgr 0.20516171 0.3435258 0.34834053 0.33331081 0.25945298 

Crygb 0.35220513 0.13123136 0.1027022 0.04928081 0.11594022 

Ttpa 0.35396031 0.21129456 0.18517159 0.21632415 0.21282204 

Cryab 0.35963562 0.09698711 0.09349171 0.07193242 0.2736701 

Hmcn1 0.3673348 0.14941006 0.13507355 0.10679148 0.18667073 

Tead1 0.31473403 0.36786892 0.32298009 0.27512043 0.3293955 

Agk 0.27362325 0.28586977 0.36996902 0.3371973 0.35239974 

Gucy2d 0.37017681 0.06012528 0.087043 0.03975922 0.13501796 

Gja8 0.37122666 0.02592559 0.06579636 0.0183717 0.08508495 

Hoxa1 0.23377977 0.2715714 0.2698829 0.26546777 0.37510353 

Cyp27a1 0.3462818 0.2903873 0.21572586 0.20527791 0.37668806 

Optn 0.37845735 0.28418918 0.23530953 0.2684722 0.27586558 

Fscn2 0.3809503 0.21547701 0.20291078 0.17123001 0.22688788 

Wdr36 0.38147172 0.25639148 0.26128353 0.26413532 0.30718414 

Gnat2 0.38331205 0.08559346 0.11437098 0.13087324 0.22603627 

Lztfl1 0.24469925 0.26737794 0.29772491 0.38474495 0.26724824 

Rpe65 0.38814638 0.05762101 0.06655375 0.06470947 0.14132633 

Aldh1a3 0.38946044 0.24257476 0.26000358 0.23939583 0.35330354 

Wrn 0.22891245 0.31011003 0.38958606 0.38587089 0.31407201 

Col11a1 0.39122953 0.33422779 0.32070038 0.25767577 0.33383502 

Ush1g 0.39688481 0.11004357 0.09190008 0.11386787 0.17051058 

Mertk 0.39816801 0.14019538 0.14307491 0.12717725 0.26733062 

Clrn1 0.20068952 0.24245578 0.18170706 0.23386091 0.39969209 

Nhs 0.38377069 0.40280066 0.31464694 0.3412641 0.34186143 

Mitf 0.30863862 0.40551098 0.2819492 0.27152617 0.28303973 

Trex1 0.30788632 0.2007919 0.16555675 0.09762775 0.40687541 

Crygd 0.40747242 0.16940627 0.12683176 0.12063216 0.1849466 
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Fyco1 0.40783815 0.36502115 0.32203121 0.33138073 0.32959602 

Mks1 0.41188108 0.28392139 0.36183112 0.30508155 0.36233125 

Setx 0.35934876 0.42051116 0.39582439 0.3695862 0.35536729 

Adamts10 0.42257816 0.15567026 0.15486328 0.14121368 0.23073512 

Adamts18 0.32917215 0.3747059 0.28937603 0.28168598 0.42595105 

Tgfbi 0.42625914 0.11829454 0.10797142 0.1685406 0.25154313 

Rab3gap2 0.43343422 0.19848386 0.26447218 0.33000348 0.38182563 

Chn1 0.35783421 0.39613996 0.4076157 0.44056192 0.41845826 

Rims1 0.33299068 0.38407466 0.36785719 0.41182127 0.44249538 

Gpr179 0.44302276 0.10723049 0.10641569 0.07718187 0.19173168 

Cep164 0.44374033 0.15497496 0.18270508 0.18245645 0.23572495 

Cerkl 0.40668208 0.44629559 0.33744231 0.30540214 0.37213067 

Mip 0.44744679 0.24703135 0.21596282 0.17711888 0.28628019 

Rab3gap1 0.34371869 0.39467997 0.44784947 0.42236287 0.31350112 

Prpf3 0.45126052 0.34087664 0.34846825 0.30730453 0.35533711 

Efemp1 0.33640137 0.36341335 0.40466341 0.43743791 0.46141328 

Col9a1 0.46193277 0.35418209 0.36052828 0.33422579 0.44164361 

Crybb2 0.4624951 0.04880935 0.07841394 0.03537313 0.1848776 

Ltbp2 0.46562157 0.11861883 0.12759826 0.09880507 0.18713323 

Pdzd7 0.47185639 0.22625039 0.26064875 0.28076099 0.40693159 

Abcc6 0.47275618 0.07621757 0.07287391 0.05506187 0.13715873 

Cabp4 0.33988094 0.15748357 0.16312186 0.16644738 0.2236229 

Adamtsl4 0.47366058 0.3078703 0.33722978 0.2994097 0.40068013 

Prpf31 0.47472589 0.24883753 0.19293284 0.17090176 0.19932517 

Ush1c 0.47578588 0.08812932 0.12943498 0.15913928 0.28515046 

Cln3 0.48088479 0.38572957 0.43189294 0.31324313 0.44724145 

Gja3 0.48540978 0.22789046 0.19864653 0.23254178 0.25530588 

Cryba4 0.48575404 0.04012787 0.08669938 0.0737035 0.16194268 

Wdpcp 0.4984132 0.48957566 0.38428815 0.34021551 0.29851817 

Nmnat1 0.38290046 0.323341 0.42023768 0.27718513 0.50413153 

Nyx 0.50860411 0.0448349 0.03940155 0.03884699 0.07417734 

Lim2 0.50968649 0.04307826 0.0396177 0.08854245 0.12018036 

Cryaa 0.51769705 0.05584437 0.06301409 0.05811617 0.14989857 

Col8a2 0.52362588 0.20049978 0.16072645 0.11323386 0.21474644 

Pde6h 0.46370069 0.03807379 0.09620766 0.04589632 0.16256504 

Crybb3 0.5330779 0.08966274 0.12190115 0.1337847 0.24852895 

Plod3 0.47824594 0.50569939 0.49775042 0.42645965 0.53488036 

Inpp5e 0.53740334 0.50509796 0.38170454 0.43101321 0.446543 

Bbs12 0.21886206 0.42568128 0.48489431 0.54094927 0.33939933 

Rb1 0.30276043 0.3893452 0.49200774 0.54118791 0.39561417 

Ofd1 0.3007828 0.54664132 0.49278197 0.5198418 0.40977331 

Klhl7 0.28868371 0.41579564 0.55297314 0.54946037 0.46797523 
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Ift140 0.49562981 0.54035543 0.55310684 0.44649316 0.54820075 

Ubiad1 0.55346521 0.43527294 0.3938684 0.45313075 0.4494308 

Bbs1 0.36983382 0.15724965 0.14708424 0.11885887 0.16426976 

Bcor 0.41036169 0.35825341 0.37978902 0.35985268 0.32764619 

Lrp5 0.56207966 0.17669221 0.22953818 0.22993629 0.25679714 

Invs 0.4972539 0.52704409 0.5539226 0.56299226 0.46219539 

Csad 0.5644612 0.08288738 0.098445 0.08279374 0.19294441 

B3galtl 0.56619625 0.24959832 0.34789242 0.39774019 0.33825412 

Guca1a 0.43586178 0.37836244 0.36197223 0.37085799 0.46523268 

Myo7a 0.56830966 0.09266153 0.12681115 0.10258106 0.22784335 

Mttp 0.52459967 0.40366734 0.57069026 0.51393783 0.46184136 

Myh9 0.58436345 0.20815336 0.23677306 0.22776868 0.29595641 

Bbs5 0.51485136 0.42424355 0.46620111 0.51369622 0.46110212 

Timp3 0.35441401 0.58651663 0.51458796 0.51998264 0.52450185 

Bmp4 0.5345813 0.58827997 0.46382233 0.38078399 0.58269944 

Wfs1 0.57225569 0.50240103 0.58980714 0.58470992 0.49674617 

Trim32 0.40479503 0.45502266 0.59248217 0.54540024 0.33755067 

Pomt1 0.59264858 0.33705477 0.38425616 0.35607342 0.42327245 

Kif21a 0.47401285 0.40754409 0.56637148 0.6028098 0.57122851 

Stra6 0.60596994 0.39688369 0.16119659 0.1368389 0.27971916 

Cdh23 0.60854127 0.10720697 0.13704259 0.10378769 0.2188462 

Prpf6 0.40354951 0.44098264 0.50504728 0.46174314 0.54319282 

Slc24a1 0.21313666 0.04931156 0.05855094 0.04661984 0.10414691 

Slc4a11 0.6228861 0.22334919 0.19114823 0.17713753 0.26209138 

Pax2 0.62349401 0.62016056 0.47441126 0.43376286 0.60952025 

Bfsp2 0.63013953 0.073705 0.10906832 0.08146373 0.19938258 

Kcnj13 0.63182833 0.51355638 0.12793951 0.05372351 0.0908695 

Lca5 0.42013356 0.55097816 0.63343038 0.58464933 0.47601168 

Ndp 0.29209069 0.4313572 0.36744441 0.44001409 0.63489555 

Smoc1 0.38311951 0.40112031 0.52652047 0.61318324 0.63766148 

Wdr19 0.63950812 0.30041273 0.38621994 0.39792029 0.30959872 

Igbp1 0.34090248 0.64725789 0.58549753 0.63500419 0.45693829 

Chd7 0.61571026 0.59425526 0.63911014 0.59632621 0.65202005 

Capn5 0.65560093 0.20636412 0.20235473 0.18062688 0.26923894 

Cib2 0.59971264 0.41716948 0.65584129 0.55632743 0.61810114 

Best1 0.65793775 0.34386755 0.49524564 0.57956782 0.65531521 

Cyp1b1 0.36507334 0.65962101 0.38155119 0.4812162 0.59041571 

Col2a1 0.66123619 0.35974978 0.39507956 0.43007977 0.51617531 

Jag1 0.66500462 0.58286066 0.435084 0.3623677 0.45314569 

Phyh 0.5472697 0.54951154 0.60709772 0.66786002 0.55908603 

Vsx1 0.67010264 0.2899343 0.17443946 0.21268773 0.25659184 

Hccs 0.67091973 0.59090304 0.60084819 0.65822006 0.45920929 



 

 

 314 

 

Tubb3 0.33567681 0.35575222 0.30074141 0.27957109 0.44511469 

Ryr1 0.67372734 0.18818815 0.204624 0.15930135 0.28513844 

Rrm2b 0.38792857 0.68485071 0.68089421 0.62051614 0.54019096 

Pank2 0.46738359 0.65599445 0.69968731 0.63938143 0.57294859 

Adam9 0.42013356 0.57898442 0.70291283 0.70129184 0.60977175 

Tspan12 0.40954203 0.70830252 0.63992635 0.59890713 0.62305354 

Iqcb1 0.57739092 0.60650572 0.68089742 0.71207985 0.52312904 

Six6 0.43860299 0.56917625 0.63095414 0.60656245 0.7147091 

Nphp4 0.71742432 0.33570687 0.37302409 0.38043269 0.42838252 

Mfn2 0.71980825 0.35486809 0.39650435 0.4295568 0.33839803 

Dhdds 0.56770225 0.43816559 0.59102709 0.69199296 0.72027029 

Hsf4 0.72064138 0.43591533 0.37794392 0.46475142 0.59410878 

Pla2g5 0.34789242 0.21672578 0.29409589 0.37085028 0.53912993 

Mkks 0.43840544 0.47504664 0.72791563 0.70431138 0.44735633 

Spata7 0.57903289 0.67207535 0.63839704 0.72829946 0.55678411 

Rgs9bp 0.31646383 0.47150676 0.31693478 0.27944433 0.45631017 

Gnptg 0.70304434 0.73719364 0.44720169 0.45968093 0.54859631 

Hars 0.74226669 0.60977939 0.56198619 0.59336868 0.62614007 

Polg 0.61927651 0.62318878 0.74467582 0.71955613 0.7150361 

Oat 0.54383414 0.61427817 0.7585105 0.67444831 0.72303912 

Ctdp1 0.51629217 0.64917114 0.61041931 0.76429718 0.61891967 

Cnnm4 0.767326 0.68718801 0.66442459 0.71871845 0.65371449 

Fam161a 0.35359483 0.06905546 0.07873093 0.03086343 0.10974884 

Rlbp1 0.455987 0.12144513 0.36030144 0.53610987 0.76993094 

Snrnp200 0.45841536 0.14294387 0.17261202 0.18779756 0.20303971 

Robo3 0.77937176 0.41951949 0.48757365 0.4094177 0.44297907 

Bbs4 0.37122666 0.52676449 0.50516567 0.43796859 0.49912945 

Rdh5 0.78517386 0.46688254 0.36913362 0.40244612 0.38255356 

Ahi1 0.55574687 0.66571295 0.75011045 0.79383856 0.62904315 

Mir184 0.22058396 0.16387717 0.52682608 0.37116155 0.79434125 

Rpgrip1 0.34452227 0.15938851 0.17674266 0.17743115 0.24839088 

Nphp1 0.8148918 0.26190155 0.29512241 0.3016329 0.29345217 

Atxn7 0.47091392 0.83671189 0.73729232 0.79939397 0.69841277 

Phgdh 0.66705721 0.84456417 0.79608167 0.69265215 0.80130311 

Prdm5 0.48827705 0.80943094 0.84730546 0.84790384 0.7588311 

Crb1 0.34959414 0.42201325 0.48556757 0.45973047 0.45601605 

Topors 0.41596324 0.86396485 0.78134208 0.81319398 0.59676463 

Gpr125 0.5747999 0.86398446 0.83473851 0.81539204 0.66807817 

Guca1b 0.8759881 0.30035865 0.11100132 0.0689777 0.13007139 

Bbs7 0.53312035 0.81823403 0.90221552 0.88095111 0.70145723 

Nphp3 0.70345893 0.90999114 0.9100335 0.85140137 0.7064809 

Foxc1 0.82395572 0.88769643 0.84288259 0.9387057 0.91672667 
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Leprel1 0.57550041 0.94534527 0.77019159 0.93251395 0.90846419 

Rbp4 0.95053489 0.60276548 0.51601903 0.65060683 0.73504257 

Idh3b 0.58077435 0.87419737 0.64088548 0.85763043 0.89739263 

Crybb1 0.95889591 0.08915042 0.13111748 0.08783249 0.21779836 

Cacna2d4 0.57177734 0.10316586 0.12877504 0.17037856 0.23671365 

Galk1 0.61649262 0.971484 0.98803537 0.89727814 0.96053176 

Tacstd2 0.75066072 0.99301002 0.28501308 0.15935425 0.2122784 

Rab18 0.31020536 0.58135958 0.84169217 1.00629374 0.71126251 

Sil1 0.99438054 0.8238407 0.91735831 1.00822772 0.80000274 

Mak 0.35008809 0.24561446 0.19720757 0.20438417 0.18319798 

Pex7 0.53841586 0.81866326 0.9882074 1.02624036 0.77754551 

Epha2 1.03739537 0.31283564 0.39199721 0.45966218 0.59599735 

Ttc8 0.487999 0.77709019 0.85746645 0.7423242 0.6509888 

Galt 0.76101466 1.04678392 0.84112332 0.7035538 0.87677812 

Maf 1.09074589 0.92596282 0.72627321 0.78291346 0.80899584 

Bbs9 0.48255147 0.62673264 0.67282309 0.66559898 0.64431912 

Chmp4b 1.0140544 0.94376542 1.13769958 1.09879031 0.93445279 

Rnls 0.51388344 0.87165665 1.10142078 1.14789959 0.97700048 

Opa3 0.5791793 0.82353438 1.1564637 1.04504192 0.98024414 

Opn1sw 0.23367255 0.10474861 0.10716119 0.07787573 0.09215807 

Fzd4 0.42542475 1.18826516 0.96830848 0.9368399 0.84777886 

Bfsp1 1.23199675 0.7964106 0.49498589 0.51035395 0.51593789 

Gdf6 0.5817496 1.24465668 0.85213829 0.94456619 0.95794826 

Foxe3 1.24641386 0.87450457 0.53798937 0.76739266 0.8959167 

Sema4a 0.78991954 1.25216685 0.95783938 0.9698903 1.18121329 

Bbs10 0.85140761 1.08030499 1.2701269 1.24416796 0.9157201 

Acbd5 0.67530311 1.29955974 1.25600199 1.21366091 0.96647229 

Prpf8 0.36214573 0.32397118 0.34354832 0.31970137 0.36433576 

Hmx1 0.9588381 0.94166268 0.98431884 1.13359498 1.36520497 

Pax6 1.05851536 1.29341207 1.37015174 1.17723454 1.3525465 

Grk1 0.30116881 0.02714377 0.03572563 0.02064282 0.07495846 

Pde6a 0.47495436 0.08126995 0.0847187 0.06397404 0.14162813 

Apoa1 0.80350786 1.29293034 0.94064855 0.91769023 1.41337267 

Dmpk 1.21872638 1.41343719 1.4217006 1.18716594 1.35841059 

Sox2 0.84281754 1.43119612 1.3389738 1.3775961 1.37087157 

Sdccag8 0.900781 1.15486829 1.43815076 1.33891229 1.02139406 

Pitpnm3 0.56168499 0.21007674 0.16531781 0.1757648 0.27209501 

Bbs2 0.85217115 1.5706882 1.41359046 1.47550214 1.23822737 

Abca4 0.53338224 0.33628733 0.19335355 0.17167134 0.28381252 

Polg2 0.69490242 1.58252622 1.33068714 1.66223053 1.48217301 

Vax1 1.03264526 1.25235213 1.24509108 1.38719564 1.77335089 

Igfbp7 0.80304927 1.61405335 1.42336644 1.7741317 1.47353445 
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Phox2a 0.91756895 1.78451398 0.759491 0.84734662 0.82725503 

Prss56 0.77662326 0.70141062 0.95785192 1.39255291 1.82820744 

Abhd12 1.2380513 1.88059201 1.75940525 1.82014713 1.50425529 

Pitx3 1.46901233 1.89810719 1.17042162 1.26822152 1.70331074 

Rp9 0.68031109 1.51415811 1.51006939 1.96367251 1.38682019 

Tdrd7 0.37291886 0.10614201 0.08682917 0.06679973 0.14015833 

Pitx2 0.68150567 1.48161462 1.76618041 2.03210204 1.80770288 

Vsx2 0.66528955 0.65139526 0.77074867 0.75573315 0.87924335 

Cnbp 0.4682092 0.85407413 1.04813192 1.06662641 0.8594868 

Rgs9 0.4050418 0.29127617 0.23523749 0.18838737 0.20819164 

Aco2 0.46738617 0.19899385 0.3273816 0.26168659 0.31177897 

Vim 1.80087439 2.28299554 1.97992846 1.87948828 1.81061892 

Arl6 0.74270147 1.93887549 2.1027633 2.21628728 1.39504528 

Rd3 0.27003746 0.10115722 0.18339194 0.25546497 0.26088899 

Tmem126a 0.75505371 2.37117599 2.30729096 2.23616522 1.75439995 

Rp1l1 0.32877094 0.02783676 0.03141539 0.02395586 0.08149066 

Kcnv2 0.17687558 0.02724379 0.03479413 0.02434843 0.06500386 

Pgk1 1.50428217 0.58884901 0.64325838 0.64550338 0.44622568 

Rax 1.62325476 2.04918647 2.19819249 2.20092536 2.47783383 

Aipl1 0.59136171 0.19708818 0.16187873 0.21707453 0.30423052 

Cngb1 0.27298476 0.0312414 0.04409694 0.01922404 0.06199269 

Cnga1 0.27238655 0.04378917 0.03611836 0.02806079 0.05860266 

Impdh1 0.73320349 0.6373148 0.61436131 0.66914523 0.63933366 

Prom1 0.34094643 0.19171661 0.16188469 0.14005301 0.20692907 

Rdh12 0.20911992 0.10340185 0.10006568 0.10448841 0.15962391 

Otx2 0.44142382 0.23960615 0.3377352 0.34357427 0.49204717 

Elovl4 0.7475586 0.91396583 0.8752287 0.85530069 0.7187486 

Gnat1 0.62039239 0.52587611 0.56252236 0.64077447 0.97619559 

Impg2 0.19597889 0.06437608 0.07195464 0.05305592 0.1148583 

Rs1 0.11206723 0.03003735 0.02455674 0.03139094 0.04057241 

Slc25a4 0.67615083 1.77749672 2.045656 2.1914265 1.8846965 

Rp1 0.12804597 0.05632253 0.02829841 0.01747483 0.03874906 

Pde6b 0.51887363 0.06589763 0.09605332 0.13476187 0.22032913 

Tulp1 0.60638618 0.36531848 0.33927846 0.36925937 0.48989495 

Cdhr1 0.41021236 0.24449816 0.20041135 0.18707125 0.23141217 

Crx 0.24207226 0.07115971 0.12239173 0.24553173 0.2339286 

Nr2e3 0.47206512 0.03226607 0.04469532 0.05533819 0.12964983 

Nrl 0.65370789 0.40947302 0.49997623 0.52996583 0.59609335 

Unc119 0.86735473 0.66596895 0.62176039 0.51586209 0.66649234 

Rbp3 0.27694241 0.06574925 0.09180903 0.13978338 0.15541232 

Prph2 0.24865981 0.11552806 0.08843363 0.08905422 0.13678503 

Pde6g 0.44018646 0.03530903 0.04497791 0 0.13546262 
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Rom1 0.46877705 0.63109813 0.51113383 0.77069587 0.83062151 

Rho 0.31042625 0.04053755 0.05701814 0.06461246 0.10755223 

Sag 0.54927717 0.11715525 0.1578147 0.24790119 0.35098738 
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Section 7.8 The retinal vasculature analyses. 

 

 

 


