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Abstract 

Retinitis pigmentosa (RP) is a heterogeneous group of inherited retinopathies affecting 

approximately 1.5 million people worldwide.  RP is associated with genetic mutations leading 

to progressive deterioration of the photoreceptors followed by degeneration of the retinal 

pigment epithelium (RPE).  The molecular mechanisms by which these mutations drive 

photoreceptors to death are not well understood.  Accordingly, effective therapeutic strategies 

to stop the progression of RP and/or restore vision have yet to be established.  The current study 

examines mechanisms of cell death in two models of RP that affect genes in visual cycle: 

Pro23His (P23H) rat and rd1 mice. 

The P23H transgenic albino rat strains are widely used models for the most common 

mutation of the rhodopsin (RHO) gene associated with autosomal dominant form of RP.  

However, detailed phenotypic characterization of the most commonly used strain (line 3, 

P23H-3) is lacking.  Before investigating what underlying cell death signaling pathways 

contribute to photoreceptors death in this animal model, P23H-related functional and structural 

changes were evaluated using electroretinography (ERG) and in vivo imaging.  In the control 

Sprague-Dawley (SD, control) rats, photoreceptoral and post-photoreceptoral ERG responses 

enhanced from postnatal day (P)18 to 1 month, when they reached adult levels.  By contrast, 

the function of the rod and cone pathways in the P23H-3 rat showed progressive decline from 

1 month of age, which correlated with loss of photoreceptors in the outer nuclear layer (ONL) 

from 2 months onwards.  Quantitative analysis of dying P23H-3 photoreceptors in the ONL, 

using TUNEL assay, revealed a biphasic pattern of the cell death, with a rapid initial phase, 

peaking at P18, followed by a slower progressive phase.  However, activation of caspase-3 and 

nuclear translocation of apoptosis inducing factor (AIF) were detected rarely in the nuclei of 

the ONL at P18, suggesting that the classical intrinsic apoptotic pathway may not be the major 
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contributor.  Consistent with this, analysis of mitochondrial membrane potential (Δψm) using 

flow cytometric analysis of JC-1 fluorescent assay showed similar staining patterns for both 

P23H-3 and age-matched SD control cells, with no significant differences between the ratio of 

red/green fluorescence, that is no difference in Δψm.  To further investigate other potential cell 

death pathways involved in the degeneration of photoreceptors in P23H-3 rats, gene expression 

profiling was performed using a rat cell death qPCR array on RNA isolated from P14 and P18 

P23H-3 and age-matched SD rat retinae.  The results revealed significant dysregulation in the 

expression levels of several genes associated with autophagy and necrosis.  

The rd1 (Pde6brd1/rd1) mouse is a well-characterised animal model of human autosomal 

recessive RP bearing a gene mutation in the β-subunit of phosphodiesterase 6 (Pde6b).  As 

previous studies have debated the importance of apoptotic pathways in this model, the roles of 

two central molecules (BAX and BAK) was investigated in mitochondrial-mediated apoptosis 

during normal maturation of the retina and during rd1-associated photoreceptor degeneration.  

C567Bl6 mice lacking Bak (Bak-/- and Bak-/- Bax+/-) exhibited normal architecture and 

lamination of retina, with no significant differences in thickness of retinal layers compared to 

wild-type (WT) at P14.  Analysis of Bak and Bax expression by droplet digital PCR (ddPCR) 

in rd1 mice at P14 and P18 revealed elevated expression of Bak, but not Bax, compared to the 

WT controls.  Genetic removal of Bak in rd1 mice, with or without loss of one Bax allele, 

resulted in a significant and transient increase in ONL thickness compared to mice rd1 at P14, 

that was not maintained at P18.  However, in double-knockout mice (rd1/Bak-/- Bax-/-) the ONL 

thickness was similar to the WT, despite the presence of the rd1 mutation.  Moreover, a 

substantial thickening was detected in inner retinal layers including inner nuclear layer (INL), 

inner plexiform layer (IPL) and ganglion cell layer (GCL) when compared to age-matched rd1 

and WT controls.  The data indicate that in the rd1 mouse model, BAK and BAX function 
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redundantly in intrinsic cell death pathways, which are a major contributor to photoreceptor 

death over and above normal developmental cell death in the maturing retina. 

To investigate the potential to pharmacologically target intrinsic cell death 

mechanisms, the efficacy of a BAK antagonist was examined in vivo.  Intravitreal injection of 

a specific BAK inhibitor (WEHI-1250993) into rd1/Bax-/- mice at P16 significantly reduced 

photoreceptor death at P18 when compared to vehicle controls.  While these results provide 

proof of principle that intravitreal administration of antiapoptotic agents may be effective for 

ameliorating photoreceptor death, further studies are needed to develop BAX antagonists and 

determine the long-term effectiveness of such therapeutic approaches.  

In conclusion, P23H mutation in RHO induced a progressive deterioration of retinal 

function and structure in transgenic rats.  Multiple mechanisms of cell death possibly form a 

complicated network of molecular events to mediate degeneration of photoreceptors in P23H-

3 animal model.  However, the mitochondrial-mediated apoptosis is central to both naturally 

occurring developmental as well as rd1-associated cell death in mouse retina.  Targeting these 

cell death pathways may slow the progression of photoreceptor death in individuals with RP.  
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1.1. Introduction 

Photoreceptor death is thought to cause approximately 50% of all cases of irreversible 

vision loss in the western world.  It contributes to vision loss in inherited retinal degeneration, 

as well as age-related macular degeneration.  Retinitis pigmentosa (RP) is the most common 

form of inherited retinopathy, characterized by progressive loss of photoreceptors (rods and 

cones), which leads to severe visual impairment (Bravo-Gil et al., 2017; Guadagni et al., 2015).  

RP has been found to be caused by more than 3000 genetic mutations, affecting around 70 

genes (Daiger et al., 2013a).  Presently, there is no treatment for RP (Sahni et al., 2011) and 

what is needed is an understanding of the basic underlying biology that causes the disease to 

explore and develop novel therapeutic strategies. 

Several studies have demonstrated that apoptosis, a type of programmed cell death, is 

one of the main death pathways involved in pathogenesis and progression of photoreceptors 

demise in RP (Chang et al., 1993b; Portera-Cailliau et al., 1994; Travis, 1998a).  However, 

pharmacological approaches targeting apoptosis have only shown minor protective effects 

against photoreceptor degeneration.  Moreover, recent investigations have demonstrated that 

other types of cell death, including autophagy and necrosis, are also implicated in RP-related 

photoreceptor loss.  Together, photoreceptor death in RP seems to be mediated by different 

pathways of cell death, which may have cross-talk and/or functional redundancy.  Accordingly, 

further studies are required to understand the complex mechanisms by which photoreceptors 

die in the retina. 

Through the years, experimental animal models have contributed into developing 

knowledge about pathophysiology of RP and developing novel therapies.  The overarching aim 

of this thesis is to understand the molecular mechanisms that contribute to photoreceptor loss 

in inherited retinal degeneration using rodent models of RP. General structure of retina and 
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visual pathway will be discussed below, followed by an overview of retinal degeneration and 

cell death pathways involved. 

1.2. Structure of the vertebrate retina 

The vertebrate retina is a layered light-sensitive neural tissue covering the posterior 

surface of the eye that collects light from the surrounding environment and transmits it to the 

brain allowing visual perception.  At a cellular level, the retina contains five classes of neurons; 

photoreceptors, which absorb light; horizontal, bipolar and amacrine cells, which are 

interneurons collecting signals from photoreceptors; and ganglion cells, which are the output 

neurons of the tissue carrying visual information to the brain.  These neurons are organized in 

five alternating layers of cell bodies (nuclei) and synapses/axons.  Photoreceptor cell bodies 

are localized in the outer nuclear layer (ONL), while interneurons reside in the inner nuclear 

layer (INL), and retinal ganglion cells (and some of displaced amacrine cells) occupy the 

innermost ganglion cell layer (GCL) (Sanes et al., 2015a).  Photoreceptor-interneuron synapses 

are found in the outer plexiform layer (IPL), while interneuron-ganglion cell synapses 

constitute the inner plexiform layer (IPL) (Figure 1.1). 

In the retina, two pathways mediate synaptic transmission: the vertical and lateral 

pathways.  Signal transmission from photoreceptors to bipolar cells forms the vertical pathway, 

which is modulated by the inhibitory functions of horizontal (in the OPL) and amacrine (in the 

IPL) cells, which make up the lateral pathway (Wässle et al., 1991). 



 

4 

 

 The vertical pathway 

1.2.1.1 Photoreceptor cells 

Photoreceptors are the photosensitive neurons in the retina, specialized for converting 

light stimuli into neuronal signals.  Rods and cones are two main classes of photoreceptors 

(Ahnelt et al., 2000; Wassle, 2004).  Rods express the photopigment rhodopsin and are 

exquisitely sensitive to light, thus facilitate dim-light vision.  Cones express one of three cone-

opsins, each of which respond maximally to a specific wavelength of light.  Hence, cones 

mediate perception of bright-light, high acuity colour vision (Schnapf et al., 1988; Wassle et 

al., 1991). 

 

Figure 1.1: The structure and the neurons of the mammalian retina 
(A) Structure of the adult mouse retina stained by Haematoxylin and Eosin (B): Schematic diagram showing the 

basic neuronal organization of the vertebrate retina.  Abbreviations: IS: photoreceptor inner segments; OS: 

photoreceptor outer segments; ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer; 

IPL: inner plexiform layer; GCL: ganglion cell layer.  Scale bar = 30 µm (B: adapted from Neuroscience Purves 

3rd edition). 

Morphologically, photoreceptors in all vertebrates share similar cellular compartments, 

namely the outer segment (OS), inner segment (IS), soma, axon, and synaptic terminal.  The 
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OS is filled with stacks of membranous disks containing the photopigments rhodopsin or cone-

opsins which capture photons of light and convert them into electrical impulses.  The IS 

contains the cellular organelles, the Golgi, endoplasmic reticulum (ER), and mitochondria, and 

is where cellular protein and lipids are synthesized (Baker et al., 2013). 

The biochemical process of transducing a light signal into an electrical output is known 

as the phototransduction cascade and occurs in the cell membranes and pigment-loaded disk 

membranes of the photoreceptors OS (Arshavsky et al., 2002a).  The phototransduction cascade 

is a G-protein-signalling pathway mediated by photopigment (rhodopsin or cone opsins), a 

chromophore called 11-cis retinal, transducin and cGMP phosphodiesterase (PDE6) 

(Grossniklaus et al., 2015).  

Under dark conditions, photoreceptors remain continuously in a depolarized state 

because of influx of Na+ and Ca2+ ions into the cell through cGMP-gated channels and maintain 

a constant synaptic release of glutamate.  In rods, photon absorption induces a conformational 

change in the 11-cis retinal to all-trans retinal, leading to activation of rhodopsin which in turn 

catalyses the activation of transducin.  Transducin, stimulates the activity of PDE to hydrolyse 

cGMP to GMP and thus decrease the level of cytoplasmic cGMP.  This results in the closure 

of the cGMP-gated Na+ and Ca2+ channels on the plasma membrane, photoreceptors become 

hyperpolarized, and inhibiting glutamate release from their terminals.  This visual signal is 

subsequently processed by the before mentioned interneurons and ganglion cells before being 

transmitted to the brain via the optic nerve (Arshavsky et al., 2002b). 

1.2.1.2 Bipolar cells 

Retinal bipolar cells function as the second-order neurons in the visual pathway, 

relaying inputs from photoreceptors and horizontal cells to the inner retina (Strettoi et al., 

2010).  In the mammalian species, there are approximately 9-12 subtypes of cone bipolar cells 

(Boycott et al., 1991; Ghosh et al., 2004; Grunert et al., 1994; Hartveit, 1997; MacNeil et al., 



 

6 

 

2004), whereas only one type of rod bipolar cell has been identified (Kolb, 1970).  Reflecting 

this difference, each rod interacts with the dendrite of one individual rod bipolar cell at its 

synaptic terminal (spherule), while cones can make several connections with dendrites of cone 

bipolar cells at their synapses (pedicle) (Ghosh et al., 2004). 

Functionally, bipolar cells fall into two fundamental groups: ON and OFF type cells, 

which differ in their response to light (Slaughter et al., 1981).  ON bipolar cells respond to light 

stimulation with a graded depolarization as they express the metabotropic glutamate receptor, 

mGluR6 (Nakajima et al., 1993; Nomura et al., 1994), which negatively couples to a cationic-

selective channel via the G-protein α0 (Gα0) (Vardi, 1998; Vardi et al., 1993).  By contrast, 

OFF bipolar cells express the ionotropic AMPA (α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor) or kainate glutamate receptors and become hyperpolarized 

in response to light (DeVries, 2000; Hack et al., 1999).  

1.2.1.3 Ganglion cells 

Retinal ganglion cells are the final output neurons of the retinal vertical pathway, being 

responsible for the transmission of visual information to the brain.  In the IPL, their dendrites 

make a dense synaptic network with bipolar and amacrine cells to collect sensory input (Sanes 

et al., 2015a).  

Based on morphology, gene expression profile, regular spacing and physiological 

properties ganglion cells can be classified into distinct types (Sanes et al., 2015b) and it has 

been shown that different physiological RGC types have specific morphologies (Cleland et al., 

1975).  In the mouse retina, at least 25 distinct subtypes of ganglion cells have been identified 

(Roska et al., 2014).  Physiologically, there are two main subtypes of GCs in the mammalian 

retina; ON- and OFF-center which are tuned to respond to increases and decreases in light 

intensity, respectively (Kuffler, 1953).  
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 The lateral pathway 

1.2.2.1 Horizontal cells 

Horizontal cells are horizontally elongated neurons in the retina, located at the border 

between OPL and INL, and mediate lateral interconnection of photoreceptors (Perlman et al., 

2009).  In most vertebrate retinae, at least two types of HCs have been described: A-type, which 

are axonless, and B-type, which have an elongated axon (Boycott, 1988).  Generally, the 

somata and dendritic ends of both types interact with cone pedicles, whereas the axonal 

terminals (if present) synapse with rod spherules (Muller et al., 1993).  Horizontal cells receive 

synaptic signals from cone photoreceptors via ionotropic kainate-AMPA receptors on their 

dendrites and provide inhibitory feedback (Hack et al., 2001; Vardi et al., 1992).  While it has 

been suggested that horizontal cells release the inhibitory neurotransmitter, GABA, to 

negatively modulate the excitability of photoreceptors (Wu, 1992), the exact mechanism(s) is 

still unknown. 

1.2.2.2 Amacrine cells 

Amacrine cells (AC) are the intrinsic interneurons, which show the most functional and 

morphological variety in the retina (Wässle et al., 1991).  The cell bodies of ACs occupy either 

the innermost part of the INL or GCL and their processes extend to the IPL (Wässle et al., 

1991), where they process synaptic input from bipolar cells and other amacrine cells and in 

turn send signals to ganglion cells as well as providing feedback to bipolar cells (Dowling et 

al., 1966; MacNeil et al., 1998; Zhang et al., 2002).  In the vertebrate retina, the majority of 

amacrine cells express GABA or glycine and function as inhibitory neurons (Brecha et al., 

1988; Crooks et al., 1992); however, some also co-express excitatory neurotransmitters such 

as dopamine and acetylcholine (Chun et al., 1988; Kolb, 1997; O'Malley et al., 1989; Vaney et 

al., 1988).  This expression of multiple neurotransmitters suggests that amacrine cells release 
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different sets of neurotransmitters to achieve their primary function of bipolar and ganglion 

cell modulation. 

1.2.2.3 Retinal glial cells 

The vertebrate retina comprises two main types of support cells: macroglia including 

astrocytes and Müller cells; and microglia, the yolk sac-derived resident immune cells in the 

retina.  All retinal glial cells are involved in regulation of the micro-environment of the retina 

(Bringmann et al., 2006). 

1.2.2.3.1 Macroglia  

Müller cells are the specialized radial glial cells of the vertebrate retina.  Their cell 

bodies are localized in the INL, with their processes distributing through all retinal layers 

(Bringmann et al., 2006).  This anatomical arrangement provides close interactions between 

Müller cells and retinal neurons, synapses, other glia, and blood vessels, important for 

maintaining retinal structure and function (Bringmann et al., 2006).  Müller cells have a variety 

of functions in the retina including: providing retinal neurons with nutritional and metabolic 

support (Poitry-Yamate et al., 1995; Tsacopoulos et al., 1996), maintaining ion and water 

homeostasis (Kofuji et al., 2002; Newman et al., 1996; Newman, 1996; Newman et al., 1984), 

regulation of the retinal blood flow (Paulson et al., 1987), recycling of photopigments (Das et 

al., 1992), secreting neuroactive (Newman, 2003; Newman et al., 1998; Stevens et al., 2003) 

and vasoactive factors (Eichler et al., 2000; Eichler et al., 2004), protecting neuronal cells 

against oxidative damage (Pow et al., 1995; Schütte et al., 1998) and processing of neuronal 

signals (Biedermann et al., 2002; Brew et al., 1987; Qian et al., 1993; Rauen et al., 1998).  

Astrocytes are the second type of macroglia in the retina.  Unlike Müller cells, 

astrocytes do not derive from the retinal embryonic epithelium, rather originate from optic stalk 

lineages, and migrate into the retina from the optic nerve head (Stone et al., 1987; Turner et al., 

1987; Watanabe et al., 1988).  Astrocytes are primarily positioned in the nerve fiber layer; 
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where their processes make interact extensively with blood vessels and form the retinal blood 

barrier (Vecino et al., 2016).  Astrocytes have essential roles in maintaining ion homeostasis, 

regulation of blood vessel growth during retinal development and transmitting neuronal signals 

in the retina (Ridet et al., 1997).   

1.2.2.3.2 Microglia 

Microglial cells are the resident immune cells of the CNS and retina (Kettenmann et 

al., 2011).  In the healthy retina, they are limited to the inner retinal layers, below the sub-

retinal space (Chen et al., 2002) and exhibit a “resting” phenotype characterised by a branched 

morphology with many processes (Wake et al., 2009).  They are capable of secreting 

neuroprotective and anti-inflammatory substances, thus participate in host defense against 

invasion of microorganisms and regulation of immune response (Streit, 2002).  Under 

pathological conditions, the microglia can be activated rapidly and change their morphology.  

Activated microglial cells are very motile, release inflammatory cytokines and phagocytose 

debris of degenerated/damaged cells (Fu et al., 2014; Sternberg, 2006; Streit, 2002).  

 Retinal pigment epithelium 

The retinal pigment epithelium (RPE) is a specialized epithelial monolayer, densely 

filled with pigment granules.  The RPE is located between the outer segments of the 

photoreceptors and the choroid (Weiter et al., 1986) and has several crucial survival functions, 

including transporting of nutrients and metabolites (Wimmers et al., 2007), absorbing of light 

energy and protecting retina from photooxidative damage, converting all-trans-retinal into 11-

cis-retinal (Sim et al., 2010), phagocytosis of shed photoreceptor outer segments (Bok, 1993), 

and secreting neurotrophic, inflammatory and vasculotrophic growth factors (Adamis et al., 

1993; Bost et al., 1994; Dawson et al., 1999) .  
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Based on the data presented above, it is evident that the structure of the mammalian 

retina is critical to the proper detection and processing of light.  Alterations in the retinal 

structure that occur due to injury or degeneration leads to significant visual impairment.  

1.3. Retinal degenerations 

Retinal degenerations are a leading cause of irreversible vision impairment 

characterized by neuronal dysfunction and/or irreversible loss of retinal cells and exemplified 

in diseases such as retinitis pigmentosa, age-related macular degeneration (AMD), diabetic 

retinopathy and retinal detachment (Luthert et al., 1998; Seiler, 2014).  Although retinal 

degeneration can be attributed to a range of environmental or genetic causes, the discussion 

below is restricted to the most common inherited forms of retinitis pigmentosa affecting 

millions of people worldwide. 

 Retinitis pigmentosa 

Retinitis pigmentosa (RP) refers to a heterogeneous family of hereditary retinal 

dystrophies, with a prevalence of 1 in 3000 to 8000 individuals worldwide (Ali et al., 2017).  

Nyctalopia (night blindness), which often is first noticed in adolescence, is a classic early 

clinical symptom of RP, followed by visual field constriction due to loss of peripheral vision 

and eventually complete loss of vision because of deterioration in central, high acuity vision 

(Jacobson et al., 2010).  These clinical symptoms reflect the progressive degeneration of retinal 

cells with dysfunction and loss of rod photoreceptors and RPE during the early stages of RP, 

followed by loss of cone photoreceptors at a later stage (Ali et al., 2017; Daiger et al., 2013b; 

Ferrari et al., 2011; Fletcher et al., 2011).  RP is generally considered as a retinal disease with 

a powerful Mendelian hereditary component.  Currently, mutations in more than 150 genes are 
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known to cause RP, which can be inherited in an autosomal-dominant (ADRP), autosomal-

recessive (ARRP) or X-linked (XLRP) manner (Fletcher et al., 2011; Roger et al., 2014).  

Proteins encoded by these genes have diverse functions; while some are specifically involved 

in visual pathway (e.g., phototransduction cascade, structural proteins, visual cycle, outer 

segment renewal, transcription factors), others are general proteins with broad expression 

profiles (e.g., splicing factors, nucleotide metabolism) (Marigo, 2007).  Although most of the 

genetic mutations affect proteins that are expressed exclusively in rod photoreceptors and thus 

lead to their degeneration, cone photoreceptors also die, even though they may not express the 

mutated protein (Narayan et al., 2016).  The mechanisms that lead to cone death are not well 

understood, but prevailing theories include: (1) dependency of cone survival factors secreted 

by rods (Keegan et al., 2003; Mohand-Said et al., 1998; Mohand-Said et al., 2000; Ohnaka et 

al., 2012; Traverso et al., 2003), (2) cone starvation (Ait-Ali et al., 2015; Punzo et al., 2008; 

Venkatesh et al., 2015), (3) oxidative damage (Komeima et al., 2007; Komeima et al., 2006; 

Lee et al., 2011; Shen et al., 2005), (4) activation of retinal microglia (Peng et al., 2014) and 

(5) rod-produced toxins  (Narayan et al., 2016; Punzo et al., 2008; Venkatesh et al., 2016). 

Owing to the genetic heterogeneity and functional diversity of proteins involved in RP, 

the biochemical pathways underlying the different types of RP remain elusive.  While 

photoreceptor cell death is the major hallmark of RP, the processes that lead to cell death are 

complicated and can vary depending on the specific causative genes.  Various pathways, 

including oxidative stress, inflammatory response, endoplasmic reticulum (ER) stress, caspase-

dependent and/or -independent pathways of apoptosis, necroptosis and autophagy, have been 

identified to mediate photoreceptor death in RP, but their cellular and molecular events still 

remain poorly characterized (Nakazawa, 2014). 

Currently, there is no appropriate treatment that can halt the progression of retinal 

degeneration or restore vision in RP patients (Arshavsky et al., 2002b).  However, several 
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alternative approaches are being explored, which are dependent upon the stage of the disease.  

In the early phases of RP, when photoreceptors are still functional, the first strategy aims to 

modify the causative biochemical abnormality in the visual cycle by pharmacological 

treatment, including vitamin A (Berson et al., 1993), a diet high in omega-3 fatty acids (Berson 

et al., 2004), or gene therapy (Musarella et al., 2010; Sahni et al., 2011).  Ocular gene therapy, 

using viral vectors, has shown promising therapeutic effects in mice, dogs (Acland et al., 2005; 

Acland et al., 2001b; Bennicelli et al., 2008; Roddy et al., 2017), and humans (Hauswirth et 

al., 2008; Maguire  et al., 2008; Russell et al., 2017). 

Another approach attempts to prevent or slow down photoreceptor cell death using 

specific inhibitors of programmed cell death, applying or inducing neurotrophic growth factors, 

as well as reducing retino-toxic products and oxidative damage (Bok et al., 2002; LaVail et al., 

2000; Liang et al., 2001a; Liang et al., 2001b; Masuda et al., 2017).  In advanced stages, when 

most of the photoreceptors have died or become non-functional, other therapeutic options 

including retinal transplantation and the use of electronic retinal implants (Caspi et al., 2009; 

Yanai et al., 2007) have been explored (Musarella et al., 2010; Sahni et al., 2011).  

While some of these approaches have been/are being trialed in humans (Acland et al., 

2001a; Cideciyan et al., 2009; Hauswirth et al., 2008), the ongoing development of such 

therapies is still highly reliant on testing ‘proof of concept’ in appropriate animal models prior 

to trials in human patients.  Indeed, much of our understanding about ocular diseases such as 

RP, comes from many years of primary investigations on animals presenting with similar signs 

of those in human.  

 Animal models of Retinitis Pigmentosa 

Animal models provide a valuable means for studying the genetic basis and 

pathogenesis of retinal diseases on the one hand and evaluating novel, potentially 
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protective/therapeutic approaches on the other.  As animals like mice, rats, cats, and dogs 

naturally suffer from a wide range of retinal diseases with similar traits to the human diseases, 

understanding the detailed cellular events in such animal models can improve our knowledge 

about underlying mechanisms in their human counterparts (Dalke et al., 2005; Fauser et al., 

2002; Fletcher et al., 2011).  The use of animal models is also considered a powerful tool in 

investigating the effects of environmental factors such as diet (Li et al., 1998b) or light (Hafezi 

et al., 1997; LaVail et al., 1999) on the retinal degenerative process. Additionally, over the last 

few years many transgenic and knockout animal models have been generated to identify the 

role of particular genes within the retina (Dalke et al., 2005; Fauser et al., 2002; Fletcher et al., 

2011). 

Given the lower cost of animal housing and the relatively rapid progression of retinal 

degeneration, rodents, and particularly mice, have been the most prominent animal models for 

investigating retinal degeneration in many laboratories worldwide.  However, most rodent 

models are less suitable for studying cone-related diseases because they have a rod-dominant 

retina, in which cone-rich areas like the human fovea do not exist (Dalke et al., 2005; Fauser 

et al., 2002; Pennesi et al., 2012).  Such structural differences between human and rodent eye 

should always be kept in mind when extrapolating findings from animal studies to humans.    

In most animal models of RP, retinal degeneration is caused by inactivation or 

dysfunction of a single gene encoding proteins involved in rod structural integrity (e.g. Prph), 

phototransduction (e.g. Pde6B), maintaining RPE structure (e.g. Rpe65) or glial function (e.g. 

Crb1).  Animal models for RP are generally classified based on the function of the affected 

protein (Fletcher et al., 2011).  In the current study, the Pro23His and rd1 animal models of RP 

were used and will be discussed in more detail below. 
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1.3.2.1 Pro23His rat, a model for genetic rhodopsin mutations  

Rhodopsin (RHO), the photopigment expressed in rod photoreceptors, belongs to the 

class A of G-protein coupled receptors (GPCRs), a large family of cell surface signaling 

receptors (Darren et al., 2013; Zhou et al., 2012).  It is a serpentine protein consisting of 348 

amino acid residues and has seven transmembrane domains, which traverse the membrane of 

the disks within the photoreceptor outer segment.  The protein also has a covalently bound 11-

cis retinal molecule, which is a derivative from vitamin A (Wang et al., 1980).  

Mutations in human RHO were first reported in 1990 (Dryja et al., 1990) and are 

currently considered one of the most common causes of RP, accounting for approximately 15% 

of all inherited human retinal degenerations (Chapple et al., 2001b).  Among all different RHO 

mutations, a single-base C-to-A transversion, resulting in substitution of proline for histidine 

in codon 23 is the most frequent, causing autosomal dominant RP (Figure 1.2) (Dryja et al., 

1990) .  It has been suggested that the RHO (P23H) protein is misfolded, retained in different 

subcellular compartments such as ER and is unable to bind 11-cis-retinal (Kaushal et al., 

1994b; Sung et al., 1991a; Sung et al., 1993a).  The misfolded RHO can be degraded through 

the ubiquitin-proteasome system or accumulates in the cytosol (Illing et al., 2002; Saliba et al., 

2002).  Several transgenic rodents have been generated that express human or mouse P23H 

RHO to better understand the molecular mechanisms by which the P23H mutation leads to 

photoreceptor death (Fletcher et al., 2011). 
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Figure 1.2: Mutations in rhodopsin 
A single-base C-to-A transversion, resulting in substitution of proline for histidine in codon 23 (red circle) is the 

most frequent mutation in rhodopsin, causing autosomal dominant RP (Adapted from http://www.retina-

international.org/files/sci-news/rhomut.htm). 

The P23H albino rat model is a transgenic Sprague-Dawley (SD) rat generated by 

incorporation of a C57BL/6J mouse rhodopsin transgene carrying the P23H mutation.  Three 

lines of albino P23H transgenic rats were generated, each developing retinal degeneration at 

different rates.  Line 1 is a model of fast retinal degeneration, line 2 has a slow degeneration, 

while line 3 model has an intermediate disease time course.  P23H rat models are widely used 

as animal models for translational studies and investigation of therapeutic approaches to rescue 

photoreceptors in autosomal dominant RP.  In all three lines of P23H rat, rod photoreceptors 

degenerate progressively over several months, and thus mimic the clinical progression in RP 

patients harboring the RHO (P23H) mutation.  Visual function, which correlates with 

photoreceptor loss, is also abnormal in these animals (Lewin et al., 1998b; Orhan et al., 2015a; 

Steinberg et al., 1996).   



 

16 

 

In line 1 heterozygous albino rats, rod outer segments are reduced by 40% by 4 weeks 

of age compared with wild-type SD rats, whilst the ONL has thinned by approximately 40% 

indicative of photoreceptor death.  By 29 weeks of age, only two rows of ONL cell bodies 

remained with these being identified predominantly as cones (Machida et al., 2000).  

Photoreceptor loss correlates with impaired retinal function with dysfunction detectable as 

early as 4 weeks of age by the electroretinogram (ERG) (Machida et al., 2000; Orhan et al., 

2015a).  Under dark-adapted conditions (rod photoreceptors), maximum rod a- and b-waves 

amplitudes are significantly reduced and progressively decline to 29 weeks, by which age there 

is an 80% reduction in b-wave amplitude.  In addition to the outer retina, the retinal ganglion 

cell layer undergoes a progressive deterioration during and following photoreceptor loss 

(Kolomiets et al., 2010).  

In photopic conditions (cone photoreceptors), ERG response is normal at 4 weeks of 

age, but begins to reduce by 8 weeks of age when the ONL thickness is already reduced by 

50%.  This suggests that a substantial number of rods are lost prior to significant cone 

dysfunction in this rat model (Machida et al., 2000).  However, a recent study suggested that 

cone function may be altered earlier in the disease process, with b-wave amplitude reduced and 

implicit time increased as early as 1 month of age, with this dysfunction increasing with age 

(Orhan et al., 2015a). 

Not surprisingly, structural, and functional loss occur more rapidly in the P23H line 1 

homozygote strain than observed in the heterozygote.  Homozygous P23H-1 rats undergo a 

quick and progressive loss of photoreceptors.  ONL thickness halved by 21 days, with a 

subsequent reduction in rod bipolar dendrites along with a decrease in photoreceptors-ON-

bipolar cell synapses (Cuenca et al., 2004a).  By P30, only 40% of photoreceptor nuclei remain, 

while by 150 days, only a single layer of rods and cones remains in the ONL with higher 

numbers in the peripheral retina (Pennesi et al., 2008).  Some rod bipolar cells persist, and they 
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form aberrant synaptic complexes with cones and horizontal cells.  With the progress of 

degeneration, further alterations occur in the inner retina, including a diminution and disruption 

in AII amacrine cell population and thinning of the IPL (Cuenca et al., 2004b).  Furthermore, 

it was shown that at P30, the RGC layer has already a lower number of cells compared to the 

SD rats, possibly due to restricted blood supply during retinal development.  Loss of RGCs 

starts from P180, suggestion their degeneration happens following almost complete loss of 

photoreceptors and the subsequent disorganization in the inner retina (García-Ayuso et al., 

2010).  

Similarly, homozygous P23H-1 rats show an earlier and more severe visual dysfunction 

compared to heterozygous rats, with both rod a- and b-wave amplitudes about half of that 

recorded in heterozygotes animals at P21.  Reduction of rod a-wave, rod and cone b-waves and 

oscillatory potentials (OPs) amplitude are evident at 23 days.  Rod scotopic a-wave and OPs 

responses are absent by 38 days, while b-wave amplitudes continue to decrease until the 

response is purely cone driven (by 150 days) and remain steady up to 250 days (Cuenca et al., 

2004b).  In homozygotes rats, the cone pathway never reaches functional maturity with cone-

related responses already severely diminished at P21, even though cones and downstream 

connectivity are unaffected at the structural level.  Thus, rod degeneration severely impairs 

cone responses, prior to any obvious morphological changes in cone pathways (Pinilla et al., 

2005).  Although more severe reduction occurs in rod-related responses compared with cone-

related responses at all ages, surprisingly both display a similar rate of decline with age.  There 

is, however, a biphasic temporal pattern of functional reduction, with a very rapid (P21–P60) 

period of loss followed by a slower (P60–P200) change in ERG parameters, reflecting the rod-

cone pathology evident in RP.  

All the studies discussed above used P23H-1 rats with an albino background; however, 

this line was also generated on a Long Evans background in order to determine the effect of 
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pigmentation on the pathology (Cuenca et al., 2014b).  Anatomical and functional assessment 

of the retina in this strain suggested albinism exacerbates the rate of P23H-related degeneration.  

Mixed scotopic a- and b-waves amplitudes are initially higher in pigmented rats compared to 

albino rats, however both undergo a similar decline with age.  By contrast, at early and late 

time points photopic b-wave maximum amplitudes had higher proportions as compared to the 

age-matched wild types.  These findings indicate that the lack of pigmentation possibly affects 

cone function more than rod function over time (Cuenca et al., 2014b).  

Line 3 albino rats have a lower level of transgene expression than that found in line 1, 

leading to a slower degeneration of retina.  By P30, scotopic rod a-wave maximum amplitude 

is already significantly lower than SD controls and continues to drop progressively with age 

(Chrysostomou et al., 2009; Machida et al., 2000).  From P16 to P120 the amplitude of the rod 

a- and b-wave is reduced by 45% and 20% respectively, followed by a further 60% and 50% 

reduction between P180 and P540.  The total reduction in amplitude over 540 days of life in 

the P23H-3 rat is 80% for the rod a-wave and 55% for the post-receptor b-wave (Chrysostomou 

et al., 2009).  No significant differences were found in photopic cone-related b-wave and 

phototransduction sensitivity of P23H-3 rats compared to the wild type between P28 and P203 

(Machida et al., 2000).  However, between P380 and P540, the photopic cone b-wave amplitude 

declines by 45% in the ERG of P23H-3 retina (Chrysostomou et al., 2009). 

With respect to retinal structure, P23H-3 exhibits only a 15% reduction in the number 

of photoreceptor cells and slightly shortened ROS at P30.  The ONL thins faster between P30 

and P56 and then slows with ongoing aging.  By P203, the ONL thickness and ROS length are 

half of the control values (Machida et al., 2000), while photoreceptor loss proceeds steadily 

with ONL being decreased by 68% compared to SD rats by 230 days (Chrysostomou et al., 

2009).  
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P23H line 2 shows a very slow rate of degeneration such that their retinae have almost 

normal appearance up to P60.  By P180, there is 25% loss of photoreceptors nuclei in the ONL 

and by P380, 1-2 layers of nuclei remain in the ONL of superior posterior regions.  Consistent 

with gradual structural changes in P23H-2 retinae, functional loss also occurs slowly.  At P90, 

the scotopic and photopic ERG response amplitudes found to be almost unaffected (Anderson 

et al., 2002; LaVail et al., 2018; McGill et al., 2012). 

1.3.2.2 rd1 mouse, a model for phototransduction cascade mutations  

Autosomal recessive RP is associated with mutations in genes mostly encoding proteins 

essential for the rod phototransduction cascade.  A major component of this cascade is the 

enzyme cGMP phosphodiesterase-6 (PDE6), which catalyzes the hydrolysis of cGMP to GMP.  

PDE6 is a tetramer comprising two separate catalytic subunits (PDE6Α, PDE6Β) and two 

gamma inhibitory subunits; all are required for normal photoreceptor function (Cote, 2004).  

Mutations in PDE6A, PDE6B and PDE6G have been identified in autosomal recessive forms 

of human RP (Dryja et al., 1999; McLaughlin et al., 1995).  Homozygous mutations in PDE6 

subunits result in a non-functional PDE6 protein and accumulation of cGMP (Bowes et al., 

1990; Farber et al., 1974; 1976), subsequently leading to constant depolarization of 

photoreceptor membranes, which may induce apoptotic cell death as a result of metabolic stress 

or uncontrolled influx of cations into photoreceptor OS (Acosta et al., 2005).  

Similarly, mutations in Pde6 subunits lead to retinal degeneration in mice.  The first 

mouse model of retinal degeneration was the rodless (gene symbol r) mouse identified in 1924 

(Keeler, 1924). Later, the same mutation was identified in the retinal degeneration (Pde6brd1, 

or more commonly known as rd1 or rd) mouse carrying a nonsense mutation in exon 7 of the 

Pde6b gene encoding the beta subunit of cGMP-PDE (Pittler et al., 1991).  Since the discovery 

of the initial Pde6b mutation, various other gene mutations have been shown to lead to 
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congenital retinal disorders in mice, with the animal models designated rd1–rd16 (Dalke et al., 

2005).   

The rd1 mouse is one of the most commonly used animal models for autosomal 

recessive RP.  In this model, deterioration of rods initiates at P10 and progresses very rapidly 

such that by P25 all rod photoreceptors are lost (Carter-Dawson et al., 1978b ; Farber et al., 

1994).  Cone death is detected around P35, with most of cone photoreceptors lost by P100 

(Farber et al., 1994).  In accord with anatomical changes, the ERG response of the rd1 mouse 

retina is significantly impaired compared to control mice as early as P16 (eye opening occurs 

around P14).  At P18, while the rod response is basically absent in rd1 mice, the cone response 

is still relatively normal.  However, by P21 neither rod or cone responses are detectable by 

ERG (Gibson et al., 2013).  During and following photoreceptor degeneration in the rd1 mouse, 

substantial anatomical remodeling occurs in the inner retina, including neurite sprouting of 

horizontal and amacrine cells, abnormal development of dendrites of rod bipolar cells and 

dendrite retraction of horizontal and bipolar cells (Fariss et al., 2000; Greferath et al., 2015; 

Kalloniatis et al., 2016; Marc et al., 2003; Strettoi et al., 2000; Strettoi et al., 2002a).  

While it is known that the loss-of-function mutation of PDE6 protein leads to an 

accumulation of cGMP, with resultant photoreceptor death, the molecular mechanisms that 

lead to cell death in the rd1 retina are still unclear.  Several expression profiling experiments 

show dysregulated gene expression (Azadi et al., 2006; Hackam et al., 2004; Rohrer et al., 

2004) in the rd1 retina suggesting a wide range of genes become dysregulated including ion 

channels, transporters, transcription factors as well as genes involved in growth differentiation, 

cellular stress neuroinflammation and cell death.  More recently poly-ADPribose-polymerase 

(PARP) and histone deacetylases (HDACs) (Sancho-Pelluz et al., 2010) have also shown to be 

dysregulated raising the possibility of wide-ranging gene expression alterations due to 

epigenetic changes.  The general consensus from these studies is that loss of photoreceptors in 
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the rd/rd mouse arises from Ca2+ toxicity followed by subsequent activation of multiple 

destructive pathways including apoptosis and neuroinflammation.  How these insults and 

processes activate various cell death pathways still remains to be determined.  

 

1.4. Programmed cell death 

Photoreceptor cell death is the common outcome of mutations that cause RP and found 

to be mediated by programmed cell death (PCD) (Clarke et al., 2000).   

Programmed cell death plays an essential role during development and subsequently in 

maintaining tissue homeostasis in multicellular organisms (Jin et al., 2005).  During 

development, it modulates cell numbers through eliminating extra cells to produce organs and 

tissues, particularly during organogenesis.  Programmed cell death is also a protective process, 

removing injured or infected cells that can be potentially dangerous in adult tissues (Fuchs et 

al., 2011).  Failure of this regulation results in a wide range of human diseases such as 

immunological and developmental disorders, neurodegeneration and cancer (Jin et al., 2005).  

There are three main types of cell death defined by morphological features including 

autophagy, necrosis and apoptosis (Kroemer et al., 2009).  There is a growing body of evidence 

suggesting that there are complex cross-talk mechanisms that link autophagy, necrosis and 

apoptosis such that they can collaborate, antagonize or support each other to regulate 

programmed cell death (Nikoletopoulou et al., 2013).   
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 Overview of autophagy 

Autophagy (Greek; meaning ‘self-eating’) is an evolutionarily conserved catabolic 

pathway by which cytosolic organelles and long-lived or misfolded proteins are engulfed 

within double membrane vacuoles, called autophagosomes and then transported to the 

lysosome for degradation. 

Autophagy occurs at low basal levels in almost all cells, playing a vital role in 

development as well as adaptation in response to diverse forms of stress such as starvation 

(Duprez et al., 2009; Russo et al., 2013).  Thus far, at least 32 different autophagy-related genes 

(Atg) have been identified in yeast, many of which are conserved in mammals (Russo et al., 

2013).  Although autophagy undoubtedly has a vital pro-survival role in cells, it has also been 

considered as a type of programmed cell death based on the finding that numerous autophagic 

vacuoles are commonly present in dying cells (Debnath et al., 2005).  According to a wide 

range of genetic and biochemical investigations, excess autophagy seems to mediate cell death 

in certain conditions, especially when cells are not able to die through apoptosis (Murakami et 

al., 2013b).  For a detailed review of autophagy see (Mizushima et al., 2010). 

 Overview of necrosis 

Necrotic cell death or necrosis (Greek; meaning “dead”) has traditionally been 

considered as a passive form of cell death, occurring in an accidental, unregulated, energy-

independent manner (Duprez et al., 2009; Nikoletopoulou et al., 2013).  Morphologically, 

necrosis is characterized by swelling of the cytoplasm and organelles, an increase in cell 

volume, followed by cell membrane disruption and release of the cytosolic constituents into 

the surrounding extracellular space.  Thus, necrosis is usually accompanied by inflammation 

in tissues with dying cells (Kroemer et al., 2009).  This type of cell death occurs in various 
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normal conditions including tissue regeneration, immune response, and embryogenesis as well 

as pathological processes (Pequignot et al., 2003).  

Cytokines, TNF receptor family members (TNF, FAS, TRAIL), stimulation of 

purinergic and glutamate receptors and some survival factors (insulin or NGF) can induce 

necrotic cell death (Proskuryakov et al., 2003).  In certain conditions, necrotic cell death can 

be triggered in response to a regulated interplay of signaling transduction pathways.  It has 

been demonstrated that TNF-α can initiate either apoptosis or necrosis depending on cell type 

(Laster et al., 1988).  Blocking death receptor-induced apoptosis by caspase inhibitors can 

induce an alternative necrotic cell death in murine L929 fibrosarcoma cells (Vercammen et al., 

1998).  Later, it was discovered that this type of receptor-dependent necrotic cell death is 

mediated by the stimulation of receptor-interacting protein 1 (RIP1) (Holler et al., 2000), which 

in turn is regulated by RIP3 (Cho et al., 2009; He et al., 2009; Zhang et al., 2009).  This RIP 

kinase-mediated necrosis is termed as ‘necroptosis’ or ‘programmed necrosis’(Chan et al., 

2003; Vercammen et al., 1998).  It has been suggested that necrosis is associated with some 

physiological and pathological conditions like retinal degeneration (Murakami et al., 2013a; 

Vandenabeele et al., 2010).  For a more detailed review the reader is directed to (Edinger et al., 

2004). 

 Overview of apoptosis  

‘Apoptosis’ is a term first coined by Kerr et al. in 1972 to describe specific 

morphological features of cell death associated with fragmentation of DNA.  Coming from the 

Greek words “apo” meaning ‘off‘ or ‘separation’ and “ptosis” meaning ‘falling’, the term 

translates to ‘falling off’ similar to ‘leaves falling from a tree’ (Duque-Parra, 2005; Kerr et al., 

1972).  
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Morphologically, apoptosis is characterized by rounding of the cell, reduction of 

cellular volume, chromatin condensation, nuclear fragmentation, maintenance of 

ultrastructural integrity of cytoplasmic organelles and blebbing of cell membrane to partition 

cellular fragments of cytoplasm (apoptotic bodies).  Apoptotic bodies are rapidly recognized 

and digested by neighboring cells and phagocytes.  Through this process the cell essentially 

remains intact and does not release its constituents into the surrounding tissue and thus there is 

no inflammation, nor immune response (Duprez et al., 2009; Kroemer et al., 2009; Li et al., 

2008).  

1.4.3.1 The apoptotic pathways 

A huge number of studies have been conducted to explore the molecular mechanisms 

involved in induction, mediation, and regulation of the apoptotic signaling pathways.  The 

nematode (Caenorhabditis elegans), the fruit fly (Drosophila melanogaster), and the mouse 

(Mus musculus) have been used widely as animal models for studying apoptotic pathways 

(Fuchs et al., 2011). 

The primary understanding of the molecular mechanisms of apoptosis in mammalian 

cells has been derived from genetic studies of programmed cell death during C. elegans 

development (Jin et al., 2005).  In 1986, it was demonstrated that programmed death of somatic 

cells in C. elegans is an invariant fate precisely regulated by cell lineage (Ellis et al., 1986). 

Programmed cell death in C. elegans is controlled by three Cell Death abnormal (CED) 

proteins, named CED-3 (caspase-9 homologue in mammals), CED-4 (Apaf-1 homologue in 

mammals) and CED-9 (antiapoptotic Bcl-2 homologue in mammals).  In pre-apoptotic cells 

CED-9 is associated with CED-4, thereby inhibiting the activation of CED-3. In response to 

particular developmental signals to trigger cell death, EGL-1 (BH3-only member homologue) 

binds CED-9, thereby releasing CED-4 and resulting in the activation of the protease CED-3 

(Figure 1.3) (Fuchs et al., 2011; Jin et al., 2005; Li et al., 2008).  While C. elegans has the 
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basic core components of the programmed cell death apparatus, this basic process has been 

overlaid by increasingly complicated mechanisms in the mammalian system to trigger and 

control the pathway (Jin et al., 2005).  Two main evolutionarily conserved families lie at the 

heart of this pathway in mammals, namely the caspase and BCL-2 families of proteins. 

 

Figure 1.3: Schematic of the core components of apoptosis in C. elegans 
 In an apoptotic cell, binding of EGL‐1 to the CED‐9–CED‐4 complex results in the release of CED‐4, which in 

turn activates CED‐3, leading to cell death (Jin et al., 2005).  

1.4.3.2 Caspase family of proteins 

Caspases (cysteine-aspartate-specific proteases) are a family of proteins that have a 

critical role in apoptotic pathways.  In 1993, it was demonstrated that C. elegans ced-3 gene 

encodes a cysteine protease (Yuan et al., 1993), a homologue of interleukin-1b-converting 

enzyme (ICE) which was discovered independently in a human cell line (Cerretti et al., 1992; 

Thornberry et al., 1992).  Overexpression of ICE (later renamed caspase-1) was found to be 

sufficient to initiate apoptosis in rat embryonic fibroblast cells (Rat-1 cell line) (Miura et al., 

1993). 

Such structural and functional homology between mammalian caspase-1 and CED-3 of 

C. elegans led to identification of multiple homologous proteins in mammals named the 

“caspase family”.  To date, 10 murine caspases (caspase-1, -2, -3, -6, -7, -8, -9, -11, -12 and -

14) and 11 human caspases (caspase-1, -2, -3, -4, -5, -6, -7, -8, -9, -10 and -14) have been 

identified.  Caspase-4 and -5 in human are functional orthologs of caspase-11 and -12 in mouse, 

while the mouse genome lacks an orthologue of human caspase-10.  Other caspases with 

similar numbers are functional orthologs of each other in human and mouse (Duprez et al., 

2009; Jin et al., 2005; Li et al., 2008; Murakami et al., 2013b). 
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The caspase family proteins are expressed as catalytically inactive zymogens 

containing an N-terminal prodomain of variable length, followed by a large subunit (p20) and 

a small C-terminal subunit (p10).  They are activated by a proteolytic cleavage at specific Asp 

residues and/or allosteric conformational changes.  The active enzymes are heterotetramers 

containing two large and two small subunits with two active sites per molecule (Li et al., 2008).  

There are at least two alternative methods for classification of caspases. In the first one, 

caspases are divided into two subfamilies based on their known main functions (Li et al., 2008): 

1. Pro-apoptotic caspases (caspase-2, -3, -6, -7, -8, -9, -10) are recognized as having 

primary roles in promoting cell death signaling transduction. 

2. Pro-inflammatory caspases (caspase-1, -4, -5, -11, -12) control maturation of 

cytokine during inflammation. 

As caspases are involved in numerous other cellular activities separate to the pro-

apoptotic or pro-inflammatory functions and there is considerable crosstalk among caspases 

from both classes, an alternative grouping system has been suggested, in which caspases are 

simply classified into two groups based on the length of the prodomains which also correlates 

with their role in the apoptotic signaling cascade (Li et al., 2008):  

1. Initiator caspases (caspase-1, -2, -4, -5, -8, -9, -10, -11, and -12) have long 

prodomains, comprising one of the two protein-protein interaction motifs: the death 

effector domain (DED) in caspase-8 and -10 or the caspase recruitment domain 

(CARD) in caspase-1, -2, -4, -5, -9, -11, and -12 (Figure 1.4). 

2. Effector or executioner caspases (caspase-3, -6, and -7) possess short prodomains 

(Figure 1.4). 

Generally, the initiator caspases are activated by interaction with their regulatory 

adaptor proteins through the DED or CARD domain.  Once activated, initiator caspases cleave 

specific Asp residues of downstream effector caspases, which in turn can cleave a wide range 
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of protein substrates and induce apoptosis (Duprez et al., 2009; Jin et al., 2005; Li et al., 2008; 

Murakami et al., 2013b; Reed, 2000). 

 

Figure 1.4: Structural domains of caspase family in mammalians 
Initiator caspases possess long prodomains containing death effector domains (DEDs) or caspase recruitment 

domains (CARDs), while executioner caspases have shorter prodomains (Li et al., 2008).  

1.4.3.3 BCL-2 family of proteins 

The BCL-2 (B-cell lymphoma 2) family consists of more than 30 proteins, all of which 

share at least one of the four conserved regions, termed Bcl-2 homology domains (BH1–BH4).  

Many members of this family also have a hydrophobic carboxyl terminal domain to deliver 

them to intracellular membranes such as the outer mitochondrial membrane (OMM), 

endoplasmic reticulum (ER), lysosomal membrane and nuclear envelope. Based on structural 

and functional aspects, the BCL-2 family members are divided into three subfamilies (Figure 

1.5) (Czabotar et al., 2014): 

1. Initiators (pro-apoptotic BH3-only proteins): Members of this subfamily only 

contain a conserved BH3 domain and are essential initiators of the apoptotic 

pathway. BAD (BCL-2-associated death promoter protein), BIK (also known as 

BLK or NBK), BID, tBID, HRK (also known as death protein-5 (DP5), BIM (BCL-

2 interacting mediator of cell death, also known as BOD), BMF, NOXA and PUMA 

(p53 up-regulated modulator of apoptosis protein, also known as BBC3) are some 

of the well-known proteins in this group.  

2. Guardians (multi-domain pro-survival proteins): The anti-apoptotic or pro-survival 

members of this subfamily share all four BH domains and are responsible for 
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preserving outer mitochondrial membrane integrity.  To date, at least six anti-

apoptotic proteins have been identified in human including, BCL-2, BCL-XL 

(BCL-extra-long), BCL-W (also known as BCL2L2), MCL1 (myeloid cell 

leukaemia sequence 1), A1 (BCL-2 related protein A1, also known as BFL1 in 

humans) and BCL-B (also known as BCL2L10) (Czabotar et al., 2014; Donovan et 

al., 2004). 

3. Effectors (multi-domain pro-apoptotic proteins): BAX (BCL-2-associated X 

protein), BAK (BCL-2 homologous antagonist/killer protein) and BOK are the 

members of this subfamily containing all four BH domains (Czabotar et al., 2014; 

Youle et al., 2008). 

 

Figure 1.5: Members of BCL-2 family 
Based on structural and functional aspects they are divided to three subfamilies. While the multi-domain pro-

survival and pro-apoptotic members of the family contain all four BCL-2 homology regions (BH1–BH4), the 

BH3-only proteins only possess the BH3 helix, by which they interact with the multi-domain BCL-2 family 

members (Czabotar et al., 2014).  

1.4.3.4 Caspase-dependent apoptosis pathways 

Although, there are likely various pathways for caspase activation in mammalian cells, 

only two have been clarified in depth, namely the extrinsic pathway (death receptor pathway) 

and the intrinsic pathway (the mitochondrial pathway) (Elmore, 2007). 
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1.4.3.4.1 The extrinsic apoptotic pathway 

The extrinsic or receptor-mediated pathway is triggered by the binding of extracellular 

ligands to death receptors located on the surface of the cell’s plasma membrane (Figure 1.6).  

Death receptors are a family of type I transmembrane proteins that share a similar cysteine-rich 

extracellular domain and have a 60–80 amino acid death domain (DD) within the cytoplasmic 

region of the protein that is crucial for transmitting the death signal from the cell outer 

membrane to the intracellular signaling pathways. 

Thus far, eight members of the death receptor family have been identified including, 

tumor necrosis factor receptor 1 (TNFR1; aka DR1, CD120a, p55 and p60), Fas (aka DR2, 

APO-1 and CD95), DR3 (aka APO-3, LARD, TRAMP and WSL1), TNF-related apoptosis 

inducing ligand receptor 1 (TRAILR1; aka DR4 and APO-2), TRAILR2 (aka DR5, KILLER 

and TRICK2), DR6, ectodysplasin A receptor (EDAR) and nerve growth factor receptor.  

The Fas and TNFR1 receptors are most commonly used in models that describe the 

molecular mechanism of the extrinsic pathway.  For example, the binding of Fas ligand to Fas 

leads to the binding of the adapter protein FADD (Fas-associated death domain protein), while 

the binding of TNF to TNFR1 leads to the binding of the adapter protein TRADD (TNF 

receptor-associated death domain).  Association with FADD or TRADD induces dimerization 

of the Fas/TNFR1 receptors through their death effector domains (DEDs), association with 

procaspase-8 (procaspase-10 in human) to form the death-inducing signaling complex (DISC), 

resulting in the autocatalytic activation of procaspase-8.  Active caspase-8 in turn can directly 

cleave caspase-3 or other effector caspases that ultimately leads to cell death (Elmore, 2007; 

Lavrik et al., 2005; Lawen, 2003; Li et al., 2008; Telegina et al., 2017; Wajant, 2006) (Figure 

1.6). 
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1.4.3.4.2 The intrinsic apoptotic pathway  

In addition to the extrinsic pathway, apoptosis can be initiated through the intrinsic or 

mitochondrial-mediated pathway, which is independent of death receptor signaling.  This 

apoptotic pathway can be directly induced in response to intracellular signaling stimuli such as 

cellular stress, DNA damage, viral infections, growth-factor deficiency, activation of 

oncogenes, hypoxia, oxidative stress and specific cytokines or hormones.  This pathway is 

tightly controlled and regulated by the BCL-2 family (Duprez et al., 2009; Kiraz et al., 2016; 

Saraste et al., 2000). 

Three models have been suggested to explain how members of the BCL-2 family 

interact with each other to control this apoptotic pathway: 

1. Direct activation model: In this model, pro-apoptotic effectors BAX and BAK are 

directly activated by specific members of BH3 only proteins, mainly the truncated 

form of BID (tBID), BIM and PUMA.  BH3-,only proteins are primarily 

sequestered by pro-survival proteins, such as BCL-2 to inhibit activation of BAX 

and BAK (Certo et al., 2006; Gavathiotis et al., 2008; Kim et al., 2006; Kim et al., 

2009; Kuwana et al., 2005; Letai et al., 2002).  It is believed that some BH3-only 

proteins, including BAD and NOXA, interact with their pro-survival relatives 

selectively, while other BH3-only proteins such as BIM, tBID and PUMA can 

neutralize all pro-survival subfamily members (Certo et al., 2006; Chen et al., 2005; 

Kuwana et al., 2005). 

2. Indirect activation model: According to this model, pro-survival members also need 

to sequester any activated form of BAX or BAK containing exposed BH-3 domain 

(Fletcher et al., 2008; Wang et al., 1998).  Therefore, all the pro-survival members 

are required to be neutralized by BH3-only proteins before mitochondrial outer 

membrane permeabilization is induced by free BAX and BAK.  This model 
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suggests regulation of apoptosis is mediated by a simple competition, whereby 

higher levels of BH3-only proteins leads to increased interaction with pro-survival 

proteins and blocking their inhibition of activated BAX or BAK.  BAX is thought 

to be inhibited by all pro-survival proteins, whereas BAK can be only suppressed 

by MCL1, A1 and BCL-XL (Chen et al., 2005; Simmons et al., 2008; Willis et al., 

2005; Willis et al., 2007). 

3. Unified model: It is believed that both direct and indirect activations models 

function through a tripartite network of interactions among the three BCL-2 

subfamilies.  Thus, based on this model pro-survival members sequester both BH3-

only proteins and activated BAX and BAK (Czabotar et al., 2014; Llambi et al., 

2011; Shamas-Din et al., 2013).  In healthy cells, BAK is situated in the outer 

mitochondrial membrane (Griffiths et al., 1999a), whereas BAX exists as a 

cytoplasmic monomer (Suzuki et al., 2000).  When cells receive enough death 

signals, initiator BH3-only proteins (pro-apoptotic), particularly BIM or tBID, 

migrate to and sit on the outer mitochondrial membrane where they recruit 

cytoplasmic BAX.  

Regardless of the exact regulatory mechanisms, once apoptosis is signalled, BAX and 

BAK undergo conformational changes and oligomerization, ultimately leading to 

mitochondrial outer membrane permeabilization by forming proteolipid pores within the 

membrane, which is a crucial initiation point in this pathway.  In addition to recruiting BAX, 

both initiator and effector BH3-only members also sequester pro-survival proteins such as 

BCL-XL at the outer mitochondrial membrane, preventing them from inhibiting BAX and 

BAK oligomerization.  Permeabilization of the outer mitochondrial membrane results in 

soluble mitochondrial proteins such as cytochrome C, OMI/HTRA2, GSPT1/eRF3, 

SMAC/DIABLO (second mitochondria-derived activator of caspases) and endonuclease G, 
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being released from the intermembrane space into the cytosol, where they initiate the caspase 

activation cascade.   

The most well-defined example of this activation process involves cytochrome C.  Once 

in the cytosol, cytochrome-c binds to apoptotic protease activating factor-1 (APAF-1), a 

cytosolic protein containing a caspase recruitment domain (CARD), leading to ATP 

association.  This in turn, triggers APAF-1 oligomerization to form a wheel shaped structure 

called the “apoptosome”.  Consequently, multiple procaspase-9 molecules are recruited into 

the apoptosome through the CARD domains of APAF-1, which promotes their autoactivation.  

Active caspase-9 subsequently activates downstream executioner caspases such as caspase-3 

and -7, which later cleave other major intracellular substrates (Figure 1.6).  

In addition to the above pathway, mitochondrially released SMAC/DIABLO proteins 

also bind to a group of cytosolic proteins known as inhibitor of apoptosis proteins (IAPs) to 

block their inhibitory action on active caspases.  IAPs are normally responsible for suppressing 

inadvertent activation of caspase-9 and caspase-3 by binding them through specialist BIR 

(Baculovirus IAP repeat, BIR) domains (Jin et al., 2005; Shamas-Din et al., 2013; Wang, 2001).  
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Figure 1.6: The extrinsic and intrinsic pathways of apoptosis 
(A): The extrinsic apoptotic pathway is triggered by the interaction of death receptors with their related ligands, 

leading to recruitment of FADD and then caspase-8.  Caspase 8 is dimerized and activated which in turn can 

cleave caspase-3 and caspase-7 which results in apoptosis.  Cleavage of caspase-8 can also mediate crosstalk 

between the extrinsic and intrinsic pathways by activation of the BH3-only protein BID; (B): Intrinsic pathway. 

Upon intrinsic death signals BH3-only members of BCL-2 family are activated, leading to suppression of the pro-

survival proteins, activation of the pro-apoptotic effectors BAX and BAK and eventually mitochondrial outer 

membrane permeabilization. Following this, cytochrome c is released from intermembrane space, binds APAF-1 

and apoptosome is formed which in turn recruits and activates caspase-9.  Subsequently, caspase-9 cleaves 

executioner caspases, caspase-3 and caspase-7, leading to their activation and apoptosis (Tait et al., 2010).  

1.4.3.4.3 Cross-talk between intrinsic and extrinsic pathways 

Although the intrinsic and extrinsic pathways initiate apoptosis in different ways, both 

lead to activation of executioner caspases, such as caspase-3.  Prior to this convergence, several 
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studies have indicated there is crosstalk between these two pathways at both initiation (early) 

and execution (late) stages. 

In 1998, two different cell types were identified based on the requirement of the 

intrinsic pathway activation for apoptosis induced by extrinsic pathway.  In type I cells 

(SKW6.4 and H9) mitochondria are not involved in Fas-mediated apoptosis (extrinsic), 

whereas type II cells (Jurkat and CEM) require the release of cytochrome C from mitochondria 

to eventually induce cell death via Fas.  At the molecular level, activation of Fas in type I cells 

leads to sufficient levels of FADD and caspase-8 recruited to the DISC to trigger apoptosis, 

while in type II cells there are insufficient levels and stimulation of the intrinsic pathway is 

required to induce cell death (Scaffidi et al., 1998).  This extrinsic-intrinsic cross-talk relies on 

DISC-mediated initiation of the mitochondrial-mediated pathway via the BCL-2 pro-apoptotic 

protein, BID.  Specifically, while type II cells have insufficient levels of FADD/caspase-8 

within the DISC, to trigger apoptosis directly, the level of recruited caspase 8 is sufficient to 

cleave cytosolic BID, which then translocates to mitochondria where it induces mitochondrial 

dysfunction and ultimately activates the intrinsic pathway (Li et al., 1998a; Luo et al., 1998).  

This idea of extrinsic/intrinsic cross talk has been strengthened by the discovery that molecules 

such as SMAC/DIABLO, which can neutralize caspase-3 and caspase-9 inhibitors, are also 

released from mitochondria in response to death receptor (extrinsic) activation (Deng et al., 

2002; Du et al., 2000).  Furthermore, activation of caspase-8 has been identified in response to 

some intrinsic cell death signals to accelerate further effector caspase activation (Cowling et 

al., 2002; Tang et al., 2000).  Moreover, this crosstalk seems to also occur between the upstream 

molecules of the extrinsic and intrinsic pathways.  For instance, p53, a tumor suppressor 

activated in response to DNA damage, not only induces the intrinsic pathway via activation of 

pro apoptotic molecules such as BAX and PUMA, but also up-regulates mediators of extrinsic 

pathway such as FasL (Figure 1.6) (Jin et al., 2005; Kasibhatla et al., 1998; Roy et al., 2000).  
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1.4.3.5 Caspase-independent apoptotic pathway 

Although activation of caspases undoubtedly plays a critical role in apoptotic pathways, 

programmed cell death has been identified in the absence of caspase activity (Chipuk et al., 

2005).  In this process, other proteases and some endonucleases have been shown to be 

involved. 

Calpains: Calpains are a group of non-lysosomal calcium dependent cysteine proteases 

consisting of 14 different families, of which µ-calpain (calpain I) and m-calpain (calpain II) 

are ubiquitously expressed (Suzuki et al., 2004).  They exist in the cytosol as inactive zymogens 

and are activated by a conformational change upon interaction with Ca2+ (Guroff, 1964; 

Moldoveanu et al., 2002). 

Several studies have revealed that in certain cell types, apoptosis can be mediated by 

calpains in response to specific death signals.  Caspases and other non-caspase proteins 

including APAF-1, BCL-2 family members such as BAX and BID, p53 and p73, can be cleaved 

by calpains, leading to either their activation or inactivation (Broker et al., 2005). 

Cathepsins: Cathepsins are a group of endolysosomal peptidases that includes 

cysteine, aspartate and serine proteases.  They are involved in lysosomal membrane 

permeabilization, which leads to lysosomal-mediated cell death.  A number of cathepsins 

including cysteine cathepsins B and L, as well as aspartate cathepsin D, have been identified 

to engage in apoptosis probably via activation of pro-apoptotic protein BID or blocking 

cleavage of anti-apoptotic BCL-2 members (BCL-2, BCL-XL and MCL-1) (Aits et al., 2013; 

Appelqvist et al., 2012; Cirman et al., 2004; Conus et al., 2008).  It has also been reported that 

release of lysosomal cathepsins can be induced by activated calpains through a “calpain-

cathepsin cascade” (Broker et al., 2005; Yamashima, 2004; Yamashima et al., 1998). 

Apoptosis-inducing factor (AIF): AIF is a flavin adenine dinucleotide–dependent 

oxidoreductase synthesized from a nuclear gene and imported to the mitochondrial 
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intermembrane space, where it plays a vital role in cell survival via the structural and functional 

regulation of complex I and III in the respiratory chain (Modjtahedi et al., 2006; Vahsen et al., 

2004).  In 1999, AIF was identified as the first mitochondrial protein that induces cell death 

independent of caspases (Susin et al., 1999).  Upon various death signals, AIF is cleaved by 

calpains (cytosolic and/or mitochondrial) and cathepsins forming tAIF (Polster et al., 2005; 

Yuste et al., 2005).  Following mitochondrial outer membrane permeabilization, tAIF 

translocates into the nucleus where it mediates chromatinolysis and large-scale DNA 

fragmentation (Cregan et al., 2004; Joza et al., 2009) (Delavallee et al., 2011; Murakami et al., 

2013b).  

Endonuclease G: Similar to AIF, endonuclease G (Endo G) is a protein encoded by a 

nuclear gene and localizes to mitochondria in living cells.  It is involved in mitochondrial DNA 

replication and repair.  Upon a cell receiving death signals, it is released from mitochondria 

and translocates to the nucleus (Lemarié et al., 2004).  Several investigations have shown that 

Endo G can initiate apoptosis and DNA cleavage as a caspase-independent factor (Cregan et 

al., 2004; Li et al., 2001; Parrish et al., 2003; Wenzel et al., 2005). 

 Apoptosis and the normal development of the retina  

Development of the vertebrate retina is mediated by naturally occurring apoptosis, 

which eliminates excessive and non-functional neural cells (Perry et al., 1983; Rakic et al., 

1983; Young, 1984).  The involvement of caspase-3 in normal development of retina was 

evaluated in caspase-3-deficient (Casp 3-/-) mice.  Developmental-related apoptotic cell death 

of the INL was delayed by nearly 2 weeks; however still occurs so that the retinal organization 

remained normal.  Optic nerve, GCL and nerve fiber layers exhibited normal morphology, 

suggesting that genetic ablation of caspase-3 activates alternative mechanisms of cell death to 

resume normal development (Zeiss et al., 2004b).  During normal maturation of BALB/c and 
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C57Bl6 retina, a remarkable decrease was evident in the expression level of Apaf-1, caspase-

3 and -9 which may be a mechanism by which apoptosis is firmly controlled in mature 

photoreceptors (Donovan et al., 2002).  

Contribution of the BCL-2 family proteins in mediating apoptotic cell death during 

normal development of retina was first identified when increased cell numbers were found in 

the GCL and INL of transgenic mice overexpressing BCL-2 in the retina (Strettoi et al., 2002b).  

Donovan et al. (2006) demonstrated that isoforms of BIM (particularly BimEL) are expressed 

during the peak period of postnatal cell death in the normal retina (P2-P7, BALB/c mice) but 

undergo a rapid reduction in expression of both mRNA and protein for BIML and BIMEL 

between P8 and P10.  This study reported retinal development is delayed in mice that lack the 

apoptotic activator protein BIM (Bim-/-), confirming the importance of BIM proteins in 

removing cells during developmental cell death.  In these mutant mice, the retina is 

significantly thicker because of less developmental apoptotic cell death during early postnatal 

days. 

Loss of the proapoptotic molecule, Bax, was found to prevent developmental cell death 

in the inner retina, GCL and INL (Hahn et al., 2003; Mosinger Ogilvie et al., 1998).  However, 

similar analyses of another proapoptotic family member, Bak, suggest it may not be as 

important since Bak-/- mice showed similar retinal structure to wild-type (Hahn et al., 2003).  

Reflecting the importance of Bak and Bax in controlling apoptosis, studies have shown them 

to have over-lapping roles in many tissues during development (Lindsten et al., 2000).  Bak-/-

/Bax-/- mice tend to die perinatally with multiple developmental defects (persistent interdigital 

webbing, imperforate vagina and excess neuronal and hematopoietic cells).  Surprisingly ~10% 

of Bak-/-/Bax-/- mice survive to adulthood (Lindsten et al., 2000).  Examination of retinae from 

mice with Bak-/-, Bax-/- and Bak-/-/Bax-/- mutations revealed that the double mutants had even 

greater increased thickness of the total retina and IPL when compared to Bax-/- mice (Hahn et 
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al., 2003).  This appears to be due to almost total abrogation of TUNEL staining during the 

period of developmental cell death (Hahn et al., 2003).  

 Apoptosis and photoreceptor cells loss in retinitis pigmentosa 

As discussed above, programmed cell death is an essential process for retinal 

development; however, it is also the underlying cause of vision loss in many ocular disorders 

such as RP, age-related macular degeneration (ARMD), diabetic retinopathy and retinal 

detachment.  Intensive efforts have been made to understand the retinal cell death mechanisms 

in order to develop new therapeutic strategies to inhibit or delay neuronal degeneration.  The 

results of these studies have demonstrated that photoreceptor demise in different animal models 

of RP is associated with caspase-dependent and/or caspase-independent of apoptosis.  

1.4.5.1 Caspase-dependent apoptosis pathways in retinitis pigmentosa 

Using different animal models of RP, several research groups have investigated the role 

of the caspase family in photoreceptor death in retinal degeneration.  However, the findings 

have been inconsistent, with activation of different caspases being identified in different 

models.  For example, activation of caspase-3 was identified in transgenic rats carrying the 

murine S334ter rhodopsin mutation, (Liu et al., 1999), caspase-1 and -2 in Royal College of 

Surgeons (RCS) rats (Katai et al., 1999) , caspases -3,-6 and -8 in rats treated with NMU 

(Yoshizawa et al., 1999; Yoshizawa et al., 2000), and caspase-3, -8 and -12 in rd1 mice (Jomary 

et al., 2001a; Kim et al., 2002; Lohr et al., 2006; Sanges et al., 2006a).  Caspase 

ablation/inhibition experiments also consistent with diverse cell death mechanisms in RP.  In 

the T17M RHO mouse model of RP, ablation of caspase-7 rescued both retinal function and 

structure, possibly through reprograming the unfolded protein response and a reduction of 

JNK-induced apoptosis (Choudhury et al., 2013).  Also, genetic inactivation of caspase-12 in 
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these animals maintained the integrity of retinal structure and delayed photoreceptor cell 

degeneration via reduction of caspase-3/7 and calpain activity (Bhootada et al., 2015).  

Additionally, in rd5 mice (Tubby gene mutant) inhibition of caspase-3 activity by Z-DEVD-

FMK significantly decreased photoreceptor loss, suggesting that caspases are key mediators of 

retinal degeneration in these animals (Bode et al., 2003). 

However, the literature is far from clear on the role played by caspase-dependent 

apoptosis in RP. For example, Doonan et al. (2003) indicated that caspases are not activated 

during photoreceptor degeneration in rd1 mice.  Moreover, intraperitoneal injection of a 

caspase-3 inhibitor or genetic elimination of caspase-3 provided only moderate and transient 

photoreceptor protection in rd1 mice (Yoshizawa et al., 2002; Zeiss et al., 2004a).  Similarly, 

caspase-3 activity was found to play a minimal, if any, role in P23H rat retinal dystrophy (Kaur 

et al., 2011a).  Further in vitro work using primary C57BL6 retinal cells cultured under serum 

free conditions, reported the failure of several caspase inhibitors, zVAD-fmk, DEVD-CHO and 

BD-fmk, to block or alter photoreceptor death, suggesting that caspase dependent apoptosis 

was not involved in retinal cell death (Carmody et al., 2000).  Rather this study suggested the 

degeneration was mediated by oxidative stress. 

Together, these findings suggest that while caspase-dependent pathways may play a 

role in photoreceptor cell death, they are not the only cell death pathway activated in retinal 

degenerations (Lohr et al., 2006). 

1.4.5.2 Caspase-independent apoptosis pathways in retinitis pigmentosa 

Caspase-dependent apoptosis, as discussed above, was classically introduced as a 

common mechanism of photoreceptors death in retinal degeneration of human, as well as 

related animal models.  However, photoreceptor cell death has been shown to be caspase-

independent in several animal models of retinal degeneration.  The activation of calpain and 

cathepsin D has been identified in rd1 mice (Doonan et al., 2005; Paquet-Durand et al., 2006; 



 

40 

 

Sharma et al., 2004).  Higher calpain activity coincided with a significant drop in the expression 

of calpastatin, an endogenous calpain inhibitor, has been reported during retinal degeneration 

(Kaur et al., 2011a; Paquet-Durand et al., 2006).  Moreover, co-activation of caspases and 

calpain have been described in rd1 mice, S334ter and retina-derived 661W cells following 

growth factor starvation, suggesting cross-talk between caspase and calpain pathways possibly 

to magnify the apoptotic cascade (Gomez-Vicente et al., 2005; Kaur et al., 2011a; Sharma et 

al., 2004).  

As mentioned previously, AIF is a mitochondrial intermembrane protein, which in 

response to certain lethal signals translocates into the nucleus to induce caspase-independent 

apoptotic cell death (Cande et al., 2002).  Nuclear translocation of both AIF and caspase-12 

has been reported in dying photoreceptors of rd1 in response to higher intracellular levels of 

Ca2+and calpain activation.  Consistent with this, calpain inhibitors suppressed AIF and 

caspase-12 activity and, apoptosis in vitro and in vivo (Sanges et al., 2006b).  Nuclear 

translocation of AIF also occurs in apoptotic photoreceptors of RCS rats (Murakami et al., 

2008) and, both mitochondrial and cytosolic fractions of RCS rat retina were found to contain 

altered activity of calpains during retinal degeneration (Mizukoshi et al., 2010). 

Interestingly, the mitochondrial calpain became activated prior to the cytosolic calpain, 

presumably to cleave AIF and thus permit induction of apoptosis.  Furthermore, inhibition of 

calpain suppressed nuclear AIF localization and reduced photoreceptor cell loss in RCS rats 

(Mizukoshi et al., 2010; Ozaki et al., 2012b).  Taken together, these findings indicate that 

photoreceptor degeneration in RP can be mediated by caspase-independent pathways. 

1.4.5.3 Roles of the BCL-2 family of proteins in retinitis pigmentosa 

As discussed above, members of the BCL-2 family, pro- and anti-apoptotic proteins, 

are key regulators of apoptosis by controlling the mitochondrial membrane integrity.  Their 
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involvement in the propensity of photoreceptor cells to undergo a caspase-dependent or -

independent death have been demonstrated in several studies (Danial et al., 2004). 

To investigate the involvement of BCL-2 protein in photoreceptor death, two separate 

groups generated transgenic mice overexpressing BCL-2 on a retinal degeneration background.  

While overexpression of BCL-2 slowed down photoreceptor loss in rd1 and rhodopsin mutant 

mice in one study (Chen et al., 1996b), it did not rescue photoreceptor cells from rd1-induced 

apoptotic death in another study (Joseph et al., 1996a).  Later, it was shown that a combination 

of BAG-1 and BCL-2 transgenes significantly delayed the progression of retinal degeneration 

in the S334Ter mice, suggesting that BCL-2 needs ancillary members of BCL-2 family for 

complete activity (Eversole-Cire et al., 2000).  Further investigation of the Bcl2 family 

involvement showed the expression of Bim was not altered in the rd1 retina, during the period 

of photoreceptor cell death (P10-P21), suggesting that BIM may not take part in retinal 

degeneration caused by Pde6β mutation (Doonan et al., 2007). 

Although expression of BAX persists in the normal retina until P30-P60 (Donovan et 

al., 2006), experiments using Bax-deficient mice, suggest that it may not be involved in 

photoreceptor degeneration in the rd1 model as there was no rescue in the photoreceptor 

degeneration by P21 (Mosinger Ogilvie et al., 1998).  By contrast, a recent study indicated 

BAX is activated in three murine genetic models of RP (rd1, P23HTg, and Rho−/−), possibly 

through a protease cascade containing calpain I and cathepsin D, but not calpain II (Comitato 

et al., 2014).  Such discrepancy in the literature suggests that retinal degeneration is not 

dependent on a single apoptotic mediator.  Similar to BAX, BAK is also expressed in the 

postnatal retina until P30-60 (Donovan et al., 2006), but the individual function of BAK in the 

retinal degeneration is yet to be explored. BAK and BAX have been found to function 

redundantly in many tissues, including retina (Hahn et al., 2004; Hahn et al., 2003).  However, 

the influence of Bax and Bak double null mutations on retinal degeneration in genetic RP 
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models has not been examined.  Thus, there is a need to investigate the individual and combined 

functions of these two pro-apoptotic factors in retinal degeneration.   

1.5.  Aims of study 

Photoreceptor degeneration is the final stage in retinal degenerative diseases leading to 

visual impairment.  This cell death has been considered as a process mediated by the classical 

caspase-dependent apoptotic pathway.  However, as discussed above, recent studies have 

revelead the involvment of caspase-independent apoptosis and also non-apoptotic pathways, 

including necrosis or autophagy in photoreceptor cell death.  Considering the redundancy and 

interplay between all these pathways, it is essential to explore what pathway is key to 

photoreceptor cell death so that possible therapies can be designed to inhibit or slow this 

neuronal loss. 

The overall aim of the current study was phenotypic characterisation of albino rats 

heterozygous for the P23H mutation (line 3, P23H-3) and to examine the molecular 

mechanisms of photoreceptor death in RP using P23H-3 rat and rd1 mouse models with an 

emphesis on apoptosis.  Therefore, three aims were defined as below: 

Aim 1: Characterization of retinal function and structure of P23H-3 rat, an animal model of 

RP.  The experiments addressing this aim are described in Chapter 2. 

Aim 2: Identification of cell death pathways in retinal degeneration of P23H-3 rat.  The 

experiments addressing this aim are described in Chapter 2. 

Aim 3: Investigating the role of pro-apoptotic BAK and BAX in retinal degeneration of rd1 

mouse.  The information addressing this aim are described in Chapter 3.  
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2.1. Introduction 

Inherited retinal dystrophies are a family of neurodegenerative diseases in which 

genetic mutations affecting the RPE or photoreceptors lead to irreversible dysfunction or loss 

of neuronal cells within the retina.  The most common form of these retinal dystrophies is 

retinitis pigmentosa (RP), a hereditary and genetically heterogeneous group, featuring 

degeneration of rod and cone photoreceptors (Hamel, 2014; Kalloniatis et al., 2016).  It is 

estimated that over 2 million patients are suffering from RP in the world (Sorrentino et al., 

2016).  While the progression of RP varies among different individuals, continuous loss of 

photoreceptors eventually causes severe visual impairment (Hamel, 2014; Maugeri et al., 

2000).  At present, there is no proven treatment for most of RP patients; however, a variety of 

therapeutic approaches are under investigation. 

In RP, numerous mutations have been described in genes, encoding proteins involved 

in different cellular mechanisms, such as the phototransduction cascade (e.g. PDE6A, PDE6B, 

and RHO) (Jones et al., 2017).  Of particular importance is rhodopsin (RHO), a transmembrane 

protein synthesized in the ER, modified post-translationally and transported to the outer 

segment of rod photoreceptors (Fukuda et al., 1979; Kaushal et al., 1994c; Krebs et al., 2004; 

Liang et al., 1979).  The proper expression of RHO is crucial for the detection of light photons 

and their conversion into electrical signals (phototransduction).  Mutations in the RHO gene, 

are the most prevalent cause of RP and account for almost 30-40% of patients with the 

autosomal dominant form of the disease (Dryja et al., 2000b; Noorwez et al., 2008). 

Substitution of proline to histidine in amino acid 23 (P23H-RHO) is the most common mutation 

of RHO.  P23H-RHO folds improperly at the N-terminal, the binding site of 11-cis-retinal 

chromophore and is unable to form functional visual pigment (opsin + chromophore).  The 

misfolded P23H protein, unlike wild type, fails to be transported to the plasma membrane; 

instead it forms oligomeric aggregates within the ER and Golgi (Kaushal et al., 1994b; Roof et 
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al., 1994; Sung et al., 1991a).  This aberrant protein transport results in recruitment of ER-

resident chaperones to suppress protein accumulation and the ubiquitin/proteasome system is 

activated to eliminate the aggregate-prone proteins from the cell (Anukanth et al., 1994; 

Chapple et al., 2001a).  Retention of P23H RHO in the cytosol can induce ER stress and activate 

the unfolded protein response (UPR), which in turn leads to photoreceptor death (Frederick et 

al., 2001; Lin et al., 2007; Tam et al., 2006). 

Reflecting the autosomal dominant phenotype, several studies have demonstrated a 

dominant-negative impact of P23H-RHO on WT protein, reporting that co-expression of WT 

and P23H RHO led to formation of aggregates including the WT RHO and abnormal transport 

of WT protein.  In addition to these alterations, it was shown that there was elevated 

proteosomal degradation and steady-state ubiquitination of the WT protein in the presence of 

P23H-RHO (Illing et al., 2002; Saliba et al., 2002).   

Rat transgenic models carrying a transgene expressing a mouse rhodopsin gene with a 

C-A substitution at codon 23 (P23H amino acid conversion) were first described in 1996 

(Steinberg et al., 1996).  Three different lines were obtained and while line 2 appeared to have 

a normal phenotype, lines 1 and 3 showed slightly different rates of degeneration, with line 1 

being more rapid (1-3 cell ONL layers at 2 months) than line 3 (5-7 cell layers at 2 months) 

(Steinberg et al., 1996).  Further characterization of line 3 indicated that transgene expression 

begins at P5, but morphological changes are not detectable until after P30 (Lewin et al., 1998a; 

Machida et al., 2000).  Scotopic ERG data indicated a loss of rod a-wave amplitude of 74% 

over 4-29 weeks (Machida et al., 2000).  While this animal model has been widely used, a 

detailed analysis of the time course of the structural and physiological phenotype progression 

has not yet been conducted. 

In the current study, the retinal function of P23H-line 3 animals was investigated from 

P18 to 3 months of age.  To correlate observed alterations in retinal function to structure, in 
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vivo and histological structural analysis was performed.  Finally, to explore the potential 

mechanisms involved in neuronal death in P23H-3, the involvement of key cell death pathways 

was examined. 
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2.2. Materials and Methods  

 Animals 

All experimental procedures were conducted in accordance with the association of 

Vision Research and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic 

and Vision Research and The University of Melbourne Animal Ethics Committee (Ethics: 

1312958).  Sprague-Dawley (SD) rats were obtained from the Animal Resources Center (ARC, 

Canning Vale WA Australia).  Heterozygous Pro23His-line 3 transgenic rats (P23H-3) were 

generated by crossing homozygous P23H-3 with SD rats.  The original P23H-3 transgenic rat 

strains were produced by Prof. Matthew LaVail, Beckman Vision Centre, University of 

California San Francisco School of Medicine in collaboration with Xerogen Biosciences 

(formerly Chrysalis DNX Transgenic Sciences, Princeton, NJ), National Eye Institute.  

Breeding stock for the P23H-3 used in this thesis, were kindly donated by Dr. Krisztina Valter-

Kocsi and Prof. Jonathan Stone at The Australian National University, Canberra.  Both the 

transgenic and wild-type SD rats were housed and bred in the Biomedical Sciences Animal 

Facility at the University of Melbourne on a 12-hour light-dark cycle with a controlled 

temperature (22 ± 1°C).  Food and water were available ad libitum.  

 Electroretinographic recording (ERG) 

To evaluate the function of retinal neuronal cells, full field electroretinograms (ERGs) 

were recorded from P23H-3 and age-matched SD rats at P18, 1, 2 and 3 months of age (n ≥ 8 

at each age group).  ERG is used to measure the electrical response of retinal neurons to light 

stimulus initiated by photoreceptor cells and followed by inner retina (amacrine and bipolar 

cells) and ganglion cells (Weymouth et al., 2008).  Animals were dark-adapted overnight 

(minimum of 12 hours) and deeply anesthetized under dim red light by an intraperitoneal (IP) 
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injection of a 12:1 mixture of ketamine (60 mg/kg; Troy Laboratories Pty Ltd, Smithfield, 

NSW, Australia,) and xylazine (5 mg/kg; Troy Laboratories, NSW, Australia).  For P18 

animals, the mixture was further diluted 1:10 in sterile saline (0.9%, B. Braun Australia Pty 

Ltd, NSW, Australia).  The corneal reflex was anesthetized by Alcaine (0.5%, Alcon 

Laboratories, Victoria, Australia) and the pupil was dilated via administration of atropine (1%, 

Aspen Pharmacare, NSW, Australia) and phenylephrine hydrochloride (10%, Bausch & Lomb, 

NSW, Australia).  Rats were placed in a custom-made restraining device including a heating 

pad to maintain body temperature.  To avoid dehydration of cornea, GenTeal® lubricating eye 

gel (0.3%, Alcon Laboratories, Victoria, Australia) was applied after the ERG was recorded.  

ERG waveforms were recorded by placing a silver/silver-28 chloride (Ag/AgCl) 

electrode on the cornea (active) and a reference electrode in the mouth (inactive).  Full-field 

ERG responses were obtained by a 2.1-log cds/m2 flash from a Nikon camera (Nikon SB900; 

Nikon, Lidcombe, NSW, Australia) delivered through a custom made Ganzfeld.  Responses 

were amplified (gain × 5,000; −3 dB at 1 Hz and 1 kHz, AD Instruments, Castle Hill, NSW, 

Australia) and digitized at 10 kHz. A twin consecutive flash protocol with 0.8-second inter-

stimulus interval was used to evaluate the contribution of rod and cone photoreceptor in the 

ERG response independently (Lyubarsky et al., 1996; Phipps et al., 2004).  The first flash 

elicited mixed responses from both rod and cone pathways, while the second flash elicited only 

the cone pathway responses. To isolate rod responses, the cone response was subtracted from 

the initial mixed response (Jobling et al., 2013; Vessey et al., 2015).  For each animal, three 

measurements were taken, and the final value was represented as an average response.  ERG 

recordings were monitored using Scope software (version 3.6.10, AD Instruments Pty, Ltd) on 

an Apple Macintosh computer (Apple, Inc., Cupertino, California, USA). 
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2.2.2.1 ERG component analysis 

The ERG waveform reflects the summed electrical response of all neuronal cells in the 

retina following a light stimulus.  To assess individual components of the recorded ERG 

responses, published equations were used for modelling the rod and cone waveforms.  

The rod photoreceptor response was analyzed according to a model, PIII, by which a 

modified computational description explains phototransduction cascade (Hood et al., 1990).  

The equation was: 

Equation 1: PIII (i,t) = {1 – exp[- I·S·(t - td)2]· Rmax 

PIII gives the photocurrent generated by the photoreceptors as a function of intensity, i 

(cd × s × m2) and time, t (in seconds).  Rmax (μV) is the saturated amplitude of the PIII, S 

(sensitivity) represents the gain of the phototransduction process (m2 × cd−1 × s−3), and td 

(seconds) is a short delay that accounts for the latency between the stimulus and the response 

initiation. 

The b-wave (PII model) and oscillatory potentials (OPs) reflect the activity of ON-

bipolar cells and amacrine cells, respectively, in the inner retina (Hood et al., 1990).  PII model 

was isolated by digital subtraction of PIII from the raw waveform and subsequently fitted using 

an inverted gamma function.  OPs were derived from leading edge of the rod b-wave from data 

collected in response to 2.1 log cd × s/m2.  Three main OPs (OP2, OP3, OP4) were isolated by 

fitting an inverted gamma function (Weymouth et al., 2008) to the rod PII, and then digital 

subtraction of this curve from the raw waveform data.  The isolated OPs were analyzed to 

calculate both amplitude (μV) and implicit time (ms), the time until the maximum response 

was reached.  Results were expressed as the summed OPs amplitude and summed OPs implicit 

time. 

In rodents, the retina mainly consists of rod photoreceptors, with only a small 

population of cone photoreceptor cells.  Additionally, the magnitude of the a-wave and 
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phototransduction amplification is significantly larger for rod photoreceptors compared to that 

of cones.  As a result, the cone a-wave (PIII) was too small to be isolated reliably in rats.  

However, the cone inner retinal response pathway has a greater amplification enabling a cone 

post photoreceptor response to be detected.  The cone b-wave (PII), could be analyzed by 

measuring the maximum amplitude (μV), from the pre-stimulus baseline to the peak of the 

waveform and the implicit time (ms), the time until the maximum response was reached. 

 In vivo fundus imaging of retina 

After completion of ERG recording, P23H-3 and SD rat eyes at P18, 1, 2 and 3 months 

of age (n ≥ 8 at each age group) were imaged using a fundus camera attached to an ocular 

coherence tomography (OCT) imaging module, providing a high-resolution view of the retina 

in addition to cross sectional thickness data.  OCT is a non-invasive method allowing 

quantitative assessment of retinal morphology to identify changes that may occur in ocular 

diseases.  Anesthetized rats were positioned in the restraining device and GenTeal® lubricating 

eye gel (0.3%, Alcon Laboratories, Victoria, Australia) was applied. OCT and fundus images 

were captured on a Micron III rodent fundus camera (Phoenix Research Labs, California, USA) 

using specialty Micron III (Phoenix Research Labs, California, USA) and StreamPix™ 

software (Norpix Inc., Quebec, Canada), respectively.  OCT images were analyzed using a 

custom ImageJ script to measure the thickness (µm) of the ganglion cell layer (GCL), inner 

plexiform layer (IPL), inner nuclear layer (INL), outer nuclear layer (ONL), inner and outer 

photoreceptor segments (IS\OS) including the retinal pigment epithelium (RPE) and total 

retina.  



 

51 

 

 Tissue collection and preparation 

Prior to tissue collection, animals were deeply anesthetized by IP injection of ketamine 

and xylazine as described previously (12:1 mixture of ketamine, 60 mg/kg and xylazine, 

5 mg/kg) and sacrificed with an intracardial injection of Lethabarb (pentabarbitone phosphate, 

120 mg/kg Virbac Pty.Ltd., NSW, Australia).  The eyes were enucleated, and the anterior 

segment was dissected and gently removed along with the lens and vitreous.  The posterior 

eyecups containing the neural retina were placed in the specific fixative dependent on the 

purpose of experiment (see below for details).  

 Immunofluorescence 

2.2.5.1 Cryostat sectioning 

Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay and 

caspase-3 staining were performed on fixed, frozen sections.  For cryosectioning, the posterior 

eyecups were fixed in fresh 4% paraformaldehyde in phosphate buffer (PB, 0.1 M; pH 7.4) for 

30 min for TUNEL and 4 hours for caspase-3 staining at room temperature.  Fixed eyes were 

washed with PB and then immersed in increasing gradients of sucrose in PB for cryoprotection, 

10% and 20% for an hour at room temperature followed by overnight incubation in 30% at 

4°C.  Eyecups in 30% sucrose were subsequently snap frozen in liquid nitrogen and stored at -

80°C until use. 

For frozen retinal sections, eyecups were cut in half through the optic nerve using a 

scalpel blade under dissecting microscope, one half was embedded in Tissue-Tek O.C.T 

compound (Sakura Seiki, Tokyo, Japan) within a plastic embedding mold and frozen in liquid 

isopentane (Fisher Scientific, Loughborough, UK) chilled in liquid nitrogen.  Frozen blocks 

were sectioned at 12 µm thickness on a cryostat (Hyrax C60, Zeiss, Germany), collected on 
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poly-L-lysine coated glass slides (Polysine® Adhesion slides, Thermo Scientific, VIC, 

Australia) and kept at -20ºC.  

2.2.5.2 Terminal deoxynucleotidyl transferase dUTP nick-end (TUNEL) assay 

To visualize dying cells, TUNEL assay (DeadEndTM Fluorometric TUNEL System; 

Promega Corp., NSW, Australia) was performed as per manufacture’s instructions. Briefly, 

frozen cryostat sections (n > 5 animals per group) were defrosted at room temperature for an 

hour and a hydrophobic border was drawn around the tissue using a PAP-Pen (Invitrogen, 

California, USA).  The sections were washed twice in phosphate buffer saline (PBS, 1X, pH 

7.4) and immersed in 0.2% Triton-X in PBS for 20 min.  The slides were rinsed with PBS for 

2 x 5 min. and incubated in equilibration buffer (Promega) for 10 min.  The rTdT incubation 

buffer was prepared according to the manufacturer’s instructions, applied to the sections, and 

incubated at 37°C for one hour in the dark.  Subsequently, sections were immersed in 2x SSC 

(Promega) for 15 min. and then washed in PBS for 3 x 5 min.  For labeling cell nuclei, sections 

were further incubated with DAPI (Life Sciences, Victoria, Australia) for 20 min.  Finally, 

sections were rinsed with PBS for 2 x 5 min., mounted with fluorescence mounting medium 

(Dako, Agilent Technologies, Santa Clara, CA, USA) and covered with a 24 mm x 50 mm 

glass coverslip (Menzel-Gläser, Braunschweig, Germany).  Sections were imaged immediately 

to minimise any fading of the label. 

2.2.5.3 Caspase-3 staining 

For caspase-3 immunostaining, frozen sections were defrosted, heated in a 0.01% M 

citrate buffer (65ºC, pH 6) for 10 min and cooled to room temperature for 30 min.  A PAP-Pen 

(Invitrogen, California, USA) was used for drawing a hydrophobic barrier around the tissue.  

The sections were rinsed 3 times (5 min. each) with PB and incubated with primary antibody 

(Table 2.1) overnight in a humid chamber at room temperature.  Prior to incubation, primary 

antibodies were diluted in antibody buffer containing 3% v/v normal goat serum (NGS), 1% 
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w/v bovine serum albumin (BSA), 0.05% w/v sodium azide and 0.5% v/v Triton-X in 0.1M 

PB to obtain intended concentration (Table 2.1).  The following day, sections were washed 

3 x 5 min. in PB and incubated for 90 min, at room temperature in the dark, in a mixture of the 

nuclear dye 4’,6-diamidino-2-phenylindole (DAPI, Life Sciences, Victoria, Australia) and 

secondary antibody (Table 2.1) diluted in antibody buffer 1:300 and 1:500 respectively.  

Subsequently, tissues were washed 3 x 5 min. in PB and cover-slipped with a 24 mm x 50 mm 

glass coverslip (Menzel-Gläser, Braunschweig, Germany) using fluorescent mounting media 

medium (Dako, North, Sydney, NSW, Australia). 

Table 2.1: List of primary and secondary antibodies used for immunofluorescence 

Primary Antibody Dilution Secondary Antibody Dilution 

Cleaved Caspase-3 (Asp175) 

(5A1E) Rabbit mAb (#9664, 

Cell Signaling Technology) 

1:100 

Alexa Fluor® 488 Goat 

anti-rabbit 

(Invitrogen,Molecular 

Probes®,Oregon, USA) 

1:500 

Mouse monoclonal 

antiAIFM1(#SAB5300151, 

sigma-aldrich 

1:100 

Alexa Fluor® 488 Goat 

anti-mouse 

(Invitrogen,Molecular 

Probes®,Oregon, USA) 

1:500 

2.2.5.4 Apoptosis inducing factor staining 

For apoptosis inducing factor (AIF) staining, paraffin sections were used.  The whole 

eye cups were fixed overnight in Davidson’s fixative containing 8% formaldehyde, 31.5% 

ethanol and 2 M acetic acid.  They were then dehydrated by immersion in graded alcohols 

(70%, 95% and 100%), cleared in xylene and embedded in paraffin wax.  Serial sections of 

5 µm thickness were cut, collected on poly-L-lysine coated glass slides, and incubated 

overnight at 37°C.  Sections were deparaffinized in xylene, rehydrated by washing in graded 

ethanol (100%, 90% and 70%) and finally distilled water (dH2O).  Sections were heated in a 

10 mM Tris-HCl buffer (60ºC, pH 9) for 10 min. and cooled to room temperature for 30 min 
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before conducting immunofluorescence for AIF as described above for caspase-3.  Details of 

antibodies are provided in Table 2.1. 

 Confocal microscopy and imaging 

Following TUNEL labelling, tile scans of the entire retinae were captured immediately 

by a laser scanning confocal microscope (Zeiss LSM510, Meta, Carl Zeiss, Oberkochen, 

Germany) using a x 20 air objective at a resolution of 512 x 512 pixels.  For viewing antibody 

staining, retinal sections were viewed and imaged on the Zeiss LSM800 (Carl Zeiss AG, Jena, 

Germany), using a 40x oil immersion objective at a resolution of 1024 x 1024 pixels. 

 Quantification of apoptotic cells 

To quantify the number of TUNEL positive cells, three mid-sagittal sections through 

the eye-cup (preferably with identifiable optic nerve head within the section) from each animal 

were used for analysis.  To assess the distribution of dying cells with respect to the retinal 

eccentricity, the length of half section (from the optic nerve to the tip of the periphery) was 

measured and divided into three segments of identical length as central, mid-peripheral and 

peripheral regions using ImageJ software.  The number of TUNEL-labeled cells in the ONL 

was counted in each segment using the cell counter plugin of ImageJ.  The quantifications from 

the same segment of three different sections were averaged to obtain a single value and the 

results were expressed per millimeter of retinal length.  To calculate the total number of 

TUNEL positive cells of ONL in each retinal section, obtained values for each region was 

summed up, averaged for three relative sections of each animal (n > 5 per group), and then the 

final value was presented as per millimeter of retinal length.  Similarly, to evaluate the 

progression of photoreceptor loss, relative to retinal eccentricity, the thickness of the ONL was 
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also measured, in each division at P18, 1 and 2 months.  The measurements from the same 

segment of three different sections were averaged to obtain a single value. 

 JC-1 - mitochondrial membrane potential assay  

To analyze mitochondrial membrane potential (ΔΨm) changes occurring in the early 

stages of apoptosis, the JC-1 assay (MitoProbe™ JC-1 Assay Kit, ThermoFisher, Australia) 

was performed according to the manufacture’s instruction with minor modifications.  

At P14 and P18 of age, P23H and SD rats (n = 6 for each experimental group) were 

anesthetized and killed as previously described.  The eye balls were enucleated, placed in 

cooled cell culture medium (Medium 199, Sigma, Australia) and the anterior segment was 

removed.  Retinae were isolated from the posterior eye and cut into small pieces using a scalpel 

blade and a single cell suspension produced using the Papain Dissociation System 

(Worthington Biochemical Corporation, Lakewood, NJ, USA).  Briefly, fragments from each 

retina were transferred to the digestion tube containing 800 μl papain and DNase-I and 

incubated in a rotator (700 rpm) at 37°C for 60 min.  Afterwards, the solution with the partially 

digested retina was mechanically dissociated using a 1 ml micropipette and a long glass fire 

polished Pasteur pipette.  The solution was centrifuged using a microcentrifuge at 300xg 

(2000 rpm) for 5 min. and the pellet was resuspended in 1 ml of inhibitor mixture to stop the 

reaction.  Cells obtained from each sample were counted on a Countess™ automated cell 

counter (Invitrogen, Australia) according to the provided protocol.  To perform the JC-1 assay, 

approximately 1×106 cells per sample were suspended in 1 mL warm PBS.  10 μl of 50 μM JC-

1 (0.5 μM final concentration) was added to each tube and cells were incubated 30 min. at 37°C 

with 5% CO2.  For the positive control tube, 2 μl of 50 mM carbonyl cyanide 3-

chlorophenylhydrazone (CCCP, supplied with the kit) was added simultaneously with JC-1.  

Cells then were washed once by adding 2 ml of warm PBS, centrifuged at 300xg (2000 rpm) 
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for 5 min. and resuspended in 200 μl PBS.  DAPI was added to each sample as a nuclear 

counterstain.  Cells were analyzed on a fluorescence assisted cell sorting (BD FACS Aria III 

Cell Sorter) with 488 nm excitation using emission filters appropriate for Invitrogen Alexa 

Fluor 488 dye (530 nm for green and 695 nm for red).  Collected data were analyzed using 

FlowJo (V.10.4.2) software.  

 Quantitative real-time PCR 

Animals at P14 and P18 (n = 9 per group) were anaesthetized and killed as previously 

described.  To isolate retinal total RNA, posterior eyecups of P23H-3 and SD rats were 

dissected in sterile, ice-cold PBS, to separate the neural retina from the RPE. Retinae were 

separated from the posterior eyecup of P23H and SD rats, snap frozen in liquid nitrogen, and 

total RNA was extracted using the RNeasy® Mini Kit (Qiagen, VIC, Australia) as per 

manufacturer’s instructions.  All samples underwent on column DNase-I treatment at room 

temperature for 15 min. to remove genomic DNA contamination (Qiagen, VIC, Australia).  

To quantify RNA concentration and assess purity, the Agilent 2200 Tape Station 

(Agilent Technologies 5067-5583 D1000, Germany) was used according to manufacturer’s 

instructions.  The Tape Station analysis software gives an RNA integrity number (RIN), an 

algorithm designed to estimate the integrity of the total RNA as a value between 1 to10.  Only 

samples with RIN number above 8 were considered of sufficient quality to be used for this 

study.  After RNA analysis, samples were stored at -80°C until use. 

The rat cell death pathway finder RT² profiler PCR array (Cat#: PARN-212ZE, Qiagen, 

VIC, Australia) was used to profile the expression of 84 key genes involved in programed cell 

death pathways incorporating apoptosis, autophagy, and necrosis. RNA samples from P23H 

and SD rats (P14 and P18, n = 9 for each group) were pooled within their respective 

experimental groups (n = 3 pooled samples per group) to maximize the amount of RNA and 
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minimize bias due to biological variation.  Total RNAs (400 ng) was reverse transcribed into 

complementary DNA (cDNA) using the RT2 First Strand cDNA Kit (Qiagen) according to the 

manufacturer’s instructions (RT2 Profiler PCR Array Handbook; Qiagen).  The cDNA samples 

were mixed with RT2 SYBR Green Mastermix (Qiagen) and then added across the 384-well 

plate.  Each 384-well plate contained 4 replicates of 96-well assays including 84 different genes 

of interest, 5 housekeeper control genes, 1 genomic DNA control, 3 reverse transcription 

controls and 3 positive PCR control.  The cDNA was amplified using the Applied Biosystems 

ViiA 7 Real-Time PCR System (Thermofisher) at 95°C for 15 min., followed by 95°C for 

15 seconds and 60°C for 1 min. (40 cycles).  Three independent arrays were run for each 

experimental group in order to collect statistically valid data.  The data were analyzed using 

RT2 Profiler PCR Array Data Analysis version 3.5 from QIAGEN website 

(http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php).  Gene expression obtained 

for experimental groups were normalized to the average threshold cycle (Ct) value of the 

housekeeping genes and expressed as fold-change with respect to the control group. 

 Intravitreal injection of BAK inhibitors in P23H-3 rats 

Two different inhibitors of BAK (WEHI-1249625 and WEHI-1250993) were supplied 

by Drs. Ben Kile and Guillaume Lessene from Monash University and WEHI, respectively.  

Prior to injection, a stock of each compound was prepared by dissolving the compound powder 

in 5% DMSO (99.9 % for molecular biology, Sigma, Australia) in sterile saline (0.9%, B. Braun 

Australia Pty Ltd, NSW, Australia) to achieve the intended concentration.  To calculate the 

effective concentration at the retina, the vitreal volume of P23H-3 rats at P16 was estimated as 

~25 µl. 

At P16 of age, P23H-3 rats were anesthetized as previously described.  The corneal 

reflex was anesthetized with topical administration of Alcaine (0.5%; Alcon Laboratories, 

http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php
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Victoria, Australia) and the dilation of pupil was achieved via administration of atropine (1%, 

Aspen Pharmacare, NSW, Australia) and phenylephrine hydrochloride (10%, Bausch & Lomb, 

NSW, Australia).  The vehicle-diluted compound (1 μl) was injected intravitreally into the left 

eye using a 30-G needle attached to a 5 μl Hamilton micro syringe (Reno, NV, USA) via a 

polyethylene tube.  The right eye received 1 μl of vehicle (5% DMSO in sterile saline) as the 

vehicle.  The animals were then kept on the heat pad at 37°C to maintain the body temperature 

and monitored during recovery.  Injected animals and their eyes were monitored daily for 2 

days post-injection.  At P18 of age, animals were killed under deep anesthetic and eyes were 

collected and prepared for TUNEL analysis as previously described. 

Table 2.2:Experimental design for intravitreal injection of BAK antagonist into P23H-3 

BAK inhibitor 
Molecular 

mass 
Solvent 

Estimated 

concentration in 

the retina 

Number of 

injected animals 

WEHI-1249625 593.7 
5% DMSO in 

saline 
6 mM 10 

WEHI-1250993 541.64 
5% DMSO in 

saline 
1 µM 8 

 Statistical analysis 

Statistical analysis and graphing were performed using GraphPad Prism 7 (San Diego, 

CA, USA).  All data were expressed as the mean ± standard error of the mean (SEM). Analysis 

and curve fitting of the ERG data was carried out in a spreadsheet (Excel 2007; Microsoft, 

Redmond, WA).  A two-way analysis of variance (ANOVA) was used to determine statistical 

significance among experimental groups, where the two independent variables were genotype 

and age, followed by a Tukey’s post-hoc test for further multiple comparisons.  P-values less 

than 0.05 were considered statistically significant and represented * p < 0.05, ** p < 0.01, 

*** p < 0.001 and **** p < 0.0001 in all graphs.   
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2.3. Results: 

 Rod pathway response is attenuated from 1 month in P23H-3 rats  

In order to determine P23H-associated functional changes, scotopic ERGs were 

recorded from P23H-3 and SD rats at P18, 1, 2 and 3 months of age.  Animals were dark-

adapted overnight, and the mixed responses of rod and cone were recorded.  To analyze rod- 

and cone-related response separately, a paired-flash ERG paradigm was used.  In both P23H-

3 and SD retinae, rod ERG responses were apparent and well developed at P18, only a few 

days after eye opening.  Representative rod pathway waveforms for the SD and P23H-3 rat are 

represented in Figure 2.1 and showed that overall amplitude of the rod response in P23H-3 is 

less than WT rats at 1, 2 and 3 months of age.  

  

  
  

Figure 2.1: Alterations in rod responses of P23H-3 rats with age 
Representative rod responses in SD (black) and P23H-3 (red) rats at P18 (A), 1 month (B), 2 months (C) and 3 

months (D).  Overall response of the rod pathway in P23H-3 is less than SD rats from 1 month of age.  

When the retinal response was modelled and quantified, the rod a-wave (PIII) 

amplitudes showed a progressive age-related decrease from 1 to 3 months in both strains, while 
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there was a specific effect of genotype with the response in the P23H-3 significantly reduced 

compared to SD from 1 to 3 months of age (p < 0.0001 for all significant differences; Figure 

2.2A).  At 1 month, the rod PIII amplitude was reduced by ~ 30%, while the response decreased 

by ~40% at 2 months and ~ 60% at 3 months of age (Figure 2.3).  Additionally, from P18 to 1 

month the rod a-wave amplitude significantly elevated in SD rats (p < 0.01; Figure 2.2A).   

Although the rod amplitude decreased in the P23H-3 retinae, intriguingly, the rod PIII 

(a-wave) sensitivity was significantly greater at P18 in the P23H-3 (p < 0.0001) but was similar 

to the SD thereafter.  In 18-day-old SD rats, rod sensitivity was significantly lower than animals 

at 1 month (p < 0.001; Figure 2.2B). 

To examine rod post-photoreceptor alterations in P23H-3 rats, the rod b-wave (PII) was 

analyzed which reflects the function of the rod depolarizing bipolar cells in the inner retina 

(Hood et al., 1996; Robson et al., 1995).  To isolate rod-related b-wave, the cone response was 

subtracted from the mixed response.  The rod b-wave (PII) also showed progressive age-related 

decrease in amplitude in both SD and P23H-3 rats from 1 to 3 months.  Compared to the SD 

responses, the P23H-3 responses were significantly reduced from 1 to 3 months of age 

(p < 0.0001; Figure 2.2C).  At 1 month, the rod PII amplitude was reduced by 22%, which 

worsened (-38%) at 2 and 3 months of age (Figure 2.3).  From P18 to 1 moth, the rod b-wave 

showed a significant increase in both P23H-3 (p < 0.01) and SD (p < 0.0001) animals (Figure 

2.2C).  Although the rod PII implicit times were slightly greater in P23H-3 retinae compared 

to SD at all ages examined, the data were only significant at 1 month of age (p < 0.05).  

Moreover, both strains had longer b-wave implicit time at P18 compared to 1 month (p < 0.01 

for P23H-3 and p < 0.0001 for SD; Figure 2.2D).  

In addition, the function of amacrine cells in P23H-3 rats was assessed by isolation of 

oscillatory potentials (OPs) from the leading edge of the PII and then obtained values were 

summed as shown in Figure 2.2E.  Analysis of summed OPs showed, they had significantly 
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lower amplitudes in P23H-3 retinae compared to the SD controls at all ages studied, except 

P18 (42%, 51% and 62%, p < 0.0001).  In SD control rats, the summed OPs amplitude showed 

a significant increase from P18 to 1 month (p < 0.0001).  While both P23H-3 and SD animals 

had significantly longer OPs implicit time at P18 compared to 1 month (p < 0.001 and 

p < 0.0001 respectively), it remained unaffected in P23H-3 rats when compared to the age-

matched normal SD rats (Figure 2.2F).  Together the data show significant age-related decline 

in activity of the rod pathway in P23H-3 rats from 1 month of age.
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Figure 2.2: Quantitative analysis of functional rod responses in P23H-3 
Quantification of rod ERG responses in SD (black) and P23H-3 (red) rats showing change in rod a-wave 

amplitudes (A), rod sensitivity (B), rod b-wave amplitudes (C), rod b-wave time-to peak (D), rod oscillatory 

potential amplitudes (E) and OP implicit times (F).  Rod a-wave amplitudes were significantly reduced in the 

P23H-3 compared to the SD from 1 month (A).  There were no significant differences in the rod a-wave sensitivity 

between the P23H-3 and SD rats, except at P18, which was significantly greater in P23H-3 (B).  The rod b-wave 

amplitudes were significantly attenuated in the P23H-3 rat in comparison with the SD from 1 month onwards (C).  

Rod b-wave implicit time was only significantly increased in the P23H-3 compared to the SD at 1 month (D). 

Summed rod OPs amplitude of P23H-3 was significantly lower than those of SD rats at 1,2 and 3 months (E).  

Rod OPs implicit time of P23H-3 was not significantly altered at any age (F) compared to SD controls.  The rod 

a-wave (PIII) (A), rod b-wave (PII) (C) and summed rod OPs (E) amplitudes as well as rod OPs implicit time (F) 

showed a progressive age-related reduction from 1 to 3 months in both strains. The histograms indicate the 

mean ± SEM, Two-way ANOVA, Tukey’s post hoc test, * p < 0.05, ** p < 0.01, *** p < 0.001 and 

**** p < 0.0001, n ≥ 10 in each group. *, significant difference for genotype; #, significant difference for age.  

To determine whether the neurons in the inner retina undergo a selective functional 

deterioration over and above that predictable due to the loss of the rod photoreceptor function, 

the P23H-3 rod post-photoreceptor responses (b-wave and summed OPs) were expressed as a 
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percentage of the mean SD control animal response and compared statistically.  While no 

significant differences were found in the percentage loss of rod PIII and PII amplitudes at 1 

month and 2 months, the PII deficit at 3 months showed a lower reduction than what was 

expected due to PIII loss (p < 0.05; Figure 2.3).  Although no significant differences were 

found in the percentage loss of rod PIII and OPs amplitudes, the reduction in OPs amplitudes 

were significantly greater than PII amplitude loss at all ages examined (p < 0.01, p < 0.05 and 

p < 0.01 respectively; Figure 2.3).  This suggests that neuronal cells in the inner retinae of 

P23H-3 transgenic rats remain intact.  

 

Figure 2.3: Percentage change of the rod photoreceptor and post-photoreceptor responses 

in P23H-3 retinae 
The amplitudes of rod a-wave, b-wave, and OPs responses in P23H-3 were expressed as a percentage of the mean 

SD responses.  At 1 and 2 months, the a-wave and b-wave responses were reduced in P23H-3 to a similar extent.  

However, the loss of summed OP amplitudes was significantly increased compared to those of b-wave.  At 3 

months, the extent of the b-wave loss was significantly less than a-wave and summed OPs.  Data are expressed as 

means ± SEM, Two-way ANOVA, Tukey’s post hoc test, * p < 0.05, ** p < 0.01, n ≥ 10 in each group.  

 Cone pathway response is attenuated in P23H-3 transgenic rats 

While cone photoreceptor function could not be evaluated in rats because of the small 

number of cones, the cone post-photoreceptor responses were obtained for P23H-3 and SD 

rats.  Representative cone mediated ERG waveforms are presented in Figure 2.4.  Apart from 
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P18, P23H-3 animals had generally smaller cone ERG responses compared to their age-

matched controls.   

  

  

Figure 2.4: Alterations in cone responses of P23H-3 with age 
Representative cone responses in SD (black) and P23H-3 (red) rats at P18 (A), 1 month (B), 2 months (C) and 3 

months (D).  Overall response of the cone pathway in P23H-3 is less than SD rats at 1, 2 and 3 months of age.  

Modelling and quantification of the cone-related ERG response showed that cone b-

wave amplitudes from P23H-3 rats were significantly less than those of SD controls at 1 (30%, 

p < 0.0001) and 2 months (21%, p < 0.05), but not at 3 months of age.  Both P23H-3 and SD 

strains showed a significant increase in the cone b-wave amplitude from P18 to 1 month 

(p < 0.0001; Figure 2.5A).  

The cone b-wave implicit time and OPs amplitudes remained similar between P23H-3 

and SD animals (Figure 2.5B-C).  However, the timing of OPs only significantly elevated in 

the P23H-3 compared to the SD at 1 month (Figure 2.5D).  Moreover, while the cone OPs 

amplitude showed a significant increase in SD rats from P18 to 1 month (p < 0.0001), the cone 

OPs implicit time significantly decreased in both 1-month P23H-3 and SD animals compared 

to those at P18 (p < 0. 001 and p < 0.0001 respectively; Figure 2.5C and D). 
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Figure 2.5: Quantitative analysis of cone functional responses in P23H-3 

Quantification of cone ERG responses in SD (black) and P23H-3 (red) rats showing change in cone b-wave 

amplitudes (A), cone b-wave time-to peak (B), cone OP amplitude amplitudes (C), and cone OP implicit times 

(D).  Cone b-wave amplitudes were significantly lower in P23H-3 compared to age-matched SD controls at 1 and 

2 months (A).  The cone b-wave timing and summed OPs amplitudes were not significantly affected in P23H-3 

at any age examined (B and C).  OPs timing showed a significant increase in P23H-3 compared to SD only at 1 

month (D).  The histograms indicate the mean ± SEM, Two-way ANOVA, Tukey’s post hoc test, * p < 0.05, 

** p < 0.01, *** p < 0.001 and **** p < 0.0001, n ≥ 10 in each group. *: significant difference for genotype, #: 

significant difference for age.  

 Normal in vivo fundus imaging of P23H-3 model of RP 

Fundus photography provides a non-invasive technique of in vivo monitoring and/or 

quantitative measurement of ocular health status and is broadly used for detection and 

documentation of different ocular diseases such as RP (Abràmoff et al., 2010).  In this study, 

fundus imaging was used to assess morphological alternations and progression of retinal 

degeneration in the retinae of P23H-3.  Representative fundus images were taken from P23H-

3 rats at P18, 1, 2 and 3 months and compared to age matched control SD (Figure 2.6A-H).  



 

66 

 

Images were taken with the optic nerve head at the center of the image and as can be observed 

there were no overt alterations or pathological features in the fundus scans of P23H-3 compared 

to the SD rats at any examined ages.  Due to the albinism inherent in these strains, no alteration 

in retinal pigmentation could be observed. 

 

Figure 2.6: Fundus imaging of P23H-3 and SD rats with age 
Representative fundus images SD (A, C, E, G) and P23H-3 (B, D, F, H) rats at P18 (A, B), 1 (C, D), 2 (E, F), 

and 3 (G, H) months of age.  No morphological differences were apparent in fundus scans of P23H-3 compared 

to the age-matched SD rats.  
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 Reduction in photoreceptor layer is evident at 2 months of age in P23H-3 rats 

While retinal fundus showed no alteration in retinal appearance between the SD and 

P23H-3 strains, further in vivo structural analysis was performed.  Optical coherence 

tomography (OCT) is an optical imaging method to obtain high-resolution cross-sectional view 

of retinal structure and is commonly used for early detection of retinal diseases and monitoring 

their progression as it allows quantitative measurement of retinal pathology.  The thickness of 

retinal layers and nerve fiber layer can be quantified using this technique (Fujimoto et al., 

2000).  To evaluate the progression of retinal degeneration in P23H-3 rats quantitatively, OCT 

images were obtained non-invasively from left and right eyes of P23H-3 and SD at P18, 1, 2 

and 3 months.  At all ages examined (Figure 2.7), visualization of the retina by OCT showed 

normal appearance of retina with distinguishable layers.  While the retinal structure of P23H-

3 appeared to be similar to the SD rats at P18 (Figure 2.7A and B) and 1 month (Figure 2.7C 

and D), a significant loss of ONL, representing photoreceptors, was apparent in the P23H-3 

retinae at 2 and 3 months of age (Figure 2.7E-H).  
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Figure 2.7: Changes in OCT images of P23H-3 and SD rats with age 
Representative OCT images of the central retina in SD (A, C, E, G) and P23H (B, D, F, H) rats at P18 (A, B), 1 

(C, D), 2 (E, F), and 3 (G, H) months of age.  The retinal structure and lamination were normal in P23H-3 rats at 

all time points.  The thickness of the ONL in P23H-3 showed a significant thinning from 2 months of age compared 

to the SD (E-H).  Abbreviations: GCL: ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer 

ONL: outer nuclear layer, IS/OS: inner and outer segments, RPE: retinal pigment epithelium.  Scale bar = 100 µm.  
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Manual segmentation analysis was performed to quantify the thickness of individual 

retinal layers including ONL, IS/OS/RPE, INL, IPL, GCL, and total retina (Figure 2.8A-F).  

The ONL in P23H-3 was thinner than that of in SD at all ages; however, it showed statistically 

significant thinning from 2 months onwards (19%, p < 0.001 and 22%, p < 0.001 respectively; 

Figure 2.8A).  There were no significant differences in the thicknesses of the IS/OS/RPE and 

INL at any age studied (Figure 2.8B and C).  At P18, the IPL and GCL were significantly 

thinner in the P23H-3 than in the control SD retinae (p < 0.05 and p < 0.0001 respectively); 

however, this difference was not maintained in older animals (Figure 2.8D and E).  At P18, 2 

and 3 months, the total retinal thickness was significantly reduced in P23H-3 compared to the 

age-matched normal SD rat (Figure 2.8F).  Also, there was a gradual decrease in retinal 

thickness, particularly the ONL and INL with age in both P23H-3 and SD rats (Figure 2.8A 

and C).  These data suggest that structural change in P23H-3 retina becomes evident from 2 

months of age. 
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Figure 2.8: Changes in retinal thickness of P23H-3 by OCT with age 
Segmentation analyses of OCT images in SD (black) and P23H-3 (red) rats showing mean thicknesses of ONL 

(A), IS/OS/RPE (B), INL (C), IPL (D), GCL (E) and the total retina (F). At 2 and 3 months, the ONL of P23H-3 

was significantly thinner than SD (A).  The IS/OS/RPE (B) and INL (C) thickness was not altered in P23H-3 at 

any age examined.  There were no significant differences between the thickness of IPL (D) and GCL (E) in P23H-

3 compared to the SD rats, except at P18 when they were significantly reduced compared to SD controls.  The 

total retinal thickness in P23H-3 was significantly less than that of SD at P18, 2 and 3 months of age (F). The 

histograms indicate the mean ± SEM, Two-way ANOVA, Tukey’s post hoc test, * p < 0.05, ** p < 0.001 and 

**** p < 0.0001, n ≥ 8 in each group. *: significant difference for genotype, #: significant difference for age.  

Abbreviations: ONL: outer nuclear layer, IS/OS/RPE: inner segment/outer segment/retinal pigment epithelium, 

INL: inner nuclear layer, IPL: inner plexiform layer GCL: ganglion cell layer.  
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 Significant correlation between retinal structure and function  

To confirm that retinal structural changes correlated with observed changes in retinal 

function, a correlation analysis was performed using structural OCT (ONL thickness) and 

functional ERG (rod a-wave amplitude) measures.  For each animal the ONL thickness and a-

wave amplitude was compared and showed a positive correlation between ONL layer thickness 

and retinal function in both P23H and SD (Figure 2.9). 

 

Figure 2.9: Correlation of structure and function in P23H-3 rats 
Regression analysis of function (rod a-wave) versus structure (ONL thickness) showed a high positive correlation 

between ONL layer thickness and retinal function in both P23H-3 and SD rats. N > 20 for each group (R2 = 0.4 

and y = 4.61*x - 268.6 for SD and R2 = 0.5 and y = 12.65*x - 344.1 for P23H-3).  

 Photoreceptor degeneration peaks at P18 in P23H- 3 rats 

Characterization of the P23H-3 transgenic rats to date has quantified the structural and 

functional losses in the retinae and identified most of the degeneration is limited to the 

photoreceptor layer.  To identify the detailed time course of photoreceptor cell death prior to 

structural degeneration in P23H-3 rat retina, TUNEL assay was performed on fixed frozen 

sections of P23H-3 and SD rats at P18, 1 month and 2 months of age.  In the SD retinae, 

TUNEL+ cells were rarely observed at the ages assessed (Figure 2.10A, C, E).  By contrast, in 
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the P23H-3 retinae abundant TUNEL+ cells were observed at P18 (Figure 2.10B), with 

progressively fewer detected at 1 month (Figure 2.10D) and 2 months of age (Figure 2.10F).  

The majority of TUNEL+ cells were in the ONL (Figure 2.10B, D, and F), but occasional cells 

were observed in the other retinal layers (Figure 2.10B).  As observed in Figure 2.10E and F, 

a significant thinning was overt in the ONL of P23H-3 compared to the age-matched SD rat 

reflecting the previous OCT data (Figure 2.7 and Figure 2.8). 

Quantification of TUNEL+ cells at each age showed that at P18, approximately 25 

TUNEL+ cells were detected per mm retina within the P23H-3 and this was significantly greater 

than that observed for age-matched SD animals (P < 0.001; Figure 2.11).  The number of 

TUNEL+ cells declined to 8 TUNEL+ cells/mm of retina at 1 month and 1-2 TUNEL+ cells/mm 

at 2 months (Figure 2.11A).  Despite a mean increase in detected cells at 1 month of age, this 

was not significantly different from SD controls.  To explore whether there was an effect of 

retinal eccentricity on retinal degeneration, the number of TUNEL+ photoreceptors were 

quantified in central, mid-peripheral and peripheral regions of P23H-3 and SD retinae.  As 

expected no significant numbers of TUNEL+ cells were detected in the SD retinae at any age 

or eccentricity (Figure 2.11B-D).  At P18, uniformly high mean numbers of TUNEL+ cells 

were detected in the central, mid-peripheral and peripheral regions of the retina, with no 

significant difference in the number of TUNEL+ cells at different eccentricities (Figure 2.11B).   
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Figure 2.10: Photoreceptor cell death in P23H-3 rats with age 
TUNEL (green) and nuclei (blue) staining in SD (A, C, E) and P23H-3 (B, D, F) retina at P18 (A, B), 1 month 

(C, D) and 2 months (E, F) of age.  In P23H-3 rat retinae, TUNEL positive cells predominantly presented in the 

ONL across all ages.  The presence of dead cells in the ONL of SD retinae was negligible.  A significant loss of 

photoreceptors nuclei in the ONL was apparent in P23H-3 retinae at 2 months of age.  Abbreviations: ONL: outer 

nuclear layer, INL: inner nuclear layer. Scale bar = 20 µm.  

By contrast, at 1 month, the mean number of dying photoreceptor cells in the peripheral 

retina was significantly lower than in the central and mid-peripheral regions (p < 0.05, Figure 

2.11C).  This effect was transient, with no eccentricity-related effect observed at 2 months of 

age (Figure 2.11D). 
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Figure 2.11: Quantification of photoreceptor cell death in P23H-3 rats and effect of 

retinal eccentricity 
Quantification of total retinal TUNEL+ cells at each age (A) and in central to peripheral regions at P18 (B), 1 

month (C) and 2 months (D).  Significantly increased numbers of TUNEL+ cells were detected in the P23H-3 

retina at P18, but not at 1- or 2-months compared to the SD (A).  Significant differences in the number of TUNEL+ 

cells across retinal eccentricity were detected in the P23H-3 retina at 1-month with greater photoreceptor death in 

central and mid-peripheral than in peripheral regions of retina (C).  No effect of retinal eccentricity was observed 

at P18 (B) or 2-months of age (D). Data are expressed as means ± SEM, Two-way ANOVA, Tukey’s post hoc 

test, * p < 0.05 and ** p < 0.001, n ≥ 5 in each group.  

To corroborate the structural thickness data obtained via OCT imaging and to further 

assess any change relative to retinal eccentricity, the thickness of ONL (DAPI labelling) was 

also measured from vertical sections across the entire retina and in central to peripheral regions 

in P23H-3 and normal SD rats (Figure 2.12A-D).  At P18 and 1 month, no significant 

differences were found in the mean ONL thickness of P23H-3 compared to SD at different 

eccentricities.  However, at 2 months the mean ONL thickness in P23H-3 was significantly 

reduced compared to the SD retinae, similar to that found in the OCT analysis (Figure 2.12A).  

Comparison of the ONL thickness at different eccentricities showed no significant differences 



 

75 

 

in different regions of P23H-3 retinae (Figure 2.12B-D), with reduced ONL thickness 

observed in the central and mid-peripheral regions of the 2-month P23H-3 retinae (p < 0.01, 

Figure 2.12D). 

 

Figure 2.12: Changes in ONL thickness with age and eccentricity in P23H-3 rats 
Quantification of mean ONL thickness from sections of SD and P23H-3 rats at P18, 1 and 2 months of age (A) 

and across central to peripheral eccentricity at P18 (B), 1 month (C) and 2 months (D).  At 2 months the ONL 

was significantly thinned in P23H-3 compared to SD retinae (A and D).  There were no significant differences in 

the thickness of ONL at different regions of P23H-3 retinae (B-D).  All data shown as mean ± SEM, Two-way 

ANOVA, Tukey’s post hoc test, ** p < 0.01, and **** p < 0.0001, n ≥ 5 in each group. *: significant difference 

for genotype, #: significant difference for age.  

 Activation of caspase-3 and AIF in degenerating P23H-3 retina  

Another aim of this study was to explore the molecular pathways of cell death involved 

in P23H-related photoreceptor degeneration.  To assess the contribution of the caspase-depend 

pathway of apoptosis, retinal immunostaining was performed for cleaved caspase-3, a key 

mediator of caspase-dependent apoptotic signaling pathway, at P18 when cell death was high.  



 

76 

 

Results from this labelling only showed very few photoreceptor cells in the ONL of P23H-3 

were positive for activated caspase-3 at P18 (Figure 2.13A).  While this labelling was limited, 

no other activated caspase-3 labelling was noted in other retinal layers.  Similarly, no labelling 

was observed in age-mated control (SD) retinae (data not shown). 

To examine whether the caspase-independent apoptosis also plays a role during the 

degenerative process in P23H-3 retinae, the changes in subcellular distribution of AIF was 

evaluated by immunocytochemistry.  AIF is a mitochondrial protein cleaved upon receiving 

death stimuli, leaves the mitochondrion, translocates to the nucleus where it mediates apoptotic 

cell death independently of caspases.  In the retina, AIF is mainly localized in the inner segment 

of photoreceptor cells, which contain mitochondria and ER and in the cytoplasm of other 

neuronal cells (Hisatomi et al., 2001; Sanges et al., 2006b).  At P18, AIF was detected in only 

a few photoreceptor nuclei of P23H-3 (Figure 2.13B), while there was no labelling in other 

retinal layers or in the age-mated control animals (data not shown). 

Given the limited labelling observed at the peak of photoreceptor death (P18), the data 

suggest that neither the caspase 3-dependent nor the AIF-mediated pathways of apoptosis are 

major contributors to retinal degeneration in P23H-3 transgenic rats.   

 
 

Figure 2.13: Activated caspase-3 and AIF staining in P23H retinae at P18  
Confocal images of P18 retinal sections labeled with caspase-3 (A, green) and AIF (B, green).  Abbreviations: 

ONL: outer nuclear layer, INL: inner nuclear layer. Scale bar = 20 µm.  
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 Assessment of mitochondrial membrane potential in P23H-3 rats 

The results of immunostaining suggested a minor participation of mitochondria-

mediated cell death in photoreceptor degeneration in P23H-3.  To further investigate whether 

this hypothesis is correct, JC-1 assay was used to evaluate the mitochondrial membrane 

potential in P23H-3 and SD retinae. Mitochondrial membrane potential (Δψm) is a sensitive 

indicator of the mitochondrial functional status, closely correlated with cell health and function.  

In apoptotic cells, mitochondrial depolarization occurs as a result of the formation permeability 

transition pores (Reers et al., 1995).   

JC-1 is a membrane-permeable cationic fluorescent probe widely used to evaluate 

alterations in Δψm occurring during apoptosis.  At low concentration, JC-1 exists as a monomer 

and when excited at 488 nm, emits green fluorescence.  However, at higher concentrations it 

forms aggregates and emits an orange/red emission fluorescence.  In healthy cells, JC-1 

selectively and spontaneously aggregates (red) within the normal polarized mitochondria 

because of negative potential of the inner mitochondrial membrane (high Δψm).  By contrast, 

in apoptotic cells it cannot accumulate within the depolarized mitochondria (low Δψm) and 

remains in the monomeric form in the cytoplasm (green).  Thus, depolarization of mitochondria 

is indicated by a reduction in the level of red fluorescence and an increase in the level of green 

fluorescence (Reers et al., 1995; Salvioli et al., 1998; Smiley et al., 1991). 

As the results of our TUNEL labelling suggested that cell death was high at P18 in 

P23H-3 transgenic rats, Δψm was assessed at this same age, as well as an earlier age coinciding 

with eye opening (P14).  Figure 2. 14A-F shows representative and quantitative analysis (M-

O) of flow cytometric results at P14.  Initially, a gate was set on forward scatter (FSC) and side 

scatter (SSC) to eliminate debris and find single cell events for each sample (not shown).  

Considering physical parameters (FSC) and viability analysis (DAPI staining), three distinct 

subpopulations of cells were consistently detectable in all samples: small dead cells, small live 
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cells, and large live cells (Figure 2. 14A, E and I).  Subsequently, cells in each subpopulation 

were gated to study JC-1-associated red and green fluorescence threshold (Figure 2. 14B-D, 

F-H and J-L). 

To confirm that JC-1 dye was able to detect Δψm changes, carbonyl cyanide m-

chlorophenyl hydrazone (CCCP) was used as a positive control.  CCCP uncouples the 

mitochondrial respiratory chain causing mitochondrial membrane depolarization and 

eventually apoptosis (Park et al., 1997).  Incubating dissociated retinal cells with CCCP prior 

to JC-1 staining led to nearly complete elimination of JC-1 aggregates (decrease in the intensity 

of red fluorescence signal) and an increase in the formation of JC-1 monomers (intensity of 

green fluorescence signal; Figure 2. 14B-D, quadrant 3(Q3)). 

From Figure 2. 14, it can be clearly seen that the profile of JC-1 staining in P23H-3 

cells (I-L) was generally similar to that of SD cells (E-H) for all subpopulations at P14.  In the 

small dead cell subpopulation, the majority of cells had depolarized mitochondria characterized 

by greater green fluorescence intensity (Figure 2. 14F and J, Q3).  By contrast, in the 

subpopulation of small live cells, the highest percentage of cells had well-polarized 

mitochondria as the intensity of both green and red fluorescence were strong (Figure 2. 14G 

and K, Q2).  Similarly, almost all cells in the subpopulation of large live cells showed stable 

levels of Δψm as was evident from formation of red mitochondrial JC-1-aggregates with 

negligible cytoplasmic green JC-1 monomers (Figure 2. 14H and L, Q2).  

To quantify JC-1 data, the medians of both red and green florescence intensities were 

obtained for each subpopulation of P23H-3 and SD samples, using FlowJo software, the ratio 

of red/green fluorescent intensity was calculated and statistically compared.  No significant 

differences were found between the ratio of red/green fluorescence of cells isolated from P23H-

3 and SD retinae in any of the cell subpopulations identified (Figure 2. 14M-O).  
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Figure 2. 14: Mitochondrial membrane potential (Δψm) in P23H-3 and SD retinal cells at 

P14 
Gating strategy for the analysis of retinal cells with different mitochondrial membrane potentials (A, E and I).  

Three distinct subpopulations of cells were detected in all samples: small dead cells (B-F and J), small live cells 

(C, G and K) and large live cells (D, H and L).  Representative dot plots show ratio between polarized (red 

fluorescence) and depolarized (green fluorescence) mitochondria in CCCP-treated (B-D), SD (F-H) and P23H (J-

L) retinal cells.  Bar graphs illustrating red/green fluorescence intensity ratio indicative of mitochondrial 

membrane potential for small dead cell (M), small live cell (N) and large live cell (O) subpopulation of P23H-3 

and SD samples.  No significant differences were found between the ratio of red/green fluorescence of cells 

isolated from P23H-3 and SD retinae in any of the cell subpopulations identified.  Quantitative data presented as 

mean ± SEM, Student’s t-test, n = 6 in each group.  
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A similar experiment was performed for P23H-3 and SD rats at P18 (Figure 2.15A-L).  Again, 

the addition of CCCP resulted in almost complete loss of the red fluorescent signal (elimination 

of JC-1 aggregates) in all subpopulations of cells.  Generally, a similar pattern of JC-1 staining 

was observed for P23H-3 and SD rats at P18 as was observed at the P14 time point (Figure 

2.15A-L).  In the subpopulation of small dead cells, nearly all cells had mitochondria with low 

Δψm and emitted fluorescence and almost high green no red fluorescence (Figure 2.15F and J, 

Q3).  By contrast, in subpopulation of small live cells the greatest proportion of cells showed 

high green and red fluorescence intensity indicating the presence of healthy polarized 

mitochondria in these cells (Figure 2.15G and K, Q2).  Likewise, almost all population of 

large live cells showed high Δψm (Figure 2.15H and L, Q2).  Calculation of red/green 

fluorescence intensity ratio, as described above, did not show any statistically significant 

differences between P23H-3 and SD samples at P18 (Figure 2.15M-O).  Thus, the data suggest 

limited contribution of the mitochondrial-mediated apoptosis pathways in the retinal cell death 

observed in the P23H-3 model of RP. 
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Figure 2.15: Mitochondrial membrane potential (Δψm) in P23H-3 and SD retinal cells at 

P18 
Gating strategy for the analysis of retinal cells with different mitochondrial membrane potentials (A-E and I).  

Three distinct subpopulations of cells were detected in all samples: small dead cells (B, F and J), small live cells 

(C, G and K) and large live cells (D, H and L).  Representative dot plots show ratio between polarized (red 

fluorescence) and depolarized (green fluorescence) mitochondria in CCCP-treated (B-D), SD (F-H) and P23H (J-

L) retinal cells.  Bar graphs illustrating red/green fluorescence intensity ratio indicative of mitochondrial 

membrane potential for small dead cell (M), small live cell (N) and large live cell (O) subpopulations of P23H-3 

and SD samples.  No significant differences were found between the ratio of red/green fluorescence of cells 

isolated from P23H-3 and SD retinae in any of the cell subpopulations identified.  Quantitative data presented as 

mean ± SEM, Student’s t-test, n = 6 in each group.  
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 Programmed cell death related genes are altered in P23H-3 retinae 

As our combined analysis of caspase-3/AIF immunostaining and mitochondrial 

permeability (JC-1 assay) suggested limited involvement of mitochondrion in retinal 

degeneration in the P23H-3 model, several cell death pathways were explored using gene 

expression changes.  A commercial quantitative RT-PCR array system was used to quantify 

expression of 84 genes involved in various cell death pathways, at the two time-points 

characterized throughout this chapter (P14 and P18).  When comparing P23H-3 with the SD 

samples, out of 84 genes the expression level of 13 and 25 genes were significantly altered at 

P14 (Table 2.3) and P18 (Table 2.4), respectively.  Generally, the extent of the fold change 

values was limited, with only 5 genes regulated by greater than 2 fold, with all of these genes 

found in the P18 age group (Fas, Birc3, Tnfrsf10b, Defb1, Galnt5).  Clustering of all the 

dysregulated genes into the three broad classes of cell death pathways (autophagy, apoptosis 

and necrosis), indicated that all three types of programmed cell death (Figure 2.16A and B), 

are involved in the photoreceptor degeneration that occurs in P23H-mediated degeneration.  

Table 2.3: Regulation of programmed cell death related genes in P23H-3 retinae at P14 
A commercial programmed cell death PCR array was used to screen 84 genes samples obtained from P23H-3 

rats’ retinae at P14.  Samples were pooled, and 3 independent arrays performed.  Data is relative to SD control 

samples and all highlighted gene alterations were statistically significant (Student’s t-test, p < 0.05).  

Gene Name Gene Symbol Fold change p-value 

Amyloid beta (A4) precursor protein App 1.1 0.008 

Huntingtin Htt 1.2 0.035 

Sequestosome 1 Sqstm1 1.3 0.004 

Tumor protein p53 Tp53 1.4 0.022 

Insulin-like growth factor 1 receptor Igf1r 1.2 0.007 

Myeloid cell leukemia sequence 1 Mcl1 1.2 0.044 

Tumor necrosis factor receptor superfamily, member 11b Tnfrsf11b 1.7 0.017 

Caspase 3 Casp3 -1.2 0.047 

Spermatogenesis associated 2 Spata2 1.4 0.026 

Myelin-associated glycoprotein Mag 1.2 0.028 

Hspb associated protein 1 Hspbap1 1.3 0.014 

Dihydropyrimidinase-like 4 Dpysl4 1.5 0.01 

ATPase, H+ transporting, lysosomal V1 subunit G2 Atp6v1g2 1.3 0.028 
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Table 2.4: Regulation of programmed cell death related genes in P23H-3 retinae at P18 
 A commercial programmed cell death PCR array was used to screen 84 genes samples obtained from P23H-3 

rats’ retinae at P18.  Samples were pooled, and 3 independent arrays performed.  Data is relative to SD control 

samples and all highlighted gene alterations were statistically significant (Student’s t-test, p < 0.05).  

Gene Name Gene Symbol Fold change p-value 

ATG16 autophagy related 16-like 1 (S. cerevisiae) Atg16l1 1.2 0.03 

ATG3 autophagy related 3 homolog (S. cerevisiae) Atg3 1.2 0.01 

ATG5 autophagy related 5 homolog (S. cerevisiae) Atg5 1.2 0.03 

Beclin 1, autophagy related Becn1 1.5 0.03 

Cathepsin S Ctss 1.4 0.005 

Mitogen-activated protein kinase 8 Mapk8 1.4 0.007 

Sequestosome 1 Sqstm1 1.5 0.01 

Fas (TNF receptor superfamily, member 6) Fas -2.5 0.006 

B-cell leukemia/lymphoma 2 related protein A1d Bcl2a1 -1.7 0.04 

BCL2-like 11 (apoptosis facilitator) Bcl2l11 -1.5 0.02 

Baculoviral IAP repeat-containing 3 Birc3 -3.1 0.04 

Caspase 2 Casp2 1.9 0.01 

Caspase 6 Casp6 -1.2 0.03 

Caspase 9 Casp9 1.2 0.02 

DNA fragmentation factor, alpha subunit Dffa 1.4 0.01 

Growth arrest and DNA-damage-inducible, alpha Gadd45a 1.5 0.007 

Myeloid cell leukemia sequence 1 Mcl1 1.4 0.01 

Nucleolar protein 3 (apoptosis repressor with CARD 

domain) 
Nol3 1.3 0.04 

Tumor necrosis factor receptor superfamily, member 10b Tnfrsf10b -2.9 0.006 

X-linked inhibitor of apoptosis Xiap 1.1 0.03 

Defensin beta 1 Defb1 -19.9 0.001 

Dihydropyrimidinase-like 4 Dpysl4 1.5 0.04 

UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-

acetylgalactosaminyltransferase 5 (GalNAc-T5) 
Galnt5 -4.5 0.03 

Hspb associated protein 1 Hspbap1 1.5 0.01 

Tumor necrosis factor receptor superfamily, member 4 Tnfrsf4 1.2 0.04 
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Figure 2.16: Dysregulation of programmed cell death-related genes in P23H-3 retinae 
Changes in programmed cell death related genes in P23H-3 compared to age-matched SD rats at P14(A) and 

P18(B).  Quantitative data presented as mean ± SEM, Student’s t-test, * p < 0.05, ** p < 0.01.  

 No rescue of photoreceptor death in P23H-3 rats following 

intravitreal injection of BAK inhibitors  

Although the results of the immunofluorescence staining, mitochondrial membrane 

potential and death pathway gene expression suggested that mitochondrial-mediated cell death 

pathways weren’t major contributors to photoreceptor death in the P23H-3 rat retinae, they 
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provided some evidence of apoptosis involvement.  While the JC-1 and immunofluorescence 

experiments were being conducted our collaborators (Drs Ben Kile and Guillaume Lessene) 

developed two BAK antagonists to trial in an in vivo application.  To establish the methods 

required to administer these compounds into rodent eyes with retinal degeneration we chose to 

develop the techniques in the P23H-3 rat eyes and establish the technical feasibility of 

administering these drugs in vivo. This experiment also provided an alternative way of 

assessing the role of BAK-mediated apoptosis in the retinal degeneration observed in this 

animal model.   

BAK and BAX, pro-apoptotic members of BCL-2 family, are the critical effectors of 

apoptosis, which permeabilize the mitochondrial outer membrane.  To assess the extent of cell 

death in each experiment, P23H-3 were treated with the BAK inhibitors (WEHI-1249625 and 

WEHI-1250993) at P16, just prior the high level of TUNEL labelling.  Two days later 

(corresponding to P18) the number of TUNEL-labeled nuclei in the ONL of untreated (Figure 

2.17A) and treated (Figure 2.17B) retinae were quantified per mm retina in representative 

retinal cross sections.  Data from the first inhibitor (WEHI-1249625) showed no significant 

difference in the number of photoreceptors undergoing cell death between drug-treated retinae 

compared to the non-treated groups (Figure 2.17C).  However, due to the uncertainty of the 

bioavailability of this drug, high concentrations were used in vivo (6 mM) and it was noted that 

upon isolating the eyes, there was significant precipitate in the vitreous indicating poor in vivo 

solubility of the drug.  

To overcome the technical challenges that we faced using the first BAK inhibitor, 

another experiment was carried out, using a newer inhibitor (WEHI-1250993) that showed 

significantly better in vitro dose response characteristics (Drs Ben Kile and Guillaume Lessene, 

personal communication).  Thus, a second experiment was performed using this more potent 

inhibitor allowing a lower concentration (1 µM) to be used in vivo.  The experimental design 
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was identical to the first experiment and after collection of the eyes, no evidence of drug 

precipitation was found in the vitreous.  When quantitative analysis of cell death was performed 

there was no alteration in the number of TUNEL positive photoreceptors nuclei between the 

drug-injected and vehicle (DMSO)-injected eyes (Figure 2.17D).  While not altering 

photoreceptor degeneration, these studies established the feasibility of injecting these drugs 

into rodent eyes at young ages.  As photoreceptor death in the P23H-3 model appears not to 

involve changes in mitochondrial membrane permeability or involvement of the intrinsic 

pathway, the effectiveness of these drugs will be examined in another model of retinal 

degeneration (Chapter 3). 

 

Figure 2.17: Quantification of cell death after intraocular injection of two specific 

inhibitors of BAK in P23H-3 rats 
Sections of retinae labeled for TUNEL (green) after 2 days in a DMSO-injected (A) and in a relative drug-injected 

(B) eye.  Following intravitreal injection of BAK inhibitors (WEHI-1249625 and WEHI-1250993), the number 

of TUNEL positive photoreceptors was counted in ONL in each condition and quantified per mm (C and D).  No 

significant differences were detected in the number of TUNEL-labeled nuclei between drug-treated and DMSO-

treated retinae in either of experiments.  The dashed lines show the mean number of TUNEL+ cells in SD normal 

rats at P18, Student t-test, n = 6 in each group.  Abbreviations: ONL: outer nuclear layer, INL: inner nuclear layer, 

GCL: ganglion cell layer. Scale bar = 30 μm.  
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2.4. Discussion 

The P23H mutation is the most common in autosomal dominant RP (Dryja et al., 2000a; 

Dryja et al., 1990) and the P23H-3 rat has been an animal model for translational research and 

developing new therapeutic strategies to rescue photoreceptors in RP.  Despite this, a definitive 

characterization of the degeneration that occurs in this animal model, particularly the cell death 

pathways involved, has until very recently been lacking.  The present study provides a detailed 

and comprehensive phenotypic analysis of retinal function and structure of this animal model 

compared with SD controls during aging, as well as an assessment of cell death pathways 

involved.  While ERG measurements exhibited functional deficits as early as 1 month of age 

in retinae harboring P23H mutation, structural changes were not apparent until 2 months in 

these animals.  This structural alteration involved cell loss, which was principally limited to 

the outer nuclear layer containing the retinal photoreceptors.  Results of TUNEL staining 

suggested that the rate of photoreceptor death in P23H-3 strain is biphasic, with a more rapid 

initial phase peaking at P18, followed by a slower phase.  Using immunostaining, only very 

limited activity of caspase-3 and AIF was detected in P23H-3 photoreceptors.  Consistent with 

this, the JC1 assay showed very little evidence of changes in mitochondrial permeability in the 

P23H retinal cells compared to control SD cells.  Moreover, analysing the gene expression 

profile of P23H-3 retinae suggested the presence of multiple cell death pathways in the 

degenerating P23H-3 rat retina at P14 and P18.  Intravitreal injection of BAK antagonists also 

failed to alter the extent of photoreceptor loss in the P23H-3 retina.   

 Functional alterations in P23H-3 rat animal model of RP  

Functional characterization of albino rats heterozygous for the P23H mutation revealed 

both rod photoreceptor (a-wave) and post-receptoral responses (b-wave and OPs) were 
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significantly attenuated in amplitude compared to SD rats as early as 1 month and continually 

reduced by aging.  From P18 to 3 months the amplitude of the rod a-, b-wave and OPs decreased 

by 60%, 40% and 62% respectively.  Our data also showed that there was an age-related 

decrease in retinal function independent of genotype from 2 months onward, as have been 

described previously (Chaychi et al., 2015; DiLoreto et al., 1995; Nadal-Nicolás et al., 2018). 

In line with these results, previous studies have described a progressive and significant 

decline in scotopic rod-mediated responses (a- and b-waves) of P23H-3 transgenic rats that was 

apparent from 1 month (Chrysostomou et al., 2009; Machida et al., 2000).  Machida et al. 

(2000) described 74% reduction in the rod a-wave maximum amplitudes over the period of P30 

to P230.  In a later study, Chrysostomou et al. (2009) reported that from P16 to P120 the 

amplitude of the rod a- and b-wave is reduced by 45% and 20% respectively, followed by a 

further 60% and 50% reduction between P180 and P540.  The total reduction in amplitude over 

540 days of life in the P23H-3 rat was 80% for the rod a-wave and 55% for the post-receptor 

b-wave.  

As the ERG response is serial in nature, functional deficits in the a-wave, also result in 

functional loss in the inner retina.  In order to determine whether there was a specific inner 

retinal functional loss over and above the a-wave deficit, relative percentage losses were 

compared.  When the percentage loss of rod b-wave and OPs amplitudes were compared to that 

of rod-a wave, rod b-wave showed similar extent of reduction at 1 and 2 months.  However, at 

3 months, the amplitude loss of the b-wave was significantly less than a-wave.  Although no 

significant differences were found in the percentage loss of rod a-wave and OPs amplitudes, 

the loss of OPs amplitudes was significantly increased compared to those of b-wave at all time 

points examined.  This suggests that by 3 months, inner retinal neurons remain relatively 

unaffected.  



 

89 

 

While the latency (implicit time) of the rod b-wave responses was slightly prolonged in 

P23H-3 rats compared to the SD at all ages examined, it was only statistically significant at 1 

month.  In addition, the phototransduction sensitivity showed no significant alterations in 

rhodopsin-mutant P23H-3 retinae when compared to the age-matched SD retinae, except at 

P18, which was significantly greater in P23H-3 retinae.  Concordant with the finding of this 

study, Machida et al. (2000) found that the phototransduction sensitivity was not affected in 

P23H-3 rats at any age examined from P30 to P203.   

In rats, cone photoreceptoral responses could not be evaluated as cones represent only 

1% of the photoreceptor population (La Vail, 1976; Szel et al., 1992); however, analysis of 

cone post-photoreceptoral responses can be used as an indirect measure of the cone 

photoreceptor function.  Our data indicated that P23H-3 animals had significantly lower cone 

b-wave amplitudes compared to SD controls at 1 and 2 months of age, while the cone b-wave 

implicit time, OPs amplitudes and timing remained relatively unaffected.  The cone b wave 

decrease is unlike that reported previously for this animal model.  No significant difference 

was found in photopic cone-related b-wave of P23H-3 rats compared to the SD between P28 

and P203 (Machida et al., 2000).  Similarly,  Chrysostomou et al. (2009) reported that photopic 

cone-driven responses are preserved in P23H-3 animals up to P380.  

While long-term survival of cones following loss of rods have been previously 

indicated in retinal degenerations caused by mutations of rod proteins (John et al., 2000; Lin et 

al., 2009; Lu et al., 2013; Morris et al., 2005), our data is supported by a study showing 

significantly lower number of L/M-cones in P23H-1 homozygous albino rat retinae when 

compared to SD rats at all time points studied (P30, P90 and P180).  Such data suggest that in 

this strain, cone deterioration may initiate immediately after rod death, possibly even before 

P30 (Garcia-Ayuso et al., 2013).  In this study, no significant age-related changes were found 

in the number of cones in SD normal rats.  By contrast, Chrysostomou et al. (2009) suggested 
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that densities of L/M-cones are preserved in P23H-3 retinae up to 1 year.  They found that the 

cone density of P23H-3 retinae increases between P10 and P20, followed by a subsequent 

reduction (50%) between P16 and P120 but not thereafter.  Despite this reduction, the authors 

concluded that this loss of cone photoreceptors was developmental-related rather than P23H-

related, as functional assessments using ERG recording showed the amplitude of the cone b-

wave increased through this period and the cone density was similar between aged P23H-3 and 

SD retinae (P350 and P500).  However, in this study the cone density of P23H-3 was not 

compared with age-matched SD normal rats at earlier time points (Chrysostomou et al., 2009).  

In young SD rats at P18, the rod-mediated responses were lower (lower a-wave, b-

wave, and OPs amplitudes) and slower (prolonged b-wave and OPs implicit times) compared 

to 1- month old SD rats.  This suggests that while eye opening in rats takes place between P12–

P14, with all retinal layers formed by P18, the retinae of these early post-natal animals are still 

developing.  Postnatal development of photoreceptors in the retina is linked to elongation of 

the outer segment, increased expression of photopigment (opsin) and greater functional output 

(Fulton et al., 1995; Riki et al., 2013; Timmers et al., 1999).  In rodents, the formation of 

synaptic interactions within the plexiform layers of retina initiates at, or slightly prior to, eye 

opening; however, the functional and morphological modifications of synaptic connections 

continue during early postnatal development (Marquardt et al., 2002; Tian, 2004; 2008).  

Ultimately, a combination of all these factors likely leads to the increased functional response 

observed by 1 month of age.  

In P23H-3 strain, while rod-driven responses were similar to the SD controls (except 

for rod photoreceptoral sensitivity) at P18, they exhibited reduced levels at 1-month old.  It is 

possible that the loss of function observed at 1-month old P23H-3 animals is due to a “failure’ 

of the normal functional maturation of the retina and/or the underlying P23H-3 based retinal 

degeneration.  Support for a significant role of retinal degeneration comes from our TUNEL 
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analysis, which indicated an early onset of photoreceptor degeneration in retinae bearing P23H 

mutation with a peak at P18. 

Similar to the rod-mediated pathway, the cone-driven post-receptoral responses (b-

wave and OPs amplitudes) and timing (OPs implicit time) were significantly improved in SD 

normal rats from P18 to 1 month, confirming that retinae undergo a functional maturation 

during this time.  Within the P23H-3 strain, the cone b-wave showed a significant increase 

from P18 to 1 month; however, it was still lower than that of SD controls.  From 1 month 

onwards, the cone b-wave amplitude remained nearly unchanged in these animals for up to 3 

months.  These findings are consistent with those of Chrysostomou et al. (2009), who 

demonstrated that cone OS continue to lengthen up to P30 and then slowly shorten during late 

adult life.  Thus, as discussed above for the rod-mediated pathway, it is hard to conclude 

whether the lower cone b-wave amplitudes in P23H-3 at 1 and 2 months is due to the 

influence(s) of P23H mutation on normal maturation of the retinae and/or an early onset of 

cone photoreceptor loss in this animal model.  

In RP patients, the disease displays an early deterioration of rod-derived amplitude, an 

average reduction of 16% to 18% per year, with delayed implicit time in scotopic ERG 

measurements.  Such impairments in retinal function are evident at early stages of RP, even 

when patients are asymptomatic and ocular fundus images appear normal (Berson et al., 1985; 

Holopigian et al., 1996; Jacobi et al., 1993; Shintani et al., 2009).  Thus, the functional 

characteristics of P23H-3 rat animal model reasonably mimic the pathophysiological features 

of human RP in many aspects. 
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 Structural changes and time course of cell death in P23H-3 rat model 

of RP  

In this study, in vivo fundus imaging was used to monitor ocular health status of P23H-

3 animals.  From P18 to 3 months no obvious change or pathological features were evident in 

the fundus scans of P23H-3 compared to the SD rats.  This is unlike the pathology observed in 

other animal models of RP and in those patients with the disorder who show characteristic 

abnormalities including bone spicule pigmentation mainly in the peripheral and/or mid-

peripheral retina, attenuation of retinal vessels, and a waxy pallor of the optic nerve head 

(Hamel, 2006).  This could be due the fact that these animals are albino, which makes it hard 

to visualize RD-related changes in the eye, which often rely on observation of pigmentation.   

Generally, functional deficits of photoreceptors occur due to a reduction of their number 

and/or inner/outer segment length (Weymouth et al., 2008).  To follow loss of photoreceptors 

over the time course of functional impairment, retinal thickness measurements were performed 

in the P23H-3 retinae and compared to age-matched SD controls.  The results of both OCT and 

histological analysis confirmed a gradual thinning of ONL and also the total retina in rats 

harboring P23H mutation.  The difference in ONL thickness between the two strains of rat 

became statistically significant from 2 months onwards; reaching 22% reduction at 3 months 

of age.  Measurement of the IS/OS using OCT showed no significant alteration in the length of 

the photoreceptor inner/outer segment length.  These observations are consistent with previous 

studies indicating a steady and slow loss of retinal structure in this rat strain (Chrysostomou et 

al., 2009; LaVail et al., 2018; Machida et al., 2000).  Machida et al. (2000) detected minimal 

morphological alterations in P23H-3 retinae at P30 as was evident from a minor reduction 

(15%) in the number of photoreceptor cells along with slightly shortened OSs.  The ROS length 

and ONL thickness were significantly decreased from P60 onwards compared to controls. They 

suggested that ONL underwent a faster degeneration between P30 and P56 and then slowed 
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with ongoing aging such that by P203, the ONL thickness and ROS length were half the control 

values (Machida et al., 2000).  Photoreceptor loss proceeded steadily until 230 days when the 

ONL was decreased by 68% compared to SD rats (Chrysostomou et al., 2009).   

Quantification of dead photoreceptors in the ONL, using TUNEL assay, indicated that 

in the P23H-3 rat strain photoreceptor cells die rapidly at P18, prior to maturity of the retina.  

The number of TUNEL-labeled photoreceptors nuclei decreased by 1 month and remained 

detectable as late as 2 months.  These results suggest that the rate of retinal degeneration in this 

animal model is biphasic, with a quicker initial phase followed by a slower one.  These findings 

are similar to previous studies, which reported that death of photoreceptors in the P23H-3 

retinae initiates at about P10, even prior to eye opening (P14), with a peak occurring at 

approximately P17-P20 (Lee et al., 2003; Yu et al., 2004).  Likewise, in P23H-1 strain retinal 

degeneration occurs in a comparable biphasic pattern; an early phase of intense photoreceptors 

death up to about P30 which peaks at around P15-P18 and a later phase of mild degeneration 

up to P60 (Kaur et al., 2011b; Lee et al., 2003).   

The phase of rapid photoreceptor death in both strains closely overlaps with the period 

of naturally occurring death of photoreceptors during normal maturation of retina.  Maslim et 

al. (1997) indicated that P15 to P22 is a critical period for rat retinal development and 

photoreceptor death and survival were found to be far more susceptible to levels of oxygen 

during this time (Maslim et al., 1997).  Accordingly, Lee et al. (2003) suggested that during 

this period, stress-induced damage by Rho mutations may strongly influence survival of 

photoreceptors (Lee et al., 2003).   

To investigate whether there is an eccentricity-dependent effect on P23H-associated 

retinal degeneration, TUNEL+ cells and ONL thickness were quantified in different regions of 

the retina.  While at one month of age, the photoreceptors appeared to die more frequently in 

the mid-peripheral and central parts of the retinae compared to peripheral region, at P18 and 2 
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months, the degeneration proceeds relatively uniformly across the retina.  Quantification of 

ONL thickness across the retina, as a function of eccentricity, revealed no significant 

differences among central, mid-peripheral and peripheral regions at any age studied.  This 

suggests the loss of ONL thickness occurs relatively uniformly across the P23H-3 retinae. Such 

a result is in line with a previous study showing a similar rate of photoreceptor loss in superior 

and inferior hemispheres of P23H-3 and P23H-1 rat retinae at all time points examined from 4 

to 29 weeks of age (Machida et al., 2000).  A recent work by LaVail et al. (2018) found a higher 

rate of retinal degeneration in the superior hemisphere of all P23H strains than the inferior 

hemisphere and also reported that the loss of photoreceptors proceeds in a central-peripheral 

gradient (LaVail et al., 2018). 

In RP patients, degeneration of rods usually initiates in the mid peripheral (equatorial) 

retina and progresses gradually to the macula and more peripheral regions, with loss of rod 

photoreceptors in the far periphery occurring at relatively advanced stages (Milam et al., 1998).  

Such regional distribution of retinal degeneration is also observed in humans with P23H 

mutations (Heckenlively et al., 1991; Stone et al., 1991), possibly related to the relative 

rod/cone density in different areas of human retina (Machida et al., 2000).   

 Mechanisms of photoreceptor cell death in P23H-3 rat retinae  

Early studies specified apoptosis as the main pathway of photoreceptor death in RP, 

mainly based on finding TUNEL+ nuclei in the ONL (Chang et al., 1993b; Travis, 1998b).  

TUNEL is often considered as an indication of apoptosis even though this method also labels 

DNA fragments generated by non-apoptotic mechanisms of cell death, such as necrosis (Grasl 

et al., 1995).  Classical apoptotic cell death is defined as a pathway mediated by the caspase 

family of proteases, caspase-dependent, in which caspase-3 has a vital role in the execution 
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step.  In the present study several techniques were used to probe the particular cell death 

pathways involved in the retinal degeneration of the P23H-3 animal model. 

Immunostaining results revealed limited activation of caspase-3 in photoreceptors 

nuclei at their peak of cell death, P18, suggesting the possible involvement of caspase-

dependent pathway of apoptosis.  However, only a few caspase-3 positive cells were detected 

in the ONL, which was inconsistent with the high number of TUNEL+ cells at the same stage.  

This finding is in agreement with a previous report showing the presence of only very small 

number of caspase-3 positive nuclei in the ONL of P23H-1 rat retinae at P15, which was not 

significantly different from age-matched WT control.  In addition, immunostaining results 

showed no evidence of caspase-9 activity or cytochrome C leakage in P23H-1 and WT control 

(Kaur et al., 2011b).  Similarly, in another study there was no evidence of caspase-3 activation 

in P23H rat retinae (Arango-Gonzalez et al., 2014).   

The current study also showed translocation of AIF from the mitochondria-rich inner 

segment in only a few photoreceptor nuclei at P18.  Consistent with this, western blot analysis 

confirmed the release of AIF and also cytochrome C from the mitochondria to the cytosol of 

P23H-3 photoreceptors at P21 (Sizova et al., 2014b).  Moreover, Ozaki et al. (2013) 

demonstrated that topical administration of a specific peptide inhibitor of mitochondrial μ-

calpain, which cleaves AIF, preserved the ONL thickness and delayed the ERG reductions in 

P23H-2 rats .  Furthermore, activation of calpains and AIF-dependent photoreceptor cell death 

have been identified in several mouse and rat models of RP including rd1 mice (Paquet-Durand 

et al., 2006; Paquet-Durand et al., 2010; Sanges et al., 2006b), RCS rats (Mizukoshi et al., 

2010), S334ter-4 rats (Shinde et al., 2012), S334ter-3 rats (Kaur et al., 2011a), P23H-1 rats 

(Kaur et al., 2011b) and Rho mutant mice (P23HTg, RhoP23H/- and Rho-/-) (Comitato et al., 2016; 

Comitato et al., 2014).  Therefore, AIF, as a caspase-independent mediator of apoptosis, may 

be another potential executioner of photoreceptor death associated with P23H mutation.  
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However, the number of AIF+ nuclei detected was not sufficient to account for the large number 

of TUNEL+ cells observed in the ONL. 

There are several explanations for the discrepancy between the low number of positive 

cells for either caspase-3 or AIF and high number of TUNEL+ cells in P23H-3 retinae at P18.  

One possible explanation is that in the P23H retina, caspase-3 and/or AIF plays only a minor 

role in mediating retinal degenerating and other apoptotic and/or non-apoptotic cell death 

pathways may function in this process (to be addressed later).  Another explanation is that, by 

P18 cells may actually be in the late stages of apoptosis and thus the activity of intracellular 

proteins such as caspase-3 and AIF has already passed, but that nuclear DNA cleavage is 

readily detectable by TUNEL (a measure of late stage cell death).  Moreover, it is also possible 

that the antibodies used in this study, despite being suitable for immunohistochemical use, did 

not stain activated caspase-3 and AIF reliably.  

In order to overcome the possible issue of using antibodies to mediators of apoptosis, 

this study explored mitochondrial membrane potential (Δψm) is a valuable parameter 

manifesting cells’ functional status and health that can be monitored by fluorescent probes.  

Assessment of Δψm in cells isolated from P23H-3 retinae using flow cytometric analysis of JC-

1 assay showed no significant differences in the profile of JC-1 staining in P23H-3 and SD 

retinae neither at P14 nor P18.  This was despite the use of CCCP as a positive control, which 

showed a significant change in the mitochondrial membrane potential.  To our knowledge, no 

other studies have assessed the mitochondrial membrane potential of retinal cells in P23H 

strains.  The data, therefore suggest that there is limited involvement of the mitochondrial-

mediated apoptosis pathways in the retinal cell death observed in the P23H-3 model of RP.  In 

addition, intravitreal administration of BAK antagonists failed to reuse photoreceptor death in 

the P23H-3 retina.  
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To gain further insight into molecular pathways that potentially mediate P23H-related 

photoreceptor death, a commercial quantitative RT-PCR array system was used to monitor 

gene expression changes associated with diverse types of programmed cell death at specific 

time points during degeneration (P14 and P18).  At both time points, expression of relatively 

small number of genes exhibited significant regulation that are associated with all three types 

of programmed cell death.   

Apoptosis has been proposed as a common mechanism of photoreceptor cell death in 

different animal models of RP (Jomary et al., 2001b).  In the present study, several apoptosis-

associated genes exhibited altered expression in degenerative P23H-3 retinae.  For example, 

up-regulation of Tp53 (p53) was detected at early stages of retinal degeneration, P14.  Tp53 is 

a well-known tumor suppressor associated with not only caspase-independent pathway of 

apoptosis (Ranjan et al., 2016), but also other non-apoptotic mechanisms of cell death including 

programmed necrosis (necroptosis) (Vaseva et al., 2012).  It controls apoptotic cell death by 

transcriptionally up-regulating AIF, directly inhibiting Bcl-2 and Bcl-XL and activating Bak 

and Bax, leading to induction of AIF-mediated pathway of apoptosis (Ranjan et al., 2016).  

Thus, up-regulation of Tp53 is consistent with our immunostaining results showing possible 

involvement of AIF in retinal degeneration of this animal model.  Confirming the importance 

of Tp53-mediated cell death, the level of Dpysl4 expression was also elevated at both time 

points analysed.  Dpysl4 has been suggested as a direct target for Tp53 in the apoptotic response 

to DNA damage and its expression is induced by overexpressing Tp53 (Junko et al., 2011).  

Additionally, at P14 expression levels of predominantly anti-apoptotic genes including Mcl1, 

Igf1r and Tnfrsf11b elevated that may reflect a compensatory neuro-protective effect/response 

initiated early during cell death in P23H-3 retinal degeneration.   

At P18, mRNA levels of both anti- and pro-apoptotic genes altered.  While some anti-

apoptotic genes such as Bcl2a1, Bcl2l11, Birc3 were down-regulated, others including Mcl1 
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and Casp2 were up-regulated.  Similarly, transcripts of pro-apoptotic genes either increased 

(Casp9, Dffa, Gadd45a and Nol3) or decreased (Fas, Casp6 and Tnfrsf10b) at this stage.  Such 

differential regulation may reflect a self-protective attempt by cells in retina to evade cell death 

and imply there is regulation of the traditional of apoptotic pathways during P23H-induced loss 

of photoreceptors. 

Autophagy has been demonstrated to be implicated in the pathogenesis of a wide range 

of diseases including retinal degeneration (Kunchithapautham et al., 2007).  The PCR array 

showed a significant up-regulation of several autophagy-associated genes (Htt, Becn1, Atg16l, 

Atg3 and Atg5) in P23H-3 retinae at both time points examined.  Htt has a wide variety of 

functions including stabilizing endoplasmic reticulum (ER) (Mao et al., 2016) and regulating 

transcription (Zuccato et al., 2001; Zuccato et al., 2003) and vesicular transport of BDNF 

(Gauthier et al., 2004).  The precise role of Htt in the retina is unclear (Ghavami et al., 2014) 

and various models have been proposed for how the mutant HTT affects cells (Vidal et al., 

2011).  The ones that appear most relevant in retinal degenerations are those involving Htt in 

ER stress, the unfolded protein response, and trafficking of BDNF vesicles.  Knockdown of 

Htt results in an abnormal ER network and trafficking and it is plausible that HTT is involved 

in modulating ER stress (Vidal et al., 2011).  Accordingly, up-regulation of Htt may reflect a 

response by the cell to ER stress due to the P23H mutation.  In accordance with these findings, 

a previous study has indicated a dynamic expression profile of autophagy-related genes 

(including Atg5, similar to our results) in P23H-3 retinae with the most increased levels of 

mRNA transcripts at P21 (Sizova et al., 2014b).   

In addition to apoptosis and autophagy, necrosis has also been shown to contribute to 

pathogenesis of inherited retinal dystrophy (Murakami et al., 2012; Murakami et al., 2013b).  

Here, regulations in the expression pattern of necrosis-related genes were evident during the 

time course of intense death of P23H-3 photoreceptors.  For instance, Spata2 was over-
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expressed at P14 and is involved in the TNF-α receptor-associated signalling complex and 

modulates TNFα signalling pathway.  Down-regulation of this gene augments transcription of 

NFκB and inhibits TNFα-mediated necroptosis (Schlicher et al., 2017).  Thus, up-regulation of 

Spata2 in the P23H-3 retinae suggests it is promoting TNFα-mediated cell death associated 

with necroptosis/apoptosis.  Overall, the PCR array data suggest that multiple cell death 

mechanisms, including apoptosis, autophagy and necrosis are at play in the P23H-3 retina.   

 

 Other possible pathways of photoreceptor cell death in P23H retinae  

Several studies have indicated that endoplasmic reticulum (ER) stress and the unfolded 

protein response (UPR) is an important contributor to cell death during retinal degeneration 

(Gorbatyuk et al., 2010; Griciuc et al., 2011; Lin et al., 2007; Ryoo et al., 2007; Shinde et al., 

2012; Wu et al., 2008; Yang et al., 2007).  The P23H mutation causes misfolding of RHO and 

its accumulation within the ER (Kaushal et al., 1994a; Sung et al., 1993b; Sung et al., 1991b), 

leading to ER stress and initiation of the UPR (Comitato et al., 2016; Gorbatyuk et al., 2010; 

Griciuc et al., 2010; Shinde et al., 2016; Sizova et al., 2014a). 

The ER is responsible for maintaining protein homeostasis, termed proteostasis, a 

process by which synthesis, folding, assembly, trafficking, and degradation of proteins is 

regulated.  Failure in ER homeostasis results in accumulation of unfolded or misfolded proteins 

in the ER lumen, known as ER stress, which triggers UPR.  ER-stress/UPR responses are 

mediated by three ER signal transducers, the inositol-requiring enzyme 1 (Ire1), the activating 

transcription factor-6 (Atf6) and the protein kinase R-like ER protein kinase (Perk).  UPR aims 

to re-establish ER protein-folding homeostasis by transient diminution of protein translation, 

up-regulation of chaperones expression, activation of an ER-associated protein degradation 
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system and autophagy (Wang et al., 2016).  If this process fails to alleviate ER stress, UPR 

may in turn induce a lethal stimulus, which subsequently leads to cell death. 

It was proposed that sustained stimulation of UPR could induce retinal degeneration in 

P23H-3 rats by increasing the level of cytosolic Ca2+ in photoreceptors and calpain-mediated 

apoptosis (Shinde et al., 2016).  By contrast, Comitato et al. (2016) suggested activation of 

calpains and ER-stress occurs independently in P23H Rho mutant mice (Comitato et al., 2016).  

In addition, a recent study revealed that the persistently activated UPR could provoke retinal 

degeneration in a mouse model of ADRP, generated by intraocular injection of tunicamycin in 

C57BL/6J mice, through the activation of pro-inflammatory cytokines such as IL-1β (Rana et 

al., 2014).  Other studies have supported the mechanism of Ca2+-induced photoreceptor cell 

death and pathogenesis of ADRP (Barabas et al., 2010; Ozaki et al., 2012a; Sanges et al., 

2006b).  Pervious studies on cell death mediators in P23H animal models are summarised in 

table 2.5.  

Table 2.5: Cell death pathways involved in P23H-related retinal degeneration 

Activation of cell death 

mediators in P23H retinae 

Yes No 

caspase-3 _ (Kaur et al., 2011a), 

(Arango-Gonzalez et al., 

2014) 

caspase-9 _ (Kaur et al., 2011a) 

cytochrome C (Sizova et al., 2014b) (Kaur et al., 2011a) 

AIF (Sizova et al., 2014b), (Ozaki et al., 2013) _ 

Autophagy (Sizova et al., 2014b) _ 

ER stress/UPR (Gorbatyuk et al., 2010), (Sizova et al., 

2014b), (Comitato et al., 2016), (Shinde et 

al., 2016) 

 

_ 

calpain (Ozaki et al., 2013), (Shinde et al., 2016), 

(Comitato et al., 2016) 

_ 
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2.5. Conclusion 

In this chapter, the functional properties, structural phenotypic and potential cell death 

signalling pathways were explored in line 3 of the P23H transgenic rat.  In this model, the P23H 

mutation in RHO causes an early onset of retinal degeneration, leading to significant functional 

deficits as early as 1 month and a subsequent loss of ONL neurons at 2 months of age.  

Consistent with other studies examining cell death in RHO mutations, the underlying molecular 

mechanisms of P23H-associated cell death are complex and dynamic, involving not only 

apoptosis, but also autophagy and necrosis.  It is unlikely that targeting a single pathway will 

be a suitable strategy and combined targeting of all these pathways may be needed to delay or 

inhibit photoreceptor cell loss in retinal degenerative diseases.  In an attempt to develop 

techniques that would allow administration of drugs in this model, intravitreal administration 

of a BAK antagonist was trialled.  However, the lack of any effective amelioration with this 

single molecule highlights the difficulty in targeting a single cell death pathway. 
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The role of pro-apoptotic BAK and BAX in the 

murine rd1 model of retinal degeneration   
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3.1.  Introduction 

Various animal models of retinitis pigmentosa (RP) are available to investigate the 

molecular basis of photoreceptor death and potentially establish efficient therapeutic strategies 

to inhibit neuronal loss.  The rd1 (Pde6brd1/rd1) mouse model bears a gene mutation in the β-

subunit of phosphodiesterase 6 (Pde6b) and mimics pathological features of patients with 

autosomal recessive RP (Bowes et al., 1990; McLaughlin et al., 1993; Pittler et al., 1991).  In 

homozygous rd1 retinae, a rapid degeneration of rod photoreceptors initiates from the first 

weeks of postnatal life, followed by a slower deterioration of cone photoreceptors at later stages 

(Carter-Dawson et al., 1978a).  

Apoptosis is an essential physiological process for normal development of the 

vertebrate retina (Oppenheim, 1991) and as mentioned, is also involved in the pathogenesis of 

many retinal dystrophies, including RP (Chang et al., 1993a; Travis, 1998a).  As mentioned in 

the first chapter, mitochondria are key regulators of apoptosis in that they release pro-death 

factors, such as cytochrome-c, from the intermembrane space to the cytosol in response to 

upstream lethal signals.  In the cytoplasm, cytochrome-c induces activation of caspase cascade, 

which in turn triggers the downstream pathways to mediate dismantling and clearance of 

cellular components (Li et al., 1997; Tait et al., 2013; Wang et al., 2009).  Furthermore, other 

pro-apoptotic factors released from mitochondria, such as apoptosis inducing factor (AIF) and 

endonuclease G, can also exert apoptotic effects in a caspase-independent manner (Wang et 

al., 2009).  

The release of these pro-apoptotic molecules occurs following mitochondrial outer 

membrane permeabilization, which is tightly regulated by members of the BCL-2 family.  This 

family of proteins are subdivided into three main categories based on their function and their 

structure (presence of BCL-2 Homology (BH) domains).  Pro-survival members include BCL-

2 and BCL-X, with four BH domains, whereas the pro-apoptotic members, including BAX and 



 

104 

 

BAK, have three BH domains and the pro-apoptotic BH3-only members include BIM, BID, 

and PUMA (Youle et al., 2008).  Pro-apoptotic BAX and BAK are the main mediators of 

mitochondrial membrane disruption.  Although both proteins shuttle between the 

mitochondrial outer membrane and the cytosol, BAX is mainly situated within the cytoplasm 

in healthy cells (Edlich et al., 2011; Schellenberg et al., 2013; Todt et al., 2013), whereas BAK 

localizes primarily at the mitochondrial outer membrane (Ferrer et al., 2012; Griffiths et al., 

1999b).  Upon their activation, BAX translocates to the mitochondrial outer membrane, where 

both BAX and BAK undergo conformational changes and oligomerization to mediate 

mitochondrial outer membrane permeabilization, ultimately leading to cell death (Figure 3.1) 

(Annis et al., 2005; Garcia-Saez, 2012; Westphal et al., 2014a).  

 

Figure 3.1: Activation and oligomerization of BAK and BAX during apoptosis 
Upon receiving death signals, BAK and BAX are activated, BAX is recruited to the mitochondrial outer 

membrane, both BAK and BAX are oligomerized and result in the formation of pores and release of pro-apoptotic 

factors such as cytochrome c (Dewson et al., 2009).   

Previous studies have suggested the contribution of both caspase-dependent and -

independent pathways of apoptosis in photoreceptor death in the rd1 mouse model.  Using 

western blot analysis and immunocytochemistry, activation of caspase-3 was detected in rd1 

retinae at the peak of retinal degeneration (Jomary et al., 2001a; Kim et al., 2002).  

Additionally, it was shown that prior to activation of caspase-3, cytochrome-c is released from 

the mitochondrial intermembrane space to the cytosol and the proapoptotic protein BID is 

activated.  Active forms of caspase-8, which is capable of BID cleavage, were also detectable 
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in rd1 retinae during the peak time of photoreceptor death.  Findings of this study suggest that 

both extrinsic and intrinsic pathways of apoptosis are associated with photoreceptor 

degeneration in this animal model and BID possibly mediates cross-talk between the two 

pathways (Jomary et al., 2001a).  By contrast, Doonan et al. (2003) did not find activation of 

caspases (-9, -8, -7, -3, and -2) or translocation of cytochrome c to the cytosol in rd1 retinae 

during the peak period of retinal degeneration.  They suggested that apoptotic death of 

photoreceptors in the rd1, rather than being caspase-independent, is governed by calpain-

dependent mechanism(s) (Doonan et al., 2003).  Later, it was demonstrated that the rd1 

mutation induces activation of both calpain and caspase-3 in the retina, implying that there is 

a cross-talk between these two apoptotic pathways occurring via mitochondria.  A possible 

mechanism proposed is that activated calpain cleaves BID to form tBID which subsequently 

binds to BAK, leading to its oligomerization, induction of mitochondrial membrane disruption, 

release of pro-apoptotic factors to the cytosol, activation of effector caspases and ultimately 

cell death (Sharma et al., 2004).  The importance of calpain in mediating photoreceptor death 

in rd1 was demonstrated by another study showing that activity of calpain peaks during the 

rising phase of retinal degeneration (Arango-Gonzalez et al., 2014).  The endogenous calpain 

inhibitor, calpastatin, is also down regulated coincidently with calpain activation (Paquet-

Durand et al., 2006).  In addition to caspases and calpain, AIF appeared to be involved in 

apoptotic death of photoreceptors bearing rd1 mutation, with Sanges et al. (2006b) showing 

AIF and caspase-12 translocation to photoreceptor nuclei following influx of Ca2+ and 

activation of calpain (Sanges et al., 2006b). Taken together, the findings of these studies 

suggest that multiple mechanisms of apoptotic cell death are involved in rd1-related 

photoreceptor demise.  Accordingly, pro-apoptotic BAK and BAX, which are responsible for 

promoting dysfunction of mitochondria during apoptosis, may have fundamental function in 
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mediating this process and interfering with their activity may preserve photoreceptors in rd1 

animal model.  

Using immunofluorescent and western blot analysis, a recent study has reported that 

BAX is activated and translocated to the mitochondrial membrane of photoreceptors at early 

stages (P11) of retinal degeneration in rd1 (Comitato et al., 2014).  Conversely, histological 

assessment indicated that Bax deficiency (rd1/Bax-/-) did not rescue photoreceptor loss in rd1 

retinae by P21, suggesting that Bax may not be involved in rd1-associated retinal degeneration, 

or if involved, it’s function is redundant with other mediators such as BAK (Mosinger Ogilvie 

et al., 1998).  The idea of redundancy in the modulation of the intrinsic pathway was supported 

by studies investigating both developmental and pathological apoptosis in retina.  

Morphometric examination of Bak-/-/Bax-/- retinae at 2 months of age revealed that double 

ablation of both genes is essential to completely inhibit the developmental-related apoptotic 

stimuli in the rodent retina.  Retinae of these mice showed increased thickness in the inner 

retinal layers (INL, IPL and GCL) and total retina compared to the WT (Hahn et al., 2003).  

Interestingly, there was no alteration in the outer retina, including the photoreceptor layer.  

Similarly, deficiency of both Bak and Bax led to prevention of photoreceptor death in a light-

induced damage model of retinal degeneration.  One day after light damage, less TUNEL+ 

photoreceptor nuclei were detected in Bak-/-/Bax-/- compared to Bax-/- retinae.  Protective effects 

of Bak/Bax elimination against loss of photoreceptors appeared to persist even one week 

following light injury (Hahn et al., 2004).  Given the evidence of redundancy for Bax and Bak 

function in cell death during retinal development and in the light-induced model, it was 

hypothesised that BAX and BAK may play similar redundant roles in the rd1 model.  

The aims of the experiments in this chapter were to detail Bak and Bax expression 

during retinal degeneration in the rd1 mouse and to assess the effect of ablating Bak and Bax 
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through genetic and pharmacological means on the progression of photoreceptor cell death in 

the rd1 mouse model of retinal degeneration.   
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3.2. Materials and Methods 

 Animals 

All experimental procedures followed the National Health and Medical Research 

Council of Australia guidelines and were in accordance with the Association for Research in 

Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and 

Vision Research. Work was undertaken after approval from the University of Melbourne 

Animal Ethics committee project number 1614030.  All mice used in this study were on a 

C57Bl7/J background. Bax-/-, Bak-/- and double Bax-/-/Bak-/-mutant mice were obtained from 

Dr. Ben Kile and Dr. Stefan Chappaz at the Walter & Eliza Hall Institute.  The Bax-/- mice were 

generated by homologous recombination using a PGK-Neo cassette to replace exons 2-4 of the 

Bax gene in 129Sv ES cells (Knudson et al., 1995).  Similarly, Bak-/- mice were generated by 

homologous recombination replacing exons 3-6 with a PGK-neo cassette in 129SV cells 

(Lindsten et al., 2000).  Mixed background Bax-/- and Bak-/- mice were mated onto a C57Bl6/J 

background for at least 10 generations to generate homozygous null mutants and then crossed 

with homozygous rd1 mice to generate mice that were homozygous for the rd1 allele 

(Pde6brd1/rd1).  To generate rd1/Bax-/- Bak-/- animals, rd1/Bak+/- mice were crossed with 

rd1/Bax+/- mice.  Offspring that were rd1/Bax+/- Bak+/- were identified by genomic PCR and 

interbred.  The primers used for genotyping are shown in Table 3.1.  While the double null 

mutation (Bak-/-/Bax-/-) is generally perinatal lethal (Lindsten et al., 2000), a limited number of 

viable pups were obtained for this study. In all experiments, C57Bl6/J mice were used as wild-

type (WT) controls and homozygous rd1 mice (Pde6brd1/rd1) on C57Bl6/J background were 

used as positive controls for the retinal degeneration phenotype.  
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Table 3.1: Primer and probe sequences for ddPCR 
Primers are shown relative to the mouse sequences. 

Gene primer 
Primer/Probe sequences in 5’-3’ 

orientation with fluorophore 

Reverse primer 

size of product 

Bak       Bak 368 

Bak 366 

            Bak 316 

GAGCCATGAGATGTTTAGC 

GGTGCTCTGTGTCTGGAAATA 

GACCGCTTCCTCGTGCTTTA 

TATTTCCAGAC

ACAGAGCACC 

 

WT allele product 911 

bp 

mutant allele product 

390 bp 

Bax     BK 712 

        BK 713 

       BK 714 

  

AGCTGATCAGAACCATCATG 

GTTGACCAGAGTGGCGTAGG 

CCGCTTCCATTGCTCAGCGG 

CATGATGGTTC

TGATCAGCT 
WT allele product 310 

bp 

mutant allele product 

507 bp 

 Histology 

The gross retinal morphology of WT, Bak-/-, Bak-/-/Bax+/-, rd1, rd1/Bak-/-, rd1/Bak-/-

/Bax+/- (n ≥ 6 for each group) and rd1/Bak-/-/Bax-/- (n = 3) mice was investigated using 

hematoxylin- and eosin-stained (H&E) paraffin sections.  Mice at post-natal day (P) 14 and 

P18 (P13 for rd1/Bak-/-/Bax-/- mice) were anesthetized by an intraperitoneal injection of a 5:1 

mixture of ketamine (60 mg/kg; Troy Laboratories Pty Ltd, Smithfield, NSW, Australia) and 

xylazine (5 mg/kg; Troy Laboratories Pty Ltd, Smithfield, NSW, Australia) further diluted 1:10 

in sterile saline (0.9%, Aero, Healthcare, NSW, Australia).  They were then euthanized by 

cervical dislocation and eyes were isolated.  The whole eye cups were fixed overnight in 4% 

paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (PB), containing 3% sucrose, 5% acetic 

acid, and 60% ethanol.  They were then dehydrated by immersion in graded alcohols (70%, 

95% and 100%), cleared in xylene and embedded in paraffin wax.  

Serial sections of 5 µm thickness were cut, collected on poly-L-lysine coated glass 

slides, and incubated overnight at 37°C. Sections were deparaffinized in xylene, rehydrated by 

washing in graded ethanol (100%, 90% and 70%) and finally dH2O.  Retinal tissues were 

stained with Mayer's hematoxylin and eosin (H&E), washed with dH2O and then cover-slipped 

for imaging.  
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 Confocal microscopy and retinal layer analysis 

H&E stained sections were imaged by a laser scanning confocal microscope 

(ZeissLSM510, Meta, Carl Zeiss, Oberkochen, Germany) using a x 20 air objective, at a 

resolution of 512 x 512 pixels, and full-tile scan mode.  Three sections containing optic nerve 

were selected from each eye for analysis.  By using a custom script of ImageJ (ImageJ 1.51, 

National Institutes of Health, USA), the thickness (µm) of the ganglion cell layer (GCL), inner 

plexiform layer (IPL) inner nuclear layer (INL), outer nuclear layer (ONL, including outer 

plexiform layer), inner and outer photoreceptor segments (IS\OS) and total retina was measured 

from each section at central and peripheral regions.  The measurements from three different 

sections from the same eye were averaged to obtain a single value, while quantification was 

based upon n ≥ 6 for each group (except rd1/Bak-/-/Bax-/- where n = 3). 

 Total RNA extraction and quality 

Retinae were collected from WT, rd1, rd1/Bak-/- and rd1/Bak-/-/Bax+/- mice at P14 and 

P18 (n ≥ 5).  Tissues were immediately placed in 200 µl of RNAlater™ stabilization solution 

(Qiagen, VIC, Australia) and stored at - 80°C until use.  Total RNA was extracted using the 

RNeasy® Mini Kit (Qiagen, VIC, Australia) as per manufacturer’s instructions.  To remove 

genomic DNA contamination, samples were treated ‘on column’ with DNase-I (Qiagen, VIC, 

Australia) at room temperature for 15 min.  To quantify RNA concentration and assess purity, 

the Agilent 2200 Tape Station (Agilent Technologies 5067-5583 D1000, Germany) was used 

according to manufacturer’s instructions (See section 2.2.9 for details).  A total of 500 ng total 

RNA was reverse transcribed using the SensiFAST™ cDNA Synthesis Kit (Bioline, Cat. No. 

BIO-65053, Australia), according to manufacturer’s instructions.  For each sample, 500 ng 

RNA was added to a mixture of 4 μl 5X TransAmp Buffer and 1 μl reverse transcriptase.  The 
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final volume of reaction mix was brought to 20 μl by adding sterile nuclease-free water.  The 

cDNA was amplified at the following program in a thermal cycler: 25°C for 10 min, 42°C for 

15 min, and 85°C for 5 min. Samples were either used immediately or stored at -80°C prior to 

use. 

 Droplet digital PCR 

To quantify the level of Bax and Bak mRNA in retinal samples, droplet digital PCR (dd 

PCR) was performed (Qx100TM Droplet DigitalTM PCR system, Bio-Rad, VIC, Australia) as 

per the manufacturer’s instructions.  For each sample, 25 μl PCR reaction mixture was used 

containing 12.5 μl of 2x ddPCR Supermix (Bio-Rad, VIC, Australia), 1.25 μM of primers and 

probes (Table 3. 2), 1 μl of sample cDNA and 10.25 μl sterile nuclease-free water.  To convert 

samples into droplets, each 20 μl sample was loaded into individual wells of the DG8TM 

cartridge (Bio-Rad, VIC, Australia), followed by 40 μl of droplet generation oil to each of the 

corresponding oil wells. The cartridge was then loaded into QX100TM Droplet Generator (Bio-

Rad, VIC, Australia) and an emulsion of ~20.000 mono-dispersed droplets were generated.  

Subsequently, the droplets were transferred to a 96-well PCR plate and sealed with an 

aluminum sheet using a PX1TM PCR Plate Sealer (Bio-Rad, VIC, Australia).  The plate was 

placed in a C1000 Touch TM thermal cycler (Bio-Rad, VIC, Australia) and reactions were run 

under the following cycling conditions: 95ºC for 10 min, 40 cycles of 94ºC for 30 sec and 60ºC 

for 1 min, followed by a final 10 min enzyme deactivation step at 98ºC (overall ramp 

rate = 2ºC/s). 

After PCR amplification, the plate was placed in QX100 Droplet reader (Bio-Rad, VIC, 

Australia), which automatically reads the droplets in each well of the plate.  Data were analyzed 

using QuantaSoftTM software (v.1.7.4.0917, Bio-Rad).  The number of positive droplets, which 

contain target or reference amplicon, and negative droplets, which lack target and/or reference 
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amplicon, were quantified for each channel, and used to calculate the concentration of the target 

and house-keeping genes.  Counts for target genes were normalized to counts for the reference 

gene (hypoxanthine guanine phophoribosyltransferase, Hprt) and the final concentration was 

expressed as copies/μl reaction. 

Table 3. 2: Primer and probe sequences for ddPCR 
Primers are shown relative to the mouse sequences. 

Gene primer/Probe 
Primer/Probe sequences in 5’-3’ orientation with 

fluorophore 
Supplier/Catalogue # 

Bak1      Fw 

              Rev 

 Probe 

AATGGCATCTGGACAAGGAC 

CTTCGAAAGACCTCCTCTGTG 

FAM/CCCGTCCCC/ZEN/TTCTGAACAGCA/3

IABkFQ 

IDT 

Mm.PT.58.12619952 

Bax        Fw 

Rev 

   Probe 

GGAGATGAACTGGACAGCAAT 

GCCATCAGCAAACATGTCAG 

FAM/CGTCAGCAA/ZEN/TCATCCTCTGCAG

CT/3IABkFQ 

IDT 

Mm.PT.58.14012210 

Hprt       Fw 

Rev 

   Probe 

CCCCAAAATGGTTAAGGTTGC 

AACAAAGTCTGGCCTGTATCC 

FAM/CTTGCTGGT/ZEN/GAAAAGGACCTCT

CGAA/3IABkFQ 

IDT 

Mm.PT.39a.22214828 

Fw: Forward; Rev: Reverse 

 Intravitreal injection of a BAK inhibitor in rd1/Bax-/- mice 

At P16, rd1/Bax-/- mice were anesthetized by an intraperitoneal injection of a 5:1 

mixture of ketamine (60 mg/kg; Troy Laboratories Pty Ltd, Smithfield, NSW, Australia) and 

xylazine (5 mg/kg; Troy Laboratories Pty Ltd, Smithfield, NSW, Australia) further diluted 1:10 

in sterile saline (0.9%, Aero, Healthcare, NSW, Australia).  The amount of anesthetic used for 

each animal was calculated according to the individual body weight.  The corneal reflex was 

anesthetized with topical administration of Alcaine (0.5%; Alcon Laboratories, Victoria, 

Australia) and the dilation of pupil was achieved via administration of Atropine (1%, Aspen 

Pharmacare, NSW, Australia) and phenylephrine hydrochloride (10%, Bausch & Lomb, NSW, 

Australia).  
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The BAK inhibitor (WEHI-1250993) was supplied by Drs. Ben Kile and Guillaume 

Lessene from Monash University and WEHI respectively.  Prior to injection, a stock of the 

compound was prepared by dissolving the compound in 5% DMSO (99.9 % for molecular 

biology, Sigma, Australia) in sterile saline (0.9%, B. Braun Australia Pty Ltd, NSW, Australia) 

to achieve the intended concentration (Table 3.3).  This concentration was based on 

preliminary results from Drs. Kile and Lessene indicating that this drug has activity at 100 nM 

in vitro and at 1-5 µM in plasma.  The vitreal volume of rd1/Bax-/- mice at the age of injection 

was estimated at ~2 µl in order to calculate the actual effective concentration at the retina. The 

vehicle-diluted compound (0.5 μl) was injected intravitreally to the left eye using a 30-G needle 

attached to a 5 μl Hamilton microsyringe (Reno, NV, USA) via a polyethylene tube.  The right 

eye received 0.5 μl of 5% DMSO in sterile saline as the vehicle.  The animals were 

subsequently kept on the heat pad at 37°C to maintain body temperature and monitored during 

recovery. Injected animals and their eyes were monitored daily for 2 days post injection.  

Table 3.3: Experimental design for intravitreal injection of BAK antagonist into  

rd1/Bax-/- mice 

Bak inhibitor 
Molecular 

weight 
Solvent 

Estimated 

concentration in 

the retina 

Number of 

injected 

animals 

WEHI-1250993 541.64 
5% DMSO in 

saline 
1 µM 8 

At P18, animals were sacrificed by cervical dislocation under deep anesthesia, as 

described above.  The eyes were isolated, and their anterior portions and lens were removed by 

dissection.  The posterior eyecups were fixed in fresh 4% paraformaldehyde in PB for 30 min 

as described previously (Sections 2.2.5.1 and 3.2.2).  To quantify dead cells in drug-injected 

and DMSO-injected eyes, terminal deoxynucleotidyl transferase dUTP nick end labelling 

(TUNEL) assay (DeadEndTM Fluorometric TUNEL System; Promega Corp., NSW, Australia) 

was performed as per manufacturer’s instructions with minor modifications (Section 2.2.5.2).  
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Following TUNEL labeling, full-tile scans of the retinae from optic nerve to ciliary body were 

captured immediately by a Zeiss LSM800 (Carl Zeiss AG, Jena, Germany) using a x 20 air 

objective at resolution of 512 x 512 pixels. To quantify the number of TUNEL-positive cells, 

three sections (preferably with optic nerve head within the section) from each eye per animal 

were analyzed.  The total length (mm) of each section was measured and the number of 

TUNEL-labeled nuclei across the ONL was quantified manually using a cell counter 

application (ImageJ 1.51, National Institutes of Health, USA).  The values from three different 

sections from the same eye were averaged to obtain a single value and n = 8 eyes were used 

for drug and vehicle treatment.  The total number of TUNEL positive cells was expressed per 

millimeter of retinal length.  

 Statistical analysis 

Statistical analysis and graphing were performed using GraphPad Prism 7 (San Diego, 

California, USA).  All data are presented as the mean ± standard error of the mean (SEM). 

Where appropriate, data were compared using student t-test, one-way ANOVA or 2-way 

ANOVA incorporating a Tukey’s post hoc analysis for multiple comparisons.  Details of 

individual tests used are also provided in the relevant results.  Differences among the mean 

were considered statistically significant for p < 0.05 and represented as * p < 0.05, ** p < 0.01, 

*** p < 0.001 and **** p < 0.0001 in all graphs.  
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3.3. Results 

 Normal development of retina in the absence of Bak  

The main purpose of this study was to identify the functions of BAK and BAX in rd1-

induced death of retinal photoreceptors.  In order to explore the roles of these apoptotic 

mediators, mutant animals lacking Bak and Bax were used.  As the phenotype of rd1/Bax-/- 

retinae was described previously (Mosinger Ogilvie et al., 1998), the phenotype of rd1/Bak-/-, 

rd1/Bak-/-/Bax+/- and rd1/Bak-/-/Bax-/-mutant mice was subsequently characterized in this study.    

While this study explored the role of Bak and Bak/Bax in the rd1 model of retinal 

degeneration, it was first important to determine whether loss of these apoptotic mediators 

altered normal retinal development.  To assess whether genetic ablation of these genes altered 

cell death mediated refinement of normal retinal development, the gross structure of central 

and peripheral retinae was assessed in Bak-/- and Bak-/-/Bax+/- on a wild-type (C57Bl6J) 

background at P14 and compared to WT (C57Bl6J) mice.  In the developing rodent retina, post-

natal developmental apoptosis occurs mostly during the first 2 weeks after birth (Young, 1984) 

and therefore P14 was chosen as that is when much of the maturation of retina has completed 

and the cell death-mediated refinement of the retina has subsided. The gross histology of the 

central retinae of the Bak-/- (Figure 3.2B) and Bak-/-/Bax+/- (Figure 3.2C) mutant strains 

showed similar laminar retinal structure to the WT (Figure 3.2A), comprising the distinct 

nuclear layers (ONL, INL, and GCL), separated by the two plexiform layers (OPL, IPL) and 

there were no overt structural changes, nor obvious alterations in overall retinal thickness.  

When the thickness of individual retinal layers was quantified, there was no significant 

alteration in any of the nuclear layers (Figure 3.2D, F, H), or in the IPL (Figure 3.2G) in any 

of the genotypes.  As IS/OS is a measure of photoreceptor health, this layer was also quantified 
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and showed no difference among the various genotypes (Figure 3.2E).  Finally, total retinal 

thickness was also not altered compared to WT animals (Figure 3.2I).  

 

Figure 3.2: Morphology of central retina in the Bak/Bax mutants 
Representative images showing H&E staining of WT (A), Bak-/- (B) and Bak-/-/Bax+/- (C) central retinal sections 

at P14. The thickness of ONL (D), IS/OS (E), INL (F), IPL (G), GCL (H) and total retina (I) remained unchanged 

in Bak/Bax mutant mice.  The histograms indicate the mean ± SEM.  One-way ANOVA, n ≥ 6.  Abbreviations: 

IS/OS: inner and outer segments, ONL: outer nuclear layer, INL: inner nuclear layer, IPL: inner plexiform layer, 

GCL: ganglion cell layer.  Scale bars = 30 µm.  
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Similarly, in the peripheral retina there was no evident alteration in retinal histology 

with all retinal layer observed (Figure 3.3A-C).  The Bak-/- retinae showed no change in the 

thickness of individual retinal layers, or the total retina compared to WT animals (Figure 3.3D-

I).  In the Bak-/-/Bax+/- mice, while the thickness of the ONL, IS/OS, IPL, GCL, layers (Figure 

3.3D, E, G and H) and the total retinal thickness (Figure 3.3I) remained similar to those of 

WT, a significant increase was detected in the INL thickness (17%, P < 0.01; Figure 3.3F).  

These results suggest that the development of retina proceeds normally in the absence of Bak 

and in Bak-/- mice lacking one allele of Bax (Bak-/-/Bax+/-). 
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Figure 3.3: Morphology of peripheral retina in Bak/Bax mutants 
Representative images showing H&E staining of WT (A), Bak-/- (B) and Bak-/-/Bax+/- (C) retinal sections at P14. 

No significant differences were observed in the thickness of ONL (D), IS/OS (E), IPL (G), GCL (H) and total 

retina (I) in Bak/Bax mutant mice.  While the thickness of the INL of Bak-/- was similar to that in WT, it showed a 

significant increase in the Bak-/-/Bax+/- (F). The histograms indicate the mean ± SEM.  One-way ANOVA, 

Tukey’s post hoc test, ** p < 0.01, n ≥ 6. Abbreviations: ONL: outer nuclear layer, IS/OS: inner and outer 

segments, INL: inner nuclear layer, IPL: inner plexiform layer, GCL: ganglion cell layer.  Scale bars = 30 µm.  



 

119 

 

 Up-regulation of Bak, not Bax expression during photoreceptor loss 

in the rd1 model 

Retinae of rd1 mice undergo normal development until approximately P8, when 

photoreceptor degeneration initiates in a central to peripheral gradient.  It proceeds rapidly, 

such that by P20 only a single layer of nuclei remains in the ONL.  Based on this time course, 

we selected P14 and P18 as two key time points to carry out our experiments in rd1 mice.  

Previous work has investigated the expression of Bak and Bax during retinal 

degeneration in the rd1 at P11 and showed increased Bax expression, while Bak expression 

was unaltered (Comitato et al., 2014).  In order to determine whether this expression profile is 

maintained at/or after eye opening, we analyzed the pro-apoptotic Bak and Bax expression in 

rd1 and WT retinae at P14 and P18, using RT-ddPCR.  The ddPCR data showed that there were 

significant increases in Bak transcripts at both P14 (22%, P < 0.05) and P18 (64%, P < 0.001; 

Figure 3.4A).  By contrast, Bax expression was not altered at either time point when compared 

to the WT control (Figure 3.4B).  Also, there was a decrease in WT retina for both Bak and Bax 

from P14 to P18.  The data suggest that there is differential Bax/Bak expression post-natally in 

response to rd1-related apoptotic stimuli.  
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Figure 3.4: Level of Bak and Bax expression in rd1 retinae during retinal degeneration 
mRNA expression of Bak (A) and Bax (B) was quantified in rd1 compared to WT mice at P14 and P18 using 

ddPCR.  Data are expressed as copies/μl and normalised to Hprt as the internal reference gene.  For each group, 

individual data points are shown, and the histograms indicate the mean ± SEM.  Two-way ANOVA, Tukey’s post 

hoc test, * p < 0.05 and *** p < 0.001, n ≥ 5.  

 Ablation of Bak partially rescues retinal degeneration in rd1 at P14 

To further explore the relative contributions of BAK and BAX in retinal degeneration 

of rd1, we investigated the progression of photoreceptor loss in rd1 mice lacking Bak and in a 

separate cohort, which lacked Bak expression and only contained one functional Bax allele 

(rd1/Bak-/-Bax+/-).  As previously mentioned a double knockout genotype is commonly 

perinatal lethal.   

At P14, loss of photoreceptor nuclei in the ONL and thinning of the total retina were 

apparent in the central region of all retinae bearing the rd1 mutation (Figure 3.5B-D) compared 

to WT animals (Figure 3.7A).  However, in rd1/Bak-/- (Figure 3.5C) and rd1/Bak-/-/Bax+/- 

(Figure 3.5D) retinae, the ONL appeared to be thicker than that of the rd1 control animal 

(Figure 3.5B).  No other alterations were evident in the gross morphology of other retinal 

layers.  When retinal layer thickness was quantified for the central retinae, a statistically 

significant increase in the thickness of ONL was observed in the rd1/Bak-/- and rd1/Bak-/-/Bax+/- 

mice when compared to the rd1 alone (32%, p < 0.0001 for both genotypes).  Despite this 

increase, the ONL remained significantly thinner than WT control mice (55%, p < 0.0001; 

Figure 3.5E).   
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Regarding the other retinal layers, IS/OS lengths were similar in all mice carrying the rd1 

mutation (rd1, rd1/Bak-/- and rd1/Bak-/-/Bax+/-); however, they were all significantly shorter 

than their WT controls (69%, 63% and 64% respectively; p < 0.0001; Figure 3.5F).  The 

thicknesses of the INL and GCL were found to be similar in rd1, rd1/Bak-/-, rd1/Bak-/-/Bax+/- 

retinae compared to the WT mice (Figure 3.5G and I).  While the thickness of the IPL was 

similar between rd1 and WT, it showed a slight decrease in rd1/Bak-/- and rd1/Bak-/-/Bax+/- 

compared to rd1 retinae (12% and 15%; p < 0.05 and p < 0.01 respectively; Figure 3.5H). The 

total retinal thickness showed no significant differences among rd1/Bak/Bax mutant and rd1 

mice and all had significantly thinner retinae compared to the WT mice (~ 24% and p < 0.0001; 

Figure 3.5J).  
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Figure 3.5: Morphology of central retina in the rd1/Bak/Bax mutant mice at P14 
Representative images showing H&E staining of WT (A), rd1 (B), rd1/Bak-/- (C) and rd1/Bak-/-/Bax+/- (D) central 

retinal sections at P14.  The ONL of both rd1/Bak/Bax mutants was significantly thickened compared to the rd1, 

but still thinner than the WT (E).  The length of IS/OS were not different among rd1 and rd1/Bak/Bax mutant 

strains and they were significantly less than of those in the WT (F).  The thickness of the INL (G), GCL (I) and 

total retina (J) of the mice lacking Bak/Bax remained unchanged compared to the rd1 and WT mice.  The IPL 

slightly decreased in the rd1/Bak-/- and rd1/Bak-/-/Bax+/- mice compared to the rd1 yet were similar to the WT 

retinae (H).  The histograms indicate the mean ± SEM.  One-way ANOVA, Tukey’s post hoc test, * p < 0.05, 

** p < 0.01, and **** p < 0.0001, n ≥ 6.  Abbreviations: ONL: outer nuclear layer, IS/OS: inner and outer 

segments, INL: inner nuclear layer, IPL: inner plexiform layer, GCL: ganglion cell layer.  Scale bars = 30 µm.  
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Similar to the data in the central retina, the peripheral retina in the rd1 mice showed a 

clear thinning of the ONL (Figure 3.6B) compared with the WT (Figure 3.6A).  However, 

gross morphology indicated a slight thickening of the photoreceptor layer (ONL) in the rd1 

mice deficient for Bak with or without a mutant Bax allele (Figure 3.6C and D).  These 

observations were verified by quantitative morphometric analysis of these retinae, showing that 

the ONL was significantly thickened in the rd1/Bak-/- and rd1/Bak-/-/Bax+/- mice compared to 

the rd1 (29%, p < 0.0001), yet were still significantly thinner than the WT (32%, p < 0.0001; 

Figure 3.6E).  

No significant differences were found in the IS/OS length among all mice bearing rd1 

mutation and they showed significant shortening in these mice compared to the WT (40%, 

p < 0.0001; Figure 3.6F).  The thickness of INL and GCL showed no significant alterations in 

any of the examined mutant strains (Figure 3.6G and I).  Although the thickness of the IPL 

did not change in rd1, it was reduced in rd1/Bak-/-compared to the rd1 and the WT (19% relative 

to rd1; P < 0.001 and 23% relative to WT; p < 0.0001) and in rd1/Bak-/-/Bax+/- retinae 

compared to the WT (17%; p < 0.01; Figure 3.6H).  The total retinal thickness remained similar 

among all mice carrying the rd1 mutation and was less than that of WT (~ 24%, p < 0.0001; 

Figure 3.6J).  In summary, these findings suggest that genetic elimination of Bak, with or 

without heterozygosity of Bax, resulted in a partial rescue of photoreceptors from rd1-induced 

degeneration in both central and peripheral retinae at P14.  This effect seemed to be limited to 

the outer retina, although there did appear to be a thinning of the inner plexiform layer, possibly 

suggesting some inner retinal effects.  
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Figure 3.6: Morphology of peripheral retina in the rd1/Bak/Bax mutant mice at P14 
Representative images showing H&E staining of WT (A), rd1 (B), rd1/Bak-/- (C) and rd1/Bak-/-/Bax+/- (D) 

peripheral retinal sections at P14.  While there was a significant increase in the thickness of ONL in rd1/Bak/Bax 

mutant mice compared to the rd1, it was still less than of the WT (E).  IS/OS had similar length in rd1 and 

rd1/Bak/Bax mutant strains and they were significantly shorter than the WT (F).  The thickness of the INL (G), 

GCL (I), and total retina (J) of the mice lacking Bak/Bax remained unaffected compared to the rd1 and WT mice.  

The IPL thickness decreased in the rd1/Bak-/- strain, compared to the rd1 and WT, and in the   rd1/Bak-/-/Bax+/- 

strain compared to the WT (F).  The histograms indicate the mean ± SEM.  One-way ANOVA, Tukey’s post hoc 

test, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n ≥ 6.  Abbreviations: ONL: outer nuclear layer, IS/OS: inner 

and outer segments, INL: inner nuclear layer, IPL: inner plexiform layer, GCL: ganglion cell layer.  Scale 

bars = 30 µm.  
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To determine whether this rescue was maintained at later stages of degeneration, 

histological analysis of retinae from the different genotypes was performed at P18. Similar to 

findings at P14, the ONL in the central retina of rd1/Bak/Bax retinae at P18 (Figure 3.7B-D) 

contained only one to two rows of nuclei compared to the WT retina (Figure 3.7A).  The 

thickness of the ONL in rd1/Bak-/- (Figure 3.7C) and rd1/Bak-/-/Bax+/- (Figure 3.7D) appeared 

similar to the rd1 retinae (Figure 3.7B) and total thicknesses of all these retinae were similarly 

and dramatically reduced compared to WT.  Moreover, the IS/OS were not detectable in any 

retinae carrying the rd1 mutation (Figure 3.7B-D).  Consistent with this, quantitative 

measurements of individual retinal layers revealed no significant differences in the ONL 

thickness among rd1 and the rd1/Bak/Bax mutant strains, all had significantly thinner ONL 

compared to the WT (~ 83%, p < 0.0001; Figure 3.7E).  Similarly, there were significant 

reductions in the thicknesses of the INL (13% and p < 0.05 for rd1; 15% and p < 0.01 for 

rd1/Bak-/- and rd1/Bak-/-/Bax+/-) and GCL in rd1 (12%, p < 0.01) and rd1/Bak/Bax mutant 

strains (12%, p < 0.05) in comparison with WT (Figure 3.7F and H); however, the thickness 

of the IPL remained unaffected in all genotypes (Figure 3.7G).  The thinning in the outer and 

inner retinae of rd1, rd1/Bak-/- and rd1/Bak-/-/Bax+/- was reflected in the total retinal 

thicknesses, which were significantly less than that of the WT (~ 34%, p < 0.0001).  

Importantly, there was no difference in the rd1/Bak-/- and rd1/Bak-/-/Bax+/- compared to the rd1 

retinae (Figure 3.7I). 

In the peripheral retinae, morphological alterations in the ONL and total retinal 

thickness were similar to those found in the central retinae.  Loss of Bak, with or without 

heterozygosity of Bax, did not appear to protect photoreceptor nuclei in the ONL (Figure 3.8C 

and D) and all retinae bearing rd1 mutation (Figure 3.8B-D) had undergone prominent 

thinning compared to the WT (Figure 3.8A).  Also, the IS/OS were absent in the rd1 and 

rd1/Bak/Bax mutant retinae (Figure 3.8B-D).  Consistent with these observations, 
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morphometric quantification of the ONL thickness showed similar thinning in rd1, 

rd1/Bak-/- and rd1/Bak-/-/Bax+/- compared to the WT (~ 77%, p < 0.0001; Figure 3.8E).  In the 

inner retina, no changes were detected in the thickness of IPL and GCL among different 

genotypes (Figure 3.8G and H); however, the INL was slightly thinned in the rd1 and rd1/Bak-

/- compared to the WT (~ 21%, p < 0.05; Figure 3.8F).  The total thickness of the retina was 

significantly reduced in rd1, rd1/Bak-/- and rd1/Bak-/-/Bax+/- compared to the WT (~ 35%, 

p < 0.0001).  There were no effects of Bak/Bax genetic manipulation compared to the rd1 

retinal thickness (Figure 3.8I). 

Taken together, the data suggest that deficiency in Bak, with one or two normal alleles 

of Bax, only delays the progression of retinal degeneration and is unable to exert a prolonged 

protection against rd1-related intrinsic apoptotic stimuli in photoreceptors. 
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Figure 3.7: Morphology of central retina in the Bak/Bax mutant mice at P18 
Representative images showing H&E staining of WT (A), rd1 (B), rd1/Bak-/- (C) and rd1/Bak-/-/Bax+/- (D) central 

retinal sections at P18.  The ONL thickness of the rd1/Bak/Bax mutant mice was not different from rd1 (E).  IS/OS 

was absent in rd1, rd1/Bak-/- and rd1/Bak-/-/Bax+/- retinae.  The thickness of INL (F), GCL (H), and total retina (I) 

were similar in all mice bearing rd1 mutation and they were significantly less than WT.  The IPL thickness 

remained unchanged in all genotypes (G).  The histograms indicate the mean ± SEM.  One-way ANOVA, Tukey’s 

post hoc test, * p < 0.05, ** p < 0.01, and **** p < 0.0001, n ≥ 6.  Scale bars = 30 µm.  Abbreviations: ONL: 

outer nuclear layer, IS/OS: inner and outer segments, INL: inner nuclear layer, IPL: inner plexiform layer, GCL: 

ganglion cell layer.  
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Figure 3.8: Morphology of peripheral retina in the rd1/Bak/Bax mutant mice at P18 
Representative images showing H&E staining of WT (A), rd1 (B), rd1/Bak-/- (C) and rd1/Bak-/-/Bax+/- (D) 

peripheral retinal sections at P18.  The ONL thickness of the rd1/Bak/Bax mutant mice was not different from rd1 

(E).  IS/OS was no longer present in rd1, rd1/Bak-/- and rd1/Bak-/-/Bax+/- retinae.  The thickness of IPL (G) and 

GCL (H) remained unchanged in all genotypes.  The thickness of INL in rd1/Bak-/- and rd1 was smaller than WT 

(G).  The total retina was thinner in all mice with rd1 mutation compared to the WT (I).  The histograms indicate 

the mean ± SEM.  One-way ANOVA, Tukey’s post hoc test, * p < 0.05, and **** p < 0.0001, n ≥ 6.  

Abbreviations: ONL: outer nuclear layer, IS/OS: inner and outer segments, INL: inner nuclear layer, IPL: inner 

plexiform layer, GCL: ganglion cell layer. Scale bars = 30 µm.  
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 Ablation of Bak does not change the level of Bax mRNA in rd1 retinae 

The results in the previous section indicate that loss of Bak alone resulted in a partial 

and transient rescue of photoreceptors loss.  The data and those of others (Mosinger Ogilvie et 

al., 1998) suggest that BAK and BAX play overlapping or redundant roles in rd1-induced 

apoptosis and that Bak deficiency may be compensated by increased expression of Bax.  This 

redundancy would help explain the transient nature of photoreceptor rescue observed in Figure 

3.5 to Figure 3.8.  To examine whether there was any compensatory increase in the expression 

of Bax in the absence of Bak, we conducted ddPCR to measure the levels of Bax mRNA in the 

rd1/Bak-/- retinae at P14 and P18.  The ddPCR results showed that inactivation of Bak in 

rd1/Bak-/- mice did not alter the expression level of Bax at P14 (Figure 3.9A) or at P18 (Figure 

3.9B).  Interestingly, retinae with only one allele of Bax (rd1/Bak-/-/Bax+/-) exhibited 

approximately half the level of Bax expression than that observed in the retinae with two copies 

of Bax (rd1/Bak-/-/Bax+/-; Figure 3.9A and B), highlighting the sensitivity of the ddPCR 

technique.  The data indicate that loss of Bak does not cause any compensatory alteration in 

the Bax expression and that reduced expression of Bax mRNA by reducing gene dosage is 

sufficient to mediate apoptotic pathways in the rd1 retina.   
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Figure 3.9: Level of Bax expression in rd1/Bak-/- and rd1/Bak-/-/Bax+/- retinae 
Retinae from rd1/Bak-/- and rd1/Bak-/-/Bax+/- were isolated and ddPCR performed at P14 (A) and P18 (B).  Data 

show that the expression of Bax does not change in rd1 retinae lacking Bak.  However, deletion of one allele of 

Bax resulted in significantly lower lever of Bax mRNA in rd1/Bak-/-/Bax+/- retinae compared to the other genotypes 

at both time points examined.  Expression was expressed as copies/μl and normalized to Hprt as the internal 

reference gene. Individual data points are plotted along with their mean ± SEM. One-way ANOVA, Tukey’s post 

hoc test, * p < 0.05, ** p < 0.01, *** p < 0.001, n ≥ 5.  

 Ablation of both Bak and Bax inhibits retinal cell death 

The current results suggest that elimination of Bak, with or without loss of a single Bax 

allele, is not sufficient to halt photoreceptor loss in rd1 rodent model of RP.  Deletion of both 

Bak and Bax has been associated with perinatal lethality and only ~10% of Bak-/-/Bax-/- mice 

survive to adulthood (Lindsten et al., 2000).  In our study, no double mutant animals were 

identified at weaning or at P14.  Genotyping of mice soon after birth identified several double 

mutant mice, which commonly did not survive beyond P5.  However, three rd1/Bak-/-/Bax-/- 

mice did survive until P13, permitting analyses of these retinae. 

As can be observed in Figure 3.10, the central retinae of the double knock out mutant 

mice (Figure 3.10C) demonstrated substantial thickening in the inner retinal layers including 

INL, IPL and GCL compared to both rd1 and WT (Figure 3.10B and A respectively).  

Interestingly, while the ONL of rd1 retinae (Figure 3.10B) had profound thinning, it appeared 

to remain unaffected in rd1/Bak-/-/Bax-/- mice (Figure 3.10C).  Quantitative morphometry of 

the central retinae revealed that while the ONL was thinned in the rd1 retinae, it showed normal 

thickness in rd1 mice lacking Bak/Bax compared to the WT (114% increase relative to rd1, 

p < 0.0001; Figure 3.10D).  The length of IS/OS was significantly greater in the rd1/Bak-/-
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/Bax-/- retinae compared to the rd1 (72%, p < 0.0001); however, they were still shortened 

compared to the WT (39%, p < 0.0001; Figure 3.10E).  In the double Bak/Bax mutant mice, 

significant increases were also detected in the thickness of all inner retinal layers including 

INL, IPL and GCL, not only compared to the rd1 (114%, 62% and 58% respectively, 

p < 0.0001) but also the WT (88%, 42%, and 40% respectively, p < 0.0001; Figure 3.10F-H).  

These layer thickness changes were reflected in the overall retinal thickness, with rd1/Bak-/-

/Bax-/- animals exhibiting a significant increase (88% relative to rd1 and 40% relative to WT, 

p < 0.0001; Figure 3.10I). 
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Figure 3.10: Morphology of central retina in the rd1/Bak/Bax mutant mice at P13 
Representative images showing H&E staining of WT (A), rd1 (B) and rd1/Bak-/-/Bax-/- (C) central retinal sections 

at P13.  The ONL thickness of the rd1/Bak-/-/Bax-/- mutant strain was significantly greater compared to the rd1 

and remained similar to that of WT (D). IS/OS showed significant preservation in the rd1/Bak-/-/Bax-/- retinae 

compared to the rd1 (E).  The thickness of INL (F), IPL (G) and GCL (H) and total retina (I) significantly 

increased in mice deficient for Bak/Bax compared to the rd1 and normal mice.  The histograms indicate the 

mean ± SEM.  One-way ANOVA, Tukey’s post hoc test, **** p < 0.0001, n = 3.  Abbreviations: ONL: outer 

nuclear layer, IS/OS: inner and outer segments, INL: inner nuclear layer, IPL: inner plexiform layer, GCL: 

ganglion cell layer.  Scale bars = 30 µm.  
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In the peripheral retina, morphological changes were consistent with those in the central 

retina.  Loss of Bak/Bax in rd1 mice (Figure 3.11C) resulted in a significant preservation of 

photoreceptors in the ONL, such that the thickness of the ONL was comparable to the WT 

(Figure 3.11A).  The INL, IPL, GCL and total retina were clearly thicker in rd1/Bak-/-/Bax-/- 

mice (Figure 3.11C) compared to both rd1 and WT (Figure 3.11B and A respectively).  Such 

changes in the morphology of Bak/Bax double mutant retinae were also confirmed by 

quantitative morphometric analyses.  The ONL thickness in the rd1 mice lacking Bak/Bax was 

significantly greater rd1 animals (70%, p < 0.0001) and similar to that of the WT (Figure 

3.11D).  The IS/OS were also significantly longer in the rd1/Bak-/-/Bax-/- retinae compared to 

the rd1 (47%, p< 0.0001); however, they remained shorter than that observed in the WT retinae 

(26%, p < 0.0001; Figure 3.11E). The thicknesses of inner retinal layers (INL, IPL and GCL) 

were significantly increased in the rd1/Bak-/-/Bax-/- retinae compared to both rd1 (99%, 55% 

and 90%, p < 0.0001) and WT (89%, 51% and 77% respectively, p < 0.0001; Figure 3.11F-

H).  As a result, the total retina was also thicker in the Bak/Bax double mutant retinae compared 

to the rd1 (80%, p < 0.0001) and WT (51%, p < 0.0001; Figure 3.11I).  Overall the data 

indicate that loss of both Bak and Bax led to a complete rescue of photoreceptors from 

degeneration in rd1 mice, implying that these two pro-apoptotic proteins play a vital role in the 

implementation of photoreceptor death.  In addition, the dramatic increases in inner retinal 

layer thicknesses indicate amelioration of developmental cell death in these layers. 
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Figure 3.11: Morphology of peripheral retina in the rd1/Bak/Bax mutant mice at P13 
Representative images showing H&E staining of WT (A), rd1 (B) and rd1/Bak-/-/Bax-/- (C) peripheral retinal 

sections at P13.  The ONL in rd1/Bak-/-/Bax-/- mutant strain was significantly preserved compared to the rd1 and 

showed similar thickness to that of WT (D).  IS/OS showed increase in their lengths in the rd1/Bak-/-/Bax-/- retinae 

compared to the rd1 (E).  The INL (F), IPL (G) and GCL (H) and total retina (I) showed significant thickening 

in mice lacking Bak/Bax compared to the rd1 and WT.  The histograms indicate the mean ± SEM.  One-way 

ANOVA, Tukey’s post hoc test, * p < 0.05, ** p < 0.01, and *** p < 0.001, **** p < 0.0001, n = 3.  

Abbreviations: ONL: outer nuclear layer, IS/OS: inner and outer segments, INL: inner nuclear layer, IPL: inner 

plexiform layer GCL: ganglion cell layer.  Scale bars = 30 µm.  
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 Efficacy of a BAK inhibitor to ameliorate photoreceptor death 

The results in the Bax/Bak double mutant mice demonstrated that BAK and BAX are 

major contributors of photoreceptor degeneration in rd1 animal model.  This suggests use of 

BAK and BAX antagonists to inhibit apoptosis could be potentially beneficial for forms of RP 

that involve PDE6 mutations. Since a pharmacological antagonist of BAK was available, it 

was used in combination with animals harboring the rd1/Bax mutations.   P16 rd1/Bax-/- mice 

underwent intravitreal injection of the specific inhibitor (or vehicle) at P16 and retinae were 

isolated at P18 to assess the level of cell death using TUNEL.  Figure 3.12 shows vertical 

sections of rd1/Bax-/- retinae from DMSO-injected (Figure 3.12A) and drug-injected (Figure 

3.12B) eyes labeled for TUNEL.  To determine whether the extent of cell death varied between 

drug- and DMSO-injected eyes, TUNEL-positive nuclei in the ONL were quantified per 

millimeter of retinal section (Figure 3.12C).  Data showed there was a significant reduction in 

the number of dying photoreceptors in drug-treated retinae compared to the vehicle-treated 

eyes (21%, * P < 0.05; Figure 3.12C).  There were few TUNEL-labeled cells in other layers 

of both drug- and DMSO-injected eyes (Figure 3.12A and B).  These findings show that the 

antagonist can be used in vivo to inhibit the activity of BAK and this opens the way for using 

a combinatorial regime of BAK and BAX antagonists to ameliorate cell death in the rd1 model.  

This finding shows the efficiency of the BAK antagonist to inhibit the activity of in vivo and 

opens the way for using a combinatorial regime of BAK and BAX antagonists to ameliorate 

cell death in the rd1 model. 
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Figure 3.12: Intraocular injection of a BAK inhibitor in rd1/Bax-/- mice 
Sections of retinae from P18 animals were labeled for TUNEL (green) 2 days after intravitreal injection of vehicle 

(DMSO; A) and a specific Bak inhibitor (WEHI-1250993; B).  In each condition, the number of TUNEL-positive 

photoreceptors was counted in ONL and quantified per mm (C).  The number of TUNEL-labeled nuclei was 

significantly reduced in drug-treated retinae compared to DMSO-treated retinae.  Student t-test, * p < 0.05, n = 6.  

Abbreviations: ONL: outer nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer. Scale bar = 30μm.  
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3.4. Discussion 

Apoptotic cell death is known to mediate elimination of excessive and non-functional 

neural cells during normal development of the retina (Buss et al., 2004; Oppenheim, 1991; 

Penfold et al., 1986).  In addition to this prominent role in development, apoptosis is also 

implicated in the pathologic cell death in a variety of retinal degeneration diseases including 

RP (Chang et al., 1993b; Portera-Cailliau et al., 1994; Travis, 1998b). Apoptosis is tightly 

regulated by members of several protein families, among which the BCL-2 family play a 

pivotal role via a balance of its anti- and pro-apoptotic members.  Two key members of this 

family are the multidomain proapoptotic proteins BAK and BAX, which promote 

mitochondrial outer membrane permeabilization, an irreversible execution step of apoptosis 

(Westphal et al., 2014b).  In this chapter, the roles of BAK and BAX, proapoptotic members 

of the BCL-2 family of proteins, were explored in the developmental and pathological 

apoptosis of the rodent retina, specifically during retinal degeneration in the rd1 model of RP. 

The results of this study firstly demonstrated that in the absence of Bak, the architecture and 

lamination of retina remained normal and similar to the wild-type (WT) at P14, even in the 

presence of at least one copy of its apoptosis regulating partner, Bax. 

Unlike the P23H data presented in Chapter 2, the rd1 model exhibited direct evidence 

for the involvement of the intrinsic apoptosis pathway.  Specifically, the level of Bak transcripts 

were significantly elevated at both P14 and P18 in the rd1 model, while Bax expression was 

not altered at either time points when compared to the WT control.  Reflecting this importance, 

genetic elimination of Bak, with or without heterozygosity of Bax, led to a significant, but 

transient, rescue of the ONL at early stages (P14) of retinal degeneration, which was not 

maintained at P18.  By contrast, combined elimination of Bak and Bax (rd1/Bak-/-/Bax-/-) in a 

limited number of animals resulted in preservation of the ONL thickness at the WT level, 

despite the presence of rd1 mutation.  In these animals, inner retinal layers including INL, IPL 
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and GCL were also considerably thickened, not only compared to the age-matched rd1, but 

also to WT control.   

 Bak and Bax are key regulatory components of retinal development  

Histological comparison of retinae from mice lacking Bak (Bak-/- and Bak-/-/Bax+/-), 

showed that retinal architecture and lamination were similar to the WT, with the thickness of 

all retinal layers other than the INL remaining unchanged in both central and peripheral regions.  

Consistent with the data, Hahn et al. (2003) reported conserved trilaminar retinal architecture 

in Bak-/- retinae, with no quantitative differences in the thickness of individual retinal layers at 

2 months of age. 

While loss of Bak did not alter the normal retinal development, an increase in INL 

thickness was observed in the peripheral retina for the Bak-/-Bax+/- animals.  This result raises 

the possibility that developmental cell death in this layer may be delayed and/or halted due to 

heterozygosity of Bax.  However, the identity of those neuronal cells in the INL, in which 

apoptosis was impaired remains to be determined.   

While ablation of both Bak and Bax was on the rd1 background (rd1/Bak-/-/Bax-/-), the 

data provide evidence that development of retina was aberrant in these mice by P13.  Although 

all retinal layers were present, the inner retinal layers (INL, IPL and GCL) displayed abnormal 

thickening compared to the WT, suggesting a fundamental function for the intrinsic apoptotic 

pathway and thus BAK and BAX, in elimination of neuronal cells during development.  Indeed, 

a previous work showed that deletion of both Bak and Bax results in the inhibition of 

physiological cell death at P7, when apoptosis normally peaks in rodent retina (Hahn et al., 

2003).  The importance of the mitochondria-mediated pathway of apoptosis in postnatal retinal 

development was also confirmed by another study in which active form of caspase-9, the 

initiator caspase of intrinsic pathway which activates downstream effector caspases, was 
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detected in retinae undergoing maturation (Donovan et al., 2006).  Further evidence for the 

involvement of BAK and/or BAX in postnatal retinal development was provided by a study 

indicating that in the mouse retina, down-regulation of these pro-apoptotic proteins initiates at 

about P10 when developmental apoptosis has completed (Donovan et al., 2006). The current 

data showing inner retinal thickness changes are consistent with previous studies showing that 

deletion of Bax (Bax-/- and Bak-/-/Bax-/-), resulted in reduced apoptosis and a subsequent 

increase in the number of cells in the GCL and INL, as well as thicker IPL, with a more 

prominent effect in Bak-/-/Bax-/- retinae at 2 months of age (Hahn et al., 2003).  Comparable 

findings have been described in transgenic mice overexpressing Bcl-2, a main BAX antagonist.  

In these mice, similar to Bak-/-/Bax-/- retinae, the inner retinal thickness was doubled, and total 

retinal thickness was increased by approximately 50% (Strettoi et al., 2002b).   

Highlighting the complexity of the apoptotic pathway, caspase-3 null mice show a 

temporary thickening in the INL for approximately 2 weeks and the GCL remain unaffected.  

As activation of executioner caspases, such as caspase-3, is downstream of mitochondrial 

membrane disruption induced by BAK and BAX activation, one would expect the persistent 

retinal abnormalities in Bax/Bak null mice and Bcl-2 transgenic mutants to be reflected in the 

caspase-3 null retinae.  As the phenotypes are disparate, this implies that caspase-3 is only one 

of several downstream components responsible for exerting the pro-apoptotic activity of BAX 

and BAK and its deficiency may lead to activation of other effector caspases and/or apoptotic 

pathways to resume normal development of the retina (Zeiss et al., 2004b).  

Overall, our data combined with other studies, indicate that BAK and BAX are principal 

mediators of developmental retinal cell death.  The normal development of retina that we 

observed in Bak-/- mice, along with the finding from other studies (Hahn et al., 2003; Mosinger 

Ogilvie et al., 1998; Pequignot et al., 2003) showing that Bax-/- retinae have abnormal 

thickening in the inner retinal layers, suggest that Bax function may be more prominent in the 
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physiological cell death of the inner retina.  The fact that only combined ablation of both Bak 

and Bax induced complete resistance to developmental apoptosis suggests that BAK is also 

involved in this process, though its importance may be less than BAX and Bax can compensate 

for Bak-deficiency.    

 Combined ablation of Bak and Bax is required to prevent 

photoreceptor death 

Our results demonstrated that Bak expression was elevated at P14 and P18 in the rd1 

mouse model of RP, while the level of Bax transcripts remained unchanged.  Interestingly, the 

data are unlike those of a recent study which, reported up-regulation of Bax at both mRNA and 

protein levels accompanied by its localization to the mitochondrial membrane at an earlier stage 

(P11) of retinal degeneration of rd1 (Comitato et al., 2014).  However, this study reported no 

change in Bak gene expression.  A possible reason for these discrepancies is that while BAK 

and BAX are involved in mediating rd1-related demise of photoreceptors, their expression is 

regulated differently at different stages of the photoreceptor degeneration.  The functional 

significance for this differential regulation at different stages of retinal degeneration remains 

to be determined.   

Based on the increased Bak expression at P14 and P18 in the rd1 model, the extent of 

photoreceptor cell death in rd1 mice deficient for Bak, with or without heterozygosity of Bax, 

was investigated.  Our morphometric analysis of rd1/Bak/- and rd1/Bak-/-/Bax+/- retinae 

indicated that genetic elimination of Bak, partially and only transiently protected 

photoreceptors in the early stages of retinal degeneration, at P14.  The additional reduction in 

Bax expression (due to loss of one copy) showed no additive effect on the inhibition of ONL 

degeneration.  However, by P18, the thickness of ONL was no longer different between rd1 
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and the two rd1/Bak/Bax mutants.  Similarly, a previous work on rd1/Bax-/- mutant mice 

demonstrated that single deletion of Bax failed to prevent photoreceptor degeneration in rd1 

mice (Mosinger Ogilvie et al., 1998).  However, in this study the histological appearance of 

retinae was assessed at P21, which based on our findings would have been too late to detect 

any transient rescue.  Together, these raise the possibility of Bak and Bax redundancy in 

mediating rd1-related cell death and/or activation of other cell death pathways as a result of 

apoptosis suppression.  

The most striking finding of this study was that combined deficiency of both Bak and 

Bax highly protected photoreceptors from degeneration caused by rd1 mutation and/or 

developmental-related cell death.  At P13 of age, the thickness of the ONL in rd1/Bak-/-/Bax-/- 

retinae was similar to the WT and almost double that in the rd1 retina.  Developmental death 

of photoreceptors in the C57Bl/6 mouse initiates at about P12 and lasts till P30 (Mervin et al., 

2002).  The overlap between time course of retinal degeneration in rd1 and naturally occurring 

death of photoreceptors during normal development of retina makes it hard to conclude whether 

Bak and Bax ablation supressed the rd1-associated degeneration and/or developmental 

apoptosis.  However, in earlier studies, the outer retina of C57Bl/6 mouse, OPL and ONL, 

appeared unaffected in the absence of Bax and/or Bak expression up to 2 months.  But, there is 

evidence of photoreceptor effects after the ablation of Bax and Bak, with data showing ectopic 

rod photoreceptors residing within the INL, suggesting these cells are unable to migrate 

successfully to the ONL during development, yet survive into adulthood, due to the removal 

of apoptotic functions (Hahn et al., 2003; Mosinger Ogilvie et al., 1998; Pequignot et al., 2003).  

Given the findings of these studies, it is likely that combined inactivation of Bak and Bax vastly 

rescued photoreceptors form rd1-related deterioration.  Similar to this study, Hahn et al. (2004) 

demonstrated genetic removal of Bak and Bax provided more effective protection against acute 

light-induced damage when compared to the Bax deficiency alone (Hahn et al., 2004).  
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Taken together these findings clearly reveal that apoptotic cell death mediated by 

activation of BAK and BAX is one of the major pathways of photoreceptor loss in rd1 animal 

model of RP.  That the loss of Bak, or Bax alone (Mosinger Ogilvie et al., 1998) were 

insufficient to provide a protection of photoreceptors from rd1-related degeneration but that 

double ablation of Bak/Bax provided higher level of protection, indicate that they probably 

serve largely overlapping and/or compensatory roles in regulating apoptotic cell death of 

photoreceptors.  Nevertheless, this functional compensation between BAK and BAX is not 

reflected in their relative transcripts as we didn’t detect any compensatory increase in the 

expression of Bax in the absence of Bak at the mRNA level. 

It is worth noting that current evidence regarding the contribution of the anti-apoptotic 

members of BCL-2 family responsible for inhibiting BAK and BAX, in retinal degeneration 

are contradictory.  While overexpression of Bcl-2 transiently improved photoreceptor survival 

in rd1 retinae, between P14 and P40, in one study (Chen et al., 1996a), it did not appear to 

rescue photoreceptors from rd1-associated degeneration in another study (Joseph et al., 1996b). 

Additionally, high levels of BCL-2 were found to have a dose-dependent toxicity on WT 

photoreceptors (Chen et al., 1996b).  Given our finding that BAK and BAX are main regulators 

of photoreceptor death in rd1, additional studies will be needed to elucidate more clearly the 

potential role of anti-apoptotic members of BCL-2 family in retinal degeneration.  

 Targeting the apoptotic pathway in rd1 with a BAK inhibitor 

Modulating apoptosis by small molecules suppressing pro-apoptotic members of 

BCL-2 family, BAK and BAX, provides a potential to develop new treatments for those 

diseases associated with cell death such as retinal degeneration.  These therapeutic strategies 

mainly aim at targeting interfaces between these proteins through which they interact with 

each other.  However, generally the biochemical properties of the interfaces of BCL-2 family 
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members make the development of reliable inhibitors extremely difficult.  In addition, 

structural characteristics of the interactions between BAX and BAK and other members of 

BCL-2 family, as well as formation of BAX and BAK homoligomers, by which 

mitochondrial outer membrane permeabilization is initiated, have not been fully 

characterized.  Accordingly, pharmaceutical development of compounds targeting BAK and 

BAX has been tremendously challenging and is yet to deliver a compound that can be used 

reliably in vivo (Roy et al., 2014; Wells et al., 2007).   

In spite of these difficulties, Dr. Guillaume Lessene and his colleagues have designed 

a wide range of BAK inhibitors able to suppress apoptotic cell death efficiently in vitro 

(unpublished data).  The central role of BAK and BAX in mediating rd1-induced 

degeneration opened the door to use this animal model as an in vivo system to evaluate the 

possibility of pharmacologically targeting the MOMP to prevent cell death.  Here, 

administration of a specific inhibitor of BAK (WEHI-1250993) via intravitreal injection, 

along with genetic elimination of Bax resulted in a fewer TUNEL-positive cells in the ONL 

of rd1 mice.  This study provides the first evidence that such BAK antagonists may also 

have effective anti-apoptotic activity in vivo and opens the possibility of using them to 

prevent photoreceptor cell death therapeutically.   

 Conclusion  

In summary, BAK and BAX are central regulators of developmental apoptotic cell 

death in retina.  This current study provides strong evidence that these two pro-apoptotic factors 

similarly play a vital role in mediating rd1-related apoptosis during retinal degeneration.  Our 

combination of pharmacological inhibition and genetic ablation directly identifies both BAK 

and BAX in the apoptosis that accompanies retinal degeneration.  The advent of a novel and 
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effective BAK antagonist increases the potential feasibility of using pharmacological 

approaches to target both BAK and BAX as a therapeutic strategy to inhibit photoreceptor 

death in retinal degenerative diseases. 
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Conclusion and future directions   
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4.1. Introduction 

In RP patients and animal models, while clinical symptoms share similar features 

regardless of the initial causative mutation, the molecular mechanisms by which cell death 

cascade(s) are triggered in photoreceptor cells may be unique (Comitato et al., 2016).  

Understanding the detailed regulatory network of cell death processes related to different genes 

and/or mutations are extremely important to not only provide novel insights into the 

pathogenesis of the retinal degenerative diseases, but also to evolve effective mutation-

independent therapeutic strategies.   

The overarching aim of the current study was to discover the role of apoptosis in retinal 

degeneration of RP using two different animal models: P23H-3 rat, a model for autosomal 

dominant RP, and rd1 mouse, a model of autosomal recessive RP.  However, since the original 

description of the P23H rat model (Steinberg et al., 1996), the level of information about the 

timetable of cell death and loss of visual function in strain 3 of this model was fragmented and 

incomplete.  Therefore, prior to investigating the cell death signaling pathways that contribute 

to photoreceptor degeneration in this model, a more detailed phenotypic characterization was 

conducted.  

Comparing the results obtained in this thesis, while in P23H-3 rat multiple apoptotic 

and non-apoptotic pathways of programmed cell death likely mediate retinal degeneration, in 

the rd1 mouse, cell death is highly dependent on the activity of the intrinsic apoptotic pathway, 

specifically BAK and BAX.  These results suggest that the causative genetic defect associated 

with RP may potentially trigger distinctive pathway(s) of cell death in retina.  
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4.2. Functional and structural alterations in P23H-3 rat 

The P23H mutant rhodopsin transgenic rat displays similar properties to human 

autosomal dominant RP (Steinberg et al., 1996).  In P23H-3, while level of cell death was high 

at P18 with lower levels at 1 and 2 months, a significant loss of ONL structure was not evident 

until 2 months.  Correlating with early onset of photoreceptor degeneration, P23H-3 rat 

exhibited deficits in both rod- and cone-mediated pathways as early as 1 month and these 

became more extensive and pronounced with age.  Therefore, the death of photoreceptors 

precedes the functional alterations, which occur prior to the actual detectable loss of retinal 

structure.  To discuss it in more details, at 1 month, the a-wave amplitude was already reduced 

by ~ 30%; however, quantitative measurements by both OCT and histology showed no change 

in the thickness of ONL.  A significant thinning in the ONL of P23H-3 was evident at 2 months 

of age, when there was ~ 40% reduction in rod a-wave.   

These findings prove the sensitivity and efficacy of functional assessments (ERG) for 

monitoring retinopathies of animal models, which can detect abnormalities in retina earlier 

than apparent structural changes.  In addition, this study applied both in vivo OCT imaging and 

histology to quantify ONL thickness.  Although measured values for ONL thickness using 

frozen sections were lower than those obtained from OCT, due to fixation procedures, both 

techniques exhibited comparable trend of ONL loss, suggesting anatomical alterations can be 

effectively assessed by OCT.  Similarly, difference between OCT and histology quantifications 

have been shown for P23H-1 animals, but with a good correlation in the decreasing values 

(Cuenca et al., 2014a; Orhan et al., 2015b). 
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4.3. Activation of multiple cell death pathways in P23H-3 retina 

Despite the prevalence of TUNEL+ nuclei at P18, activation of caspase-3 and nuclear 

translocation of apoptosis inducing factor (AIF) were detected rarely in ONL at P18, suggesting 

that caspase-dependent and AIF-mediated pathways of apoptosis may not be major contributors 

to photoreceptor cell death in this model.  Consistent with this assumption, mitochondrial 

membrane potential (Δψm) assessment using flow cytometric analysis of JC-1 fluorescent assay 

indicated very little evidence of changes in mitochondrial permeability in the P23H retinal cells 

compared to control SD cells.  As the data suggested other apoptotic and/or non-apoptotic cell 

death pathways may function in P23H-3 retinae, the transcripts levels of 86 genes associated 

with different types of cell death were analyzed.  This revealed significant up–or down–

regulation in the expression levels of 13 and 25 genes at P14 and P18 respectively involved in 

mediating apoptosis, autophagy and necrosis.   

Together, these findings indicate that P23H-associated retinal degeneration is mediated 

by a combination of apoptotic and non-apoptotic mechanisms of cell death.  While it remains 

to be determined what sequence and network of molecular events lead to the activation of these 

alternate cell death pathways, the study highlights the difficulty of attempting to prevent 

photoreceptor cell death by targeting a single pathway.  It is likely that multiple pathways may 

need to be targeted to effectively inhibit neuronal death.  

4.4. Bak and Bax, two key regulatory genes of neuronal cell 

death in the mouse retina 

The rd1 mouse model carries a gene mutation in the β-subunit of phosphodiesterase 6 

(Pde6b) and mimics pathological features of patients with autosomal recessive RP (Bowes et 
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al., 1990; McLaughlin et al., 1993; Pittler et al., 1991).  In rd1, combined deficiency of Bak 

and Bax (rd1/Bak-/-/Bax-/-) resulted in inhibition of apoptosis-induced retinal degeneration and 

thereby highly protected photoreceptors.  Intriguingly, single deletion of Bak, with one or two 

alleles of Bax, partially and only transiently delayed the progression of retinal degeneration, 

implying that Bak deficiency is insufficient to rescue photoreceptors in this animal model of 

RP.  These findings are consistent with previous studies showing while single mutation of Bax 

failed to inhibit photoreceptor degeneration in rd1 (Mosinger Ogilvie et al., 1998) and in a 

mouse model of acute light-induced cell death (Hahn et al., 2004); double mutations of Bak 

and Bax rescued photoreceptors from light damage (Hahn et al., 2004). 

In C57Bl7/J mice, structure and lamination of retina remained unaffected in mice 

lacking Bak (Bak-/- and Bak-/-/Bax+/-); however, elimination of both Bak and Bax on the rd1 

background (rd1/Bak-/-/Bax-/-) led to aberrant maturation of retina evidenced by substantial 

thickening of inner retinal layers (INL, IPL and GCL).  Similarly, previous works have reported 

combined inactivation of Bak and Bax (Bak-/-/Bax-/-) led to an increase in inner retinal layers 

thickness, whereas genetic removal of Bak alone had no effects on retinal structure (Hahn et 

al., 2003; Mosinger Ogilvie et al., 1998).  

Overall, these findings suggest Bak and Bax are two regulatory genes of neuronal cell 

death in normal maturation of mouse retina as well as rd1-dependent death of photoreceptors.  

BAK and BAX act redundantly and that absence of one could be compensated functionally by 

the other.   

4.5. Comparison of cell death pathways in P23H-3 and rd1 

One important aspect of the current study was to characterize cell death pathways in 

two different animal models of RP: P23H-3 transgenic rat, and rd1 mouse.  The results imply 

that expression of the dominant P23H RHO mutant protein in the rat retina triggers several 
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apoptotic and non-apoptotic signaling pathways in photoreceptors.  However, in rd1, BAK and 

BAX appeared to be central in governing photoreceptor death.  Following activation of these 

two pro-apoptotic proteins and induction of mitochondrial outer membrane disruption different 

pathways of apoptosis including intrinsic, AIF- and calpain-mediated may be activated.  

Interestingly, this study suggests regardless of the type of cell death mechanisms associated 

with rd1 recessive mutation, the events that occur at the mitochondrion are the main 

determinants of cell death. 

These findings concerning the P23H-3 model of RP highlight the importance of non-

apoptotic mechanisms of cell death in mediating inherited retinal dystrophies and suggest that 

while different mutations may stimulate common down-stream pathways of cell death in 

photoreceptors, the particular causative gene and/or mutation may specifically dictate the 

activation of distinct pathway(s).  Reports from previous studies have also raised the possibility 

that cell death pathways may be distinctively triggered in degenerating photoreceptors in a 

mutation-dependent manner (Comitato et al., 2016; Kaur et al., 2011b).  Comitato et al. (2016) 

suggested that dominant and recessive mutations in the Rho may activate different mechanisms 

of cell death in photoreceptors (Comitato et al., 2016).  They demonstrated that in the Rho 

knock-out mouse (Rho-/-), a model for autosomal recessive RP, functional loss of RHO did not 

trigger ER-stress pathways and photoreceptor death was mediated through by calpains and AIF.  

However, in retinae carrying the P23H dominant mutation (P23HTg), while calpains and AIF 

appeared to be activated, ER stress was found to play a vital role.   

The genetic basis and mutations leading to RP are highly complicated and 

heterogeneous and thus make their treatment difficult and challenging.  However, 

photoreceptor death is a common characteristic feature of all RP patients and animal models.  

Accordingly, modulating cell death pathways using pharmacological agents offers the potential 

to therapeutically retard or even arrest the loss of photoreceptors.  Precise understanding of 



 

151 

 

signal transduction pathways regulating photoreceptor cell death is critical to assist in the 

development of such therapies.   

The findings of the current study provide novel insights into developing future 

treatments aimed at manipulating cell death.  Firstly, the implication of alternative mechanisms 

of cell death, rather than apoptosis, in photoreceptor degeneration may introduce several new 

targets, such as Tp53 and Spata2, for neuroprotective treatments.  Secondly, combined 

targeting of different molecules and/or signaling pathways of cell death may be required to 

effectively interfere with photoreceptor death.  Considering the functional cross-talk among 

different pathways of cell death, targeting critical convergence points of all these mechanisms 

might be the best way for creating more powerful treatment strategies.  

The finding that of BAK and BAX have a central function in driving rd1-associated 

cell death provided the opportunity to use this animal model as an in vivo system to test the 

feasibility and efficiency of a specific inhibitor of BAK (WEHI-1250993) in suppressing 

photoreceptor death.  A single intravitreal administration of the BAK antagonist together with 

genetic removal of Bax significantly reduced, but did not eliminate, cell death in rd1 retina 

after 2 days.  This indicates that under the conditions used in the experiment, the BAK inhibitor 

was not completely effective.  One possible explanation is that the intravitreal injection was 

not an ideal delivery system.  Another explanation is that the dosage of the drug was not optimal 

and/or its biological half life was not long enough.  Accordingly, the bioavailable level of the 

drug in the photoreceptor layer was not adequate to exert complete preventive effect.  

Considering the poor aqueous solubility of the drug, repeated intravitreal injections may be 

required to improve the amount of drug delivered to photoreceptors.  Further work is needed 

to optimize the concentration and administration timing of the drug to reach maximum 

preservation of photoreceptors. 
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Overall, this study confirms the potential utility of cell death inhibitors to combat retinal 

degenerative diseases and introduces BAK and BAX as pivotal therapeutic points for RP 

patients carrying PDE6B mutation. 

4.6. Future directions 

Determining the underlying mechanisms of photoreceptor death associated with retinal 

degenerative diseases, including RP, remains a main challenge due to the complex nature of 

cell death pathways.  This study has made contributions to understanding how photoreceptors 

die in the retina using P23H-3 transgenic rat and rd1 mouse, two rodent models used commonly 

in retinal research.   

In P23H-3 rats, gene expression profiling provided evidence for multiple mechanisms 

of cell death in retinal degeneration; however, further studies are required to unravel the 

regulatory components of each pathway as well as their potential functional redundancy and 

interplay in mediating photoreceptor death.  PCR array data showed relatively small number 

of cell death-related genes are differentially expressed in P23H-3 retina and alterations in 

expression levels were small but significant.  This suggests regulatory mechanisms of cell death 

may occur at the protein levels via post-transcriptional mechanisms, including protein-protein 

interactions, post-translational modifications (e.g. phosphorylation, proteolytic cleavage, 

glycosylation), and changes of their subcellular localization.  Because cDNA assays are not 

able to detect such changes, proteomics-based studies would be of interest in future studies to 

better understand details of cell death pathway activations.  In addition, retina contains different 

types of cell, but retinal degeneration specifically occurs in photoreceptor cells.  Isolating 

photoreceptor cells for single-cell gene/protein analysis may be another important approach to 

characterize cell death pathways specifically in these cells.   
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This study presented BAK and BAX as key players of rd1-induce retinal degeneration.  

This important finding mainly obtained by analysing Bak/Bax double knock out mice.  

However, this study was limited by poor viability of Bak-/-/Bax-/- mice due to perinatal death.  

Conditional deletion of Bak and Bax in the photoreceptors via Cre/LoxP recombination 

approach would be an ideal system for analysing long-term effects of their inactivation on 

retinal degeneration of rd1.  In addition, it would be important to identify how protective effects 

of Bak/Bax mutations on photoreceptor death are reflected in retinal function.  Thereby, 

functional ERG assessments would be also of interest in future studies.   

The current study provided a proof of concept for the application of cell death inhibitors 

as a therapeutic option for retinal degenerative diseases.  Detailed therapeutic validation of 

these approaches remains to be established specially to determine the long-term effectiveness 

of them. 
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K., Lem, J. & Baehr, W. (2001) Mutant Rhodopsin Transgene Expression on a Null 

Background. Investigative Ophthalmology & Visual Science, 42(3), 826-833. 

Fu, R., Shen, Q., Xu, P., Luo, J. J. & Tang, Y. (2014) Phagocytosis of Microglia in the Central 

Nervous System Diseases. Molecular Neurobiology, 49(3), 1422-1434. 

Fuchs, Y. & Steller, H. (2011) Programmed cell death in animal development and disease. Cell, 

147(4), 742-58. 

Fujimoto, J. G., Pitris, C., Boppart, S. A. & Brezinski, M. E. (2000) Optical Coherence 

Tomography: An Emerging Technology for Biomedical Imaging and Optical Biopsy. 

Neoplasia (New York, N.Y.), 2(1-2), 9-25. 



 

164 

 

Fukuda, M. N., Papermaster, D. S. & Hargrave, P. A. (1979) Rhodopsin carbohydrate. 

Structure of small oligosaccharides attached at two sites near the NH2 terminus. Journal of 

Biological Chemistry, 254(17), 8201-8207. 

Fulton, A. B., Hansen, R. M. & Findl, O. (1995) The development of the rod photoresponse 

from dark-adapted rats. Investigative Ophthalmology & Visual Science, 36(6), 1038-1045. 

Garcia-Ayuso, D., Ortin-Martinez, A., Jimenez-Lopez, M., Galindo-Romero, C., Cuenca, N., 

Pinilla, I., Vidal-Sanz, M., Agudo-Barriuso, M. & Villegas-Perez, M. P. (2013) Changes in the 

photoreceptor mosaic of P23H-1 rats during retinal degeneration: implications for rod-cone 

dependent survival. Invest Ophthalmol Vis Sci, 54(8), 5888-900. 

García-Ayuso, D., Salinas-Navarro, M., Agudo, M., Cuenca, N., Pinilla, I., Vidal-Sanz, M. & 

Villegas-Pérez, M. P. (2010) Retinal ganglion cell numbers and delayed retinal ganglion cell 

death in the P23H rat retina. Experimental Eye Research, 91(6), 800-810. 

Garcia-Saez, A. J. (2012) The secrets of the Bcl-2 family. Cell Death Differ, 19(11), 1733-40. 

Gauthier, L. R., Charrin, B. C., Borrell-Pages, M., Dompierre, J. P., Rangone, H., Cordelieres, 

F. P., De Mey, J., MacDonald, M. E., Lessmann, V., Humbert, S. & Saudou, F. (2004) 

Huntingtin controls neurotrophic support and survival of neurons by enhancing BDNF 

vesicular transport along microtubules. Cell, 118(1), 127-38. 

Gavathiotis, E., Suzuki, M., Davis, M. L., Pitter, K., Bird, G. H., Katz, S. G., Tu, H. C., Kim, 

H., Cheng, E. H., Tjandra, N. & Walensky, L. D. (2008) BAX activation is initiated at a novel 

interaction site. Nature, 455(7216), 1076-81. 

Ghavami, S., Shojaei, S., Yeganeh, B., Ande, S. R., Jangamreddy, J. R., Mehrpour, M., 

Christoffersson, J., Chaabane, W., Moghadam, A. R., Kashani, H. H., Hashemi, M., Owji, A. 

A. & Łos, M. J. (2014) Autophagy and apoptosis dysfunction in neurodegenerative disorders. 

Progress in Neurobiology, 112, 24-49. 

Ghosh, K. K., Bujan, S., Haverkamp, S., Feigenspan, A. & Wassle, H. (2004) Types of bipolar 

cells in the mouse retina. J Comp Neurol, 469(1), 70-82. 

Gibson, R., Fletcher, E. L., Vingrys, A. J., Zhu, Y., Vessey, K. A. & Kalloniatis, M. (2013) 

Functional and neurochemical development in the normal and degenerating mouse retina. J 

Comp Neurol, 521(6), 1251-67. 

Gomez-Vicente, V., Donovan, M. & Cotter, T. G. (2005) Multiple death pathways in retina-

derived 661W cells following growth factor deprivation: crosstalk between caspases and 

calpains. Cell Death Differ, 12(7), 796-804. 

Gorbatyuk, M. S., Knox, T., LaVail, M. M., Gorbatyuk, O. S., Noorwez, S. M., Hauswirth, W. 

W., Lin, J. H., Muzyczka, N. & Lewin, A. S. (2010) Restoration of visual function in P23H 

rhodopsin transgenic rats by gene delivery of BiP/Grp78. Proceedings of the National Academy 

of Sciences, 107(13), 5961-5966. 

Grasl, K. B., Branislav, R.-N., Helga, K., Krystyna, B., Wilfried, B. & Rolf, S.-H. (1995) In 

situ detection of fragmented dna (tunel assay) fails to discriminate among apoptosis, necrosis, 

and autolytic cell death: A cautionary note. Hepatology, 21(5), 1465-1468. 



 

165 

 

Greferath, U., Anderson, E. E., Jobling, A. I., Vessey, K. A., Martinez, G., de Iongh, R. U., 

Kalloniatis, M. & Fletcher, E. L. (2015) Inner retinal change in a novel rd1-FTL mouse model 

of retinal degeneration. Front Cell Neurosci, 9, 293. 

Griciuc, A., Aron, L., Roux, M. J., Klein, R., Giangrande, A. & Ueffing, M. (2010) Inactivation 

of VCP/ter94 suppresses retinal pathology caused by misfolded rhodopsin in Drosophila. PLoS 

Genet, 6(8). 

Griciuc, A., Aron, L. & Ueffing, M. (2011) ER stress in retinal degeneration: a target for 

rational therapy? Trends Mol Med, 17(8), 442-51. 

Griffiths, G. J., Dubrez, L., Morgan, C. P., Jones, N. A., Whitehouse, J., Corfe, B. M., Dive, 

C. & Hickman, J. A. (1999a) Cell damage-induced conformational changes of the pro-

apoptotic protein Bak in vivo precede the onset of apoptosis. J Cell Biol, 144(5), 903-14. 

Griffiths, G. J., Dubrez, L., Morgan, C. P., Jones, N. A., Whitehouse, J., Corfe, B. M., Dive, 

C. & Hickman, J. A. (1999b) Cell damage-induced conformational changes of the pro-

apoptotic protein Bak in vivo precede the onset of apoptosis. The Journal of cell biology, 

144(5), 903-914. 

Grossniklaus, H. E., Geisert, E. E. & Nickerson, J. M. (2015) Chapter Twenty-Two - 

Introduction to the Retina, in Hejtmancik, J. F. & Nickerson, J. M. (eds), Progress in Molecular 

Biology and Translational ScienceAcademic Press, 383-396. 

Grunert, U., Martin, P. R. & Wassle, H. (1994) Immunocytochemical analysis of bipolar cells 

in the macaque monkey retina. J Comp Neurol, 348(4), 607-27. 

Guadagni, V., Novelli, E., Piano, I., Gargini, C. & Strettoi, E. (2015) Pharmacological 

approaches to retinitis pigmentosa: A laboratory perspective. Progress in Retinal and Eye 

Research, 48, 62-81. 

Guroff, G. (1964) A neutral, calcium-activated proteinase from the soluble fraction of rat brain. 

The Journal of biological chemistry, 239(1), 149-155. 

Hack, I., Frech, M., Dick, O., Peichl, L. & Brandstatter, J. H. (2001) Heterogeneous distribution 

of AMPA glutamate receptor subunits at the photoreceptor synapses of rodent retina. Eur J 

Neurosci, 13(1), 15-24. 

Hack, I., Peichl, L. & Brandstätter, J. H. (1999) An alternative pathway for rod signals in the 

rodent retina: Rod photoreceptors, cone bipolar cells, and the localization of glutamate 

receptors. Proceedings of the National Academy of Sciences, 96(24), 14130-14135. 

Hackam, A. S., Strom, R., Liu, D., Qian, J., Wang, C., Otteson, D., Gunatilaka, T., Farkas, R. 

H., Chowers, I., Kageyama, M., Leveillard, T., Sahel, J. A., Campochiaro, P. A., Parmigiani, 

G. & Zack, D. J. (2004) Identification of gene expression changes associated with the 

progression of retinal degeneration in the rd1 mouse. Invest Ophthalmol Vis Sci, 45(9), 2929-

42. 

Hafezi, F., Marti, A., Munz, K. & Reme, C. E. (1997) Light-induced apoptosis: differential 

timing in the retina and pigment epithelium. Exp Eye Res, 64(6), 963-70. 



 

166 

 

Hahn, P., Lindsten, T., Lyubarsky, A., Ying, G. S., Pugh, E. N., Jr., Thompson, C. B. & 

Dunaief, J. L. (2004) Deficiency of Bax and Bak protects photoreceptors from light damage in 

vivo. Cell Death Differ, 11(11), 1192-7. 

Hahn, P., Lindsten, T., Ying, G.-S., Bennett, J., Milam, A. H., Thompson, C. B. & Dunaief, J. 

L. (2003) Proapoptotic Bcl-2 Family Members, Bax and Bak, Are Essential for Developmental 

Photoreceptor Apoptosis. Investigative Ophthalmology & Visual Science, 44(8), 3598-3605. 

Hamel, C. (2006) Retinitis pigmentosa. Orphanet Journal of Rare Diseases, 1, 40-40. 

Hamel, C. P. (2014) Gene discovery and prevalence in inherited retinal dystrophies. C R Biol, 

337(3), 160-6. 

Hartveit, E. (1997) Functional organization of cone bipolar cells in the rat retina. J 

Neurophysiol, 77(4), 1716-30. 

Hauswirth, W. W., Aleman, T. S., Kaushal, S., Cideciyan, A. V., Schwartz, S. B., Wang, L., 

Conlon, T. J., Boye, S. L., Flotte, T. R. & Byrne, B. J. (2008) Treatment of leber congenital 

amaurosis due to RPE65 mutations by ocular subretinal injection of adeno-associated virus 

gene vector: short-term results of a phase I trial. Human gene therapy, 19(10), 979-990. 

He, S., Wang, L., Miao, L., Wang, T., Du, F., Zhao, L. & Wang, X. (2009) Receptor interacting 

protein kinase-3 determines cellular necrotic response to TNF-alpha. Cell, 137(6), 1100-11. 

Heckenlively, J. R., Rodriguez, J. A. & Daiger, S. P. (1991) Autosomal dominant sectoral 

retinitis pigmentosa: Two families with transversion mutation in codon 23 of rhodopsin. 

Archives of Ophthalmology, 109(1), 84-91. 

Hisatomi, T., Sakamoto, T., Murata, T., Yamanaka, I., Oshima, Y., Hata, Y., Ishibashi, T., 

Inomata, H., Susin, S. A. & Kroemer, G. (2001) Relocalization of apoptosis-inducing factor in 

photoreceptor apoptosis induced by retinal detachment in vivo. Am J Pathol, 158(4), 1271-8. 

Holler, N., Zaru, R., Micheau, O., Thome, M., Attinger, A., Valitutti, S., Bodmer, J. L., 

Schneider, P., Seed, B. & Tschopp, J. (2000) Fas triggers an alternative, caspase-8-independent 

cell death pathway using the kinase RIP as effector molecule. Nat Immunol, 1(6), 489-95. 

Holopigian, K., Greenstein, V., Seiple, W. & Carr, R. E. (1996) Rates of change differ among 

measures of visual function in patients with retinitis pigmentosa. Ophthalmology, 103(3), 398-

405. 

Hood, D. C. & Birch, D. G. (1990) The A-wave of the human electroretinogram and rod 

receptor function. Invest Ophthalmol Vis Sci, 31(10), 2070-81. 

Hood, D. C. & Birch, D. G. (1996) b wave of the scotopic (rod) electroretinogram as a measure 

of the activity of human on-bipolar cells. Journal of the Optical Society of America A, 13(3), 

623-633. 

Illing, M. E., Rajan, R. S., Bence, N. F. & Kopito, R. R. (2002) A rhodopsin mutant linked to 

autosomal dominant retinitis pigmentosa is prone to aggregate and interacts with the ubiquitin 

proteasome system. Journal of Biological Chemistry, 277(37), 34150-34160. 



 

167 

 

Jacobi, P. C., Miliczek, K. D. & Zrenner, E. (1993) Experiences with the international standard 

for clinical electroretinography: normative values for clinical practice, interindividual and 

intraindividual variations and possible extensions. Doc Ophthalmol, 85(2), 95-114. 

Jacobson, S. G. & Cideciyan, A. V. (2010) Treatment possibilities for retinitis pigmentosa. N 

Engl J Med, 363(17), 1669-71. 

Jin, Z. & El-Deiry, W. S. (2005) Overview of cell death signaling pathways. Cancer Biol Ther, 

4(2), 139-63. 

Jobling, A. I., Vessey, K. A., Waugh, M., Mills, S. A. & Fletcher, E. L. (2013) A Naturally 

Occurring Mouse Model of Achromatopsia: Characterization of the Mutation in Cone 

Transducin and Subsequent Retinal Phenotype. Investigative Ophthalmology & Visual Science, 

54(5), 3350-3359. 

John, S. K., Smith, J. E., Aguirre, G. D. & Milam, A. H. (2000) Loss of cone molecular markers 

in rhodopsin-mutant human retinas with retinitis pigmentosa. Mol Vis, 6, 204-15. 

Jomary, C., Neal, M. J. & Jones, S. E. (2001a) Characterization of cell death pathways in 

murine retinal neurodegeneration implicates cytochrome c release, caspase activation, and bid 

cleavage. Mol Cell Neurosci, 18(4), 335-46. 

Jomary, C., Neal, M. J. & Jones, S. E. (2001b) Characterization of Cell Death Pathways in 

Murine Retinal Neurodegeneration Implicates Cytochrome c Release, Caspase Activation, and 

Bid Cleavage. Molecular and Cellular Neuroscience, 18(4), 335-346. 

Jones, M. K., Lu, B., Girman, S. & Wang, S. (2017) Cell-based therapeutic strategies for 

replacement and preservation in retinal degenerative diseases. Progress in Retinal and Eye 

Research, 58(Supplement C), 1-27. 

Joseph, R. M. & Li, T. (1996a) Overexpression of Bcl-2 or Bcl-XL transgenes and 

photoreceptor degeneration. Invest Ophthalmol Vis Sci, 37(12), 2434-46. 

Joseph, R. M. & Li, T. (1996b) Overexpression of Bcl-2 or Bcl-XL transgenes and 

photoreceptor degeneration. Investigative Ophthalmology & Visual Science, 37(12), 2434-

2446. 

Joza, N., Pospisilik, J. A., Hangen, E., Hanada, T., Modjtahedi, N., Penninger, J. M. & 

Kroemer, G. (2009) AIF: not just an apoptosis-inducing factor. Ann N Y Acad Sci, 1171, 2-11. 

Junko, K., Takuya, K., Yoshio, M. & Kiyotsugu, Y. (2011) Identification of 

dihydropyrimidinase-related protein 4 as a novel target of the p53 tumor suppressor in the 

apoptotic response to DNA damage. International Journal of Cancer, 128(7), 1524-1531. 

Kalloniatis, M., Nivison-Smith, L., Chua, J., Acosta, M. L. & Fletcher, E. L. (2016) Using the 

rd1 mouse to understand functional and anatomical retinal remodelling and treatment 

implications in retinitis pigmentosa: A review. Experimental Eye Research, 150, 106-121. 

Kasibhatla, S., Brunner, T., Genestier, L., Echeverri, F., Mahboubi, A. & Green, D. R. (1998) 

DNA damaging agents induce expression of Fas ligand and subsequent apoptosis in T 

lymphocytes via the activation of NF-kappa B and AP-1. Mol Cell, 1(4), 543-51. 



 

168 

 

Katai, N., Kikuchi, T., Shibuki, H., Kuroiwa, S., Arai, J., Kurokawa, T. & Yoshimura, N. 

(1999) Caspaselike proteases activated in apoptotic photoreceptors of Royal College of 

Surgeons rats. Invest Ophthalmol Vis Sci, 40(8), 1802-7. 

Kaur, J., Mencl, S., Sahaboglu, A., Farinelli, P., van Veen, T., Zrenner, E., Ekstrom, P., Paquet-

Durand, F. & Arango-Gonzalez, B. (2011a) Calpain and PARP activation during photoreceptor 

cell death in P23H and S334ter rhodopsin mutant rats. PLoS One, 6(7), e22181. 

Kaur, J., Mencl, S., Sahaboglu, A., Farinelli, P., van Veen, T., Zrenner, E., Ekström, P., Paquet-

Durand, F. & Arango-Gonzalez, B. (2011b) Calpain and PARP Activation during 

Photoreceptor Cell Death in P23H and S334ter Rhodopsin Mutant Rats. PLOS ONE, 6(7), 

e22181. 

Kaushal, S. & Khorana, H. G. (1994a) Structure and function in rhodopsin. 7. Point mutations 

associated with autosomal dominant retinitis pigmentosa. Biochemistry, 33(20), 6121-8. 

Kaushal, S. & Khorana, H. G. (1994b) Structure and function in rhodopsin. 7. Point mutations 

associated with autosomal dominant retinitis pigmentosa. Biochemistry, 33(20), 6121-6128. 

Kaushal, S., Ridge, K. D. & Khorana, H. G. (1994c) Structure and function in rhodopsin: the 

role of asparagine-linked glycosylation. Proceedings of the National Academy of Sciences, 

91(9), 4024-4028. 

Keegan, D. J., Kenna, P., Humphries, M. M., Humphries, P., Flitcroft, D. I., Coffey, P. J., Lund, 

R. D. & Lawrence, J. M. (2003) Transplantation of syngeneic Schwann cells to the retina of 

the rhodopsin knockout (rho(-/-)) mouse. Invest Ophthalmol Vis Sci, 44(8), 3526-32. 

Keeler, C. E. (1924) The Inheritance of a Retinal Abnormality in White Mice. Proc Natl Acad 

Sci U S A, 10(7), 329-33. 

Kerr, J. F., Wyllie, A. H. & Currie, A. R. (1972) Apoptosis: a basic biological phenomenon 

with wide-ranging implications in tissue kinetics. Br J Cancer, 26(4), 239-57. 

Kettenmann, H., Hanisch, U.-K., Noda, M. & Verkhratsky, A. (2011) Physiology of Microglia. 

Physiological Reviews, 91(2), 461-553. 

Kim, D. H., Kim, J. A., Choi, J. S. & Joo, C. K. (2002) Activation of Caspase-3 during 

Degeneration of the Outer Nuclear Layer in the <i>rd </i>Mouse Retina. Ophthalmic 

Research, 34(3), 150-157. 

Kim, H., Rafiuddin-Shah, M., Tu, H. C., Jeffers, J. R., Zambetti, G. P., Hsieh, J. J. & Cheng, 

E. H. (2006) Hierarchical regulation of mitochondrion-dependent apoptosis by BCL-2 

subfamilies. Nat Cell Biol, 8(12), 1348-58. 

Kim, H., Tu, H. C., Ren, D., Takeuchi, O., Jeffers, J. R., Zambetti, G. P., Hsieh, J. J. & Cheng, 

E. H. (2009) Stepwise activation of BAX and BAK by tBID, BIM, and PUMA initiates 

mitochondrial apoptosis. Mol Cell, 36(3), 487-99. 

Kiraz, Y., Adan, A., Kartal Yandim, M. & Baran, Y. (2016) Major apoptotic mechanisms and 

genes involved in apoptosis. Tumour Biol, 37(7), 8471-86. 



 

169 

 

Knudson, C. M., Tung, K. S., Tourtellotte, W. G., Brown, G. A. & Korsmeyer, S. J. (1995) 

Bax-deficient mice with lymphoid hyperplasia and male germ cell death. Science, 270(5233), 

96-99. 

Kofuji, P., Biedermann, B., Siddharthan, V., Raap, M., Iandiev, I., Milenkovic, I., Thomzig, 

A., Veh, R. W., Bringmann, A. & Reichenbach, A. (2002) Kir potassium channel subunit 

expression in retinal glial cells: Implications for spatial potassium buffering†. Glia, 39(3), 292-

303. 

Kolb, H. (1970) Organization of the outer plexiform layer of the primate retina: electron 

microscopy of Golgi-impregnated cells. Philos Trans R Soc Lond B Biol Sci, 258(823), 261-

83. 

Kolb, H. (1997) Amacrine cells of the mammalian retina: neurocircuitry and functional roles. 

Eye (Lond), 11 ( Pt 6), 904-23. 

Kolomiets, B., Dubus, E., Simonutti, M., Rosolen, S., Sahel, J. A. & Picaud, S. (2010) Late 

histological and functional changes in the P23H rat retina after photoreceptor loss. 

Neurobiology of Disease, 38(1), 47-58. 

Komeima, K., Rogers, B. S. & Campochiaro, P. A. (2007) Antioxidants slow photoreceptor 

cell death in mouse models of retinitis pigmentosa. Journal of Cellular Physiology, 213(3), 

809-815. 

Komeima, K., Rogers, B. S., Lu, L. & Campochiaro, P. A. (2006) Antioxidants reduce cone 

cell death in a model of retinitis pigmentosa. Proc Natl Acad Sci U S A, 103(30), 11300-5. 

Krebs, M. P., Noorwez, S. M., Malhotra, R. & Kaushal, S. (2004) Quality control of integral 

membrane proteins. Trends in biochemical sciences, 29(12), 648-655. 

Kroemer, G., Galluzzi, L., Vandenabeele, P., Abrams, J., Alnemri, E. S., Baehrecke, E. H., 

Blagosklonny, M. V., El-Deiry, W. S., Golstein, P., Green, D. R., Hengartner, M., Knight, R. 

A., Kumar, S., Lipton, S. A., Malorni, W., Nunez, G., Peter, M. E., Tschopp, J., Yuan, J., 

Piacentini, M., Zhivotovsky, B., Melino, G. & Nomenclature Committee on Cell, D. (2009) 

Classification of cell death: recommendations of the Nomenclature Committee on Cell Death 

2009. Cell Death Differ, 16(1), 3-11. 

Kuffler, S. W. (1953) Discharge patterns and functional organization of mammalian retina. J 

Neurophysiol, 16(1), 37-68. 

Kunchithapautham, K. & Rohrer, B. (2007) Autophagy is one of the multiple mechanisms 

active in photoreceptor degeneration. Autophagy, 3(1), 65-6. 

Kuwana, T., Bouchier-Hayes, L., Chipuk, J. E., Bonzon, C., Sullivan, B. A., Green, D. R. & 

Newmeyer, D. D. (2005) BH3 domains of BH3-only proteins differentially regulate Bax-

mediated mitochondrial membrane permeabilization both directly and indirectly. Mol Cell, 

17(4), 525-35. 

La Vail, M. M. (1976) Survival of some photoreceptor cells in albino rats following long-term 

exposure to continuous light. Invest Ophthalmol, 15(1), 64-70. 



 

170 

 

Laster, S. M., Wood, J. G. & Gooding, L. R. (1988) Tumor necrosis factor can induce both 

apoptic and necrotic forms of cell lysis. J Immunol, 141(8), 2629-34. 

LaVail, M. M., Gorrin, G. M., Yasumura, D. & Matthes, M. T. (1999) Increased susceptibility 

to constant light in nr and pcd mice with inherited retinal degenerations. Invest Ophthalmol Vis 

Sci, 40(5), 1020-4. 

LaVail, M. M., Nishikawa, S., Steinberg, R. H., Naash, M. I., Duncan, J. L., Trautmann, N., 

Matthes, M. T., Yasumura, D., Lau-Villacorta, C., Chen, J., Peterson, W. M., Yang, H. & 

Flannery, J. G. (2018) Phenotypic characterization of P23H and S334ter rhodopsin transgenic 

rat models of inherited retinal degeneration. Experimental Eye Research, 167, 56-90. 

LaVail, M. M., Yasumura, D., Matthes, M. T., Drenser, K. A., Flannery, J. G., Lewin, A. S. & 

Hauswirth, W. W. (2000) Ribozyme rescue of photoreceptor cells in P23H transgenic rats: 

Long-term survival and late-stage therapy. Proceedings of the National Academy of Sciences, 

97(21), 11488-11493. 

Lavrik, I., Golks, A. & Krammer, P. H. (2005) Death receptor signaling. J Cell Sci, 118(Pt 2), 

265-7. 

Lawen, A. (2003) Apoptosis-an introduction. Bioessays, 25(9), 888-96. 

Lee, D., Geller, S., Walsh, N., Valter, K., Yasumura, D., Matthes, M., LaVail, M. & Stone, J. 

(2003) Photoreceptor Degeneration in Pro23His and S334ter Transgenic Rats Boston, MA: 

Springer US. 

Lee, S. Y., Usui, S., Zafar, A. B., Oveson, B. C., Jo, Y. J., Lu, L., Masoudi, S. & Campochiaro, 

P. A. (2011) N-Acetylcysteine promotes long-term survival of cones in a model of retinitis 

pigmentosa. J Cell Physiol, 226(7), 1843-9. 

Lemarié, A., Lagadic-Gossmann, D., Morzadec, C., Allain, N., Fardel, O. & Vernhet, L. (2004) 

Cadmium induces caspase-independent apoptosis in liver Hep3B cells: role for calcium in 

signaling oxidative stress-related impairment of mitochondria and relocation of endonuclease 

G and apoptosis-inducing factor. Free Radical Biology and Medicine, 36(12), 1517-1531. 

Letai, A., Bassik, M. C., Walensky, L. D., Sorcinelli, M. D., Weiler, S. & Korsmeyer, S. J. 

(2002) Distinct BH3 domains either sensitize or activate mitochondrial apoptosis, serving as 

prototype cancer therapeutics. Cancer Cell, 2(3), 183-92. 

Lewin, A. S., Drenser, K. A., Hauswirth, W. W., Nishikawa, S., Yasumura, D., Flannery, J. G. 

& LaVail, M. M. (1998a) Ribozyme rescue of photoreceptor cells in a transgenic rat model of 

autosomal dominant retinitis pigmentosa. Nat Med, 4(8), 967-71. 

Lewin, A. S., Drenser, K. A., Hauswirth, W. W., Nishikawa, S., Yasumura, D., Flannery, J. G. 

& LaVail, M. M. (1998b) Ribozyme rescue of photoreceptor cells in a transgenic rat model of 

autosomal dominant retinitis pigmentosa. Nature Medicine, 4, 967. 

Li, H., Zhu, H., Xu, C. J. & Yuan, J. (1998a) Cleavage of BID by caspase 8 mediates the 

mitochondrial damage in the Fas pathway of apoptosis. Cell, 94(4), 491-501. 

Li, J. & Yuan, J. (2008) Caspases in apoptosis and beyond. Oncogene, 27(48), 6194-206. 



 

171 

 

Li, L. Y., Luo, X. & Wang, X. (2001) Endonuclease G is an apoptotic DNase when released 

from mitochondria. Nature, 412, 95. 

Li, P., Nijhawan, D., Budihardjo, I., Srinivasula, S. M., Ahmad, M., Alnemri, E. S. & Wang, 

X. (1997) Cytochrome c and dATP-Dependent Formation of Apaf-1/Caspase-9 Complex 

Initiates an Apoptotic Protease Cascade. Cell, 91(4), 479-489. 

Li, T., Sandberg, M. A., Pawlyk, B. S., Rosner, B., Hayes, K. C., Dryja, T. P. & Berson, E. L. 

(1998b) Effect of vitamin A supplementation on rhodopsin mutants threonine-17 → 

methionine and proline-347 → serine in transgenic mice and in cell cultures. Proceedings of 

the National Academy of Sciences, 95(20), 11933-11938. 

Liang, C.-J., Yamashita, K., Muellenberg, C. G., Shichi, H. & Kobata, A. (1979) Structure of 

the carbohydrate moieties of bovine rhodopsin. Journal of Biological Chemistry, 254(14), 

6414-6418. 

Liang, F. Q., Aleman, T. S., Dejneka, N. S., Dudus, L., Fisher, K. J., Maguire, A. M., Jacobson, 

S. G. & Bennett, J. (2001a) Long-term protection of retinal structure but not function using 

RAAV.CNTF in animal models of retinitis pigmentosa. Mol Ther, 4(5), 461-72. 

Liang, F. Q., Dejneka, N. S., Cohen, D. R., Krasnoperova, N. V., Lem, J., Maguire, A. M., 

Dudus, L., Fisher, K. J. & Bennett, J. (2001b) AAV-mediated delivery of ciliary neurotrophic 

factor prolongs photoreceptor survival in the rhodopsin knockout mouse. Mol Ther, 3(2), 241-

8. 

Lin, B., Masland, R. H. & Strettoi, E. (2009) Remodeling of cone photoreceptor cells after rod 

degeneration in rd mice. Exp Eye Res, 88(3), 589-99. 

Lin, J. H., Li, H., Yasumura, D., Cohen, H. R., Zhang, C., Panning, B., Shokat, K. M., LaVail, 

M. M. & Walter, P. (2007) IRE1 Signaling Affects Cell Fate During the Unfolded Protein 

Response. Science, 318(5852), 944-949. 

Lindsten, T., Ross, A. J., King, A., Zong, W. X., Rathmell, J. C., Shiels, H. A., Ulrich, E., 

Waymire, K. G., Mahar, P., Frauwirth, K., Chen, Y., Wei, M., Eng, V. M., Adelman, D. M., 

Simon, M. C., Ma, A., Golden, J. A., Evan, G., Korsmeyer, S. J., MacGregor, G. R. & 

Thompson, C. B. (2000) The combined functions of proapoptotic Bcl-2 family members bak 

and bax are essential for normal development of multiple tissues. Mol Cell, 6(6), 1389-99. 

Liu, C., Li, Y., Peng, M., Laties, A. M. & Wen, R. (1999) Activation of caspase-3 in the retina 

of transgenic rats with the rhodopsin mutation s334ter during photoreceptor degeneration. J 

Neurosci, 19(12), 4778-85. 

Llambi, F., Moldoveanu, T., Tait, S. W., Bouchier-Hayes, L., Temirov, J., McCormick, L. L., 

Dillon, C. P. & Green, D. R. (2011) A unified model of mammalian BCL-2 protein family 

interactions at the mitochondria. Mol Cell, 44(4), 517-31. 

Lohr, H. R., Kuntchithapautham, K., Sharma, A. K. & Rohrer, B. (2006) Multiple, parallel 

cellular suicide mechanisms participate in photoreceptor cell death. Experimental Eye 

Research, 83(2), 380-389. 



 

172 

 

Lu, B., Morgans, C. W., Girman, S., Lund, R. & Wang, S. (2013) Retinal morphological and 

functional changes in an animal model of retinitis pigmentosa. Vis Neurosci, 30(3), 77-89. 

Luo, X., Budihardjo, I., Zou, H., Slaughter, C. & Wang, X. (1998) Bid, a Bcl2 interacting 

protein, mediates cytochrome c release from mitochondria in response to activation of cell 

surface death receptors. Cell, 94(4), 481-90. 

Luthert, P. J. & Chong, N. V. (1998) Photoreceptor rescue. Eye, 12, 591-596. 

Lyubarsky, A. & Pugh, E. (1996) Recovery phase of the murine rod photoresponse 

reconstructed from electroretinographic recordings. The Journal of Neuroscience, 16(2), 563-

571. 

Machida, S., Kondo, M., Jamison, J. A., Khan, N. W., Kononen, L. T., Sugawara, T., Bush, R. 

A. & Sieving, P. A. (2000) P23H rhodopsin transgenic rat: correlation of retinal function with 

histopathology. Invest Ophthalmol Vis Sci, 41(10), 3200-9. 

MacNeil, M. A., Heussy, J. K., Dacheux, R. F., Raviola, E. & Masland, R. H. (2004) The 

population of bipolar cells in the rabbit retina. J Comp Neurol, 472(1), 73-86. 

MacNeil, M. A. & Masland, R. H. (1998) Extreme diversity among amacrine cells: 

implications for function. Neuron, 20(5), 971-82. 

Maguire , A. M., Simonelli , F., Pierce , E. A., Pugh , E. N. J., Mingozzi , F., Bennicelli , J., 

Banfi , S., Marshall , K. A., Testa , F., Surace , E. M., Rossi , S., Lyubarsky , A., Arruda , V. 

R., Konkle , B., Stone , E., Sun , J., Jacobs , J., Dell'Osso , L., Hertle , R., Ma , J.-x., Redmond 

, T. M., Zhu , X., Hauck , B., Zelenaia , O., Shindler , K. S., Maguire , M. G., Wright , J. F., 

Volpe , N. J., McDonnell , J. W., Auricchio , A., High , K. A. & Bennett , J. (2008) Safety and 

Efficacy of Gene Transfer for Leber's Congenital Amaurosis. New England Journal of 

Medicine, 358(21), 2240-2248. 

Mao, Y., Tamura, T., Yuki, Y., Abe, D., Tamada, Y., Imoto, S., Tanaka, H., Homma, H., 

Tagawa, K., Miyano, S. & Okazawa, H. (2016) The hnRNP-Htt axis regulates necrotic cell 

death induced by transcriptional repression through impaired RNA splicing. Cell Death Dis, 7, 

e2207. 

Marc, R. E., Jones, B. W., Watt, C. B. & Strettoi, E. (2003) Neural remodeling in retinal 

degeneration. Prog Retin Eye Res, 22(5), 607-55. 

Marigo, V. (2007) Programmed cell death in retinal degeneration: targeting apoptosis in 

photoreceptors as potential therapy for retinal degeneration. Cell Cycle, 6(6), 652-655. 

Marquardt, T. & Gruss, P. (2002) Generating neuronal diversity in the retina: one for nearly 

all. Trends Neurosci, 25(1), 32-8. 

Maslim, J., Valter, K., Egensperger, R., Holländer, H. & Stone, J. (1997) Tissue oxygen during 

a critical developmental period controls the death and survival of photoreceptors. Investigative 

ophthalmology & visual science, 38(9), 1667-1677. 



 

173 

 

Masuda, T., Shimazawa, M. & Hara, H. (2017) Retinal Diseases Associated with Oxidative 

Stress and the Effects of a Free Radical Scavenger (Edaravone). Oxidative Medicine and 

Cellular Longevity, 2017, 9208489. 

Maugeri, A., Klevering, B. J., Rohrschneider, K., Blankenagel, A., Brunner, H. G., Deutman, 

A. F., Hoyng, C. B. & Cremers, F. P. M. (2000) Mutations in the ABCA4 (ABCR) Gene Are 

the Major Cause of Autosomal Recessive Cone-Rod Dystrophy. The American Journal of 

Human Genetics, 67(4), 960-966. 

McGill, T. J., Prusky, G. T., Douglas, R. M., Yasumura, D., Matthes, M. T., Lowe, R. J., 

Duncan, J. L., Yang, H., Ahern, K., Daniello, K. M., Silver, B. & LaVail, M. M. (2012) 

Discordant Anatomical, Electrophysiological, and Visual Behavioral Profiles of Retinal 

Degeneration in Rat Models of Retinal Degenerative Disease. Investigative Ophthalmology & 

Visual Science, 53(10), 6232-6244. 

McLaughlin, M. E., Ehrhart, T. L., Berson, E. L. & Dryja, T. P. (1995) Mutation spectrum of 

the gene encoding the beta subunit of rod phosphodiesterase among patients with autosomal 

recessive retinitis pigmentosa. Proc Natl Acad Sci U S A, 92(8), 3249-53. 

McLaughlin, M. E., Sandberg, M. A., Berson, E. L. & Dryja, T. P. (1993) Recessive mutations 

in the gene encoding the beta-subunit of rod phosphodiesterase in patients with retinitis 

pigmentosa. Nat Genet, 4(2), 130-4. 

Mervin, K. & Stone, J. (2002) Developmental Death of Photoreceptors in the C57BL/6JMouse: 

Association with Retinal Function and Self-protection. Experimental Eye Research, 75(6), 

703-713. 

Milam, A. H., Li, Z. Y. & Fariss, R. N. (1998) Histopathology of the human retina in retinitis 

pigmentosa. Prog Retin Eye Res, 17(2), 175-205. 

Miura, M., Zhu, H., Rotello, R., Hartwieg, E. A. & Yuan, J. (1993) Induction of apoptosis in 

fibroblasts by IL-1 beta-converting enzyme, a mammalian homolog of the C. elegans cell death 

gene ced-3. Cell, 75(4), 653-60. 

Mizukoshi, S., Nakazawa, M., Sato, K., Ozaki, T., Metoki, T. & Ishiguro, S. (2010) Activation 

of mitochondrial calpain and release of apoptosis-inducing factor from mitochondria in RCS 

rat retinal degeneration. Exp Eye Res, 91(3), 353-61. 

Mizushima, N. & Levine, B. (2010) Autophagy in mammalian development and 

differentiation. Nature cell biology, 12(9), 823. 

Modjtahedi, N., Giordanetto, F., Madeo, F. & Kroemer, G. (2006) Apoptosis-inducing factor: 

vital and lethal. Trends Cell Biol, 16(5), 264-72. 

Mohand-Said, S., Deudon-Combe, A., Hicks, D., Simonutti, M., Forster, V., Fintz, A. C., 

Leveillard, T., Dreyfus, H. & Sahel, J. A. (1998) Normal retina releases a diffusible factor 

stimulating cone survival in the retinal degeneration mouse. Proc Natl Acad Sci U S A, 95(14), 

8357-62. 

Mohand-Said, S., Hicks, D., Dreyfus, H. & Sahel, J. A. (2000) Selective transplantation of rods 

delays cone loss in a retinitis pigmentosa model. Arch Ophthalmol, 118(6), 807-11. 



 

174 

 

Moldoveanu, T., Hosfield, C. M., Lim, D., Elce, J. S., Jia, Z. & Davies, P. L. (2002) A Ca(2+) 

switch aligns the active site of calpain. Cell, 108(5), 649-60. 

Morris, A. C., Schroeter, E. H., Bilotta, J., Wong, R. O. & Fadool, J. M. (2005) Cone survival 

despite rod degeneration in XOPS-mCFP transgenic zebrafish. Invest Ophthalmol Vis Sci, 

46(12), 4762-71. 

Mosinger Ogilvie, J., Deckwerth, T. L., Knudson, C. M. & Korsmeyer, S. J. (1998) Suppression 

of developmental retinal cell death but not of photoreceptor degeneration in Bax-deficient 

mice. Invest Ophthalmol Vis Sci, 39(9), 1713-20. 

Muller, B. & Peichl, L. (1993) Horizontal cells in the cone-dominated tree shrew retina: 

morphology, photoreceptor contacts, and topographical distribution. J Neurosci, 13(8), 3628-

46. 

Murakami, Y., Ikeda, Y., Yonemitsu, Y., Onimaru, M., Nakagawa, K., Kohno, R., Miyazaki, 

M., Hisatomi, T., Nakamura, M., Yabe, T., Hasegawa, M., Ishibashi, T. & Sueishi, K. (2008) 

Inhibition of nuclear translocation of apoptosis-inducing factor is an essential mechanism of 

the neuroprotective activity of pigment epithelium-derived factor in a rat model of retinal 

degeneration. Am J Pathol, 173(5), 1326-38. 

Murakami, Y., Matsumoto, H., Roh, M., Suzuki, J., Hisatomi, T., Ikeda, Y., Miller, J. W. & 

Vavvas, D. G. (2012) Receptor interacting protein kinase mediates necrotic cone but not rod 

cell death in a mouse model of inherited degeneration. Proc Natl Acad Sci U S A, 109(36), 

14598-603. 

Murakami, Y., Notomi, S., Hisatomi, T., Nakazawa, T., Ishibashi, T., Miller, J. W. & Vavvas, 

D. G. (2013a) Photoreceptor cell death and rescue in retinal detachment and degenerations. 

Prog Retin Eye Res, 37, 114-40. 

Murakami, Y., Notomi, S., Hisatomi, T., Nakazawa, T., Ishibashi, T., Miller, J. W. & Vavvas, 

D. G. (2013b) Photoreceptor cell death and rescue in retinal detachment and degenerations. 

Progress in retinal and eye research, 37, 10.1016/j.preteyeres.2013.08.001. 

Musarella, M. A. & MacDonald, I. M. (2010) Current concepts in the treatment of retinitis 

pigmentosa. Journal of ophthalmology, 2011. 

Nadal-Nicolás, F. M., Vidal-Sanz, M. & Agudo-Barriuso, M. (2018) The aging rat retina: from 

function to anatomy. Neurobiology of Aging, 61, 146-168. 

Nakajima, Y., Iwakabe, H., Akazawa, C., Nawa, H., Shigemoto, R., Mizuno, N. & Nakanishi, 

S. (1993) Molecular characterization of a novel retinal metabotropic glutamate receptor 

mGluR6 with a high agonist selectivity for L-2-amino-4-phosphonobutyrate. Journal of 

Biological Chemistry, 268(16), 11868-11873. 

Nakazawa, M. (2014) Therapy options for retinitis pigmentosa. Expert Opinion on Orphan 

Drugs, 2(1), 37-52. 

Narayan, D. S., Wood, J. P., Chidlow, G. & Casson, R. J. (2016) A review of the mechanisms 

of cone degeneration in retinitis pigmentosa. Acta Ophthalmol, 94(8), 748-754. 



 

175 

 

Newman, E. & Reichenbach, A. (1996) The Muller cell: a functional element of the retina. 

Trends Neurosci, 19(8), 307-12. 

Newman, E. A. (1996) Acid efflux from retinal glial cells generated by sodium bicarbonate 

cotransport. J Neurosci, 16(1), 159-68. 

Newman, E. A. (2003) Glial Cell Inhibition of Neurons by Release of ATP. The Journal of 

Neuroscience, 23(5), 1659-1666. 

Newman, E. A., Frambach, D. A. & Odette, L. L. (1984) Control of Extracellular Potassium 

Levels by Retinal Glial Cell K(+) Siphoning. Science (New York, N.Y.), 225(4667), 1174-1175. 

Newman, E. A. & Zahs, K. R. (1998) Modulation of neuronal activity by glial cells in the 

retina. J Neurosci, 18(11), 4022-8. 

Nikoletopoulou, V., Markaki, M., Palikaras, K. & Tavernarakis, N. (2013) Crosstalk between 

apoptosis, necrosis and autophagy. Biochim Biophys Acta, 1833(12), 3448-59. 

Nomura, A., Shigemoto, R., Nakamura, Y., Okamoto, N., Mizuno, N. & Nakanishi, S. (1994) 

Developmentally regulated postsynaptic localization of a metabotropic glutamate receptor in 

rat rod bipolar cells. Cell, 77(3), 361-9. 

Noorwez, S. M., Ostrov, D. A., McDowell, J. H., Krebs, M. P. & Kaushal, S. (2008) A high-

throughput screening method for small-molecule pharmacologic chaperones of misfolded 

rhodopsin. Investigative ophthalmology & visual science, 49(7), 3224-3230. 

O'Malley, D. M. & Masland, R. H. (1989) Co-release of acetylcholine and gamma-

aminobutyric acid by a retinal neuron. Proc Natl Acad Sci U S A, 86(9), 3414-8. 

Ohnaka, M., Miki, K., Gong, Y. Y., Stevens, R., Iwase, T., Hackett, S. F. & Campochiaro, P. 

A. (2012) Long‐term expression of glial cell line‐derived neurotrophic factor slows, but does 

not stop retinal degeneration in a model of retinitis pigmentosa. Journal of neurochemistry, 

122(5), 1047-1053. 

Oppenheim, R. W. (1991) Cell death during development of the nervous system. Annu Rev 

Neurosci, 14, 453-501. 

Orhan, E., Dalkara, D., Neuillé, M., Lechauve, C., Michiels, C., Picaud, S., Léveillard, T., 

Sahel, J.-A., Naash, M. I. & Lavail, M. M. (2015a) Genotypic and phenotypic characterization 

of P23H line 1 rat model. PloS one, 10(5), e0127319. 

Orhan, E., Dalkara, D., Neuillé, M., Lechauve, C., Michiels, C., Picaud, S., Léveillard, T., 

Sahel, J., I. Naash, M., M. Lavail, M., Zeitz, C. & Audo, I. (2015b) Genotypic and Phenotypic 

Characterization of P23H Line 1 Rat Model, 10. 

Ozaki, T., Ishiguro, S.-i., Hirano, S., Baba, A., Yamashita, T., Tomita, H. & Nakazawa, M. 

(2013) Inhibitory Peptide of Mitochondrial μ-Calpain Protects against Photoreceptor 

Degeneration in Rhodopsin Transgenic S334ter and P23H Rats. PLoS ONE, 8(8), e71650. 

Ozaki, T., Nakazawa, M., Yamashita, T., Sorimachi, H., Hata, S., Tomita, H., Isago, H., Baba, 

A. & Ishiguro, S.-i. (2012a) Intravitreal injection or topical eye-drop application of a μ-calpain 



 

176 

 

C2L domain peptide protects against photoreceptor cell death in Royal College of Surgeons' 

rats, a model of retinitis pigmentosa. Biochimica et Biophysica Acta (BBA) - Molecular Basis 

of Disease, 1822(11), 1783-1795. 

Ozaki, T., Nakazawa, M., Yamashita, T., Sorimachi, H., Hata, S., Tomita, H., Isago, H., Baba, 

A. & Ishiguro, S. (2012b) Intravitreal injection or topical eye-drop application of a mu-calpain 

C2L domain peptide protects against photoreceptor cell death in Royal College of Surgeons' 

rats, a model of retinitis pigmentosa. Biochim Biophys Acta, 1822(11), 1783-95. 

Paquet-Durand, F., Azadi, S., Hauck, S. M., Ueffing, M., van Veen, T. & Ekstrom, P. (2006) 

Calpain is activated in degenerating photoreceptors in the rd1 mouse. J Neurochem, 96(3), 802-

14. 

Paquet-Durand, F., Sanges, D., McCall, J., Silva, J., van Veen, T., Marigo, V. & Ekstrom, P. 

(2010) Photoreceptor rescue and toxicity induced by different calpain inhibitors. J Neurochem, 

115(4), 930-40. 

Park, J. W., Lee, S. Y., Yang, J. Y., Rho, H. W., Park, B. H., Lim, S. N., Kim, J. S. & Kim, H. 

R. (1997) Effect of carbonyl cyanide m-chlorophenylhydrazone (CCCP) on the dimerization 

of lipoprotein lipase. Biochim Biophys Acta, 1344(2), 132-8. 

Parrish, J. Z., Yang, C., Shen, B. & Xue, D. (2003) CRN‐1, a <em>Caenorhabditis 

elegans</em> FEN‐1 homologue, cooperates with CPS‐6/EndoG to promote apoptotic DNA 

degradation. The EMBO Journal, 22(13), 3451-3460. 

Paulson, O. B. & Newman, E. A. (1987) Does the release of potassium from astrocyte endfeet 

regulate cerebral blood flow? Science, 237(4817), 896-8. 

Penfold, P. L. & Provis, J. M. (1986) Cell death in the development of the human retina: 

phagocytosis of pyknotic and apoptotic bodies by retinal cells. Graefe's Archive for Clinical 

and Experimental Ophthalmology, 224(6), 549-553. 

Peng, B., Xiao, J., Wang, K., So, K. F., Tipoe, G. L. & Lin, B. (2014) Suppression of microglial 

activation is neuroprotective in a mouse model of human retinitis pigmentosa. J Neurosci, 

34(24), 8139-50. 

Pennesi, M. E., Neuringer, M. & Courtney, R. J. (2012) Animal models of age related macular 

degeneration. Molecular aspects of medicine, 33(4), 487-509. 

Pennesi, M. E., Nishikawa, S., Matthes, M. T., Yasumura, D. & LaVail, M. M. (2008) The 

Relationship of Photoreceptor Degeneration to Retinal Vascular Development and Loss in 

Mutant Rhodopsin Transgenic and RCS Rats. Experimental eye research, 87(6), 561-570. 

Pequignot, M. O., Provost, A. C., Salle, S., Taupin, P., Sainton, K. M., Marchant, D., Martinou, 

J. C., Ameisen, J. C., Jais, J. P. & Abitbol, M. (2003) Major role of BAX in apoptosis during 

retinal development and in establishment of a functional postnatal retina. Dev Dyn, 228(2), 

231-8. 

Perlman, I., Weiner, E. & Kolb, H. (2009) Retinal Horizontal Cells A2 - Squire, Larry R, 

Encyclopedia of Neuroscience. Oxford: Academic Press, 233-243. 



 

177 

 

Perry, V. H., Henderson, Z. & Linden, R. (1983) Postnatal changes in retinal ganglion cell and 

optic axon populations in the pigmented rat. J Comp Neurol, 219(3), 356-68. 

Phipps, J. A., Fletcher, E. L. & Vingrys, A. J. (2004) Paired-flash identification of rod and cone 

dysfunction in the diabetic rat. Invest Ophthalmol Vis Sci, 45(12), 4592-600. 

Pinilla, I., Lund, R. D. & Sauvé, Y. (2005) Enhanced cone dysfunction in rats homozygous for 

the P23H rhodopsin mutation. Neuroscience Letters, 382(1), 16-21. 

Pittler, S. J. & Baehr, W. (1991) Identification of a nonsense mutation in the rod photoreceptor 

cGMP phosphodiesterase beta-subunit gene of the rd mouse. Proc Natl Acad Sci U S A, 88(19), 

8322-6. 

Poitry-Yamate, C. L., Poitry, S. & Tsacopoulos, M. (1995) Lactate released by Muller glial 

cells is metabolized by photoreceptors from mammalian retina. J Neurosci, 15(7 Pt 2), 5179-

91. 

Polster, B. M., Basanez, G., Etxebarria, A., Hardwick, J. M. & Nicholls, D. G. (2005) Calpain 

I induces cleavage and release of apoptosis-inducing factor from isolated mitochondria. J Biol 

Chem, 280(8), 6447-54. 

Portera-Cailliau, C., Sung, C. H., Nathans, J. & Adler, R. (1994) Apoptotic photoreceptor cell 

death in mouse models of retinitis pigmentosa. Proc Natl Acad Sci U S A, 91(3), 974-8. 

Pow, D. V. & Crook, D. K. (1995) Immunocytochemical evidence for the presence of high 

levels of reduced glutathione in radial glial cells and horizontal cells in the rabbit retina. 

Neuroscience Letters, 193(1), 25-28. 

Proskuryakov, S. Y., Konoplyannikov, A. G. & Gabai, V. L. (2003) Necrosis: a specific form 

of programmed cell death? Exp Cell Res, 283(1), 1-16. 

Punzo, C., Kornacker, K. & Cepko, C. L. (2008) Stimulation of the insulin/mTOR pathway 

delays cone death in a mouse model of retinitis pigmentosa. Nature Neuroscience, 12, 44. 

Qian, H., Malchow, R. P. & Ripps, H. (1993) The effects of lowered extracellular sodium onγ-

aminobutyric acid (GABA)-induced currents of muller (glial) cells of the skate retina. Cellular 

and Molecular Neurobiology, 13(2), 147-158. 

Rakic, P. & Riley, K. P. (1983) Overproduction and elimination of retinal axons in the fetal 

rhesus monkey. Science, 219(4591), 1441-4. 

Rana, T., Shinde, V. M., Starr, C. R., Kruglov, A. A., Boitet, E. R., Kotla, P., Zolotukhin, S., 

Gross, A. K. & Gorbatyuk, M. S. (2014) An activated unfolded protein response promotes 

retinal degeneration and triggers an inflammatory response in the mouse retina. Cell Death Dis, 

5, e1578. 

Ranjan, A. & Iwakuma, T. (2016) Non-Canonical Cell Death Induced by p53. International 

Journal of Molecular Sciences, 17(12), 2068. 



 

178 

 

Rauen, T., Taylor, W. R., Kuhlbrodt, K. & Wiessner, M. (1998) High-affinity glutamate 

transporters in the rat retina: a major role of the glial glutamate transporter GLAST-1 in 

transmitter clearance. Cell Tissue Res, 291(1), 19-31. 

Reed, J. C. (2000) Mechanisms of apoptosis. Am J Pathol, 157(5), 1415-30. 

Reers, M., Smiley, S. T., Mottola-Hartshorn, C., Chen, A., Lin, M. & Chen, L. B. (1995) 

Mitochondrial membrane potential monitored by JC-1 dye. Methods Enzymol, 260, 406-17. 

Ridet, J. L., Privat, A., Malhotra, S. K. & Gage, F. H. (1997) Reactive astrocytes: cellular and 

molecular cues to biological function. Trends in Neurosciences, 20(12), 570-577. 

Riki, G., L., F. E., J., V. A., Yuan, Z., A., V. K. & Michael, K. (2013) Functional and 

neurochemical development in the normal and degenerating mouse retina. Journal of 

Comparative Neurology, 521(6), 1251-1267. 

Robson, J. G. & Frishman, L. J. (1995) Response linearity and kinetics of the cat retina: the 

bipolar cell component of the dark-adapted electroretinogram. Vis Neurosci, 12(5), 837-50. 

Roddy, G. W., Yasumura, D., Matthes, M. T., Alavi, M. V., Boye, S. L., Rosa, R. H., Fautsch, 

M. P., Hauswirth, W. W. & LaVail, M. M. (2017) Long-term photoreceptor rescue in two 

rodent models of retinitis pigmentosa by adeno-associated virus delivery of Stanniocalcin-1. 

Experimental Eye Research, 165, 175-181. 

Roger, J. E. & Swaroop, A. (2014) Photoreceptor Degeneration: Molecular Mechanisms of 

Photoreceptor Degeneration, Vertebrate PhotoreceptorsSpringer, 275-308. 

Rohrer, B., Pinto, F. R., Hulse, K. E., Lohr, H. R., Zhang, L. & Almeida, J. S. (2004) 

Multidestructive pathways triggered in photoreceptor cell death of the rd mouse as determined 

through gene expression profiling. J Biol Chem, 279(40), 41903-10. 

Roof, D. J., Adamian, M. & Hayes, A. (1994) Rhodopsin accumulation at abnormal sites in 

retinas of mice with a human P23H rhodopsin transgene. Invest Ophthalmol Vis Sci, 35(12), 

4049-62. 

Roska, B. & Meister, M. (2014) The retina dissects the visual scene into distinct features. 

Roy, M. J., Vom, A., Czabotar, P. E. & Lessene, G. (2014) Cell death and the mitochondria: 

therapeutic targeting of the BCL-2 family-driven pathway. British Journal of Pharmacology, 

171(8), 1973-1987. 

Roy, S. & Nicholson, D. W. (2000) Cross-talk in cell death signaling. J Exp Med, 192(8), 21-

6. 

Russell, S., Bennett, J., Wellman, J. A., Chung, D. C., Yu, Z.-F., Tillman, A., Wittes, J., Pappas, 

J., Elci, O., McCague, S., Cross, D., Marshall, K. A., Walshire, J., Kehoe, T. L., Reichert, H., 

Davis, M., Raffini, L., George, L. A., Hudson, F. P., Dingfield, L., Zhu, X., Haller, J. A., Sohn, 

E. H., Mahajan, V. B., Pfeifer, W., Weckmann, M., Johnson, C., Gewaily, D., Drack, A., Stone, 

E., Wachtel, K., Simonelli, F., Leroy, B. P., Wright, J. F., High, K. A. & Maguire, A. M. (2017) 

Efficacy and safety of voretigene neparvovec (AAV2-hRPE65v2) in patients with RPE65-



 

179 

 

mediated inherited retinal dystrophy: a randomised, controlled, open-label, phase 3 trial. The 

Lancet, 390(10097), 849-860. 

Russo, R., Berliocchi, L., Adornetto, A., Amantea, D., Nucci, C., Tassorelli, C., Morrone, L. 

A., Bagetta, G. & Corasaniti, M. T. (2013) In search of new targets for retinal neuroprotection: 

is there a role for autophagy? Curr Opin Pharmacol, 13(1), 72-7. 

Ryoo, H. D., Domingos, P. M., Kang, M. J. & Steller, H. (2007) Unfolded protein response in 

a Drosophila model for retinal degeneration. The EMBO journal, 26(1), 242-252. 

Sahni, J. N., Angi, M., Irigoyen, C., Semeraro, F., Romano, M. R. & Parmeggiani, F. (2011) 

Therapeutic challenges to retinitis pigmentosa: from neuroprotection to gene therapy. Curr 

Genomics, 12(4), 276-84. 

Saliba, R. S., Munro, P. M., Luthert, P. J. & Cheetham, M. E. (2002) The cellular fate of mutant 

rhodopsin: quality control, degradation and aggresome formation. Journal of cell science, 

115(14), 2907-2918. 

Salvioli, S., Maseroli, R., Pazienza, T. L., Bobyleva, V. & Cossarizza, A. (1998) Use of flow 

cytometry as a tool to study mitochondrial membrane potential in isolated, living hepatocytes. 

Biochemistry (Mosc), 63(2), 235-8. 

Sancho-Pelluz, J., Alavi, M. V., Sahaboglu, A., Kustermann, S., Farinelli, P., Azadi, S., van 

Veen, T., Romero, F. J., Paquet-Durand, F. & Ekstrom, P. (2010) Excessive HDAC activation 

is critical for neurodegeneration in the rd1 mouse. Cell Death Dis, 1, e24. 

Sanes, J. R. & Masland, R. H. (2015a) The types of retinal ganglion cells: current status and 

implications for neuronal classification. Annual review of neuroscience, 38, 221-246. 

Sanes, J. R. & Masland, R. H. (2015b) The types of retinal ganglion cells: current status and 

implications for neuronal classification. Annu Rev Neurosci, 38, 221-46. 

Sanges, D., Comitato, A., Tammaro, R. & Marigo, V. (2006a) Apoptosis in retinal degeneration 

involves cross-talk between apoptosis-inducing factor (AIF) and caspase-12 and is blocked by 

calpain inhibitors. Proceedings of the National Academy of Sciences, 103(46), 17366-17371. 

Sanges, D., Comitato, A., Tammaro, R. & Marigo, V. (2006b) Apoptosis in retinal 

degeneration involves cross-talk between apoptosis-inducing factor (AIF) and caspase-12 and 

is blocked by calpain inhibitors. Proc Natl Acad Sci U S A, 103(46), 17366-71. 

Saraste, A. & Pulkki, K. (2000) Morphologic and biochemical hallmarks of apoptosis. 

Cardiovasc Res, 45(3), 528-37. 

Scaffidi, C., Fulda, S., Srinivasan, A., Friesen, C., Li, F., Tomaselli, K. J., Debatin, K. M., 

Krammer, P. H. & Peter, M. E. (1998) Two CD95 (APO-1/Fas) signaling pathways. Embo j, 

17(6), 1675-87. 

Schellenberg, B., Wang, P., Keeble, J. A., Rodriguez-Enriquez, R., Walker, S., Owens, T. W., 

Foster, F., Tanianis-Hughes, J., Brennan, K. & Streuli, C. H. (2013) Bax exists in a dynamic 

equilibrium between the cytosol and mitochondria to control apoptotic priming. Molecular cell, 

49(5), 959-971. 



 

180 

 

Schlicher, L., Brauns-Schubert, P., Schubert, F. & Maurer, U. (2017) SPATA2: more than a 

missing link. Cell Death Differ, 24(7), 1142-1147. 

Schnapf, J. L., Kraft, T. W., Nunn, B. J. & Baylor, D. A. (1988) Spectral sensitivity of primate 

photoreceptors. Vis Neurosci, 1(3), 255-61. 

Schütte, M. & Werner, P. (1998) Redistribution of glutathione in the ischemic rat retina. 

Neuroscience Letters, 246(1), 53-56. 

Seiler, M. J. (2014) Apoptosis in Retinal Degeneration—Recent Developments. Open Journal 

of Apoptosis, 3(01), 1. 

Shamas-Din, A., Kale, J., Leber, B. & Andrews, D. W. (2013) Mechanisms of action of Bcl-2 

family proteins. Cold Spring Harb Perspect Biol, 5(4), a008714. 

Sharma, A. K. & Rohrer, B. (2004) Calcium-induced calpain mediates apoptosis via caspase-

3 in a mouse photoreceptor cell line. J Biol Chem, 279(34), 35564-72. 

Shen, J., Yang, X., Dong, A., Petters, R. M., Peng, Y. W., Wong, F. & Campochiaro, P. A. 

(2005) Oxidative damage is a potential cause of cone cell death in retinitis pigmentosa. J Cell 

Physiol, 203(3), 457-64. 

Shinde, V., Kotla, P., Strang, C. & Gorbatyuk, M. (2016) Unfolded protein response-induced 

dysregulation of calcium homeostasis promotes retinal degeneration in rat models of autosomal 

dominant retinitis pigmentosa. Cell Death & Disease, 7(2), e2085. 

Shinde, V. M., Sizova, O. S., Lin, J. H., LaVail, M. M. & Gorbatyuk, M. S. (2012) ER stress 

in retinal degeneration in S334ter Rho rats. PLoS One, 7(3), e33266. 

Shintani, K., Shechtman, D. L. & Gurwood, A. S. (2009) Review and update: Current treatment 

trends for patients with retinitis pigmentosa. Optometry-Journal of the American Optometric 

Association, 80(7), 384-401. 

Sim, #xf3, , R., Villarroel, M., Corraliza, L., #xed, dia, Hern, #xe1, ndez, C., Garcia-Ram, #xed 

& rez, M. (2010) The Retinal Pigment Epithelium: Something More than a Constituent of the 

Blood-Retinal Barrier—Implications for the Pathogenesis of Diabetic Retinopathy. Journal of 

Biomedicine and Biotechnology, 2010, 15. 

Simmons, M. J., Fan, G., Zong, W. X., Degenhardt, K., White, E. & Gelinas, C. (2008) Bfl-

1/A1 functions, similar to Mcl-1, as a selective tBid and Bak antagonist. Oncogene, 27(10), 

1421-8. 

Sizova, O. S., Shinde, V. M., Lenox, A. R. & Gorbatyuk, M. S. (2014a) Modulation of cellular 

signaling pathways in P23H rhodopsin photoreceptors. Cell Signal, 26(4), 665-672. 

Sizova, O. S., Shinde, V. M., Lenox, A. R. & Gorbatyuk, M. S. (2014b) Modulation of cellular 

signaling pathways in P23H rhodopsin photoreceptors. Cellular Signalling, 26(4), 665-672. 

Slaughter, M. M. & Miller, R. F. (1981) 2-amino-4-phosphonobutyric acid: a new 

pharmacological tool for retina research. Science, 211(4478), 182-5. 



 

181 

 

Smiley, S. T., Reers, M., Mottola-Hartshorn, C., Lin, M., Chen, A., Smith, T. W., Steele, G. D. 

& Chen, L. B. (1991) Intracellular heterogeneity in mitochondrial membrane potentials 

revealed by a J-aggregate-forming lipophilic cation JC-1. Proceedings of the National 

Academy of Sciences of the United States of America, 88(9), 3671-3675. 

Sorrentino, F. S., Gallenga, C. E., Bonifazzi, C. & Perri, P. (2016) A challenge to the striking 

genotypic heterogeneity of retinitis pigmentosa: a better understanding of the pathophysiology 

using the newest genetic strategies. Eye (Lond), 30(12), 1542-1548. 

Steinberg, R. H., Flannery, j., Naash, M., Oh, P., Matthes, M. T., Yasumura, D., Lau-Villacorta, 

C., Chen, J. & LaVail, M. M. (1996) Transgenic rat models of inherited retinal degeneration 

caused by mutant opsin genes, 37. 

Sternberg, E. M. (2006) Neural regulation of innate immunity: a coordinated nonspecific host 

response to pathogens. Nature Reviews Immunology, 6, 318. 

Stevens, E. R., Esguerra, M., Kim, P. M., Newman, E. A., Snyder, S. H., Zahs, K. R. & Miller, 

R. F. (2003) <span class="sc">d</span>-serine and serine racemase are present in the 

vertebrate retina and contribute to the physiological activation of NMDA receptors. 

Proceedings of the National Academy of Sciences, 100(11), 6789-6794. 

Stone, E. M., Kimura, A. E., Nichols, B. E., Khadivi, P., Fishman, G. A. & Sheffield, V. C. 

(1991) Regional Distribution of Retinal Degeneration in Patients with the Proline to Histidine 

Mutation in Codon 23 of the Rhodopsion Gene. Ophthalmology, 98(12), 1806-1813. 

Stone, J. & Dreher, Z. (1987) Relationship between astrocytes, ganglion cells and vasculature 

of the retina. Journal of Comparative Neurology, 255(1), 35-49. 

Streit, W. J. (2002) Microglia as neuroprotective, immunocompetent cells of the CNS. Glia, 

40(2), 133-139. 

Strettoi, E., Novelli, E., Mazzoni, F., Barone, I. & Damiani, D. (2010) Complexity of retinal 

cone bipolar cells. Progress in Retinal and Eye Research, 29(4), 272-283. 

Strettoi, E. & Pignatelli, V. (2000) Modifications of retinal neurons in a mouse model of 

retinitis pigmentosa. Proc Natl Acad Sci U S A, 97(20), 11020-5. 

Strettoi, E., Porciatti, V., Falsini, B., Pignatelli, V. & Rossi, C. (2002a) Morphological and 

functional abnormalities in the inner retina of the rd/rd mouse. J Neurosci, 22(13), 5492-504. 

Strettoi, E. & Volpini, M. (2002b) Retinal organization in the bcl-2-overexpressing transgenic 

mouse. J Comp Neurol, 446(1), 1-10. 

Sung, C.-H., Schneider, B. G., Agarwal, N., Papermaster, D. S. & Nathans, J. (1991a) 

Functional heterogeneity of mutant rhodopsins responsible for autosomal dominant retinitis 

pigmentosa. Proceedings of the National Academy of Sciences, 88(19), 8840-8844. 

Sung, C. H., Davenport, C. M. & Nathans, J. (1993a) Rhodopsin mutations responsible for 

autosomal dominant retinitis pigmentosa. Clustering of functional classes along the 

polypeptide chain. Journal of Biological Chemistry, 268(35), 26645-26649. 



 

182 

 

Sung, C. H., Davenport, C. M. & Nathans, J. (1993b) Rhodopsin mutations responsible for 

autosomal dominant retinitis pigmentosa. Clustering of functional classes along the 

polypeptide chain. J Biol Chem, 268(35), 26645-9. 

Sung, C. H., Schneider, B. G., Agarwal, N., Papermaster, D. S. & Nathans, J. (1991b) 

Functional heterogeneity of mutant rhodopsins responsible for autosomal dominant retinitis 

pigmentosa. Proc Natl Acad Sci U S A, 88(19), 8840-4. 

Susin, S. A., Lorenzo, H. K., Zamzami, N., Marzo, I., Snow, B. E., Brothers, G. M., Mangion, 

J., Jacotot, E., Costantini, P., Loeffler, M., Larochette, N., Goodlett, D. R., Aebersold, R., 

Siderovski, D. P., Penninger, J. M. & Kroemer, G. (1999) Molecular characterization of 

mitochondrial apoptosis-inducing factor. Nature, 397(6718), 441-6. 

Suzuki, K., Hata, S., Kawabata, Y. & Sorimachi, H. (2004) Structure, activation, and biology 

of calpain. Diabetes, 53 Suppl 1, S12-8. 

Suzuki, M., Youle, R. J. & Tjandra, N. (2000) Structure of Bax: coregulation of dimer 

formation and intracellular localization. Cell, 103(4), 645-54. 

Szel, A. & Rohlich, P. (1992) Two cone types of rat retina detected by anti-visual pigment 

antibodies. Exp Eye Res, 55(1), 47-52. 

Tait, S. W. & Green, D. R. (2010) Mitochondria and cell death: outer membrane 

permeabilization and beyond. Nat Rev Mol Cell Biol, 11(9), 621-32. 

Tait, S. W. G. & Green, D. R. (2013) Mitochondrial Regulation of Cell Death. Cold Spring 

Harbor Perspectives in Biology, 5(9), a008706. 

Tam, B. M. & Moritz, O. L. (2006) Characterization of rhodopsin P23H-induced retinal 

degeneration in a Xenopus laevis model of retinitis pigmentosa. Invest Ophthalmol Vis Sci, 

47(8), 3234-41. 

Tang, D., Lahti, J. M. & Kidd, V. J. (2000) Caspase-8 activation and bid cleavage contribute 

to MCF7 cellular execution in a caspase-3-dependent manner during staurosporine-mediated 

apoptosis. J Biol Chem, 275(13), 9303-7. 

Telegina, D. V., Kozhevnikova, O. S. & Kolosova, N. G. (2017) Molecular mechanisms of cell 

death in retina during development of age-related macular degeneration. Advances in 

Gerontology, 7(1), 17-24. 

Thornberry, N. A., Bull, H. G., Calaycay, J. R., Chapman, K. T., Howard, A. D., Kostura, M. 

J., Miller, D. K., Molineaux, S. M., Weidner, J. R., Aunins, J. & et al. (1992) A novel 

heterodimeric cysteine protease is required for interleukin-1 beta processing in monocytes. 

Nature, 356(6372), 768-74. 

Tian, N. (2004) Visual experience and maturation of retinal synaptic pathways. Vision 

Research, 44(28), 3307-3316. 

Tian, N. (2008) Synaptic activity, visual experience and the maturation of retinal synaptic 

circuitry. The Journal of Physiology, 586(Pt 18), 4347-4355. 



 

183 

 

Timmers, A., Fox, D., He, L., M. Hansen, R. & B. Fulton, A. (1999) Rod photoreceptor 

maturation does not vary with retinal eccentricity in mammalian retina, 18. 

Todt, F., Cakir, Z., Reichenbach, F., Youle, R. & Edlich, F. (2013) The C-terminal helix of 

Bcl-x L mediates Bax retrotranslocation from the mitochondria. Cell death and differentiation, 

20(2), 333. 

Traverso, V. r., Kinkl, N., Grimm, L., Sahel, J. & Hicks, D. (2003) Basic Fibroblast and 

Epidermal Growth Factors Stimulate Survival in Adult Porcine Photoreceptor Cell Cultures. 

Investigative Ophthalmology & Visual Science, 44(10), 4550-4558. 

Travis, G. H. (1998a) Mechanisms of cell death in the inherited retinal degenerations. American 

journal of human genetics, 62(3), 503. 

Travis, G. H. (1998b) Mechanisms of cell death in the inherited retinal degenerations. The 

American Journal of Human Genetics, 62(3), 503-508. 

Tsacopoulos, M. & Magistretti, P. J. (1996) Metabolic coupling between glia and neurons. J 

Neurosci, 16(3), 877-85. 

Turner, D. L. & Cepko, C. L. (1987) A common progenitor for neurons and glia persists in rat 

retina late in development. Nature, 328, 131. 

Vahsen, N., Cande, C., Briere, J. J., Benit, P., Joza, N., Larochette, N., Mastroberardino, P. G., 

Pequignot, M. O., Casares, N., Lazar, V., Feraud, O., Debili, N., Wissing, S., Engelhardt, S., 

Madeo, F., Piacentini, M., Penninger, J. M., Schagger, H., Rustin, P. & Kroemer, G. (2004) 

AIF deficiency compromises oxidative phosphorylation. Embo j, 23(23), 4679-89. 

Vandenabeele, P., Galluzzi, L., Vanden Berghe, T. & Kroemer, G. (2010) Molecular 

mechanisms of necroptosis: an ordered cellular explosion. Nat Rev Mol Cell Biol, 11(10), 700-

14. 

Vaney, D. I. & Young, H. M. (1988) GABA-like immunoreactivity in cholinergic amacrine 

cells of the rabbit retina. Brain Res, 438(1-2), 369-73. 

Vardi, N. (1998) Alpha subunit of Go localizes in the dendritic tips of ON bipolar cells. The 

Journal of comparative neurology, 395(1), 43-52. 

Vardi, N., Masarachia, P. & Sterling, P. (1992) Immunoreactivity to GABAA receptor in the 

outer plexiform layer of the cat retina. J Comp Neurol, 320(3), 394-7. 

Vardi, N., Matesic, D. F., Manning, D. R., Liebman, P. A. & Sterling, P. (1993) Identification 

of a G-protein in depolarizing rod bipolar cells. Visual neuroscience, 10(3), 473-478. 

Vaseva, A. V., Marchenko, N. D., Ji, K., Tsirka, S. E., Holzmann, S. & Moll, U. M. (2012) p53 

opens the mitochondrial permeability transition pore to trigger necrosis. Cell, 149(7), 1536-

1548. 

Vecino, E., Rodriguez, F. D., Ruzafa, N., Pereiro, X. & Sharma, S. C. (2016) Glia–neuron 

interactions in the mammalian retina. Progress in Retinal and Eye Research, 51, 1-40. 



 

184 

 

Venkatesh, A., Ma, S., Le, Y. Z., Hall, M. N., Rüegg, M. A. & Punzo, C. (2015) Activated 

mTORC1 promotes long-term cone survival in retinitis pigmentosa mice. The Journal of 

Clinical Investigation, 125(4), 1446-1458. 

Venkatesh, A., Ma, S. & Punzo, C. (2016) TSC but not PTEN loss in starving cones of retinitis 

pigmentosa mice leads to an autophagy defect and mTORC1 dissociation from the lysosome. 

Cell Death &Amp; Disease, 7, e2279. 

Vercammen, D., Beyaert, R., Denecker, G., Goossens, V., Van Loo, G., Declercq, W., Grooten, 

J., Fiers, W. & Vandenabeele, P. (1998) Inhibition of caspases increases the sensitivity of L929 

cells to necrosis mediated by tumor necrosis factor. J Exp Med, 187(9), 1477-85. 

Vessey, K. A., Waugh, M., Jobling, A. I., Phipps, J. A., Ho, T., Trogrlic, L., Greferath, U. & 

Fletcher, E. L. (2015) Assessment of retinal function and morphology in aging Ccl2 knockout 

mice. Invest Ophthalmol Vis Sci, 56(2), 1238-52. 

Vidal, R., Caballero, B., Couve, A. & Hetz, C. (2011) Converging pathways in the occurrence 

of endoplasmic reticulum (ER) stress in Huntington's disease. Curr Mol Med, 11(1), 1-12. 

Wajant, H. (2006) Fas signaling. Georgetown, Tex. 

New York, N.Y.: Landes Bioscience/Eurekah.com ; 

Springer Science+Business Media. 

Wake, H., Moorhouse, A. J., Jinno, S., Kohsaka, S. & Nabekura, J. (2009) Resting Microglia 

Directly Monitor the Functional State of Synapses <em>In Vivo</em> and Determine the Fate 

of Ischemic Terminals. The Journal of Neuroscience, 29(13), 3974-3980. 

Wang, C. & Youle, R. J. (2009) The Role of Mitochondria in Apoptosis(). Annual review of 

genetics, 43, 95-118. 

Wang, J. K., McDowell, J. H. & Hargrave, P. A. (1980) Site of attachment of 11-cis-retinal in 

bovine rhodopsin. Biochemistry, 19(22), 5111-5117. 

Wang, K., Gross, A., Waksman, G. & Korsmeyer, S. J. (1998) Mutagenesis of the BH3 domain 

of BAX identifies residues critical for dimerization and killing. Mol Cell Biol, 18(10), 6083-9. 

Wang, M. & Kaufman, R. J. (2016) Protein misfolding in the endoplasmic reticulum as a 

conduit to human disease. Nature, 529(7586), 326-35. 

Wang, X. (2001) The expanding role of mitochondria in apoptosis. Genes Dev, 15(22), 2922-

33. 

Wassle, H. (2004) Parallel processing in the mammalian retina. Nat Rev Neurosci, 5(10), 747-

57. 

Wassle, H. & Boycott, B. B. (1991) Functional architecture of the mammalian retina. Physiol 

Rev, 71(2), 447-80. 

Wässle, H. & Boycott, B. B. (1991) Functional architecture of the mammalian retina. Physiol 

Rev, 71(2), 447-80. 



 

185 

 

Watanabe, T. & Raff, M. C. (1988) Retinal astrocytes are immigrants from the optic nerve. 

Nature, 332(6167), 834. 

Weiter, J. J., Delori, F. C., Wing, G. L. & Fitch, K. A. (1986) Retinal pigment epithelial 

lipofuscin and melanin and choroidal melanin in human eyes. Invest Ophthalmol Vis Sci, 27(2), 

145-52. 

Wells, J. A. & McClendon, C. L. (2007) Reaching for high-hanging fruit in drug discovery at 

protein–protein interfaces. Nature, 450, 1001. 

Wenzel, A., Grimm, C., Samardzija, M. & Reme, C. E. (2005) Molecular mechanisms of light-

induced photoreceptor apoptosis and neuroprotection for retinal degeneration. Prog Retin Eye 

Res, 24(2), 275-306. 

Westphal, D., Kluck, R. M. & Dewson, G. (2014a) Building blocks of the apoptotic pore: how 

Bax and Bak are activated and oligomerize during apoptosis. Cell Death Differ, 21(2), 196-

205. 

Westphal, D., Kluck, R. M. & Dewson, G. (2014b) Building blocks of the apoptotic pore: how 

Bax and Bak are activated and oligomerize during apoptosis. Cell Death and Differentiation, 

21(2), 196-205. 

Weymouth, A. E. & Vingrys, A. J. (2008) Rodent electroretinography: methods for extraction 

and interpretation of rod and cone responses. Prog Retin Eye Res, 27(1), 1-44. 

Willis, S. N., Chen, L., Dewson, G., Wei, A., Naik, E., Fletcher, J. I., Adams, J. M. & Huang, 

D. C. (2005) Proapoptotic Bak is sequestered by Mcl-1 and Bcl-xL, but not Bcl-2, until 

displaced by BH3-only proteins. Genes Dev, 19(11), 1294-305. 

Willis, S. N., Fletcher, J. I., Kaufmann, T., van Delft, M. F., Chen, L., Czabotar, P. E., Ierino, 

H., Lee, E. F., Fairlie, W. D., Bouillet, P., Strasser, A., Kluck, R. M., Adams, J. M. & Huang, 

D. C. (2007) Apoptosis initiated when BH3 ligands engage multiple Bcl-2 homologs, not Bax 

or Bak. Science, 315(5813), 856-9. 

Wimmers, S., Karl, M. O. & Strauss, O. (2007) Ion channels in the RPE. Prog Retin Eye Res, 

26(3), 263-301. 

Wu, L., Tso, M., Zhu, X., Guo, X. & Yang, L. (2008) Endoplasmic reticulum stress proteins 

are activated in rd retinal degeneration. [Zhonghua yan ke za zhi] Chinese journal of 

ophthalmology, 44(9), 807-812. 

Wu, S. M. (1992) Feedback connections and operation of the outer plexiform layer of the retina. 

Current Opinion in Neurobiology, 2(4), 462-468. 

Yamashima, T. (2004) Ca2+-dependent proteases in ischemic neuronal death: A conserved 

‘calpain–cathepsin cascade’ from nematodes to primates. Cell Calcium, 36(3), 285-293. 

Yamashima, T., Kohda, Y., Tsuchiya, K., Ueno, T., Yamashita, J., Yoshioka, T. & Kominami, 

E. (1998) Inhibition of ischaemic hippocampal neuronal death in primates with cathepsin B 

inhibitor CA-074: a novel strategy for neuroprotection based on 'calpain-cathepsin hypothesis'. 

Eur J Neurosci, 10(5), 1723-33. 



 

186 

 

Yanai, D., Weiland, J. D., Mahadevappa, M., Greenberg, R. J., Fine, I. & Humayun, M. S. 

(2007) Visual performance using a retinal prosthesis in three subjects with retinitis pigmentosa. 

Am J Ophthalmol, 143(5), 820-827. 

Yang, L.-p., Wu, L.-m., Guo, X.-j. & Tso, M. O. (2007) Activation of endoplasmic reticulum 

stress in degenerating photoreceptors of the rd1 mouse. Investigative ophthalmology & visual 

science, 48(11), 5191-5198. 

Yoshizawa, K., Kiuchi, K., Nambu, H., Yang, J., Senzaki, H., Kiyozuka, Y., Shikata, N. & 

Tsubura, A. (2002) Caspase-3 inhibitor transiently delays inherited retinal degeneration in C3H 

mice carrying the rd gene. Graefes Arch Clin Exp Ophthalmol, 240(3), 214-9. 

Yoshizawa, K., Nambu, H., Yang, J., Oishi, Y., Senzaki, H., Shikata, N., Miki, H. & Tsubura, 

A. (1999) Mechanisms of photoreceptor cell apoptosis induced by N-methyl-N-nitrosourea in 

Sprague-Dawley rats. Lab Invest, 79(11), 1359-67. 

Yoshizawa, K., Yang, J., Senzaki, H., Uemura, Y., Kiyozuka, Y., Shikata, N., Oishi, Y., Miki, 

H. & Tsubura, A. (2000) Caspase-3 inhibitor rescues N -methyl- N -nitrosourea-induced retinal 

degeneration in Sprague-Dawley rats. Exp Eye Res, 71(6), 629-35. 

Youle, R. J. & Strasser, A. (2008) The BCL-2 protein family: opposing activities that mediate 

cell death. Nat Rev Mol Cell Biol, 9(1), 47-59. 

Young, R. W. (1984) Cell death during differentiation of the retina in the mouse. J Comp 

Neurol, 229(3), 362-73. 

Yu, D.-Y., Cringle, S., Valter, K., Walsh, N., Lee, D. & Stone, J. (2004) Photoreceptor Death, 

Trophic Factor Expression, Retinal Oxygen Status, and Photoreceptor Function in the P23H 

Rat. Investigative Ophthalmology & Visual Science, 45(6), 2013-2019. 

Yuan, J., Shaham, S., Ledoux, S., Ellis, H. M. & Horvitz, H. R. (1993) The C. elegans cell 

death gene ced-3 encodes a protein similar to mammalian interleukin-1 beta-converting 

enzyme. Cell, 75(4), 641-52. 

Yuste, V. J., Moubarak, R. S., Delettre, C., Bras, M., Sancho, P., Robert, N., d'Alayer, J. & 

Susin, S. A. (2005) Cysteine protease inhibition prevents mitochondrial apoptosis-inducing 

factor (AIF) release. Cell Death And Differentiation, 12, 1445. 

Zeiss, C. J., Neal, J. & Johnson, E. A. (2004a) Caspase-3 in postnatal retinal development and 

degeneration. Invest Ophthalmol Vis Sci, 45(3), 964-70. 

Zeiss, C. J., Neal, J. & Johnson, E. A. (2004b) Caspase-3 in Postnatal Retinal Development 

and Degeneration. Investigative Ophthalmology & Visual Science, 45(3), 964-970. 

Zhang, D. W., Shao, J., Lin, J., Zhang, N., Lu, B. J., Lin, S. C., Dong, M. Q. & Han, J. (2009) 

RIP3, an energy metabolism regulator that switches TNF-induced cell death from apoptosis to 

necrosis. Science, 325(5938), 332-6. 

Zhang, J., Li, W., Trexler, E. B. & Massey, S. C. (2002) Confocal analysis of reciprocal 

feedback at rod bipolar terminals in the rabbit retina. J Neurosci, 22(24), 10871-82. 



 

187 

 

Zhou, X. E., Melcher, K. & Xu, H. E. (2012) Structure and activation of rhodopsin. Acta 

Pharmacol Sin, 33(3), 291-9. 

Zuccato, C., Ciammola, A., Rigamonti, D., Leavitt, B. R., Goffredo, D., Conti, L., MacDonald, 

M. E., Friedlander, R. M., Silani, V., Hayden, M. R., Timmusk, T., Sipione, S. & Cattaneo, E. 

(2001) Loss of huntingtin-mediated BDNF gene transcription in Huntington's disease. Science, 

293(5529), 493-8. 

Zuccato, C., Tartari, M., Crotti, A., Goffredo, D., Valenza, M., Conti, L., Cataudella, T., 

Leavitt, B. R., Hayden, M. R., Timmusk, T., Rigamonti, D. & Cattaneo, E. (2003) Huntingtin 

interacts with REST/NRSF to modulate the transcription of NRSE-controlled neuronal genes. 

Nat Genet, 35(1), 76-83. 

 


