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Summary
Endothelial cells lining the microvasculature o f the retina have highly evolved “tight 

junctions” reducing the space between adjacent cells to form a selective and highly 

regulatable barrier called the inner blood-retina barrier (iBRB). W hile many degenerative 

retinopathies are potentially treatable using available low molecular weight drugs, an 

estimated 98% o f  these cannot diffuse passively across the iBRB (Pardridge, 2007). In 

addition, intra-ocular injection o f  therapeutic agents is widely used experimentally in 

rodent models o f retinal degeneration, however regular intravitreal injections in humans 

poses a low, but significant risk o f  severe endophthalmitis, haemorrhage, or detachment o f 

the retina and is not a realistic option for repeated administration. Using an RNAi 

approach, hydrodynamic injection in mice o f siRNA targeting the tight junction protein 

claudin-5 resuhs in a transient opening o f the iBRB to molecules o f up to 1 kDa for a 

period o f between 24 and 72 hours post injection (Campbell et al., 2009, Campbell el al., 

2010). Subretinal inoculation o f  AAV2/9 expressing a doxycycline-inducible shRNA 

targeting claudin-5 (CLDN5 AAV2/9) results in a similar barrier modulation for the period 

o f  time during which the inducing agent doxycycline is administered, providing a means o f 

systemic drug delivery specifically to the retina and avoiding systemic access to the brain 

(Campbell et al., 2011). In addition, this process has no negative impact on neuronal 

transcription or visual function and does not induce neuronal or retinal oedema.

The overall objective o f  the research described in this PhD was to use this iBRB 

modulatory system to systemically deliver low m olecular weight drugs to the retinas o f 

animal models o f retinal degeneration in order to retard disease progression. Three types 

o f models were used: 1) the murine Balb/c light-induced retinal degeneration model; 2) 

IM PDHl mouse models o f the RPIO form o f autosomal dominant retinitis pigmentosa 

(adRP) and 3) rat and mouse models o f P23H rhodopsin-linked adRP. These animal 

models have been widely used to investigate photoreceptor cell death (model 1) and retinal



degeneration due to protein misfolding (models 2 and 3). For studies involving the Balb/c 

light-induced degeneration model in which calpain-linked apoptosis has been highly 

implicated, two low molecular weight calpain inhibitors ALLM and ALLN which exhibit 

poor penetration across the iBRB, were selected as potential protective agents against cell 

death in this model (Donovan and Cotter, 2002). Following iBRB modulation using 

claudin-5 siRNA, systemic administration of these inhibitors did indeed offer protection 

against photoreceptor cell death post light-induced ablation; ALLM being more effective 

when compared to ALLN (Campbell et a l ,  2009, Nguyen et a!., 2012). Furthermore, intra- 

peritoneal injection of ALLM into mice which had previously been subretinally injected 

with CLDN5 AAV2/9 and administered doxycycline resulted in up to 70% protection from 

photoreceptor cell death compared to controls.

Protein aggregation has been implicated in many retinopathies and is directly linked to 

earlier events triggered by misfolded mutant proteins which stimulate activation of the heat 

shock protein 90 superchaperone complex in the cytosol and/or the unfolded protein 

response (UPR) in the endoplasmic reticulum (Aherne et al., 2004, Kosmaoglou et a l ,  

2008, Tam et a l ,  2010). Earlier work in this laboratory by Tam et a l ,  (2010) using 

AAV2/5 expressing mutant IMPDHl to induce the RPIO form of adRP in mice, 

demonstrated that following iBRB modulation with claudin-5 siRNA, enhanced delivery of 

an inhibitor of Hsp90 derived from geldanamycin, 17-AAG, could reduce retinal 

degeneration although this required delivery of repeated doses of siRNA to prolong iBRB 

modulation. In studies for this PhD, similar experiments were carried out except that 

claudin-5 siRNA was endogenously produced in the retina following subretinal injection of 

the doxycyline-inducible CLDN5 AAV2/9 system. However, due to complications mainly 

arising from the requirement to introduce two different AAVs (CLDN5 AAV2/9 and 

IMP224 AAV2/5) conclusive results were not obtained ahhough clear positive trends were 

noted. These problems arising from the use of an AAV-induced model highlighted the



need to generate a transgenic model o f RPIO. The design and partial characterization o f 

such a novel model expressing a mutant human IM PDHl transgene forms the subject o f 

another chapter in this thesis.

Although 17-AAG has been used in various clinical trials for treatment o f cancer, it is 

rapidly metabolised, forms toxic metabolites and exhibits limited aqueous solubility 

(Egorin et al., 1998) while 17-DMAG a newer derivative o f  geldanamycin also under 

clinical trials for various types o f cancer, is water soluble, undergoes limited metabolism, 

has high oral bioavailability and shows increased efficacy compared to 17-AAG (Egorin et 

al., 2001, Egorin et al., 2002). Many studies done in the 90s reported that the vast majority 

o f adRP-linked rhodopsin mutations including the most studied mutation P23H (P23H 

RHO), lead to misfolding o f the rhodopsin protein (Lin and Lavail, 2010). In addition, 17- 

AAG has been shown previously to have a positive effect in reducing insoluble P23H RHO 

in vitro (M endes and Cheetham, 2008). Hence, the effect o f  17-DMAG on the rate o f 

degeneration o f photoreceptors in P23H RHO mouse and rat models were ftjrther subjects 

o f  investigation in this thesis. Using the CLDN5 AAV2/9 system together with systemic 

administration o f 17-DMAG, significant preserv'ation o f the outer nuclear layer (~ 48%) 

and rescue o f  visual function (~- 36%) were observed in treated retinas compared to 

controls in P23H-line 3 rats, a model involving slow retinal degeneration. In order to 

examine the potential versatility o f this therapeutic, the effect o f  17-DMAG was also tested 

in a rapidly degenerating P23H mouse model and in an AAV2/5 P23H-induced mouse 

model. However, these P23H murine models proved less useful than the more robust rat 

model.

To summarize, data presented here provide proof o f principle for transient, localized and 

inducible delivery o f  small molecular weight drugs via modulation o f  the iBRB following 

a once-off subretinal injection o f CLDN5 AAV2/9. Furthermore, since 17-DMAG is 

already in clinical trial for various types o f cancer, administration o f  this drug in



com bination w ith m odulation o f  the iBRB could be used to develop a com m on therapy for 

the treatm ent o f  all retinopathies associated w ith ER stress. In this regard, this therapeutic 

approach has recently  been designated w ith orphan m edicinal product status by the 

European M edicines A gency  w hich should expedite translation to clinical use in the near 

fijture.
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Chapter 1 

General Introduction



1.1 General Introduction

The endothelial cells lining the microvessels o f the brain and the inner retina are joined by 

so-called tight junctions, comprising o f upwards o f  30 proteins, which, together form an 

exceedingly tight seal between these cells, representing the blood-brain and inner blood 

retina barriers. W hile allowing an abundant supply o f oxygen and nutrients to the central 

nervous system, these barriers also prevent passive diffusion into the brain or retina o f 

potentially harmful blood-borne agents such as antibodies, pathogens, immune cells and 

anaphylatoxins (Hawkins and Davis, 2005). W hile many degenerative retinopathies are 

potentially treatable using available low molecular weight drugs an estimated 98% o f these 

cannot diffuse passively across these barriers (Pardridge, 2007). Poor penetration o f such 

compounds is a resuh o f the low rates o f diffusion across tight junctions, the presence o f P- 

glycoprotein efflux pump activities and a range o f specific efflux receptors present in the 

microvascular endothelium. Many efforts have been made for the treatment o f 

retinopathies by topical or intravitreal drug delivery. However, topical delivery is often 

ineffecient in producing therapeutic concentrations in posterior segment tissues owing to 

the long diffusion distance (Christie and Kompella, 2008). Although this problem can be 

overcome by intravitreal delivery o f drugs by means o f  implants or injections, significant 

side effects have been linked with this type o f delivery, such as postoperative 

endophthalmitis, haemorrhage and retinal detachment (Jager et al., 2004).

Hence, in this introductory chapter, an outline o f the structure o f the blood-brain 

barrier/blood-retina barrier, together with details o f  tight junction proteins, which make up 

the seal characteristic o f  these barriers, will be provided. Different routes o f drug delivery 

to the posterior segment o f the eye will be discussed in terms o f their advantages and 

disadvantages. In the developed world, the hereditary retinopathy, retinitis pigmentosa 

(RP) is the most prevalent cause o f  registered visual handicap among working-aged 

populations, the condition having been described as ‘possibly the most genetically
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heterogeneous o f any hereditary condition for which molecular pathologies have been 

explored’ - a major barrier to the development o f genetic medicines. Thus, I will provide a 

brief overview of the structure o f the human eye, the retina, and o f the major symptoms 

and genetic etiologies associated with RP. In addition, since RNA interference-mediated 

suppression o f transcript expression has been used extensively in this work, an introduction 

to this powerful technology will be outlined and how it forms the basis o f  a new 

technology, experimentally validated in this thesis, whereby reversible and transient 

modulation o f the inner blood-retina barrier can facilitate systemic delivery o f low 

molecular weight drugs in animal models o f  retinal degeneration induced by light ablation, 

or by mutations within the IM PD H l and P23H  genes, which are established causes o f 

adRP.

1.2 The blood-brain barrier

Despite much progress having been made in the pharmaceutical industry in the last few 

years, the number o f products launched to treat diseases o f the central nervous system has 

not met demand. This has been largely due to a shortfall in our understanding both o f  the 

underlying biology behind the diseases themselves and many factors contributing to the 

inefficiency o f  systemic central nervous system (CNS) drug delivery (Pardridge, 2002). 

The CNS is highly protected by the blood-brain barrier (BBB), the blood-retina barrier 

(BRB) and the blood-cerebrospinal-fluid (blood-CSF) barrier. The BBB is located at the 

endothelial cells o f the brain capillaries while the blood-CSF barrier is located at the 

choroid plexus and meninges. These unique barriers regulate and control the selective 

transport o f both exogenous and endogenous materials between the blood and neuronal 

tissues, thus maintaining the delicate microenvironment critical to the functions o f the CNS 

machinery.

The BBB was first described by the German microbiologist Paul Ehrlich, in a series o f

experiments designed to compare oxygen consumptions o f  different organs (Ehrlich,
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1885). Compared with peripheral organs, a lack o f  coloration in the brain and spinal cord 

was observed after intravenous injection o f aniline dyes. At the time, Ehrlich concluded 

that this phenomenon was due to the nature o f the dye. However, fifteen years after this 

observation, it was suggested that a mechanical membrane, termed the BBB separating the 

blood from brain, was involved in pharmacological actions excluding intravenously 

administered bile acids o f ferrocyanide from the CNS (Lewandowski, 1990). In addition, 

nearly thirty years later, Ehrlich’s student, Edwin Goldman, observed that coloration was 

confined to the CNS but not in other organs after injecting Trypan blue into the 

cerebrospinal fluid (Goldmann, 1913). Subsequently, the framework o f  the BBB structure 

was revealed by electron microscopy studies to be an endothelial barrier located in 

capillaries throughout the brain (Reese and Karnovsky, 1967, Brightman and Reese, 1969). 

The BBB is composed o f brain m icrovascular endothelial cells, pericytes, a basement 

membrane, astrocytes and neurons. Anatomically, the brain microvascular endothelial cells 

are distinguished from peripheral endothelial cells by the higher mitochondrial content, the 

absence o f  fenestrations, low pinocytotic/endosomal transport activity and the presence o f 

tight junction (TJ) proteins (Hawkins and Davis, 2005). These TJs play an important role 

in reducing paracellular permeability, increasing electrical resistance and controlling the 

slow rates o f fluid phase transcytosis. Breakdown or dysfunction o f the BBB has been 

described in several neurodegenerative and inflammatory diseases o f  the brain. For 

example, increased BBB permeability is caused by ischemic stroke and traumatic brain 

injury while the disruption o f BBB is a precipitating event o f  multiple sclerosis (Klohs et 

al., 2009, Cunnea et aJ., 2010). Disturbance o f BBB has also been associated with 

Alzheim er’s disease although the relationship between BBB breakdown and pathology is 

not yet clear (Blennow et a l ,  1990). In addition to ischemic/hypoxic factors, BBB function 

can also be compromised by drug abuse. It has been found that nicotine treatment distorts 

microvascular distribution o f some TJ proteins, including zonula occluden-1 (ZO-1) and
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claudin-3 and increased BBB permeability to sucrose in rats (Hawkins et al., 2004). TJ 

abnormalities also appear to be involved in some forms o f brain tum or which are 

characterised by oedema (Papadopoulos el al., 2004). These authors also suggested that 

incomplete structure o f tumor vasculature TJs was caused by the proangiogenic 

environment o f tumor growth.

1.3 The Blood-retina Barrier

Similar to the BBB, the blood-retina barrier plays an important role in maintaining 

homeostasis o f the microenvironment in the retina. It regulates movements o f molecules 

and fluid between the blood flow and the retina through its inner and outer retina barriers 

(Figure 1.1). The inner retina barrier (iBRB) is composed o f TJs between retinal capillary 

endothelial cells, while the outer blood retina barrier (oBRB) is formed by TJs between 

adjacent retinal pigmented epithelium cells. In addition, Muller cells, pericytes and 

astrocytes have also been reported to contribute to the proper functioning o f the iBRB 

(Reichenbach et al., 2007, Kaur et al., 2008). The oBRB is important in regulation o f 

nutrient transportation from the blood into the outer retina and also acts as a barrier for 

macromolecules from entering the retina.

1.3.1 T he inner B lood-retina  barrier

The retinal capillaries are located in the nerve fibre, ganglion cell and inner plexiform 

layers and at the junction o f the inner nuclear and the outer plexiform layer o f the retina 

(Figure 1.1). At the molecular level, the iBRB is extremely similar to the BBB, being 

made up o f TJs o f endothelial cells sheathed in pericytes, and glial cells which together 

constitute the iBRB. The TJs o f  the retinal epithelium are formed by binding o f  the outer 

leaflets o f adjacent retinal endothelial cells; thus creating a highly restrictive and selective 

barrier for molecules in the lumen to cross into the retinal avasculature. In addition to the 

TJs, Muller cells, pericytes and astrocytes are also thought to contribute to the formation

5



and maintenance of the iBRB (Figure 1.2). Pericytes have been shown to be involved in 

maintenance o f capillary structure and inhibition of endothelial cell proliferation (Hirschi 

and D'Amore, 1996). They are also known to strengthen the integrity o f the iBRB by 

inducing expression o f occludin and ZO-1 under normoxia and by partially reversing the 

decrease of occludin under hypoxic conditions (Wang et a i ,  2007). Reduction in pericyte- 

endothelial cell contact associated with capillary changes during ageing has been shown to 

cause destabilization o f the capillaries and impairment of metabolite exchange required for 

optimal neuronal function (Hughes et a l ,  2006).

Muller cells also play an essential role in proper functioning of the iBRB. During hypoxic 

and inflammatory conditions, vascular endothelial growth factor (VEGF) secretion causes 

an increase of permeability of the iBRB. Under normal conditions, Muller cells are known 

to secrete pigment epithelium derived growth factor (PEDF) which is a VEGF antagonist, 

thus maintaining the integrity of iBRB (Eichler et a i ,  2004). However, during hypoxic 

conditions, Muller cells have been shown to enhance secretion of VEGF, leading to 

destabilization and impairment of the TJs (Eichler et a l ,  2000, Kaur et a l ,  2006). 

Moreover, Muller cell dysfunction has been suggested to be involved in the breakdown of 

the BRB during diabetes (Tretiach et a l ,  2005).

The third cell type important for the integrity o f the iBRB is astrocytes. Astrocytes are 

closely associated with the retinal vessels and their contact with the mature brain 

vasculature has been reported to enhance expression of the TJ proteins ZO-1, occludin and 

claudin-5 (Willis et a i ,  2004). Also, dysfunction of astrocytes has been reported to cause 

breakdown of the iBRB, triggering vasogenic oedema (Rungger-Brandle et al., 2000).

1.3.2 The outer Blood-retina barrier

Unlike the BBB, the BRB also contains the oBRB, which is formed by a single layer of

retinal pigmented epithelium (RPE) cells located between the neural retina and the choroid.

The apical membrane o f the RPE faces the outer segment layer and its basolateral
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membrane faces the Bruch’s membrane, separating the RPE from the fenestrated 

capillaries o f the choroid (Figure 1.2). In addition to being a barrier layer for the retina, 

functions o f the RPE also include absorption o f  light and protection o f the retina from 

photooxidation, phagocytosis o f  shed photoreceptors membrane discs, conversion o f all- 

trans retinal to 11-cis retinal in the visual cycle, maintenance o f structural integrity o f the 

retina through secretion o f various factors (Simo et al., 2010) and regulation o f  transport 

between the retina and fenestrated capillaries o f  the choroid. Moreover, the RPE also 

contributes to the maintenance o f the immune privilege status o f the eye by secreting 

immunosuppressive substances within the eye.

1,4 Tight junction proteins

TJs are contact points between the plasma membrane o f adjacent epithelial and endothelial 

cells and are the major barrier for paracellular transport across these cells. The degree o f 

paracellular transport varies among tissues and is dictated by the tightness o f TJs. In 

contrast to cellular barriers in other parts o f the body, the intercellular space between TJs 

present at the BRB/BBB is completely occluded due to the extremely tight lateral 

association o f each pair o f  TJ strands. In addition to being the barrier to passive 

paracellular difflision o f  water soluble substances from the circulation to the retina, TJs are 

also involved in vesicle targeting, cytoskeletal dynamics, signalling during proliferation 

and transcription, and defining cellular polarity (Campbell el al., 2010b).

TJ proteins include integral transmembrane protein (occludin and claudins), junctional 

adhesion molecules (JAMs) and cytoplasmic proteins ZO, cingulin, 7H6 antigen, and 

symplekin) (Figure 1.3). Occludins and claudins are intercellular proteins which are linked 

to cytoplasmic and regulatory proteins ZO 1-3, symplekin, 7H6 and cingulin. JAM-1 (40 

kDa) is a member o f the IgG superfamily and mediates the prim ary attachment o f  adjacent 

cell membranes by homophilic interactions. JAM-1 contains a single transmembrane chain
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with a large extracellular domain. JAM-2 and JAM-3 are also found present in endothelial 

and lymphatic cells, but not in epithelia (Bauer H-C, 2004).

Occludin, a 60 to 65 kDa protein has four transmembrane domains with the carboxyl and 

amino terminals oriented to the cytoplasm and two extracellular loops that span the 

intercellular cleft. Occludin has muhiple sites for phosphorylation on serine and threonine 

residues and phosphorylation o f  this protein appears to regulate occludin association with 

the cell membrane (Hawkins and Davis, 2005). Claudins have similar membrane topology 

to occludin but no sequence homology. It has been suggested that claudins form the 

primary seal o f  the TJ and occludin acts as an additional supporting structure. 

Overexpression o f  claudins in fibroflasts can induce cell aggregation and formation o f TJ 

strands; whereas this is not the case for occludin which is localised to TJ already formed by 

transfection with claudins (Kubota el a l ,  1999). Furthermore, occludin knockout mice 

exhibit a morphologically and functionally normal phenotype thereby suggesting that 

occludin is not important for the formation o f  TJs (Saitou et al., 2000). However, the 

presence o f occludin at the TJs can increase TJ tightness (electrical resistance) which is 

mediated by the second extracellular loop domain (Wong and Gumbiner, 1997).

Up to 24 claudins (20-24 kDa) have been identified in mammals (Bauer H-C, 2004). All 

claudins have similar predicted folding and high sequence hom ology in the first and fourth 

transmembrane domains and extracullular loops with a very short internal N terminus (2-6 

residues) (Heiskala et al., 2001). Claudins are thought to form dimers through their 

extracellular loops via homophilic and heterophilic interaction between adjacent 

endothelial or epithelial cells (Furuse et al., 1999). The first extracellular loop has a set o f 

highly conserved amino acids (W -GLW -C-C) and it is highly possible that the two 

cysteme residues form a disulfide bond. The first loop influences paracellular charge 

selectivity (Colegio et al., 2002) while the second extracellular loop has a bacterial 

recognizing site (Fujita et al., 2000). The carboxyl terminus possesses a phosphorylation



site at Threonine 192 and a PDZ domain (except claudin-12) that binds to PDZ domains of 

other supporting proteins such as ZO 1-3 (Bazzoni, 2006) (Figure 1.4). The PDZ domain 

is a region o f sequence hom ology in diverse signalling proteins. The name PDZ is derived 

from the first three proteins in which these domains were found; PSD-95 (post-synaptic 

density 95 kDa), Dig (Drosophila discs large protein) and ZO-1. The expression pattern of 

claudins varies immensely among tissues and cell types and during different 

developmental stages. Consequently, the TJs at these tissues vary in electrical conductance, 

charge selectivity, solute perm eability and size discrimination (Van Itallie et a!., 2004, Van 

Itallie and Anderson, 2006).

In addition to the integral transmembrane components o f  the TJs, there are several 

scaffolding proteins that are associated with them in the cytoplasm. These include 

members o f the membrane associated guanylate kinase-like (MAGUK) homolog family. 

Three M AGUK proteins have been identified are ZO-1, ZO-2, ZO-3 which seem to be 

involved in the coordination and clustering o f protein complexes to the cell membrane and 

in regulation o f gene expression (Gonzalez-M ariscal et a!., 2000). ZO-1 (220 kDa) was the 

first protein positively linked to TJs and expressed in endothelial and epithelial cells as 

well as many cell types that do not express TJs. ZO-1 and ZO-2 (160 kDa) are 

phosphoproteins with high sequence homology which link transmembrane TJ proteins to 

the actin skeleton, bind to signalling molecules to communicate the state o f the TJ to the 

interior o f  the cell and vice versa, and localize in the nucleus during stress and 

proliferation. Moreover, ZO-2 seems to have an ability to replace ZO-1 and facilitate 

nonnal formation o f  the TJ in cultured epithelia lacking ZO-1. ZO-3 (130 kDa) has been 

found to be in a complex with ZO-1 and ZO-2 (Hawkins and Davis, 2005).

Other accessory proteins o f the BRB include cingulin and 7H6. Cingulin is about 140-160 

kDa in weight and associated with ZOs and myosin (Citic, 1989). It is suggested to 

mediate the interaction between tight junction and the cytoskeleton via force transduction.
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The function o f 7H6 is not yet elucidated but this protein has been found to reversibly 

dissociate from the TJ complex under ATP depletion (Zhong et al., 1994),

In addition, adherence junctions are formed by intracellular cadherin proteins to maintain 

cell-cell adhesion between neighboring endothelial cells. Similar to occludin and claudins, 

cadherin proteins are also linked to the cytoplasm by scaffolding proteins, including 

catenin (Petty and Lo, 2002).

1.4.1 Claudin-5 in the blood-retina barrier

There are reports o f at least 24 members o f  the claudm family (Van Itallie and Anderson, 

2006). C laudins-1, -3, -5 have been detected in brain capillary endothelial cells and they 

are likely to play important roles in creating the characteristic seal which defines the 

BRB/BBB. In particular, expression o f claudin-5 has been reported to be at least 593-fold 

greater than that o f claudin-1, 3, and -12 (Morita et a i ,  1999) and to play an important role 

not only in the BBB but also in the iBRB. Indeed, Nitta el al. (2003) in their seminal work 

on claudin-5 knockout mice, highlighted the importance o f claudin-5 in maintaining the 

BBB integrity. The knockout mice were bom alive, but died within one day o f birth 

without any morphological abnormalities in the brain. However, tracer perfusion 

experiments and magnetic resonance imagining (MRI) analyses in these mice revealed that 

the BBB was impaired in brain endothelial cells (Figure 1.5) and allowed diffusion o f 

molecules up to 800 Da in size.

Koto et al. (2007) have suggested that down-regulation o f claudin-5 under hypoxia

disrupts the neural vasculature barrier both in vivo and in vitro. In this study, changes o f

claudin-5 protein levels in the plasma membrane o f brain-derived endothelial (bEND.3)

cells under hypoxia were shown to correlate with changes in the transendothelial electrical

resistance. Moreover, claudin-5 is highly expressed in the plasma membrane o f retinal

microvascular endothelial cells under normal conditions in vivo while hypoxia significantly

reduces the level o f  claudin-5 in the membrane o f these cells. In addition, inhibition of
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claudin-5 expression using RNAi leads to a reduction o f transendothelial electrical 

resistance in bEND.3 cells even under normoxic conditions. These studies imply that 

claudin-5 has a critical role in maintaining the integrity o f the BRB under hypoxic 

conditions. Other protein members (occludin, claudin-1, claudin-3) o f the TJ have also 

been implicated to be hypoxia-sensitive. Therefore, understanding o f hypoxia-induced 

breakdown o f barrier function o f neural endothelial cells could potentially identify new 

therapeutic targets for diseases such as diabetic retinopathy and cerebral ischemic diseases. 

Interestingly, diabetic retinopathy has been linked with deregulation o f  vascular 

endothelial growth factor (VEGF) expression, which is induced under hypoxic conditions. 

An increase in VEGF expression raises the perm eability o f vascular surfaces resulting in a 

breakdown o f the BRB both in vivo and in vitro. Deissler et al. (2008) showed that 

treatment o f immortalised bovine retinal endothelial cells (iBREC) with V EG F165 had no 

effect on the expression o f claudin-5 while significantly diminishing localisation o f 

claudin-1 in plasma membrane. Moreover, Barber and Antonetti (2003) suggested that 

VEGF increased permeability o f the BRB through redistribution o f occludin while 

localisation o f claudin-5 in the plasma membrane o f endothelial cells was not affected. 

Furthermore, levels o f claudin-5 have been shown to correlate with permeability changes 

during the intermediate stage o f  chick RPE development (Kojima et al, 2002). In this 

study, claudin-5 was demonstrated to be transiently expressed during the development o f 

RPE using Northern blotting, semi-quantitative RT-PCR and immunoblotting. On the other 

hand, claudin-3 was expressed only in the choroid layer o f the eye. The expression level o f 

claudin-5 was at peak during the intermediate stage o f development (between embryonic 

days 10 and 14). The study also speculated that an increase in claudin-5 during this 

developmental stage could lead to an increase in strand number or branching since 

rudimentary junctions formed by occludin at E7 could be strengthened by the increase in 

claudin-5.
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1.5 Transport systems across the BRB

In general, there are two main routes by which molecules are transported across the iBRB: 

a paracellular route and a transcellular route. Paracellular transport is passive and driven by 

a gradient mechanism via TJs between neighboring endothelial cells. The pathway is 

highly evolved and more selective than in any other region o f the body; therefore the 

majority o f molecules circulating in the blood can cross the iBRB only via the transcellular 

route, which is both an active and passive transport system allowing sets o f small and large 

hydrophilic molecules to enter the brain through cell membranes. The transcellular route 

can be classified into free diffusion, carrier-mediated transport (CMT), and receptor- 

mediated transport (RMT). Only molecules which are either less than 400 Da and/or highly 

lipophilic and are not substrates o f efflux transporters can cross the barrier by free 

diffusion. The essential nutrients, glucose and certain amino acids are transported via CMT 

by the specific membrane transporting proteins which are present in relatively high 

concentrations in the BRB (Gaudana et al., 2010). Certain large-molecule peptides or 

plasma proteins are selectively transported across the barrier via RMT initiated with 

receptor-mediated endocytosis o f  the molecules.

There are two types o f  transporters present at the BRB: influx transporters and efflux 

transporters. Efflux transporters mainly belong to the ATP binding cassette superfamily 

whereas influx transporters belong to the solute carrier (SLC) superfamily. Influx 

transporters facilitate the translocation o f essential nutrients and xenobiotics across the 

barrier membrane. These include carriers for amino acids, peptides, vitamins, glucose, 

lactate, and nucleoside/nucleobases. For example. Glucose transporter 1 (G LU Tl) 

transports D-glucose the main energy source for the retina and dehydroascorbic acid 

(DHA) an omega-3 fatty acid essential for visual function from blood to retina (Puchowicz 

et al., 2004). G LU Tl is present in both the luminal and abluminal membranes o f the iBRB 

and in both the apical and basolateral membranes o f the RPE. Although GLUTl is
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expressed in two sides of the membranes, D-glucose and DHA are predominantly 

transported from the blood to retina rather than the opposite direction. This is due to the 

fact that GLUT 1 is expressed from two to threefold greater at the luminal membrane of the 

iBRB/basolateral of the oBRB than at the abluminal/apical membrane in humans and rats 

(Takata et a i,  1992). Glycosylated neuropeptides were also shown to be transported from 

blood to brain via GLUTl transport at the BBB. This suggests that anologs o f GLUTl 

substrates can be transported from blood to retina at the BRB (Polt et al., 1994).

Precursors of neurotransmitters and protein synthesis such as L-Leucine and L- 

phenylalanine are transported from blood to retina via a Na* independent neutral amino 

acid transporter (system L) at the BRB (Tomi et al., 2005). Several other amino acid 

transporters have been suggested to be involved in blood to retina influx transport o f amino 

acids such as taurine, glycine, L-cystine and D/L serine at the iBRB (Hosoya and 

Tachikawa, 2009). Creatine is essential for energy homeostasis while biotin is a coenzyme 

in the metabolism of fatty acids and leucme in the retina. N a' dependent creatine 

transporter and Na" dependent multivitamin transporter are expressed in the iBRB and 

responsible for the transport of creatine and biotin from blood to retina (Nakashima et a l, 

2004, Ohkura et al., 2010). Creatine and biotin are constantly transported from blood to 

retina to maintain their concentration in the retina.

Monocarboxylates such as lactate, pyruvate and ketone bodies are vital molecules in 

cellular physiology of most mammalian cells. L-lactic acid especially appears to be a 

required energy source in addition to D-glucose in photoreceptors. Therefore, 

monocarboxylate transporters are expressed in both sides on membranes o f the iBRB and 

RPE (Philp et al., 1998, Martin et al., 2007). In addition, nucleoside transporters transport 

adenosine which is essential in retinal neurotransmission, blood flow, vascular 

development and response to ischemia through cell surface adenosine receptors (Nagase et 

a i,  2006). Other types of transporters present at the BRB include folate transporters for
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influx o f folates which are required for the de novo synthesis of purines, pyrimindines, 

some amino acids and for the conversion of homocysteine and methionine; and organic 

cation transporters which mediates the transport o f cations such as acetyl-L-carnitine from 

blood to retina.

Although the systems described above are influx transportations from blood to retina, 

highly active efflux pumps present in relatively high concentrations at the BRB function in 

the opposite direction, from retina to blood. This offers an additional layer o f protection to 

the retina by expelling harmful molecules back into the blood but also results in limiting 

the delivery of systematically available substrates to the retina (Bellavance et a i,  2008). 

Efflux o f xenobiotics including drugs which are taken up by the circulating blood can be 

initiated by ATP-binding cassette (ABC) transporters which are expressed at the luminal 

and basolateral membrane of the inner and outer BRB. Permeability glycoprotein (P-gp), 

an ATP-dependent efflux pump, is present in relatively high concentrations in the luminal 

membrane of the iBRB and the basolateral membrane of oBRB. P-gp mediates rapid 

removal of lipophilic compounds from the retina to blood. In addition, several multi-drug 

resistance associated proteins (MRP) and the breast cancer resistance protein (BCRP) are 

expressed at the inner and outer BRB. MRPs efflux organic anions and conjugated 

compounds such as glucuronic acid conjugates and glutathione conjugates whereas BRCP 

transporters efflux both drugs and photosensitive toxins (Hosoya and Tachikawa, 2009).

In addition, there is a large volume of water produced in the retina as a consequence of 

high metabolic turnover in neurons and photoreceptors. Intraocular pressure also leads to 

the movement o f water from the vitreous chamber into the retina. Therefore, water is 

constantly removed from the inner retina to retinal capillaries via Muller cells and from the 

subretinal space to choriocapillaries via the RPE. Due to the presence of TJs, the 

paracellular resistance is 10 times higher than the transcellular resistance. Thus, water
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transport occurs predominantly through the transcellular route driven by the transport of K* 

and C r ions and facilitated by aquaporin-1 (Simo et a i, 2010).

Overall, the transport systems for essential molecules at the BRB are highly regulated by 

TJ proteins and different types o f efflux and influx transporters. Together, they protect the 

neural retina from xenobiotics, toxic and blood borne substances; restrict non-specific 

transports while supplying necessary nutrients for the energy demanding retina. Thus, the 

presence o f the BRB makes it a very challengmg task to introduce drugs to the posterior 

segment of the eye for the treatment of neurodegenerative diseases. It has been shown that 

molecules with size less than 400 Da and high liposolubility have potential to cross the 

BRB in pharmacologically significant amounts (Pardridge, 2003). Therefore, increasing 

lipophilicity of such molecules is an efficient strategy to increase BRB permeability of 

compounds, and has been applied to drug development in the pharmaceutical industry for a 

long time (Li and Cha, 2007). However it seems to have reached the limitation as those 

drugs treat only a handful of CNS conditions, generally restricted to affective disorders 

such as epilepsy and insomnia (Krause et al., 2008). In addition, modifying drugs to allow 

targeting o f various influx transporters while simultaneously avoiding efflux transporters 

has had some success; however, this method is costly and time consuming due to the 

specificity o f these transporters (Mannermaa et al., 2006, Hosoya and Tachikawa, 2009).

1.6 Structure of the eye

The eye is a unique and delicate sensory organ that carries out one o f the most energy

demanding process of any organ or tissue in the body. The eye can be divided into three

distinct layers: 1) the external layer fonning the sclera and cornea, 2) the intermediate layer

consisting o f two parts: anterior (iris and ciliary body) and posterior (choroid), and 3) the

internal sensory part of the eye, the retina. To add to the complexity, there are three

chambers of fluid within the eye including the anterior chamber (between the cornea and

the iris), the posterior chamber (between the iris, suspensory ligaments and transparent
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lens), the vitreous chamber (between the lens and the retina). The first two chambers 

contain aqueous humour whereas the vitreous chamber is filled with a more viscous fluid, 

the vitreous humour (Figure 1.6).

1.6.1 The retina

Light entering the eye is focused on the retina by the transparent cornea and lens. The 

focus point for image in the retina is the fovea. Figure 1.7 shows a cross section o f the 

mammalian retina. Light hits the ganglion cell layer first and then passes through the inner 

plexiform layer, the inner nuclear layer, the outer plexiform layer before reaching the outer 

nuclear layer containing nuclei o f photoreceptors. The heavily pigmented layer, the RPE 

absorbs light not absorbed by the photoreceptors. Humans possess five types o f photo

sensitive neuron in their retina: rod photoreceptors containing the photoreactive pigment 

rhodopsin; three types o f  cone photoreceptors containing either red, blue or green opsins 

which have peak absorption spectra in the red, blue, green wavelengths, respectively; and 

melanopsin containing ganglion cells. Photoreceptors are responsible for initiation o f 

vision while photo-sensitive ganglion cells are involved in maintenance o f circadian 

rhythms. In addition to these neurons, the retina also contains amacrine cell, bipolar cell 

and horizontal cell neurons in the inner nuclear layer. Hence, the retina is a very complex 

tissue with different types o f neurons forming a dynamic network to convert light energy 

into electrical pulses for image processing in the brain.

1.6.2 Photoreceptors

Rod and cone photoreceptors are generated in precise patterns over the retina during 

development. In particular, rod photoreceptors are highly sensitive and mediate vision at 

night or in dim light while cone photoreceptors are less sensitive and mediate colour vision 

and fine acuity in daylight. The vertebrate retina has only one type o f  rod but several types 

o f  cones containing different opsins. However, rods are the most abundant photoreceptor
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cell in the eye, consisting o f approximately 95% o f all photoreceptor cells (Rattner et al., 

1999). Most mammalian species have dichromatic color vision mediated by two cone 

opsins that respond to blue and green wavelengths o f light. On the other hand, humans 

generally possess trichromatic color vision due to the presence o f  red light-sensitive opsin. 

Rod and cone photoreceptors are also distributed in distinct patterns over the entire retina. 

These patterns are different among species. For example, in the human retina, the three 

types o f cone photoreceptors occur in a mosaic pattern and are greatly concentrated in and 

around the fovea where there are no rod photoreceptors (Xiao and Hendrickson, 2000), 

while approximately 125 million rods are located mainly around the peripheral retina. In 

contrast, blue and green opsins are distributed in opposing gradients in cones over the 

superior-inferior plane o f the mouse retina, and cones are interspersed throughout with 

greater number o f rods (Xiao and Hendrickson, 2000).

1.7 Drug delivery in the retina

Currently, there are still no available treatments for various common retinopathies and 

neurodegenerative diseases. Local drug delivery to the retina is particularly challenging 

because o f the presence o f the BRB. Various strategies have been attempted to deliver 

drugs to the retina. One such method is by the transient m odification o f the barrier 

properties o f the RPE and endothelial cells o f the iBRB by intracarotid infusion o f  a hyper

osmotic solution such as mannitol or arabinose; however, this results in a non-specific 

opening o f the BRB and is associated with retinal and nervous system toxicity (Frank el 

al., 1986, Millay el al., 1986). Another common method to bypass the BRB is the chemical 

modification o f drug molecules to lipophilic prodrugs, a process which increases 

transcellular diffusion into the neural retina (Macha and Mitra, 2002). The amount o f  drug 

retained in the retina after administration depends on the delivery method. Common 

delivery techniques include systemic administration, topical application, intravitreal 

injection, local injection and the use o f ocular implants (Figure 1.8).
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1.7.1 Systemic administration

Following systemic administration, the blood-aqueous barrier and the BRB are the major 

barriers for anterior chamber and posterior chamber drug delivery, respectively. The blood 

aqueous layer consists o f two cell layers located in the anterior segment o f the eye which 

are the endothelium o f the iris/ciliary blood vessels and the non-pigmented ciliary 

epithelium. TJ complexes present in these two layers prevent the entry o f solutes into the 

intraocular environment o f  the aqueous humor (Barar et al., 2008). A number of 

hydrophilic and many lipophilic substances such as chloramphenicol and tetracycline can 

penetrate the blood aqueous barrier. However, typically only 1-2% o f plasma drug 

concentration reaches the vitreous humor. Thus, this method requires repeated 

administration and high dosage o f drugs in order to maintain minimum working 

concentrations in the ocular tissue, which can potentially lead to complications including 

non-specific absorption by other tissues. This in turn could cause serious toxicities thus 

outweighing the advantages o f this method (Duvvuri er a!., 2003). For example, in 

glaucoma therapy, oral carbonic anhydrase inhibitors such as acetazolamide and 

ethoxzolamide have been discontinued in most cases owing to their systemic toxicity (Kaur 

et al., 2002).

On the other hand, the BRB restricts penetration o f drugs from blood into the posterior 

segment o f the eye. Following oral or intravenous dosing, drugs can easily enter the 

choroid owing to the high degree o f vascularisation and high fenestration o f  the 

choriocapillaries compared to retinal capillaries. However, the RPE constituting the oBRB 

restricts further entry o f  drugs from the choroid into the retina. Permeability o f most 

therapeutic compounds across the BRB is very low or non-existant, except for extremely 

lipophilic compounds such as chloramphenicol and benzyl penicillin (Hughes et al., 2005). 

Therefore, highly specific drug delivery systems are needed to overcome the strict
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regulation of the BRB and facilitate drug absorption from the choroid or retinal capillaries 

into deeper layers of the retina.

1.7.2 Topical adm inistration

Topical administration is the preferred method o f drug delivery due to better patient 

compliance and cost affordability. Topical applications, including ophthalmic solutions 

and ointments are efficient delivery methods for the anterior segment comprising of the 

cornea, conjunctiva, sclera, iris-ciliary body and lens. However, topical delivery o f drugs is 

ineffective in producing therapeutically relevant concentrations in the posterior segment 

due to the long diffusion distance (Christie and Kompella, 2008). Drug absorption from 

topical delivery has been suggested to occur through two routes: the comeal and non

comeal (conjunctival/scleral) pathways. In the corneal pathway, constraints to dmg 

absorption include solution drainage, lacrimation and tear dilution, tear tumover, 

conjunctival absorption and the comeal epithelium barrier. On average, application o f an 

aqueous dose leaves the pre-corneal area within 5 minutes in humans (Chrai et al., 1974, 

Makoid el a i, 1976) and typically, less than 1-3% of the topically applied dose gets 

absorbed into the aqueous humor (Bird et al., 1986, Duvvuri et al., 2003). This low 

fraction of applied drug reaching the aqueous humor undergoes further elimination from 

the intraocular tissues and fluids by distribution into non-target tissues and as a 

consequence of aqueous humor flow. Enzymatic metabolism also takes place resulting in 

further loss of drug in the anterior chamber before it reaches the posterior segment. 

Clearly, barriers towards dmg absorption through the pre-comeal pathway are not easy to 

overcome.

The non-comeal route of absorption involves penetration across the conjunctiva and sclera

and then into the intraocular tissues. This mechanism of absorption has been shown to be

significant for compounds with poor corneal penetration properties such as insulin, timolol

maleate and prostaglandin PGF2-ALPHA (Bito and Baroody, 1981, Schoenwald et al.,
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1997). However, this route tends to be considered non-productive with respect to drug 

availability in the anterior chamber o f the eye and also causes significant uptake into 

systemic circulation due to the presence o f  conjunctival blood capillaries and lymphatics. 

Many efforts have been made to increase drug absorption through the comeal pathway by 

using high concentrations o f  penetration enhancers to increase bioavailability; however, 

this can lead to toxicological complications (Janoria et al., 2007).

1.7.3 Intravitreal and sub-conjunctivai injections

Intravitreal injection requires direct injection o f drug into the posterior segment, thus 

bypassing all the barriers. M any studies have been carried out to evaluate the 

pharmacokinetic parameters o f antiviral agents, antibiotics, steroids and monoclonal 

antibodies following intravitreal injection so that proper dose and dosing frequency could 

be developed. This route o f administration is more suitable for drugs with high molecular 

weight (>500 Da) and longer half-life. Although this method can increase drug 

concentration in the neural retina and lower the required dose, thus offering advantages 

over systemic and topical routes for drug delivery, it suffers from many drawbacks due to 

the requirement for repeated injections, including retinal detachment, retinal haemorrhage, 

endophthalmitis and patient non-compliance (Jager et al., 2004). For example, intravitreal 

injections o f ganciclovir (GCV) to control cytomegalovirus retinitis have been shown to 

cause retinal detachment in 6%; intravitreal haemorrhages in 1% and endophthlamitis in 

1% o f  treated eyes (Ausayakhun et al., 2005). Thus, intravitreal injection is not 

necessarily the ultimate strategy for drug delivery to the posterior segment.

As an alternative method, peri-ocular injections have also been developed. This type o f 

drug delivery includes subconjunctival, subtenon, retrobulbar and peribulbar 

administration and is considered less invasive than intravitreal injection. In particular, sub

conjunctival injection avoids the conjunctival epithelial barrier, which regulates

penneation o f water soluble drugs. Nevertheless, there are many other factors limiting drug
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access to the posterior segment of the eye. These include dynamic barriers such as 

conjunctival blood and lymphatic circulation leading to rapid drug elimination after sub

conjunctival injections (Kim et ai,  2008). The molecules that escape this elimination 

permeate through sclera and choroid to reach the retina. The sclera is a highly permeable 

barrier and permeability across this barrier depends on the molecular size rather than 

lipophilicity of the molecule (Unlu and Robinson, 1998). However, the high blood flow of 

the choroid and BRB are the significant barriers to the drug access into the retina.

1.7.4 Intravitreal im plants

Intravitreal implants have been developed as an alternative method to intravitreal 

injections. Vitrasert is a non biodegradable intraocular GCV implant to treat 

cytomegalovirus retinitis. It is surgically placed in the posterior segment o f the eye and 

replaced every 5-8 months after locally delivering all of its GCV content. Phase III clinical 

trial data showed that disease progression was significantly delayed in patients implanted 

with Vitrasert compared to patients intravenously injected with GCV. However, the risks 

encountered with GCV intravitreal injection were not fully eliminated. Adverse reactions 

reported for Vitrasert include vitreous haemorrhage, retinal detachment, lens opacities, 

cataract formation, macular abnomialities, intraocular pressure spikes, optic disk/nerve 

changes, hyphemas, uveitis, acute or delayed onset endophthalmitis and loss of visual 

acuity (Sakurai et ai ,  2001). In addition, repeated surgeries are required for implantation 

and removal of the implant.

Scleral implants are also employed to avoid the risks associated with injection method. 

Different biodegradable devices have been recently developed to lower the surgery related 

risk (Sakurai et al,  2001). Similar to intravitreal implants, the main disadvantages to these 

sclera implants are repeated surgeries and patient discomfort.
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1.8 Retinitis pigmentosa

Retinitis pigmentosa is a group o f inherited retinopathies that affect 1 in 3500 people 

worldwide (Haim, 2002, Daiger et a!., 2007). RP encompasses many hereditary conditions 

with many distinct causes and diverse biological pathways but with overlapping symptoms 

and similar consequences (Daiger el al., 2007). The early symptoms o f RP include night 

blindness followed by loss o f visual field from mid-periphery to far-periphery, leading to 

tunnel vision and eventually legal blindness or complete blindness (Daiger el al., 2007). As 

the disease progresses, retinal vessels are attenuated and pigmented deposits in a bone- 

spicule configuration can be observed on the surface o f the retina (Farrar et al., 2002) 

(Figure 1.9). The symptoms of RP may start in early teenage years and severe visual 

impairment normally occurs around 40-50 years o f age. However, some patients remain 

asymptomatic until mid-adulthood. On the other hand, there are early onset forms o f RP 

that are often diagnosed as recessive Leber congenital amaurosis; and even non-penetrant 

forms (Hartong el al., 2006, Daiger et al., 2007). Electroretinograms (ERGs) which 

measure the electrical response o f the retina to flashes o f light and other tests for visions 

show that retinal degeneration already persists at the age o f 6 years even in patients who 

remain asymptomatic until young adulthood (Berson el al., 1985).

At the cellular level, the characteristics o f RP include progressive degeneration o f the 

retinal photoreceptors including rods and cones; typically starting in the mid-periphery and 

advancing towards the macula and fovea (Heckenlively et al., 1988). RP is caused by death 

o f  rod photoreceptors leading to loss o f  cone photoreceptors and eventually complete loss 

o f  vision. In most forms o f  RP, loss o f  rod photoreceptors is much greater than that o f cone 

photoreceptors. On the other hand, rod and cone functions decline are at similar rates in 

some forms o f RP. Interestingly, in cone-rod degeneration type RP, early symptoms 

involve loss o f  visual acuity during daytime and defective colour vision due to greater loss
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of cones compared to rods (Hartong et a i,  2006). Collectively, all of these studies show 

that RP is a very complex and highly variable disorder.

Moreover, there are different inherited forms o f RP including autosomal recessive (13% of 

cases), autosomal dominant (20% of cases), X-linked (8% of cases) (Daiger et a l,  2007) 

(Table 1.1). In addition, non-Mendelian inheritance patterns of RP have also been reported 

such as rare mitochondrial and digenic forms which occur in very small proportion of cases 

(Zeviani et al., 1988, Kajiwara et a/., 1994). Although RP is often confined to retinal 

degeneration, about 20-30% patients have RP as a part of more complex syndromes such 

as Usher’s syndrome and Bardet-Biedl syndrome (Hartong et al., 2006). In Usher’s 

syndrome -  one o f the most common syndromic forms of RP, patient suffer from hearing 

impairment from as early as birth and later from RP by early teenage years (Kimberling et 

a i,  2000, Keats and Savas, 2004). Pennings et a i (2003) have shown that Usher’s 

syndrome can be caused by mutations in at least 11 genes. Interestingly, mutations in some 

of these genes can cause either RP without hearing loss (Rivoha et a i ,  2002, Aller et a l, 

2004) or deafness without RP (Astuto et a!., 2002). Another frequent syndromic form of 

RP is Bardet-Biedl syndrome (5-6% of cases) which is associated with obesity, mental 

retardation, polydactyly, renal abnormalities, hypogenitalism (Beales et al., 1999, Katsanis, 

2004). To date, ten genes responsible for this syndrome have been identified and known to 

cause about 70% of cases (Stoetzel et al., 2006). Moreover, there are also many rare 

syndromic forms of retinitis pigmentosa including Bassen-Komzweig syndrome 

(abetalipoproteinaemia) and Refsum’s disease (phytanic acid oxidase deficiency) (Hartong 

et al., 2006).

During the past few decades, knowledge of genes and mutations causing inherited retinal 

diseases especially RP has greatly advanced. The first dominant RP gene was found to be 

tightly linked to the region encoding the photoreceptor pigment rhodopsin (McWilliam et 

al., 1989, Farrar et al., 1990). Later, Dryja et a i  (1991) confirmed that mutations within

23



the rhodopsin (RHO) gene result in adRP. In addition to RHO, mutations in many genes 

with many diverse functions have been associated with RP. For example, some encodes 

proteins o f phototransduction cascade (Dryja el al., 2000) and rod cGMP gated cation 

channel a, P subunits (Dhallan et al., 1992, Korschen et al., 1999, Poetsch ef al., 2001). 

M utations in genes essential for vitamin A metabolism that are associated with 

photoreceptor degeneration include retinal pigment epithelium-specific protein 65kDa 

(RPE65) (Moiseyev et al., 2005) and retinaldehyde binding protein (R LB Pl) (Saari et al., 

2001). In addition, genes with important fiinctions in cell signalling, protein trafficking, pH 

regulation, phagocytosis have also been found to be associated with RP (Table 1.2).

To date, 17 autosomal dominant, 16 autosomal recessive and 6 X linked genes have been 

identified by linkage studies and candidate gene screenmg; in addition to many other genes 

involved in syndromic and systemic disorders (http//;www.sph.uth.tmc.edu/RetNet/ 

provided in the public domain by the University o f  Texas Houston Health Science Center, 

Houston, TX). Most genes for RP cause only a small proportion o f cases while the RHO  

gene accounts for approximately 30-40% o f adRP, the Usher’s syndrome type II A 

(USH2A) gene is potentially linked to approximately 20% o f recessive disease and the 

retinitis pigmentosa GTPase regulator (RPGR) gene is involved in approximately 70% o f 

X linked RP (Hartong et al., 2006).

1.9 Protein aggregation and diseases

It is widely accepted that aggregation o f  misfolded proteins causes many 

neurodegenerative diseases and retinopathies. In the case o f retinopathies, a missense at 

amino acid position 23 (P23H) is the most common RHO mutation leading to autosomal 

dominant RP in North America (Dryja et al., 1991). Various studies have suggested that 

the P23H protein is misfolded in the ER, extremely prone to aggregation, recruits cellular 

chaperones and targets wild type rhodopsin for degradation by the ubiquitin proteasome 

degradation (Saliba et al., 2002). Thus, ER stress caused by overloading o f mutant opsins
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could initiate a detrimental cascade leading to photoreceptor apoptosis. In addition, some 

mutations in the RDS-peripherin gene (e.g missense mutation N244K) have been 

implicated in protein misfolding (Conley el al., 2010). Marmorstein et at. (2002) 

demonstrated that inefficient secretion and accumulation o f epidermal growth factor- 

containing fibulin-like extracellular matrix protein 1 (EFEM Pl) in RPE cells could lead to 

EFEM Pl aggregation resulting in apoptosis cell death in age related macular degeneration. 

Additionally, it has been previously reported that the missense mutation Arg224Pro in the 

inosine 5’-monophosphate dehydrogenase {IM PD H l) gene responsible for the RPIO form 

o f  RP results in misfolded and insoluble aggregation o f mutated proteins in the cell cytosol 

(Aheme et a l ,  2004). Protein aggregation has been also observed in many common 

neurodegenerative disorders such as Alzheim er’s disease, Parkinson’s disease as well as 

Huntington’s disease, amyotrophic lateral sclerosis, prion diseases and others (Sherman 

and Goldberg, 2001, Bucciantini el al., 2002, George, 2002).

1.10 Apoptosis in neurodegenerative diseases

Apoptosis has been proposed to be the mode o f  cell death in various neurodegenerative 

conditions such as Huntington’s disease, A lzheim er’s diseases, age related macular 

degeneration, glaucoma and retinitis pigmentosa. However, the precise mechanism o f this 

process is not fully understood. In the classical sense, apoptosis involves activation o f 

various caspases which in turn cleave different intracellular proteins leading to cytoskeletal 

destruction, DNA fragmentation and autophagocytosis. There are two major apoptotic 

pathways. The extrinsic pathway occurs upon ligands binding to cell surface receptors 

resulting in activation o f pro-caspase 8 which then cleaves downstream caspases. On the 

other hand, cellular stress such as oxidative stress triggers release o f cytochrome c from the 

mitochondria into the cytosol in the intrinsic pathway. Cytochrome c then forms a complex 

with apoptotic protease activating factor 1 (Apaf-1) that turns pro-caspase 9 into its active 

form initiating a caspase cascade. However, the two apoptosis pathways are not mutually
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exclusive. Caspase 8 can interact with BH3 interacting-domain protein (Bid), a pro- 

apoptotic protein o f the B-cell lymphoma 2 (Bcl-2) family which then leads to release o f 

mitochondrial cytochrome c into the cytoplasm. Recently, the mechanism o f apoptosis has 

been questioned since studies in which caspases were inhibited by pharmacological 

inhibition or genetic m anipulation did not necessarily increase cellular survival. 

Furthermore, accumulating evidence showing calpain activation during apoptosis (Nath el 

a l ,  1996) suggests that apoptosis could occur in a caspase independent fashion.

Calpain activation has been implicated in various neuronal pathological conditions such as 

A lzheim er’s disease, Parkinson’s disease and Huntington’s disease (Nixon, 2003, Bizat el 

a!., 2005). In addition, calpain m ediated proteolysis has been observed in retinal 

degeneration in several animal models o f RP and glaucoma (Donovan and Cotter, 2002, 

Doonan et al., 2003, Huang et al., 2010). Intravitreal injection o f  calpastatin, an 

endogenous calpain inhibitor, into the rd l  mouse model for RP reduced photoreceptor cell 

death (Paquet-Durand et al., 2010). However, treatment o f rd mouse retinal explants with 

the calpain inhibitor N-Acetyl-Leu-Leu-Nle-al (ALLN) effectively reduced cleavage of 

alpha fodrin but did not protect photoreceptor survival (Doonan ei al., 2005). M oreover, 

many other calpain inhibitors cross inhibit other cysteine proteases such as caspases and 

cathepsins. The same is true for so called caspase specific inhibitors such as zVAD-fmk 

and z-DEVD-fmk which also potently inhibit calpains (Paquet-Durand ef al., 2007). In 

addition, SNJ-1945, a novel oral calpain inhibitor, significantly reduces cell loss in the 

ganglion cell layer and thinning o f  the inner plexiform layer induced by NM DA (N- 

methyl-D-aspartate) (Shimazawa et al., 2010).

1.11 RNA interference (RNAi)

The recently discovered phenomenon o f  RNAi has not only given insight into complex

cellular regulation o f  gene expression but also created a powerful tool for the study o f  gene

function. RNAi was first reported in studies o f  petunia plants by two independent groups
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23 years ago (Napoli et a!., 1990, van der Krol et al., 1990). The original experiments were 

set out to increase the colour intensity of petunia petals by introducing extra copies of 

chalcone synthase gene, which is responsible for the synthesis of red pigment. In contrast 

to their expectation, many o f the genetically engineered flowers lost their natural 

pigmentation while patterned flowers with white non-clonal sectors on wild-type 

pigmented background were produced. This ambiguous effect was later termed as co

suppression. At this time, it was thought that single-stranded RNAs (ssRNAs) were 

capable of inducing gene silencing through studies in C. elegam  (Seydoux and Fire, 1994, 

Guo and Kemphues, 1995). However, Fire et al. (1998) surprisingly demonstrated that 

double-stranded RNAs (dsRNAs) were over 100-fold effective in silencing the imc-22 

gene than antisense ssRNA in C.elegans. It turned out to be that both sense and antisense 

ssRNA samples in previous studies were contaminated with dsRNA. Subsequently, this 

dsRNA mediated silencing now known as RNAi has been found to be a common process 

encountered in unicellular protozoans, insects, fungi, invertebrates, vertebrates and plants 

(Prawitt et a l ,  2004, Drinnenberg et a l,  2009).

RNAi is a process in which dsRNA can trigger transcriptional or translational repression of 

a gene homologous to the dsRNA sequence. dsRNAs (the trigger) are processed in vivo 

into small dsRNAs of -21-25 bp in length that guide target recognition (Elbashir et al., 

2001a, Elbashir et al., 2001b). There are two types of naturally occurring small RNAs that 

can act as gene silencers: short interfering RNA (siRNA) and micro RNA (miRNA) (Rao 

and Sockanathan, 2005) (Figure 1.10). Each of these small RNAs is derived from different 

triggers of the RNAi process. siRNAs arise from long dsRNA duplexes. These dsRNA 

duxplexes are often produced during viral production within cells (foreign dsRNAs); or 

from bi-directionally transcribed endogenous RNAs that can anneal to form dsRNA. In 

addition, these dsRNA can also be introduced into the cell exogenously (Hannon, 2002). 

On the other hand, miRNAs are produced from a specific precursor that is encoded in the

27



genome. In most metazoan cells, the transcripts of these specific miRNA precursors 

contain 20-50 bp inverted repeats of complementary sequences (Bartel and Chen, 2004). 

These transcripts fold back on themselves and base pair along complementary sequences to 

form dsRNA hairpins (pri-miRNA). Hairpin precursors are first cleaved to shorter, pre- 

miRNAs (-70 bp) by an RNase III enzyme called Drosha in the nucleus (Lee et a l,  2003). 

These pre-miRNAs are then exported to the cytoplasm by Exportin-5 and undergo another 

cleavage into -21-25 mature miRNAs by Dicer, an RNA III enzyme (Lee et al., 2002). 

These mature, imperfect miRNA duplexes (miRNA:miRNA*) contain both the mature 

miRNA strand and its complementary strand (miRNA*). Drosha and Dicer are dsRNA 

specific endonucleases that generate 2 nucleotide long 3’ overhangs at the cleavage site 

(He and Hannon, 2004).

In contrast to miRNAs, precursors of siRNAs are present in the cytoplasm and processed 

into 21-22 bp siRNA duplexes by Dicer enzyme (Bernstein et al., 2001). Dicer is a large 

protein (-220 kD) containing a putative helicase domain, a DUF283 domain, a PAZ (Piwi- 

Argonaute-Zwille) domain, two tandem RNase III domains and a dsRNA binding domain 

(dsRBD) (Bernstein et al., 2003). Hence, Dicer can unwind dsRNA duplexes using its 

helicase domain and cleave these into smaller duplexes. Some organisms such as mammals 

and C.elegatis have only one copy of Dicer gene (Rao and Sockanathan, 2005). In contrast, 

other organisms have several paralogs of this gene that are each responsible for cleaving 

dsRNAs from different sources. One such organism is D. melanogaster which has two 

paralogs DCR-1 and DCR-2. DCR-I processes long dsRNA duplexes whereas DCR-2 

processes pre-miRNAs (Lee et al., 2004). In addition, there are also different requirements 

for Dicer activity in different organisms. For example, human Dicer does not use ATP 

while Drosophila DCR-2 activity requires ATP hydrolysis (Nykanen et al., 2001, Zhang et 

al., 2002). Similar to Dicer, Drosha also contains two tandem RNase III domains and 

carries out a single cleavage to generate pre-miRNA (He and Hannon, 2004). Although
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current knowledge o f these enzymes and their roles in RNAi has been increased 

significantly in the last few years, their exact biochemical mechanisms and the structural 

elements required for their role in dsRNA cleavage are not fully understood.

RNA-mediated gene silencing can affect expression o f homologous genes post 

transcriptionally in two different ways: translational repression and mRNA cleavage. Upon 

cleavage by Dicer in the cytoplasm, mature miRNA duplexes and siRNAs are unwound. 

The mature miRNA* strand or one strand (antisense) o f the siRNA duplexes are then 

incorporated into either miRNA ribonucleoprotein complex (miRNP) or an effector 

complex (the RNA-induced silencing complex, RISC), respectively (Hammond et a l ,  

2000, Mourelatos et a I., 2002). However, many studies have shown that miRNA and 

siRNA are associated with similar RISC complexes (Hammond et a/., 2001). Once bound 

to a RISC complex, a given single stranded siRNA forms a perfect duplex with its target 

transcript directing cleavage to this duplex in a process which is also known as post 

transcriptional gene silencing (PTGS) as well as RNA interference (Zamore et a l ,  2000). 

On the other hand, most animal miRNAs bind to the target 3 ’UTR through imperfect 

complementarity at multiple sites and thus repress translation o f  the target (Bartel, 2004). 

However, many other studies have reported that the mechanisms o f gene silencing 

mediated by siRNA and miRNA are not always the same as previously described but rather 

a much more complex process which is not ftilly understood. For example, with the 

exception o f miR-172, which acts as a translationational repressor, all identified plant 

miRNAs fomi a near perfect duplex with its target mRNA at one site either in the coding 

region or in the UTR and thus direct mRNA cleavage (Llave et al., 2002, Chen, 2004). 

Similarly, siRNAs which are not perfectly complementary to targets can repress translation 

rather than direct mRNA degradation (Doench et al., 2003, Saxena et al., 2003).

In addition to playing a crucial role in endogeneous defense mechanism against virus 

infection or parasitic nucleic acids (Hannon, 2002), siRNAs can also induce sequence
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specific promoter methylation in plants (Aufsatz et al., 2002), are essential for 

heterochromatin formation in fission yeasts (Grewal and Moazed, 2003) and transposon 

silencing in worms (Tabara ef al., 1999). On the other hand, miRNAs have been found to 

regulate gene expression in diverse developmental and physiological processes. For 

example, the first miRNA discovered, regulates developmental transition between 

the first two larval stages (LI and L2) by targeting Iin-14 and Iifi-28 in C.elegam  (Lee et 

al., 1993, W ightman ef al., 1993, Moss et al., 1997). Moreover, misregulation o f miRNAs 

can lead to human diseases. Expression levels o f m iR -l5  and tniR -l6  are reduced in 

chronic lymphocytic leukaemias (Calin et a l ,  2002). In contrast, miR-155 level is 

upregulated in Burkitt lymphoma tissues and the location o f this miRNA correlates with a 

specific chromosomal translocation (M etzler et al., 2004).

1.12 The potential of RNAi

RNAi not only is an important process for regulation o f gene expression but also has

proven to be a great technical advance in biomedical research. Traditional methods for loss

o f fijnction experiments which used antisense DNA, morpholinos, chemically modified

nucleic acids, or ribozymes were often plagued with non-specific side effects, inconsistent

results, short lived silencing effects and limited systems o f choice (Heasman, 2002, Kos et

al., 2003). Since its discovery, knowledge o f  RNAi processes has been widely used to

study embryonic development in different organisms including C. elegam  and D.

melanogaster by simply introducing dsRNAs into embryos through injection or feeding

(Kennerdell and Carthew, 1998, Timm ons and Fire, 1998). However, many studies

reported that the introduction o f  long dsRNA duplexes could trigger a non-specific

interferon response in mammalian cells (Stark et al., 1998). Subsequently, Elbashir et al.

(2001a) demonstrated that shorter dsRNAs duplexes (<30 bp) can elude this interferon

response. In addition, transfection o f mammalian cells with commercially synthesised

siRNAs has been shown to lead to dramatic, sequence specific silencing o f the target
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transcript (Elbashir et al., 2002). Moreover, there is also another type o f dsRNAs called 

esiRNAs which are generated by endonuclease digestion o f long dsRNAs into 15-40 bp 

fragments (Yang et al., 2002a). All o f  these three types o f dsRNA duplexes have been 

shown to be effective in gene silencing in various systems except the long dsRNAs which 

can trigger immune responses in mammalian systems. So far, siRNAs have been proven to 

be most efficient in gene silencing and least toxic for cells (Rao et al., 2004). In addition, 

siRNAs are favoured over esiRNAs in the mammalian systems because they are less likely 

to have non-specific effects (Rao and Sockanathan, 2005). esiRNAs are a mixture o f 

different dsRNA duplexes which can target genes other than those o f interest. In contrast, 

care in sequence design o f siRNAs can help to reduce this non-specific effect.

Another method o f current interest is the plasmid-based system which has been developed 

to express short, hairpin RNA (shRNA) that can be processed by Dicer and serv'e as a 

template for sequence-specific gene silencing (Paddison et al., 2004). shRNAs are single 

stranded RNA molecules containing inverted repeats which therefore fold to form hairpin 

structures compromising a single stranded loop with two arms which form dsRNA 

duplexes. An advantage o f this method is that it ensures a stable expression level o f 

shRNAs and thus lengthens the effect o f gene silencing compared to other types o f dsRNA 

which only have transient effects due to the limited half-life o f RNA in the cell. Moreover, 

shRNA expression plasmids can be engineered to contain selectable markers to generate 

stable transfectants or reporter genes such as GFP to aid identification o f transfected cells 

(Hannon and Conklin, 2004). For in vitro studies, dsRNAs of all lengths and shRNA 

expressing vectors can be introduced into cells by standard methods o f transfection. One 

additional advantage o f an shRNA-based approach is that cells which are difficult to 

transfect such as some primary cultures can be infected with viruses engineered to express 

shRNAs (Hannon and Conklin, 2004).
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1.12.1 N on-viral delivery o f RNAi

Non-viral delivery o f an RNAi-inducing agent typically involves delivery o f either naked 

or plasmid based nucleic acids directly into cells. This process can involve transfection o f 

these molecules into cells using various particles such as liposomes, nanoparticles, 

aptamers, etc. Liposomes are vesicles consisting o f a phopholipid bilayer that are capable 

o f carrying nucleic acids across the cell membrane by endocytosis (Yuan et aJ., 2011). 

Lipid encapsulation is an attractive approach because it simply involves mixing and 

incubating components to form complexes. In addition, these complexes can be modified 

for specific delivery through conjugation o f targeting moieties directly to the lipid 

molecules before liposome production. For example, Lipofectamine™  (Invitrogen) is a 

commercially available and wildly used RNAi transfecting reagent in tissue culture. It is a 

cationic liposome based reagent, which encloses DNA/RNA in a cationic lipid bilayer thus 

providing enhanced cell entry and increase protection against serum enzymes. In addition, 

SNALP (stable nucleic acid lipid particle) is a recently developed approach for delivering 

liposome mediated RNAi in vivo. These nucleic acid containing particles have a long blood 

circulation time leading to increased accumulation in areas o f vascular leakage that are 

often found at the disease target sites o f  tumour growth, infection or inflammation (Judge 

er al., 2005).

Polymeric nanoparticles are promising gene delivery systems because they offer stability 

and control, encapsulate large amount o f genetic materials, allow for co-delivery and can 

be modified to enhance stability, transport properties, targeting or uptake (Gavrilov and 

Saltzman, 2012). In addition, these polymers are biodegradable, biocompatible and non 

toxic making them promising candidates for siRNA delivery in vivo. One such popular 

delivery system is Polyethylenimine (PEI) which is a water soluble polymer with high 

cationic charge. PEI is one o f the promising candidates for transfection in vivo due to high 

gene transfer efficiency via endocytosis and intracellular release through the proton sponge
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effect (two-third o f the amino groups of PEI are unprotonated), capability of condensing 

and compacting the carried DNA/RNA into small colloidal particle complexes and 

protection o f the carried DNA/RNA from degradation (Gunther et a i,  2011).

Another common method for DNA/RNA delivery is selective targeting to diseased cells or 

tissues by conjugating the genetic material to ligands such as antibodies, aptamers, small 

molecules and peptides that specifically interact with corresponding surface moieties of 

target cells (Allen, 2002). Antibodies have been used in a number of drug delivery methods 

due to their specificity, diversity and ability to modulate biodistribution. However, their 

large size makes them difficult to conjugate to particle surfaces at high concentrations. In 

addition, long term administration of treatment might be limited by immune response to 

the targeting reagent (Gavrilov and Saltzman, 2012). Aptamers have been explored for 

targeted siRNA delivery. Aptamers are able to bind their ligand molecules with similar 

affinity and specificity as antigen-antibody partners but unlike antibodies, they are not 

recognized by native antibodies. These properties make aptamers highly suitable for long 

term treatment plans. However, the number of aptamers known to bind specific markers 

for diseases is extremely small and cargo internalization does not always happen after the 

binding o f aptamers to targets (Guo el a!., 2010). An additional targeting method is using 

siRNA loaded particles conjugated with moieties that are recognized by surface receptors 

such as folate and transferrin receptors. These receptors are highly overexpressed in certain 

cancers and matastasized tumors; thus, they have become a common strategy in cancer 

drug therapy (Heidel et al., 2007, Yoshizawa et a i ,  2008).

1.12.2 V iral-m ediated delivery o f RNAi

So far, a number of viruses including retroviruses, lentiviruses, adenoviruses, adeno-

associated virus (AAV) and herpes simplex virus type 1 (HSV-1) have been used

extensively to deliver stable knockdown in vivo by integration into the genome or by

extrachromosomal existence. O f all these viruses, AAVs have proven to be the most
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effective delivery systems for siRNA because o f  their unique features that distinguish them 

from other therapeutic vectors (Stilwell and Samulski, 2003). Firstly, AAVs are capable of 

infecting a broad range o f  host cells including dividing and non-dividing cells in vitro and 

in vivo with very high efficiency. Secondly, AAVs have never been implicated with any 

disease pathology such as immune responses caused by retroviral vectors (Ghazizadeh et 

a i ,  1997). Thirdly, AAVs can persist episomally without intergration into the host genome 

which might disrupt gene regulation and expression. Although the wild-type AAV shows 

site-specific integration to the human chromosome 19ql3.3-qter {AAVSl), recombinant 

AAVs can be engineered to have a low rate o f  integration (Surosky et al., 1997, McCarty 

et al., 2004). Fourthly, m icroarray analysis also has shown that the introduction o f  AAV 

vectors has no impact on the overall pattern o f  cellular gene expression (Stilwell and 

Samulski, 2003). Finally, AAV vectors maintain persistent expression o f  shRNA in vivo 

and the vector genomes can be modified to aid in tissue specific delivery or to allow 

inducible expression o f shRNAs (Srivastava, 1994).

AAVs which belong to the class Paroviridae have small (4681 nucleotides) single stranded 

DNA genomes, which are contained inside icosahedral and non-enveloped viral capsids. 

AAV relies on other viruses such as adenovirus or herpes simplex virus to facilitate 

productive infection and replication. The AAV genome consists o f two open reading 

frames which are rep required for viral genome replication and cap  encoding AAV 

structural proteins. These two genes can be provided in trans for viral replication between 

the 5 ’ and 3 ’ inverted terminal repeats (ITRs) o f the viral genome. In laboratories, 

recombinant AAV vectors are produced by removing the rep and cap sequences, leaving 

ITRs which are important for viral replication and integration. Commonly, a DNA 

sequence o f  up to 4.7 kb driven by promoters such as pol-II and pol-III can be cloned into 

this vector. These promoters can be modified to facilitate expression o f a transgene o f 

interest in specific tissues and organs.
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Since the estab lishm ent o f  the first and m ost characterized A A V  serotype 2 (A A V 2) in 

1982, new  A A V  serotypes have been discovered to target nearly  every organ or tissue. One 

strategy for recom binant A A V  production is based on co-transfection  into perm issive cells 

(usually  hum an em bryonic k idney  293 cells) o f  three separate plasm ids. O ne plasm id 

contains the viral ITRs flanking the therapeutic gene cassette; a packaging plasm id encodes 

for the rep and cap proteins; the helper plasm id for the essential adenoviral helper gene 

(R abinow itz and Sam ulski, 1998, Zolotukhin, 2005). R ecom binant A A V  vectors can be 

generated using both capsid  proteins and genom es from  the sam e serotype or the vector 

genom e can be derived from  A A V 2, and the cap protein from  an alternative AA V  

serotype. As a result, these hybrid vectors are created and nam ed A A V 2 /l-n , w here the 

first num ber indicates the sero types o f  genom e origin and the second the capsid. So far, up 

to 108 novel capsid sequences have been isolated from  55 hum an and 53 non hum an 

prim ates (Surace and A uricchio , 2008). Thus, this leads to a great pool o f  recom binant 

A AV vectors w ith high efficiency, specific cellu lar tropism  and intensity  as well as various 

onsets o f  gene expression. F or exam ple, A A V  2/1, 2/7, and 2/9 efficiently  transduce 

m uscle and heart by either d irect or system ic vector adm inistration, hi addition, AA V  2/1, 

2/4, 2/5 and 2/9 can transduce different cells o f  the central nervous system  (Surace and 

A uricchio, 2008). O nset o f  gene expression also depends on the capsid proteins. Transgene 

expression can be detected  w ithin days after sub-retinal adm inistration  o f  A A V 2/5 and 

A A V 2/1, how ever, it takes several w eeks for the sam e level o f  transgene expression using 

A A V 2/2 (A uricchio  ef a l ,  2001).

System s to regulate the tim ing  and levels o f  transgene expression  have been developed to 

obtain therapeutic efficacy and avoid toxicity. Transcription factors have been engineered 

and incorporated into the vector genom e and can be positive ly  or negatively  regulated by 

sm all m olecule drugs. Tw o inducible system s have been developed  and tested in the 

m urine and non-hum an prim ate retina. The first system  is based on the ability  o f
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rapamycin to reconstitute a functional transcription factor that binds to a promoter element 

upstream o f the target gene (Rivera ei al., 1996, Pollock e! a l ,  2000). The second system 

uses the tetracycline (tet)-inducible system involving an activator or silencer (tetON or 

tetOFF, respectively) and an inducible doxycycline vector (Dejneka et al., 2001, Smith and 

Leyden, 2005, Stieger et a l ,  2006). Sub-retinal administration o f AAV containing the 

regulated system followed by systemic administration o f rapamycin or doxycycline results 

in expression o f the target gene that is drug dependent in timing and levels.

However, there are a few drawbacks in using AAV vectors for gene therapy, the principle 

one being the small 4.7 kb size limit o f the DNA to be inserted. Although recent findings 

show that AAV is capable o f packaging and protecting an insert o f up to 6 kb, these larger 

AAV tend to be degraded by the proteosome, unless proteosome inhibitors are added 

(Grieger and Samulski, 2005). Other strategies have been developed to overcome this 

packaging capacity such as splitting a gene and its regulatory elements into two separate 

AAV vectors which can be co-delivered into target cells. This results in the formation o f 

head to tail heterodimers o f the two AAV genomes. In addition, the use o f trans splicing 

signal sequences and overlapping fragments allow expression o f a large gene following 

post transcriptional processing such as splicing and recombination events (Allocca et a!., 

2006).

A second disadvantage is that the onset o f gene expression is generally slow due to the 

requirement o f conversion o f  single stranded AAV DNA into double stranded DNA before 

initiation o f gene expression. This can be overcome by inserting double stranded DNA in 

the form of sense and anti sense into the vector; however, this method further reduces the 

size o f transgene inserted. In spite o f these existing limitations, AAV vectors have become 

the vector o f choice in a wide range o f  gene therapy clinical trials to treat diseases such as 

cancer, cystic fibrosis, heart failure, Parkinson’s and A lzheim er’s diseases, haemophilia, 

m uscular dystrophies and some ocular diseases (Coura Rdos and Nardi, 2007).
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1.13 Potential ‘off-target’ effect o f RNAi

1.13.1 Cross reactions with miRNA pathway

Recent studies have shown that combinations of siRNAs targeting different sites on the 

same mRNA enhance gene silencing compared with each single siRNA (Ji et a i ,  2003). In 

addition, single vectors expressing multiple shRNAs have been shown to improve the 

silencing efficiency (Gonzalez et a i, 2005, Chung et al., 2006). On the other hand, 

combinatorial delivery of siRNAs or shRNAs appears to hold the inherent risk of 

competition for critical RNAi components, thus altering the regulatory functions o f some 

cellular miRNAs which can lead to severe toxicity (Grimm et al., 2006, Castanotto et al., 

2007). As mentioned above, Exportin 5 exports pre-miRNAs from the nucleus into the 

cytoplasm and this process is a saturable transport pathway which is also required by 

expressed shRNAs. Excessive production of shRNAs could result in a decrease o f miRNA 

function due to the competition for Exportm 5 between endogenous miRNAs and shRNAs 

(Yi et al., 2005). Ahhough siRNAs do not depend on Exportin 5 for their transport to the 

cytoplasm, it has been shown that the competition between shRNAs with cellular miRNAs 

is a general phenomenon that also takes place with siRNAs (Castanotto el al., 2007). 

Interestingly, this group also showed that ectopically expressed shRNAs and siRNAs but 

not ectopically expressed miRNAs are able to interfere with each other and with the 

endogenous miRNA pathway through their ability to be incorporated into the RISC 

complex. One possible way to address this problem is by incorporating the sequence 

encoded for shRNAs/siRNAs into a pre-miRNA backbone. For example, Boden et a i 

(2004) have reported that when the sequences encoding for siRNA directed against HIV-1 

transactivator protein {tat) were incorporated into a human miR-30 pre-miRNA backbone, 

the tat siRNA delivered as pre-miRNA precursor into cells showed significantly higher 

reduction of HIV-1 p24 antigen production than tat siRNA expressed from conventional 

shRNA backbone.
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1.13.2 Off-target effects

Jackson and co-workers (2003, 2006) first discovered that ectopically applied siRNAs 

could alter the expression levels o f dozens o f non-target transcripts using gene array 

profiling. Indeed, siRNAs could target transcripts that have as few as 11 contiguous 

nucleotides o f identity to the siRNA. It was later suggested that this off-target effect is due 

to inhibition o f the miRNA pathway and that this can be reduced by a single 2 ’-0M e 

substitution on the ribose o f the second nucleotide o f the guide siRNA strand (Jackson el 

al., 2006),

1.13.3 Innate immune response

The ability o f the host to defend against invading pathogens is largely mediated by a group 

o f pattern recognition receptors such as Toll like receptors (TLR) which recognize a large 

number of molecular patterns in bacteria and viruses. TLRs are expressed either on the cell 

surface or in intracellular endocytic vesicles or organelles. Upon TLR recognition of 

pathogens, the antigen presenting capacity o f  dendritic cells is increased and production o f 

type I interferons is upregulated. In immune cells, TLRs that recognise nucleic acids are 

expressed exclusively in endosomes. These include TLR3, TLR7/8, and TLR9, which 

sense dsRNAs, ssRNA and ssDNA, respectively, whereas other TLRs on the cell surface 

recognise lipopeptides, lipopolysaccharide, flagellin, and propelin (Sioud, 2010). In 

immune cells, the response towards siRNAs is mainly mediated through TLR7 in mice and 

TLR7/8 in humans. In fact, TLR7 knockout mice lack the immune activation in response to 

siRNAs (Sioud, 2005). M icroarray studies demonstrated that expression levels o f about 

400 genes were affected by the activation o f  TLR upon treatment with either ds siRNAs or 

ss siRNAs in blood cells (Cekaite el a l ,  2007).

Initial data from human monocytes indicate that some types o f secondary structures and/or

specific nucleotides are responsible for the activation o f NF-kP (nuclear factor kappa-light-

chain-enhancer of activated B cells) signalling pathway by siRNAs. Some studies
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suggested that specific nucleotides need to be present within the siRNA for TLR7 

recognition. In one study, a GU based ‘UG UG U’ immunostimulatory sequence triggered 

the activation o f TLR7 leading to interferon induction (Homung et a i ,  2005). However, a 

RNA m otif (5 ’-GUCCUUCAA-3’) within siRNA duplexes was also found to be 

recognised by TLR7 and some siRNA sequences that stimulate monocytes to secret TN F-a 

do not contain GU motifs (Judge et al., 2005). Furthermore, uridines have been shown to 

trigger TLR7/8 dependent cytokine production and replacement o f  uridines with 

adenosines abrogated immune activation (Sioud, 2006).

Thus, these studies have raised concerns about the safety o f RNAi use in therapeutics. 

Instead o f using naked siRNAs, chemical m odifications seem to be an effective method to 

overcome the immune response. The inclusion o f  various 2 ’-modified nucleotides that 

included DNA bases, 2 ’-0-m ethyl purines, 2 ’-flouro pyrimidines, terminal inverted-dt 

bases, and PS-linkage modification at selected positions can abolish siRNA immune 

activation (Morrissey et al., 2005). However, the chemical modifications need to be 

considered carefully in order to maintain silencing activity o f  these siRNAs.

Furthermore, siRNAs also activate TLR3 on the surface o f  vascular endothelial cells, 

inducing interferon- y (IFN-y) and interleukin-12 (IL-12) release, which subsequently 

facilitates nonspecific anti-angiogenic effects (Kleinm an et al., 2008). In the context o f 

retinal degeneration, angiogenesis occurs in the choroidal neovascularisation (CNV) 

associated with the wet form o f age related m acular degeneration (AMD). siRNAs 

targeting vascular endothelial growth factor A (VEGFA) or its receptors (VEGFR-I and 

VGFR-2) have been used in clinical trials for A M D  (clinicaltrials.gov). However, CNV 

inhibition can be induced by any 21 nucleotide or longer siRNAs targeting non

mammalian genes, non-expressed genes, and RNAi incompetent siRNAs in mice through 

interaction with cell surface TLR3. The same effect was not observed in TLR3 knockout 

mice. A minimum of 21 nucleotides was required for CNV inhibition; however, shorter
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siRNAs can also interact with TLR3 but with a free energy of binding lower than the 

threshold required for dimer stabilisation and receptor activation (Kleinman et al., 2008). 

RNAi technology has great potential in therapeutics and been used in numerous studies 

and clinical trials. However, the potential ‘off target’ effect of siRNAs should be 

thoroughly considered during the process o f siRNAs design and data analyses.

1.14 AAV vectors in the retina

The structure and accessibility o f the retina make it an ideal target organ for gene therapies. 

In addition, the immune privileged properties o f the eye limit the immune response 

towards the transgene and the vector. The presence o f the BRB also helps to avoid 

unintentional spread of vector into the systemic circulation. The efficiency of the therapy 

can be monitored by non-invasive and quantitative methods such as electroretinography, 

ophthalmoscopy, optical coherence tomography, etc.

Two main routes o f vector administration m the retina are sub-retinal and intravitreal 

injection. Intravitreal injection involves introducing the vector into the vitreous and is a 

very routine clinical ophthalmologic procedure. Among vectors with unmodified capsids 

(AAV2/1, AAV2/2, AAV2/5, AAV2/6, AAV2/8, AAV2/9), AAV2/2 and AAV2/6 

serotypes have the ability to transduce the retina post intravitreal injection (Vandenberghe 

and Auricchio, 2012). AAV2/2 can efficiently transduce the ganglion cells, the trabecular 

meshwork and occasionally Muller cells. Compared to AAV2/2, AAV2/6 appears to 

penetrate deeper in the retina where it can transduce amacrine, bipolar and Muller cells. 

The inability o f other vectors to transduce the retina following intravitreal administration is 

perhaps due to the abundance of AAV serotype receptors on the inner limiting membrane 

which limits the diffusion across this barrier (Petrs-Silva et a l ,  2009) (Dalkara et al., 

2009). Novel vectors such as those with multiple tyrosine mutations have been developed 

to overcome this hurdle and seem unaffected by the inner limiting membrane showing 

significant potential to transduce the RPE and photoreceptors following intravitreal
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injection in small animals (Petrs-Silva et al., 2011). However, recent studies indicate an 

increased risk o f systemic vector distribution and immune activation following intravitreal 

administration o f vectors (Bainbridge et al., 2008, Lukason et al., 2011). This questions the 

safety o f this approach for gene therapy.

Subretinal administration in humans and large animals is usually performed with a (partial) 

vitrectomy to provide more volume for the vector containing solution and to relieve ocular 

pressure (Figure 1.6). This type o f injection induces a regional retinal detachment which 

flattens within hours or days after vector uptake and diffusion o f the diluents (Liang et al., 

2001). Although the sub-retinal method is more technically challenging than the 

intravitreal method due to its higher potential for surgical error, it is still the most efficient 

method for targeting photoreceptors and retinal pigment epithelium which are the most 

relevant cell types for many inherited blindness disorders. Subretinal injection o f any AAV 

serotypes tested to date can efficiently transduce the RPE and also to a variable extent the 

photoreceptors depending on the serotypes and viral titre used. The first serotype tested 

using subretinal injection was AAV2/2 which resulted in the transduction o f both 

photoreceptors and RPE cells (Ali et al., 1996). AAV2/5 was subsequently identified as 

outperforming AAV2/2 in terms o f  photoreceptor transduction efficiency and the onset o f 

transgene expression. The onset o f  transgene expression mediated by AAV2/5 peaks at 5 

weeks post treatment, at a time which AAV2/2 only begins to express its transgene 

(Auricchio et al., 2001). In addition, AAV2/5 transduces a significantly higher number o f 

photoreceptors than AAV2/2 at 5 and 15 weeks post injection (1000 times and up to 400 

times more; respectively) (Yang et al., 2002b). Recently, AAV2/8 has been found to be 

more efficient than AAV2/5 at targeting photoreceptors in mice, dogs, pigs and non-human 

primates studies (Vandenberghe and Auricchio, 2012). In terms o f  RPE transduction, 

AAV2/1 and AAV2/6 exhibit higher efficiency, specificity and faster onset o f transgene 

expression following sub-retinal injection compared to AAV2/2 (Yang et al., 2002b).
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Moreover, the AAV2/9 vector has been reported to transduce endothelial cells of the 

neuronal microvasculature with high efficiency (Foust ef al., 2009, Foust et al., 2010). 

Inherited retinal degenerations with an overall prevalence of 1/2000 worldwide are a major 

cause of blindness and affect over 200,000 people in the EU (Vandenberghe and 

Auricchio, 2012). Among the most prevalent and severe forms of these inherited blindness 

are RP, Leber congenital amaurosis (LCA) and Stargardt diseases (SD). In recessively 

inherited retinal degeneration such as LCA which are caused by loss of function mutations, 

gene replacement therapy represents the most effective approach. One form of LCA is 

caused by mutations in the RPE65 gene which is primarily expressed in the RPE and 

accounts for 10% of LCA cases (Morimura el at., 1998). RPE65 AAV2/5 administration in 

the naturally occurring rdl2 murine model of LCA restores its retmal structure and 

function (Pang et al., 2006). Sub-retinal injection of RPE65 AAV2/2 in the Swedish Briard 

dog results in structural and biochemical recovery of the retina and visual cycle that 

induces long term restoration o f visual function (Narfstrom et al., 2003). Indeed, the gene 

replacement approach in Briard dogs represents the first long term success for the 

treatment of an inherited retinal disease. Following this success, three different clinical 

trials using sub-retinal injection of RPE65 AAV2/2 were set up for the treatment of this 

form of LCA (Bainbridge et a l ,  2008, Hauswirth et al., 2008, Maguire et a l ,  2008). All 

studies reported no vector dissemination and no adverse immune response to either the 

vector or the RPE65 transgene.

In autosomal recessive and X-linked RP, the principal o f the therapy is to introduce a wild 

type version o f a mutated gene into cells where normal ftinction o f this gene is required. 

However, in adRP, suppression of expression of mutated alleles is also required. Gene 

silencing can be achieved through the use of antisense oligonucleotides, ribozymes and 

siRNAs (Millington-Ward et al., 1997, Kiang et al., 2005, Evans et al., 2007). As 

mentioned before, RP is a highly heterogeneous disease caused by many different
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mutations in different genes. A promising strategy employed to address this heterogeneity 

is mutation independent suppression and gene replacem ent which involves silencing both 

mutant and wild type genes using a suppressor (siRNA/shRNA) which targets a commonly 

accessible site independent o f mutations, together with delivering suppressor resistant 

replacement genes (based on 3"̂*̂ base wobble substitution or non-coding 5 ’ or 3 ’ UTR 

sequences) that encode wild type protein (Farrar et al., 2002). For example, subretinal 

delivery o f recombinant AAV2/5 vectors expressing a codon modified rhodopsin 

replacement gene in the presence o f shRNA targeting rhodopsin transcripts significantly 

protected the outer nuclear layer o f the retina in mouse with retinal degeneration (Palfi el 

al., 2006, O'Reilly el al., 2007, M illington-W ard ef a l ,  2011). For treatment o f the RPIO 

fonn o f RP caused by mutations in the IM PD H I  gene, Tam et al. (2008) have shown that 

delivery o f AAV co-expressing a mutant hum an IM PDHI  gene together with shRNA 

targeting both human and mouse IMPDHI  transcripts significantly inhibited the negative 

pathological effects o f mutant IMPDHI in vivo.

1.15 BBB/iBRB modulation as a potential drug delivery method

As mentioned above, the iBRB is the main elem ent preventing systemic delivery o f  low

molecular weight therapeutic drugs for treatment o f retinal diseases. Claudin-5 is present in

abundance at the TJs o f the iBRB. Ahhough the BBB in claudin-5 knockout mice becomes

permeable to molecules o f up to 800 Da, the barrier remains intact and resistant to larger

molecules with no evidence o f  bleeding or oedema (Yoshida et al., 2002, Nitta et al.,

2003). However, these mice die shortly after birth probably due to the important role o f

claudin-5 during development. Similarly, hypoxic conditions greatly affect the expression

o f  claudin-5 in the BRB and mice experiencing hypoxia show similar phenotypes as seen

in claudin-5 deficient mice (Koto et al., 2007). Hydrodynamic tail vein delivery o f siRNA

targeting transcripts encoding claudin-5 significantly suppresses the expression o f claudin-

5 at 24 and 48 hours with levels o f expression returning 72 hours post-injection in mice
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(Campbell et al., 2008, Campbell ef a i ,  2009). The group also showed an increase in 

permeability at the BBB to small molecules o f  up to 1 kDa but not 4400 Da. This was the 

first report o f reversible, transient, controlled RNAi mediated size selective opening o f  the 

BBB, representing a novel approach for delivery o f small molecular drugs that cannot 

passively diffuse across this barrier. In a subsequent study the authors repeated the same 

approach for modulation o f the iBRB and reported a similar increase in the permeability o f 

the iBRB. In addition, this process has no negative impact on neuronal transcription or 

visual fiinction as measured by microarray analysis and ERG respectively nor does it 

induce neuronal or retinal oedema as evidenced by MRI analysis. To test the potential o f 

this method in drug delivery, a mouse model o f IM PDHl retinitis pigmentosa was used. 

These IM PD H l-/- mice lack the rate limiting enzyme for the de novo synthesis o f 

guanosine triphosphate (GTP) which is a central mediator o f visual phototransduction. 

GTP has a molecular weight o f 523 Da and cannot diffuse passively across the iBRB 

following systemic administration. Thus, GTP was systemically injected into these mice 48 

hours post claudin-5 (CLDN5) siRNA injection when the suppression o f claudin-5 is 

maximal, and these mice showed an improvement o f  visual function. Moreover, iBRB 

m odulation was furthered improved by conjugating CLDN5 siRNA with the polymer 

carrier, in vivo-JelPEJ®, thus allowing the siRNA to be administered in a much lower 

volume. Indeed, siRNA//« vivo-JetPEl®  complexes are currently being used in clinical 

trial Phase I and have been approved for systemic use by the US Food and Drug 

Aministration (http://www.popvlus-transfection.com/).

Protein aggregation has been implicated in many retinopathies such as RP thus upstream 

processes o f this endpoint, including the heat shock protein chaperone complex and the ER 

stress response, have been identified as therapeutic targets in disease models. For example, 

systemic administration o f conjugated CLDN5 siRNA//>? vivo-JetPEI complexes together 

with the therapeutic Hsp90 inhibitor, 17-N-allylamino-17-demethoxygeldanamycin (17-

44



AAG), has been reported to offer protection against the dominant negative effect o f 

aggregation o f  mutant IM PDHl in the RPIO mouse model (Tam et al., 2010). In addition, 

administration o f CLDN5 siRNA//>? vivo-JetPEI targeting the BBB has showed an 

enhanced exchange o f  water in the brains o f mice with a focal cerebal oedema, a model of 

traumatic brain injury, for a period o f between 24 and 72 hours resulting in smaller lesion 

size at the site o f injury and cognitive improvement (Campbell ef al., 2012). All these data 

indicate that barrier modulation method is safe and also provides an efficient method for 

drug delivery to the retina and brain.

To increase the safety and practicality for long term treatments, a localized and 

controllable barrier modulation method is preferable. Thus, a doxycycline-inducible 

AAV2/9 system was developed. Indeed, subretinal inoculation o f AAV2/9 expressing a 

doxycycline-inducible shRNA targeting claudin-5 results in iBRB modulation for the 

period o f time during which the inducing agent doxycycline is administered, providing a 

means of systemic drug delivery specifically to the retina, avoiding systemic access to the 

brain (Campbell ef al., 2011). Again, the process was shown to have no negative impact on 

neuronal function and no neuronal oedema was observed. Furthermore, using the same 

inducible system, CNV, a hallmark o f pathology in AMD, was suppressed by systemic 

administration o f low molecular weight compounds, subtinib malate and 17-AAG in mice 

subjected to laser-induced CNV.

1.16 Objectives

The overall objective o f the research described in this PhD was to use the iBRB 

modulation system to systemically deliver low molecular weight drugs to the retinas o f 

animal models o f retinal degeneration in order to reduce disease progression. Three types 

o f models were used; 1) the Balb/c light induced retinal degeneration model; 2) IMPDHl 

mouse models o f  the RPIO form o f adRP and 3) the P23H rat and mouse models o f adRP.
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These animal models have been widely used to investigate photoreceptor cell death (model 

1) and retinal degeneration due to protein misfolding (models 2 and 3).

For studies involving the Balb/c light induced generation model where calpain linked 

apoptosis has been highly implicated, two calpain inhibitors ALLM and ALLN were 

selected as the potential protective agents o f this form o f cell death (Donovan and Cotter, 

2002). These two compounds do not normally cross the inner BRB thus they are good 

candidates to access the efficacy o f the BRB modulation approach using both CLDN5 

siRNAs and CLDN5 AAV2/9 system.

Protein aggregation has been implicated in many retinopathies and is directly linked to 

earlier events triggered by misfolded mutant proteins involving the heat shock protein 90 

superchaperone complex in the cytosol and/or the unfolded protein response (UPR) in the 

endoplasmic reticulum (Aheme et al., 2004, Kosmaoglou el al., 2008, Tam et al., 2010). 

Earlier work in this lab by Tam et al., (2010) using an AAV-mediated induced model o f 

the RPIO form o f  adRP, demonstrated proof o f principle that enhanced delivery, following 

iBRB modulation with CLDN5 siRNA, o f a small molecule drug could reduce retinal 

degeneration. The drug used in this study was 17-AAG, an inhibitor o f Hsp90, the effect o f 

which paradoxically increases the rate o f  protein folding by upregulating components o f 

the superchaperone complex, hi this PhD, similar experiments were carried out except that 

the iBRB was modulated via subretinal injection o f CLDN5 AAV2/9 in order to 

investigate where this method would offer even better protection against photoreceptor cell 

death in this RPlO-induced model. In addition, since there are currently no IM PDHl 

animal models which show similar progression o f this form o f RP as that observed in 

humans, another part o f this PhD involved design and characterization o f a new transgenic 

model which expresses the mutant human IM PDHl transgene. It is likely that this animal 

model may prove suitable for studying disease progression and exhibit less variation in 

tenns o f gene expression level compared to the AAV-induced model.
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As regards the mechanism o f and treatment for adRP it is noteworthy that many adRP- 

linked rhodopsin mutations lead to misfolding o f the rhodopsin protein (Lin and Lavail, 

2010), the most common being P23H (Dryja et a l ,  1990) and that geldanamycin (GA) and 

derivatives have been observed to ameliorate effects o f  misfolded rhodopsin. In particular, 

GA and 17-AAG have been shown to have a positive effect in reducing insoluble P23H 

RHO in vitro although they did not seem to promote P23H RHO trafficking to the cell 

membrane or increase the levels o f soluble P23H (Mendes and Cheatham, 2008). 

However, 17-AAG is rapidly metabolised, forms toxic metabolites and exhibits limited 

aqueous solubility (Egorin et a!., 1998) while 17-(dimethylaminoethylamino)-17- 

demethoxygeldanamycin (17-DMAG) a newer derivative o f GA also under clinical trials 

for various types o f cancer, is water soluble, undergoes limited metabolism, has high oral 

bioavailability and shows increased efficacy compared to 17-AAG (Egorin et a l ,  2001, 

Egorin et al., 2002). Increased levels o f  the ER chaperone BiP was also shown to be 

protective against ER stress induced apoptosis in the same rat model (Gorbatyuk et al., 

2010). Thus, in this body o f work there was a large emphasis on the effect o f 17-DMAG 

on the rate o f degeneration o f  photoreceptors in P23H mouse and rat models o f  adRP. 

Furthermore, the method o f  inducible barrier modulation together with systemic 

administration o f 17-DMAG was also employed to determine if  this would provide 

improved protection from retinal degeneration in these models. Finally, since retinal 

degeneration in the P23H rat and mouse models used in this study occur over a long and 

very short periods o f time respectively, an AAV P23H-mediated induced model o f  P23H 

adRP was also developed in an attempt to provide a model with an intermediate rate o f 

retinal degeneration.
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Figure 1. 1: The blood retina barrier.

The BRB consists of the outer and inner blood retina barriers. The iBRB is composed of 

tight junctions between retinal capillary endothelial cells located in the nerve fiber, 

ganglion cell layers, inner plexiform layer; and at the junction o f the inner nuclear and the 

outer plexiform layer of the retina; while the oBRB is formed by tight junctions between 

adjacent retinal pigment epithelium cells. The figure was obtained from Kaur el al. (2008).
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Inner blood retina barrier (iBRB) 

Retinal capillary Muller cell
endothelial cell

Tight junction Pericyte

Outer blood retina barrier (oBRB) 
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Figure 1. 2: Cross section of the inner and outer BRB.

Retinal capillary endothelial cells o f  the iBRB are surrounded by pericyte and M uller cell 

foot process. The apical membrane o f  the RPE faces the outer segment layer and its 

basolateral membrane faces the B ruch’s m em brane separating the RPE from the 

fenestrated capillaries o f the choroid. The figure was adapted from Hosoya et al. (2011).
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Figure 1. 3: Tight junctions of the retina/brain.

TJs are localised at the apical periphery o f  endothelial cells lining the fine capillaries o f the 

brain and retina. TJs are composed o f  a complex o f interacting transmembrane proteins and 

scaffolding proteins linking to the cytoskeleton. Tight junction proteins include integral 

transmembrane protein (occludin and claudins), junctional adhesion molecules (JAMs) and 

cytoplasmic proteins (zonula occludens, cingulin, 7H6 antigen). Occludins and claudins 

are intercellular proteins which are linked to cytoplasmic and regulatory proteins ZO 1-3, 

symplekin, 7H6 and cingulin. In addition to the TJs, adherens junction is important in 

maintaining cell-cell adhesion between adjacent endothelial cells. Adherens junction 

consists o f  trasmembrane cadherin which are linked to the cytoplasm by scaffolding 

proteins such as catenins,
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Figure 1. 4: M odel of the conserved structural and functional features of claudins.

The first extracellular contains the conserved residues W -GLW -C-C and influences charge 

selectivity. The second extracellular loop has a bacterial recognizing site. The C terminus 

o f claudins contains a phosphorylation site at Threonine 192 and a PDZ binding m otif 

which binds to PDZ containing cytoplasmic proteins such as ZO-1, ZO-2 and ZO-3.
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Figure 1. 5: Impairment o f the blood-brain barrier in the claudin-5 -/- mouse.

‘A 443-Da tracer (a prim ary amine-reactive biotinylation reagent) perfused via the heart o f 

an 18.5-day-old mouse embryo is detected in sagittal sections throughout the whole body. 

At low magnification, the tracer is excluded from the brain (arrow) and spinal cord 

(arrowhead) o f a wild-type mouse (a) and, by contrast, intense and diffuse tracer signals 

are present in the central nervous system o f a claudin-5-deficient mouse (b). At higher 

magnification, the brain o f  the claudin-5-deficient mouse (d), but not that o f the wild-type 

mouse (c), shows abundant infiltration o f  the tracer into the parenchyma from blood 

vessels (arrowheads)’. The figure was obtained from Nitta et al. (2003), Furuse and 

Tsukita (2006).

52



Suspensory I igam ents

Anterior chamber 
containing aq u eou s  
humour

Conjunctiva

Sclera (v^hite of ey e)

Choroid

R etina

FoveaV itreous hum our
Cornea

(coloured  
part of ey e)

Posterior
chamber

Ciliary body 
(containing dliary 
m u sd e)

Blind spot 

Tendon of rectus m uscle

Optic nerve

Figure 1. 6: Cross section of the mammalian eye.

The eye can be divided into three distinct layers: 1) the external layer formed the sclera and 

cornea, 2) the intermediate layer consisting o f two parts; anterior (iris and ciliary body) and 

posterior (choroid), and 3) the internal sensory part o f the eye, the retina. There are three 

chambers o f fluid within the eye including the anterior chamber (between the cornea and 

the iris), the posterior chamber (between the iris, suspensory ligaments and transparent 

lens), the vitreous chamber (between the lens and the retina). The first two chambers 

contain aqueous humour whereas the vitreous chamber is filled with a more viscous fluid, 

vitreous humour. The figure was obtained from http://www.mydr.com.au.
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QCL

Figure 1. 7: Cross section through a mammalian retina.

Different layers o f the retina are identified: retinal pigment epithelium (RPE), rod outer 

segments (ROS), rod inner segments (RIS), outer nuclear layer (ONL), outer plexifonn 

layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL) and ganglion cell layer 

(GCL). The figure was obtained from Farrar et at. (2002).

54



Topical
administration

Intrascleral
administration

Intravitreal
device

Intravitreal g 
administration ▲ a

subretinal
administration

Systemic
administration

Figure 1. 8: Different routes of drug administration to the posterior eye.

C om m on drug delivery techniques to the retina include system ic adm inistration, topical 

application, intravitreal injection, local injection and ocular im plants. In addition, 

subretinal adm inistration o f  viral vectors is com m only  used to increase transduction 

efficiency and specificity  in the retina. The figure w as adapted from  H osoya et aJ. (2011).
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Figure 1. 9: Photographs of a normal (left) and RP retina (right).

In the RP retina, typical features o f RP are present including attenuated retinal vessels, 

bone-spicule intraretinal pigmentary deposits, optic disc pallor and epithelial thinning. The 

figure was obtained from Farrar et al. (2002).
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Figure 1. 10: RNAi pathway.

Pri-miRNA is processed into a -7 0  bp pre-miRNA by Drosha in the nucleus. Pre-miRNA 

is then transported to the cytoplasm where it is further processed to a miRNA duplex 

(miRNA: mature miRNA*) by Dicer which also cleaves dsRNA into siRNA duplex. The 

mature single stranded miRNA* or siRNA is then incorporated into RISC complex which 

directs translational suppression or mRNA cleavage o f  their target. The figure was 

obtained from He and Hannon (2004).
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Category Type % of Total

Nonsyndromic RP Autosomal dominant RP 20

Autosomal recessive RP 13

X-linked RP 8

Isolated or unknown RP 20

Leber congenital amaurosis 4

Subtotal 65

Syndromic and Systemic RP Usher’s syndrome 10

Bardet-Biedl syndrome 5

Other 10

Subtotal 25

Other or unknown types of RP 10

Total 100

Table 1.1: Different types of RP and estimated percentages of these types.

The total prevalence is 1 case per 3100 persons (adapted from Daiger et ai ,  2007),
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In h er ita n ce

Phototran<i(luction cascade

RHO^ rhodopsin (G-protein coupled photon receptor) rec^sive^'

PDE6A, rod cGMP-phosphodiesterase a subunit (G-protein „ 
eiiector enzyme)
PDE6B, rod cGMP-phosphodiesterase P subunit (G-protein „

\  J a . C C C j j I V Ceiiector enzyme)
CNGAl, rod cGMP-gated cation channel a  subunit Recessive
CNGBI, rod cGMP-gated cation channel |3 subunit Recessive
SAG, arrestin (rhodopsin deactivation) Recessive
Vitamin A m etabolism
ABCA4, ATP-binding cassette protein A4 (photoreceptor disc 
membrane flippase for vitamin A)
RLBPl,  retinaldehyde binding protein (1 1-cis-retinaldehyde 
carrier)
RPE65, (vitamin A trans-cis isomerase) Recessive
LRAT, lecithin retinol acetyltransferase (synthesises vitamin A „, Recessiveesters)
RGR. RPE-vitamin A G-protein coupled receptor (photon „ 
receptor in RPE) ecessive

Structural or cytoskeletal

RDS, peripherin (outer disc segment membrane protein) ^ig^'ic^"^^'

ROM I, rod outer segment protein Digenic
FSCN2, fascin (actin bundling protein) Dominant
n / I P y ,  tubby-like protein 1 Recessive
CRBI, crumbs homologue (transmembrane protein, adherent 
junctions)
R P ! , microtubule-associated protein (microtubule formation Dominant, 
and stabilisation) recessive
Signalling, cell-cell interaction, or synaptic interaction
SEMA4A, semaphorin B, transmembrane immune system „Dommantprotem
CDH23, cadherin 23 (adhesion receptor) Recessive
PCDH15, protocadherin 15 (adhesion receptor) Recessive
USHIC, Usher's syndrome type 1C (integrating 
protein harmonin)
IISH2A, Usher's syndrome type IIA (Usher's network protein) Recessive
MASS I, monogenic audiogenic seizure susceptibility I p  
(Usher's network protein) ecessne

USH3A, Usher's syndrome type IIIA (transmembrane protein „I , X Keccssivcclarin 1)
RP2, plasma membrane associated protein X-linked
RNA intron-splicing factors
PRPF31, precursor mRNA-processing factor 31 (spliceosome 
component)
PRPF8, precursor mRNA-processing factor 8 (spliceosome 
component)
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PRPF3, precursor mRNA-processing factor 3 (spliceosome 
component)
RP9, PIMl-associated protein (RNA splicing factor) Dominant
Trafficking of intracellular proteins

MY07A, myosin 7A (melanosome motility protein) Recessive
USHIG, scaffold protein containing ankyrin repeats and SAM 
domain (Usher's type I protein traffic regulator)
M aintenance of cilia/ciliated cells (possible role in intracellular trafficking)
BBS], Bardet-Biedl syndrome 1 Recessive
BBS2, Bardet-Biedl syndrome 2 Recessive
ARL6, ADP-ribosylation factor like 6 Recessive
BBS4, Bardet-Biedl syndrome 4 Recessive
BBS5, Bardet-Biedl syndrome 5 Recessive
MKKS, McKusick-Kaufman syndrome Recessive
BBS7, Bardet-Biedl syndrome 7 Recessive
TTC8, tetratricopeptide repeat domain 8 Recessive
/T //S 7 , parathyroid hormone-responsive B1 gene Recessive
RPGR, trafficking of proteins in the cilia X-linked
pH regulation (choriocapillaris)
CA4, carbonic anhydrase IV (carbon dioxide/bicarbonate, , , Dominantbalance)
Phagocytosis
MERTK, mer tyrosine kinase proto-oncogene (RPE receptor 
involved in outer segment phagocytosis)
Other
CERKL, ceramide kinase-like (ceramide converting enzyme) Recessive 
IMPDHl, inosine-5' monophosphate dehydrogenase type I 
(guanine nucleotide synthesis)
BBSIO, vertebrate-specific chaperonin-like protein Recessive

RPE=retinal pigment epithelium.

T ab le  1 .2 : Identified genes responsible for RP and functions o f  their protein products.

The table w as obtained from  H artong et al. (2006). Recently, a dom inant m utation in the 

RPE65 gene has been found to cause adR P w ith choroidal involvem ent (B ow ne et a!., 

20I I ) .
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Chapter 2

Materials and 

Methods
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2.1 M ater ia ls

2.1.1 Buffers and reagents for general procedures

• Tris-acetate-EDTA electrophoresis buffer lOx (TAB, pH 8.3): 400 mM Tris-Acetate and 

10 mM EDTA (Diluted 1/10 in ddH 20 for a Ix working solution)

• Agarose gel: Agarose powder (Sigma-Aldrich) diluted in the appropriate volume o f  Ix 

TAE to make 1, 2 or 2.5% gels.

• Ethidium Bromide: 10 mg/ml

• Agarose gel loading dyes (Sigma-Aldrich):

1. Xylene Cyanol (6x)

2. Bromophenol blue (6x)

• M olecular weight markers: 100 bp ladder (New England Biolabs) and 1 kb ladder (New 

England Biolabs) were used as size markers on agarose gels 1 |j 1 of marker was diluted in 4 

|al o f ddH:© with 1 |al o f  loading dye.

2.1.2 Buffers and reagents for bacterial culturing

• LB/Agar: tryptone (1%), 5 g yeast extract (0.5%), 10 g NaCl (1%) and BBL™ Agar 

Grade A (1.5%) was added to 1 litre o f ddH 20 and the LB/agar autoclaved

• LB/Agar plates: 400 ml o f LB/Agar was melted and cooled to a temperature o f 

approximately 60°C, the appropriate antibody was added and the LB/Agar was 

subsequently poured immediately into sterile plastic petri dishes and allowed to set

• XL 1-Blue Supercompetent Competent Cells (Stratagene)

• Antibiotics (Sigma-Aldrich):

Antibiotic Stock Solution (mg/ml) Working solution (|ag/ml)

Ampicillin 20 50
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Tetracycline 10 25

Spectinomycin 10 50

• E. Coli Lysis Solution 1: 50 mM Tris pH 8 (50 mM), 25% sucrose (Sigma-Aldrich) and 2 

mM EDTA pH8

• Lysozyme (40 mg/ml): 40 mg Lysozyme (Fluka Biochemika), 250 mM Tris pHS

• M-STET; 5% trition X-100 (Sigma-Aldrich), 50 mM EDTA pH8. 5% sucrose and 50 

mM Tris pH8 and was sterilised by autoclaving

• RNase A (1 mg/ml, Sigma-Aldrich)

2.1.3 Cell culturing materials and reagents

• Complete DMEM: 10% fetal calf serum (PCS, PAA Laboratories), 2 mM L-Glutamine 

(Gibco) & 2 mM Sodium Pyruvate (Gibco) in Dulbecco’s modified eagle media (DMEM, 

Gibco). PCS was first heat inactivated at 50°C for 30 min. Complete DMEM was stored at 

4°C for up to 1 month.

• Ix Sterile Phosphate Buffer Saline (PBS, Gibco)

• Trypsin-EDTA (Gibco)

• 2x Freezing Media: 25% Dimethyl Sulfoxide (DM SO, Sigma-Aldrich), 25% PCS and 

50% complete DMEM

• Lipofectamine® 2000 reagent (Invitrogen)

• Opti-M EM  (Invitrogen)

2.1.4 RNA materials and reagents

• Nuclease free (NP) water (Ambion)

• RNase Away® (Invitrogen)

• Tri-Reagent (M olecular Research Centre)

• P-mercaptoethanol (BDH chemicals LTD)
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• RQl DNase (Promega)

• RQl DNase lOx Buffer (Promega): 400mM Tris-HCl (pH8), lOOmM M gS04 and lOmM

• CaC12

• RQl Stop solution (Promega); 20mM EGTA (pH8)

• Hanks Balanced Salt Solution without Ca, Mg and Phenol red (HBSS [Lonza 

BioWhittaker®])

• DNase I, RNase-Free (lyophilised, Qiagen)

• Buffer RDD (Qiagen)

•QuantiTect SYBR Green reverse transcriptase (RT)-PCR Master Mix (Qiagen); 

HotStarTaq® DNA Polymerase, QuantiTect SYBR Green RT-PCR Buffer, dNTP mix, 

including dUTP, SYBR Green 1, ROX passive reference dye, 5 mM MgCb

2.1.5 Protein materials and reagents

• 1% Triton X-100

• 0.5 M EDTA (pH 8)

• lOx TBS (pH7.5); 30.3 g Tris (Sigma-Aldrich), 80 g NaCl (Sigma-Aldrich) and 2 g KCl 

(Sigma-Aldrich)

• Roche protease inhibitor mix; 1 complete mini-protease inhibitor cocktail tablet (Roche) 

in 10 ml of protein lysis buffer

• Protein lysis buffer; 1% triton X-100, 1 mM EDTA (pH 8), lOx TBS (pH 7.5)

• lOx PBS (Sigma-Aldrich)

• Bicinchoninic acid (BCA) protein assay reagent (Thermo Scientific)

• Qubit™ Protein Assay Kits (Invitrogen)

2.1.6 Materials and reagents used for western blotting

• 10% Sodium Dodecyl Sulphate pH 7.2 (SDS) (Sigma-Aldrich)

• 1.5 M Tris-HCl pH 8.8

64



• 0.5 M Tris-HCl pH 6.8

• 10% Ammonium Persulphate (APS) (Sigma-Aldrich)

• 5x Lane Marker Reducing Sample Buffer (Thermo Scientific); 0.3M Tris-HCL, 5% SDS, 

50% glycerol, 100 mM Dithiothreitol (DTT) and proprietary pink tracing dye

• Prestained protein loading m arker-broad range (7-175 kDa) (New England Biolabs)

• Resolving gel for SDS-PAGE electrophoresis:

1. 12% gel: 5 ml o f 1.5 M Tris-HCl pH 8.8, 6.6 ml o f ddH 20, 8 ml o f  bis-acrylamide 

(30%, Sigma-Aldrich), 200 îl o f  10% SDS, 200 ^1 o f  APS and 20^1 o f TEM ED 

(Sigma Aldrich).

2. 10% gel: 7.9 ml o f 1.5 M Tris-HCl pH 8.8, 6.7 ml o f ddH 20, 5 ml o f bis- 

acrylamide, 200 Ml o f 10% SDS, 200 îl o f  APS and 20^1 o f TEMED

• Stacking gel for SDS-PAGE electrophoresis (4%): 2.5 ml o f  0.5 M Tris-HCl pH 6.8, 6.8 

ml o f ddH 20, 1.33 ml o f bis-acrylamide, 100 |jl o f  10% SDS, 100 |il o f  APS and 10 |il o f 

TEMED.

• lOx Running buffer (pH 8.6): 30.3 g Tris, 144.2 g Glycine (Sigma-Aldrich) and 1% SDS

• Transfer buffer: 3.03 g Tris, 14.42 g Glycine and 20% methanol (Sigma Aldrich)

• Ponceau S (Sigma-Aldrich): 0.1% PonceauS (w/v) in 5% (v/v) acetic acid.

• 5% blocking solution: 5% Marvel original dries skimmed milk in Ix TBS

• Amersham'''’̂  ECL"'''^ W estern Blotting Detection Reagents (GE Healthcare)

• Developer (Kodak GBx developer and replenisher (Sigma-Aldrich)

• Fixer (Kodak GBx fixer and replenisher (Sigma-Aldrich)

• Restore’’”'^ W estern Blotting Stripping Buffer (Thermo Scientific)

2.1.7 Anaesthetic and reagents used for animal procedures (mouse)

• Anaesthetic for subretinal injections: M edetomidine (10 m g /10 g body weight) and 

Ketamine (750 mg/10 g body weight) was administered via i.p. injection

65



• Anaesthetic for ERGs: Ketamine (16mg/10g body weight) xylazine (1.6mg/10g body 

weight)

• For dilating eyes: 1% Cyclopentolate and 2.5% Phenylephrine was administered

• Analgesia: 1% Amethocaine and Vidisic gel

• Reversal agent: Atipamezole Hydrochloride was administered at a dose o f 100 mg/10 g 

body weight via i.p. injection

2.1.8 Materials and reagents used for histology and immunohistochemistry

• 4% Parafom ialdehyde (PFA) (Sigma-Aldrich): 4% PFA was dissolved in IL Ix PBS by 

heating at 64°C on a hot stir plate. The pH 7.4 was obtained using NaOH and HCl.

• 10, 20, 30% sucrose (Sigma-Aldrich) was made in Ix PBS

• Optimal cutting temperature compound (OCT compound, Lennox Laboratory Supplies)

• Polysine adhesion slides (Thermo Scientific)

• Goat Serum (Sigma-Aldrich)

• 10% Triton-PBS solution: 10% Triton x 100 in Ix PBS

• Blocking solution: 10% goat serum, 0.3% Trhon-PBS in Ix PBS

• Antibody solution: 2% donkey semm, 0.1% Trhon-PBS in ix  PBS

• 4 ’,6-diam idine-2-phenylindole-dihydrochloride (DAPI) (Sigma-Aldrich): 1/10,000 

dilution in Ix PBS

• Aqueous m ounting media (Aqua PolyMount, Polysciences)

2.2 General cloning techniques 

2.2.1 DNA/RNA spectrophotometry

DNA and RNA concentrations were calculated from absorbance at a wavelength (X) o f  260 

nm (A260) using the NanoDropTMlOOO spectrophotometer (Thermo Scientific). 2 nl o f 

NF water was added to the optical surface o f the nanodrop in order to obtain a blank 

measurement. The software was either set to DNA50 or RNA40 depending on the nucleic
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acid being measured. 2 |il o f  each sample was loaded onto the optical surface and a 

concentration for each was calculated. Purity o f nucleic acids was measured by examining 

A260/A280 ratios measured on the nanodrop.

2.2.2 Agorose gel electrophoresis

Agarose gels were made by adding the appropriate amount o f agarose extract to Ix  TAE 

buffer and heating in a microwave oven until all the agarose had melted. 1 nl Ethidium 

Bromide was added to 30 ml o f  melted agarose. This was poured into a gel cast (Bio-Rad) 

with a comb and the gel was left to set for at least twenty min. Loading dye was added to 

each DNA sample at a dilution o f 1 in 6 and each sample was loaded onto the gel along 

with a DNA ladder. The gel was electrophoresed at a constant voltage o f 100 mV and 

DNA was visualised on a UV transilluminator (Vilber Lourmat). Photographs were taken 

using a Mini Bis PRO (DNR, Bio-Imaging Systems) with Gel capture software (DNR, 

Bio-Imaging Systems).

2.2.3 Restriction enzyme digestion

Restriction enzyme digestion o f DNA was performed as follows: A Ix concentration o f the 

recommended enzyme buffer and bovine serum album.in (BSA) was added to each 

reaction. The amount o f units o f  restriction enzyme was recommended by the 

manufactures. Reactions were typically performed in a 50 |al volume in ddHiO. Unless 

otherwise stated all reactions were carried out for 2 hours at 37°C. The enzyme activity 

was inactivated by heating to 65°C for 20 min, by a reaction enzyme clean up kit or 

agarose gel extraction.

2.2.4 Enzyme reaction clean up (Qiagen)

Purification o f  PCR products and restriction digests was carried out using the QIAquick 

PCR purification kit (Qiagen). A 5:1 volume o f buffer PB to DNA was added and this was
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transferred to a QIAquick spin column. The remainder of the protocol was carried out 

according to the manufacturer’s instructions. DNA was eluted in 50 |il of NF H2 O.

2.2.5 Agarose gel extraction (Qiagen)

DNA was extracted from 1% agarose gels using the QIAquick gel extraction kit (Qiagen). 

DNA on agarose gels were visualised under the UV transilluminator (Vilber Lourmat) and 

using a sterile blade, gel sections containing DNA of interest was excised. The gel slice 

was weighed and 3 volumes of Buffer QG was added per 100 mg o f gel. The remainder of 

the protocol was carried out according to the manufacturer’s instructions. DNA was eluted 

in50nl ofN F H2 O.

2.2.6 Phenol-chloroform extraction

Buffer-saturated phenol was added to an equal volume of DNA solution, the sample was 

vortexed and centrifuged at 13,000 rpm (lEC Micromax Microcentrifuge, Thermo- 

Electron) for 1 min. The top aqueous layer (containing the DNA) was taken and again an 

equal amount of phenol was added, vortexed and centrifiiged at 13,000 rpm for 1 min. The 

upper aqueous layer was removed and mixed with a 1:1 mixture of phenol chloroform, was 

vortexed and centrifiiged as above. Again the top phase was taken, mixed with an equal 

volume of chloroform, vortexed and centrifuged at 13,000 rpm. The upper aqueous phase 

containing the DNA was removed and the DNA was precipitated with by ethanol 

precipitation.

2.2.7 XLl-blue competent cells

A colony o f X Ll- blue E.coU was streaked onto an LB/agar plate containing tetracycline.

This was incubated overnight at 37°C. Using a toothpick a single colony from this plate

was used to inoculate 10 ml LB broth with tetracycline, which was and incubated

overnight in an orbital incubator, shaking at 220 rpm (Innova 4300) at 37°C. 250 |jl of the

overnight culture was added to a conical flask containing 25 ml of LB broth and
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tetracycline which was grown in an orbital incubator for approximately 2 hours until the 

bacterial cells were in their early exponential growth phase (OD600 o f 0.3 to 0.5). Cells 

were centrifuged at 3,000 rpm (Centrifuge 5810, Eppendorf) for 5 min and the supernatant 

was removed. 25 ml o f ice cold, sterile 50 mM C aC b was added to the cells and the pellet 

was gently resuspended. The cell suspension was left on ice for 15 min and centrifuged at 

3,000 rpm for 5 min. The supernatant was removed and the cell pellet was resuspended in 

5 ml ice cold, sterile 50 mM CaCh. The competent cells were stored on ice and were used 

within 2 days.

2.2.8 Transformation using X Ll-B lue competent cells

5 |il o f  ligated DNA was added to 200 |il o f X L l-B lue competent cells and placed on ice 

for 20 min. Cells were heat shocked at 42°C for 5 min in a water bath. 1 ml o f LB was 

added to each tube and this was incubated at 37°C for 1 hour. 200 |al o f  each sample was 

spread on an LB/agar plate and left to dry. Each LB/Agar plate contained the appropriate 

antibiotic for selecting transformed bacterial colonies (unless otherwise stated the 

antibiotics used were Ampicillin and Tetracycline). Each plate was incubated at 37°C 

overnight. Transformation controls were also included in this experiment. A circular 

plasmid was transformed to confirm the transformation process was efficient. In addition 

non-transformed competent cells were plated, to ensure the competent cells and the 

LB/agar plates were not contaminated.

2.2.9 DNA mini-preparation (Qiagen kit)

DNA mini-preparation was carried out using the QiAprep® miniprep kit (Qiagen). Cells 

from single colonies were grown in 5 ml o f  LB supplemented with appropriate antibiotics 

overnight at 37°C in an orbital incubator (Innova 4300). The overnight culture was 

centrifuged at 3,000 rpm (Centrifuge 5810, Eppendorf) for 10 min and the supernatant was 

removed. A mini-preparation was carried out on the pellet according to the QIAprep®
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miniprep handbook (Qiagen). DNA was resuspended in 50 |jl o f  NF H 2O and stored at -20° 

C.

2.2.10 DNA maxi-preparation (Qiagen kit)

DNA m axi-preparation (to get high quality DNA of up to 1 mg) was carried out using the 

HiSpeed® Plasmid Midi and Maxi kit (Qiagen). 5 ml o f  LB broth with the appropriate 

antibiotic was inoculated with the colony to be prepared. This starter culture was grown for 

8 hours at 37°C in an orbital incubator, shaking at 220 rpm (Innova 4300). Following this, 

250 |il (1/1000 dilution) o f this starter culture was used to inoculate 250 ml LB broth 

containing the appropriate antibiotic. Cultures were grown at 37°C overnight, shaking at 

220 rpm in an orbital incubator. The next day the cultures were centrifuged at 3000rpm for 

15 min (Centriftige 5810, Eppendorf) and the supernatant was removed. The m axi

preparation was carried out on bacterial pellets according to the HiSpeed® Plasmid 

Purification handbook. Pellets were re-suspended in 1 ml NF H 2O and stored at -20°C.

2.2.11 Sequencing (GATC or Source Bioscience LifeSciences)

Sequencing reactions were outsourced to Source Bioscience LifeSciences. Plasmid DNA 

samples were sent at a concentration o f approximately 30-100 ng/|al along with 3.2 

pmoles/|al o f  the sequencing primer. Sequencing was performed on a 7x ABI 3730x1 

sequencer. Results were viewed using Finch TV.

2.3 Cell culturing procedures 

2.3.1 Cell growth

HeLa cells (America type culture collection [ATCC] no. CCL-2) were m aintained in 

complete DM EM  and grown at 37°C in a humidified Sterile Cycle C 0 2  incubator (Hepa 

Class 100, Thermo Scientific) in the presence o f  5% CO 2 . All cell culture procedures were
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carried out in a laminar flow cabinet (Holten LaminAir Model 1.2, Thermo Electron 

Corporation). Cells were visualised using a microscope (Olympus CK30).

2.3.2 Cell passaging

Cells were passaged routinely on average every 2-3 days. Complete DMEM was removed 

from cells. Cells were then washed with PBS and removed from tissue culture dishes by 

incubation with 1-2 ml o f Trypsin-EDTA at 37°C for 5 min. Once the cells had been 

removed from the tissue culture plates a 5-fold excess o f complete DMEM was added to 

the cell suspension in order to inactivate the Trypsin. 1/6 o f  the total cell suspension was 

then added to new 10 cm tissue culture dishes and grown in complete DMEM.

2.3.3 Cell counting using a Haemocytometer

Cells were prepared for counting by trypsinising, adding a 5-fold excess o f complete 

DMEM and centrifuging at 1000 rpm for 10 min (IEC-Centra-3C centrifuge). The 

resulting cell pellet was resuspended in 10 ml complete DMEM. A 1:10 dilution o f cell 

suspension was counted using a Haemocytometer. The Haemocytometer was washed with 

70% ethanol and dried. A clean coverslip was placed over the counting area and the cell 

suspension was applied beneath the coverslip by capillary action. The number o f cells per 

grid o f 16 squares was counted. Cells were counted in 8 different grids and the average 

was taken. In order to obtain the number o f  cells per ml this average was multiplied by lO'’.

2.3.4 Freezing cells

Cells were frozen at low passage numbers in order to maintain stocks. 500 |al o f  cells were 

placed in a Nunc Cryo TubeTM  (Nunc) along with 500 |al o f  2x freezing media. These 

were placed in a prechilled cryo freezing container (Nalgene) and frozen at -80°C.
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2.4 RNA M ethods

2.4.1 Ribonuclease (RNase) free conditions

In order to prevent RNA degradation by RNases certain precautions were taken. Nuclease- 

free eppendorf tubes (Axygen Scientific Inc.), nuclease-free filtered pipette tips (Axygen 

Scientific Inc.) and nuclease-free water (Ambion) were used at all times. RNA samples 

were kept on ice during experiments. The benches were wiped with 70% ethanol and 

RNase AW AY® (Invitrogen).

2.4.2 RNA isolation from HeLa cells (Using Tri-reagent)

RNA was extracted from cells at a required timepoint post-transfection. The medium was 

removed from each well and the cells were washed gently with 500 jil PBS. Cells were 

lysed by pipetting 250 jil o f  Tri-reagent into each well and mixing gently. The plate was 

incubated at room temperature (RT) for 5 min. Triplicate transfection samples were pooled 

and 200 )jl o f  chloroform was added. Each tube was shaken vigorously for 2 min and left 

for 2-3 min at RT. The samples were centrifuged at 12,000 rpm for 15 min at 4°C 

(Beckman GS-6 centrifuge). 300 |il o f  the upper phase o f  each sample was transferred to a 

new eppendorf tube. RNA was precipitated with 200 |̂ 1 o f  isopropanol at RT for 10 min. 

Tubes were subsequently centrifuged at 4°C for 10 min at 12,000rpm. The supernatant was 

removed and RNA pellets were washed with 75% ethanol. Tubes were centrifuged for 5 

min at 12,000rpm at 4°C. RNA pellets were first air dried then resuspended in 50 |al NF 

H2O. RNA samples were stored at -80°C.

2.4.3 RNA isolation from HeLa cells (RNeasy® Plus mini kit)

RNA was isolated using the RNeasy® Plus mini-kit (Qiagen). 87.5|al o f Buffer RLT plus

(0.88|il P-mercaptoethanol) was added to each well and quadruplicate transfection samples

were pooled. The pooled cell lysates were then homogenised by placing them onto a

QIAshredder spin column placed in a 2 ml collection tube. Samples were centrifuged at

72



13,000 rpm (lEC Micromax Microcentrifuge, Thermo-Electron) for 2 min. The remainder 

of the isolation was carried out according to the manufacturer’s instructions. Samples were 

resuspended in 50 nl NF water.

2.4.4 DNase treatment of HeLa cell RNA

In order to remove contaminating DNA from HeLa cell RNA samples, 5 1̂ of RQl DNase 

and 6 |il RQl DNase Buffer was added to each sample. Samples were incubated at 37°C 

for 1 hour and the DNase was deactivated by adding 6.5 |il of RQl stop solution and by 

heating samples to 80°C for 10 min. Each RNA sample was frozen and stored at -80°C.

2.4.5 RNA isolation from mouse retina (RNeasy mini kit)

Unless otherwise stated all in vivo RNA isolations were carried out using the RNeasy mini 

kit

(Qiagen). Retinas were extracted from mice and immediately washed in 1 ml ice cold Ix 

SBS. The lens was removed from the retina, and each retina was placed into 350 |il buffer 

RLT (containing 3.5 |al of P-mercaptoethanol). The retina was homogenised by pipetting 

the sample up and down a number o f times. Retinal RNA extraction following addition of 

buffer RLT was carried according to the manufacturer’s protocol. RNA was eluted in 50 î l 

NF water.

2.4.6 DNase treatment o f mouse retinal RNA (on column digestion)

During the above protocol (using the RNeasy mini kit), an on column DNase digestion step 

was performed. The RNeasy spin column was washed with 350 |al Buffer RWl and 

centrifuged for 15 s at 10000 rpm (lEC Micromax Microcentrifuge, Thermo-Electron), the 

flow through was discarded. Following this, 80 |jl of DNase 1 in Buffer RDD (10 |il 

DNase 1 + 70 |al Buffer RDD) was added to the centre of each column and incubated for 2 

h at 37°C. The column was then briefly centrifuged to remove the DNase in RDD Buffer
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mixture and subsequently washed with 350 fal o f Buffer RW l. The sample was centrifuged 

at 10,000 rpm. for 15 s and the flov/ through discarded.

2.4.7 G eneral One Step Real- T im e R T-PC R  protocol

Real-time reverse transcriptase-PCR (RT-PCR) was used to measured levels of RNA. In 

all one-step real-time RT-PCR experiments in this thesis, a relative standard curve method 

for quantification was used. This method determines the ratio between the amount of RNA 

of interest and an internal control housekeeping gene (Applied Biosystems Real-Time PCR 

systems chemistry guide, 2005). The mRNA transcript o f a housekeeping gene is 

ubiquitously expressed, therefore by comparing the ratio of expression of RNA of interest 

and the housekeeper RNA levels, expression of RNA of interest across different samples 

can accurately be compared. A one step real-time RT-PCR kit, the QuantiTect®SYBR(E 

Green RT-PCR kit (Qiagen) was used in all one-step RT-PCR reactions which were 

carried out on an Applied Biosystems 7300 Real-Time PCR system. This system uses the 

SYBR Green 1 fluorescent dye. SYBR Green 1 binds to double stranded DNA and 

fluoresces. During the PCR reaction the more DNA that has been amplified, the more 

SYBR Green 1 will bind to it and the higher the fluorescent intensity (Applied Biosystems 

Real-Time PCR systems chemistry guide, 2005). The 7300 real-time RT-PCR machine 

measures the fluorescence after each PCR cycle and records this. Each reaction was carried 

out in a final volume o f 20 |jl containing 10 (al o f the supplied SYBR Green master mix, 

0.147|al of the RT Mix (containing reverse transcriptase enzymes), 10 pmoles of the 

forward and reverse primer, 4.35 |al NF H 20 and 4.5^1 o f each RNA sample. These 

solutions were kept on ice at all times. Each reaction was performed in triplicate in a 

MicroAMP‘*''^optical 96-58 well reaction plate (Applied Biosystems). A negative control 

(water blank) to which no RNA was added was included. The real-time RT-PCR program 

was as follows:

• Reverse transcription: 50°C for 20 min
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• Activation of DNA polymerase: 95°C for 15 min.

• cDNA amplification: 37 cycles at 95°C for 15 seconds, 60°C for 1 min.

• Dissociation: 95°C for 15 seconds, 60°C for 30 seconds and 95°C for 15 seconds. 

Analysis was carried out using sequence detection software v l.4  (Applied Biosystems). 

Initially in order to verify the presence o f each RT-PCR product a dissociation curve 

analysis was performed. Each product has a particular melting temperature (Tm); therefore 

examining the temperature at which the PCR product DNA dissociates (melts) helps to 

confinn that the correct product o f  the correct size is present. Dissociation curves also help 

identify contaminations in water blanks and prim er dimmers (recognised by dissociation 

peaks with low Tm, typically in the region o f 70-75°C). It was always critical to check for 

the presence o f these peaks after every real-time RT-PCR. In order to measure relative 

gene expression levels in samples and to compare levels in different samples, expression 

levels were normalised using a housekeeping gene. Hence two standard curves were 

generated using gene o f interest and housekeeping gene primers and relative gene 

expression levels o f both genes determined in each sample. Each standard curv'e was 

analysed using the auto analysis function in the software (auto CT). For both genes of 

interest and the housekeeping standard curves a line o f best fit was generated based on the 

known dilution factors o f the standards. This compares cycle no. to the log o f the dilution 

value. The slope and R2 value o f each standard curve was checked to make sure the assay 

was efficient (the slope should be -3.33 for 100% efficiency and the R2 value should be as 

close to 1 as possible). Efficiency was calculated using the fomiula E = [10*''''' '̂°p^*-1] x  

100. Each sample to be tested was then compared to this line and a value o f  relative 

expression for each was determined. This was automatically done with the software 

package. The quantity value for each sample was taken for use in the relative 

quantification calculation. For each sample, the relative rhodopsin quantity was normalised 

to the relative quantity o f the house keeping in the same sample.
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2.5 Protein techniques

2.5.1 Protein extraction from HeLa cells

Protein was extracted from HeLa cells by adding 500 fil o f  protein lysis buffer to each well 

containing cells (work was done on ice at all times). The cells were dislodged from the 

base o f each well using a plastic cell scraper; each cell solution was transferred to an 

eppendorf. These were stirred for 1 hour at 4°C using small magnetic stir-bars. The 

contents o f  each eppendorf was transferred to a fresh eppendorf tube and centrifuged at 

12,000 rpm for 30 min at 4°C (Beckman GS-6 centrifuge). The supernatant containing the 

protein was retained and frozen at -20°C.

2.5.2 Protein extraction from mouse retina

Retinas were extracted from mice eyes and immediately placed in an eppendorf containing 

ice cold PBS. The lenses were removed from the retina and each retina was added to 200 

}il (or 300 |j 1 for both retinas) o f protein lysis buffer. Retinas were homogenised by 

pipetting up and down a number o f times with a P I000 pipette tip. In the case o f retinal 

samples that were particularly viscous, the extract was sonicated (Labsonic U, B. Braun 

Biotech International). Each eppendorf tube was centrifuged at 12,000 rpm for 20 min at 

RT. The supernatant containing the protein was retained and frozen at -20°C.

2.5.3 Determination of protein concentrations 

2.5.3.1 Bicinchoninic acid (BCA) protein assay

BCA assays were carried out to quantify total protein in a sample using Pierce BCA 

Protein Assay Kit (Thermo Fisher scientific). Albumin Standard, containing bovine serum 

albumin (BSA) at 2.0 mg/ml in 0.9% saline and 0.05% sodium azide was diluted to prepare 

a set o f protein standards. The BCA working reagent was prepared by m ixing 50 parts o f 

BCA reagent A and 1 part o f  BCA reagent B. Triplicates o f each protein standard were
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pipetted into a 24 well plate. Then, 200 |il o f the BCA working reagent was added to the 

wells and mixed with the protein standards by pipetting. The microplate was covered and 

incubated at 37°C for 30 min. The absorbance was measured at 595 nm on a plate reader. 

The average absorbance o f  the three replicates for each standard was calculated and those 

measurements were blank-corrected by subtracting the average o f  blank measurement 

containing no albumin. The standard curve was prepared by plotting the average Blank- 

corrected m easurem ent for each BSA standard vs. its concentration in ng/ml. Retinal 

lysates were also prepared in the same way, except the blank containing lysis buffer. 

Concentration o f  protein samples were calculated based on the standard curve obtained 

from protein standards.

2,5.3.2 Qubit^'* Protein Assay Kits

Only thin-wall, clear 0.5 ml PCR tubes (Invitrogen) were used. Following the 

m anufacturer’s instructions, the Qubit™  working solution was made by diluting the 

Qubit™  protein reagent 1:200 in Qubit™  protem buffer. Three protein standards were 

prepared by adding 10 |il o f  each protein standard (1, 2, 3) provided in the kit to 190 |ul o f 

the Qubit™  working solution. Each sample tube required anywhere from 180 |il to 199 |il 

o f  this working solution as long as the final volume in each assay tube was 200 |il. After 

adding protein samples and standards into individual assay tubes containing the working 

solution, each tube was vortexed for 2-3 s without creating any air bubbles. Subsequently, 

all tubes were incubated for 15 min at room temperature and protein concentrations were 

measured using the Qubit® 2.0 Fluorometer following the m anufacturer’s instructions. 

Using this method, a standard curve was not obtained and sample concentrations were 

given directly by the Fluorometer.
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2.6 W estern Blot Protocol

2.6.1 Preparation of SDS PAGE gels

SDS-PAGE gels were cast using the AE-6450 Dual Mini Slab Kit (ATTO Bioscience and 

Biotechnology Corporation). All gel cast was assembled according to the m anufacturer’s 

instructions. A 10/12% resolving polyacrylamide gel was made and approximately 8 ml o f 

this was poured into the gel cast leaving a space o f at least 1 mm at the top for the Teflon 

comb. The resolving gel was left to polymerise for 30 min and then the ddH 20 overlay 

was removed. A 4% stacking polyacrylamide gel was prepared and poured on top o f the 

resolving gel and a Teflon comb was added to the stacking gel. This was left to set for 15 

min. The gel electrophoresis apparatus was assembled according to the manufacturer.

2.6.2 Loading samples and electrophoresis

Following quantification with a BCA assay, 40 ^1 o f each protein sample was added to 10 

|al Lane M arker Sample Buffer (1/5 dilution). Samples were denatured by heating to 95°C 

for 10 min unless otherwise stated and loaded directly onto the western gel. The loading 

buffer contains excess SDS and a thiol reagent to break disulfide bonds. All the proteins 

were negatively charged by binding to SDS. The reduced polypeptides bind the same 

amount o f SDS on the weight basis (1.4 g SDS/g polypeptide) independent o f  the amino 

acid composition and sequence o f  protein (Hames B.D. 1998). This allows protein to be 

separated on the basis o f  their size only. A broad range prestained protein marker was 

heated at 95°C for 5 min and 10-20 |al was added to the outer most lane o f  the gel. 

M aximum o f the protein sample loaded onto the gels were 30 |il. All samples were 

centrifuged briefly and mixed thoroughly by pipetting before being loaded onto the gel. 

The SDS-PAGE electrophoresis was carried out at 30 mV per gel for 90 min (Consort 

EV261).
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2.6.3 Transfer of proteins

The semi-dried transfer method was used to transfer proteins from the gel into the PVDF 

membrane. The negatively charged SDS bound proteins were transferred onto the 

membrane in an electrical field. The PVDF membrane and 8 sheets o f  the filter paper were 

cut into the same size as the gel to make membrane-gel sandwich. 4 sheets o f the filter 

papers were soaked with the transfer buffer, and placed on the anode o f the electroblot 

apparatus. On the top o f the paper, the membrane was placed and soaked with the transfer 

buffer. After gel electrophoresis, the gel was taken out from the apparatus, and the stacking 

gel was removed. The gel was then placed on the membrane and any air bubbles between 

them removed. The remaining 4 sheets o f the filter papers were put on the gel with soaking 

with the buffer. The apparatus was set to run at 80 mA for 2 hours.

2.6.4 Ponceau S Staining

Following electroblottmg, the membrane was stained with Ponseau S solution (Sigma 

Aldrich), in order to ensure that protein bands had been transferred correctly. Once the 

presence o f protein has been verified, the membrane was washed four times for 15 min (4 

X 15 min) with Ix TBS on an orbital shaker (Bellco Biotechnology).

2.6.5 Blocking o f immunoblots

The membrane was blocked with 30 ml o f  5% blocking solution for 30 mins at room 

temperature on an orbital shaker. The blocking solution should bind to all non-specific 

protein binding sites on the membrane, and ensure that non-specific binding o f  the primary 

antibody does not occur.

2.6.6 Incubation with antibodies

The membrane was probed with 10 ml o f  the appropriate dilution o f  primary antibody 

(diluted in 5% blocking solution) specific for the protein to be examined. The membrane
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was covered in tinfoil to prevent evaporation and subsequently incubated overnight at 4°C. 

The prim ary antibody was removed and the membrane was washed 4 x 1 5  min v/ith Ix 

TBS on an orbital shaker (Bellco Biotechnology). The blot was probed with the 

appropriate dilution (in 5% blocking solution) o f the corresponding secondary antibody. 

The membrane was covered in tinfoil and incubated at room temperature for 2 hour. 

Following this incubation the membrane was washed for 4 x 15 min with Ix TBS.

2.6.7 Chemiluminescent detection of proteins

The rest o f  the western blot protocol was performed under dark conditions. 

Chemiluminecence was carried out using the Amersham ECL W estern blotting detection 

reagents. A 1:1 dilution o f detection reagent 1; detection reagent 2 was made and added to 

each immunoblot from which Ix TBS was previously drained. Horseradish-peroxidase 

(HRP) substrate, which is located on the secondary antibody will oxidise the luminal in the 

detection solution and this will cause the luminal to be in an excited state and it will emit 

light. It is this light emission that can be detected by exposure o f the blot on a blue light 

sensitive autoradiography film. The amount o f light emitted, correlates to the amount o f 

HRP which in turn is dependent on the amount o f  primary antibody present and the amount 

o f  protein expressed. After 1 min the detection solution was removed from the membrane 

and the excess removed. The membrane was positioned between two transparent sheets 

(acetates) and placed in a film cassette. Autoradiography film (Super Rx medical x-ray 

film, FUJIFILM ) was put on top o f  the membrane and the cassette was closed. After the 

appropriate amount o f exposure time the film was developed. After developing the 

autoradiography film it was washed with ddH 20, fixed and then washed with ddH 20.

2.6.8 Stripping o f immunoblots

In order to reprobe membranes with different antibodies, membranes were stripped with 

W estern Blot Stripping Buffer for 30 min with gentle agitation. After stripping the
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membrane was washed 4 x 1 5  min with Ix TBS and then reprobed overnight with the 

appropriate antibody.

2.6.9 Quantification o f Western blots

Quantification o f Western blots was done by using ImageJ software following instructions 

on the website http://lukemiller.ortz/index.php/2010/11/analyzing-gels-and-westem-blots- 

with-imat>e-i/. Briefly, the size o f  protein from each sample was measured and normalized 

by the size o f  the house keeping P-actin protein obtained from the sample.

2.7 A nim al procedures

2.7.1 Housing of animals

All animals were kept under specific pathogen free (SPF) conditions in individually 

ventilated racks with 12 hours light and 12 hours darkness at a temperature o f 21°C±2°C. 

All work was carried out in compliance with the European Communities Regulations 2002 

and 2005 (Cruelty to Animals Act) and the Association for Research in Vision and 

Ophthalmology (ARVO) statement regarding animal procedures in ophthalmic and vision 

research.

2.7.2 DNA isolation from mouse tails

1 cm o f tail was isolated from each animal and put in a clean eppendorf tube. 500 |il o f  tail 

lysis buffer (50 mM Tris-Cl pH 8.0, 100 mM EDTA pH 8.0, 10 mM NaCl and 1% SDS) 

and 15 |il o f  Proteinase K (20 mg/ml) was added. The tube was vortexed briefly and 

incubated overnight at 55°C. 500 |il o f  a phenol, chloroform, isoamyl alcohol mixture 

(25:24:1) was added to the tube which was then centrifuged for 5 mins at 13000 rpm at 

room temperature. The aqueous phase was placed in a new tube to which 1 ml o f  100% 

ethanol was then added. The tube was inverted several times to precipitate DNA and then
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centrifuged for 10 min at 13,000 rpm at room temperature. Ethanol was removed and the 

tube was left to air dry. DNA was resuspended in 100 |iI o f  sterile water.

2.7.3 Subretinal AAV injection

All subretinal injections were carried out by Dr. Paul F Kenna. Adult mice were 

anesthetised and the pupils were dilated. AAV contained in a 10 |jl syringe (usually 3 [al o f 

AAV for mice and 5 jil o f  AAV for rats unless otherwise stated) was injected using a 

blunt-ended microneedle (34-gauge, Hamilton) into the subretinal space via a small 

incision made under local anaesthetic and a retinal detachment was induced. A reversing 

agent was administered to the mouse and body temperature was maintained using a 

homoeothermic heating device. Mice were carefully monitored until recovery. Sub-retinal 

injections on new bom mice were carried out in accordance with M atsuda and Cepko as 

follows (Matsuda and Cepko, 2004). New bom  mice were chilled on ice for six min in 

order to anaesthetise them. A small incision was made into the eye lid and the eye was 

exposed. The eyes o f  new bom mice are not clearly visible, therefore all sub-retinal 

injections were performed by touch, rather than visualisation o f the needle into the sub

retinal space (The eye was gently touched until a slight movement and resistance was felt 

at the far wall o f the eye). The eye was punctured at the sclera at the edge o f  the lens with a 

30-gauge needle and AAV was then injected into the sub-retinal space o f  the eye using a 

blunt ended microneedle (33-gauge, Hamilton). Mice were warmed for 30 min at 33°C. 

Upon recovery they were returned to their mother.

2.7.4 Electroretinograms (ERG)

ERGs were carried out by Dr. Paul Kenna. Animals were dark-adapted overnight and 

prepared for electroretinography under dim  red light. Pupillary dilation was carried out by 

instillation o f  1 % cyclopentalate and 2.5 %  phenylephrine. Animals were anesthetized by 

intraperitoneal (i.p.) injection o f ketam ine (2.08 mg per 15 g body weight) and xylazine
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(0.21 mg per 15 g body weight). Standardised flashes o f  light were presented to the mouse 

in a Ganzfeld bowl to ensure uniform retinal illumination. The ERG responses were 

recorded simultaneously from both eyes by means o f gold wire electrodes (Roland 

Consulting Gmbh) using Vidisic (Dr Mann Pharma, Germany) as a conducting agent and 

to maintain corneal hydration. Reference and ground electrodes were positioned 

subcutaneously, approximately 1 mm from the temporal canthus and anterior to the tail 

respectively. Body tem perature was maintained at 37°C using a heating device controlled 

by a rectal temperature probe. Responses were analysed using a RetiScan RetiPort 

electrophysiology unit (Roland Consuhing Gmbh). The protocol was based on that 

approved by the International Clinical Standards Committee for human 

electroretinography. Rod-isolated responses were recorded using a dim white flash (-25  

dB maximal intensity, where maximal flash intensity was 3 candelas/m‘/s) presented in the 

dark-adapted state. Maximal combined rod-cone response to the maximal intensity flash 

was then recorded. After a 10-min light adaptation to a background illumination o f 30 

candelas/m^, cone-isolated responses were recorded to the maximal intensity flash, 

presented initially as a single flash and subsequently as 10-Hz flickers, a-waves were 

measured from the baseline to the trough and b-waves from the baseline (in the case o f 

rod-isolated responses) or from the a-wave to the trough.

2.7.5 Fixation of eyes

The eyes and the optic nerve was removed from the eye cup o f each culled mouse by 

proposing the eye using a forceps and gently pulling upward to detach the eye. Eyes were 

washed in Ix PBS and subsequently fixed overnight in 4% PFA at 4°C with gentle 

rotation. Following this, the eye was washed for 3 times x 5 min with Ix PBS and the 

lenses were removed under a light source (Intralux® 6000-1, Volpi) using a dissection 

microscope.
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2.7.6 Preparation of the eyes for cryosectioning

Eyes were cryoprotected in a series o f  sucrose gradients (10, 20, 30%) until eyes sank to 

the bottom o f the glass vial. Each eye was placed in plastic moulds containing OCT, and 

the mould was placed in a container with isopropanol, this container was then submerged 

in liquid nitrogen and the eyes were frozen. Snap frozen eyes were stored at -20°C and 

sectioned as soon as possible.

2.7.7 Cryosectioning

Frozen eye blocks were cryo-sectioned on a cryostat (Leica CM 1900 Cryostat, Leica 

Biosciences) with a head temperature o f -25°C and a unit temperature o f -20°C. Each eye 

was cut into sections o f 12 )aM thickness and the sections were collected on Polysine 

adhesion slides (Thermo Scientific). All slides were stored in a slide box at 20°C.

2.7.8 Immunohistochemistry

Each slide was removed from the freezer and left to dry at room temperature for 20 min.

Using a PAP pen, a mark was drawn around the section on each slide and the PAP stain

was left to dry. The slides were then washed for 3 x 5 min with Ix PBS. Each slide was

blocked with blocking solution for 1 hour in a humidified chamber. The blocking solution

was removed by gently tapping the slide to tissue paper, and the prim ary antibody was

applied at the appropriate dilution. Slides were incubated over-night in a humidified

chamber. The following day, the slides were washed 3 x 5  min with Ix PBS and a

appropriate secondary antibody was subsequently applied for two hours at room

temperature in a humidified chamber (1/500 dilution). The secondary antibody was

removed and the slides were washed 1 x 5 min with Ix PBS. Nuclei were counterstained

by adding 4 ’, 6-diamidine-2-phenylindoledihydrochloride (DAPI, 1/10,000 dilutions) for

1-2 min at room temperature. Slides were then washed 2 x 5  min with 1 x PBS and

mounted using aqueous m ounting media. Sections were analysed using the fluorescent

microscope (Axiophot microscope, Carl Zeiss LTD). Photographs were taken o f  sections
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using analysis B software. Composite images were produced using Adobe Photoshop 

(Adobe Systems Europe).

2.7.9 Magnetic Resonance Imaging (MRI)

Animals were anesthetized with isofluorane and were physiologically monitored (ECG, 

respiration, and temperature) and placed on an M RI-com patible support cradle, which has 

a built-in system for maintaining the anim al’s body temperature at 37 °C. The cradle was 

then positioned within the MRI scanner. Accurate positioning was ensured by acquiring an 

initial rapid pilot image, which was then used to ensure the correct geometry was scanned 

in all subsequent MRI experiments. Upon insertion into the MRI scanner, T2-weighted 

images were acquired (resolution, 0.141 _  0.141 _5m m j; matrix, 128 _  128 _  36; TR/TE, 

4,179.3/36 ms; flip angle, 90°; acquisition time, 1 m in 6 sec). iBRB integrity was then 

visualized in high-resolution T1-weighted MR images (resolution, 0.156 _  0.156 _  5 mmi; 

field o f  view _  20 _20 _  17.9 mm?; matrix, 128 _  128 _  30; TR/TE, 500/2.7 ms; flip angle, 

30°; number o f  averages, 3; acquisition time, 2 min 24 sec; repetitions, 10) before and after 

injection o f contrast agent Gd-DTPA. A 0.1 mM/L per kg bolus o f Gd-DTPA was 

administered via the tail vein. After injection o f Gd-DTPA, repeated Tl-w eighted scans 

were performed over a period o f 24 min, and images shown are representative o f the final 

scans o f  this 24-min period.

2.8 Statistical analysis

Statistical analysis was performed on results using GraphPad Prism. The averages and 

standard error o f  the mean (SEM) were calculated using M icrosoft Excel. Graphs were 

drawn using both Excel and GraphPad Prism. Unless otherwise stated a two-tailed 

Student’/-test was utilised in order to determine the significance. Differences were 

considered statistically significant at P values <  0.05.
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Chapter 3
Enhanced Systemic Delivery 

of Calpain inhibitors 
Prevents Photoreceptor cell 
death in a murine model of 

Light-induced Retinal 
degeneration
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3.1 Introduction

Disease processes in the retina can affect a variety o f  cell types, for example, 

photoreceptors degenerate in RP and AMD while retinal ganglion cells die in glaucoma 

and diabetic retinopathy. Interestingly, cells o f the INL are more resistant to stress and as a 

result, diseases associated with this layer have not been identified. Cell loss in RP is caused 

almost exclusively by the presence o f disease-causing mutations, while environmental 

factors (e.g. smoking, diet and aging) together with a genetic pre-disposition are risk 

factors associated with AMD. Programmed cell death or apoptosis characterized by nuclear 

DNA condensation and fragmentation, membrane blebbing, disintegration o f dying cells 

into apoptotic bodies which are engulfed by phagocytotic cells without initiating induction 

o f inflammation or tissue scarring, is the mode o f cell death associated with retinopathies 

as well as various neurodegenerative conditions including Alzheim er’s disease, 

Parkinson’s disease and Huntington’s disease (Kerr et al., 1972, van Soest et a i ,  1999, 

Mattson, 2000, D unaief et al., 2002). Classically, caspases have been considered central 

executioners o f  apoptosis, cleaving a variety o f  intracellular substrates. However, this view 

has been challenged in recent years by studies which have suggested the existence o f 

caspase-independent apoptotic pathways. Furthermore apoptosis also involves other 

cellular compartments such as mitochondria, lysosomes, proteasomes or autophagic 

vacuoles (W enzel et al., 2005). In addition, the characteristics o f  necrosis and apoptosis 

have also been questioned since lysosomal and cellular proteases including caspases have 

been found to be involved in both types o f cell death (Syntichaki and Tavemarakis, 2003). 

In this introductory section, mechanisms o f the intrinsic and extrinsic pathways of 

apoptosis will first be outlined, followed by a discussion o f  the implications o f calpain 

activation during retinal degeneration, since calpains are normally associated with necrotic 

cell death while retinal cell death has been generally classified as apoptotic nature. In 

addition, calpain activation in the light-induced retinal degeneration model which has been



developed to study the process o f cell death upon light damage has also been outlined. In 

the context o f this chapter, results will be presented from experiments involving a safe 

method o f reversible, transient and size-selective modulation the iBRB via either tail-vein 

injection o f siRNA targeting claudin-5 or subretinal injection o f  CLDN5 AAV2/9 

expressing inducible shRNA targeting claudin-5 which has been employed in tandem with 

systemic administration o f  the low molecular weight calpain inhibitors, ALLN and ALLM 

to investigate their effects on photoreceptor cell death in the Balb/c light ablation model.

3.1.1 Apoptosis in neurodegenerative diseases

The so-called extrinsic pathway o f apoptosis occurs upon ligand binding to cell surface 

receptors, resulting in activation o f pro-caspase 8, which then cleaves downstream 

caspases. On the other hand, cellular stresses such as those caused by oxidative stress, 

trigger release o f  cytochrome c from the m itochondna into the cytosol in the intrinsic 

pathway o f apoptosis. Recently, mechanisms associated w'ith apoptosis have been rendered 

more complex in the light o f studies in which caspases were inhibited by pharmacologic 

inhibition or genetic manipulation, which did not necessarily increase cellular survival. 

Furthermore, accumulating evidence showing calpain activation during apoptosis (Nath et 

al., 1996), suggests that apoptosis can occur in a caspase-independent fashion.

3.1.1.1 Caspase-dependent apoptosis

In the classical sense, apoptosis involves activation o f  various caspases which in turn 

cleave different intracellular substrates at the carboxyl site o f aspartate residues leading to 

cytoskeletal destruction, DNA fragmentation and autophagocytosis. Caspases have been 

classified into two major groups: caspases 1, 4, 5, 11, 12 and 14 tend to participate in 

cytokine cleavage and maturation, whereas caspases 2, 3, 6, 7, 8, 9 and 10 cleave various 

proteins during apoptosis (Kaufmann el al., 2001). All caspases are synthesized as inactive 

zymogens which contain an N-terminal pro-domain as well as a large and a small subunit.
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Upon cleavage, large and small subunits are released and form the mature caspase in an 

a 2 p2 configuration with two large and two small subunits (Kaufm.ann et a i ,  2001). The 

extrinsic pathway is induced when extracellular signals bind to specific transmembrane 

death receptors belonging to the tumour necrosis factor/nerve growth factor (TNF/NGF) 

family such as. Fas/cluster of differentiation 95 (CD95) or TNFa receptor (Figure 3.1). 

The ligand-bound death domains o f these receptors recruit adaptor molecules such as Fas- 

associated protein with a death domain, which in turn leads to activation of caspase 8 

thereby activating downstream caspases such as caspase 3 (Wenzel et a i ,  2005, Favaloro 

et o/.,2012).

The intrinsic pathway is activated in response to stress signals including DNA damage, 

oxidative stress and many others. This pathway results in dissipation of the mitochondrial 

membrane potential, cessation of ATP production and release of proteins that contribute to 

caspase activation. The Bcl-2 family of proteins are important regulators of this type of 

apoptosis and are classified into two types: anti-apoptotic members containing three or four 

Bcl-2 homology (BH) domains (i.e. Bcl-2, Bcl-xl, Bcl-w and M cl-l); and pro-apoptotic 

members with either two or three BH domains (i.e. Bax, Bak, Bcl-xs, Bok) or with just one 

BH domain (i.e. Bad, Bik, Bid, Bim, Noxa and Puma) (Youle and Strasser, 2008). Pro- 

apoptotic members mediate apoptosis by disrupting mitochondrial membrane integrity 

either directly forming pores, or by binding to mitochondrial channel proteins. On the other 

hand, anti-apoptotic members interfere with the aggregation of pro-apoptotic members 

thereby preventing apoptosis. Once mitochondrial outer membrane permeabilization 

occurs, a number of proteins are released including cytochrome c, apoptosis-inducing 

factor (AIF), endonuclease G (endo G), Direct lAP-binding protein with low PI 

(DIABLO/Smac) and others (Giam et a l ,  2008, Youle and Strasser, 2008). Cytochrome c 

then forms a complex with Apaf-1 inducing apoptosome formation which converts pro- 

caspase 9 into its active form, thus activating caspase 3 and initiating a caspase cascade
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(Favaloro et al., 2012). However, the two apoptosis pathways are not mutually exclusive. 

Caspase 8 can interact with Bid, a pro-apoptotic protein o f  the Bcl-2 family which then 

leads to release o f mitochondrial cytochrome c into the cytoplasm (Kaufmann el al., 2012).

3.1.1.2 Caspase-independent apoptosis

An increasing number o f studies have suggested that cleavage o f proteins during apoptosis 

does not necessarily involve caspases. For example, lysosomal cathepsin D has been 

shown to trigger AIF release independent o f the caspase cascade and cell death mediated 

by AIF in A paf 1 -/- and caspase 3 -/- cells (Susin et al., 2000, Bidere et al., 2003). In 

addition, the broad caspase inhibitor zVAD-fmk did not prevent the translocation o f  AIF to 

the nucleus nor did it prevent its lethal effect, thus indicating an involvement o f  AIF in 

caspase-independent apoptosis (Susin et al., 1999, Daugas et al., 2000). AIF may induce 

cell death by activating chromatin condensation and cleavage o f DNA into fragments o f 50 

kb or larger (Susin et al., 1999) via recruitment and activation o f endonucleases upon its 

entry in the nucleus (Ye et al., 2002). Experiments in transgenic mice lacking DNA 

fragmentation factor (DFF) 45 or its caspase cleavage site showed that EndoG can induce 

DNA fragmentation in the complete absence o f  DFF45, the key caspase-dependent DNA 

fragmentation factor activated by caspase 3 (Li et al., 2001). Poly (ADP-ribose) 

polym erase-1 (PARP-1) senses DNA strand breaks and facilitates DNA repair by relaxing 

the condensed chromatin structure and is also a major substrate for caspase-dependent cell 

death (Chatterjee et al., 1999). Inhibition o f PARP-1 activity or deletion o f the PARP-1 

gene provides protection against tissue damage in various conditions such as cerebral 

ischemia, myocardial infarction and streptozotoxin-induced diabetes (Pieper et al., 1999). 

In addition,Yu et al. (2002) reported that excessive calcium influx resulted in over

activation o f  PARP-1, thus triggering AIF release and subsequent cell death when caspase 

inhibitors were present.
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3.1.2 Calpain activation and retinopathies

Calpain activation has been strongly implicated in various neuronal pathological conditions 

such as Alzheim er’s disease, Parkinson’s disease and Huntington’s disease (Nixon, 2003, 

Bizat et al., 2005). In addition, calpain-mediated proteolysis has been observed in retinal 

degeneration in several animal models o f RP and glaucoma (Donovan and Cotter, 2002, 

Doonan et al., 2003, Paquet-Durand et a i ,  2006, Huang ei al., 2010). The calpain family 

consists o f 14 members o f calcium-dependent cysteine proteases, some o f which are 

ubiquitously expressed, such as calpains 1, 2, 4, 5, 7 and 10 whereas others are found in 

specific tissues: calpain 3 (skeletal muscle), calpain 6 (placenta), calpain 8 (smooth 

muscle), calpain 9 (stomach), calpain 11 (testes), calpain 12 (skin after birth) and calpain 

13 (testes and lung) (Smith and Schnellmann, 2012). In the retina, calpain is present in 

most layers, including photoreceptor outer segments, plexiform layers (Azarian et al., 

1993), ganglion cell and nerve fibre layers (Persson et al., 1993, Azuma and Shearer, 

2008). There are two types o f  calpain present in the brain including calpain 1 (|i-calpain) 

and calpain 2 (m-calpain) which are activated by micromolar and millimolar Ca“  ̂

concentrations respectively (Li et al., 2004, Suzuki et al., 2004). They are heterodimers 

composed o f  a regulatory subunit (28 kDa) and a distinct catalytic subunit (80 kDa) 

(Suzuki et al., 1987). The former is identical for calpains 1, 2 and 9 (Hood et al., 2004, 

Suzuki et al., 2004). In the endoplasmic reticulum, the catalytic and regulatory subunits are 

associated with the endogenous calpain inhibitor, calpastatin. Activation o f  calpain is 

thought to occur in two steps: calpastatin disassociates from calpain and this leads to its 

translocation from the lumen to the cytosolic side o f the ER or to the cell membrane (Hood 

et al., 2004, Suzuki et al., 2004). Binding o f  Ca^^ leads to a conformational change which 

in turn leads to dissociation o f  the regulatory subunit from the catalytic subunit, thus giving 

rise to the 76-78 kDa active protease (Li et al., 2004).
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Calpains are often associated with necrotic cell death which is an uncontrolled form of 

death involving a variety of unassociated, degenerative processes. In contrast to energy 

demanding, active apoptotic cell death, necrosis occurs quickly, needs less energy and 

exerts negative effects on surrounding cells. However, calpains have also been found to be 

activated during apoptosis and share many substrates with caspases including cytoskeletal 

and regulatory proteins. For example, calpains can activate proteins involved in apoptosis 

such as pro-caspase-12, pro-caspase-3, PARP, Bax, p53, p35, c-Jun N-terminal kinase 

(JNK) and in translocation of AIF to the nucleus (Wood et a l ,  1998, McGinnis et a l ,  

1999, Lee et al., 2000, Blomgren et a l ,  2001, Artus et al., 2006, Tan et al., 2006). In 

addition, calpain also cleaves alpha-fodrin (a-fodrin), a 240 kDa neuroskeletal protein, the 

cleavage of which is an important early event in apoptosis, into fragments of 145 and 150 

kDa (Vanags et al., 1996, Sakamoto et al., 2000). Calpains and caspases appear to 

modulate each other via calpain-mediated cleavage of caspases 3, 7, 8, 9, cathepsin and 

caspase 3-mediated cleavage of calpastatin thereby activatmg calpains (Chua et al., 2000, 

Kato et a l ,  2000, Wang, 2000b, Blomgren et a l ,  2001). Thus, calpains operate within both 

forms of cell death; they can inactivate caspases and turn conventional apoptosis into 

caspase-independent cell death (Chua et a l ,  2000, Lankiewicz et a l ,  2000). On the other 

hand, calpain 1 has been shown to induce apoptosis by cleaving and activating caspase 7 

(Gafni et a l ,  2009). The authors also suggested that the two cell death cascades can 

directly interact to influence the activity and cellular localization of each other.

The rdl  mouse is a relatively well studied model for RP and is caused by a mutation in the 

P subunit of the photoreceptor-specific phosphodiesterase-6 (PDE-6) gene (Bowes et al ,  

1990). In this model, cell death has been characterized as apoptotic based on 

morphological analysis and evidence o f endonuclease activity as seen by DNA 

fragmentation (Sanyal and Bal, 1973, Chang et a l ,  1993). However, many attempts at 

inhibiting conventional apoptosis through caspase inhibition in this and many other
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retinopathy models have failed to show any significant protection (Donovan and Cotter, 

2002, Zeiss el ai, 2004, Gomez-Vicente et ai,  2005). In addition, cell death in the rdl 

mouse and other models is associated with high levels of Ca"^ influx, membrane 

depolarization and an energetic collapse (Fox et ai, 1999, Delyfer et ai, 2004). Therefore, 

the energy source required for apoptosis is no longer available and apoptosis should be 

impaired. Indeed, it has been shown in recent years that other death mechanisms may be 

present in retinal degeneration (Zeiss, 2003, Doonan et a!., 2005, Gomez-Vicente et ai, 

2005). Moreover, typical calpain cleavage of PARP was observed in the rdl mouse at PI 1 

suggesting activation of this protease in this model (Doonan et ai, 2003). In addition, 

Paquet-Durand et ai (2006) demonstrated that increased calpain activity in rdl was 

localized to the outer nuclear layer o f photoreceptors. In Wistar Bonn/Kobori (WBN/Kob) 

rats, a spontaneously diabetic rat, retinal degeneration is coupled with an increase in 

calpain 1 and 2 activity (Azuma et ai, 2004). It has also been reported that calpain activity 

led to the rupture o f lysosomal membranes and subsequent release and activation of 

cathepsins thus triggering autolytic digestion o f the cell (Leist and Jaattela, 2001, 

Yamashima, 2004). Moreover, calpain has been suggested to play a major role in the 

opening of mitochondrial permeability transition pores thereby allowing co-translocation 

of AIF and caspase 12 to the nucleus (Sanges and Marigo, 2006).

Calpain activation due to high intracellular Ca^* concentrations has been implicated in 

various pathological conditions, thus inhibition of calpain has been investigated in the 

development of treatments for these diseases. Calpastatin is a highly specific endogenous 

calpain inhibitor which binds to calpain in its inactive form in the ER. Interestingly, the 

calpain-calpastatin association has been show'n to be both dependent (Goll et ai, 2003) and 

independent (Melloni et ai, 2006) on Ca^^ concentrations. Intravitreal injection of 

calpastatin into the rdl mouse model for RP reduced photoreceptor cell death (Paquet- 

Durand et ai, 2010). This study was further supported by another observation which

94



demonstrated that the peptidic calpain inhibitor CAST, based on the sequence of 

calpastatin, prevented calpain activation and counteracted photoreceptor cell death in the 

rd l mouse (Paquet-Durand et a i ,  2010). However, treatment of rd l mouse retinal explants 

with the calpain inhibitor I ALLN effectively reduced cleavage of a-fodrin (an initial step 

in apoptosis) but did not protect photoreceptor survival (Doonan et al., 2005). Calpain 

activation has been shown to be involved in glaucoma and the calpain inhibitor II (ALLM) 

significantly reduced damage to the optic nerve in opossum (Araujo Couto et a i ,  2004). In 

addition, ALLM and SNJ-1945, a novel oral calpain inhibitor, significantly reduces cell 

loss in the ganglion cell layer and thinning of the inner plexiform layer induced by NMDA 

(Chiu et a l,  2005, Shimazawa et a!., 2010).

3.1.3 Light ablation m odel

Photoreceptor cell death is a key feature of retinal degenerative diseases and thus various

transgenic models have been developed to provide a better understanding of this process

and to enable therapeutic strategies to be evaluated (Chader, 2002, Dejneka et a!., 2003,

Fletcher et al., 2011). In addition, the light-induced model of retinal degeneration has also

been used for studying photoreceptor cell death and has many advantages. Light exposure

triggers apoptosis in a highly synchronized fashion in which photoreceptors undergo

apoptosis at more or less the same stage, thereby allowing detection of biomarkers and

their functions in the different phases of cell death. By contrast, in transgenic models,

photoreceptors undergo cell death at different stages and the numbers of affected cells are

much smaller compared to the light induced degeneration model at any given time.

Moreover, the light induced retinal degeneration model has a faster rate o f photoreceptor

cell death which takes only 10 days or less from light exposure to complete loss of

photoreceptors. Furthermore, the severity of light induced retinal damage can be altered by

light intensity and duration o f light exposure (Wenzel et al., 2005). Since the discovery o f

light damage in laboratory animals, several protocols have been developed using
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fluorescent white light mimicking excessive exposure to daylight, broadband green light 

matching the absorbance spectrum o f  rhodopsin and narrow band blue harmful energy-rich 

light (Noell et a l ,  1966, Wenzel el a l ,  2005, Grimm and Reme, 2013). Moreover, 

exposure duration and intensity can be varied depending on the light source and the 

animals exposed. For example, very short exposure periods (i.e minutes) are employed in 

experiments using harmful energy-rich blue light whereas longer exposure periods varying 

from hours to weeks can be applied in the case o f broadband green and white light. Thus, 

variation o f  these protocols has helped to identify different pathways o f photoreceptor 

apoptosis induced by light. In addition, the different animal models used in these light 

damage experiments also complicate attempts to define a general pathway o f light-induced 

retinal degeneration. For example, it has been reported that photoreceptor cell death in 

light-induced retinal degeneration Balb/c mice did not involve activation o f various 

caspases including caspase 3 (an important apoptosis executioner), caspases 8, 9, 7 and 1 

(Donovan et al., 2001, Donovan and Cotter, 2002). The authors also suggested that zVAD- 

fmk, a pan-caspase inhibitor did not protect photoreceptors from apoptosis indicating that 

light-induced retinal degeneration is caspase independent. On the other hand, they showed 

that the Ca^^ channel blocker D-c/i-diltiazem  inhibited calpain activity and photoreceptor 

apoptosis in this light-induced damage model. In contrast, caspase 3 was shown to be 

upregulated in the retina after exposure o f Sprague-Dawley rats to blue light (Wu et al., 

2002) while calpain was observed to be highly upregulated but played no vital role in 

photoreceptor apoptosis in retinas from light-ablated W istar rats (Perche ef al., 2007, 

Perche et al., 2009). Thus, these studies indicate that apoptosis is a complicated process 

involving not only caspases but also other proteins including calpains and that the 

mechanism varies depending on the model.
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3.1.4 Objectives

In this chapter, two low molecular weight calpain inhibitors ALLM (401.6 Da) and ALLN 

(383.5 Da) that cannot efficiently diffuse across the iBRB and yet have been used to 

protect against photoreceptor cell death when delivered by direct intraocular injection 

(Sanges el al., 2006), were administered systemically and tested for efficacy in prevention 

of light induced photoreceptor cell death in Balb/c mice in tandem with modulation of the 

iBRB by systemic administration of CLDN5 siRNA. In addition, the doxycycline inducible 

AAV2/9 expressing shRNA targeting CLDN5 (CLDN5 AAV2/9) was also subretinally 

injected into the retinas of Balb/c mice to facilitate a more localized approach of 

specifically targeting claudin-5 in the retina in order to investigate the effect o f systemic 

administration of ALLM and ALLN in a light induced retinal degeneration model. Data 

presented in this chapter have been published (Campbell et al., 2009, Campbell el al., 

2010, Campbell et a/., 2011, Nguyen et a l, 2012).
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3.2 M ethods

3.2.1 siRNA and AAV production

siRNA was kindly provided by Dr. Matthew Campbell (Campbell et a i ,  2008). Sequences 

of the claudin-5 siRNA used in this study were as follows. Sense sequence: 

CGUUGGAAAUUCUGGGUCUUUdTdT. Antisense sequence:

AGACCCAGAAUUUCCAACGUUdTdT. Non-targeting (NT) control siRNA targeting 

luciferase was used as a non-targeting control Sense sequence: 

CUUACGCUGAGUACGUCGAdTdT. Antisense sequence:

UCGAAGUACUCAGCGUAAGdTdT.

shRNAs designed to target transcripts derived from mouse claudin-5 were cloned into the 

pSingle-tTS-shRNA (Clontech) vector and incorporated into AAV2/9 vectors by Dr. 

Marian Humphries in the laboratory. The plasmid incorporating the inducible system with 

claudin-5 shRNA was cloned into the plasmid pAAV-MCS, such as to incorporate left and 

right AAV inverted terminal repeats (L-ITR and R-ITR). AAV2/9 was then generated 

using a triple transfection system in a stably transfected HEK-293 cell line for the 

generation o f high-titre viruses as previously described by this laboratory. tTS is a ftision 

o f the Tet repressor and the Kid-1 KRAB-AB silencing domain. In the absence of 

doxycycline, tTS repressor binds to tet operator (tetO) elements in a modified polIII 

promoter (pTRE-U6), inhibiting expression of claudin-5 (or non- targeting luciferase) 

shRNAs. In the presence of doxycycline, tTS no longer binds to the promoter, allowing 

expression o f shRNA (Figure 3.1). All AAVs were assessed for viral purity using a 10% 

SDS-PAGE gel analysis.
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3.2.2 In vivo delivery o f  siR NA  to retinal capillary endothelial cells

Rapid high pressure, high volume tail vein injections were carried out in conjunction with 

Dr. Matthew Campbell essentially as previously successfully used at this laboratory (12, 

47). Mice o f weight 20-30 g were individually restrained inside a 60-ml volume plastic 

tube. The protruding tail was warmed for 5 min prior to injection under a 60-W lamp and 

the tail vein clearly visualized by illumination from below. 20 fig of targeting siRNA, or 

non-targeting siRNA made up with PBS to a volume in mis of 10 % of the body weight in 

grams or PBS alone was injected into the tail vein at a rate o f 1 ml/sec using a 26-guage 

(26G 3/8) needle.

3.2.3 Light ablation m ethodology

Three month old Balb/c mice were injected with either CLDN5 or NT siRNA by 

hydrodynamic tail vein injection and 48 h later with ALLM (20 mg/kg), ALLN (100 

mg/kg) intra-peritoneally (Calbiochem, Germany). Immediately prior to light exposure, 

their pupils were dilated with 1% cyclopentalate. Mice were then placed in cages with 

reflective interior and exposed to white light of 7900 lux for 2 h. The mice were left in the 

dark and sacrificed by CO2 asphyxiation 12, 24 and 48 h post 2 h light ablation. In another 

set of experiments, 3 month old Balb/c mice were subretinally injected with 3 ^1 of 5 x 

10“ vp/ml CLDN5 AAV2/9 in the right eye and of NT AAV2/9 in the left eye. Mice were 

then supplemented with 2 mg/ml doxycycline with 5% sucrose in their drinking water for 3 

weeks. Twenty four hours prior to light ablation, mice were intra-peritoneally (i.p.) 

injected with ALLM (20 mg/kg). Mice were dark adapted for 24 h. Immediately prior to 

light exposure, their pupils were dilated with 1% cyclopentalate. Mice were then exposed 

to white light o f 7900 lux for 2 h and put down at 24 h post light exposure (Figure 3.3).
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3.2.4 TdT-mediated dUTP nick end labeling (TUNEL) staining

Eyes from mice were fixed in 3.5% formaldehyde (PFA) for 4 h followed by 3 washes in 

PBS. The lenses were removed. Eyes were cryoprotected using a sucrose gradient (10, 20 

and 30%), and subsequently embedded in optimum cutting temperature (OCT) embedding 

compound (Sigma Aldrich). Cryostat sections (12 |im) were cut onto Polysine adhesion 

slides (Menzel-Glazer, Thermo Scientific). Sections were air dried, and washed 3 times in 

PBS. Sections were subsequently incubated in Proteinase K (20 |ig/m l) (Boehringer 

M annheim) for 5 min at 37°C followed by 2 washes in PBS. Sections were treated with 

70% ethanol/30%  acetic acid mix for 5 min at 4°C. Following 2 washes in PBS, sections 

were incubated again with Proteinase K (20 |ig/m l) for 5 min at 37°C, then washed twice in 

PBS. Sections were re-fixed with 4% PFA (pH 7.4) for 5 min at 4°C, and washed 3 times 

in PBS. Positive controls were treated with DNasel (50 U/ml) (Qiagen) in 50 mM Tris-HCl 

(pH 7.5) for 10 min at room temperature. Control slides were washed with PBS for 5 min. 

To detect cell death, sections were then incubated with staining mix {in situ cell death 

detection kit, TM R red, Roche) according to m anufacturer’s instructions for 1 hour at 37°C 

in the dark, followed by 2 washes in PBS for 5 min each in the dark. Nuclei were 

counterstained with DAPI (1:10,000 in PBS) and mounted using Aqua-Polymount® 

mounting medium (Polysciences). Only sections located at the central o f  the retina were 

used. On average, 7 sections were used per retina to calculate the average number of 

TUNEL positive cells.

3.2.5 W estern Blot Analysis

After 12, 24 and 48 h, protein was isolated from total retinal tissue. Antibodies for Western 

blots were as follows: rabbit polyclonal anti claudin-5 (1:500) (Zymed Laboratories), 

mouse monoclonal anti a-fodrin (1:500) (Millipore), mouse monoclonal anti P-actin 

(1:2000) (Sigma Aldrich). M embranes were washed with TBS and incubated with a
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secondary anti-rabbit (IgG) antibody (1:2000), or anti mouse (IgG) antibody (1:1000) 

(Sigma Aldrich) with HRP conjugates.

3.2.6 Statistical Analysis

Statistical analysis was performed using paired Student’s /-test, with significance 

represented by a P value o f  < 0.05.
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3.3 Results

3.3.1 Safety of systemic administration of CLDN5 siRNA

Firstly, the safety o f CLDN5 siRNA systemic administration was assessed by 

photoreceptor cell death analysis using TUNEL staining o f retinal sections at 24, 48 and 72 

h post tail vein injection o f  CLDN5 siRNA in wild type C57BL/6J mice. TUNEL staining 

is a method to detect fragmented DNA resulting from apoptosis or necrosis. The assay uses 

terminal deoxynucleotidyl transferase which catalyzes labeled dUTPs to identified nicks in 

the DNA. F igure  3.4 showed that no TUNEL positive cells were present in retinal 

cryosections o f mice injected with CLDN5 siRNA at 24, 48 and 72 h post injection 

compared to both negative and positive control groups. In the positive control group, DNA 

fragmentation was induced by addition o f Dnasel to the retinal section before TUNEL 

labelling. In addition, using MRI images, the study also showed that no oedema occurred 

in either the brain or retinas o f anim als after injection o f CLDN5 siRNA (Campbell et al., 

2009), Thus, the results showed that systemic administration o f CLDN5 siRNA did not 

cause any adverse effect on the retina.

Since the level o f claudin-5 suppression was previously measured in only C57BL/6J mice 

(Campbell et al., 2009), and since Balb/c mice are needed in light ablation studies, retinal 

lysates o f  Balb/c mice tail vein injected with CLDN5 siRNA or NT siRNA were taken 48 h 

post injection for CLDN5 analysis by western blot. Because it was previously shown that 

maximum suppression o f CLDN5 protein in BBB was obtained at 48 h post injection, this 

timepoint was chosen to look at suppression o f CLDN5 in the light ablation model. As 

expected, the level o f CLDN5 in the retina was greatly reduced in mice injected with 

CLDN5 siRNA compared to those injected with NT siRNA 48 h post injection (F igure 

3.5).
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3.3.2 Effect o f A LLM  and CLDN5 siRNA on light-induced photoreceptor cell 

death

In order to determine whether claudin-5 suppression would lead to a reversible and size- 

selective opening o f the iBRB thus allowing administration of the calpain inhibitor ALLM, 

Balb/c mice were systemically tail vein injected with either CLDN5 siRNA or non 

targeting siRNA 48 h prior to i.p. injection with ALLM (20 mg/kg). Mice were then dark 

adapted for 24 h followed by exposure to w'hite light of 7900 lux for 2 h. Mice were left in 

the dark room and their retinas were then taken at 12, 24 and 48 h post light ablation for 

TUNEL staining and western blot analysis. Analysis of end stage cell death through 

TUNEL staining of photoreceptor nuclei showed that there were less TUNEL positive 

photoreceptor cells in mice mjected with CLDN5 siRNA together with ALLM delivery 

compared to those injected with NT siRNA by up to 29.12% at 12 h (** P = 0.0011) and 

49.07% at 24 h (* P = 0.0252) post light ablation (Figures 3.6A, B). Thus, these data 

suggest that there was less photoreceptor cell death in animals administered with CLDN5 

siRNA and the calpain inhibitor ALLM at 12 and 24 h post light exposure. However, 

ALLM did not seem to provide fiill protection against light induced retinal damage in these 

animals because the amount of TUNEL positive photoreceptor cells appears to be 

significantly increased in the treated group compared to the control group at 48 h post light 

ablation (* P = 0.0191) (Figure 3.6C). Western blot data for a-fodrin cleavage due to 

calpain activation during light induced apoptosis showed that there was less cleaved a- 

fodrin in retinal lysates o f mice injected with CLDN5 siRNA and ALLM than in those 

injected with NT siRNA and ALLM at 12 h post injection. Calpains typically cleave a- 

fodrin into fragments o f 145 kDa and 150 kDa whereas cleavage by caspase 3, results in 

the generation o f 120 kDa and 150 kDa fragments (Janicke ei ai, 1998, Wang, 2000a). 

Levels of 150 and 145 kDa a-fodrin fragments were statistically significantly decreased by 

95.4% (* P = 0.049) and 96.5% (* P = 0.0127) respectively in retinas o f mice injected with
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CLDN5 siRNA and ALLM compared to control levels (Figure 3.1 A). Interestingly, the 

level of the 120 kDa caspase 3 cleaved fragment was also significantly reduced by 65.7% 

in retinas of mice injected with CLDN5 siRNA and ALLM compared to control retinas (* 

P = 0.0174) (Figure 3.1 A). However, the level of a-fodrin cleavage appeared similar in 

both groups at 24 and 48 h post light damage (Figures 3.7B, C). Cleavage of a-fodrin 

protem is one of the starting points o f apoptotic cell death. Thus, the western blot data 

suggests that maximal levels of a-fodrin cleavage at 24 h post light damage led to 

widespread cell death in mice injected with CLDN siRNA and ALLM observed at 48 h 

post light damage. Overall, systemic administration o f CLDN5 siRNA together with 

ALLM provided light-exposed Balb/c mice with some protection from retinal degeneration 

but only up to 24 h after light exposure.

3.3.3 Effect o f ALLN and C LDN5 siR NA on light-induced photoreceptor cell 

death

Sanges er aJ. (2006) showed that ALLN had a stronger inhibitory effect than ALLM in 

preventing apoptosis in the rdl retina. Thus, in this study, the same experimental set up as 

in ALLM treatment in light ablated Balb/c mice was used to determine whether intra- 

peritoneal injection of ALLN (100 mg/kg) could also improve protection of the retina from 

undergoing light induced degeneration. Figure 3.8 showed TUNEL data in animals (n = 5) 

systemically injected with CLDN5 siRNA or NT siRNA together with ALLN, 12, 24 and 

48 h post light ablation. The amount of TUNEL positive cells were significantly reduced 

by up to 21.69% in mice injected with CLDN5 siRNA compared to the control group at 12 

h post light exposure (*** P = 0.0003). However, western data showed no differences in a- 

fodrin cleavage between the two groups of animals at all timepoints post light ablation 

(Figure 3.9). In addition, a-fodrin fragments seemed to increase though not significantly in 

retinas of mice injected with CLDN5 siRNA compared to those injected with NT siRNA at 

12 h post light exposure.
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3.3.4 Effect of subretinal delivery of CLDN5 AAV2/9 and systemic 

administration of ALLM

Since hydrodynamic administration o f siRNA is delivered in a volume of 10% o f total 

weight o f an animal to allow a sufficient amount o f  siRNA to reach the iBRB, this 

approach would not be feasible for treating retinopathies in the clinic. Thus, a doxycycline 

inducible AAV2/9 system expressing CLDN5 or NT shRNA which can be given as a once- 

o ff subretinal injection, was developed. In fact, the data presented here have been recently 

published by our group (Campbell et a l ,  2011). This study also reported that inducible 

iBRB modulation is safe and has no impact on either visual function or oedema in any o f 

the experimental animals. Based on the methods used for systemic delivery o f  CLDN5 

siRNA and calpain inhibitors in the light ablation model, sim ilar experiments were 

conducted except that the doxycycline inducible CLDN5 AAV2/9 was used instead o f 

CLDN5 siRNA. Since it was suggested earlier that protection o f retinal degeneration 

reached a maximum at 24 h post light ablation in animals injected with CLDN5 siRNA and 

ALLM, the same tim epoint was used in this study to investigate whether subretinal 

administration o f CLDN5 AAV2/9 could also provide protection from light-induced 

damage.

In brief, Balb/c mice (n = 5) received a subretinal inoculation o f  3 ^1 o f 5 x 10" viral 

particles/ml o f CLDN5 AAV2/9 in the right eye and NT AAV2/9 in the left eye. These 

animals were then supplemented with 2 mg/ml doxycycline and 5% sucrose in their 

drinking water for 3 weeks post injection. Twenty-four hours prior to light ablation, mice 

were i.p. injected with ALLM  (20 mg/kg). Retinas o f these animals were taken either for 

TUNEL staining o f photoreceptor cell death or western blot analysis o f a-fodrin cleavage 

24 h after light exposure. Up to 70% protection was observed in retinas o f mice receiving 

CLDN5 AAV2/9 compared to the retinas o f mice injected with NT AAV2/9 (*** P = 

0.0006) (Figure 3.10). In addition, systemic administration o f  ALLM together with
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inoculation o f CLDN5 AAV2/9 appeared to provide a higher efficiency in preventing 

retinal degeneration compared to hydrodynamic injection o f CLDN5 siRNA in terms o f  a- 

fodrin fragments (Figure 3.11). Specifically, levels o f  150, 145 and 120 kDa a-fodrin 

fragments were significantly reduced by up to 86.91, 89.04 and 85.99% respectively in 

retinas injected with CLDN5 AAV2/9 compared to those injected with NT AAV2/9 (* P = 

0.0254, * P = 0.0391 and ** p = 0.0097; respectively).
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3.4 Discussion

Intra-ocular injection of therapeutic agents is widely used experimentally in rodent models 

of retinal degeneration, however in humans this poses a low, but significant risk o f severe 

endophthalmitis and is a far from optimal treatment for retinopathies given that repeated 

injections would be required over long periods of time. Using an RNAi approach, it was 

shown that hydrodynamic injection o f siRNA targeting the tight junction protein claudin-5 

results in a transient opening of the iBRB to molecules of up to 1 kDa in a reversible 

manner in mice (Campbell et al., 2009, Campbell ef a i,  2010). In these studies, we also 

reported that levels of CLDN5 expression in the iBRB were significantly reduced at 24 and 

48 h and returned to normal levels at 72 h post systemic delivery. The process has no 

negative impact on neuronal transcription or visual function and does not induce neuronal 

or retinal oedema based on MRI analysis. In this study, TUNEL staining demonstrated 

that tail vein injection of CLDN5 siRNA did not have any adverse effect on 

photoreceptors, thus strengthening the safety profile of this barrier modulation approach 

(Figure 3.4). Moreover, western blot analysis of retinal CLDN5 protein levels in Balb/c 

mice tail vein injected with CLDN5 siRNA showed that claudin-5 was indeed suppressed 

48 h post injection thereby potentially facilitating the delivery of small molecular weight 

compounds to the retina at this timepoint (Figure 3.5).

The light ablation model in this study was well characterised by Donovan et al. (2001 and

2002) and consists of exposing Balb/c mice to a white fluorescent light at 7900 lux for 2 h.

To study the effect of increased delivery in photoreceptor cell survival, low molecular

weight calpain inhibitors, ALLM (20 mg/kg) or ALLN (100 mg/kg) was injected i.p. into

Balb/c mice 24 h prior to light exposure with or without iBRB modulation. After a

hydrodynamic tail vein injection of CLDN5 siRNA, systemic administration o f ALLM

substantially protected murine retinas from light induced photoreceptor degeneration

(Figures 3.6). Although TUNEL staining became apparent 12 h post light exposure,

significantly less cell death was observed in the group of mice that received ALLM when
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the iBRB was modulated with CLDN5 siRNA compared to control mice up to 24 h post 

light ablation. In contrast to ALLM, systemic administration o f ALLN seemed to be less 

effective in protecting from light induced damage in light ablated Balb/c animals (F igures 

3.8). This is not in agreement with a previous study by Sanges et al (2006) which reported 

that ALLN was a much more potent calpain inhibitor than ALLM. However, differences in 

animal models and route o f administration o f  calpain inhibitors might have contributed to 

the differing results.

In order to investigate the effect o f calpain inhibitors on the mechanism o f photoreceptor 

cell death, levels o f cleaved a-fodrin fragments, which contribute to dramatic plasma 

membrane blebbing and reorganization during apoptosis, were measured in experimental 

animals. Although it has been suggested that cell death in this light ablation model was 

caspase independent, levels o f  caspase cleaved a-fodrin fragment (120 kDa) were also 

reduced significantly by up to 66% in retinas treated with ALLM and CLDN5 siRNA 

compared to control retinas at 12 h post light exposure (F igure 3.7). Despite ALLN not 

offering any protection against a-fodrin cleavage in treated retinas, western blot analysis 

still showed the presence o f  the 120 kDa fragment at all timepoints post light exposure 

(F igure  3.9). Therefore, the data suggest that both calpain and caspase 3 are involved in 

this light ablated Balb/c model. In contrast, it has been reported that photoreceptor cell 

death in light ablated Balb/c mice is independent o f caspases 1, 3, 7, 8, and 9 and could 

only be prevented by calcium channel blocker D-cw-diltiazem which inhibited calpain 

activation (Donovan el al., 2001, Donovan and Cotter, 2002). However, calpam inhibition 

had no neuroprotective effect against light damage whereas the mechanism of 

photoreceptor cell death was caspase-dependent in light induced retinal damage in W istar 

albino rats (Perche et al., 2007, Perche et al., 2009). In addition, all o f  the above studies 

reported that calpain activity was highly upregulated up to 1 day post light exposure
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whereas in this study a-fodrin cleavage was still observable at 48 h post light damage 

suggesting longer activation o f calpain in this model.

Both ALLN and ALLM  have been shown to suppress calpain 1, calpain 2, cathepsins and 

caspases (Sasaki et a l ,  1990, Ravid et al., 2000, Gomez-Vicente el a i ,  2005). The current 

study also demonstrated that these two calpain inhibitors inhibited caspase 3 leading to a 

reduction in 120 kDa a-fodrin fragment post light exposure in Balb/c mice. In fact, many 

so called caspase specific inhibitors such as zVAD-fmk and z-DEVD-fmk, pan-caspase 

and caspase 3 specific inhibitors respectively, also potently inhibit calpains (Knoblach et 

al., 2004, Bizat ef al., 2005). M oreover, caspases and calpains work independently or 

cooperatively to cause neuronal cell death (Wang, 2000b, Ray el al., 2006).

Due to better neuroprotection provided by ALLM when mice had their iBRB modulated 

with CLDN5 siRNA, ALLM was chosen to be the main calpain inhibitor in experiments 

using the inducible CLDN5 AAV2/9 approach. As expected, significantly less TLTNEL 

positive cell staining o f up to 70% was observed in eyes injected with CLDN5 AAV2/9 

compared to eyes injected with NT AAV2/9 in mice injected with ALLM 24 h prior to 

light ablation (Figure 3.10). In addition, levels o f a-fodrin cleavage were also statistically 

significantly reduced by 86-90% in treated retinas compared to control retinas at 24 h post 

light ablation (Figure 3.11).

In summary, these findings have shown that modulation o f  the permeability o f  the iBRB 

by down-regulation o f claudin-5 resuhs in enhanced delivery o f both ALLM and ALLN to 

the retina and also highlight the influence that increased delivery o f these calpain inhibitors 

has on the rate o f  photoreceptor cell death. The study provides a proof o f principle for size 

selective, transient, localized and inducible modulation o f  the iBRB by using CLDN5 

AAV2/9.
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Figure 3. 1: Overview of the main molecular pathways leading to apoptosis.

In the intrinsic pathways, release o f cytochrome c from mitochondria results in the 

formation o f the apoptosome and activation o f caspase 9. In the extrinsic pathway, upon 

ligand binding to specific receptors, caspase 8 is activated. Caspase 8 and 9 then activate 

downstream caspases such as caspase 3 initiating a caspase cascade leading to cell death. 

Caspase 8 can also cleave Bid which is involved in the intrinsic pathway. Figure is 

obtained from Favaloro et al. (2012).
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Claudin-5 shRNA vector

L-ITR pCMV tTS B-globpA  pTRE-Ue CL0N5 R-ITR f l  ori Amp pU Cori 
shRNA

Unique

Xhol Target sense sequence  Hairpin loop Target an ti-sense sequence Ter site Hindlll
'  CTCGAGGCGrrGGAAATTCTGGGTCTTTCAAGAGAAGACCCAGAATTTCCAACGTTTTTT A CG CG TA AGCTT-3'

B N on-targeting shRNA vec to r

L-ITR pCMV tTS 8-glob pA pTRE-U6 Luc R-ITR f l  ori Amp pUC ori
 »  ,   *  ,  ShRNA

Xhol Target sense  sequence  Hairpin loop Target an ti-sense sequence Ter Hindlll

S'-CTCGAGGTGCGTTGCTAGTACCAACTTCAAGAGAGTTGGTACTAGCAACGCACI I 11 IIAAGCTT-3'

Figure 3. 2: CLDN5 and NT shRNA vector constructs.

The plasmid incorporating the inducible system with claudin-5 shRNA (A) or a non

targeting (NT) luciferase shRNA (B) was cloned into the plasmid pAAV-M CS, such as to 

incorporate left and right AAV inverted terminal repeats (L-ITR and R-ITR). 

Abbreviations: tetracycline inducible transcriptional suppressor (tTS); Beta-globin polyA 

(B-glob pA); Tet-responsive U6 promoter (pTRE-U6); fl origin o f replication (fl ori); 

ampicillin selection (Amp); pUC origin o f  replication (pUC).



Balb/c mice w ere adm inistered with 
either CL0N5 siRNA or NT siRNA 

via tail vein Injection

Balb/c mice w ere adm inistered with either 
CLDN5 AAV2/9 or NT AAV2/9 

via tail vein Injection

After 48 hours, mice w ere intra-perltoneally injected 
with either ALLM (401.6 Da) or ALLN (383.5 Da) 

and dark adapted  for 24 h.

After 3 weeks of doxycycllne (2 mg/ml) adm inistration, 
mice w ere intra-perltoneally injected with ALLM 

and then dark adapted  for 24 h prior to  light exposure.

CH,CH<CHj>5

V  ' H '
O 1 O (CHjhCHj

ALLM

Exposed to  light of 7900 lux for 2 h, 
left to  recover in the  dark and sacrificed 

a t 12, 24 and 48 h post light exposure

Exposed to  light of 7900 lux for 2 h, 
left to  recover in th e  dark and sacrificed at 

24 h post light exposure

Figure 3. 3: Overview of light ablation experiments in Balb/c mice.
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Figure 3. 4: Safety assessment for CLDN5 siRNA.

Delivery o f  siRNA did not appear to cause neuronal cell death in any experimental group 

using TUNEL staining. In contrast, almost every single cell was labelled with TUNEL in 

the control group treated with Dnasel. (40x objective).
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Figure 3. 5: Suppression of CLDN5 expression.

Balb/c mice were tail vein injected with either CLDN5 siRNA or NT siRNA (n = 5 in each 

group) and their retinas were taken 48 h later for CLDN5 detection by W estern blot. The 

data clearly showed a suppression o f CLDN5 protein in retinas o f mice mjected with 

CLDN5 siRNA compared to those injected with NT siRNA.
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Figure 3. 6; Effects of CLDN5 and ALLM  on cell death.

CLDN5 and NT siRNAs were administered to Balb/c mice 48 h prior to I.P injection o f 

ALLM. Mice were dark adapted for 24 h prior to exposure to white light o f 7900 lux for 2 

h. A) and B) At 12 and 24 h after light ablation, TUNEL positive nuclei present in retinal 

ONL o f  mice injected with CLDN5 siRNA were significantly less than those injected with 

NT siRNA (** P = 0.0011) and (* P = 0.0252). C) However, there were significantly more 

TUNEL positive nuclei in CLDN5 sections compared to NT sections at 48 h post light 

exposure (* P = 0.0191). Error bars denote ± SEM. (40x objective).
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Figure 3. 7: Effect of CLDN5 siRNA and ALLM on a-fodrin cleavage.

Balb/c mice were treated similarly as described in Figure 3.6. W estern blots for a-fodrin 

protein showed different amounts o f  a-fodrin cleaved fragments at three different 

timepoints (12, 24, and 48 h) post light ablation (n = 3 in each group). A) There were 

significantly less a-fodrin cleaved fragments (150, 145 and 120 kDa) in retinal lysates o f 

mice treated with CLDN5 siRNA than in those injected with NT siRNA at 12 h post light 

exposure (* P = 0.049, * P = 0.0127 and *P = 0.0174 respectively). B and C) In contrast, 

the amount o f  a-fodrin fragments appeared to be similar between the two experimental 

groups at 24 and 48 h post light exposure. P-actin immunoreactivity was used for 

determination o f  equal loading. Error bars denote ± SEM.
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Figure 3. 8: Effect of CLDN5 siRNA and ALLN on cell death.

CLDN5 and NT siRNAs were administered to Balb/c mice (n = 5) 48 h prior to injection 

o f ALLN. Mice were dark adapted for 24 h prior to exposure to white light o f  7900 lux for 

2 h. There was significantly less cells that are positive for TUNEL staining in mouse 

retinas injected with CLDN5 siRNA compared to those injected with NT siRNA at 12 h 

post light exposure (*** P = 0.0003). However, no statistical difference was observed in 

both experimental groups at 24 and 48 h post light exposure. Error bars denote ± SEM.
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Figure 3. 9: Effect o f CLDN5 siRNA and ALLN on a-fodrin cleavage.

Balb/c mice were treated as described in Figure 3.8. W estern blots for a-fodrin cleavage 

showed no significant difference between the two groups o f  animals at three different 

timepoints. |3-actin immunoreactivity was used for determination o f  equal loading. Error 

bars denote ± SEM.
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B

Figure 3. 10: Effect of CLDN5 AAV2/9 and ALLM  on photoreceptor degeneration in 

Balb/c mice 24 h post light ablation.

Mice (n = 5) were injected with NT AAV2/9 in the left eye and CLDN5 AAV2/9 in the 

right eye sub-retinally. Mice were supplemented with the inducing agent doxycycline in 

their drinking water for 3 weeks. All mice received an i.p. injection of ALLM 24 h prior to 

light ablation. A) and B) TUNEL staining showed up to 70% protection in the retinas 

injected with CLDN5 AAV2/9 compared to the NT AAV2/9 injected retinas with i.p. 

injection of ALLM (*** P = 0.0006). Error bars denote ± SEM. (40x objective).
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Figure 3. 11; Effect o f CLDN5 AAV2/9 and ALLM  on a-fodrin cleavage.

Balb/c mice were treated as described in Figure 3.9. Western blot analyses showed that 

levels o f different cleaved a-fodrin fragments 150, 145 and 120 kDa were significantly 

reduced in CLDN5 AAV2/9 injected retinas compared to the NT AAV2/9 injected retinas 

with I.P injection o f  ALLM at 24 h post light exposure (* P = 0.0254, * P = 0.0391 and ** 

P = 0.0097; respectively). Error bars denote ± SEM.
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4.1 Introduction

Mutations in the IMPDHl gene have been associated with the RPIO form of adRP. In this 

introductory section, an outline of IMPDHl function and its expression levels within 

photoreceptors will be discussed. In addition, a comparison between IMPDHl and other 

proteins which function similarly to IMPDHl but do not cause the RPIO form of adRP will 

also be discussed. Subsequently, mechanisms o f cytosolic molecular chaperones which 

ensure correct folding of nascent polypeptide chains, maintain protein quality control and 

refold misfolded proteins in addition to studies investigating inhibition of Hsp90 which 

has been shown to reduce protein aggregation and target misfolded proteins for 

degradation, will also be outlined. Novel experimental data reported in this chapter, arises 

from the observation that a point mutation at position 224 of the IMPDHl gene has been 

linked with protein aggregation due to misfolding thus causing photoreceptor cell death 

and from the investigation of a therapeutic strategy involving systemic administration o f an 

Hsp90 inhibitor, 17-AAG, in tandem with modulation o f iBRB via the CLDN5 AAV2/9 

system to prevent photoreceptor apoptosis in an AAV-induced mouse model of RPIO.

4.1.1 Mutations in IMPDHl gene cause the RPIO form of autosomal dominant 

RP

The majority o f mutations identified as causative in autosomal dominat RP (adRP), occur 

in genes which encode photoreceptor proteins (Kennan et al., 2002) including components 

o f the phototransduction cascade, for example, rhodopsin (Dryja et a l ,  1990), or structural 

proteins such as rod outer segment protein (ROMl) (Kajiwara et al., 1991) and retinal 

fascin protein (FSCN2) (Wada et al., 2001). In addition, mutations within genes expressed 

systematically have also been implicated with adRP such as genes encoding mRNA 

splicing factors {PRPC8 and PRPF31) (McKie et a l ,  2001, Vithana et a l ,  2001), the 

mitochondrial MTTS2 gene (Mansergh et al., 1999). Although these genes are widely
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expressed in different tissues in addition to photoreceptor cells, in general, mutations 

within them have only been implicated in retinal diseases. In particular, mutations within 

the inosine 5 ’-monophosphate dehydrogenase type 1 (IMPDHJ) gene, which is involved in 

nucleotide biosynthesis, cause a rare type o f dominant Leber congenital amaurosis (LCA) 

and also the RPIO form o f adRP (Bowne et al., 2002, Kennan et a l ,  2002, Bowne et a l ,  

2006b) which is estimated to account for 3-5% o f all adRP cases (Daiger et al., 2003). 

Based on genetic linkage studies performed on families with the RPIO form o f adRP, 

IM PDHl was mapped to chromosome 7q32.1 and codes for the enzyme IMPDH type 1 

(Jordan et al., 1993, McGuire et al., 1995, Bowne et al., 2002, Kennan et al., 2002). The 

gene is comprised o f 17 exons, the first three o f  which are non-coding. The remaining 14 

coding exons span about 18 kb and encode a protein subunit o f 514 amino acid residues. 

The active IM PDHl enzyme functions as a tetramer with these four identical subunits, 

each o f which is composed o f an eight-stranded a/p  barrel structure which performs the 

enzymatic function, and a flanking subdomain composed o f  two cystathionine ^-synthase- 

like (CBS) regions (Carr et a l ,  1993). Enzymes in the nucleotide biosynthesis pathways 

play critical roles in cell growth and proliferation. Normally, cells can synthesize 

nucleotide through two pathways: the Je novo pathway which involves assembly o f 

purines and pyrimidines in a step-wise manner and the so-called salvage pathway which 

recycles preformed nucleobases, nucleosides and nucleotides (Komberg and Baker, 1992). 

IM PDHl is the rate-limiting enzyme of the de twvo pathway o f guanine nucleotide 

synthesis (Figure 4.1). It catalyzes the conversion o f inosine monophosphate (IM P) to 

xanthosine monophosphate (XMP) with the concomitant reduction o f  NAD to NADH. 

XMP is converted into guanosine monophospate (GMP), diphosphate (GDP) and 

subsequendy triphosphate (GTP). GTP then gives rise to dGTP, a building block o f DNA 

and also plays an essential role in intracellular signalling, normal cell proliferation and 

function (Kennan et al., 2002), whereas GTP can enter the RNA and glycoprotein
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synthesis pathways. Therefore, IM PDHl controls the pool o f  guanine nucleotides and thus 

controls proliferation and many other important cellular processes.

In addition to IM PD H l, there are other enzymes with similar function including IMPDH2 

and hypoxanthine phosphoribosyl transferase (HPRT). HPRT synthesizes guanine 

nucleotides through the salvage pathway, while IMPDH2 functions in the de novo 

pathway. IM PDH l and IMPDH2 share 84% identity at the amino acid level although 

IMPDH2 is a product o f a different gene located on chromosome 3q21 (Natsumeda et al., 

1990). IM PDHl and IMPDH2 have indistinguishable substrate affinities and catalytic 

activities, although they differ in inhibitor binding (Carr et al., 1993, Hager el al., 1995). 

Both isoforms appear to express in many different tissues but their regulation and 

expression levels differ considerably (Senda and Natsumeda, 1994). IM PDHl is abundant 

in the lung, thymus and brain while it is barely detected in the liver and testis (Gu et al., 

2003). On the other hand, IMPDH2 expression is inducible and is increased in proliferating 

and cancerous cells (Nagai et al., 1991, Jayaram et al., 1999). Data analyses from the 

EyeSAGE database (National Center for Biotechnology Information, Bethesda, MD) 

showed that on average IM PD H 1 expression in the retina is three times higher than that in 

other tissues and that it is also much higher than retinal IMPDH2 expression even though 

IMPDH2 levels are more than two-fold higher than those o f  IMPDH 1 in most other tissues 

(Bowne et al., 2006a).

Interestingly, Ahem e et al. (2004) showed that the IM PDHl transcripts are relatively 

abundant in photoreceptors compared to those from the IMPDH2 and HPRT genes based 

on in situ  hybridization, expression in bacterial and mammalian cells, and computational 

simulations. Thus, it is probable that IM PDHl is responsible for providing photoreceptors 

with GTP for which visual transduction has a high requirement (La Cour, 2002). In 

contrast to the expected severe symptoms o f  RP seen in humans, a knock-out mouse model 

lacking the IM P D H l gene displays a slowly progressive form o f  RP in which visual
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transduction becomes gradually reduced although most photoreceptors remain intact at 12 

months o f age (Aheme et al., 2004). Thus, IM PDHl appears to be non-essential for normal 

retinal development or early visual function. This also implies that the disease is possibly 

caused by a dominant negative effect exerted by the mutant proteins (Aherne et al., 2004). 

In contrast, loss o f both copies o f the 1MPDH2 gene causes early embryonic lethality in 

mice demonstrating that this isoform is essential for mouse development (Gu et al., 2000). 

These workers also showed that expression levels o f IM PDH2  and H P RT  genes were not 

increased to compensate for the deficiency o f  IM PD H l expression (Gu et al. (2003). 

Furthermore, the fact that human and mouse IM PDHl protein sequences share 98% 

identity and that microarray analysis indicates that IM PDH l is expressed at a higher level 

in photoreceptors (being found predominately in the inner segment and synaptic terminals 

o f  photoreceptors (Bowne et a l ,  2006a) than in other retinal cell types (Kennan et al., 

2002)) suggests that retinal IM PDHl function is highly conserved among species and is 

largely responsible for providing the visual transduction cycle with GTP in photoreceptor 

cells. In addition, these findings also explain the tissue-specific nature o f the disease which 

involves degeneration o f photoreceptors.

Initially, three different IM PDHl transcripts were identified in human cells and tissues (Gu 

et a l ,  1997). These transcripts differ in size (4.0, 2.7, and 2.5 kb) but contain identical 

coding sequences derived from the 14 exons and identical 3 ’ unstranslated regions (Bowne 

et al., 2006a). Their differences in size are due to alternate splicing o f three untranslated 5 ’ 

exons. Despite this, each o f these transcripts encodes an identical protein, also called 

“canonical” IM PDHl which is 514 amino acids in length (Figure 4.2A). However, it is 

interesting that the predominant RNA and protein isoforms o f IM PDHl in the retina have 

been found to be significantly different from those in other tissues (Bowne et al., 2006a). 

These unique and distinct retinal isoforms are created by alternate splicing and/or the use 

o f an in-frame, upstream initiation codon; and inclusion o f  a novel exon, exon 13b. Mouse
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retina also contains the same protein isoforms called IM PDHa and IMPDHy as human 

retina although the ratios o f these isofoiTns are dramatically different from those in human 

retina which m ainly contains IM PDHa (Bowne et al., 2006a) (Figure 4.2B). Both 

isoforms contain a 32 residue C-terminal extension while IMPDHy has an additional 49 

residues on the N-terminus. This difference might explain why the IM PDHl knockout 

mice only develop mild symptoms o f  retinitis pigmentosa even at an advanced age (12 

months) while patients with mutant IM PDHl have an early age o f onset and rapid 

progression o f  disease (Kozma et at., 2005, Schatz et al., 2005). Moreover, the presence o f 

unique retinal isoforms exhibiting variable levels o f IM PDHl expression in the retina 

could probably explain the tissue-specific nature o f the disease despite IM PDHl being a 

widely expressed house-keeping gene. However, the exact function and mechanisms o f 

disease o f these unique isoforms remain to be elucidated. O f special note, mutations in 

canonical IM PDH l do not affect enzyme activity (Aheme et al., 2004, Mortimer and 

Hedstrom, 2005). Thus, it is not obvious that mutations in unique IM PDHl isoforms will 

alter enzyme activity in photoreceptor cells. In addition, many studies have reported that 

IMPDH proteins bind single stranded nucleic acids o f  approximately 100 nucleotides via 

reaction with CBS domain both in vivo and in vitro but the biological role o f this property 

remains unknown (Comuel et al., 2002, McLean et al., 2004). However, Xu et al. (2008) 

reported that unlike the canonical IMPDH 1, the two predominant IM PDHa and IMPDHy 

isoforms in the retina bind only poorly to nucleic acid possibly due to the presence o f the 

C-terminal extension which might interact with other factors regulating nucleic acid 

binding.

M any mutations in IM PDHl protein have been identified the most common one being 

Asp226Asn. This mutation has been identified in many families including two out o f three 

families used to identify and localise the RPIO locus (Bowne et al., 2002, Wada et al., 

2005). Another causative mutation identified from 45 members o f a large Spanish family,
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FA84, is Arg224Pro (Kennan et al., 2002). The arginine at codon 224 o f the IMPDHl 

protein is conserved in human, mouse. Drosophila and Chinese hamster and is notably also 

highly conserved in both IMPDHl and IMPDH2 proteins. In contrast to previous 

expectations, Aherne et al (2004) and M ortimer and Hedstrom (2005) have demonstrated 

that these two mutations do not affect enzyme activity o f  IM PDHl protein. Furthermore, 

other potentially pathogenic mutations including T h rll6M et, Val268Ile, Gly324Asp and 

His372Pro have also been identified in families with adRP while A rgl05Trp and 

A snl98Lys mutations have been found in patients suffering from isolated Leber 

congenitial amaurosis (Bowne el al., 2006b) (F igure  4,3). These mutations were not found 

to be present in unaffected controls and none o f these mutations affected IM PD H 1 enzyme 

activity. However, they do decrease the affinity and the specificity o f  single stranded 

nucleic acid binding. For example, A snl98Lys and A rgl05Trp mutations are located on 

the CBS domain and thus alter the nucleic acid binding properties o f IM PDHl (Bowne et 

al., 2006b).

4.1.2 Molecular chaperones

Molecular chaperones are a set o f highly conserved endogenous cellular facilitators and 

regulators o f protein conformational change within cells (Ellis and Hartl, 1999). Their 

functions include the correct folding o f nascent polypeptide chains, protein transport and 

translocation across membranes, signal transduction, protein quality control, refolding o f 

proteins denatured by environmental stress and protein degradation (Hartl and Hayer-Hartl, 

2002, Nollen and Morimoto, 2002, Rapoport, 2007). Many chaperones with the ability to 

respond to cellular stress are known as heat shock proteins (Hsp) such as Hsp90 and 

Hsp70.

More than 20 different families o f chaperone proteins have been identified. The major

chaperone families classified according to weight include the Hsp90, Hsp70, Hsp60

(chaperonins), Hsp40 (DnaJ) and small heat shock proteins (sHsps) (Kosmaoglou er al.,
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2008). These chaperones ensure the proper folding o f proteins by recognizing and binding 

to exposed hydrophobic regions of unfolded or partially folded pol>peptides thus 

preventing them from aggregating and maintaining them in a stable folded state until 

release. In addition, transient interaction between chaperones and newly synthesized 

polypeptide ensures efficient folding and prevents unwanted inter- and intra- protein 

interactions at hydrophobic regions thus avoiding protein aggregation (Dobson, 2004).

4.1.2.1 Hsp70

The Hsp70 family comprises several members some o f which are stress-inducible (Hsp70, 

Hsp70i) while others are constitutively expressed (Hsc70). They are present in most 

cellular compartments including the cytoplasm and nucleus (Hsc70), mitochondria (Hsp75, 

mortallin/mtHsp70) and the endoplasmic reticulum (Grp78/BiP). Increasing levels of 

Hsp70 have been proven to be effective against toxic protein aggregation in disease models 

(Auluck et al., 2002). The ATP-dependent reaction cycle o f Hsp70 is regulated by 

chaperones of the Hsp40 (also known as DnaJ) family and nucleotide exchange factors, 

some of which are involved in linking chaperone functions with the unfolded protein 

response and autophagy for the removal of the misfolded proteins (Arndt el a l ,  2010, 

Kampinga and Craig, 2010, Mayer, 2010). Binding and release of nascent protein by 

Hsp70 is achieved through the coupling o f a conserved N-terminal ATPase domain with a 

C-terminal peptide binding domain, which consists a p-sandwich subdomain and an a- 

helical lid segment (Mayer, 2010). The latter recognizes about seven residue segments 

enriched in hydrophobic amino acids, preferentially when they are framed by positively 

charged residues. These segments tend to occur every 50-100 amino acids in proteins and 

exposure of these fragments has been associated with protein aggregation (Rousseau et a l ,  

2006). The C-terminal peptide binding domain regulates affinity o f peptide binding in an 

ATP-dependent manner. In the ATP-bound state, the lid has an open confirmation. 

Hydrolysis o f ATP to ADP is strongly accelerated by Hsp40, leading to lid closure and
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stable peptide binding (Mayer, 2010). Hsp40 can also interact directly with unfolded 

polypeptides and can recruit Hsp70 to protein substrates (Kampinga and Craig, 2010). 

After ATP hydrolysis, a nucleotide-exchange factor binds to Hsp70 ATPase domain and 

facilitates ADP-ATP exchange, thereby causing lid opening and substrate release. 

Molecules requiring longer folding time will rebind Hsp70 thereby avoiding aggregation 

by exposure o f hydrophobic residues (Sharma et a l ,  2010). After being folded by Hsp70, 

certain proteins with high energy folding requirement (i.e. actins, tubulins) may be 

transferred into specialized chaperonin complexes, such as Hsp60s, for further folding in 

order to reach their native states (Frydman, 2001).

4.1.2.2 Hsp90

One of the most abundant eukaryotic and prokaryotic heat shock proteins is Hsp90 which 

is a highly conserved 90 kDa protein and accounts for 1 - 2% o f total cellular proteins in 

normal conditions or to 4 - 6% under stress (Messaoudi el al., 2011). The abundance o f 

Hsp90 in cells suggested that it is an important regulator o f folding, activation and 

assembly o f  a wide array o f ‘client’ proteins including transcription factors and tyrosine 

kinases. Hsp90 chaperones are present in most cellular compartments such as the cytosol, 

the ER, mitochondria and chloroplasts in plants. In humans, there are four Hsp90 family 

members including glucose-regulated protein 94 (Grp94), tumor necrosis factor receptor- 

associated protein 1 (Trap-1), Hsp90a and Hsp90[3. All these family members function 

similarly but interact with different client proteins due to their localization within the cell. 

Grp94 is present in the endoplasmic reticulum whereas Trap-1 is localized in 

mitochondria. Hsp90a and Hsp90p are closely related cytoplasmic isoforms. In unstressed 

cells, Hsp90 plays a number o f important roles which include assisting folding, 

intracellular transport, maintenance and degradation o f proteins as well as facilitating cell 

signalling. On the other hand, under pathological and stressed conditions Hsp90 ensures 

correct folding, stability and trafficking o f denatured proteins (Messaoudi et a l ,  2011).
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Hsp90 functions downstream o f Hsp70 in the structural maturation and conformational 

regulation o f numerous signal-transduction molecules such as kinases and steroid 

receptors. Several regulators and co-chaperones are involved in this process, many of 

which use the tetratricopeptide repeat (TPR) domains to bind to Hsp90. For example, the 

TPR protein Hop provides a direct link between Hsp70 and Hsp90 thus allowing substrate 

transfer. There are three domains in an Hsp90 monomer: an N-terminal nucleotide binding 

ATPase domain (NBD), a middle domain (MD) and a C-terminal dimerization domain 

(CDD). In addition, the charged domain serves as a linker region (Kim et al., 2013). 

Cytoplasmic Hsp90 exists as a homodimeric structure which is formed through CDD 

domains and crucial for Hsp90 chaperone activity. The MD domain is involved in substrate 

binding and interacts with the co-chaperone AHAl .  ATP binding leads to dimerization of 

the NBD domains forming the Hsp90 molecular clamp leading to the structure o f the 

Hsp90 dimer in which the individual monomers are twisted around each other. After ATP 

hydrolysis, the NBD domains dissociate and the Hsp90 monomers separate at the N- 

terminus. This process is regulated by various cofactors such as CDC37 which delivers 

certain kinase substrates to Hsp90 and inhibits ATPase activity. In addition. Hop directly 

inhibits NBD dimerization while AH A l stimulates ATP hydrolysis and p23 stabilizes 

dimerization o f Hsp90 prior to ATP hydrolysis.

4.1.2.3 Hsp70/Hsp90 complex and misfolded protein

In eukaryotes, the functional cytosolic Hsp90/Hsp70 chaperone complex is regulated with 

protein cofactors known as co-chaperones. This chaperone complex can either assist 

protein folding o f newly synthesized polypeptides or refolding o f  misfolded proteins, or 

can target misfolded/damaged proteins for ubiquitin-mediated proteasome degradation 

(Pratt and Toft, 2003). Under normal condition, the client protein is presented to Hsp70 by 

Hsp40, or Hsp40 attached to ribosomes, activates and recruits cytosolic Hsp70 to associate 

with newly synthesized polypeptide chains (Cheetham and Caplan, 1998). The bound
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protein can be stabilized on Hsp70 by the Hsp70 interacting protein (Hip) or its release can 

be stimulated by an exchange factor such as HspBPl (Hohfeld and Jentsch, 1997, Kabani 

et aJ., 2002). This chaperone complex is ATP dependent and is possibly sufficient to fold 

some polypeptide chains. The released protein may fold into a native state or enter another 

cycle of chaperone binding and release. In addition, many polypeptide chains may be 

passed onto the Hsp70/Hsp90 complex for further folding with the help of a co-chaperone, 

the Hsp70/Hsp90 organizing protein (Hop) (Scheufler el al., 2000). In the case of proteins 

with significant structural instability, Hsp70 can recruit the co-chaperone CHIP (carboxyl 

terminus of Hsp70-interacting protein) which is docked to Hsp70 or Hsp90 holding a 

misfolded protein thus recruiting an E2 enzyme to initiate ubiquitinylation. The anti- 

apoptotic Bcl-2 associated athanogene-1 (BAG-1) protein regulates the ATPase cycle of 

Hsp70 and also contains a ubiquitin-like domain that links the chaperone to proteasomes to 

release ubiquitylated polypeptides for degradation (Young ei a!., 2004). Adverse 

conditions such as destabilizing mutations can cause aberrant proteins to manifest which 

may lead to either clearance of mutant proteins via proteasome degradation with a 

consequent ‘loss of function’ phenotype or accumulation of misfolded protein resulting in 

the aggregation or the formation of insoluble proteinaceous deposits causing ‘gain of 

function’ toxicity (Tam et al., 2010) (Figure 4.4).

4.1.3 Protein aggregation and diseases

Given the important functions of chaperones, it is not surprising that highly negative

consequences such as retinal- and neuro- degeneration could ensue should this machinery

be overwhelmed by dominant negative aggregation of misfolded proteins. In the case of

retinopathies, a missense at amino acid position 23 (P23H) is the most common rhodopsin

mutation leading to autosomal dominant retinitis pigmentosa in North Am.erica. Various

studies suggested that P23H protein is misfolded in the ER, is extremely prone to

aggregation, can recruit cellular chaperones and result in the targeting o f wild type

131



rhodopsin for degradation by the ubiquitin proteasome degradation (Saliba et al., 2002). 

Thus, ER stress caused by overloading of mutant opsins could initiate a detrimental 

cascade leading to photoreceptor apoptosis. In addition, some mutations in the RDS- 

peripherin gene (e.g missense mutation N244K) have also been implicated in protein 

misfolding (Conley et a l, 2010). Moreover, Marmorstein et al. (2002) showed that 

inefficient secretion and accumulation of epidermal growth factor-containing fibulin-like 

extracellular matrix protein 1 (EFEM Pl) in RPE cells could lead to EFEMPl aggregation, 

apoptosis cell death in age related macular degeneration. Additionally, the Arg224Pro 

missense mutation in IMPDHl responsible for the R P10 form of RP causes misfolded and 

insoluble aggregation of mutated proteins in the cell cytosol (Aheme et a l ,  2004). 

Recently, Wang et al. (2011) showed that the two missense mutations Arg224Pro and 

Asp226Asn were not only impaired the folding of their own mutant proteins but were also 

able to impede correct assembly o f the normal enzyme into active tetramers, structure of 

which provides an opportunity for faulty monomers to hinder proper folding and function 

of their neighbours. It is of note that protein aggregation has been also observed in many 

common neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease as 

well as Huntington’s disease, amyotrophic lateral sclerosis, prion diseases and others 

(Sherman and Goldberg, 2001, Bucciantini et a i, 2002, George, 2002).

4.1.4 Hsp90 inhibitors

It is widely accepted that chaperones are important regulators o f protein folding and can be

manipulated to combat protein misfolding diseases. Molecular chaperones have been

shown to suppress aggregation of mutant proteins that cause neurodegenerative diseases

such as spinal and bulbar muscular atrophy, Huntington’s disease and familial amyotrophic

lateral sclerosis (Jana et a l ,  2000, Kobayashi et a i ,  2000, Takeuchi et a l ,  2002). In

addition, the use of Hsp90 inhibitors/Hsp70 inducers has been reported to reduce protein

aggregation in various models o f neurodegenerative diseases. One of the first classes for
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Hsp90 inhibitors, geldanamycin (GA), was originally developed to use as an anti-tumor 

daig based on its ability to induced protein degradation o f proto-oncogenic protein kinases 

and nuclear hormone receptors (Fukuyo el a i, 2010). This natural compound was isolated 

from the broth of Streptomyces hygwscopicus in the 1970s and was already known for its 

antibiotic activity. The antitumor activity of GA was reported nearly 20 years after its 

discovery and subsequent studies revealed that GA binds to the NBD site of Hsp90, 

thereby altering its function and mediating ubiquitin proteolytic degradation of Hsp90 

client proteins (Messaoudi el a i ,  2011). However, GA is highly hepatoxic and displays 

unfavorable pharmacokinetics properties such as poor solubility, limited in vivo stability, 

and activation of drug-efflux pumps thus making it unsuitable for clinical use. Many 

efforts have been put into development of safer derivatives of GA such as 17-allylamino- 

ITdemethoxylgeldanamycin (17-AAG, MW: 585.69) which shows a better toxicity profile 

than GA and was the first Hsp90 inhibitor to enter clinical trials for various cancers 

(clinicaltrias.gov) (Figure 4.4).

Under normal conditions, inactive monomeric HSF-1 is associated with the Hsp90 

mutichaperone complex in the cytosol. Upon exposure to cellular stress or stress inducers 

such as 17-AAG which binds to the ATP pocket of Hsp90, HSF-1 dissociates from the 

Hsp90 complex and is activated via trimerization and phosphorylation. Activated HSF-1 

then translocates into the nucleus and induces expression o f various chaperones including 

Hsp70, Hsp90 and Hsp40. Thus, upregulation of the chaperone complex leads to further 

binding to misfolded proteins which are then targeted for proteasome degradation (Tam et 

a i, 2010). Recently, 17-AAG has shown a high efficiency in reduction of protein 

aggregation in animal models of polyglutamine-induced neurodegeneration and spinal and 

bulbar muscular dystrophy (Waza et a l ,  2005, Fujikake et a l,  2008). Interestingly, it was 

illustrated that administration of 17-AAG in mammalian cells enhanced P23H folding and 

reduced the dominant negative effect on WT opsin, as well as reducing toxic gain of
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function effect (Mendes and Cheetham, 2008). Moreover, it has been shown in our 

laboratory that administration o f 17-AAG significantly reduced aggregation of IMPDH! 

protein and protected against photoreceptor apoptosis in a mouse model of RPIO (Tam el 

al., 2010). Thus, all these data suggest that a common therapy for retinopathies and 

neurodegenerative diseases associated with protein aggregation could be developed based 

on the use of Hsp90 inhibitors.

4.1.5 Objectives

It has been shown previously in our laboratory that subretinal injection of AAV2/5 

expressing a human mutant Arg224Pro IMPDH 1 fusion with hrGFP (IMP224-hrGFP) into 

WT C57BL/6J mice provided a good mouse model for RPIO retinitis pigmentosa (Tam et 

al., 2008). It was also reported that mutant IMPDH 1 proteins expressed from this construct 

were highly prone to aggregation in both in vivo and in vitro models (Aherne et al., 2004, 

Tam et al., 2010). Recently, systemic use of a heat shock protein inhibitor 17-AAG 

together with systemic administration of CLDN5 siRNA significantly reduced the amount 

of insoluble protein in retinas expressing the mutant M P224 and protected these retinas 

from undergoing degeneration (Tam et al., 2010). Thus, following the successfijl outcome 

of iBRB modulation in conjunction with delivery of calpain inhibitors in the light ablation 

model mentioned in Chapter 3, the objective o f this study was to determine whether 

localised and inducible modulation of the iBRB with CLDN5 AAV2/9 together with 

systemic use of 17-DMAG would offer increased protection from mutant IMP224 protein 

aggregation in the RPIO mouse model in addition to being a more clinically relevant 

approach. Moreover, a transgenic model expressing the mutant lMP224-hrGFP gene based 

on the IMP224 AAV2/5 construct used in previous studies in the laboratory was also 

developed and characterized.
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4.2 M aterials and M ethods

4.2.1 17-AAG treatment

Adult C57BL/6J mice (about 3 months old) were subretinally injected with 2 |il o f  1 x 10'^ 

vp/ml IMP224 AAV2/5 and 1 |il o f  5 x 1 0 '‘ vp/ml CLDN5 AAV2/9 in the right eye and 2 

1̂1 o f IMP224 AAV2/5 and 1 |il o f 5 x 10" vp/ml NT AAV2/9 in the left eye. One week 

post subretinal injection, animals were administered with doxycycline drinking water (2 

mg/ml) and one week later, each animal received an intraperitoneal injection (I.P) o f 17- 

AAG (31.25 mg/kg) (Selleck Chemicals) in PBS twice weekly for 1, 2, 5 and 7 weeks 

while being continuously administered with doxycycline.

In a second experimental protocol, animals were subretinally injected with 3 |al o f  1 x 10'" 

vp/ml IMP224 AAV2/5 in both eyes. One week later, they were subretinally injected with 

3 |il o f  5 X 10" vp/ml CLDN5 AAV2/9 in the right eye and NT AAV2/9 in the left eye. 

After 2 weeks, these animals were provided with doxycycline (2 mg/ml in drinking water) 

and received I.P injections o f 17-AAG twice a week.

4.2.2 Doxycycline intake measurements

Each red cap tube (50 ml) was filled with 30 ml o f doxycycline (2 mg/ml) and 5% sucrose 

in water and then wrapped in tin foil to avoid oxidization o f doxycycline. Every three days, 

volumes o f doxycycline taken by each mouse were noted and variation analysed by 

ANOVA.

4.2.3 Measurements of transduced ONL area per unit length

Transduced outer nuclear layer per unit length o f retinal sections (12 |im) were analyzed 

using ImageJ software. Retinal sections were viewed and photographed on a fluorescent 

microscope (Zeiss Axioplan 2, Oberkochen, Germany) using the 5x objective lens. The 

scale o f the sections was then converted into pixels (1.152 pixel = I i^m) using ImageJ
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software. The average transduced ONL area per unit length was calculated by dividing the 

area o f the whole ONL by the ONL length (jam).

4.2.4 Im m unohistochem istry

Cryostat sections (12 |im) were blocked with 5% normal goat serum and 1% triton X-100 

in PBS for 20 min at room temperature. Sections were incubated with primary rabbit 

polyclonal anti hrGFP antibody (1:400) (Stratagene) at 4°C overnight. Sections were then 

incubated with secondary rabbit IgG-Cy3 antibody for 2 h at room temperature. All 

sections were counterstained with DAPI (1:5000) for 30 s. Analysis of all sections was 

performed using an epifluorescence microscope (Zeiss Axioplan 2, Oberkochen, 

Germany).

4.2.5 G enotyping for transgenic anim als (PCR)

DNA samples from transgenic mouse tails (Section 2.8.2) were taken for genotyping. 

Briefly, 25 |il of PCR reaction mix was made up for each transgenic mouse DNA as 

followed: 1.5 |̂ 1 DNA, 0.25 )al each primer (100 pmoles/|il stock), 0.4 |il dNTP mix, 2.5 |al 

lOx buffer, 0.125 )il Taq polymerase and 19.975 |ul water. The PCR reaction conditions 

were as follows; 34 cycles (94°C for 1 min, 58°C for 1 min, 72°C for 1 min), then 72°C for 

5 minutes. The 2 pairs of PCR primers used for IMP224 transgenic animals were as 

followed:

Pair 1. From the Rhodopsin promoter to IMP224 gene (660 base pairs)

Forward primer: 5 ’-AGCCTTGGTCTCTGTCTAC 

Reverse primer: 5’-ATCAGGTAGTCCGCCATCT 

Pair 2. From IMP224 gene to hrGFP (1536 base pairs)

Forward primer: 5 ’-TTGGAGCCTCCACAGTGATG 

Reverse primer: 5’-TGGTCTTCTTCATCACGGGG

136



4.2.6 Quantitative PCR on genomic DNA from transgenic animals

In brief, four primers specific for the IMP224 transgene were used (see below), three o f 

which were designed using GenScript software. Specific human IM PDHl primers were 

previously designed by Dr. Lawrence Tam.

Name Forward (5’ -> 3 ’) Reverse (5 ’ -> 3 ’)

RHOpromoter-pglobin AAGCAGCCTTGGTCTCTGTC ACTCTTGGCACGGGGAAT

IMPDHl-MCS GTTTGAGAAGCGGACCATGT CCTTGTCATCGTCATCCTTG

hrGFP-PolyA GTGGAGCAGCACGAGACC GGGCGAATTGGGTACACTTA

humanlMPDHl TGCCTATCGTCAATGATTGC t c c c t t g g g a c g a g t c c a a g

Primers used to amplify house-keeping genes were as follows:

Name Forward (5 ’ -> 3 ’) Reverse (5 ’ -> 3 ’)

Mouse P-actin a g a g c a a g a g a g g t a t c c t c a t t g t a g a a g g t g t g g t g c c

C5AR GTCCTGTTCACGACCGTTTT a c g g t c g g c a c t a a t g g t a g

Each primer was resuspended in nuclease free water to give a final concentration o f  100

pmol/|il. Based on a previous study done by Haurogne et al. (2007) and various

optimization experiments, DNA samples were tested for copy number o f the EMP224

transgene using the following parameters. Plasmid encoding IMP224 (IMP224 pAAV) at 5

different concentrations (10"‘, 10'-, 1 0 '\  10‘\  and 10'^) was used in PCR reactions to

generate a standard curv^e , while that for the house-keeping genes was generated using

DNA from a WT animal at concentrations o f 50, 10, 2, 0.04 and 0.08 ng. A total o f 12.5 ng

o f each experimental DNA sample was added into each well. Each reaction contained 10

fil SYBR® Green mix, 2 |al primer stock (10 fil o f  each primer (100 pmol/fil) in 80 |il

water), 5 |il DNA and water for a total o f  20 |il reaction. All reactions were performed in

duplicate for standard curve samples and in triplicate for experimental DNA samples and

carried out in the GeneAmp® 7300 instrument (Applied Biosystems) with the following
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parameters: 95°C for 5 min, followed by 40 step cycles o f  95°C for 15 s, 60°C for 1 min 

and 72°C for 1 min, followed by a dissociation stage o f  95°C for 15 s, 60°C for 1 min, 

95°C for 15 s, 60°C for 15 s.

4.2.7 Statistical Analysis

Statistical analysis was performed using Student’s t-test, with significance represented by a 

P value o f < 0.05 (n = 5 mice per treatment). For multiple comparisons. One-way 

ANOVA was used with a Tukey post-test and significance represented by a P value o f < 

0.05.
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4.3 Results

4.3.1 D elivery  o f  hsp90 inhibitor in a m urine m odel o f  RPIO retin itis  

pigm entosa

C57BL/6J mice (n = 12) were subretinally injected with 2 |il o f  1 x 10‘" vp/ml IMP224 

AAV2/5 and 1 |il o f  5 x 1 0 “ vp/ml CLDN5 AAV2/9 in the right eye and 2 |il o f  IMP224 

AAV2/5 and 1 |il o f  5 x 10“  vp/ml NT AAV2/9 in the left eye. Doxycycline was 

introduced into their drinking water one week post injection. Two weeks after injection, 

mice were i.p. injected with 17-AAG (31.25 mg/kg) in Ix PBS twice a week for 1, 2, or 7 

weeks. The concentration o f 17-AAG was based on a previous study (Tam et al., 2010). 

ERG measurements were also taken after 1 and 2 weeks o f 17-AAG treatment. Figure 4.5 

shows that rod photoreceptor b-wave amplitudes in the group o f animals treated for 2 

weeks with 17-AAG (n = 8) were lower than those treated for 1 week with 17-AAG (n = 4) 

and that no significant difference was observed between the treated and control eyes for 

either treatment regimes although there was a trend towards higher ERGs in the CLDN5 

AAV2/9-treated eyes. In addition, transduced outer nuclear layer per unit length was also 

measured from retinal sections of these animals following treatment with 17-AAG for a 

total o f 7 weeks. The transduced outer nuclear layer per unit length is typically measured at 

regions o f the retina which have been transduced by IMP224 AAV2/5 and calculated by 

dividing transduced ONL area by length o f the transduced region (Tam ef al., 2008). 

However, positively transduced cells were observed pan-retinally in addition to the 

injection site in this study (Figure 4.6). In addition, some retinal sections had various 

extents o f thinning regions where only 1-3 rows o f photoreceptors were present, possibly 

due to the effect o f subretinal injection. Thus, the transduced ONL area per unit length 

was measured by taking into account the entire retinal ONL area. Figure 4.7 shows that 

no differences were observed in the transduced ONL area per unit length between the 

treated and non treated eyes as would be expected from the ERG data.
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During the experiment, it was noticed that consumption of drinking water containing 

doxycycline varied between mice in different animal cages. Since this could negatively 

impact on a factor on the true ONL per unit length values, another 7 animals were treated 

in the same way as the above animals except that their doxycyline drinking water was 

monitored in order to establish whether differences in consumption of drinking water (and 

therefore of doxycycline intake) correlates with variations in transduced ONL area per unit 

length. Animals were separated into individual cages so that their water intake was 

measured every 3 days. Similar to the first experiments, no statistical differences in either 

transduced ONL area per unit length or ERG of rod isolated responses were observed 

between the CLDN5 AAV2/9-treated and NT AAV2/9-treated eyes 5 weeks post 17-A AG 

treatment (Figure 4.8 and 4.9) although again there was a clear trend showing some retinal 

protection in the CLDN5 AAV2/9-treated eyes. In addition, intake of doxycycline water 

appeared similar between animals following ANOVA statistical analysis (Figure 4.10).

In order to ascertain whether injecting a mixture o f AAVs (i.e. IMP224 AAV2/5 together 

with CLDN5/NT AAV2/9) might have impacted sub-optimally on the outcome o f the 

previous experiments, another group of animals (n = 9) was first subretinally injected with 

3 |il of 1 X 10'^ vp/ml IMP224 AAV2/5 in both eyes and with 3 ^1 of 5 x 10“ vp/ml 

CLDN5 AAV2/9 in the right eye and NT AAV2/9 in the left eye one week later. During a 

one-week period they were administered with doxycycline in their water and received two 

i.p. injections o f 17-AAG. Despite this, similar b-wave amplitudes of rod isolated response 

were measured in both eyes after 1 week o f 17-AAG treatment (Figure 4.11). The ERG 

readouts in this group o f animals were also much lower than those observed in animals 

injected with a mixture of two AAVs (Figure 4.5). Thus, this faster degeneration rate 

might have been caused by two separate subretinal injections and/or larger volume o f 

IMP224 AAV2/5 (3 |il) injection. In addition, these animals were also separated into
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individual cages to enable doxycycline intake to be measured every 3 days. Figure 4.12 

shows that these animals drank the same volume o f doxycycline containing water.

4.3.2 RPIO transgenic model

Since AAV-induced models resulting from the expression o f a multiple and possibly 

variable quantity o f cDNA molecules are by nature less dependable and less consistent 

than transgenic models, an RPIO transgenic model was developed. Digestion o f the 

IMP224 pAAV construct with Nhel and RsrII enzymes yielded a fragment o f  5820 bp 

which runs from the Rho promoter through IMP224 and hrGFP to the human growth 

hormone poly A tail sequence (Figure 4.13 and Appendix Figure 1). Transgenic mice on 

a C57BL/6N background were generated following embryonic injection o f  the 5820 bp 

fragment by PolyGene Transgenetics (Switzerland). Four founders including 3 females and

I male were made. Their tail biopsies were tested for the transgene using two different 

pairs o f primers (Figure 4.14), In order to study their visual function, ERG was also 

performed on these founder mice at different interv als. Normally, ERG measurement o f the 

b wave o f  rod photoreceptors is around IniV in wild type mice. Variations in the degree o f 

pupil dilation may have caused the differences in ERG readings observed between the two 

eyes o f  these founders. Based on the recommendation from Dr. Paul Kenna, an 

ophthalmologist in the laboratory, higher ERG readings were considered to be more 

reliable ERG readouts. Thus, founder females had somewhat similar ERG to the WT 

animals at 9 months old and two o f  them (females 1 and 3) had severe visual degeneration 

with b-wave amplitudes o f rod-isolated responses being less than 150 |iV  at 13 months old 

(Figure 4.15). At 7 months old, the ERG of the founder male reduced to 816/769 |iV. At

II months o f age, b-wave amplitudes o f the founder male did not appear to degenerate at 

this stage. This could be because each o f them received different copy numbers o f  the 

transgene.
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Four different pairs o f primers were designed to determine the transgene copy number in 

each animal using real time PCR on their tail DNA samples in an effort to examine 

whether this might directly correlate to the difference in rate o f retinal degeneration as 

demonstrated by ERGs for each animal. These four pairs o f primers are called

RHOpromer-Pglobin, hrGFP-GPA, IM PDH l-M CS (which stands for their start and end 

positions within the IMP224 pAAV construct) and human IM PDHl which distinguishes 

human IM PD H 1 from mouse IM PD H 1. Two pairs o f primers for house-keeping gene were 

C5AR (complement component 5a receptor) and mouse p-actin. Preliminary quantitative 

PCR data using dilutions o f IMP224 pAAV DNA for the transgene primers and wild type 

DNA for the house keeping primers rendered reliable, accurate standard curves (Appendix 

Table 1 and Figure 2). Slopes for the standard curves o f human IM PD H l, hrGFP-polyA, 

C5AR and mouse (3-actin were -3.22, -3.19, -3.14 and -3.01, respectively. Therefore, the 

efficiencies o f  these primers are within the range of 104-114% which is acceptable for real 

time PCR. In addition, DNA of control samples for hrGFP-polyA and humanlM PDH 1

were not amplified during the reaction, indicating specificity o f these primers.

Contamination in water and primer dimer formations were also not detected in all

reactions. In contrast, the remaining two pairs o f  primers which were designed to amplify 

the transgene did not work well, thus they were not used in ongoing studies. However, 

further attempts will be required to establish the real copy number o f transgene in each 

animal since difficulty in obtaining acceptable real time PCR efficiencies, the main factor 

required for correct quantification, rendered the data erroneous. In fact, the tried and tested 

classical technique o f Southern blotting may be a more appropriate technique to be used in 

future studies.

ERG measurements were also carried out for all offsprings in order to characterize disease 

progression in these transgenic mice. Unfortunately, due to crossed communications with 

staff in the animal breeding unit, founder animals were mistakenly mated with each other
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initially rather than to WT C57BL/6J mice. These founder animals were then also mated 

with WT C57BL/6J animals; however, they were too old to produce any offsprings at that 

stage. Currently, all the IMP224 transgenic animals present in the unit derive from one 

offspring (animal 16, male) from the initial mating o f founder male and founder female 2 

REP (Figure 4.16). This male was then mated with a WT C57BL/6J to produce animal 8.1 

which was then mated with a WT C57BL/6J to produce animal 18.1. All three males 

descended from the mating o f animal 18.1 with a WT C57BL/6J were 35.2, 35.3 and 37.2, 

each o f which are currently mated with a WT C57BL/6J. All animals chosen for mating 

were done so on the basis o f ERG results at different timepoints (Table 4.1). Interestingly, 

ERGs o f these offspring decreased at a faster rate compared to those o f their transgenic 

parents.

Since these transgenic animals were originally on the C57BL/6N background which was 

recently reported to harbour the Rd8 mutation in the C rbl gene causing lesions in the 

retina (Mattapallil et al., 2012), DNA samples o f  all three animals 35.2, 35.3 and 37.2 were 

sequenced for the presence of this mutation using a reversed primer by Dr. Marian 

Humphries in the lab. After three generations o f backcrossing with WT C57BL/6J animals, 

the Rd8 mutation is not present in these fourth generation mice (Figure 4.17). Thus, it can 

be confirmed that degeneration in visual function in mice 35.2, 35.3 and 37.2 is not due to 

Rd8 mutation and is thus likely to be due to the presence o f  IMP224 transgene.
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4.4 Discussion

Protein aggregation has been imphcated in many retinopathies and is often hnked with the 

heat shock protein chaperone complex containing Hsp90, Hsp70 and Hsp40. The Hsp90 

superchaperone complex plays a crucial role in assisting the folding and function o f client 

proteins, many o f  which are important in cell proliferation and signaling (Workman, 2002). 

In addition, results from a recent study o f spinal and bulbar muscular dystrophy, a late 

onset o f motor neuron disease suggest that 17-AAG significantly inhibited hsp90 leading 

to degradation o f the mutant androgenic receptor. Recently, systemic administration o f 

CLDN5 siRNA together with the Hsp90 inhibitor, 17-AAG have been reported to offer 

protection against aggregation o f mutant IM PDHl in the RPIO mouse model (Tam et al., 

2010). This therapeutic strategy was further extended in this study to encompass a more 

clinically relevant long-term chronic dosing strategy in which a localized and inducible 

AAV-mediated expression o f CLDN5 shRNA, rather than a transient CLDN5-targeting 

siRNA, was used to modulate the inner blood retinal barrier. Statistically both ERG and 

transduced ONL area per unit length were not improved in animal eyes injected with 

IMP224 AAV2/5 and CLDN5 AAV2/9 compared to eyes injected with IMP224 AAV2/5 

and NT AAV2/9 post 17-AAG treatment although the existence o f a trend for 

improvement could be argued (Figures 4.5 and 4.7). O f special note, IMP224 AAV2/5 

used in this experiment transduced the whole retina instead o f being localized around the 

injection site as previously observed by Tam et al. (Tam et al., 2008, Tam et al., 2010). 

Since the AAVs used in the latter two studies were made in our laboratory whereas for this 

research they were made commercially by Vector Biolabs, improved purity o f the viruses 

might have contributed to the enhanced retinal transduction observed. In a similar repeat 

experiment, animals were also separated into individual cages to ensure that they got equal 

amounts o f doxycycline containing water. However, statistical analysis o f  both ERG data 

and ONL analysis o f  retinal sections implies that carefully monitoring doxycycline intake
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did not increase the efficiency o f the treatment ahhough there was again a trend towards 

retinal protection in CLDN5 AAV2/9-injected eyes (Figures 4.8 and 4.9). Since others in 

the laboratory have found that the AAV-induced RPIO model can be quite variable as 

regards the severity o f retinal degeneration even between eyes o f an individual mouse (Drs. 

L Tam and A-S. Kiang, personal communication), it is probable that should these 

experiments be repeated with larger numbers o f  mice a statistically significant positive 

effect may have been achieved.

In order to reduce any complications resulting from a mixture o f two different AAVs, 

another experiment in which animals were injected with IMP224 AAV2/5 in both eyes a 

week before being injected with CLDN5 AAV2/9 in the right eye and NT AAV2/5 in the 

left eye, were set up. Yet again, the ERG data showed no improvement in eyes injected 

with CLDN5 AAV2/9 and IMP224 AAV2/5 compared to control eyes (Figure 4.11). 

However it is probable that two consecutive subretinal injections might have been too 

harsh for the animals since retinal detachment from initial injection o f IMP224 AAV2/5 

may not have completely settled in the 7 days after which the second subretinal injection o f 

CLDN5 or NT AAV2/9 was administered. It was also possible that longer-term treatment 

with 17-AAG may be necessary or that the dose was too high and caused some retinal 

toxicity resulting in degeneration. Ideally a dose de-escalation study o f 17-AAG should be 

carried out in this model. Additionally, due to the variable nature o f the IMP224 AAV2/5- 

induced model, pre-treatment ERGs should have been taken to compare with the post

treatment ERG data between individual eyes. M oreover, more controls could also be used 

in future experiments to interpret the data observed from ONL measurements. For 

example, mice injected with IMP224 AAV2/5 in one eye and DMSO or sham injected in 

the other eye, could be used to measure the maximum transduced ONL area per unit length 

for a better comparison between the treated eye and non treated eye. Controls where mice 

were injected with IMP224 AAV2/5 and NT AAV 2/9 in one eye and IMP224 AAV2/5
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and sham injected in the other eye could be included to determine the effect of NT 

AAV2/9 on the treatment of these animals. Despite 17-AAG being under clinical trials, it 

nonetheless has a number of disadvantages including high metabolism, potential to form 

toxic metabolites and limited aqueous solubility which requires the use of dimethyl 

sulfoxide and egg phospholipid for solubilization (Egorin et a i ,  1998). In fact, Bristol- 

Myers Squibb, the pharmaceutical company which produces 17-AAG for clinical trials of 

cancers has decided to stop manufacturing the drug due to its toxicity -  a factor which may 

have contributed to the negative results obtained here. Thus, many efforts have been made 

to search for improved derivatives of geldanamycin. One o f these new improved 

compounds is 17-(dimethylaminoethylamino)-l 7-demethoxygeldanamycin (17-DMAG) 

which is also under clinical trials for various types of cancer. In contrast to 17-AAG, 17- 

DMAG is water soluble and can be formulated in saline or 5% dextrose in water. 17- 

DMAG undergoes limited metabolism compared to 17-AAG and has higher oral 

bioavailability in mice than 17-AAG. Also, less 17-DMAG (30-45%) is bound to plasma 

proteins as compared to 17-AAG (90%) (Egorin et al., 2001, Egorin et al., 2002). Finally, 

in vivo and in vitro studies have demonstrated that 17-DMAG is more efficaceous than 17- 

AAG. However, like 17-AAG, 17-DMAG (MW = 653.21) does not cross the BBB/iBRB. 

Thus, 17-DMAG shows promise as an improved Hsp90 inhibitor and has been used in 

further experiments involving drug delivery by modulation of iBRB in models of retinal 

degeneration as outlined in Chapters 5 and 6.

The induced model of RPIO resulting from IMP224 AAV2/5 may not be the optimal 

model for this particular disease due to variations in subretinal injections and quality and 

concentration o f IMP224 AA2/5, which leads to large variation in the degree of retinal 

degeneration in any given eye. Thus, a transgenic model expressing human mutant IMP224 

is being developed and characterized. The founder animals exhibited only minor 

degeneration at 6 months old. Since founder animals were initially mated with each other
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instead with WT animals, the current animals are offspring o f a mating between two 

founders. Although all later offspring were descendents from a mating between an IMP224 

trangenic FI from the initial mating o f two founders and a WT C57BL/6J, it still proves a 

challenge to establish a pure line o f RPIO transgenic model. In addition, the rd8 mutation 

o f the C rhl gene has been found to be present in mice with a C57BL/6N background from 

which founder IMP224 transgenic animals were generated (Mehalow et a l ,  2003, 

Mattapallil et al., 2012). This mutation which involves a single base C deletion leads to 

ocular lesions which have been associated with several induced mutant mouse lines and is 

present in homozygous form in all C57BL/6N substrains and embryonic stem cells o f 

C57BL/6N origin, but not in the C57BL/6J substrains. It appears that the current IMP224 

animals do not have the rd8 mutation perhaps due to mating o f transgenic mice with 

C57BL/6J mice for three generations. Therefore, degeneration in visual function in the 

current transgenic animals is most likely caused by the presence o f the mutant IMP224 

gene. Hopefully, in the future, these transgenic animals will provide a better model for 

RPIO retinitis pigmentosa than that induced by AAV IMP224 and that treatment o f these 

animals with 17-DMAG in conjunction with iBRB modulation will result in an improved 

therapeutic outcome.
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Figure 4 .1 ;  Guanine nucleotide biosynthesis.

Guanine nucleotides are synthesized through de novo and salvage pathways. In the de novo 

pathway, IMPDH catalyzes the conversion o f IMP to XMP which is then eventually 

converted into dGTP and GTP which are important in different cellular processes. On the 

other hand, HPRT catalyzes the conversion o f guanine to GMP in the salvage pathway.
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Figure 4. 2: Genomic structure and retinal isoforms of IM PDH l in mouse and 

human.

A) Canonical IM PDHl has similar structure in both mouse and human tissues. B) 

However, the retinal isoforms are different from the canonical IM PDHl and are produced 

through alternate starts o f translation and alternate splicing leading to inclusion and/or 

exclusion o f  amino acid residues encoded by exons A and 13b. Green indicates exon A 

encoded residues while red indicates exon 13b encoded residues. IM PDHa (IM PDHl + 

13b) is the major isoform in human retina whereas IMPDHy (IM PDHl + A + 13b) is the 

major isoform in mouse retina. The two major IMPDHy isoforms in mouse differ by only 

one amino acid (orange) which results from alternate splicing o f  exon 1 adding 3 additional 

bases. The figure was obtained from Spellicy et al. (2007).
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Figure 4. 3: M utations identified in IM PD H l protein.

Protein structure (PDB ID: ICJN) was modified using PyMOL software. Eight different 

m utations have been identified so far, six o f which are from families with adRP whereas 

A rgl05Trp and A snl98Lys were found in patients with isolated Leber’s congenitial 

aumorausis. Blue: mutations, Red: a-helix. Yellow: P-sheet.
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Figure 4. 4 : Roles of heat shock protein chaperons in protein folding in eukaryotic cells.

The cHent protein is presented to Hsp70 by Hsp40, or Hsp40 attached to ribosomes, activates and recruits cytosolic Hsp70 to associate with 

newly synthesized polypeptide chains under normal conditions. The bound protein can be stabilized on Hsp70 by the Hsp70 interacting 

protein (Hip) or its release can be stimulated by an exchange factor such as HspBPI. The released protein may fold into a native state or enter 

another cycle o f chaperon



binding and release. However, in the case o f misfolded protein, the protein can be targeted

for proteasomal degradation via CHIP. In addition, many polypeptide chains may be

passed onto the Hsp70/Hsp90 complex for further folding with the help o f a co-chaperone 

Hop. ATP binding leads to dimerization o f Hsp90 forming the molecular clamp. AHAl 

stimulates ATP hydrolysis and the release o f folded client protein whereas CDC37 inhibits 

this process. In the case o f proteins with significant structural instability, Hsp70 in the 

Hsp70/Hsp90 complex can recruit the co-chaperone CHIP which is docked to Hsp70 or 

Hsp90 holding a misfolded protein thus recruiting an E2 enzyme to initiate

ubiquitinylation. BAG-1 protein links the chaperone to proteasomes to release

ubiquitylated polypeptides for degradation. In certain adverse conditions involving 

destabilizing mutations, accumulation o f misfolded protein can also occur leading to 

aggregation or the formation o f insoluble deposits causing ‘gain o f function’ toxicity. 

Moreover, geldanamycin (GA) and its derivatives (17-AAG, 17-DMAG) have been found 

to inhibit the function o f  Hsp90 by binding to the ATP binding pocket, thereby leading to 

degradation o f  misfolded proteins via proteasomes.
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Rod isolated response post 
17-AAG treatment
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Figure 4. 5: Rod isolated response in mice treated with 1 and 2 weeks of 17-AAG.

Adult mice were subretinally injected with CLDN5 AAV2/9 and IMP224 AAV2/5 in the 

right eye and NT AAV2/9 and IMP224 AAV2/5 in the left eye and I.P injected with 17- 

AAG twice weekly. ERG was measured post 1 (n = 4) and 2 (n = 8) weeks o f 17-AAG 

treatment. No significant differences in b-wave amplitude were observed between left and 

right eyes after each treatment. Error bars denote ± SEM.
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Figure 4. 6: Representative images of IM P224-hrGFP staining.

A retinal section from one animal in Figure 4.5 was immuno-stained for IMP224-hrGFP 

and counterstained with DAPI at 7 weeks post 17-AAG treatment. A) 5x image o f 

IMP224-hrGFP retinal section shows that IMP224 AAV2/5 transduces pan-retinally (white 

arrows). B) 5x and 20x images o f the same retinal section. Green: IMP224-hrGFP, Blue: 

DAPI Error bar: 250 |am (5x images), 150 j^m (20x images).
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ONL measurements post 7 weeks 
of 17-AAG treatment

LE IMP224 + NT RE IMP224 + CLDN5

n =  12

Figure 4. 7: Transduced outer nuclear thickness per unit length post 7 weeks of 17- 

AAG treatment.

Retinas o f  the same group o f animals (n = 12) in Figure 4.6 were taken and sectioned after 

the course o f  treatment. The transduced ONL per unit length was calculated by ImageJ 

software using 5x images under fluorescence microscope. The average transduced ONL 

area per unit length o f  the whole retina was similar between the left and right eyes post 17- 

AAG treatment. Error bars denote ± SEM.
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ERG mesurements post 5 weeks 
of 17-AAG treatment

200i

LE IMP224 + NT RE IMP224 + CLDN5 n =  7

Figure 4. 8: Rod isolated response post 5 weeks of 17-AAG treatment.

A dult m ice (n = 7) w ere subretinally injected with CLDN 5 A A V 2/9 and IM P224 AAV2/5 

in the right eye and N T A A V 2/9 and IM P224 AAV2/5 in the left eye and I.P injected with 

17-AAG tw ice w eekly  for 5 weeks. N o statistically significant im provem ent in b-wave 

am plitudes o f  the right treated eye was observed com pared to control. E rror bars denote ± 

SEM.
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ONL measurements after 5 weeks 
of 17-AAG treatment
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Figure 4. 9: Transduced ONL area per unit length of retinal sections 5 weeks post 17- 

AAG treatment.

5x images o f retinal sections o f the same mice in Figure 4.9 were measured for average 

whole transduced ONL area per unit length. No significant differences were observed 

between two eyes. Error bars denote ± SEM.
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Average Doxycycline intake every 3 days
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Figure 4. 10: Average doxycycline intake by each mouse every 3 days.

The same anmial groups are presented here as in Figure 4.9. During the course of 5 weeks 

of 17-AAG treatment, 12 measurements were carried out. Using ANOVA algorithm, no 

statistically significant differences were observed in the amount of doxycycline taken by 

individual animals. Error bars denote ± SEM.
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ERG mesurements post 1 week 
of 17-AAG treatment
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Figure 4. 11: ERG measurements post 1 week of 17-AAG treatment.

Adult mice (n = 9) were subretinally injected with IMP224 AAV2/5. One week later, these 

mice were subretinally injected with CLDN5 AAV2/9 in the right eye and NT AAV2/9 in 

the left eye. Mice were also I.P injected with 17-AAG twice weekly for 1 week during 

which doxycycline drink was administered to these mice, b-wave amplitudes o f isolated 

rod response showed no differences between the left and right eyes post 17-AAG 

treatment. Error bars denote ± SEM.
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Average Doxycycline intake every 3 days 

15n

Figure 4. 12: Average intake of doxycycline every 3 days.

Volumes o f doxycycline taken by each mouse from the same group o f mice as in Figure 

4.11 were measured every 3 days. ANOVA analysis showed each mouse drank similar 

amount o f doxycycline. Error bars denote ± SEM.
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224 IMPDHl transgene construct
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Figure 4. 13: Transgene construct for RPIO mouse model.

The IMP224 pAAV was digested with Nhel and RsrII enzymes to produce a 5820 bp 

transgene. The transgene consists o f the Rhodopsin promoter, P globin intron, 224 

IM PDHl coding sequence, multiple cloning site, IRES sequence, hrGFP and HGH poly A 

tail sequence.
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Figure 4. 14: Gel electrophoresis for transgene in founder animals.

Founder DNA samples were tested using 2 different pairs o f primers. A) Pair 1 amplifies 

the region from the Rhodopsin promoter to the IMP224 gene producing a fragment o f  660 

base pairs and B) Pair 2 amplifies the region from the IMP224 gene to the hrGFP gene 

producing a fragment o f 1536 base pairs. All founders had bands o f 660 and 1536 base 

pairs. IMP224 pAAV plasmid DNA was used as the positive control, while water was used 

as the negative control.
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Figure 4. 15: ERG measurements of rod photoreceptors in founder animals.
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Founder females had somewhat similar ERG to the WT animals at 9 months old and two o f 

them (females 1 and 3) had severe visual degeneration with b-wave amplitudes o f  rod- 

isolated responses being less than 150 (iV at 13 months old. However, this was not the case 

for the remaining founder female and the founder male. Their visual functions seemed to 

reduce at a slower rate than in the other founder females. At 13 months o f age, female 2 

had similar ERG compared to female 1 and 3 at 9 months old. Also, ERG o f the founder 

male did not appear to significantly reduce at 11 months old.
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Figure 4. 16: Schematic diagrams of different IMP224 transgenic generations.

Abbeviations: F: generation, <S'. male, $ : female.

166



Rev C C G A T  
Fwd A T C G G

\ T C  C C G A G  A G A C A G G  C A C A C C G  A T A A G A A C T G  T A G C ^ T ^

Figure 4. 17: Sequencing for presence of rd8 mutation.

Representative result shows that the animal DNA resembles WT DNA with the presence o f 

the cytosine nucleotide (labelled red in the Forward sequence and obtained by reverse 

complementation o f the reverse primer-sequenced DNA).
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b - wave amplitudes of rod isolated response (nV)
Animals Time 16 wks 19 wks 26 wks 27 wks 32 wks 51 wks 54 wks 72 wks

16 RE 671
LE 817

8.1 RE 528 404
LE 624 446

18.1 RE 488 221 274
LE 458 189 124

35.2 RE 227
LE 336

35.3 RE 316
LE 309

37.2 RE 186
LE 276

Table 4.1: b-wave amplitudes of rod isolated response (fiV).

Animal 8.1 was an offspring o f animal 16 x WT C57BL/6J, animal 18.1 was an offspring 

o f animal 8.1 x C57BL/6J. All three animals 35.2, 35.3 and 37.2 (labelled yellow) were 

descendents o f  18.1 x C57BL/6J. All animals were male.
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Chapter 5
Prevention of Retinal Degeneration 

in a P23H rat model of Retinitis 

Pigmentosa by Systemic 

Administration of 

17-DMAG
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5.1 Introduction

Nearly all resident proteins of organelles along the secretory pathway as well as 

transmembrane and secretory proteins are first translocated to the ER as unfolded 

polypeptide chains. Upon entering the ER, they are often modified with N-linked glycans, 

folded into their correct secondary and tertiary structures which are stabilized by disulfide 

bonds, and then assembled into quaternary structures in many cases. These processes are 

highly regulated and aided by a complex network of chaperones, co-chaperones and 

folding enzymes within the ER. When cells experience conditions that disrupt ER 

homeostasis such as accumulation o f misfolded proteins, a transduction cascade termed the 

unfolded protein response (UPR) is triggered and expressions of chaperones and associated 

proteins are upregulated in order to cope with a large amount of unfolded proteins. Thus, 

specific chaperones can also be involved in the regulation of stress signalling and protein 

degradation pathways to prevent cellular apoptosis and re-establish the balance of ER 

homeostasis. In this introductory section, I will outline mechanisms of different chaperone 

systems in the ER, especially the BiP/Grp94 chaperone complex and how UPR is activated 

upon ER stress caused by accumulation of misfolded proteins through three transduction 

cascades termed PERK, IREl and ATF6. Additionally, about 30-40% of adRP cases 

involve mutations in the RHO gene, the most common and best studied of which is the 

P23H mutation which has been associated with aggregation within the ER and thus 

triggering of the UPR response. Thus, I will also outline current therapeutic strategies for 

P23H RHO linked RP. As mentioned in Chapter 4, 17-DMAG, an Hsp90 inhibitor, is an 

excellent candidate for the iBRB modulation method due to its low molecular weight. In 

the context o f this chapter, 17-DMAG which has also been shown to inhibit the ER- 

resident Hsp90 chaperone Grp94 was used to investigate whether its administration would 

alleviate ER stress in cells expressing P23H RHO and in the P23H-line 3 rat model.
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5.1.1 Endoplasm ic reticulum  stress and protein folding

5.1.1.1 Chaperones in the ER

The ER chaperones can be divided into three categories a) chaperones o f the heat shock 

protein family including glucose-related proteins (Grp) such as Grp78, Grp94 and co

chaperones; b) lectin-like chaperones including calnexin, calreticulin and ER degradation- 

enhancing a-mannosidase-like protein (EDEM); c) substrate-specific chaperones such as 

Hsp47. In addition, there are two groups o f folding enzymes known in the ER, thiol 

oxidoreductases from the protein disulfide isomerase (PDI) family (i.e. PDI, 

Grp58/ERp57) and peptidyl prolyl isomerases (PPIs). The two major chaperone systems 

which have been best studied in the ER are calnexin/calreticulin and Grp78/Grp94 (Ni and 

Lee, 2007).

a) Calnexin/Calreticulin chaperone system

After newly synthesized polypeptide chains enter the lumen o f the ER, they are often

modified with N-linked glycans (Glc.^MangGlcNAc:) and glucoses are rapidly removed by

glucosidases I and II (Parodi, 2000). The nascent proteins with monoglucosylated N-linked

glycans (GlciMangGlcNAc:) become substrates for the calnexin/calreticulin chaperone

system for subsequent folding and assembly. Removal o f  the last glucose destroys the

binding sites o f these chaperones, thus nascent proteins are transported to the Golgi once

they have been folded properly (Hebert et a!., 1995). Grp58/ERp57, a member o f the PDI

family which contains two thioredoxin motifs also interacts with the chaperone complex to

stabilize protein folding by catalyzing the formation o f disulfide bonds o f the loaded

glycoproteins (High et a l ,  2000). If the glycoprotein cannot be folded properly, another

ER protein, UGGT (UDP-glucose glycoprotein-glucosyltransferase) binds to the unfolded

glycoprotein and adds a single glucose to the deglucosylated glycan, thereby providing the

binding site for the calnexin/calreticulin complex (Sousa and Parodi, 1995). Studies have

shown that UGGT recognizes surface exposed hydrophobic regions, a local subtle
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alteration caused by a single point mutation, or N glycans close to or within the unfolded 

sites (Caramelo et a l,  2003; Ritter et al., 2005; Taylor er a i,  2004). The monoglucosylated 

N-glycan protein is then refolded and exits the ER to its final destination. However, if 

refolding is unsuccessful, the whole process will repeat itself until a decision is made to 

destroy the protein (Sousa et al., 1992).

a) BiP/Grp94 system 

The second major chaperone system recognizes and binds to aromatic and hydrophobic 

residues o f unfolded proteins and is composed o f the BiP/Grp94 system in a large multi 

protein complex which includes ER chaperones such as PDI, Erp72, Grpl70/ORP150, 

UGGT, CaBPl, cyclophilin B and SDF2-L1 which together form a network to process 

unfolded proteins (Meunier et al., 2002). In addition, some calreticulin/calnexin substrate 

could bind to this BiP/Grp94 system when the N-glycosylation is blocked.

BiP, originally termed immunoglobulin heavy chain binding protein for its role in the 

assembly o f immunoglobulins (Haas and Wabl, 1983), is the most abundant member of the 

heat shock protein 70 kDa family in the ER lumen with a concentration reaching 

millimolar range. It consists of two domains: a 44 kDa N-terminal ATPase domain and a 

20 kDa C-terminal polypeptide binding domain (Guth et al., 2004). In addition, BiP also 

contains a highly helical and variable 10 kDa C-terminal domain with unknown fijnction 

(Chevalier et al., 2000). These domains interact to regulate the binding and duration of 

binding of BiP to substrate polypeptides. Like all Hsp70 proteins, BiP binds both ADP and 

ATP which regulate its binding and release o f nascent polypeptides. In mammalian cells, 

ER resident DnaJ like (ERdj) co-chaperones, o f which there are seven (ERdjl-7) bind to 

BiP when it is in an “open” ATP-bound state catalyzing the rapid hydrolysis o f ATP to 

ADP thus leading to binding of BiP to the unfolded substrates (Liberek et al., 1991; Otero 

et a l,  2010). In contrast to ERdj, nucleotide exchange proteins such as BiP associated 

protein (BAP)/Sill, and Grp 170 induce ADP release and exchange for ATP which reopen
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BiP and release the proteins (Hendershot, 2004; Maattanen et al., 2010). It is believed that 

nucleotide exchange proteins together with ERdjs continuously regulate the ATPase cycle 

o f  binding and release o f polypeptide chains allowing them to progress towards an 

increasingly folded state with folding occurring during the release cycle (Hendershot et al., 

1996).

BiP is usually the first chaperone to bind the nascent chains with alternating aromatic and 

hydrophobic residues, and the binding o f BiP to these chains is usually facilitated by 

ERdjl and 2, homologs o f yeast Sec63. BiP is predicted to recognize a frequently existing 

protein sequence which occurs about every 36 amino acids thereby facilitating 

translocation o f nascent chains into the ER lumen (Matlack et al., 1999). However, the 

actual specificity o f BiP in vivo is not yet clear because translocation o f nascent chains into 

the ER more likely involves multiple weak affinity interactions between BiP and nascent 

chains (Maattanen et al., 2010). In general, ERdj co-chaperones direct BiP activity towards 

specific substrates while ERdj3-6 are induced by the unfolded protein response and thus 

are believed to have roles in protein folding and quality control. For example, ERdj3 is 

found in a multi protein complex binding to IgG during its folding in the ER and is only 

found when IgG is also present. In addition, ERdj3, 4 and 6 have also been shown to be 

able to bind directly to unfolded protein substrates both in vivo and in vitro, and in doing 

so, recruit BiP to the substrate also (Dong et al., 2008; Jin et al., 2008; Jin et al., 2009; 

Petrova et al., 2008). It is o f interest that while the interaction o f BiP with nascent chains is 

immediate and transient during synthesis, the association with misfolded proteins tends to 

be prolonged suggesting that this might be a signal for degradation o f these proteins. 

Indeed, prolonged association o f BiP with misfolded substrates such as AF508-CFTR and 

mutant SP-C leads to degradation o f these proteins (Dong et al., 2008; Farinha and 

Amaral, 2005).
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Grp94 is an ER resident Hsp90 protein and encoded by the HSP90B1 gene. It is also 

commonly known as gp96, endoplasmin, Tra-1 or HsplOS. Interestingly, Grp94 is the only 

Hsp90 protein found within the ER in all organisms characterised so far; and is 

ubiquitously expressed and found in high levels in secretory tissues (Eletto el a i ,  2010). 

Although Grp94 exists exclusively as a dimer both in vitro and in vivo, individual 

monomers have also been found to be able to bind ATP and peptide (Vogen et al., 2002; 

Wassenberg el al., 2000). However, it is not yet fully understood whether Grp94 

monomers can act as a chaperone or is associated with an ATPase cycle which could 

facilitate substrate binding. In contrast to Hsp90 in the cytosol, the substrate proteins o f 

Grp94 tend to have distinct folds such as the immunoglobulin domain fold which is found 

in a large fraction o f secretory but not in cytosolic proteins, contain disulfide bonds and 

rely on proper oxidative folding due to a 30-fold higher oxidizing environment in the ER 

compared to the cytosol (Marzec et al., 2012). Like all Hsp90, Grp94 consists o f  4 

domains: an N-terminal domain, an acidic link domain, a middle domain and a C-terminal 

domain. The N-terminal domain mediates ATP association while hydrolytic activity 

requires the linker and middle domains (Eletto et al., 2010). Unlike Hsp90, Grp94 has no 

known co-chaperone which would assist its ATPase cycle, thus helping the loading o f 

substrate or affecting the conformational equilibrium o f the chaperone. In terms o f its 

function in protein folding, Grp94 is quite selective to specific substrates compared to PDI, 

calreticulin or BiP.

M eunier et al. (2002) have suggested the existence o f a multi-protein complex in the ER in 

which BiP and Grp94, the most abundant components, act in concert with each other. 

Specifically, it is thought that BiP transfers substrates including immunoglobulins and 

thyroglobulin to Grp94 for later stages o f folding (Melnick et al., 1994; M uresan and 

Arvan, 1997). This indicates that the folding o f  some proteins requires one chaperone 

system to fold early intermediates and another to continue the process o f folding at later
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stages. On the other hand, some proteins do not require both o f these chaperones: many 

proteins associate with BiP but not with Grp94 whereas IGF interacts exclusively with 

Grp94 and not with BiP (Ostrovsky et a l ,  2009a; Ostrovsky et a i ,  2009b).

5.1.1.2 Unfolded protein response

Once ER homeostasis is unbalanced due to cellular toxicity associated with aggregation of 

misfolded proteins, a signal transduction cascade termed UPR or ER stress response is 

activated in order to alleviate ER stress. Although ER stress is the precursor of UPR, these 

terms have been used interchangeably in various publications. In addition, the UPR has 

been shown recently to be activated during normal cellular events such as B-cell 

differentiation, muscle differentiation, or viral infections as well as being associated with a 

variety of disorders such as those caused by protein misfolding, so-called conformational 

diseases (Benali-Furet et al., 2005; Nakanishi et al., 2005; Reimold et a i ,  2001). 

Typically, the UPR transduction cascades are composed of translation attenuation to 

prevent further production of unfolded proteins, transcriptional induction o f various ER 

resident proteins such as chaperones to further assist folding, induction o f ER-associated 

degradation (ERAD) to target misfolded proteins for degradation via ubiquitination, and 

enlargement of the ER to handle the accumulation of unfolded proteins (Haeri and Knox, 

2 0 1 2 ).

There are three main trans-membrane proteins within the ER that respond to prolonged ER 

stress: inositol requiring kinase 1 (IREl), activating transcription factor 6 (ATF6), and 

double stranded RNA activated protein kinase-like endoplasmic reticulum kinase (PERK). 

These proteins have a transmembrane domain that spans the ER, a cytosolic domain and an 

ER luminal domain and upon ER stress activate transcription o f ER resident chaperones, 

reduce synthesis of new proteins and enhance degradation o f misfolded proteins. However, 

cyto-protective and pro-apoptotic outputs coexist in the UPR cascade. Under prolonged ER 

stress where ER homeostasis cannot be re-established, UPR signalling eventually induces
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cell death by apoptosis. Downstream UPR target genes are regulated by two distinct 

consensus response elements within their promoters, the unfolded protein response element 

(UPRE) and the cis-acting ER stress element (ERSE) (Yoshida el a!., 1998). Under 

prolonged ER stress, sustained PERK signalling has been associated with apoptosis due to 

induction o f CHOP, a bZIP transcription factor, whereas IREl and ATF6 signalling are 

attenuated (Lin et a l ,  2007; Lin et a i ,  2009). On the other hand, expression o f ER 

chaperone BiP seems to protect cells from ER stress (Gorbatyuk et al., 2010) (Figure 5.1).

a) PERK

PERK is a type I transmembrane protein kinase receptor which is activated during ER 

stress by the release o f BiP from its ER luminal domain. Similar to IR E l, this leads to 

oligomerization and subsequent autophosphorylation o f its cytoplasmic domain. Activated 

kinase PERK phosphorylates the a  subunit (S51) o f eukaryotic translation initiation factor 

2 (eIF2a), thus inhibits SOS ribosome assembly and consequently attenuates protein 

translation and alleviates ER protein overload (Harding et a i ,  1999). In contrast, 

phosphorylated eIF2a also selectively activates expression o f ATF4, a transcription factor 

that controls the upregulation o f  chaperones, ERAD machinery and some UPR target genes 

which function in redox homeostasis, amino acid metabolism, apoptosis (i.e. CHOP, 

GADD34) and autophagy (Ameri and Harris, 2008; M atus et al., 2011).

b) IREl

IREl is a type I transmembrane Serine/ Threonine kinase receptor which has a site-specific 

endoribonuclease (RNase) activity in its cytoplasmic domain. IREl is highly conserved 

among eukaryotes. In mammals, two types o f  IREl have been found, IRE la  and IR Eip. 

IRE la  is expressed ubiquitously in all tissues while IR E ip  is limited to the gastrointestinal 

tract. Lack o f IRE I a  is lethal while IR E ip  deficient mice are viable (Haeri and Knox, 

2012). Upon accumulation o f unfolded protein, BiP is released from the luminal domain o f  

IREl leading to dimerization and autophosphorylation o f  IR E l. Once endoribonuclease
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activity is triggered by autophosphorylation, IREl will directly regulate the unconventional 

splicing o f a 26 nucleotide segment from the mRNA coding X-box binding protein -1 

(X bpl) creating a translational frameshift (Yoshida et al., 2001). Spliced X bpl (X bpls) is 

a bZIP (basic region and leucine zipper) domain containing transcription factor o f  the 

ATF/CREB (cyclic-AM P-responsive-element-binding protein) family. X bp ls  is then 

translocated to the nucleus and activates expression o f genes involved in protein quality 

control, folding, the ERAD system and ER and Golgi biogenesis (Ron and Walter, 2007). 

Xbpl splicing also activates transcription o f UPR target genes such as BiP (Travers et a l ,  

2000 ).

c) ATF6

ATF6 is a type II transmembrane protein with both a cytosolic/nucleoplasmic and an ER 

luminal domain. Mammals have two ATF6 homologs, ATF6a and ATF6(3 (Haze et al., 

2001). There are two ER stress regulated Golgi localization sequences (GSLl and GSL2) 

in the luminal domain o f ATF6a and one GSL2 in that o f ATF6(3. BiP is released from the 

GSLl region o f ATF6 luminal domain upon ER stress leading to ATF6 translocation to the 

Golgi where it is cleaved by site-1 proteases (SIP and S2P) to become cleaved ATF6, a 

bZIP transcription factor that interacts with nuclear factor-Y and X bpls, binds to ERSE 

and UPRE elements and activates many ER chaperones such as BIP, Grp94 and PDI, and 

to ERAD related genes and Xbpl mRNA (Haze et al., 1999).

5.1.1.3 ER stress signaling and ER chaperones

In addition to being one o f the first targets for upregulation to assist protein folding upon

ER stress, BiP also acts as a sensor for unfolded proteins in the ER. Under normal

conditions, BiP binds to each o f the three main ER stress sensors (IR E la , ATF6a and

PERK) (F igure 5.1). When misfolded proteins are accumulated within the ER, BiP is

dissociated from these three transmembrane proteins in order to bind to misfolded proteins

which results in activation o f these transmembrane proteins leading to activation o f  the
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UPR response. Recently, the ERSE has been indicated to be the most important element of 

the BiP promoter in upregulation of BiP during ER stress. BiP activation is mainly 

regulated at the transcriptional level and mediated by three copies of the ERSE with the 

evolutionary conserved sequence o f CCAAT(N9)CCACG located upstream of the TATA 

box (Li and Lee, 2006). However, upregulation of BiP is also mediated through a non 

ERSE element pathway which involves ATF4 and CREBl complex (Luo et a l,  2003; Roy 

and Lee, 1999). Transcription factors that bind to ERSE element include NF-Y, Y Y l, 

TFII-1, Spl and especially the cleaved form o f ATF6 which is the most potent activator of 

BiP upregulation. Cleaved ATF6 binds to the ERSE element by forming a complex with 

NF-Y (Yoshida et al., 2001). However, ATF6 function in induction of BiP remains 

controversial. It was reported that ER stress induction of BiP was unaffected in MEF cells 

treated with ATF6a siRNA (Lee et a l, 2003a). In contrast, other studies in vivo have 

shown that ATF6a targeting siRNA or mutations within ATF6a dramatically reduced 

induction of BiP (Baumeister et a!., 2005; Thuerauf et al., 2004). Thus, an animal model 

for ATF6a is needed to study the effect of this protein towards BiP expression upon ER 

stress.

In addition to ATF6, Xbpl and ATF4 are also involved in the induction o f BiP upon UPR. 

A conserved ATF4 binding site (5’-TGACGTGA-3’) upstream of the ERSE elements has 

been identified in the promoter region of BiP. Upon ER stress, ATF4, upregulated through 

the activation o f PERK pathway, forms a complex with the nuclear co-factors ATF1 and 

CREBl in vivo which in turn bind to the ATF/CRE binding site in the BiP promoter 

(Harding et al., 2000). Similar to ATF6, induction of BiP by ATF4 is not yet fully 

understood and has been found to be dispensable in certain experimental studies.

Many studies have shown that overexpression o f BiP decreases the level o f Ap4 and A|342 

amyloids in cells expressing p-amyloid precursor mutant (Hoshino et al., 2007) reduces 

apoptosis in Chinese hamster ovary cells (Morris et al., 1997) and cardiomycytes (Fu et a l,
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2008) and increases the Ca-^ concentration within the ER in Hela cells (Lievremont et al.,

1997). In addition, increased expression o f BiP also protects photoreceptors from ER stress 

induced by accumulation o f P23H RHO in a rat model o f retinitis pigmentosa (Gorbatyuk 

et al., 2010).

Similar to BiP, human Grp94 promoter also contains 4 cis-acting ERSE elements and the 

main mechanism controlling its expression is transcriptional regulation upon ER stress 

(Marzec et al., 2012). In additon, NF-Y binds to the CCAAT m otif o f  the ERSE whereas 

cleaved ATF6 has a specific binding site at CCAGG m otif o f the ERSE. W hile the binding 

o f  NF-Y is required for the activity o f Grp94 promoter, the binding o f cleaved ATF6 to 

ERSE is more specific and sufficient than that o f  NF-Y. The 9bp GC rich linker o f  the 

ERSE is also important in induction o f Grp94 during stress response (Yoshida et al.,

1998). Furthemiore, the Grp94 promoter can also be activated by another transcription 

factor involved in UPR, X bpl. In yeast, the ER stress responsive element (UPRE) with a 

consensus sequence TGACGTGG/A is targeted by X bpl. Although the promoter o f Grp94 

and many other chaperones do not contain canonical UPRE, X bpl, however, has been 

observed to bind the CCACG m otif in the ERSE at a lower affinity than cleaved ATF6 

(Yoshida et a l ,  2001).

In addition, UPR activation also increases expression o f other ER localised stress proteins 

such as PDI, Erp72, GRP170, and calreticulin. The coordinated transcriptional regulation 

o f these proteins suggests they form a functional network to increase the folding efficiency 

and reduce the chances o f misfolded protein escaping. Such an ER network is equivalent to 

the cytosolic folding factors that also form a dynamic complex mentioned in Section 

4.1.2.3 , Therefore, it is not surprising that depletion o f  one chaperone would affect 

activities or levels o f expression o f other chaperones in the complex. Indeed, the IREl 

branch o f the UPR is activated leading to BiP induction when Grp94 is suppressed by 

RNAi in C. elegans (Kapulkin et al., 2005). BiP is also upregulated when C.elegam E3
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ubiquitin ligase HRD-1 is silenced  indicating that the E R A D  com ponent also importantly 

functions in the quality control network (Sasagaw ’a et al., 2007). In m am m alian ce lls , 

knockdow n or inactivation o f  B iP  induces expression  o f  Grp94, PDI, calreticulin and 

E R p57 w hile silencing  o f  calreticulin  m ediates expression  o f  Grp94 and PDI (Maruri- 

A vidal et al.,  2008). On the other hand, knocking out Grp94 in m ice results in em bryonic  

lethality at the stage w hen m esod en n  form ation occurs, w h ile  com plete deletion  o f  B iP, 

ER p57 and calreticulin also leads to lethality  in m ouse em bryo thus indicating that these  

chaperones are essential in early developm ent o f  the m ouse em bryo (H endershot, 2004; N i 

and Lee, 2007).

5.1.1.4 ER chaperones facilitate ER-associated protein degradation

In vitro  studies using a reversible ER stress inducer (i.e . dithiothreitol (D T T )) suggested  

that during transient stress the chaperones bind to nascent proteins and allow  them  to fold  

later w hen the stress condition  is resolved (M a and H endershot, 2004). H ow ever, m any  

unfolded proteins w ill be targeted for E R A D  to reduce the protein load and accum ulation  

o f  these proteins w ithin the ER i f  the stress is prolonged. During E R A D , the targeted 

proteins are retrotranslocated to the cytoso l and degraded by the ubiquitin proteasom e  

system . ER chaperones p lay a k ey  role in targeting substrates for the E R A D  process by 

recogn izing  substructures such as hydrophobic patches, unpaired cystein es, and partially  

de-m annosylated N -g lycan s w ithin m isfo lded  proteins (N i and Lee, 2 0 07). A s m entioned  

above, the calnexin/calreticulin  chaperone com p lex  tends to repeat the fo ld ing cy c le  with  

the help o f  U G G T  until its substrate is properly folded. H ow ever, these glycoprotein  

substrates w ill eventually  be subjected to term inal m annose trim m ing (from  M an9GlcNAc2  

to M angG lcN A c: or ex ten sive ly  to M an6G lcN A c 2 or M an5G lcNAc2) by ER a  1,2- 

m annosidases (Lederkrem er and G lickm an, 2 005). A s a result, ED EM  w ill target these  

proteins for degradation. In addition, three ED EM  h om ologs (ED EM  1-3) are 

transcriptionally induced upon ER stress by the activation  o f  IR E l w h ile  overexpression  o f
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EDEM facilitates faster release o f  unfolded proteins from the calnexin/calreticulin 

chaperon complex for degeneration (Molinari et a l ,  2003; Yoshida et al., 2003).

On the other hand, BiP with its co-chaperones target proteins for degradation through the 

recognition o f hydrophobic regions in nascent polypeptides which are usually exposed on 

the surface o f misfolded or unfolded proteins. They also simultaneously hold the proteins 

in soluble conformations to prevent their aggregation within the ER. Indeed, all known 

soluble ERAD targeted proteins require BiP and its co-chaperones for degradation (Fewell 

et al., 2001; Nishikawa et al., 2005). Recently, Grp94 has been found to cooperate with 

osteosarcoma amplified 9 (OS-9), a soluble ER resident protein which can distinguish 

between folded and misfolded protein through an as yet unidentified sensing mechanism 

(Alcock and Swanton, 2009; Szathmary et al., 2005). However, it is thought that OS-9 uses 

polypeptide based signals to bind glycoproteins and target them to ERAD degradation 

(Christianson et al., 2008). Together, Grp94 and OS-9 can deliver the mutant 1-antitrypsin 

to the Hrd-1 ubiquitin ligase complex in the ER membrane for retrotranslocation by the 

ERAD machinery (Bernasconi et al., 2008; Christianson et al., 2008). In addition to the 

enzymatic activity, PDI is also a chaperone playing an important role in ERAD targeting. 

PDI interacts specifically with disulfide-free, misfolded secretory protein in yeast and 

targets them for degradation (Gillece et al., 1999).

5.1.1.5 ER stress and Apoptosis

In cell culture, prolonged ER stress, a pathological factor in neurodegenerative diseases, 

diabetes, renal diseases and atherosclerosis appears to stimulate IR E l, ATF6 and PERK 

pathways sequentially and deactivates them in the same order triggering apoptosis (Lin et 

al., 2007). Four pro-apoptotic pathways are associated with ER stress: 1) activation o f 

A SK l (apoptosis signal regulating 1) mediated by IR E la , 2) caspase-12, 3) PERK 

induction o f CHOP, and 4) release o f Ca'" from the ER which mediates pro-apoptotic 

Bak/Bax (Haeri and Knox, 2012).
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The IRE1/TRAF2/ASK1/JNK pathway is the dominant pro-apoptotic pathway in ER 

stress. IRE la  recruits TNF receptor-associated factor 2 (TRAF2) to its cytosohc domain 

which can in turn activate apoptosis signal-regulating kinase (ASK) 1, p38 and finally c- 

Jun amino-terminal kinase (JNK) (Nishitoh et al., 2002; Urano et al., 2000). Upregulation 

of ASKl and JNK leads to phosphorylation and inactivation of anti-apoptotic Bcl-2 

(Yamamoto et al., 1999). In addition, JNK has been shown to translocate to the 

mitochondria and mediate phosphorylation of Him leading to Bax-dependent release of 

cytochrome c (Lei and Davis, 2003; Putcha et al., 2003). Also, IRE la  can interact with 

TNF receptor 1 (TNFRl) and TRAF2/ASK1 thus activating JNK, or TRAF2 and the 

inhibitor of icB kinase (IKK) leading to activation of nuclear factor kB ,  both of which 

trigger apoptosis in cells (Yang et al., 2006).

The PERK7ATF4/CHOP pathway is the second pro-apoptotic pathway induced during 

prolonged ER stress. CHOP is minimally expressed during normal conditions and 

upregulated moderately upon ER stress (Haeri and Knox, 2012). Actually, all three UPR 

pathways are able to induce CHOP transcriptionally (Oyadomari and Mori, 2004) (Figure 

5. 1). It has been shown that CHOP activation triggers cells towards apoptosis by 

downregulation o f Bcl-2 and/or depletion of glutathione leading to accumulation of 

reactive oxygen species within the cell (McCullough et al., 2001). In addition, CHOP also 

activates other pro-apoptotic factors such as DR5, TRB3, BIM, and GADD34 (Ohoka et 

al., 2005; Puthalakath et a l ,  2007; Song et al., 2008; Yamaguchi and Wang, 2004). 

Indeed, CHOP has been associated with neurodegenerative diseases (i.e. Parkinson’s 

disease), retinitis pigmentosa, colitis, cardiac overload, renal dysfunction, etc. Therefore, 

CHOP is a major pro-apoptotic factor in ER stress and is thus a major target therapeutic 

target.

Protein folding is an energy demanding process and can involve the formation o f disulfide 

bonds which are necessary for proper folding of some proteins. Therefore, this process
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produces a lot of reactive oxygen species which are accumulated greatly during ER stress. 

The PERK pathway of UPR has been found to upregulate the transcription of glutathione 

S-tranferase, NAD(P)H:quinine oxidoreductase-1, y-glutamate cysteine ligase, and 

hemeoxygenase in order to mininse oxidative stress; a potent disease causing factor 

associated with AMD, retinitis pigmentosa and other ocular diseases (Cullinan and Diehl, 

2004; Lee et a/., 2003b).

Moreover, activation of ER localized caspase 12 is highly specific to the UPR response 

since caspase 12 null mice are resistant to apoptosis induced by ER stress including 

disruption of ER calcium storage and accumulation of excess proteins within the ER but 

not to other pro-apoptotic signals (Nakagawa et a i,  2000). Caspase-12 is a member of the 

group I family o f caspases consisting of caspase-1, 4, 5, 11 and 13. As mentioned above, 

during ER stress IRE la  can recruit TRAF2 adaptor protein which in turn can also bind to 

procaspase 12 during ER stress and induce activation via proteolytic cleavage (Yoneda et 

ai, 2001). Caspase 12 is located in the cytoplasmic side of the ER membrane and caspase 

7 can be translocated to the ER membrane and interact with procaspase 12 during ER 

stress leading to its cleavage and activation. Activated caspase 12 is then translocated to 

the cytosol where it activates caspase 9 and caspase 3 in a cytochrome c-independent 

manner (Rao et a i,  2002). Indeed, the authors also suggested that BiP can be present as a 

transmembrane protein within the ER or in the cytosol and can form a complex with 

caspase 12 and caspase 7 thus preventing their activation upon ER stress. Prolonged ER 

stress might lead to disruption of the complex and release of active caspase 12 to the 

cytosol. However, functional caspase 12 is lost in humans due to deletion during evolution, 

thus other caspases might play a role in apoptosis induced by ER stress such as caspase 8 

(Fischer a/., 2002; Momoi, 2004).
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Lastly, ER stress also activates pro-apoptotic member o f Bcl-2 family such as BAD, BAX 

and BAK and down-regulates anti-apoptotic like Bcl-2 in mitochondria. This in turn 

triggers the release o f cytochrome c from mitochondria leading to apoptosis.

5.1.2 Rhodopsin and adRP

Rhodopsin is the most abundant protein in photoreceptors, accounting for nearly 30% of 

the entire proteome o f these cells and over 90% o f all proteins in the outer segment region 

(Hargrave, 2001). RHO is critical in phototransduction and is expressed only in rod 

photoreceptors. RHO is a transmembrane G-protein coupled receptor (348 aa), organized 

into 7 transmembrane alpha helices connected by six loops o f various lengths and contains 

a binding pocket for light sensitive 11-cis-retinal (Palczewski et al., 2000). Being a 

transmembrane protein, RHO synthesis occurs in the ER where nascent RHO polypeptide 

is co-translationally transported to the ER and subjected to post-translational modifications 

including disulfide bond formation and glycosylation at asparagines-2 and 15 residues with 

Asn-15 glycosylation being important in signal transduction (Fukuda el al., 1979; Kaushal 

et al., 1994; Krebs ef al., 2004). Once properly folded, RHO exits the ER and undergoes 

additional sugar modifications within the Golgi from where it is finally transported to the 

rod photoreceptor outer segment (Liang et al., 1979). In the outer segment, 11-cis-retinal 

(the aldehyde form o f Vitamin A) covalently binds to opsin (the apoprotein o f RHO) via a 

protonated Schiff based at Lysine-296 residue in transmembrane helix VII forming a RHO 

chromophore. This protonated Schiff base linkage is stabilized by the negatively charged 

Glu-113 in transmembrane helix III. In addition, many polar or polarisable groups (i.e. 

Tyr-43, M et-44, Leu-47 in helix I, Thr-94 in helix-II, Phe-293 and Phe-294) surrounding 

the hydrophobic chain o f the retinal chromophore help to ensure correct positioning o f the 

Lysine-296 side chain (Hwa et al., 2001; Janz et al., 2003).

When light strikes RHO, absorption o f  a photon causes 11-cis-retinal to isomerize to all-

trans-retinal which changes the conformation o f  RHO leading to activation o f the G
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protein, transducin and downstream signal transduction cascades which causes closure of 

the cyclic GMP-gated cation channel in the plasma membrane and hyperpolarization o f  the 

photoreceptor cell. This process, termed the visual phototransduction cascade, generates an 

electrical signal and activates the neural circuitry o f vision (Figure 5.3). After 

isomerisation and release from the opsin protein, all-trans-retinal is reduced to all-trans

retinol and travels to the RPE for recycling via the visual cycle. During this process, all- 

trans-retinol is first esterified by lecithin-retinol acyltransferase (LRAT) and converted to 

11-cis-retinol by RPE65 and then finally oxidized to 11-cis-retinal before being transported 

to the rod outer segment where it is covalently linked to an opsin protein to form a new 

functional RHO molecule.

M utations in the RHO  gene are the most common cause o f  RP and account for -30-40%  of 

adRP (Dryja et al., 2000; Noorwez et a l ,  2008). So far, over 120 distinct missense 

mutations o f the RHO gene have been found (http://www.sph.uth.tmc.edu/Retnet/). Some 

o f  these mutations cause recessive RP and congenital stationary night blindness; however, 

the vast majority o f them are associated with adRP. Studies o f these mutations in cells and 

transgenic models suggested there are two major types o f  RHO mutations based on the 

mechanisms o f pathogenesis. Class I mutations often occur in the C-terminus o f  the 

protein, resemble wild type RHO (WT RHO) in expression level, have the ability to bind 

with 11-cis-retinal, and to fold correcdy but exhibit impairment in normal targeting to 

photoreceptor outer segments (Kaushal and Khorana, 1994; Sung et a!., 1994; Tam et al., 

2000). On the other hand, class II mutants, the most common adRP mutations and 

characterised by mutations in the intradiscal, transmembrane, and cytoplasmic domains of 

RHO, have much lower expression levels compared to the WT protein, variable or no 

ability to bind to 11-cis-retinal and are inefficiently transported to the membrane. This 

class o f mutant also tends to be misfolded and retained within the endoplasmic reticulum 

(Mendes el al., 2005; Sung el al., 1991). In addition, Mendes et al. (2005) proposed four
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extra classes of RHO mutations based on different biochemical and cellular defects. Class 

III mutations include those that affect endoc>losis such as R135L (Chuang et al., 2004), 

while class IV mutations (i.e. T4R mutation in dogs) are thought to affect protein stability 

and posttranslational modification but do not affect RHO folding (Zhu el a i,  2004). 

Similar to class IV, class V mutations do not seem to affect folding but cause an increase in 

transducin activation (Andres et a i,  2003). Finally, class VI consists of mutations which 

lead to constitutive activation of opsin in the absent of chromophore and in the dark 

(Figure 5.4).

The first adRP mutation to be identified and a leading cause of adRP in North America is 

the substitution of proline to histidine at position 23 of the RHO gene (P23H RHO) (Dryja 

et a l,  1991). This proline residue at position 23 is highly conserved among vertebrates and 

invertebrate opsins and in other G protein coupled receptors such as beta-2-adrenergic 

receptor (Applebury and Hargrave, 1986). This class II mutant is misfolded at the N 

terminal plug, the binding site for 11-cis-retinal chromophore. Many biochemical studies 

have demonstrated that P23H mutation induces RHO misfolding. Mutant RHO forms 

oligomeric aggregates, and instead o f being properly glycolysated as WT RHO, P23H 

RHO is complexed with endoplasmic reticulum chaperones such as BiP or Grp94 

(Anukanth and Khorana, 1994; Liu et a i,  1996; Noorwez et a l,  2004). Furthermore, unlike 

WT RHO which is translocated to the surface membrane, P23H RHO is localized to the 

ER/Golgi (Tam and Moritz, 2006). Several studies also suggested that P23H has a 

dominant negative effect over wild type RHO. For example, co-expression of WT and 

P23H RHO resulted in the formation of microscopically visible inclusion bodies 

containing WT RHO and in the disruption of normal trafficking of WT RHO synthesized 

in the same cell (Illing et al., 2002; Saliba et a i,  2002), while the P23H mutant enhanced 

proteasome mediated degradation o f the WT protein (Rajan and Kopito, 2005). The 

chaperone folding machinery is expected to be highly efficient in photoreceptor cells since
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RHO  is continuously synthesised in large am ount o f  up to 10’ m olecules per day per 

photoreceptor. Therefore, accum ulation o f  m isfolded P23H RH O in the ER  can induce ER 

stress leading to unfolded protein response (U PR) and ultim ately photoreceptor 

degeneration (C happie et al., 2001). Indeed, m ore than 140 R P-linked R H O  m utations 

have been identified and those that result in protein  m isfolding and ER retention are the 

m ost prevalent (M endes et al., 2005). Li et al. (1996) also suggested that m ost o f  point 

m utations in the intradiscal dom ain linked to adR P lead to either com plete or partial 

m isfolding o f  RHO.

M isfolded P23H RHO  is detected by BiP and G rp94 w ithin the ER; w hereas DnaJ- 

containing protein IB (H S JIB ), a cytoplasm ic chaperone, recognizes parts o f  m isfolded 

protein that face the cytosol (C happie and C heetham , 2003). M isfolded RHO also interacts 

w ith calnexin, overexpression o f  which has been show n to prom ote partial folding o f  

m isfolded P23H protein and to reduce degradation via ERA D in the presence o f  11-cis- 

retinal in m am m alian cells (N oorw ez et al., 2009). In contrast, P23H R H O  undergoes the 

sam e degeneration as observ'ed in W T RHO in cells exhibiting dysfunctional calnexin 

suggesting that calnexin m ight not be required in RHO biogenesis but its upregulation 

could increase its interaction with P23H RHO  (K osm aoglou and C heetham , 2008). 

M oreover, E D E M l has also been found to interact w ith P23H RHO , prom oting its 

degradation via ER A D  and also enhancing the folding and transportation o f  P23H RH O 

(K osm aoglou et al., 2009).

In addition, P23H RHO also leads to an increase in the chaperone BiP. Expression levels 

o f  heat shock cognate protein 3 (Hsc3), the D rosophila BiP hom olog, has been show n to 

increase in transgenic D rosophila expressing the class II m utant rhodopsin l G 69D  and 

P37H (the fly hom olog o f  m am m alian P23H RH O ), or in flies deficient for ninaA , a 

chaperone w hich functions in m aturation o f  fly RH O (M endes et al., 2009; Ryoo el al., 

2007). BiP expression levels also increase in m am m alian cells overexpressing P23H RHO
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but not WT RHO (Lin et al., 2007). Accumulation of P23H RHO also triggers UPR in the 

ER (Mendes and Cheetham, 2008). For example, flies expressing P37h rhl or G69D rhl, 

or lacking ninaA experiences an increase in Xbpl splicing (Ryoo and Steller, 2007). 

Similarly, rats expressing P23H RHO have an increased activation of all three UPR 

pathways IREl, PERK and ATF6, culminating in high expression levels of CHOP and 

caspase 7, critical executioners of UPR-induced apoptosis (Gorbatyuk et al., 2010). 

Furthermore, these animals also exhibit a decrease in BiP expression level simultaneously 

with an increase in CHOP expression levels with age; thus implicating prolonged ER stress 

caused by accumulation o f misfolded P23H RHO as the main factor leading to 

photoreceptor cell death (Lin ef al., 2007).

Protein aggregation is also a hallmark of pathology in other diseases of retinal 

degeneration. For example, mutations in the gene encoding EL0VL4 (elongation o f very 

long chain fatty acids protein 4) have been identified in Stargardt-like macular 

degeneration. EL0VL4 is a transmembrane protein which functions specifically in 

photoreceptor lipid biosynthesis and resides within the ER. Similar to P23H RHO, mutant 

EL0VL4 misfolds and binds to WT EL0VL4 forming aggregates in a dominant negative 

fashion (Karan ei al., 2005; Vasireddy ef al., 2005). Mutant EL0VL4 also activates UPR 

through BiP and CHOP upregulation in vitro thus suggesting a possible mechanism for 

photoreceptor cell death in this disease (Karan et al., 2005). Another example is the rdl 

mutant caused by mutation in cytosolic PDE6-P protein which regulates cGMP levels in 

photoreceptors in response to light activation which disrupts the function of this protein 

causing accumulation of cGMP which leads to a significant increase of intracellular 

calcium and ultimately photoreceptor cell death. Indeed, retinal degeneration in the rdl 

mouse is coupled with an increase in both CHOP and peIF2a (Yang et a l ,  2007). 

However, the reason why this mutation appears to activate the UPR in the ER still needs to 

be elucidated. It might be because ER stress is also triggered by calcium concentration,

188



thus calcium dysregulation in rdl or other retinal diseases may cause UPR activation (Lin 

and Lavail, 2010).

To summarize, these data suggest that a common potential therapy for this type o f disease 

could be developed based on promotion o f correct protein folding, inhibition of 

aggregation and increase o f  degradation.

5.1.2.1 Current therapeutic strategies for P23H RHO linked RP

There are three main ways to reduce apoptosis due to prolonged ER stress caused by 

expression o f P23H RHO; 1) upstream o f  ER stress by promoting partial folding and 

trafficking o f misfolded protein; 2) at the level o f  ER stress sensors by attenuating their 

activation; 3) downstream o f the UPR by manipulating the complex network o f  different 

factors that execute the apoptotic signal (Griciuc et a!., 2 0 II).

1) Upstream of ER stress 

Pharmacological chaperones such as 11-cis-retinal and its isomer 9-cis-retinal have been 

found to promote correct folding o f P23H RHO and improve its ability to bind to retinal 

and trafficking to the plasma membrane in mammalian cells (Krebs et a!., 2010; Noorwez 

et al., 2004). Moreover, 1 l-cis-7-ring-retinal, a modified form o f retinal that cannot 

undergo isomerisation upon light exposure has a higher binding affinity for P23H RHO 

than for WT RHO and increase P23H RHO folding in mammalian cells (Noorwez et al., 

2003). Indeed, the retinal precursor vitamin A palmitate has been used as a nutritional 

supplement for RP patients (Berson et al., 1993b). Although there is no effective cure for 

RP or any beneficial effects on ftinctional vision such as visual acuity or visual field, this 

therapy has been shown to delay the rate o f retinal degeneration thus slowing progression 

o f the disease in RP patients (Berson et a l ,  1993b; Shintani et al., 2009). However, 

potential disadvantages o f retinal derivatives are their chemical instability, photolability 

and the potential toxic effects o f their metabolites (such as retinoic acid) on other tissues. 

The recommended dose o f 15000 lU/day in RP patients is far beyond the daily
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recommendation o f about 5000 lU/day o f  vitamin A (Berson et al., 1993a). This high dose 

o f vitamin A could be teratogenic and might also cause liver damage and elevated blood 

lipids in these patients (Shintani et al., 2009). M oreover, 11-cis-retinal was only effective 

in rescuing P23H and T17M mutations and had little effect on other mutations in the RHO 

gene (Krebs et al., 2010), which may partially explain the modest clinical efficacy o f 

vitamin A therapy when used in the treatment o f a broad range o f RP mutations (Berson et 

al., 1993b).

Recently, retinobenzaldehydes have been developed and they represent a class o f more 

stable RHO ligands with distinct structure and less toxicity compared to retinals. These 

potential chaperones (CF35Es and CF35EsC) also promote P23H RHO trafficking in 

HEK293 cells (Ohgane et al., 2010). In a recent high-throughput screen in HEK293 cells, 

novel pharmacological chaperones such as P-Ionone and NSC45012 have also been found 

to improve P23H RHO folding to certain extent by occupying the same hydrophobic 

region o f the retinal binding site (Noorwez ef al., 2008). Excitingly, the use o f  natural 

cytoprotective compounds such as tauroursodeoxycholic acid (TUDCA), curcumin and 

safranal have been tested recently in rat models o f  P23H (Fernandez-Sanchez et al., 2012; 

Fernandez-Sanchez et al., 2011; Vasireddy et al., 2011). These compounds were shown to 

disrupt protein aggregation, facilitate protein trafficking to the plasma membrane in vitro 

and provide beneficial effects on retinal degeneration in terms o f retinal m orphology and 

physiology in vivo.

A second strategy to restore ER homeostasis is to target the mutant RHO at the genetic 

level. Currently, gene therapy for some forms o f  RP has been successfully used in both 

animals and humans (Acland el al., 2005; M aguire et al., 2009; Mihelec et al., 2011; Tan 

et al., 2009). However, therapy for P23H linked RP represents a challenging task due to its 

autosomal dominant nature. Nevertheless, some groups have developed different methods 

to tackle this problem. M utation independent therapies including ribozymes or RNAi are
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useful in suppressing both mutant and wild type RHO, whereas gene replacement can be 

used in parallel to introduce WT RHO cDNA (Farrar et al., 2002). For examples, 

subretinal injection o f AAV2/5 expressing shRNAs targeting both WT and mutant RHO in 

combination with WT RHO cDNA shows suppression o f retinal degeneration in mice 

expressing P23H RHO (O'Reilly et al., 2007; Palfi et al., 2010). On the other hand, a 

recent report showed that AAV2/5 delivery o f  WT RHO alone is sufficient to suppress the 

disease progression in mice expressing P23H RHO (Mao et al., 2011).

2) At the level of ER stress sensors

As mentioned above, BiP is an important sensor in unfolded protein induced ER stress. 

Indeed, administration o f AAV2/5 expressing BiP has been found to delay retinal 

degeneration and lead to better ERG measurement in a rat model o f P23H (Gorbatyuk et 

al., 2010). Although, addition o f BiP does not seem to promote proper trafficking o f P23H 

to the plasma membrane in vitro, it does alle\ iate ER stress by reducing the production o f 

peIF2a and cleaved ATF6 which are important in the UPR transduction cascade in both in 

vivo and in vitro. In addition, BiP also interacted with caspase-12 and pro-apoptotic Bik, 

and suppressed ER stress induced CHOP regulation in vivo.

In addition to BiP and Grp94, calnexin is an important chaperone which functions in 

quality control o f glycoproteins. Noorwez et al. (2009) recently demonstrated that 

upregulation o f calnexin in the presence o f 11 -cis-retinal increased both the efficacy and 

the accuracy o f P23H RHO folding. They also showed that misfolded RHO is a substrate 

for calnexin expression o f which can be upregulated to increase the folding efficacy o f 

misfolded protein.

3) Downstream of ER stress response

IREl activation can promote apoptosis via ASK 1-INK signalling and caspase-12 

activation. Therefore, suppression o f ASK 1-IN K  signalling by a JNK inhibitor such as
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SP600125 might inhibit cell death in retinitis pigmentosa since it has been shown to reduce 

ganglion cell loss in a rat model o f acute glaucoma attack (Sun et a l ,  2011).

In addition to proteasomal degradation, autophagy also plays an essential role in clearing 

up protein aggregation. This cellular process can be induced by stimuli toxic to the cell 

such as aggregation o f misfolded protein, accumulation o f damaged organelles or amino 

acid derivation. Indeed, rapamycin targeting the mTOR signalling pathway, has been found 

to induce autophagy in cells expressing P23H RHO and specifically reduce mutant RHO 

while leaving the WT protein intact (Kaushal, 2006).

5.1.3 O bjectives

It was shown in the previous chapters that subretinal inoculation of AAV2/9 expressing a 

doxycycline-inducible shRNA targeting transcripts encoding the neuronal vascular 

endothelial tight junction protein claudin-5 results in iBRB modulation for the period of 

time during which the inducing agent is administered, providing a means of systemic drug 

delivery specifically to the retina, avoiding access to the brain. In the context of this 

chapter, I wish to describe here a minimally invasive therapy for adRP, validated in 

transgenic rats expressing P23H mutation within the human RHO gene. The rat model used 

in the experiments has the slowest photoreceptor degeneration rate in three lines of rats 

created with P23H transgene (Machida et a l ,  2000). Therefore, they are the most suitable 

model to study the disease progression which is equivalent to that in humans. In addition, 

GA and 17-AAG have been shown previously to have a positive effect in reducing 

insoluble P23H RHO in vitro although they did not seem to promote P23H RHO 

trafficking to the cell membrane or increase the levels of soluble P23H (Mendes and 

Cheetham, 2008). Administration of 17-AAG enhances P23H folding and reduces the 

dominant negative effect on WT RHO processing and also decreases protein aggregation in 

a model of RPIO dominant RP (Tam et al., 2010). On the other hand, 17-DMAG has been 

shown to be a safer derivative of GA and to inhibit Grp94 (Lawson et al., 1998) (Figure
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5.5). Therefore, experiments were set out to test the hypothesis that systemic 

administration o f 17-DMAG in conjunction with the CLDN5 AAV2/9 system in rats 

expressing P23H would lead to inhibition o f Grp94 and increased level o f BiP which was 

previously shown to be protective against ER stress-induced apoptosis in the same rat 

model (Gorbatyuk et al., 2010) (Figure 5.6).

193



5.2 M aterials and M ethods

5.2.1 Animal and Experimental Groups

Homozygous P23H-3 albino rats were originally sourced from Dr. M atthew LaVail 

Laboratory, USA (University o f San Francisco, School o f Medicine; 

http://www.ucsfeve.net/mlavailRDratmodels.shtml) and bred on-site with wild type albino 

W istar rats to produce heterozygous P23H-3 rats at the Ocular Genetics Unit in TCD.

5.2.2 Subretinal and intravitreal AAV injection

Animals were anesthetized by i.p. injection o f  ketamine (100 mg/kg) and Domitor (100 

|ig/kg) and later reversed with Antisedan (500 |ig/kg). Each eye received a single 

subretinal injection o f 5 |̂ 1 dose o f 5 x 10" vp/ml AAV (Vector Biolabs) to the subretinal 

space and a retinal detachment induced. Rats were injected with NT AAV2/9 in the left 

eye and CLDN5 AAV2/9 in the right eye. Rats were subsequently administered 

doxycycline (2 mg/ml) and 17-DMAG (Selleckchem) at three different concentrations (0.2 

m g/kg/day, 2 m g/kg/day or 4 mg/kg/day) in their drinking water.

For intravitreal injection, each rat received a single injection o f 5 |al o f  17-DMAG (1 

mg/ml or 0.2 mg/ml) in the treated eye and saline in the contralateral eye.

5.2.3 Generation of P23H pcDNA3 construct

The human WT RHO sequence was originally cloned into pcDNA3 plasmid (F igure  5.7) 

using EcoRI and H indlll restriction sites. W T RHO pcDNA3 was provided by Dr. Sophia 

Kiang. M utagenesis was carried out using QuikChange II site-directed mutagenesis kit as 

m anufacturer’s protocol (Agilent Technologies). The P23H mutagenesis primers used 

were:

Forward: 5 ’-GTGTGGTACGCAGCCACTTCGAGTACCCAC-3’

Reverse: 5 ’-GTGGGTACTCGAAGTGGCTGCGTACCACAC-3’
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The treated DNA sample was then transformed into XL-1 Blue supercompetent cells and 

sequenced using CMVF_pcDNA3 forward primer by SourceBioscience. Sequences were 

viewed using FinchTV software.

5.2.4 Q uikC hange Site-Directed M utagenesis

Reactions for both sample and control DNA were set up following the manufacturer’s 

protocol. Sample reaction consisted of 1 |il of WT RHO DNA (20 ng/[al), 5 |il of lOx 

reaction buffer, 1.263 |il of each forward and reverse primer (100 pmol/fil ), 1 îl o f dNTP 

mix, and 39.474 (il dH20 to a final volume of 50 |il. Sample reaction was prepared in 

duplicates. Control reaction consisted of 2 ^1 of pWhitescript template (5 ng/|il), 5 |il of 

lOx reaction buffer, 1.25 |al of each oligonucleotide control primer #1 and #2 (100 ng/ ^1), 

1 |al of dNTP mix and 38.5 1̂ of dH20 to a final volume of 50 |il. In addition, 1 |il of 

PfiiTwbo DNA polymerase (2.5 U/ |iil) was then added to each reaction which was later 

overlaid with 30 |al of mineral oil. Cycling parameters for each reaction were; 95°C for 30 

s and 12 cycles of 95°C for 30 s, 55°C for 1 min and 68°C for 3 min 30 s. Subsequently, 1 

|il of the Dpn I restriction enzyme (10 U/|il) was added below the mineral oil overlay. 

Each reaction was then mixed gently and thoroughly, centrifuged for 1 min, and incubated 

at 37°C for 1 h to digest the parental supercoil dsDNA. Later on, 1 |il of treated DNA from 

each sample and control reaction was transformed into 50 |jl aliquots of XLl-Blue 

supercompetent cells.

5.2.5 Cell culture and cell transfection

Twenty four hours prior to transfection, either 2.4 x 10  ̂were plated out in each well of a

12-well plate for RNA studies or 6 x 10- cells were plated out in each well of 6-well plate

for protein studies. Quantities of plasmid ranging from 400 ng in each o f a 12-well plate to

1 ug in each of a six well plate were transfected using Lipofectamine 2000 as outlined by

the manufacturer (Invitrogen). Plasmids used were WT RHO pcDNA3, P23H RHO

pcDNA3 and empty plasmid pcDNA3.1 (+) (Figure 5.8). Five hours post transfection,
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media in these plates were changed and either 4 |iM I7-DMAG or nuclease-free water was 

added to each well.

5.2.6 W estern blot analyses

Whole cell and nuclear protein lysates were extracted from cultured cells based on a 

protein isolation protocol previously described in (Aheme et a i, 2004). Total retinal 

tissues were harvested in protein lysis buffer. The homogenate was centrifuged at 13000 

rpm for 20 min at 4°C, and the supernatant was removed for western blot analysis. All 

protein samples were incubated at 95°C for 10 min, or 60°C for 30 min in the case o f RHO 

analysis to ensure separation of different types of RHO oligomers (Vihtelic et al., 1999) 

Antibodies for Western blots were as follows; rabbit polyclonal against GRP78 BiP 

(1:1000), rabbit polyclonal anti GRP94 (1:1000), rabbit polyclonal anti eIF2A (phosphor 

S51) (1:500), mouse monoclonal anti RHO 1D4 (1:1000) (Abeam), rabbit polyclonal anti 

ATF6a (H-280) (1:500), CHOP/GADD153 (R20) (1:200) (Santa Cruz Biotechnology), 

mouse monoclonal anti P-actin (1:2000) (Sigma Aldrich). Membranes were washed with 

TBS and incubated with a secondary anti-rabbit (IgG) antibody with HRP conjugates 

(1:2500), or anti mouse antibody (1:1000) (Sigma Aldrich). All Western blots were 

repeated a minimum of three times.

5.2.7 X b p l PCR analysis

Total RNA was extracted either from transfected cells using TRIzol reagent (MRC) or

tissues using RNeasy Mini Kit (Qiagen) according to manufacturers’ protocols (Sections

2.4.2 and 2.4.3). PolyA mRNA was reserve-transcribed using the SuperScript® Reverse

Transcriptase system (Invitrogen). cDNA was used as a template for PCR amplication

across the fragment of the Xbpl cDNA containing the intron target of IRE la  ribonuclease

activity. PCR conditions used for human Xbpl cDNA were: 95°C for 5 min, 95°C for 1

min, 60°C for 1 min, 72°C for 1 min, 72°C for 5 m.in with 35 c^^cles o f amplification. PCR

products were resolved on a 2.5% agarose gel. Two products observed were a 289 bp band
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generated from unspliced Xbpl and a 263 bp band generated from spliced Xbpl. A minor 

hybrid amplicon generated when unspliced and spliced Xbpl annealed together which 

appeared above the unspliced Xbpl in the agarose gel.

PCR conditions for rat Xbpl cDNA were 9 4 T  for 30 s, 57°C for 30 s, 72°C for 30 s, 72°C 

for 7 min with 35 cycles of amplification. Quantification of the spliced Xbpl was 

performed by digestion with Pstl endonuclease restriction enzyme which is a site unique 

for unspliced Xbpl (New England Biolabs). PCR products were resolved on a 2.5% gel 

and unspliced Xbpl band is 486 bp while spliced Xbpl band is 459 bp.

Primers used for Xbpl PCR reactions (Gorbatyuk el ai ,  2010; Lin et al ,  2007):

Species Forward (5’-3’) Reverse (5’-3’)

Human TTACGAGAGAAAACTCATGGC GGGTCCAAGTTGTCCAGAATGC

Rat AGAGTAGCAGCAC'AGACTGCGCGAGA GGAACIAGGTCCTTCIGGGIAGACCT

5.2.8 superscript® Reverse Transcriptase system (Invitrogen)

Each mRNA sample was reversed to cDNA by using 2 |il of lOx reversed transcriptase 

buffer, 0.8 |al of 25x dNTPs, 2 (il of lOx random primers, 1 |ul o f Muhiscribe reverse 

transcriptase, 4.2 |il of H :0  and 10 |il o f RNA (2-200 ng/|il recommended by Invitrogen) 

to the total of 20 |il per reaction. Reaction conditions were as follows: 25°C for 10 min, 

37°C for 120 min, 85°C for 5 min and hold at 4°C.

5.2.9 RT-PCR analysis

Taqman® Gene Expression Assays (Applied Biosystems) were used to measure 

transcriptional changes in Grp94, BiP, CHOP, Xbpl, Hsp40, Hsp70 and Hsp90. 

Transcriptional changes for these genes were measured in a StepOne Plus machine 

(Applied Biosystems), using Taqman® Gene Expression Assays (Applied Biosystems) 

with the following IDs: Xbpl (Rn01443523_ml), BiP (Rn00565250_ml and 

Hs00946084_gl), Grp94 (RnOl 760569_ml and Hs00427665_gl), CHOP
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(Rn00492098_gl and Hs01090850_ml), Hsp40 (Hs00356730_gl), Hsp70 

(Hs00359147_sl), Hsp90 (Hs00743767_sH). All target genes used a FAM reporter. Each 

well of the 96 well plate was added with 4 )il diluted cDNA (1-100 ng per reaction 

recommended by Invitrogen), 5 |al Taqman mix, 0.5 |al testing primer and 0.5 1̂ P-actin 

primer.

Reaction conditions were as follows; 50°C for 2 min, 95°C for 20 s, [95 °C fori s, 60 °C 

for 20 s] with 40 cycles o f amplification. Transcript levels were standardized using P-actin 

(Rn00667869_ml, Hs01060665_gl) with a VIC reporter in the same well, and calculated 

using the AACT method recommended by Applied Biosystems. Untransfected samples or 

samples transfected with pcDNA3.1 (+) treated with nuclease-free water were used as 

controls for the calculation of gene expression in tissue culture samples. Uninjected rats 

were used as controls.

Human RHO expression levels in HeLa cells were measured by RT-PCR method using 

QuantiTect®SYBR® Green RT-PCR kit (Section 2.4.7). Primers used were as followed:

Name Forward (5’-3’) Reverse (5’-3’)

Human RHO c t t t c c t g a t c t g c t g g g t c GGCAAAGAACGCTGGGATG

Human P-actin AGAGCAAGAGAGGCATCC TCATTGTAGAAGGTGTGGTGCC

5.2.10 MRI

Seven weeks after sub retinal inoculation o f AAV2/9, iBRB integrity to the contrasting 

agent Gd-DTPA (MW = 742 Da) was assessed via MRI using a dedicated small rodent 

Biuker BioSpec 70/30 magnet system (i.e., 7-T field strength, 30-cm bore diameter) with 

an actively shielded USR magnet (Section 2.8.7).

5.2.11 Therapeutic agent

17-DMAG or also called Alvespimycin was supplied by Selleck Chemicals and 

reconstitute in deionised water to give a final stock solution o f 0.2, 2 or 4 mg/kg/day.
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Animals was supplemental with doxycycline (2 mg/ml) (Sigma Aldrich) 2 days/week, 

doxycycline together with 17-DMAG 1 day/week and 17-DMAG 2 days/week in their 

drinking water. Animals were given normal drinking water in the remaining two days o f 

the week. On average, an adult rat drinks 10 ml for 100 g body weight. This was used to 

calculate the volume o f drink taken by each rat to ensure the correct dose o f 17-DMAG 

was consumed per animal per day.

Timetable for doxycycline and 17-DMAG treatment:

Date Mon Tues Wed Thurs Fri Sat Sun
Doxycycline + + + - - - -

17-DMAG - - + + + - -

5.2.12 Im m unohistochem istry

Cryostat sections (12 |am) were blocked with 5% normal goat serum and 1% triton X-100 

in PBS for 20 min at room temperature. Sections were incubated with primary antibodies: 

mouse monoclonal anti 1D4 RHO (1:1000) (Abeam) and rabbit polyclonal anti claudin-5 

(1:500) (Zymed Laboratories) at 4°C overnight. Sections were then incubated with either 

secondary mouse IgG-Cy3 or secondary rabbit IgG-Cy3 for 2 h at room temperature. All 

sections were counterstained with DAPI (1:5000) for 30 s. Analysis o f all sections was 

performed using an epifluorescence microscope (Zeiss Axioplan 2, Oberkochen, Germany) 

and Confocal M icroscope (FVIOOO, Olympus).

5.2.13 Determ ination o f the outer nuclear layer thickness

lOx images o f 10 retinal sections containing the optic nerve and both the temporal and the 

nasal ora serrate stained with DAPI were used for measuring the average outer nuclear 

thickness from each eye. ImageJ software was used to measure the outer nuclear thickness 

o f the retinas at distances o f 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 2.25, 2.5 and 2.75 mm 

from the optic nerve toward each ora serrata. Each measurement was calculated based on 

the average thickness o f  10 sections per retina.
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5.2.14 ERG analysis

Animals were anesthetized by i.p. injection of ketamine (100 mg/Tcg) and Dornitor (100 

Hg/kg) and later reversed with Antisedan (500 ^ig/kg). ERG was measured as described in 

Section 2.8.4.

5.2.15 Dose calculation from animal to human

Based on FDA guidelines for drug calculation

(http;//www.fda.gov/downloads/Drugs/Guidances/UCM078932.pdf) and Reagan-Shaw et 

al. (2008), dose translation from animal dose to human dose was calculated as followed:

Animal Km
Human equivalent dose (HED) (mg/kg) = Animal dose (mg/kg) x ---------

Huinsn iCni

In addition, dose conversion from mg/kg to mg/m- was calculated by multiplying mg/kg 

dose with Km factor o f the corresponding species as in the following table:

Species

Reference
Weight

(kg)

W orking 
Weight 

Range (kg) Km factor
Human

Adult 60 . . . 37

Child 20 — 25

Rat 0.15 0.080-0.270 6

M ouse 0.02 0.011-0.0.34 3

For example, 2 mg/kg in a rat of 0.15 kg is equivalent to 2 x 6 = 12 mg/m^. Using the Km 

factor for the working weight range of rats, the human equivalent dose is 2 x 6/37 = 0.324 

mg/kg and 0.324 mg/kg x 37 = 12 mg/m ' for a 60 kg person.

However, Km is not constant but changes with weight o f animals. Thus, a more accurate 

method proposed in the FDA guidelines took into account the actual weight of animals 

using the formula:

K m =  100/K X W ® w h e r e  K is a value unique to each species (Freireich et al., 1966)
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Taking account o f the animal weight and given the K value for rats is 9.041, a 0.3 kg rat 

has a Kni = (100/9.041) x 0.3'’ -’'* = 7.434. Thus, 2 mg/kg in a rat o f  0.3 kg is equivalent to 2 

X 7 .434=  14.868 m g /m l

The human equivalent dose is 2 x 7.434 h- 37 = 0.402 mg/kg and 0.402 mg/kg x 37 = 

14.874 m g/m ' for a 60 kg person.

Generally, the standard Km factor is used for animals with weights within the standard 

working weight range which encompasses the animal weights expected for the majority o f 

studies used to support starting doses in humans. The actual Km factors calculated for 

animals within the working weight range are within 20 percent o f  the standard Km. Thus, it 

is important to take into account o f the animal weight outside the working weight range to 

get a more accurate dose calculation.

5.2.16 Statistical analysis

Student’s paired /-test was performed for all statistical analyses. P < 0.05 was considered 

statistically significant. Data were plotted as the average ± SEM. For in vitro data, one way 

ANOVA and Tukey post tests were carried out to compare three treatments at the same 

time. For in vivo data, repeated measures ANOVA and Tukey post tests were used to 

compare more than two values at the same time. Statistical analyses o f  densitometric 

results after MRI were from combined regions o f the whole eye and were performed by 

using ANOVA. GraphPad Prism does not generate exact P values for ANOVA test, thus 

asterisks were used in these cases (i.e. * P < 0.05, ** p < 0.01, *** P < 0.001).
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5.3 R esu lts

5.3.1. P23H point m utation and RHO structure

Using two computer based algorithms, the P23H mutant was tested for folding capacity 

and aggregation hot spots. Interestingly, the wild type human RHO protein (NP_000530.1) 

does not have an aggregation hotspot at amino acid 23 when tested with the algorithm 

Aggrescan which predicts aggregation prone segments in protein sequence (Conchillo-Sole 

et al., 2007). When proline is mutated to histidine, an aggregation hotspot is generated at 

this position in the RHO sequence. In addition, the program PoPMuSiC version 2.1 was 

used to predict thermodynamic stability changes upon point mutation P23H in RHO 

(structure is predicted to be based on lu l9 , the protein data bank number of bovine RHO 

by SWISSMODEL program) (Dehouck et al., 2009). The result of a positive folding free 

energy change (AAG = 0.11 kcal/mol) suggested that this point mutation creates a 

destabilizing folding effect in the RHO protein structure (Figure 5.9).

5.3.2 Effect o f  17-DM AG  in vitro 

5.3.2.1 Effect of 17-DMAG in untransfected cells

Firstly, to assess the effect of 17-DMAG on ER stress responses under normal conditions, 

HeLa cells treated with 17-DMAG (4 |iM) or nuclease-free water were harvested at 2, 4, 8, 

12, 16, 20 and 24 h after 17-DMAG administration for RNA analysis. Figure 5.10 shows 

time course o f expression levels o f BiP (A), CHOP (B) and Grp94 (C). In general, 17- 

DMAG addition led to upregulation of all these ER stress response components as early as 

2 h post 17-DMAG treatment compared to control samples. In particular, BiP expression 

level was significantly increased by 2.15, 4.02 and 3.6-fold at 2, 4, 8 h post 17-DMAG 

addition in 17-DMAG treat cells compared to control cells (* P = 0.0126, * P = 0.0145 and 

* P = 0.0156, respectively). Similarly, CHOP expression levels were also significantly 

higher by 6.41 and 5.97-fold in cells treated with 17-DMAG compared to control cells at 2
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and 4 h post 17-DMAG treatment (** P = 0.0023 and * P = 0.0423, respectively). CHOP 

expression levels then decreased to similar levels as control cells at 8 and 12 h post 

treatment and statistically increased again at 16, 20, 24 h in 17-DMAG treated cells (** P = 

0.0069, * P = 0.0493 and ** p = 0.0073, respectively). On the other hand, BiP expression 

levels remained similar at 16, 20 and 24 h in treated cells compared to control cells. In 

contrast to both CHOP and BiP mRNA levels, Grp94 expression levels were higher at 

most timepoints in 17-DMAG treated cells compared to control cells with significant 

increases at 16 and 24 h post treatment (* P = 0.0425 and ** p = 0.0075, respectively).

S.3.2.2 Effect of P23H RHO on the UPR

The human WT RHO sequence (NM_000539.3) was previously inserted into pcDNA3 

plasmid and was driven by the CMV promoter present in the original pcDNA3 plasmid. 

Using the WT RHO plasmid, the P23H RHO expressing pcDNA3 plasmid was made and 

both plasmids were then sequenced by Source BioScience using their commercially 

available CMVF_pCDNA3 forward primer (Figure 5,11).

In order to investigate the effect o f  P23H RHO in the UPR, HeLa cells were transfected 

with control plasmid pcDNA3.1 (+), WT RHO and P23H RHO expressing pcDNA3. RNA 

samples were also isolated from these cells 2, 4, 8, 12, 16, 20 and 24 h post transfection. 

Figure 5.12 shows mRNA levels o f BiP (A), CHOP (B) and Grp94 (C) in cells transfected 

with different plasmids at different timepoints. There were no significant differences in 

mRNA levels o f BiP and Grp94 tested between cells transfected with control plasmid and 

those transfected with WT RHO or P23H RHO. However, compared to control transfected 

cells, P23H RHO transfected cells exhibited significandy higher expression levels o f 

CHOP 2.58-fold at 16 h post transfection (** P < 0.01) while WT RHO transfected cells 

also had higher levels o f CHOP by 1.83-fold at the same timepoint (* P < 0.05). Given the 

same RHO expression levels in cells transfected with WT RHO and P23H RHO, this
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implies that P23H RHO seems more potent than W T RHO in inducing ER stress (Figure 

5.12D)

5.3.2.3 17-DMAG alleviates ER stress at mRNA levels

To investigate whether 17-DMAG could alleviate ER stress, HeLa cells were transfected 

with 400 ng o f control plasmid pcDNA 3.1 (+), WT RHO or P23H RHO expressing 

plasmid pcDNA3 and then treated with 17-DMAG (4 |iM ) 5 h post transfection. RNA 

samples were isolated at 2, 4, 8, 12, 16, 20 and 24 h post 17-DMAG treatment and 

subjected to RT-PCR analysis. Figure 5.13 shows that cells transfected with control DNA, 

W T RHO and P23H RHO had similar expression patterns o f  BiP, CHOP at Grp94 at 

different timepoints post 17-DMAG treatment when compared to cells treated with control 

plasmid and nuclease-free water. In fact, no significant differences were observed in levels 

o f BiP, CHOP and Grp94 post transfection at any timepoint. Expression levels o f BiP 

started to increase as early as 4 h and reduced to the normal level 16 h post 17-DMAG 

treatment in all controls and cells transfected with wild type or mutant RHO (Figure 

5.13A). The highest fold difference o f  BiP mRNA level in cells transfected with control 

DNA and P23H RHO normalized to cells transfected with control DNA and water was 

observed at 4 h post 17-DMAG treatment; these were 2.95 and 2.37-fold; respectively. 

However, the highest fold difference (3.5 fold) in cells transfected with W T RHO was 

observed at 8 h post 17-DMAG treatment. On the other hand, while BiP expression levels 

remained as sim ilar as the control levels in all samples 2 h post 17-DMAG treatment, 

CHOP niRNA levels were simultaneouly upregulated post 17-DMAG in all experimental 

groups compared to control samples (Figure 5.13B). The relative fold increase compared 

to control cells in cells transfected with control DNA, WT RHO and P23H at 2 h post 17- 

DMAG was 4.47, 5.67 and 3.98; respectively. As BiP expression levels started to increase, 

CHOP expression levels started to decrease 4 h post 17-DMAG treatment. Fold differences 

in CHOP expression between 17-DMAG treated and non-treated cells were lowest 8 h post
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treatment, even lower than the average CHOP expression level in cells transfected with 

control DNA and water. In addition, CHOP expression levels increased again at 20 h post 

17-DMAG while BiP expression level decreased. Grp94 mRNA expression levels 

increased from 4 to 24 h post 17-DMAG treatment in all transfected cells (Figure 5.13C). 

Grp94 mRNA levels peaked in cells transfected with WT RHO at 8 h post 17-DMAG 

treatment (2.59-fold). On the other hand, the highest Grp94 mRNA levels in cells 

transfected with control DNA and P23H were observed at 12 h post 17-DMAG treatment 

(2.55 and 2.87-fold higher compared to control samples, respectively).

Figure 5.14 shows expression levels o f BiP, CHOP and Grp94 in cells transfected with 

P23H RHO and treated with either 17-DMAG or nuclease-free water. BiP expression was 

significantly increased by 2.37-fold in cells treated with 17-DMAG compared to cells 

treated with water 8 h post treatment (* P = 0.0247). In contrast, CHOP expression levels 

were statistically reduced by 0.68 and 0.52-fold in cells treated with 17-DMAG compared 

to cells treated with water 12 and 16 h post treatment (* P = 0.0163, * P = 0.0203; 

respectively). In addition, Grp94 was significantly higher by 2.14-fold in cells treated with 

17-DMAG 12 h post treatment (* P = 0.0284). When BiP and Grp94 were upregulated, 

CHOP was simultaneously downregulated in cells treated with 17-DMAG. Also, 

expression levels o f  BiP were only upregulated up to 16 h post 17-DMAG treatment while 

Grp94 expression level still increased at 20 h post 17-DMAG treatment without being 

significant.

Similar to cells transfected with P23H RHO, cells transfected with control plasmid or WT 

RHO showed similar patterns o f BiP (Figure 5.15), and Grp94 (Figure 5.17) expression 

levels at different timepoints post 17-DMAG treatment. In contrast to cells transfected with 

P23H RHO, pcDNA3.1 transfected and 17-DMAG treated cells had significantly higher 

CHOP mRNA levels at 2, 16 and 20 h post treatment compared to control samples (Figure 

5.16). Similar trends were also observ ed in cells transfected with WT RHO although no
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significant differences in CHOP level were obtained. Thus, a comparison o f  the data 

presented in Figure 5.14 and those from Figures 5.15, 5.16 and 5.17 may suggest that 17- 

DM AG alleviates the effect o f ER stress under the presence o f  mutant P23H RHO by 

upregulating BiP and Grp94 mRNA levels while downregulating CHOP expression levels 

at certain timepoints post 17-DMAG treatment.

In addition, PCR o f cDNA extracted from HeLa cells also showed an increase in Xbpl 

mRNA splicing in cells treated with 17-DMAG compared to control cells at 2 and 4 h after 

17-DMAG treatment (Figure 5.18). There were 3 different amplicons obtained from the 

PCR reaction including 289 bp (unspliced X bp l, denoted u), 263 bp (spliced X bp l, 

denoted s) and a band amplified from annealing o f  unspliced and spliced X bpl (denoted 

*). Although X bpl mRNA splicing still occurred in all cells transfected with DNA at 8, 12 

and 16 h after the control treatment, it was either not observed or present at extremely low 

levels at those timepoints post 17-DMAG treatment. This might be because increasing 

levels o f  BiP and Grp94 due to 17-DMAG treatment may have helped to alleviate ER 

stress caused by the plasmid DNA transfection. On the other hand, there was no spliced 

X bpl observed at 2 h and 12 h onwards in untransfected cells treated with nuclease-free 

water.

5.3.2.4 17-DM AG reduces ER stress at protein levels

In order to investigate whether the results observed at the RNA levels would be similar to 

those at protein levels post 17-DMAG treatment, whole cell and nuclear fractions o f 

proteins were collected at 4, 8, 12, 16, 20 and 24 h post 17-DMAG or water control 

treatm ent in cells transfected with P23H RHO. In the whole cell fractions, western blots 

showed that treatment o f 17-DMAG increased expression o f  BiP and Grp94 at all 

tim epoints post 17-DMAG compared to water control (Figure 5.19A). In addition, it was 

observed that the later the timepoints, the higher the expression o f  BiP in samples treated 

with 17-DMAG compared to control. Indeed, densitometry analysis o f BiP and Grp94
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protein levels showed these proteins were statistically higher in 17-DMAG treated cells 

compared to non-treated cells (Figures 5.20A, B). BiP protein levels were increased by up 

to 324.89, 267.69, 156.80 and 107.26% at 8, 16, 20 and 24 h post 17-DMAG (* P = 

0.0375, * P = 0.0323, * P = 0.0386 and * P = 0.0371; respectively). Furthermore, Grp94 

protein level was also significantly higher by 300.34% in cells treated with 17-DMAG 16 h 

post treatment (* P = 0.027).

However, 17-DMAG appeared to suppress the activation o f both PERK and ATF6 

pathways by reducing phosphorylation o f eIF2a from 8 up to 24 h post treatment and 

cleavage o f ATF6 from 12 up to 24 h post treatment as shown in western blots o f whole 

cell and nuclear fractions; respectively (Figures 5.19B and 5.21). Specifically, 

phosphorylated eIF2a were reduced by 72.26, 80.06 and 81.34% in 17-DMAG treated 

cells at 16, 20 and 24 h post treatment (** P = 0.0033, * P = 0.0298 and ** P = 0.008; 

respectively) (Figure 5.20C). Likewise, the amount o f  cleaved ATF6 was statistically 

lower by up to 83.44% in 17-DMAG treated cells 12 h post treatment (*** P = 0.0002) 

(Figure 5.22A). As a result, CHOP protein levels were also significantly lower by 77.38 

and 39.49% in treated cells at 12 and 16 h post 17-DMAG administration (* P = 0.0178 

and * P = 0.0478; respectively) (Figure 5.22B).

S.3.2.5 17-DMAG reduces aggregation of P23H RHO

HeLa cells were transfected with control DNA, WT RHO and P23H RHO in order to

investigate aggregation caused by P23H RHO. Insoluble fractions were obtained from

these cells 12, 24, and 48 h post transfection and immune-blotted with 1D4 anti-RHO

antibody. The 1D4 RHO antibody used binds exclusively to the C-terminus o f the RHO

protein; thus eliminating unspecific binding o f the antibody to the N-term inus containing

the P23H mutation site (MacKenzie et al., 1984; M olday and MacKenzie, 1983). Figure

5,23 shows a marked increase o f RHO protein with time in cells transfected with P23H

RHO. There was also some evidence o f low RHO protein expression in cells transfected
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with WT RHO at 24 and 48 h post transfection. In contrast, no RHO staining was observed 

in cells transfected with control plasmid.

17-DMAG was then tested for its efficacy in reducing RHO protein levels in the insoluble 

fractions of cells transfected with DNA and treated with 17-DMAG for 48 h. Figure 5.24 

clearly shows that the amount of RHO protein was greatly decreased in cells transfected 

with P23H RHO and treated with 17-DMAG. The same result was also observed for the 

small amount of RHO present in the insoluble fraction in cells transfected with WT RHO.

5.3.2.6 Effect of 17-DMAG on expression levels of Hsp protein in the cytoplasm

Since 17-AAG was mentioned to have an effect on Hsp proteins in the cytoplasm in 

Section 4.1.4, 17-DMAG was also tested for its effect on these heat shock proteins. 

Indeed, using TaqMan® gene expression assays, Figure 5.25 demonstrates 17-DMAG 

greatly increased expression levels o f Hsp40, Hsp70 and Hsp90 in untransfected cells and 

cells transfected with control DNA, WT RHO or P23H RHO with the expression level of 

Hsp70 being affected the most.

5.3.3 Effect o f  17-D M A G  in vivo

5.3.3.1 Intra-vitreal delivery of 17-DMAG leads to reduction in ER tress in P23H-3 

rats

a) RNA levels

In vitro studies suggested that 17-DMAG reduced UPR signalling by upregulating

expressions of BiP and Grp94 while downregulating expressions of CHOP, cleaved ATF6,

phosphorylated eIF2a and Xbpl mRNA splicing. The next subject of investigation was to

determine the effect o f 17-DMAG on ER stress in P23H-3 rats which have been shown to

display an age related decline of BiP and an increase o f CHOP (Lin et a i,  2007) and also

have a moderate rate of photoreceptor degeneration which is similar to the disease

progression in man (Walsh et al., 2004). Firstly, to optimise the concentration o f 17-
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DMAG required, two groups o f  6 month old rats (n = 5) were intravitreally injected with 

either 5 |il 17-DMAG (0.2 mg/ml or 1 mg/ml) in the left eye and saline PBS in the right 

eye. RNA samples were isolated from the retinas o f these rats 6 days post injection and 

TaqM an® gene expression assays were carried out. Figure 5.26 shows no significant 

differences in expression levels o f BiP, CHOP, Grp94 and Xbpl when rats were treated 

with two different concentrations o f 17-DMAG. However, Grp94 mRNA levels were 

statistically higher in eyes injected with 1 mg/ml 17-DMAG compared to control eyes (* P 

= 0.0132), while this was not observed in eyes injected with 0.2 mg/ml 17-DMAG. In 

addition, rats did not exhibit any abnormalities in the eye area after injection with the 

higher dose o f 17-DMAG, it was subsequently decided to use 1 mg/ml for 17-DMAG 

concentration in subsequent experiments.

To investigate a time course study o f ER stress response, a group o f 6 month old P23H-3 

rats were intravitreally injected with 5 |il 17-DMAG (1 mg/ml) in the left eye and saline in 

the right eye. RNA samples o f the retinas were harvested 6 h (n = 4), 24 h (n = 4), 48 h (n 

= 4) and 6 days (n = 5) post injection. TaqMan® gene expression assays showed that 

expression levels o f BiP, Grp94, CHOP and X bpl were significantly upregulated in retinas 

injected with 17-DMAG compared to control retinas 6 h post injection (Figures 5.27 and 

5.28). Interestingly, at 6 h post injection, BiP expression levels were 4.34 times higher in 

retinas injected with 17-DMAG compared to control retinas (** P = 0.006; Figure 5.27A). 

Similarly, the expression levels o f Grp94 were increased by 3.13 times (** P = 0.0024; 

Figure 5.28A) while Xbpl expression levels were 2.07 times higher in retinas injected 

with 17-DMAG compared to control retinas (* P = 0.017, Figure 5,28B). In contrast to the 

in vitro study, CHOP expression levels were increased by 2.08 times in retinas injected 

with 17-DMAG compared to control retinas in spite o f  high levels o f  Grp94 and BiP 

expressions 6 h post injection (* P = 0.0254) (Figure 5.27B). Little effect o f  17-DMAG on 

the expression o f these genes was observed after 6 h post injection except for CHOP
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mRNA levels which were still significantly higher (1.48 times) in treated retinas compared 

to control retinas at 24 h post injection (** P = 0.0051, Figure 5.27B). On the other hand, 

BiP, Grp94 and Xbpl expression levels were either unchanged or greatly reduced in 

treated retinas compared to control retinas 24, 48 and 6 days post injection. CHOP was 

also expressed at the same level as in control retinas 48 h and 6 days post 17-DMAG 

injection. In addition, gel electrophoresis resuhs for X bpl mRNA splicing obtained from 

these rats were inconclusive (Figure 5.29). Similar results were also observ’ed in retinal 

samples collected at 6, 24 and 6 days post injection. Therefore, it was unclear whether 

there was any difference in X bpl splicing level between 17-DMAG and control injected 

eyes.

b) Protein levels

Protem levels o f different UPR signalling pathways were next investigated by western 

blots. Four month old rats were also intravitreally injected with 5 ^1 17-DMAG (1 mg/ml) 

in the left eye and saline in the right eye. Whole cell fractions were isolated from retinas 12 

h (n = 3), 24 h (n = 3) and 48 h (n = 4) post injection. Uninjected retinas were used for 

extra controls. W estem blots show that BiP protein level was increased by up to 77% in 

retinas treated with 17-DMAG compared to control retinas 24 h post injection (* P = 

0.0164) (Figure 5.30). However, protein levels o f  BiP remained the same as in non-treated 

retinas 12 and 48 h post injection. In contrast, CHOP protein was decreased to a level 

bordering on statistical significance in treated retinas compared to non-treated retinas 24 h 

post injection (P = 0.0547) (Figure 5.31). In addition, protein levels o f Grp94, 

phosphorylated eIF2a and cleaved ATF6 in treated retinas were similar to those in control 

retinas 12, 24 and 48 post treatment (Figures 5.32 and 5.33).

5.3.3.2 System ic delivery of 17-DMAG leads to rescue o f visual function

Based on the results observed from intravitreal injections o f 17-DMAG to the retinas o f 

P23H-3 rats, 17-DMAG appears to have certain effects on the UPR signalling by
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increasing BiP and reducing CHOP expression levels, thereby offering some protection 

from apoptosis in these retinas. However, the potential protective effects obtained by 

intravitreal injection were somewhat short-lived due to the short half life o f 17-DMAG and 

to the mode o f delivery. Therefore, it was o f interest to test the efficacy o f  long-term 

systemic administration o f 17-DMAG using the doxycycline inducible CLDN5 AAV2/9 

vector to modulate the iBRB, in protecting photoreceptor structure and function in P23H-3 

rats. Given the low molecular weight of 616.75 and its impermeability across the BRB, 17- 

DMAG is a highly suitable candidate for this systemic delivery approach.

An experimental group o f ten 6 month old P23H-3 rats (n = 10) received a subretinal 

inoculation o f 5 |il o f 5 x 10“ vp/ml o f either CLDN5 AAV2/9 in the right eye or NT 

AAV2/9 in the left eye. These animals were then supplemented with 2 mg/ml doxycycline 

and 17-DMAG in their drinking water 7 weeks post injection.

Dose 1: 2 mg/kg/day

Based on preclinical studies on 17-DMAG toxicity in rats which suggested the maximum 

tolerated dose was 2 mg/kg/day via intravenous injection (Glaze et a/., 2005) and oral 

bioavailability was 50% in mice (Egorin et al., 2002), rats were first orally given 

doxycycline (2 rng/ml) and half o f the maximum tolerated dose o f 17-DMAG (2 

mg/kg/day) in the drinking water 7 weeks after subretinal injection. The treatment regime 

was as follows: 2 days on doxycycline, 1 day on doxycycline and 17-DMAG, and 2 days 

on 17-DMAG. The volumes o f drink intake were noted at the end o f each day to ensure 

rats were taking the required dose. Figure 5.34 shows that the b-wave amplitude o f  the rod 

photoreceptor response in the eye injected with CLDN5 AAV2/9 was significantly higher 

by 25.98% compared to contralateral control eyes in 10 animals treated with 2 mg/kg/day 

17-DMAG together with doxycycline in drinking water for 5 weeks (* P = 0.0482). In 

addition, b-wave amplitude o f maximum cone and rod response showed a sim ilar trend
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with the ERG of the treated eye being statistically elevated by up to 35.69% compared to 

the control eye (* P = 0.038).

Dose 2: 4 mg/kg/day

The effect o f a higher dose of 17-DMAG on the visual function of these animals was then 

investigated, the same experimental group was given the maximum tolerated dose, 4 

mg/kg/day 17-DMAG, suggested by Glaze et al. (2005) with doxycycline in drinking 

water for 4 weeks. Interestingly, all animals had significantly higher b-wave amplitude of 

rod photoreceptor response by 30.13% in eyes injected with CLDN5 AAV2/9 compared to 

the control eyes (* P = 0.0224) (Figure 5.35). Likewise, b-wave amplitudes of both cone 

and rod response in the treated eye were increased by up to 32.96% compared to 

contralateral eyes (* P = 0.0126). In addition, the cone photoreceptor isolated response in 

treated eyes was also elevated by 31.25% (* P = 0.0174). Since higher doses of 17-DMAG 

have been complicated with weight loss during preclinical studies, weights of all rats were 

also measured after each treatment course of 17-DMAG (Glaze ei al., 2005). Table 5.1 A 

exhibits no significant reduction in weight after rats were treated with 4 mg/kg/day 17- 

DMAG compared to 2 mg/kg/day 17-DMAG.

Phenotyic analysis of the modulated iRBR in P23H rats

After 9 weeks o f ERG monitoring, a series o f magnetic resonance imaging (MRI) 

experiments were carried out to assess the phenotype of the CLDN5 AAV2/9 system. A 

contrasting agent, Gd-DTPA (742 Da), which does not passively diffuse across the iBRB 

under normal conditions was used to test for modulation of the iBRB by AAV2/9. Contrast 

enhanced MRI showed significant extravasation o f Gd-DTPA (742 Da) specifically in eyes 

injected with CLDN5 AAV2/9 compared to contralateral control eyes (Figure 5.36A). 

This extravasation was greatest at the site of subretinal inoculation of CLDN5 AAV2/9. 

This observation was consistent in all experimental animals (n = 6), the relative intensity of 

this region when the background intensity from the NT AAV 2/9 injected eye was
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subtracted from the CLDN5 AAV2/9 injected eye was significant (** P = 0.0029) (Figure 

5.36C). In addition, no oedema or abnormalities in the injected retinas was observed.

5,3.3,3 Systemic delivery o f 17-DMAG leads to preservation o f retina structure

After MRI imaging, rats were euthanized and their eyes were harvested for histological 

analysis. The outer nuclear thickness (ONL) was measured after DAPI staining. 

Morphometric analysis o f  these retinas showed a trend towards a thicker ONL in CLDN5 

AAV2/9 injected eyes, especially in the area o f its subretinal injection compared to control 

eyes (Figure 5.37). In addition, the differences in ONL thickness were statistically higher 

in the inoculation region o f CLDN5 AAV2/9 at 1, 1.25 and 1.25 mm from the optic nerve 

by 38.84, 39.69 and 47.73% (* P = 0.049, * P = 0.0429 and * P = 0.0478, respectively). 

Moreover, significant differences in ONL were also observed in the treated eye compared 

to the control eye in the opposite region at 2 and 2.75 mm away from the optic nerve by 

80.49 and 28.29% (* P = 0.0474 and * P = 0.0282, respectively). On average, the ONL of 

treated eyes was 1 to 2 rows o f photoreceptor thicker than non-treated eyes (Figure 5.38). 

Retinal sections were also stained with RHO and CLDN5 antibodies. Rhodopsin staining 

shows RHO was localised mainly in the outer segment region with some staining in the 

ONL o f the CLDN5 AAV2/9 injected retina (Figure 5.39). However, RHO was present to 

a much lesser extent and mainly in the inner segment and the ONL region o f the NT 

AAV2/9 injected retina. In addition. Figure 5.40 shows stark contrast in CLDN5 staining 

between non-treated and treated eyes. There was a greater amount o f  CLDN5 staining 

exhibiting clear structure o f microvessels in the NT AAV2/9 injected retina; however, 

there was patchy staining o f CLDN5 without any clear structure in the CLDN5 AAV2/9 

injected retina. These results are consistent with the MRI data showing extravasation o f the 

contrasting agent Gd-DTPA in the CLDN5 AAV2/9 injected eyes compared to control 

eyes (Figure 5.36),
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S.3.3.4 M inimum dose o f 17-DM AG for the systemic approach

Since 17-DMAG would be ideally taken on a regular basis over a long period o f time to 

m aintain its effect in patients with RP, a much lower dose o f 17-DMAG (0.2 mg/kg/day) 

was also tested in P23H rats. Six P23H-3 rats were injected with NT AAV2/9 in their left 

eye and CLDN5 AAV2/9 in their right eye at 1 month old. These rats were then given the 

17-DMAG and doxycycline treatment 2 weeks post subretinal injection. Their ERGs were 

measured every month for up to 4 months post treatment. Figure 5.41 shows b-wave 

amplitudes of rod response in both treated and non-treated eyes over the 4 month period 

with 17-DMAG (0.2 mg/kg/day) treatment. Although the ERG readouts decreased with 

time in both eyes, no statistical difference was observed between the NT AAV2/9 and 

CLDN5 AAV2/9 injected eyes at each timepoint (Figure 5.41A). Furthermore, ERG 

readings were significantly reduced by 39.82 and 35.42% in NT AAV2/9 injected eyes and 

CLDN5 AAV2/9 injected eyes, respectively after 4 months o f  17-DMAG treatment 

compared to 1 month (** P < 0.01 and * P < 0.05, respectively) (Figure 5.41B). Moreover, 

ERG readouts were also steadily reduced in eyes injected with NT AVV2/9 post 2 and 3 

months compared to 4 months o f 17 DMAG treatment (** P < 0.01 and * P < 0.05, 

respectively). In addition to rod isolated response, ERG readouts obtained from cone and 

rod response showed no effect o f 17-DMAG to the visual function in eyes injected with 

CLDN5 AAV2/9 compared to control eyes 4 months post treatment (Figure 5.42). 

Histology analysis o f ONL thickness was also carried out for these rats and both treated 

and control retinas had similar ONL measurements (Figure 5.43). Lastly, weights o f all 

rats were also taken every month during 17-DMAG treatment. Table 5 .IB shows 17- 

DMAG had no adverse effect on the development o f these rats over the period o f 4 

months. Using repeated measures ANOVA and Tukey post tests, weights o f these animals 

increased significantly with age (*** P < 0.001).
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5.4 Discussion

As mentioned in C hapter 4, protein aggregation has been implicated in many retinopathies 

and is often linked with the heat shock protein chaperone complex containing Hsp90, 

Hsp70 and Hsp40 which plays a crucial role in assisting the folding and function o f client 

proteins, many of which are important in cell proliferation and signalling (Workman, 

2002). Recently, systemic administration of CLDN5 siRNA together with the therapeutic 

Hsp90 inhibitor, geldanamycin derived 17-AAG has been reported to offer protection 

against the dominant negative effect of aggregation of mutant IMPDHl in the RPIO mouse 

model (Tam et a i ,  2010). In addition, BiP, an ER homologue of Hsp70 chaperone has been 

found to play an important role in the UPR signalling during ER stress. It has been 

previously shown that BiP mRNA levels were reduced while CHOP mRNA levels were 

increased in animals undergoing retinal degeneration such as P23H-3 rats, a model o f adRP 

(Lin e! a i ,  2007). Overexpression of BiP in these animals led to the rescue o f their visual 

function and preservation of the retina structure (Gorbatyuk et a l ,  2010). In addition, 

geldanamycin was shown to also bind Grp94, the ER homologue of Hsp90 leading to 

transcriptional upregulation of the ER chaperones including BiP (Chavany et a!., 1996; 

Lawson et a i ,  1998). Moreover, Mendes and Cheetham (2008) previously showed both 

geldanamycin and 17-AAG had a poshive effect on cell death in cells transfected with 

P23H RHO reducing inclusion formation, the amount of insoluble P23H RHO, LDH 

release and caspase 3 activation. In the present study, it was hypothesized that 17-DMAG 

could have a similar effect as geldanamycin on Grp94 and thus increase expression o f BiP 

thereby providing protection against P23H RHO, a mutation known to cause misfolding of 

RHO that leads to its retention in the ER. Indeed, a recent quantitative proteomic study 

suggested that inhibition of Grp94 by 17-DMAG does indeed potentially upregulate BiP 

protein level (Sharma et al., 2012).
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Upon ER stress as a result o f  accumulation o f misfolded protein, three signalling pathways 

o f the unfolded protein response are activated including IR E l, ATF6 and PERK. 

Activation o f  the UPR can promote neuronal protection by increasing the efficiency o f 

protein folding and quality control or elicit a degenerative trigger if ER stress is prolonged. 

Under normal conditions, activity o f  the three branches o f  the UPR is blocked due to the 

binding o f  BiP at the active sites o f  these molecules. Once the ER homeostasis is disturbed, 

BiP is released and the three signalling pathways are activated, all o f which are capable o f 

inducing CHOP expression, considered a key factor inducing apoptosis (Oyadomari and 

Mori, 2004). However, BiP has been shown to also have an important cytoprotective 

output that could outweigh effects o f proapoptotic CHOP, leading to cellular protection 

(Rutkowski et al., 2006). Misfolded P23H RHO is detected by BiP and Grp94 within the 

ER (Chappie and Cheetham, 2003). BiP also assists the normal processing o f RHO by 

binding to the RHO intradiscal loops to prevent these domains from aggregating; the 

absence o f  BiP led to misfolding o f W T RHO to such an extent that ubiquitination was 

reported to be initiated in the ER (Athanasiou er al., 2012). Although overexpression o f 

BiP does not promote proper folding o f  the mutant P23H RHO or its trafficking to the cell 

membrane, BiP has been shown to affect the mobility o f  mutant RHO and enhance its 

dislocation into the cytosol for proteasomal degradation (Athanasiou et al., 2012; 

Gorbatyuk et al., 2010).

In this chapter, the in vitro studies showed that P23H RHO did upregulate the UPR 

response compared to control DNA (Figure 5.12) and administration o f  17-DMAG 

induced expressions o f both BiP and Grp94 in cells transfected with P23H RHO while 

concomitantly reducing CHOP mRNA (Figure 5.14). Specifically, BiP and Grp94 mRNA 

levels increased significantly as much as 2.37 and 2.14-fold respectively post 17-DMAG 

treatment compared to control samples. In contrast, CHOP mRNA levels in 17-DMAG 

treated samples were statistically reduced by 0.52-fold post 17-DMAG treatment (Figure
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5.14) Moreover, activation o f the IREl signalHng pathway was also detected by 

measuring levels o f Xbpl mRNA splicing. Although, X bpl mRNA splicing also occurred 

in control samples transfected with P23H RHO and treated with water at 2 to up to 16 h 

post control water treatment, the amounts o f spliced X bpl mRNA were higher in samples 

treated with 17-DMAG at 2 and 4 h post treatment (Figure 5,18). Since IREl signalling is 

also capable o f  reducing CHOP production, the results observed in this present study 

indicate that increased activity o f IREl at the early timepoints post 17-DMAG treatment 

upregulated Xbpl splicing leading to production o f chaperones and components o f  ERAD 

which alleviated ER stress. However, the IREl signalling was attenuated at very early 

timepoints instead o f being continually upregulated. This observation is contrary to that 

reported in previous studies which showed that attenuation o f IREl signalling by persistent 

ER stress led to cell death (Lin et al., 2007). Therefore, further experiments are necessary 

to confirm whether attenuation o f IRE 1 signalling is necessary to reduce CHOP production 

in this case.

Similar to mRNA levels, BiP was significantly elevated by up to 325% in treated samples 

compared to control samples as early as 8 h post 17-DMAG treatment and remained 

upregulated until the 24 h timepoint (Figure 5.20A). Likewise, Grp94 protein was also 

highly elevated post 17-DMAG treatment with the most significant difference being 300% 

16 h post 17-DMAG compared to control (Figure 5.20B). Gorbatyuk et al. (2010) 

demonstrated that the increase in BiP protein led to down-regulation o f the ATF6 and 

PERK pathways. Furthermore, it was also shown that PERK signalling persisted much 

longer than IREl and ATF6 signalling pathways under prolonged ER stress (Lin et al., 

2007). As a result, this is thought to have led to an imbalanced environment within the ER 

in which cells were guided towards destaiction by other factors such as CHOP production. 

Herein, suppression in PERK signalling was observed by investigating phophorylated 

eIF2a protein levels which decreased by over 70-81% at 12 to 24 h post 17-DMAG
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treatment (Figure 5.20C). Interestingly, the amount o f cleaved ATF6, the third arm o f  the 

UPR response, was also downregulated by 83% at 12 h post 17-DMAG (Figure 5.22A). In 

brief, in vitro studies indicated a link between 17-DMAG and UPR response. 

Adm inistration o f 17-DMAG to cells with accumulation o f P23H RHO led to upregulation 

o f BiP and Grp94 thus eventually reducing the activity o f three UPR signalling pathways. 

Specifically, the data obtained here suggested that upregulation o f IREl signalling was 

swift but short-lived post 17-DMAG treatment. The results also indicated that the PERK 

signalling pathway is a major ER stress response affected by 17-DMAG treatment in cells 

expressing P23H RHO since peIF2a protein levels remained suppressed until 24 h post 17- 

DMAG. As a result, attenuations o f  all three UPR signalling pathways led to reduction o f 

CHOP protein levels by up to 77 and 39.5% at 12 and 16 h post 17-DMAG. This resuh is 

consistent with studies which have shown that overexpression o f BiP attenuates ER stress 

through suppression o f PERK and ATF6 thus downregulates CHOP. For example, elevated 

BiP was suggested to affect the cleavage o f ATF6 upon ER stress by delaying ATF6 

translocation to the Golgi via inhibition o f Golgi localization signals present in the ATF6 

protein (Shen et al., 2002). In addition, BiP attenuated PERK signalling thus reducing 

CHOP protein levels and protected cells from undergoing apoptosis (Gorbatyuk et al., 

2010; Lai el a!., 2008). Furthermore, 17-DMAG also led to reduction o f insoluble P23H in 

treated cells compared to non-treated cells at 48 h post 17-DMAG (Figure 5.24). A similar 

result has been obtained in previous work in which the effect o f geldanamycin and 17- 

AAG in a mammalian cell line expressing P23H was studied (Mendes and Cheetham, 

2008).

Transgenic P23H rats have been bred to mimic RP found in patients 

(http://www.ucsfeye.net/mlavailRDratm odels.shtm l). O f interest, P23H-3 heterozygous 

rats which have a single P23H transgene copy and two copies o f wild type RHO develop 

an early onset o f  retinal degeneration in terms o f  ERG impairment which begins at 4 weeks
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after birth but with minimal change in retinal histology and exhibit a slow rate o f 

photoreceptor dysfunction which is generally consistent with the clinical findings found in 

patients (Machida et al., 2000). Changes in ERG responses correspond with continuous 

losses o f photoreceptor cells during development and adulthood (Chrysostomou et a l ,  

2009; Y u  e! a l ,  2004). In addition, these rats also retain vision for a long period o f their 

lives similar to P23H patients who have significantly better visual acuity and larger ERG 

amplitudes than patients with other adRP mutations, and may still possess useful vision up 

to 70 years o f age (Berson et al., 1991). Thus, P23H-3 makes the most suitable animal 

model for the study o f this disease in humans compared to other models such as P23H-1 

rats which have a much faster rate o f retinal degeneration. M oreover, BiP mRNA levels 

selectively dropped while CHOP mRNA levels concomitantly increased in P23H-3 rats 

over time compared to wild type rats (Lin et al., 2007) while overexpression o f BiP has 

been shown to protect the degenerating retina in P23H-3 rats (Gorbatyuk et al., 2010), 

suggesting this model should respond favourably to treatment with 17-DMAG.

In the context o f the current study, the efficacy o f  17-DMAG was tested in the same model 

o f adRP by first intravitreally injecting a group o f  P23H-3 rats with 17-DMAG in one eye 

and saline in the contralateral eye. Originally, two different concentrations o f 17-DMAG 

0.2 mg/ml and 1 mg/ml were tested with the lower concentration based on a previous study 

done in the lab (Tam el al., 2010). However, since intravitreal injection with 1 mg/ml and 

not 0.2 mg/ml 17-DMAG led to a measurable effect on a UPR-associated protein (levels o f 

Grp94 were significantly elevated 6 days post-injection) (Figure 5.26), this concentration 

o f 17-DMAG was used in all subsequent intravitreal injections. In contrast to our in vitro 

studies, CHOP mRNA levels did not seem to reduce greatly after the upregulation o f 

Grp94, BiP and Xbpl splicing in 17-DMAG injected eyes compared to control eyes. On 

the other hand, western blots showed that BiP protein levels were significantly elevated 

while CHOP protein levels were reduced in treated eyes compared to non-treated eyes 24 h
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post 17-DMAG injection (Figures 5.30 and 5.31). In addition, no significant differences 

were observed for Grp94, cleaved ATF6 and peIF2a protein levels between the treated and 

control eyes (Figures 5.32 and 5.33). The data indicated that 17-DMAG level was not 

maintained at an optimum level for a necessary period o f  time to have any effect on the 

UPR response perhaps due to its short half-life o f 24 ±  15 h (Ramanathan et a!., 2010) and 

complications associated with drug administration into the eye as mentioned in Chapter 1. 

Nonetheless, the results demonstrated that 17-DMAG greatly affects BiP levels in the 

short-term post 17-DMAG treatment, thereby suggesting a positive effect in the UPR 

response.

The inability o f  17-DMAG to diffuse freely across the blood retina barrier together with its 

low molecular weight o f  616.75 Da renders it a suitable candidate for long term systemic 

administration in tandem with the doxycycline inducible CLDN5 AAV2/9 system which 

facilitates retinal uptake o f drugs o f  up to 1 kDa in size (Campbell er al., 2011). Thus, 

employment o f this method should help to reduce complications o f repetitive intraocular 

injections o f 17-DMAG which would prove necessary in order to produce sustained 

therapeutic benefit. In order to investigate the long term effect o f  17-DMAG in P23H-3 

rats, a group o f ten 6 month old rats were subretinally injected with CLDN5 AAV2/9 in the 

right eye and NT AAV2/9 in the contralateral eye. Rats were supplemented with 

doxycycline (2 mg/ml) in their drinking water to induce barrier modulation and 

subsequently administered 17-DMAG in their drinking water in a dosing regimen that 

would reflect a human therapeutic strategy, i.e., 3 days on doxycycline, 3 days on 17- 

DMAG. Based on a preclinical study on toxicity o f 17-DMAG, two different doses o f  17- 

DMAG were used, 2 mg/Tcg/day for up to 5 weeks and 4 mg/kg/day for up to 4 weeks 

(Glaze el al., 2005). Electroretinogram results demonstrated 17-DMAG administration led 

to significant rescue o f the visual ftinction in the CLDN5 AAV2/9 injected eyes compared 

to control eyes (Figures 5.34 and 5.35). Specifically, b-wave amplitudes o f  the rod
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isolated response in CLDN5 AAV2/9 injected eyes was statistically higher than those in 

control eyes by up to -2 6  and 30% in the CLDN5 AAV2/9 injected eyes after rats were 

orally given with 2 mg/kg/day and 4 mg/kg/day 17-DMAG, respectively. Likewise, ERG 

readouts o f mixed cone and rod response were significantly elevated by up to 36 and 33% 

in the treated eyes after 2 mg/kg/day and 4 mg/kg/day 17-DMAG treatments, respectively. 

In addition, the cone ERG response was elevated by 31.25% in the treated eye compared to 

control eyes after 4 mg/kg/day 17-DMAG administration. Cone photoreceptors maintain 

their integrity for a long time and the onset o f cone dysfunction has previously been 

suggested to be at around P540 (-18  months) in heterozygous P23H-3 rats compared to 

wild type rats (Chrysostomou et a i ,  2009). However, our data indicate that despite normal 

cone abundance and morphology subtle though significant deficits in cone b-wave ERG 

may occur as early as about P250 (~ 8.3 months) and that these can be negated by 17- 

DMAG treatment.

17-DMAG administration also led to preserv'ation o f  the photoreceptor layer which had a 

greater ONL thickness and an increase in RHO protein in eyes injected with CLDN5 

AAV2/9 compared to control eyes, especially in the region o f subretinal inoculation o f the 

AAV (Figures 5.37 and 5.39). The results obtained from the in vivo study were consistent 

with a previous study which showed localised overexpression o f BiP in retinas o f P23H-3 

rats led to the rescue o f the ERG and preservation o f retinal structure. (Gorbatyuk et a i ,  

2010). Additionally, since animals were first supplemented with 17-DMAG at 7 months 

old when extensive photoreceptor cell loss had already occurred in this rat model, it was no 

surprise that the ONL thickness only differed by 1 to 2 rows o f photoreceptors. 

Undoubtedly, 17-DMAG would offer a better protection if animals were treated at a 

younger age and for a longer period o f time. However, m any people with P23H RP already 

have significant retinal degeneration, thus even at this late stage 17-DMAG treatment may 

prevent further degeneration and thus help retain vision. Due to insufficient numbers o f
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animals, the long term effect o f  17-DMAG on the three signalling pathways o f UPR 

including IR E l, PERK, and ATF6 could not be determined for this systemic approach. 

However, in vitro data obtained indicated that all three arms o f UPR response were 

downregulated when cells expressing P23H RHO were treated with 17-DMAG.

In an attempt to make this work more clinical relevant, a much lower dose o f 17-DMAG 

(0.2 mg/kg/day) was also tested to see if this had any effect in vivo. Thus, one month old 

rats were injected with CLDN5 AAV2/9 in one eye and NT AAV2/9 in the contralateral 

eye and administered with doxycycline and 17-DMAG for a period o f 4 months. Despite 

the advantage o f a much earlier 17-DMAG treatment, this low dose provided neither 

functional rescue nor retinal preservation in eyes injected with CLDN5 AAV2/9 compared 

to control eyes (Figures 5.41 and 5.43).

Regarding doses o f 17-DMAG used in this study, all calculations were based on guidelines 

o f drug concentration recommended by the FDA

(http://www.fda.gov/downloads/Drugs/Guidances/UCM 078932.pdf) and Reagan-Shaw et 

al. (2008). M aximum tolerated dose o f 17-DMAG was determined to be 12 mg/m^ per day 

for 5 days or 60 mg/m^/week through intravenous administration in rats (Glaze et al., 

2005). In addition, 17-DMAG bioavailability was found to be 100% and 50% after intra 

peritoneal and oral delivery in mice, respectively (Egorin et al., 2002). In this work, rats 

were given with 0.2, 2 and 4 mg/kg/day o f 17-DMAG which worked out to be 1.473, 

14.986 and 29.365 mg/m~ orally per day for 3 days taking account o f the animal weight, 

respectively (Section 5.2.14 and Table 5.1). Since 17-DMAG bioavailability post oral 

administration is only 50%, it could be argued that these rats were only exposed to 0.737, 

7.492 and 14.683 mg/m^ per day for 3 days every week or 2.211, 22.476 and 44.049 

mg/m^/week. Thus, doses o f 17-DMAG used were well under the maximum tolerated dose 

for rats. M oreover, no mortality, sickness or weight loss was observed in experimental
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animals during the study indicating these doses were well tolerated by animals during the 

long period o f treatment.

Hsp90 protein also acts as a chaperone for proteins that are involved in cell signalling, 

proliferation and survival such as p53, HER-2/neu, raf-1 and Bcr-Abl. Thus, Hsp90 is a 

popular target for many drug development projects including those o f geldanamycin 

derivatives o f  which 17-DMAG has proven to be an ideal candidate for Hsp90 inhibition. 

Currently, 17-DMAG has successfully undergone different Phase I clinical trials either by 

itself or in combination with trastuzumab testing in patients with advanced solid tumours 

and acute myeloid leukemia leading to recommendations for the Phase II dose to be 80 

mg/m" weekly via intravenous inftision (Jhaveri et a!., 2012; Lancet et al., 2010; Pacey et 

al., 2011; Ramanathan et al., 2010). Interestingly, the two efficacious doses used in the 

present study (2 mg/kg/day and 4 mg/kg/day for 3 days every 4 days) work out to be 

equivalent to a human dose o f 22.478 and 44.048 mg/m"/week respectively which are 

much lower than the recommended dose suggested for phase II clinical trials. Additionally, 

the main difference that sets the present study apart from other studies done on P23H-3 rats 

is that the treatment targeted a much later stage o f the disease which is more clinical 

relevant to RP patients who suffer from the advanced form o f the disease. In contrast, most 

other studies demonstrated rescue o f visual function and preservation o f  photoreceptor 

layer after starting the treatment in P23H-3 rats soon after birth such as P15-P21 days old 

(Femandez-Sanchez et al., 2012; Fernandez-Sanchez et «/., 2011; Gorbatyuk et al., 2010), 

a scenario which is o f little relevance to patients with advanced disease.

In conclusion, data presented here regarding prevention o f retinal degeneration in a model 

o f advanced adRP provide proof o f principle for transient, localized and inducible delivery 

o f 17-DMAG via modulation o f the iBRB following a once-off subretinal injection o f 

CLDN5 AAV2/9. Since 17-DMAG is already approved for clinical trials involving 

various types o f cancer, the technique could, therefore, be used to develop a common
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therapy for the treatment o f retinopathies and neuropathies which have been associated 

with ER stress such as diabetic retinopathy, Alzheimer disease, Parkinson’s disease.
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Figure 5. 1: Unfolded protein response (ER stress response).

The ER stress response is mediated by three trans-membrane proteins located in the ER, 

IR E l, ATF6 and PERK. Under normal conditions, all o f  these three proteins are bound to 

BiP thus being inactivated. Upon accumulation o f unfolded/misfolded proteins, these 

proteins become activated after being released from BiP which now binds to unfolded 

proteins. Dimerization and autophosphorylation o f  cytoplasmic domains activate PERK 

which in turn phosphorylates the a  subunit o f eIF2a, thereby inhibiting its activity and 

consequently attenuating protein translation which alleviates ER overload. Phosphorylated 

eIF2a also promotes expression o f ATF4 which upregulates chaperones, ERAD machinery 

and pro-apoptotic proteins such as CHOP and GADD34. Dimerization and 

autophosphorylation also lead to activation o f IREl which via its endoribonuclease activity 

then triggers unconventional splicing o f  Xbpl mRNA. X b p ls  then translocates to the 

nucleus and activates expression o f  chaperones (e.g. BiP), ERAD-related proteins, Xbpl 

and CHOP. In the ATF6 pathway, the disassociation from BiP leads to translocation o f 

ATF6 to the Golgi where it is cleaved by S IP  and S2P proteases to become cleaved ATF6 

which then upregulates expression o f many chaperones such as BIP, Grp94 and PDI, 

ERAD related proteins and Xbpl and CHOP.
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Figure 5. 2: The retinal rod photoreceptor cell.

A) A rod photoreceptor cell with labelled cellular compartments and segments. B) 

Rhodopsin proteins are folded within the ER in the rod inner segment and then transported 

to the rod outer segment where they function as rhodopsin dimers in the membrane disks 

(Jastrzebska et al., 2011).
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Figure 5, 3: Phototransduction cascade.

When hght strikes the retina, 11 -cis-retinal undergoes an isomerisation to all-trans form 

which leads to activation o f rhodopsin (R). Activated rhodopsin (R*) interacts with and 

activates transducin (1). Transducin is a trimeric G-protein consisted o f a, P, and y 

subunits. Activation o f transducin involves the exchange of guanosine diphosphate (GDP) 

for guanosine triphosphate (GTP), causing disassociation o f the a  subunit o f GTP from the 

transducin complex and rhodopsin. This activated a-GTP transducin now activates cyclic 

guanosine monophosphate (cGMP) phosphodiesterase (PDE) (2), leading to the hydrolysis 

o f  cGM P to GMP and reduced levels o f cGMP in the cytoplasm (3). Decreased levels o f 

cGMP cause the closing o f cGMP-gated ion (Na^Ca""^) channels which then leads to a 

decrease in intracellular cations and consequently membrane hyperpolarization (4). The 

decrease in cation levels also activates guanylate cyclase activating protein (GCAP) which 

in turn activates guanylate cyclase (GC) and regeneration o f cGMP to ensure the continuity 

o f the cycle. Termination o f  the phototransduction cascade can be regulated by several 

mechanisms (5). Inactivation o f rhodopsin occurs through phosphorylation o f  rhodopsin 

kinase (RK) which induces the binding o f arrestin (Arr) to inactivated rhodopsin. This in 

turn prevents the interaction o f rhodopsin with transducin, reduces activity o f  PDE and 

cGMP levels leading to the opening o f the cGMP gated ion channels. This step initiates the 

recycling process o f the chomophore allowing 11-cis-retinal to bind to inactivated 

rhodopsin and begin the cascade again.
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Figure 5. 4: M utations found in the RHO protein.

Secondary structure o f rhodopsin shows point mutations which are categorized into 6 

different classes o f mutations. Known mutations with no observed biochemical/ cellular 

defect or not studied in detail are shown as unclassified. A m ajority o f  these mutations 

belong to class II and are present in the intradiscal, transmembrane and cytoplasmic 

domains o f  rhodopsin, class I mutations are present predominantly in the C-terminus. 

Figure was obtained from Mendes et al., (2005).
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Figure 5. 5: The BiP/Grp94 chaperone system

BiP/Grp94 system is in a large multi-protein complex with a set o f  ER chaperones including PDl, Erp72, G rp l7 0 /O R P !5 0 ,  S il l /B A P, Hsp40 

co-chaperones (ERdj3), cyclophilin B which together form an ER chaperone network processing the unfolded protein. Grp94, BiP and G rp l7 0  

have been shown to be present as a pre-existing complex prior to client binding. ER resident Hsp40 co-chaperone, ERdj3 catalyzes the 

hydrolysis o f  A TP to AD P thus leading to the binding o f  BiP to the client. On the other hand, nucleotide exchange proteins associated with 

BiP, B A P /S ill ,  and G rp l7 0  induce A DP release and exchange for ATP leading to the client release. C o-chaperones o f  Grp94 are not yet 

known. Presence o f  client proteins and addition o f  ATP activate Grp94 and recruit other proteins associated with this com plex to properly fold 

client proteins which are then exported out o f  the ER. However, addition o f  geldanamycin inhibits Grp94 A TP binding and thus its association 

with client proteins leading to their proteasomal degradation via ERAD. Figure was adapted from M cLaughlin and V andenbroeck (2011).
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Figure 5. 6: Effect of 17-DMAG in ER stress.

Addition o f  17-DMAG leads to upregulation o f Grp94 and BiP levels which in turn 

suppress all three UPR pathways. As a result, expression levels o f phosphorylated eIF2a, 

spliced X bp l, and cleaved ATF6 are reduced. Thus, CHOP expression is attenuated and 

ER stress is relieved.
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Figure 5. 7: pcDNA3 vector

Map o f  the pcDNA3 constnict illustrating the main restriction enzyme sites (Invitrogen).
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Figure 5. 8; pcDNA3.1 (+/-) vector

Map o f the pcDNA3 construct illustrating the main restriction enzyme sites (Invitrogen).
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Figure 5. 9: Aggregation hotspots of human W T RHO and P23H RHO protein sequences.

There are 17 aggregation hotspots present in the protein sequence o f WT RHO; however, the point mutation at position 23 creates an extra 

hotspot at that position in the P23H RHO sequence. Also, this mutation leads to a destabilizing energy o f 0.11 kcal/mol which makes the 

protein unstable.
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Figure 5. 10: Effect of 17-DMAG on untransfected cells.

Time course analyses o f levels o f BiP (A), CHOP (B) and Grp94 (C) mRNA in Hela cells 

treated with 4 |iM  17-DMAG or nuclease free water. Untransfected cells treated with 

nuclease free water were used as the control for AACt method. Error bars denote ± SEM. 

All experiments were repeated three times. Administration o f  17-DMAG significantly 

increased A) BiP mRNA levels 2, 4 and 8 h post treatment (* P = 0.0126, * P = 0.0145 and 

* P = 0.0156, respectively) B) CHOP mRNA levels at 2, 4, 16, 20 and 24 h post treatment 

(** P = 0.0023, * P = 0.0423, ** P = 0.0069, * P = 0.0493 and ** P = 0.0073, respectively) 

and C) Grp94 mRNA levels 16 and 20 h post treatment (* P = 0.0425 and ** p = 0.0075, 

respectively).
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Figure 5. 11: Sequence analysis of WT RHO pcDNA3 and P23H RHO pcDNA3.

Both DNA plasmids were sequenced by Source BioScience using their CM V F_pCD N A 3 forward primer. Note the point mutation from C to 

A nucleotide (labelled blue) in the P23H RHO expressing pcDNA3 plasmid.
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Figure 5. 12: Effect of P23H RHO on ER stress.

Time course analyses o f BiP (A), CHOP (B) and Grp94 (C) mRNA levels extracted from 

HeLa cells which were transfected with 400 ng control plasmid, W T RHO or P23H RHO. 

Cells transfected with control DNA were used as control samples for AACt calculation 

method. All experiments were repeated three times. Error bars denote ± SEM. In general, 

there were no significant differences in ER stress levels between cells transfected with
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control DNA and those with WT RHO, or cells transfected with WT RHO and those with 

P23H RHO. However B) Using one way ANOVA and Tukey post tests, CHOP mRNA 

levels were significantly higher in cells transfect with P23H RHO or WT RHO compared 

to control cells at 16 h (** P < 0.01, * P < 0.05, respectively). D) Rhodopsin expression 

levels were similar between cells transfected with P23H RHO and WT RHO at all 

timepoints.
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Figure 5. 13: Effect of 17-DMAG on ER stress in cells transfected with plasmid 

DNAs.

TaqM an® gene expression assay analyses o f  BiP (A), CHOP (B) and Grp94 (C) mRNA 

levels extracted from HeLa cells which were transfected with control DNA, W T RHO or 

P23H RHO and then treated with 17-DMAG 5 h later. Cells transfected with control DNA 

and treated with nuclease water were used as control samples for AACt calculation method.
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All experiments were repeated three times. Error bars denote ± SEM. In general, these 

cells had similar patterns in expression profiles o f BiP, Grp94 and CHOP. No significant 

differences were observ^ed in levels o f BiP, CHOP and Grp94 post transfection at any 

timepoint.
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Figure 5. 14: 17-DMAG treatment in ceils transfected with P23H RHO.

Cells were transfected with P23H RHO and treated with 4 |iM  17-DMAG or nuclease free 

water for controls. mRNA levels were normalized against cells transfected with control 

DNA and nuclease free water. Error bars denote ± SEM. A) The graph shows a trend o f 

BiP mRNA increasing from 4 to 12 h post 17-DMAG treatment in treated cells compared 

to control cells. BiP mRNA levels were significantly increased in treated cells compared to 

non-treated cells 8 h post 17-DMAG treatment (* P = 0.0247). B) CHOP mRNA levels 

first increased in treated cells compared to non-treated cells at 2 and 4 h post 17-DMAG 

treatment. CHOP then decreased when BiP and Grp94 mRNA levels started to increased. 

CHOP mRNA levels were significant lower in treated cells compared to non-treated cells 

at 12 and 16 h post 17-DMAG treatment. (* P = 0.0163 and * P = 0.0203, respectively). C) 

Similar to BiP mRNA levels, Grp94 mRNA levels started to increase in treated cells 

compared to non-treated cells 4 h post 17-DMAG treatment. At 12 h post 17-DMAG, 

Grp94 mRNA levels were significantly higher in cells treated with 17-DMAG compared to 

control cells (* P= 0.0284).
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Figure 5. 15: 17-DMAG treatment and BiP expression levels in cells transfected with 

control DNA and WT RHO.

Cells were transfected with either control plasmid or WT RHO and then treated with 4 |iM  

17-DMAG or nuclease free water 5 h post transfection. A) BiP expression levels were 

significantly increased in pcDNA3.1(+) transfected cells treated with 17-DMAG at 2, 4, 8, 

12, 16 h post 17-DMAG treatment (* P = 0.0364, ** p = 0.0082, ** p = 0.0046, * P = 

0.0143, and * P = 0.0145, respectively). B) BiP expression levels were significantly 

increased in WT RHO transfected cells treated 17-DMAG compared to control cells
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treated with nuclease free water 4 and 12 h post 17-DMAG treatment (** P -  0.0062 and * 

P = 0.0296, respectively).
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Figure 5. 16: 17-DMAG treatment and CHOP expression levels in cells transfected 

with control DNA and WT RHO.

Cells were transfected with control plasmid or WT RHO and then treated with 17-DMAG 

or nuclease free water. A) CHOP expression levels were significantly increased in 

pcDNA3.1(+) transfected cells treated 17-DMAG compared to control cells treated with 

nuclease free water 2, 16 and 20 h h post 17-DMAG treatment (** P = 0.0022, ** p = 

0.0038, and ** p = 0.0034; respectively). B) CHOP expression levels in W T RHO
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transfected cells treated 17-DMAG had similar pattern compared to cells transfected with 

pcDNA3.1(+) and 17-DMAG. Error bars denote ± SEM.
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Figure 5. 17: 17-DMAG treatment and Grp94 expression levels in cells transfected 

with control DNA and WT RHO.

Cells were transfected with control plasmid or WT RHO and then treated with 17-DMAG 

or nuclease free water. A) Grp94 expression levels were significantly increased in 

pcD N A 3.1 (+) transfected cells treated with 17-DMAG compared to control cells at 16 and 

20 h post 17-DMAG treatment (* P = 0.0144, and * P = 0.0193; respectively). B) Grp94 

expression levels were significantly increased in WT RHO transfected cells treated with
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17-DMAG compared to control cells at 8 and 12 h post 17-DMAG treatment (* P = 0.018 

and ** p = 0.0016, respectively). Error bars denote ± SEM.

249
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Figure 5, 18: Gel electrophoresis of PCR products of X bpl cDNA obtained from  

mRNA in cells.

Cells were transfected with control plasmid, WT RHO or P23H RHO and then treated with 

4 |aM 17-DMAG or water. PCR reactions were then carried out for Xbpl cDNA obtained 

from RNA samples o f these cells at different timepoints. There were three different bands 

including unspliced Xbpl (denoted u), spliced X bpl (denoted s) and a by product created 

from annealing o f spliced (263 bp) and unspliced X bpl (289 bp) (denoted *). The results 

are similar in all transfected cells. The amounts o f  spliced X bpl compared to unspliced 

X bpl were higher in treated cells 2 and 4 h post 17-DMAG. From 8 to 16 h post 17- 

DMAG treatment, spliced Xbpl was detected in non-treated samples while this was not the 

case in treated cells transfected with P23H and WTRHO. There was a very faint band o f 

spliced X bpl at 16 h in cells transfected with pcDNA3.1 and treated with water, hi 

untransfected cells, 17-DMAG also led to an increase in spliced X bpl 2 and 4 h post 17- 

DMAG. However, these cells also had a baseline o f spliced X bpl at 4, and 8 h post 

nuclease free water treatment.
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Figure 5. 19: Effect of 17-DMAG on BiP, Grp94 and peIF2a protein levels in cells 

transfected with P23H RHO.

HeLa cells were first transfected with P23H RHO and then treated with 17-DMAG or 

nuclease free water 5 h post transfection. A) whole cell lysates were used for western blots. 

Treatment o f 17-DMAG increased BiP and Grp94 protein levels in treated cells compared 

to control cells from 4 h up to 24 h post 17-DMAG. B) On the other hand, levels o f 

phosphorylated eIF2a were reduced in treated cells compared to non-treated cells from 8 to 

up to 24 h post 17-DMAG treatment. P-actin was used for equal loading control.
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Figure 5. 20: Quantification of BiP, Grp94 and pEIF2a protein levels from figure 

5.19.

A) Protein levels o f BiP were significantly increased in P23H RHO transfected cells 

treated with 17-DMAG at 8, 16, 20 and 24 h post treatment compared to non-treated cells 

(* P = 0.0375, * P = 0.0323, * P = 0.0386 and * P = 0.0371; respectively). B) Protein 

levels o f  Grp94 were significantly increased in P23H RHO transfected cells treated with 

17-DMAG at 16 h post treatment compared to non-treated cells (* P = 0.027) and C) On 

the other hand, levels o f phosphorylated eIF2a were significantly reduced at 16, 20 and 24 

h post treatment compared to non-treated cells (** P = 0.0033, * P = 0.0298, ** p = 0.008; 

respectively). All experiments were repeated three times. Error bars denote ± SEM.
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Figure 5. 21: Effect of 17-DMAG on CHOP and cleaved ATF6 protein levels in cells 

transfected with P23H RHO.

HeLa cells were first transfected with P23H RHO and then treated with 17-DMAG or 

nuclease free water 5 h post transfection. Nuclear fractions were prepared for western 

blots. Cleaved ATF6 and CHOP protein levels started to decrease in treated cells compared 

to non-treated cells from 12 h up to 24 h post 17-DMAG treatment. Coomassie blue 

staining o f  the identical gel was used as loading control for the nuclear fraction.
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Figure 5. 22: Quantification of cleaved ATF6 and CHOP protein levels from figure 

5.21.

A) Protein levels o f cleaved ATF6 were significantly reduced in P23H RHO transfected 

cells treated with 17-DMAG at 12 h post treatment compared to non-treated cells (*** P = 

0.0002). B) Similarly, protein levels o f CHOP were significantly lowered in P23H RHO 

transfected cells treated with 17-DMAG at 12 and 16 h post treatment compared to non-
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treated cells (* P = 0.0178 and * P = 0.0478; respectively). All experiments were repeated 

three times. Error bars denote ± SEM.
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Figure 5. 23: Aggregation of P23H RHO in cells.

Insoluble fraction o f HeLa cells transfected with pcDNA3.1(+), WT RHO or P23H RHO. 

Protein samples were harvested at 12, 24 and 48 h post tranfection and the insoluble 

fractions were blotted with anti rhodopsin antibody. A) There was a clear increase in RHO 

protein levels in cells transfected with P23H RHO compared to cells tranfected with WT 

RHO at all timepoints. No RHO protein expressions were detected in lanes containing 

protein samples isolated from pcDNA3.1 (+) transfected cells. B) Coomassie blue staining 

was used for loading control.
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Figure 5. 24: Effect o f 17-DMAG on RHO protein level in the insoluble fractions.

HeLa cells were transfected with pcDNA3.1(+), W T RHO or P23H RHO and then treated 

with 17-DMAG (4 |iM ) or nuclease free water 5 h post transfection. Insoluble protein 

fractions were then harvested 48 h post 17-DMAG treatment. A) The amounts o f 

rhodopsin protein were clearly reduced in treated cells transfected with P23H RHO versus 

control cells. Also, there was a small amount o f rhodopsin protein in the insoluble fraction 

o f cells transfected with WT RHO which also had its rhodopsin levels reduced after being 

treated with 17-DMAG. B) Coomassie blue staining was used for equal loading control.
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Figure 5. 25: Effect of 17-DMAG on Hsp40, Hsp70 and Hsp90 expression levels.

Cells were transfected with control DNA, WT RHO or P23H RHO and then treated with 

17-DMAG. Only one RT-PCR reaction was carried out in each case, therefore there was 

no statistical analysis. A) In untransfected cells, 17-DMAG treatment led to increased 

expression levels o f all three Hsp40, Hsp70 and Hsp90 in treated cells compared to control 

cells treated with nuclease free water at all timepoints. Similar to results obtained from 

untransfected cells, cells transfected with WT, P23H RHO or control plasmid showed

260



sim ilar trends o f  Hsp40 (B) and Hsp90 (C) expression levels post 17-DMAG treatment 

compared to control treatment. D) Expression levels o f  Hsp90 in cells transfected with WT 

or P23H RHO and treated with 17-DMAG were different from those in cells transfected 

w ith control plasmid.
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Figure 5. 26: 17-DMAG concentrations and ER stress response in P23H-3 rats.

Two groups o f 6 month old P23H-3 rats (n = 5 in each group) were intravitreally injected 

with 5 |j 1 o f 0.2 mg/ml or 1 mg/ml 17-DMAG into their LE, and saline PBS into their RE. 

Uninjected P23H-3 rats were used as controls for AACt method. Error bars denote ± SEM. 

There were no significant differences in BiP, CHOP, Grp94 and Xbpl expression levels 6 

days post injection in two groups o f  animals. However, there was a statistically difference 

in Grp94 mRNA levels in eyes injected with 1 mg/ml 17-DMAG compared to control eyes 

(* P = 0.0132) while this was not the case for eyes injected with 0.2 mg/ml 17-DMAG.
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Figure 5. 27: Effect of 17-DMAG on BiP and CHOP expression levels in P23H-3 rats.

Six month old P23H-3 rats were intravitreally injected with 5 |̂ 1 17-DMAG (1 mg/ml) in 

the left eye and saline in the right eye. TaqMan® gene expression assays were used to 

measure different mRNA levels in the retinas which were harvested at 6, 24, 48 h and 6 

days post injection. Non injected P23H-3 rats were used as controls for AACt method. 

Error bars denote ± SEM. A) BiP mRNA levels were significantly higher in 17-DMAG 

injected retinas compared to saline injected retinas 6 h post injection (** P = 0.006). 

However, BiP mRNA levels were significantly decreased in 17-DMAG injected retinas 

compared to saline injected retinas 24 and 48 h post injection (* P = 0.0363 and * P = 

0.042, respectively). B) CHOP mRNA levels were significantly higher in 17-DMAG 

injected retinas compared to saline injected retinas 6 and 24 h post injection (* P = 0.0254 

and ** p = 0.0051, respectively).

263



Expression levels of Grp94

400

g 3 5 0  J

c  300o'3?
S  250
W

2  200

> 150 
JS

100oc
50

B

p = 
0.0024

0.028

6 hrs 24 hrs 48 hrs

(n = 4) (n = 4 )  (n = 4)

Expression levels of X bpl

0.0132

6 days 

(n = 5)

I RE saline 

ILE 17-DMAG

250 0.017

~ 2 0 0

150

100

_2
V  50

24 hrs 48 hrs

Figure 5. 28: Effect o f 17-DMAG on Grp94 and X bpl expression levels in P23H-3 

rats.

These were the same animals as in Figure 5.27. Error bars denoted ± SEM. A) Grp94 

mRNA levels were higher in 17-DMAG injected retinas compared to control retinas 6 h 

post injection (** P = 0.0024). However, Grp94 mRNA levels were significantly lower in 

17-DMAG injected retinas compared to saline injected retinas 48 h and 6 days post 

injection (* P = 0.028 and * P = 0.0132, respectively). B) X bpl mRNA levels were 

significantly higher in 17-DMAG injected retinas compared to saline injected retinas 6 h 

post injection (* P = 0.017).
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Figure 5. 29: X bpl splicing in P23H rats treated with 17-DMAG.

Five 6 month old P23H-3 rats were intra-vitreally injected with 17-DMAG (1 mg/ml) in 

the left eye and saline in the right eye. The retinas were then processed for RNA 48 h post 

injection and PCR were carried out to quantify spliced X bpl level. Unspliced (u) X bpl is 

486 bp while spliced (s) Xbpl is 459 bp. The result obtained here was inconclusive since 

no spliced X bpl band was detected in all experimental animals with the exception in 

uninjected controls.
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Figure 5. 30: Western blot analyses o f BiP in P23H-3 rats treated with 17-DMAG.

Four month old P23H-3 rats were intravitreally injected with 17-DMAG in the left eye and 

saline in the right eye. Uninjected P23H-3 rats were used as controls. Proteins were 

collected from the retinas 12, 24 and 48 h post injection and whole cell lysates were 

isolated. P-actin was used for equal loading control. A) Western blots showed higher BiP 

protein levels in 17-DMAG injected retinas compared to saline injected retinas 12 and 24 h 

post injection. B) No differences in protein levels o f BiP were observed between 17- 

DMAG treated and non-treated eyes 48 h post injection. C) Bar charts illustrate the 

densitometry measurements o f percentage o f BiP and CHOP proteins in 17-DMAG 

injected retinas compared to saline injected controls 12, 24 and 48 h post injection. BiP 

protein levels were significantly increased in 17-DMAG retinas compared to control 

retinas 24 h post injection (* P = 0.0164). Error bars denote ± SEM.
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Figure 5. 31: Western blot analyses of CHOP in P23H-3 rats treated with 17-DMAG.

Protein samples o f the same rats in Figure 5.30 were blotted with antibody against CHOP. 

P-actin was used for equal loading control. A) CHOP protein levels were lower in two out 

o f  three retinas injected with 17-DMAG compared to saline injected retinas 24 h post 

injection. B) Western blots showed no differences in protein levels o f  CHOP 48 h post 

injection. C) CHOP was greatly reduced in 17-DMAG injected retinas compared to control 

retinas at the same timepoint post injection (P = 0.0547). Error bars denote ± SEM.
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Figure 5. 32: W estern blot analyses o f Grp94, cleaved ATF6, peIF2a in P23H-3 rats 

treated with 17-DMAG.

Protein samples o f  the same rats in Figure 5.30 were blotted with antibodies against 

Grp94, cleaved ATF6 and peIF2a. P-actin was used for equal loading control. There were 

no differences in protein levels o f Grp94 (A), cleaved ATF6 (B) and phosphorylated eIF2a 

(C) between 17-DMAG injected retinas and saline injected retinas at both timepoints post 

injection.
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Figure 5. 33: Western blot analyses o f Grp94, cleaved ATF6, peIF2a in P23H-3 rats 

treated with 17-DMAG.

Protein samples o f the same rats in Figure 5.30 were blotted with antibodies against 

Grp94, cleaved ATF6 and peIF2a. P-actin was used for equal loading control. Western 

blots showed no differences in protein levels o f Grp94 (A), cleaved ATF6 (B), peIF2a (C) 

between 17-DMAG injected retinas and saline injected retinas 48 h post injection.
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Figure 5. 34: Effect of 2 mg/kg/day 17-DMAG on the degenerating P23H-3 rat retina.

After being injected with CLDN5 AAV2/9 in the right eye and NT AAV2/9 in the left eye, 

6 month old rats (n = 10) were supplemented with doxycycline (2 mg/ml) and 17-DMAG 

(2 mg/kg/day) in their drinking water for 5 weeks. ERG measurements showed that b-wave 

amplitude o f the rod isolated and mixed cone and rod responses were significantly better in 

CLDN5 AAV2/9 injected eyes compared to control eyes (* P = 0.0482 and * P = 0.038; 

respectively). Error bars denote ± SEM.
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Figure 5. 35: Effect of 4 mg/kg/day 17-DMAG on the degenerating P23H-3 rat retina.

The same rats as in Figure 5.34 were then supplemented with 4 mg/kg/day 17-DMAG and 

doxycycline (2 mg/ml) in their drinking water for 4 weeks. There were significant 

differences in ERG readouts o f the cone isolated, rod isolated and cone and rod responses 

in eyes injected with CLDN5 AAV2/9 compared to contra lateral control eyes (* P = 

0.0174, * P = 0.0224 and * P = 0.0126; respectively) (n = 10). Error bars denote ± SEM.
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Figure 5. 36: Phenotypic analysis o f the modulated iRBR in P23H-3 rats.

The same rats in Figures 5.34 and 5.35 were used in this experiment after being 

supplemented with 17-DMAG and doxycycline for 9 weeks (n = 6) A) Contrast-enhanced 

MRI showed extravasation o f the MRI contrasting agent Gd-DTPA (MW  742 Da) in the 

right eye injected with CLDN5 AAV2/9, but not in the left eye injected with NT AAV2/9. 

The inverted image highlights the localised extravasation o f  Gd-DTPA in the right eye 

compared to the control eye. B&C) This extravasation was consistently observed in all rats 

(n = 6), with the background pixel intensity from the NT AAV2/9 injected eye being 

subtracted from the CLDN5 AAV2/9 injected eye (** P = 0.0029). Error bars denote ±
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Figure 5. 37: M easurements of ONL thickness in P23H-3 rats treated with 17-DMAG.

Systemic delivery o f 17-DMAG using the inducible CLDN5 AAV2/9 system led to 

preservation o f the photoreceptors at the site o f AAV2/9 inoculation (* P < 0.05). 

Interestingly, the outer nuclear layer thickness was also significantly greater at the opposite 

region in the untreated eyes compared to the control eyes (* P < 0.05). Error bars denote ± 

SEM.
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Figure 5. 38: Histological analysis of retinas of P23H-3 rats supplemented with 17- 

DMAG and doxycycline for 9 weeks.

DAPI staining o f retinal sections showed on average the right eye injected with CLDN5 

AAV2/9 had 1 or 2 more rows o f photoreceptors compared to the left eye injected with NT 

AAV2/9. A) Thinner and B) thicker regions o f the ONL were compared between NT 

AAV2/9 and CLDN5 AAV2/9 injected eyes. Scale bar represents 50 jiM.
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Figure 5. 39: Rhodopsin staining of retinas of P23H-3 rats supplemented with 17- 

DMAG and doxycyciine for 9 weeks.

Images showed patchy staining o f Rhodopsin in the IS and ONL regions in the eye injected 

with NT AAV2/9. On the other hand, Rhodopsin was localised in the OS and ONL regions 

in the eye injected with CLDN5 AAV2/9. All sections were counterstained with DAPL 

Scale bar represents 50 |aM.
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Figure 5. 40: CLDN5 staining of retinas of P23H-3 rats supplemented with 17-DMAG 

and doxycycline for 9 weeks.

A) & D) Thicker ONL was observed in CLDN5 AAV2/9 injected retina compared to NT 

AAV2/9 injected retina. B) & E) Higher amounts o f  CLDN5 staining with clear structure 

o f microvessels were observed in the left eye injected with NT AAV2/9 compared to the 

right eye injected with CLDN5 AAV2/9. All sections were counterstained with DAPI. 

Scale bar represents 50 nM.
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Figure 5. 41: ERG measurements of rod isolated response in P23H-3 rats treated with 

0.2 mg/kg/day 17-DMAG.

Six rats were injected with NT AAV2/9 in their left eye and CLDN5 AAV2/9 in their right 

eye at 1 month old. These rats were then administered with 17-DMAG and doxycyline 2 

weeks post injection and ERGs were measured at 1, 2, 3 and 4 months post treatment. A) 

b-wave amplitudes o f the isolated rod response. No significant difference was observed in 

b-wave amplitudes between LE and RE at all timepoints. B) Using repeated measures 

ANOVA and Tukey post tests, there were statistical differences in b-wave amplitude o f rod
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response in LE NT AAV2/9 o f rats treated with 17-DMAG and doxycycline for 1, 2 or 3 

months compared to those treated for 4 months (** P < 0.01 and * P < 0,05). Likewise, 

ERG readouts were significantly reduced in eyes injected with CLDN5 AAV2/9 after 4 

months compared to 1 month post 17-DMAG (* P < 0.05). Error bars denote ± SEM.
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Figure 5. 42: Effect of 0.2 mg/kg/day 17-DMAG on the degenerating P23H-3 rat 

retina.

ERG readouts o f the same rats as in Figure 5.41 4 months post 17-DMAG (0.2 mg/kg/day) 

treatment. There was no significant difference in b-wave amplitudes o f  both rod isolated 

response and cone and rod response in eyes injected with CLDN5 AAV2/9 compared to 

contra lateral control eyes (n = 6). The graph shows representative ERG tracing o f rod 

isolated response. Error bars denote ± SEM.
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Figure 5. 43: M easurements of ONL thickness in rats treated with 0.2 mg/kg/day.

No statistical difference in ONL thickness between treated and non-treated eyes o f the 

same rats as in Figures 5.41 and 5.42.
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A) 4 mg/kg/day

A nim al Before (g) A fter (g)

1 360 272

2 313 301

3 294 268

4 283 285

5 303 304

6 310 296

7 313 293

8 297 288

9 292 292

A verage 307.22 288.78

B) 0.2 mg/kg/day

Animal 1 m (g) 2 m (g) 3 m (g) 4 m (g)

1 235 270 286 299

2 211 252 261 272

3 244 280 283 295

4 234 286 297 310

5 220 260 274 282

Average 228.80 269.60 280.20 291.60

Table 5. 1: W eight of P23H-3 rats treated with A) 4 mg/kg/day and B) 0.2 mg/kg/day 

17-DMAG.

Table shows that the treatment did not affect weight o f these rats in general. A) No 

significant difference in weight between before and after 17-DMAG treatment. B) W eight 

o f rats continued to increase as they grew older. In fact, repeated measures ANOVA and 

Tukey post tests showed that weights o f these animals increased significantly with age 

( * * * P <  0.001).
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Chapter 6
Studies on Murine Models of P23H

Rhodopsin
1. Characterisation of models generated 

by AAV2/5 Delivery of WT and P23H

Rhodopsin 

2. Effect of 17-DMAG in a P23H 

Transgenic mouse model exhibiting 

Rapid degeneration
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6.1 Introduction

The need for effective therapy for adRP has led to the development o f several animal 

models including transgenic mice and rats expressing the rhodopsin mutations P23H, 

T17M, P347S and S334X in addition to fly and frog mutants carrying P23H rhodopsin. 

Although spontaneously arising mice mutants mimicking the course o f  human autosomal 

dominant RP have not been described, there are two such mutants, rd  and rds, which 

model recessive retinopathies, having defects in the cGMP phosphodiesterase (3-subunit 

gene and in the peripherin gene, respectively (Bowes el a l ,  1990, Connell et a l ,  1991, 

Pittler and Baehr, 1991, Travis et al., 1991). Large animal models include a dog 

harbouring the T4R rhodopsin mutation and transgenic P23H miniature pigs which are also 

available for investigators to explore disease pathogenesis and therapeutic interventions for 

adRP (Kijas et al., 2002, Zhu et al., 2004, Cideciyan et al., 2005, Ross et al., 2012). In this 

introductory section, various mouse models expressing either human or mouse P23H 

transgene and their differences in expression levels and localization o f rhodopsin within 

photoreceptors will be outlined. Since the P23H rat model used in C h a p te r  5 has a slow 

rate o f retinal degeneration, a P23H AAV2/5-induce mouse model was simultaneously 

developed in this study in order to test the effect o f 17-DMAG on photoreceptor cell death. 

In addition, systemic administration o f  17-DMAG in tandem with iBRB modulation via 

subretinal injection o f CLDN5 AAV2/9 was also investigated in a P23H mouse model.

The first transgenic animal models for retinal research carrying either a normal or a mutant 

human rhodopsin (abbreviated henceforth RHO) allele on a B6D2F1 background were 

created by Olsson et a i  (1992) two years after the discovery o f the P23H mutation in the 

RHO  gene in man (Dryja et a l ,  1990). Three lines carrying P23H rhodopsin designated 

P23H-D, P23H-E and P23H-L had ratios o f mouse rhodopsin (abbreviated henceforth Rho) 

to human P23H RHO mRNA o f 1:3, I;1 and 6:1, respectively. Although all o f  these lines 

exhibit retinal degeneration, the variation in the severity o f  the phenotype correlates with
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the amount o f mutant RHO expression compared to WT mouse Rho expression. Despite 

the level o f mouse Rho mRNA being far greater than that o f mutant RHO in the P23H-L 

line, these mice still suffered from a moderate retinal degeneration which was strikingly 

apparent by P20. In addition, Olsson er al. (Olsson et a l ,  1992) also created two transgenic 

lines carrying a normal human allele (NHR), NHR-A and NHR-E which differed in the 

ratio o f mouse Rho expression versus human RHO expression. The NHR-A strain which 

expresses 5-fold more human RHO than murine Rho expression level had severe 

photoreceptor degeneration similar to that observed in the P23H-D and P23H-E lines. On 

the other hand, the NHR-E line with equal amounts o f both human and mouse rhodopsin 

mRNA was nondegenerating and had similar photoreceptor structures and ERG readouts 

as W T mice. However, in general, studies regarding the effect o f overexpression o f WT 

rhodopsin have been met with conflicting results. For example. Sung et al. (1994) showed 

that in mice expressing as little as ~ 10% more mouse Rho transcripts, the average time for 

loss o f more than 50°/o of photoreceptors occurred after only 8 weeks of age. In addition, 

photoreceptor degeneration evident at P30 was induced by -23%  overexpression o f  WT 

mouse Rho (Tan et al., 2001).

In this laboratory, Rho knockout mice on a mixed C57BL/6J-129Sv genetic background 

were generated back in the 1990s to provide a useful tool for the study o f RP (Humphries 

et al., 1997). These Rho-/- mice initially develop normal numbers o f photoreceptor nuclei 

but do not elaborate rod outer segments and thus do not have rod ERG responses. 

Photoreceptor degeneration was relatively uniform across the retina and was almost 

completed at 3 months o f age at which time only one row o f photoreceptor nuclei 

(probably from cone cells) remained. On the other hand, Rho+/- animals retained the 

majority o f their photoreceptors albeit with structural disorganization and shorter outer and 

inner segments compared to those o f WT animals. Both Rho+/- and WT mice had similar 

cone and rod ERG responses at 13 weeks old. Moreover, the severity o f  the retinopathy
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also varied depending on genetic background (Humphries et a i ,  2001). By three months of 

age, the rate o f photoreceptor cell loss was significantly slower in C57BL/6J Rho-/- 

compared to 129Sv Rho-/- mice whereas WT mice on these two backgrounds had similar 

number of photoreceptor nuclei at this age. In addition, TUNEL staining results also 

showed that photoreceptor apoptosis started to occur at a later stage (P28) in Rho-/- mice 

on 129Sv background but increased over a longer period of time and had a more 

devastating effect. From 45 days of age, b-wave amplitude of cone isolated response also 

declined significantly faster in 129Sv Rho-/- mice than in C57BL/6J Rho-/- mice. Further 

studies on Rho-/- mice demonstrated that retinas of both P23H+/- Rho-/- and P23H+/- 

Rho+/- showed marked degeneration with a complete loss of photoreceptors by 2 weeks 

old, and reduced a- and b-wave ERG readouts (O'Reilly ei al., 2007).

Another mouse model was created which expresses a mutated mouse Rho transgene 

containing three amino acid substitutions near the N terminus of rhodopsin V20G, P23H 

and P27L and is thus known as the VPP mouse. V20G and P27L mutations have not been 

observed in human adRP and these amino acid positions are much less conserved than 

Pro23. These mice simultaneously express mutated and WT murine Rho genes at 

comparable levels and exhibit retinal degeneration mimicking severe human adRP, 

degeneration being essentially complete by P30 (Naash el al., 1993, Goto et a i ,  1995, 

Frederick et a l ,  2001) . In particular the rate of retinal degeneration observed in the 

presence of one wild type endogenous allele (Rho +/-) was significantly faster than that in 

the normal Rho +/+ background (Frederick et a l ,  2001).

Murine models expressing P23H rhodopsin have also been used to investigate mutant 

protein localization. However, although studies carried out using these mouse models are 

in agreement that retinal degeneration correlates with the level of P23H expression, they 

differ significantly in the localization of mutant P23H rhodopsin. For example, in models 

expressing high levels o f P23H RHO, the mutant RHO was localised in the inner and outer
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segments, with significant levels in the ONL and in the OPL (Olsson et al., 1992, Roof et 

al., 1994). On the other hand, in models exhibiting slower degeneration most P23H RHO 

was found in the rod OS although a small fraction was initially present in the OPL and in 

the ONL (Olsson et al., 1992, Roof et al., 1994). In the VPP mice with the Rho-/- 

background, the VPP Rho was localized in the ER around the rod cell nuclei in the ONL 

and failed to support OS formation (Frederick et a l ,  2001). In contrast, mutant Rho was 

present mostly in the rod OS but with some mislocalization to the OPL in the presence o f 

endogenous mouse Rho (Wu et al., 1998). Recently, two P23H RHO knock-in mouse 

models were generated, in which the endogenous mouse rhodopsin locus was modified to 

carry either a mouse P23H  Rho or a human P23H RHO-GFP  fusion gene (Price et a l ,  

2011, Sakami et a l ,  2011). In mice heterozygous for mouse P23H Rho and normal mouse 

Rho generating a phenotype mimicking changes in the retina o f patients with P23H adRP, 

all rhodopsin was found in the rod OS (Sakami et a l ,  2011). In contrast, in mice 

heterozygous for the human P23H RHO-GFP  fusion gene, expression o f which was at 

such a low level that no significant retinal dysfunction could develop, the P23H RHO-GFP 

fusion protein was substantially degraded and mostly mislocalized to the ONL and the rod 

IS (Price et al., 2011).

Although murine and human rhodopsin differ in their amino acid sequence at 18 residues, 

the presence o f NHR  transgene, expressing at the same level as WT mouse rhodopsin, 

rescued severe retinal degeneration in Rho-/- mice and displayed a WT phenotype 

(McNally et a l ,  1999). Similarly, mice expressing a codon-modified human RHO  

transgene designed to avoid targeted suppression by siRNA on a Rho-/- background also 

had ERG responses and retinal histology equivalent to WT and NHR+/- Rho -I- mice 

(O'Reilly et a l ,  2007, O'Reilly et a l ,  2008). Indeed, the presence o f normal rhodopsin 

does appear to influence localization o f mutant P23H rhodopsin and the extent o f retinal 

degeneration in mutant mouse models, since it has also been shown that increasing the
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amount o f WT rhodopsin up to a limit where it is toxic on its own, improved long term 

photoreceptor survival and visual function in mice expressing a P23H transgene (Mao et 

<7/., 2011, Mao et o/., 2012, Price e/ a/., 2012).

6.1.1 Objectives

Recently, recombinant AAV serotypes have been the predominant vectors used for gene

delivery to photoreceptors because of efficient transduction, low toxicity and long term

gene expression compared to adeno- and lenti-viral vectors (Lebherz et a i, 2008, Surace

and Auricchio, 2008, Stieger et al., 2009, Watanabe et a i ,  2013). Moreover, the safety and

efficacy of AAV for retinal gene therapy has been further enhanced by results from four

independent human clinical trials using AAV2 in the human eye (Bainbridge et a i,  2008,

Cideciyan et a i ,  2008, Maguire et al., 2008, Banin et al., 2010), and so far the treatment

has resulted in substantial improvement in vision for at least 3 years (Jacobson et al.,

2012). In addition, these viral vehicles are also promising for in vivo functional analysis of

retinal genes. AAV-mediated expression o f human mutant IMPDHl containing the

Arg224Pro mutation but not WT IMPDHl in retina has been shown to produce rapid

structural and functional retinal degeneration in IM PDHl+/- mice (Tam et al., 2008).

Similarly, adenovirus or AAV-mediated delivery of vascular endothelial growth factor to

rat and mouse retinas induces choroidal neovascularisation, a hallmark of wet AMD (Baffi

et a i ,  2000, Wang et al., 2003, Cashman et a i,  2006). Moreover, adenovirus-mediated

delivery o f complement component 3 to the RPE o f murine retinas leads to significant

functional and structural changes resembling many features o f AMD as well as those of

other retinal diseases such as proliferative diabetic retinopathy and proliferative

vitreoretinopathy (Cashman et al., 2011). In the context o f this chapter, AAV2/5 vectors

expressing human P23H or WT RHO were designed to generate viral-mediated WT and

P23H RHO murine models for studies involving the characterization of P23H disease

progression. In addition, similar to research carried out and described in Chapter 5, the
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efficacy o f 17-DMAG in alleviating ER stress was also tested in human P23H+/- Rho+/- 

and P23H+/- Rho-/- mouse models due to their faster photoreceptor degeneration rate 

compared to the rat model. Thus, it was envisaged that the results obtamed from these mice 

may also confirm the effect o f 17-DMAG in ER stress-induced apoptosis.
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6.2 Materials and Methods 

6,2.1 A A V  con stru ction

Based on the replacement human RHO complementary DNA sequence in the pAAV-BB24 

vector, the human WT RHO DNA sequence (758 bp) was constructed by synthesizing the 

whole sequence starting from the H indlll restriction site in the murine Rho promoter and 

finishing at the BsaBI restriction site in the replacement RHO pAAV-BB24 vector and 

m odifying wobble (modified) sites at nucleotides 254-274 back to the original W T RHO 

sequence (NM _000539.2) (Palfi et a i ,  2010). The pAAV-BB24 vector was kindly 

provided by Prof. Jane Farrar. The DNA sequence generated by GeneArt contained an 

extra sticky Kpnl site at the 3 ’ end right after the original BsaBI site which generated a 

blunt end thus being unsuitable for ligation to the GeneArt plasmid. The pRHO-GeneArt 

vector consisted o f 758 bp WT RHO sequence, 668 bp Col E l origin and 798 bp 

Kanamycin resistance sequence (Figure 6.1).

Using the same pair o f  P23H mutagenesis primers (Section 5.2.4), QuikChange Site- 

Directed M utagenesis was then earned out on the WT RHO vector synthesized by GeneArt 

(Invitrogen) to create the P23H RHO vector. These two GeneArt vectors were then 

digested with H indlll and BsaBI restriction enzymes to release the human P23H and WT 

RHO DNA sequences which were later ligated back into pAAV-BB24 vector also 

previously digested with H indlll and BsaBI to remove the original replacement RHO 

sequence. Both WT RHO pAAV-BB24 and P23H pAAV-BB24 contained a 1812 bp 

mouse rhodopsin promoter (Rho-P) together with two conserved Rho-P elements (66 bp 

Enhancer Element and 76 bp B region), a 0.4 kb fragment o f the endogenous 3 ’-UTR (168 

bp polyA region F and 253 bp polyA region G), and a 49 bp minimal polyadenylation 

signal (Figure 6.1).

Sequencing primers for detecting P23H and W T sequence in pRHO-GeneArt after 

m utagenesis were: Forward: 5’-GCCTCTTCGCTATTACGCCAG-3’ and Reverse: 5 ’-
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TTAGGCACCCCAGGCTTTAC-3’ (GeneArt), or Reverse: 5’-

CATGCAGAGAGGTGTAGAGGG-3’ (GenScript). Sequencing primer for detecting 

P23H and WT sequence in pAAV-BB24 was Forward: 5’-ATGTCACCTTGGCCCCTCT- 

3 ’ (GenScript).

The two P23H pAAV-BB24 and WT RHO pAAV-BB24 plasmids were then used to 

generate P23H AAV2/5 and WT RHO AAV2/5 by Vector Biolabs.

6.2.2 Ligation

Ligations were carried out in 20 |̂ 1 reaction volumes at a vector to insert ratio o f 1:5 (w/w) 

and incubated at 16°C overnight. Negative controls were also included to verify the 

complete digestion o f  the pAAV-BB24 vector. The components o f  a ligation reaction 

included the following:

Com ponent Experiment

(Ml)

Negative
control

(nD

Negative
control

(Ml)

Negative
control

(Ml)
pAAV-BB24 1 1 - 1

Insert 4 - 4 4

T4 Ligase 1 1 1 -

T4 lOx Ligase buffer 4 4 4 4

ddHiO 11 14 11 11

Total Volum e 20 20 20 20

3 |il o f  each ligation reaction was then used for the transformations o f 150 |al o f  X Ll Blue 

competent cells which were then plated on a petri dish containing Ampicillin and 

Tetracycline antibiotics. Clones were mini prepared, double digested with Hindlll and 

BsaBI enzymes and analyzed with gel electrophoresis to ensure positive results. Two 

samples were chosen for further evaluation with sequencing and later being maxi prepared.
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6.2.3 R T-PC R  for expression level o f hum an RHO

rriRNA was isolated from mouse retinas and measured for levels of human RHO using 

QuantiTect®SYBR® Green RT-PCR kit as in Section 2.4.7, Human RHO specific primers 

used were the same as in Section 5.2.10. Human RHO expression levels were standardized 

against mouse P-actin. Primers for mouse P-actin were: Forward 5’-

AGAGCAAGAGAGGTATCC- 3’ and Reverse 5’- TCATTGTAGAAGGTGTGGTGCC- 

3’.

6.2.4 D eterm ination o f  A AV titer (R ohr et al., 2002)

Before determining viral titre, 2 |al from each viral fraction was diluted with 28 |̂ 1 nuclease 

free water and 15 |al of this was mixed with 5 |al RQl DNase lOx reaction buffer, 1 |il RQl 

RNase free-DNase enzyme and 29 |il nuclease free H2O (Promega). The reaction was 

incubated at 37°C for 30 min and later at 65°C for 10 min. After this step, 1 |il Proteinase K 

(Invitrogen) was added and the reaction was incubated at 50 °C for I hour and inactivated 

at 95°C for 20 min.

Quantitative PCR (qPCR) analysis was carried out with human RHO specific primers.

Either WT RHO pcDNA3 or P23H RHO pcDNA3 was used for preparation of a standard

curve. For example, the concentration o f P23H RHO pcDNA3 was 895.4 ng/|il and the

length o f the plasmid was 7.323 kb containing 1.923 kb insert of P23H RHO between

EcoRI and Hindlll site, these values were used to calculate number of molecules available

in 1 ng of plasmid. Using the website

http://wwrw.uri.edu/research/gsc/resources/cndna.html. each ng of P23H RHO pcDNA3

contained 1.13 x 10" molecules of P23H RHO pcDNA3. A serial 10-fold dilution of

pcDNA3 containing the human RHO was made consisting o f between 10^-10^ molecules

of the plasmid. These dilutions were used to generate a standard curve for determining

viral titre. qPCR was performed on 100-fold dilution of each AAV treated with DNase and

Proteinase K using the two-step RT-PCR SYBR green PCR kit (Qiagen) and each reaction
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well contained 5 |il diluted AAV2/5, 10 |il SYBR green, 1 ^1 primer stock (10 pmol/|il) 

and 4 |al nuclease-free H2O. Reactions were carried out as follows:

1. Activation of DNA polymerase: 95°C for 15 min

2. cDNA ampliflcation: 36 cycles at 95°C for 15 s and 60°C for 1 min.

Titre of each AAV2/5 (viral genomes/ml) was calculated by multiplying results obtained 

with 10^

6.2.5 G enotyping

Primers for mouse Rho (GenBank M55171.1) genotyping were as follows: 

MuRho3109Forward 5’-GAGCTTCTGTTTTGGCACAC-3’ (position 3109-28 intron 1), 

MuRho3536Reverse 5-TTATGCCTGGAACCAATCCG-3’ (position 3536-17 intron 2) 

and NeoR 5’-TTCAAGCCCAAGCTTTCGCG-3’. MuRho3109Forward and 

MuRho3536Reverse gave a fragment of 428 bp in a Rho+/+ mouse. However, the neo*̂  

gene was inserted at the Eco47111 site in exon 2 of the rhodopsin gene in a Rho-/- mouse. 

The fragment amplified with MuRho3109Forward and NeoR is 251 bp. All three primers 

were used together in the following amplification reaction: 1 |il of crude DNA extracted 

from tail or ear biopsy (Section 2.8.2), 0.25 ^1 each of primers (100 pmol/|il), 0.4 (il dNTP 

mix (12.5 pmol/|al, 2.5 |il lOx reaction buffer, 0.125 |il Taq polymerase in a total reaction

volume of 25 î l. PCR conditions: 94°C for 1 min, 35 cycles at 94°C for I min, 55°C for 1

min and 72°C for 1 min; and 72°C for 5 min. PCR products were resolved on a 2% agarose 

gel, fragments of 428 and 251 bp being diagnostic o f the WT and mutant alleles 

respectively.

Primers for human P23H genotyping were as follows: Forward: 5’-

CATTCTTGGGTGGGAGCAG-3 ’and Reverse: 5 ’-GGACAGGAGAAGGGAGAAGG-3 ’.

Ampliflcation reaction included 1 |al of crude DNA extracted from tail or ear biopsy, 0.25

|il each of primers (100 pmol/|il), 0.4 |il dNTP mix (12.5 pmol/|al), 0.125 |il Taq

polymerase in a total reaction volume of 25 fil. PCR conditions: 95°C for 1 min, 35 cycles
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at 95°C for 30 s, 57.5°C for 30 s and 72°C for 1 min 20 s; and 72°C for 10 min. PCR 

products were resolved on a 2% agarose gel, a fragment 518 bp being diagnostic of the 

presence of human P23H transgene.

6.2.6 TaqM an®  gene expression analysis

After being intravitreally injected with 17-DMAG or PBS, mRNA were isolated from the 

retinas of P23H+/- Rho-/- mice at 3 and 5 days post injection. mRNA samples were 

converted to cDNA samples which were then used in Taqman® Gene Expression Assays 

(Section 5.2.9), IDs for these assays were: CHOP (Mm_00492097_ml), BiP 

(Mm_00517691_ml), Xbpl (Mm_00457357_ml), Grp94 (Mm_00441926_ml) and P- 

actin (Mm_00607939_sl).

6.2.7 Statistical analysis

Two-tailed paired student’s i test was used for comparison between results obtained from 

the left and right eyes of the same animals. Unpaired two-tailed student’s / test was used 

for comparison between different strains of animals. P < 0.05 was considered being 

significant.
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6.3 Results

6.3.1 Generation of AAV constructs

The aim o f  this section was to develop an induced mouse model o f P23H adRP by 

subretinal injection o f  AAV2/5 expressing P23H RHO which would exhibit a moderate 

rate o f retinal degeneration so that a full spectrum o f P23H models encompassing slow 

(P23H-line 3 rat), moderate (P23H AAV2/5-induced mouse) and fast (P23H+/- Rho-/- 

mouse) rates o f retinal degeneration would be available for testing therapeutics. A range o f 

AAV2/5 constructs for gene replacement therapy o f adRP was investigated for efficacy in 

transduction and retinal improvement in Rho-/- mice (Palfi et a i ,  2010). In one particular 

vector design called AAV-BB24, the authors indicated that murine Rho promoter 

containing highly conserved elements across different species provided a high level o f  WT 

RHO mRNA expression which represented approximately 40% o f endogenous mouse 

rhodopsin found in WT mice. ERG measurements at 6 and 12 weeks post subretinal 

delivery o f AAV-BB24 to PO Rho-/- mice showed evidence o f rod derived ERG responses 

in the injected eyes compared to the control eyes. However, there was a decline in both 

ERG rod response and ONL thickness at 12 weeks compared to 6 weeks post subretinal 

injection. Nevertheless, ultrastructural analysis o f Rho-/- retinas transduced with AAV- 

BB24 at 6 weeks post injection showed correctly formed rod photoreceptor OS with 

parallel membrane disks, reaching to the RPE compared to short truncated rod OS 

extending from the apical membrane o f  the rod photoreceptor inner segment in uninjected 

eyes (Palfi et a l ,  2010).

Given these results, P23H and WT RHO AAV2/5 investigated in this chapter were 

designed based on the AAV-BB24 construct which contained modified bases in the RHO 

cDNA sequence for gene suppression and replacement therapy. At first, a short DNA 

sequence containing the human WT RHO with a H indlll restriction site at the 5’ end and a 

BsaBI restriction site right before a Kpnl restriction site at the 3 ’ end were synthesized and
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ligated into a plasmid called pRHO-GeneArt by GeneArt (Invitrogen). The Hindlll and 

BsaBI sites are also present in the pAAV-BB24 construct (Figure 6.1). The reason to 

introduce the Kpnl site was because BsaBI generated a blunt end which was unsuitable for 

ligating to the GeneArt plasmid. Next, pRHO-GeneArt expressing P23H RHO was made 

using the QuikChange site directed mutagenesis kit with the same pair o f primers used in 

Section 5.3.2.2. The two pRHO-GeneArt plasmids expressing WT RHO or P23H RHO 

were then digested with H indlll and BsaBI restriction enzymes to excise a 758 bp band 

which was then ligated back to pAAV-BB24 previously digested with these two enzymes 

to generate P23H pAAV-BB24 and WT RHO pAAV-BB24 (Figure 6.2). These two 

plasmids were later used to synthesize P23H AAV2/5 and WT RHO AAV2/5 by Vector 

Biolabs. All constructs were sequenced at every single step to ensure the correct DNA 

sequence o f  W T and P23H RHO (Figure 6.3).

6.3.2 D eterm in ation  o f  A A V  titres

In order to investigate expression levels o f WT RHO AAV2/5 and P23H AAV2/5, a group

o f 5 month old 129Sv WT animals (n = 3) was first injected with 3 |il o f  WT RHO

AAV2/5 in their left eyes and 3 |al o f  P23H AAV2/5 in their right eyes. 23 days later, mice

were put down and mRNA samples were isolated from their retinas and tested for

expression levels o f  human RHO using mouse p-actin expression level as the endogenous

control. mRNA o f an NH R mouse was used for the standard curve. According to Vector

Biolabs, the titres o f W T RHO AAV2/5 and P23H AAV2/5 were 1.8 x 10'^ and 1.2 x 10'-’

vp/ml, respectively. However, the expression level o f  human RHO in retinas injected with

WT RHO AAV2/5 was 2.3-fold higher than that in retinas injected with P23H AAV2/5 (*

P = 0.0219) (Figure 6.4). Therefore, it was necessary to establish whether the inclusion o f

empty viral particles had resulted in inaccurate titering by Vector Biolabs. In order to do

this the actual titres expressed as vector genomes per ml (vg/ml) o f the two AAVs were

quantified by qPCR. Both WT RHO and P23H AAV2/5 were first digested with DNase
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and Proteinase K and then tested for levels of human RHO. The AAV titres measured were 

roughly 10-fold less than those suggested by Vector Biolabs. In fact, AAV tires o f WT 

RHO AAV2/5 and P23H AAV2/5 were 2.2 x 10'^ and 9.97 x 10 '‘ vg/ml, respectively. 

Thus the quantity of P23H AAV2/5 injected was 54.64% less (2-fold less) than that of WT 

RHO AAV2/5 (** P = 0.0057) (n = 3) (Figure 6.5) explaining the higher expression level 

o f RHO in eyes injected with WT RHO AAV2/5 (Figure 6.4).

6.3.3 Effect o f AAV2/5 -  m ediated delivery o f W T and P23H RH O  in 129Sv 

W T mice

In order to investigate the effect of P23H AAV2/5 in WT mice, a group o f 3 month old 

129Sv mice (n = 3) were injected with 3 ^1 PBS in the left eye and 3 |il o f P23H AAV2/5 

{ 9.91 X 10" vp/ml) in the right eye. Figure 6.6 shows that b-wave amplitudes of rod 

isolated response were significantly reduced by up to 49.87% and 62.02% in the right eye 

injected with P23H AAV2/5 compared with the control eye at 2 and 4 weeks post injection 

(* P = 0.0306 and * P = 0.0233, respectively). In addition, expression of P23H also led to a 

decrease o f approximately 60% of both dimer and monomer levels of total rhodopsin 

protein in eyes injected with P23H AAV2/5 compared to control eyes at 6 weeks post 

injection (* P = 0.0322 and * P = 0.015 respectively) (Figure 6.7).

Since the presence of WT RHO has complicated analyses of retinal degeneration, as

mentioned above, two different doses of P23H and WT RHO AAV2/5, termed Dose 1 and

2 were tested for induction of retinal degeneration. A group of 4 month old 129Sv WT

mice were subretinally injected with 3 )il of either Dose 1 (9.97 x 10" vg/ml P23H

AAV2/5 in the right eye and 1.1 x 10'" vg/ml WT RHO AAV2/5 in the left eye) or Dose 2

(9.97 X 10''’vg/ml P23H AAV2/5 in the right eye and 1.1 x 10" vg/ml WT RHO AAV2/5

in the left eye). Although the titres of both virus were reduced by 10-fold in Dose 2, b-

wave amplitudes of rod isolated response in both eyes injected with AAV2/5 still

significantly degenerated 6 weeks post injection compared to sham injected animals
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(Figure 6.8). Specifically, ERG readouts in the left eye injected with Dose 1 (n = 3) and 2 

(n = 4) o f WT RHO AAV2/5 were statistically reduced by up to 64.46 and 33.9% 

compared to control (n = 4) (** P = 0.0083 and ** p = 0.0032, respectively). Likewise, 

ERG readouts in the right eye injected with Dose 1 and 2 of P23H RHO AAV2/5 were 

statistically lower by 56.77 and 36.24% compared to control (* P = 0.0134 and ** p = 

0.0039, respectively). On the other hand, there was no significant difference in ERG 

readouts in the left eye injected with WT RHO AAV2/5 compared to the right eye injected 

with P23H AAV2/5 o f both Dose 1 and 2.

6.3.4 Effect o f W T RH O  and P23H A A V 2/5 in Rho+/- mice

Based on the resuhs obtained from 129Sv WT mice, both WT RHO AAV2/5 and P23H

AAV2/5 exerted a great effect on rod isolated response even at the lower concentration (3

|il of ~10" vg/ml). The next objective was to study whether WT RHO AAV2/5 could

alleviate degeneration and P23H AAV2/5 lead to retinal degeneration in 129Sv Rho+/-

mice and C57BL/6 Rho+/- mice. First, two groups of Rho+/- animals in either C57BL/6 or

129Sv background (n = 7 for each group) were subretinally injected with 0.8 |il of 9.97 x

10" vg/ml P23H AAV2/5 in the right eye and 0.8 |il of 1.1 x 10'- vg/ml WT RHO

AAV2/5 in the left eye at P4. ERGs were then measured at 6 weeks post injection. Figure

6.9 showed that all rod isolated, cone isolated and maximum cone and rod responses in

C56BL/6J animals were statistically higher than that in 129Sv animals. In rod derived

response, ERG in the left eye injected with WT RHO AAV2/5 and the right eye injected

with P23H AAV2/5 were significantly reduced by up to 44.69% and 61.12% in 129Sv

mice compared to C57BL/6J mice (** P = 0.0067 and ** p = 0.0014, respectively). As

regards cone derived response, ERG in the left eye injected with WT RHO AAV2/5 and

the right eye injected with P23H AAV2/5 were statistically reduced by up to 48.94% and

63.03% in 129Sv mice compared to C57BL/6J mice (** P = 0.0065 and ** P = 0.0015,

respectively). Likewise, the maximum cone and rod response in WT RHO AAV2/5
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injected eyes and P23H AAV2/5 injected eyes were significantly degenerated by 44.33% 

and 58.22% in 129Sv mice compared to C57BL/6J mice (** P = 0.0082 and ** p = 0.0003, 

respectively).

ERGs in Rho+/- animals on the C57BL/6J background were measured again 14 weeks post 

injection. Figure 6.10 showed that ERG responses in these animals continued to 

degenerate with time. Rod derived responses in eyes injected with WT RHO AAV2/5 and 

P23H AAV2/5 were significantly reduced by 48.21% and 37.792% compared to 6 weeks 

post injection respectively (** P = 0.0015 and ** p = 0.0058, respectively). In cone 

derived response, the ERG in the left eye injected with WT RHO AAV2/5 was 

significantly reduced by 41.03% at 14 weeks post injection (*** P = 0.0008). Similarly, 

maximum cone and rod responses in the left eye injected with WT RHO AAV2/5 and the 

right eye injected with P23H AAV2/5 were also significantly reduced by 53.63% and 

35.7% at 14 weeks post injection (*** P < 0.0001 and ** p = 0.008, respectively). 

Although no ERG differences were detected between P23H AAV2/5 and WT RHO 

AAV2/5 injected eyes at 6 weeks post injection, ERG in the left eye injected with WT 

RHO AAV2/5 were much lower than that in the right eye injected with P23H AAV2/5 at 

14 weeks post injection. Figure 6.12 demonstrates all cone isolated response, rod isolated 

response and maximum cone and rod response in eyes injected with P23H AAV2/5 were 

statistically higher by 76.89, 39.22, 53.66% compared to eyes injected with WT RHO 

AAV2/5 (*** P = 0.0005, * P = 0.0211 and ** P = 0.0034, respectively).

6.3.5 Effect o f 17-DM AG in P23H +/- Rho-/- mice

Since transgenic P23H+/- Rho-/- mice have been shown to degenerate at a very fast rate

with only one row of photoreceptors by two weeks of age, these mice were used to

investigate if 17-DMAG would have any effect given this short therapeutic window. Mice

were genotyped using specific primers for mouse Rho and human P23H genes. In brief,

PCR products were run on a 2% gel with fragments o f 428 and 251 bp being diagnostic of
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the WT and mutant alleles respectively. For P23H genotyping, a fragment o f 518 bp 

indicated the presence o f the transgene (Figure 6.13). P23H+/- Rho-/- pups were 

intravitreally injected with 0.8 |il o f  0.2 mg/ml 17-DMAG in the right eye and PBS in the 

left eye at P5. Mice were put down and mRNA isolated from retinas 3 (n = 5) and 5 (n = 7) 

days post injection. Taqman® gene expression analyses were carried out for BiP, Grp94, 

CHOP and X bpl in these samples. No differences were detected in any samples, except for 

the expression level o f  Grp94 5 days post injection which was 12.11% higher in the 

control PBS- injected eye compared to the eye injected with 17-DMAG (Figure 6.14).
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6.4 Discussion

Both WT and P23H RHO AAV2/5 constructs used in this chapter were based on the

design o f AAV-BB24 which expresses a codon-modified replacement W T RHO at

approximately 40% that o f endogenous mouse Rho in WT mice with no adverse effect on

ERG (Palfi et al., 2010). In the current project 3 |il o f  1.1 x 10'^ vg/ml (3.3 x 10® vg/eye),

approximately three times less WT RHO AAV2/5, was injected and yet rod isolated ERG

was reduced by over 60%. Moreover, even when the quantity o f W T RHO AAV2/5

injected was reduced ten-fold (3.3 x 10* vg/eye), reduced ERGs were still observed

(Figure 6.8). This observation was in line with previous studies which suggested that a

small amount o f overexpression o f rhodopsin could lead to retinal degeneration (Sung et

al., 1994, Tan et a/., 2001, Mao et al., 2011). Interestingly, WT RHO AAV2/5 was as

potent as P23H AAV2/5 in having a negative effect on ERG o f 129Sv WT animals.

Despite WT animals with both 129Sv and C57BL,^6J backgrounds having similar ERG and

retinal thicknesses during developmental and adult stages, Rho-/- mutants exhibited

different rates o f retinal degeneration with a faster rate associated with the 129Sv

background (Humphries et al., 2001). In particular, this became apparent at 45 days old

which was also the start o f  a steady decline in cone response (Toda et al., 1999). Although

the visual function o f  Rho+/- mice is similar to that o f WT mice until 13 weeks o f age

(Humphries et al., 1997), the genetic background did correlate with reduced ERG

responses following injection with either W T or P23H RHO AAV2/5 in 129Sv Rho+/-

mice compared to similarly injected C57BL/6J Rho+/- mice at six weeks post injection

(Figure 6.9). The ERG reductions were approximately 44 -  49% and 58 - 63% in eyes

injected with WT RHO AAV2/5 and P23H AAV2/5 respectively in Rho+/- mice on the

129Sv background compared to the C57BL/6J background. ERG readouts continued to

decline in AAV2/5 injected C57BL/6J Rho+/- animals until 14 weeks post injection

(Figures 6.10 and 6.11). In addition, ERG measurements from eyes injected with either
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AAV were similar at 6 weeks post injection. Moreover, unexpectedly, significantly higher 

ERG readings o f cone, rod and maximum cone and rod responses were observed in P23H 

AAV2/5 compared to WT RHO AAV2/5 injected eyes at 14 weeks post administration. 

The aim o f  this study was to determine the optimum titre which would cause retinal 

degeneration in mice when injected with P23H AAV2/5 but not with WT RHO AAV2/5. 

However, the negative effect o f  overexpression o f W T RHO even in Rho+/- mice observed 

here demonstrates that either the viral titres used here, despite being o f a smaller 

magnitude to those employed by others, are excessive. The design o f the AAV construct 

has already been shown to give high transduction efficiency thus triggering OS formation 

and ERG response in Rho-/- mice (Palfi et al., 2010). Hypothetically, it is possible to 

assume that WT RHO AAV2/5 would provide the same protection in Rho-/- mice. 

Therefore, future studies using these AAVs may have to be carried out in Rho-/- mice but 

will most likely be compromised due to rapidity o f the retinal degeneration which P23H 

AAV2/5 is likely to cause in this background. Additionaly, injection at PO with PBS alone 

compromised cone ERG response in Rho-/- while less o f a decrease in ERG response was 

observed in mice injected at PIO (Palfi et a i ,  2010). M oreover, expression o f rhodopsin 

initiates at appoxiamately P4 postnatally in the murine retina (McNally et al., 1999). 

Therefore, determination o f  the precise time o f injection will also be necessary to improve 

this P23H AAV2/5 induced retinal degeneration model which could then be used to 

investigate whether systemic administration o f 17-DMAG provides some protection 

against expression o f  P23H RHO.

The second objective o f this chapter was to investigate the effect o f intravitreal 

administration o f 17-DMAG on expression levels o f  BiP, CHOP, Grp94 and Xbpl in 

P23H+/- Rho-/- mice which exhibit an extremely rapid rate o f  retinal degeneration which 

results in less than one row o f photoreceptor nuclei remaining by two weeks o f age. 

Unfortunately though, due to the lack o f  animals (breeding was a problem), it was not

302



possible to optimise the timing o f injection and dosage o f I7-DM AG for intravitreal 

injection. Moreover, due to the short half-life o f 17-DMAG, the difficulties o f repeated 

injections in young pups and the rapid nature o f the degeneration it would have been 

difficult to have observed any effect in preventing the thinning o f the developing retina in 

these mice. Thus, after several unsatisfactory attempts, all experiments involving 17- 

DMAG intravitreal injections into this model were abandoned.

Recently, two knock-in models o f P23H mice have been developed for better 

understanding o f expression level, localization and mode o f  pathology o f P23H protein. 

However, they differ significandy in their conclusion about the localization o f P23H 

mutant protein. Sakami et al. (2011) suggested that mutant mouse P23H protein did not 

accumulate in the rod photoreceptor ER as described in various transgenic rodent 

rhodopsin mutant models, but instead disrupted rod photoreceptor disks. Moreover, the 

mouse P23H protein was inadequately glycosylated with levels between 1 and 10% that of 

WT Rho. It is worth noting that the authors used an antibody that did not distinguish 

between WT and mutant Rho protein and most P23H protein underwent an extensive rate 

o f degeneration. Therefore, it was unclear whether mislocalization o f P23H could have 

been detected in this study. Contrary to the above knock-in mouse model, the model 

developed by Price et al. (2011) contained one copy o f  a mutant human RHO  gene fused 

with an enhanced GFP gene, thus replacing one copy o f the endogenous mouse Rho gene. 

The study also indicated substantial degradation o f P23H RHO in mouse rod cells and 

most o f the remaining mutant P23H protein was mislocalized to the IS and ONL layers 

with only ~ 20% in the rod OS. It was also suggested that the toxic site o f  action o f P23H 

protein was in the rod OS since retinal health improved with loss o f P23H protein from the 

OS and gains in the IS and ONL layers, thus suggesting that in this model ER stress was 

not the cause o f cell death (Price ei al., 2012). In addition, increasing the level o f WT RHO 

in a retina heterozygous for a mutant P23H rhodopsin allele protected the retina from
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degeneration (Mao et o/., 2011, Mao et al., 2012, Price et aL, 2012). Given these results, it 

would be interesting to investigate the effect o f 17-DMAG in these knock-in models to 

determine if  induction o f the unfolded protein response has any effect on retinal 

degeneration in these mouse models in which ER stress appears not to be the primary 

disease mechanism.
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pRHO-GeneArt (3042 bp)
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Figure 6. 1: Schematic presentations of DNA construct.

The pRHO-GeneArt vector consists o f 758 bp WT RHO sequence, 668 bp Col El origin and 798 bp Kanamycin resistance sequence. The 

pAAV-BB24 vector was kindly provided by Prof Jane Farrar Lab. Both WT RHO pAAV-BB24 and P23H pAAV-BB24 contain a 1812 bp 

mouse rhodopsin promoter (Rho-P) together with two conserved Rho-P elements (66 bp Enhancer Element and 76 bp B region), a 0.4 kb 

fragment o f the endogenous 3’ -UTR (168 bp polyA region F and 253 bp polyA region G), and a 49 bp minimal polyadenylation signal.
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A 1 2 3 bp B 1 2 bp C 1 2 bp

1. 2 pRHO-GeneArt 1, 2 pRHO-GeneArt 1, 2 pAAV-BB24
3 PAAV-BB24

Figure 6. 2: Gel electrophoresis of DNA fragments important for the generation of 

P23H and WT RHO pAAV-BB24 constructs.

A) Two GeneArt vectors containing either W T RHO or P23H RHO DNA sequences were 

double digested with Hindlll and BsaBI and then run on a 2% gel as lane 1 and lane 2 

respectively to give a band o f  3042 bp. The original pAAV-BB24 provided by Prof. Jane 

Farrar lab was digested with H indlll and BsaBI to excise two fragments o f 5665 and 758 

bp (lane 3). B) Two pRHO-GeneArt vectors expressing either WT RHO or P23H RHO 

were double digested with both restriction enzymes H indlll and BsaBI and run on a 2% gel 

to release two bands o f 2278 and 758 bp. C) Gel analysis o f pAAV_BB24 vectors post 

ligation and double restriction digestion with both H indlll and BsaBI to test for positive 

clones. 1 kb DNA ladder was loaded in all gels.
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WTRHO  
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Figure 6. 3: Sequencing results for W T RHO and P23H constructs.

Blue labelled boxes show region o f the DNA o f interest to determine whether the construct is w ild type or mutant RHO (CCC -> CAC).
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Expression levels of hum an RHO
120

RE P23H A A V 2 /5LE WT RHO A A V 2 /5

Figure 6. 4: Expression levels o f human RHO in adult 129Sv WT mice injected with 

W T RHO and P23H AAVs.

Mice were injected with 3 |il o f  WT RHO AAV2/5 in their left eyes and 3 |al o f  P23H 

AAV2/5 in their right eyes (n = 3). 23 days later, mRNA were isolated from their retinas 

and measured for levels o f human RHO expression. mRNA levels o f human RHO in the 

left eye injected with WT RHO AAV2/5 were significantly higher than that in the right eye 

injected with P23H AAV2/5 (* P = 0.0219). Error bars denote ± SEM.
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A)

WT RHO
AAV2/5 P23H AAV2/5

2.02E+12 9.21E+11
2.42E+12 1.04E+12
2.15E+12 1.03E+12

A verage 2.20E+12 9.97E+11
SEM 1.18E+11 3.81E+10

B)

Percentage of human RHO concentration in AAV2/5
1 2 0  -I-----------------------------------------------------------------------------------------------------------------------------------------

-----^ --------------------------------- 1--------------------------------- ^ j

WT RHO AAV2/5 P23H RHO AAV2/5 „  =  3

Figure 6. 5: Titres of WT RHO AAV2/5 and P23H AAV2/5.

Both A A V 2/5s w ere first treated w ith D N ase and Proteinase K before being m easured for 

titres by qPC R  m ethod. A) AA V  titres o f  W T RHO A A V 2/5 and P23H A A V 2/5 w ere 2.2 

X 10 ' - and 9.97 x 10" vg/m l, respectively. B) Titre o f  P23H A A V 2/5 w as 54.64%  less than 

that o f  W T RHO  A A V 2/5 (** P = 0.0057) (n = 3). E rror bars denote ±  SEM.
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Rod isolated response in 129Sv WT mice
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E
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= 0.0233
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■ LE PBS ■ RE P23H AAV2/5 n = 3

Figure 6. 6: ERG readouts in mice injected with P23H AAV2/5.

A group o f  3 m onth old 129Sv m ice (n = 3) w ere m jected w ith 3 îl o f  PBS in the left eye 

and 3 |al o f  9.97 x 10" vg/m l P23H A A V 2/5 in the right eye. b-w ave am plitudes o f  rod 

isolated response w as significantly  reduced in the right eye injected w ith P23H AA V 2/5 

com pared w ith the control eye at 2 and 4 w eeks post injection (* P =  0.0306 and * P = 

0.0233, respectively). Error bars denote ±  SEM.
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3 - actin
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Expression of RHO in WT 129Sv mice 6 weeks post 
injection

120

dimer monomer

■ LEPBS ■REP23HAAV2 5 n = 3

Figure 6. VExpression of RHO protein in 129Sv WT mice injected with W T RHO and 

P23H AAVs.

The same group o f mice (n = 3) as in Figure 6.6 were put down 6 weeks post injection and 

whole cell fractions were measured for the total RHO protein levels using 1D4 anti- 

rhodopsin antibody. Rhodopsin protein resolved as m onomer and dimer on a 12% gel. 

Both dimer and monomer bands o f the protein were significantly fainter in the eye injected 

with P23H AAV2/5 compared to the left eye injected with PBS (* P = 0.0322 and * P = 

0.015, respectively). Error bars denote ± SEM.
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Rod isolated response in 129Sv WT mice 
6 weeks post injection
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Figure 6. 8: ERG of mice treated with Dose 1 or 2 of AAV2/5.

A group o f 4 month old 129Sv WT mice were subretinally injected with 3 |̂ 1 of either 

Dose 1 (9.97 x 10“ vp/ml P23H AAV2/5 in the right eye and 1.1 x 10'- vp/ml WT RHO 

AAV2/5 in the left eye) or Dose 2 (9.97 x 10'® vp/ml P23H AAV2/5 in the right eye and 

1.1 X 10"  vp/ml WT RHO AAV2/5 in the left eye). ERG readouts in the left eye injected 

with Dose 1 and 2 of WT RHO AAV2/5 were statistically reduced compared to control (** 

P = 0.0083 and ** p = 0.0032, respectively). Likewise, ERG readouts in the right eye 

injected with Dose 1 and 2 o f P23H RHO AAV2/5 were statistically lower compared to 

control (* P = 0.0134 and ** P = 0.0039, respectively). Error bars denote ± SEM.
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Figure 6.9
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Rod and cone response
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Figure 6. 9: Effect of WT RHO AAV2/5 and P23H AAV2/5 in C57BL/6J and 129Sv 

Rho+/- mice.

Two groups of C57BL6J and 129Sv Rho+/- mice (n = 7 for each group) were subretinally 

injected with WT RHO AAV2/5 in the left eye and P23H AAV2/5 in the right eye at P4. 

ERGs were measured at 6 weeks post injection. A) In rod derived response, ERG in the left 

eye injected with WT RHO AAV2/5 and the right eye injected with P23H AAV2/5 were 

significantly reduced in 129Sv mice compared to C57BL/6J mice (** P = 0.0067 and ** P 

= 0.0014, respectively). B) In cone derived response, ERG in the left eye injected with WT 

RHO AAV2/5 and the right eye injected with P23H AAV2/5 were significantly reduced in 

129Sv mice compared to C57BL/6J mice (** P = 0.0065 and ** p = 0.0015, respectively). 

Likewise, C) In maximum cone and rod response, ERG in the left eye injected with WT 

RHO AAV2/5 and the right eye injected with P23H AAV2/5 were significantly reduced in 

129Sv mice compared to C57BL/6J mice (** P = 0.0082 and *** P = 0.0003, 

respectively). Error bars denote ± SEM.
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Cone and rod response in C57BL/6J Rho+/- mice
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Figure 6. 10: ERG in C57BL/6J Rho+/- mice injected with AAV2/5.

A group o f C57BL6J mice (n = 7) were subretinally injected with WT RHO AAV2/5 in the 

left eye and P23H AAV2/5 in the right eye at P4. ERGs were measured at 6 and 14 weeks 

post injection. A) In rod derived response, ERG in the left eye injected with WT RHO 

AAV2/5 and the right eye injected with P23H AAV2/5 were significantly reduced 

compared to 6 weeks post injection (** P = 0.0015 and ** p = 0.0058, respectively). B) In 

cone derived response, ERG in the left eye injected with WT RHO AAV2/5 was 

significantly reduced at 14 weeks post injection (*** P = 0.0008). Likewise, C) In 

maximum cone and rod response, ERG in the left eye injected with WT RHO AAV2/5 and 

the right eye injected with P23H AAV2/5 were significantly reduced at 14 weeks post 

injection (*** P < 0.0001 and ** p = 0.008, respectively). Error bars denote ± SEM.
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Figure 6. 11: ERG in C57BL/6J Rho+/- mice injected with AAV2/5.

Overlay o f ERG readings o f rod, cone and cone and rod derived responses from the same 

animals in Figure 6.10.
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Figure 6. 12: ERG in C57BL/6J Rho+/- mice injected with AAV2/5 at 14 weeks post 

injection.

The same group of animals as in Figure 6.8. All cone isolated, rod isolated and maximum 

cone and rod responses in eyes injected with P23H AAV2/5 were statistically higher 

compared to eyes injected with WT RHO AAV2/5 (*** P = 0.0005, * P = 0.0211 and ** P 

= 0.0034, respectively). Error bars denote ± SEM.
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P23H 518
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Figure 6. 13: P23H RHO genotyping of transgenic animals.

Pup tails were processed for DNA and PCR reactions were carried out for genotyping. A) 

Positive results for P23H +/- have a band o f 518 bp (lanes 1, 3, 4, 5, 6, 7 and 8). NHR+/- 

sample was used as a positive control. B) Fragments o f 428 and 251 bp are diagnostic o f 

the WT and mutant alleles respectively. Rho+/+ and Rho-/- samples were used as positive 

and negative controls respectively. A ll tested samples had a genotype o f Rho-/-. Negative 

water control was used in both gels.
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Figure 6. 14: Relative expression of levels of ER stress markers in P23H+/- Rho-/- 

mice treated with 17-DMAG.

P23H+/- Rho-/- mice were intravitreally injected with PBS in their left eye and 17-DMAG 

in their right eye at P5 and Taqman® expression analyses were carried out for their retinas 

3 days (n = 5) (A) and 5 days (n=7) (B) post injection. There were no significant 

differences in BiP, CHOP, and X bpl expression levels in both groups o f animals. 

However, Grp94 expression differed statistically in LE injected with PBS versus RE
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injected with 17-DMAG 5 days post injection (* P = 0.0453) (B). Error bars denote ± 

SEM.
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Chapter 7
Concluding remarks and 

Future Studies
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Based on the discovery o f reversible BBB modulation using siRNA targeting CLDN5 

expression (Campbell el al., 2008), the studies in this PhD thesis were designed to 

investigate whether the same principle would be applicable to the iBRB and thus facilitate 

delivery of small molecular weight drugs across this barrier in various rodent models of 

retinal degeneration. Chapter 3 provides proof of principle that suppression of claudin-5 

via either tail vein hydrodynamic injection of CLDN5 siRNA or subretinal injection of 

doxycycline inducible CLDN5 AAV2/9 to the retina, leads to a size selective, reversible 

and transient modulation o f the iBRB which enhances delivery of the calpain inhibitors 

ALLM and ALLN protecting photoreceptors from undergoing apoptosis in the Balb/c 

light-induced retinal degeneration model. Indeed, these data presented in Chapter 3 have 

been recently published (Campbell et al., 2009, Campbell et a l,  2011, Nguyen et al., 

2012). In Chapter 4, the effect of systemic administration of an Hsp90 inhibitor, 17- 

AAG, on retinal degeneration was studied in the IMP224 AAV2/5 induced mouse model 

of RPIO adRP following modulation of the iBRB via CLDN5 AAV2/9. Although there 

was a trend o f higher ERG in eyes post 17-AAG treatment which had been injected with 

CLDN5 AAV2/9 and IMP224 AAV2/5 compared to eyes injected NT AAV2/9 and 

IMP224 AAV2/5, no statistically significant difference in transduced ONL area per unit 

length was observed between treated and non-treated eyes. In addition, it is worth 

mentioning that since production of medical grade 17-AAG (Tanespimycin) used in 

clinical trials was recently halted due to its toxicity and unfavourable pharmacological 

properties, it is possible that some level o f toxicity of this compound in the retina may have 

compromised the outcome. Moreover, in this chapter the construction and development of 

a transgenic model for RPIO adRP which should provide an improved model for this form 

of RP, is also detailed. Thus, future studies could include delivery o f the less toxic, more 

soluble geldanamycin derivative, 17-DMAG, in tandem with modulation of the iBRB via 

CLDN5 AAV2/9 in this new transgenic RPIO model.
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To date, P23H line 3 rats have proven to be an excellent model in which to study the effect 

o f P23H rhodopsin-associated adRP due to the slow rate o f retinal degeneration which is 

similar to that observed in human patients (Machida et a l ,  2000). The main focus o f 

Chapter 5 was to investigate the efficacy and mechanism o f 17-DMAG in alleviating ER 

stress-induced retinal degeneration. The results suggested that apoptosis was largely 

reduced via upregulation o f BiP and downregulation o f  CHOP which led to preservation o f 

the photoreceptor layer and rescue o f visual function. Following subretinal injection o f 

CLDN5 or NT AAV2/9, rats were treated with three different doses o f  17-DMAG: 0.2, 2 

and 4 mg/kg/day in their drinking water. Although treatment with 0.2 mg/kg/day 17- 

DMAG did not slow down disease progression, the remaining two doses o f 17-DMAG did 

offer protection against retinal degeneration. These two efficacious doses (22.5 mg/m" and 

44 mg/m" weekly) are well below the maximum tolerated dose for rats and recommended 

dose (80 mg/m" weekly) suggested for patients with advanced form o f  cancer in phase II 

clinical trials (Glaze ei a i ,  2005, Pacey Cl a i ,  2011, Jhaveri et al., 2012). However, four 

patients have been reported to suffer from ocular toxicity (i.e. reversible blurry vision, 

keratitis, dry eye, conjunctivitis, or ocular surface disease) in a phase I trial o f  17-DMAG 

(Pacey et al., 2011) while two patients receiving a combination o f  17-DMAG and 

trastuzumab also had reversible keratitis (Jhaveri ef al., 2012). This drug-related ocular 

toxicity seems to be dose and schedule dependent, the m ajority o f these cases having 

occurred at a weekly dose o f 80 mg/m" or higher. Therefore, a dose de-escalating study 

should be carried out in the rat model in order to unequivocally establish the minimal 

effective dose o f 17-DMAG, in tandem with regular ophthalmic inspection for the 

presence o f any side effects. Also, in order to correctly assess exactly how much o f the 

drug actually reaches the target tissue the concentration o f 17-DMAG present in rat retinas 

following oral delivery should be quantified via high performance liquid chromatography. 

Hence, future experiments will involve investigation o f  pharmacokinetics, tissue
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distribution and metabolism of 17-DMAG once taken orally by these P23H rats. Moreover, 

the result obtained from CHOP protein level in eyes intravitreally injected with 17-DMAG 

was inconclusive since only 2 out o f 3 rats showed reduction of CHOP protein post 17- 

DMAG injection. This experiment should be repeated with a larger number of animals to 

determine the effect of 17-DMAG on CHOP protein in vivo as presented in C hapter 5. In 

addition, cone photoreceptors survive for a longer period o f time than rod photoreceptors 

and although the onset o f cone dysfunction was suggested to be at around 18 months in 

these rats (Chrysostomou et al., 2009) significant deficits in cone ERG were observed as 

early as about 8.3 months in this study and were reduced in treated retinas. Thus, 

administering 17-DMAG to older animals in conjunction with iBRB modulation, for 

extended periods, could provide important data for the development o f a therapeutic 

strategy which may enable severely affected RP patients to retain some daytime vision.

Due to the slow rate of retinal degeneration observed in P23H rats (C hapter 5), a P23H 

AAV2/5-induced mouse model was simultaneously developed and again used to 

investigate the effect o f 17-DMAG on photoreceptor cell death and visual function. These 

data are presented in C hapter 6. In this study, despite the design of WT RHO AAV2/5 

being based on an AAV construct which was previously shown to have no adverse effect 

on ERG in Rho-/- mice and to express approximately 40% of the level of rhodopsin found 

in WT mice (Palfi et al., 2010), subretinal inoculation of this virus in Rho+/- mice exerted 

a negative effect on visual function even at much lower concentrations than those used by 

Palfi et a!. (2010). The results obtained further confirm those of others reporting toxicity 

of WT RHO in mice expressing endogenous rhodopsin (Sung et a l ,  1994, Tan et a l,  2001, 

Mao et a l,  2011). Therefore, future studies using these AAVs may have to be carried out 

in Rho-/- mice but will most likely be compromised due to rapidity of the retinal 

degeneration which P23H AAV2/5 is likely to cause in this background. However, 

recently, two P23H knock-in mouse models have become available (Price et a l, 2011,
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Sakami et al., 2011) and observ'ations based on the lack o f  detection o f protein aggregates 

in the ER and retinal health improved with loss o f the P23H protein from the OS and gains 

in the IS and ONL layers suggest that in contrast to the P23H rat model, ER stress may not 

be the major cause o f photoreceptor cell death. Nonetheless, it is likely that 17-DMAG 

would enhance proteasomal degradation o f P23H rhodopsin in these models and thus 

ameliorate disease pathology.

Since 17-AAG was the first Hsp90 inhibitor to enter clinical trial in 1998, many small 

molecular weight compounds including GA derivatives (17-DMAG, IPl-504) and 

synthetic, non GA derivatives (i.e. AUY9222, STA-9090, Debio 0932, etc) have been 

developed and tested in up to 63 clinical trials (clinicaltrials.gov). However, complications 

such as liver toxicity associated with GA derivative compounds remain; whereas synthetic 

compounds (second generation o f Hsp90 inhibitors) can cause ocular toxicity despite being 

more potent Hsp90 inhibitors compared to the first generation drugs. For example, the oral 

Pfizer compound SNX-5422 was terminated due to its excessive eye toxicity and potential 

for irreversible retinal damage (Rajan ef al., 2011) while AUY922 has been shown to cause 

retinal dysfunction (Hong et a i ,  2013). So far, STA-9090 (MW = 364.39) which has been 

developed by Synta Pharmaceuticals Corp., USA has been shown to be a much more 

potent Hsp90 inhibitor compared to 17-AAG and not associated with visual side effects 

which on balance seem prevalent enough to be a potential class side effect o f Hsp90 

inhibitors (Shimamura et a l ,  2012, Ying et al., 2012, Hong et al., 2013). Therefore, it 

would be o f interest to investigate the efficacy o f STA-9090 in preventing retinal 

degeneration in IM PDHl and P23H models and to compare these results with those 

obtained in these studies for 17-DMAG.

To summarize, the studies in this PhD thesis provide proof o f principle that transient, 

reversible and size selective modulation o f iBRB via the CLDN5 AAV2/9 system 

facilitates delivery o f low molecular weight molecules o f  up to 1 kDa into the retina via
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systemic administration. Moreover, this therapeutic approach has recently been designated 

with orphan medicinal product status by the European M edicines Agency which should 

expedite translation to clinical use in the short term.
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Appendix
>Sequence of the IMP224 transgene (UPPERCASE) and of IMP224 pAAV 

(lowercase: vector genome)

(LITR)cctgcaggcagctgcgcgctcgctcgctcactgaggccgcccgggcaaagcccgggcgtcgggcgacctttggtcg
cccggcctcagtgagcgagcgagcgcgcagagagggagtggccaactccatcactaggggttcct
GCGGCCGCACGC

(Nhel site) G

(Rhodopsin promoter)
CTAGCTGGGGATGGGGGCAGGGTAGATCTGGGGCTGACCACCAGGGTCAGAA
TCAGAACCTCCATCTTGACCTCATTAACGCTGGTCTTAATCACCAAGCCAAGCT
CCTTAAACTGCTAGTGGCCAACTCCCAGGCCCTGACACACATACCTGCCCTGT
GTTCCCAAACAAGACACCTGCATGGAAGGAAGGGGGTTGCTTTTCTAAGCAAA
CATCTAGGAATCCCGGGTGCAGTGTGAGGAGACTAGGCGAGGGAGTACTTTAA
GGGCCTCAAGGCTCAGAGAGGAATACTTCTTCCCTGGTTAGCCTCGTGCCTAG
GCTCCAGGGTCTTTGTCCTGCCTGGATACCTATGTGGCAAGGGGCATAGCATTT
CCCCCACCATCAGCTCTTAGCTCAACCTTATCTTCTCGGAAAGGCTGCGCAGTG
TAACAACACAGCAGAGACTTTTCTTTTGTCCCCTGTCTACCCCTGTAACTGCTA
CTCAGAAGCATCTTTCTCACAGGGTACTGGCTTCTTGCATCCAGAGTTTTTTGT
CTCCCTCGGGCCCCCAGAATCAAATTCTTCCTCTGGGACTCAGTGGATGTTTCA
CACACGTATCGGCCTGACAGTCATCCTGGAGCATCCTACACAGGGGCCATCAC
AGCTGCATGTCAGAGATGCTGGCCTCACATCCTCAGACACCAGGCCTAGTGCT
GGTCTTCCTCAGACTGGCGTCCCCAGCAGGCCAGTAGGATCATCTTTTAGCCTA
CAGAGTTCTGAAGCCTCAGAGCCCCAGGTCCCTGGTCATCTTCTCTGCCCCTGA
GATTTTTCCAAGTTGTATGCCTTCTAGGTAAGGCAAAACTTCTTACGCCCCTCC
TCGTGGCCTCCAGGCCCCACATGCTCACCTGAATAACCTGGCAGCCTGCTCCCT
CATGCAGGGACCACGTCCTGCTGCACCCAGCAGGCCATCCCGTCTCCATAGCC
CATGGTCATCCTTCCCTGGACAGGAATGTGTCTCCTCCCCTGGCTGAGTCTTGC
TCAAGCTAGAAGCACTCCGAACAGGGTTATGGGCGCCTCCTCCATCTCCCAAG
TGGCTGGCTTATGAATGTTTAATGTACATGTGAGTGAACAAATTCCAATTGAAC
GCAACAAATAGTTATCGAGCCGCTGAGCCGGGGGCGGGGGGTGTGAGACTGG
AGGCGATGGACGGAGCTGACGGCACACACAGCTCAGATCTGTCAAGTGAGCC
ATTGTCAGGGCTTGGGGACTGGATAAGTCAGGGGGTCTCCTGGGAAGAGATGG
GATAGGTGAGTTCAGGAGGAGACATTGTCAACTGGAGCCATGTGGAGAAGTG
AATTTAGGGCCCAAAGGTTCCAGTCGCAGCCTGAGGCCACCAGACTGACATGG
GGAGGAATTCCCAGAGGACTCTGGGGCAGACAAGATGAGACACCCTTTCCTTT
CTTTACCTAAGGGCCTCCACCCGATGTCACCTTGGCCCCTCTGCAAGCCAATTA
GGCCCCGGTGGCAGCAGTGGGATTAGCGTTAGTATGATATCTCGCGGATGCTG
AATCAGCCTCTGGCTTAGGGAGAGAAGGTCACTTTATAAGGGTCTGGGGGGGG
TCAGTGCCTGGAGTTGCGCTGTGGGAGCCGTCAGTGGCTGAGCTCGCCAAGCA
GCCTTGGTCTCTGTCTACGAAGAGCCCGTGGGGCAGC
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(Beta globin intron)
AATCCCGGCCGGGAACGGTGCATTGGAACGCGGATTCCCCGTGCCAAGAGTGA
CGTAAGTACCGCCTATAGAGTCTATAGGCCCACAAAAAATGCTTTCTTCTTTTA
AT
ATACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTTCTTTCAGGGC
AATAATGATACAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAACAGTG
ATAATTTCTGGGTTAAGGCAATAGCAATATTTCTGCATATAAATATTTCTGCAT
ATAAATTGTAACTGATGTAAGAGGTTTCATATTGCTAATAGCAGCTACAATCC
AGCTACCATTCTGCTTTTATTTTATGGTTGGGATAAGGCTGGATTATTCTGAGT
CCAAGCTAGGCCCTTTTGCTAATCATGTTCATACCTCTTATCTTCCTCCCACAGC
TCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAGAATTGG
GATTCGAACATCGATAATTAACCCTCACTAAAGGGAACAAAAGCTGGAGCTCC
ACCGCGGTG

(Notl site) GCGGCCGC
TCTAGCCCGGGCGGATCCGAATTCGCATGCGTCGA 

(Xhol site) CTCGAG

(IMPDHl containing mutant at aa 224, without exons 1, 2 and a few bases of exons 3 
and 17)
ATGGCGGACTACCTGATCAGCGGCGGCACCGGCTACGTGCCCGAGGATGGGCT
CACCGCGCAGCAGCTCTTCGCCAGCGCCGACGGCCTCACCTACAACGACTTCC
TGATTCTCCCAGGATTCATAGACTTCATAGCTGATGAGGTGGACCTGACCTCAG
CCCTGACCCGGAAGATCACGCTGAAGACGCCACTGATCTCCTCCCCCATGGAC
ACTGTGACAGAGGCTGACATGGCCATTGCCATGGCTCTGATGGGAGGTATTGG
TTTCATTCACCACAACTGCACCCCAGAGTTCCAGGCCAACGAGGTGCGGAAGG
TCAAGAAGTTTGAACAGGGCTTCATCACGGACCCTGTGGTGCTGAGCCCCTCG
CACACTGTGGGCGATGTGCTGGAGGCCAAGATGCGGCATGGCTTCTCTGGCAT
CCCCATCACTGAGACGGGCACCATGGGCAGCAAGCTGGTGGGCATCGTCACCT
CCCGAGACATCGACTTTCTTGCTGAGAAGGACCACACCACCCTCCTCAGTGAG
GTGATGACGCCAAGGATTGAACTGGTGGTGGCTCCAGCAGGTGTGACGTTGAA
AGAGGCAAATGAGATCCTGCAGCGTAGCAAGAAAGGGAAGCTGCCTATCGTC
AATGATTGCGATGAGCTGGTGGCCATCATCGCCCCCACCGACCTGAAGAAGAA
CCGAGACTACCCTCTGGCCTCCAAGGATTCCCAGAAGCAGCTGCTCTGTGGGG
CAGCTGTGGGCACCCGTGAGGATGACAAATACCGTCTGGACCTGCTCACCCAG
GCGGGCGTCGACGTCATAGTCTTGGACTCGTCCCAAGGGAATTCGGTGTATCA
GATCGCCATGGTGCATTACATCAAACAGAAGTACCCCCACCTCCAGGTGATTG
GGGGGAACGTGGTGACAGCAGCCCAGGCCAAGAACCTGATTGATGCTGGTGT
GGACGGGCTGCGCGTGGGCATGGGCTGCGGCTCCATCTGCATCACCCAGGAAG
TGATGGCCTGTGGTCGGCCCCAGGGCACTGCTGTGTACAAGGTGGCTGAGTAT
GCCCGGCGCTTTGGTGTGCCCATCATAGCCGATGGCGGCATCCAGACCGTGGG
ACACGTGGTCAAGGCCCTGGCCCTTGGAGCCTCCACAGTGATGATGGGCTCCC
TGCTGGCCGCCACTACGGAGGCCCCTGGCGAGTACTTCTTCTCAGACGGGGTG
CGGCTCAAGAAGTACCGGGGCATGGGCTCACTGGATGCCATGGAGAAGAGCA
GCAGCAGCCAGAAACGATACTTCAGCGAGGGGGATAAAGTGAAGATCGCGCA
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GGGTGTCTCGGGCTCCATCCAGGACAAAGGATCCATTCAGAAGTTCGTGCCCT
ACCTCATAGCAGGCATCCAACACGGCTGCCAGGATATCGGGGCCCGCAGCCTG
TCTGTCCTTCGGTCCATGATGTACTCAGGAGAGCTCAAGTTTGAGAAGCGGAC
CATGTCGGCCCAGATTGAGGGTGGTGTCCATGGCCTGCACTCTTACGAAAAGC
GGCTGTACTGA

(Xhol site) CTCGAG

(M ultiple cloning site)
GACTACAAGGATGACGATGACAAGGATTACAAAGACGACGATGATAAGGACT
ATAAGGATGATGACGACAAATAATAGCAATTCCTCGACGACTGCATAGGGTTA
CCCCC

(IRES)
CTCTCCCTCCCCCCCCCCTAACGTTACTGGCCGAAGCCGCTTGGAATAAGGCCG
GTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCCGTCTTTTGGCAATGTG
AGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAGCATTCCTAGGGGTCTTTCC
CCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCGTGAAGGAAGCAGTTCC
TCTGGAAGCTTCTTGAAGACAAACAACGTCTGTAGCGACCCTTTGCAGGCAGC
GGAACCCCCCACCTGGCGACAGGTGCCTCTGCGGCCAAAAGCCACGTGTATAA
GATACACCTGCAAAGGCGGCACAACCCCAGTGCCACGTTGTGAGTTGGATAGT
TGTGGAAAGAGTCAAATGGCTCTCCTCAAGCGTATTCAACAAGGGGCTGAAGG
ATGCCCAGAAGGTACCCCATTGTATGGGATCTGATCTGGGGCCTCGGTGCACA
TGCTTTACATGTGTTTAGTCGAGGTTAAAAAACGTCTAGGCCCCCCGAACCAC
GGGGACGTGGTTTTCCTTTGAAAAACACGATGATAATGGCCACAACC

(hrGFP)
ATGGTGAGCAAGCAGATCCTGAAGAACACCGGCCTGCAGGAGATCATGAGCTT
CAAGGTGAACCTGGAGGGCGTGGTGAACAACCACGTGTTCACCATGGAGGGCT
GCGGCAAGGGCAACATCCTGTTCGGCAACCAGCTGGTGCAGATCCGCGTGACC
AAGGGCGCCCCCCTGCCCTTCGCCTTCGACATCCTGAGCCCCGCCTTCCAGTAC
GGCAACCGCACCTTCACCAAGTACCCCGAGGACATCAGCGACTTCTTCATCCA
GAGCTTCCCCGCCGGCTTCGTGTACGAGCGCACCCTGCGCTACGAGGACGGCG
GCCTGGTGGAGATCCGCAGCGACATCAACCTGATCGAGGAGATGTTCGTGTAC
CGCGTGGAGTACAAGGGCCGCAACTTCCCCAACGACGGCCCCGTGATGAAGA
AGACCATCACCGGCCTGCAGCCCAGCTTCGAGGTGGTGTACATGAACGACGGC
GTGCTGGTGGGCCAGGTGATCCTGGTGTACCGCCTGAACAGCGGCAAGTTCTA
CAGCTGCCACATGCGCACCCTGATGAAGAGCAAGGGCGTGGTGAAGGACTTCC
CCGAGTACCACTTCATCCAGCACCGCCTGGAGAAGACCTACGTGGAGGACGGC
GGCTTCGTGGAGCAGCACGAGACCGCCATCGCCCAGCTGACCAGCCTGGGCAA
g c c c c t g g g c a g c c t g c a c g a g t g g g t g t

(hGHPA)
AATAGGGTACCAGGTAAGTGTACCCAATTCGCCCTATAGTGAGTCGTATTAGA
TCTACGGGTGGCATCCCTGTGACCCCTCCCCAGTGCCTCTCCTGGCCCTGGAAG
TTGCCACTCCAGTGCCCACCAGCCTTGTCCTAATAAAATTAAGTTGCATCATTT
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TGTCTGACTAGGTGTCCTTCTATAATATTATGGGGTGGAGGGGGGTGGTATGG
AGCAAGGGGCAAGTTGGGAAGACAACCTGTAGGGCCTGCGGGGTCTATTGGG
AACCAAGCTGGAGTGCAGTGGCACAATCTTGGCTCACTGC.AATCTCCGCCTCC
TGGGTTCAAGCGATTCTCCTGCCTCAGCCTCCCGAGTTGTTGGGATTCCAGGCA
TGCATGACCAGGCTCAGCTAATTTTTGTTTTTTTGGTAGAGACGGGGTTTCACC
ATATTGGCCAGGCTGGTCTCCAACTCCTAATCTCAGGTGATCTACCCACCTTGG
CCTCCCAAATTGCTGGGATTACAGGCGTGAACCACTGCTCCCTTCCCTGTCCTT
CTGATTTTGTAGGTAACCACGTG (RsrII site) CGGACCGA

(Notl site) GCGGCCGC

(RITR)
aggaacccctagtgatggagttggccactccctctctgcgcgctcgctcgctcactgaggccgggcgaccaaaggtcgcccgac
gcccgggctttgcccgggcggcctcagtgagcgagcgagcgcgcagctgcctgcagg
ggcgcctgatgcggtattttctccttacgcatctgtgcggtatttcacaccgcatacgtcaaagcaaccatagtacgcgccctgtagc

ggc

(flori)
gcattaagcgcggcgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcgccctagcgcccgctcctttcgctttcttc
ccttcctttctcgccacgttcgccggctttccccgtcaagctctaaatcgggggctccctttagggttccgatttagtgctttacggcac
ctcgaccccaaaaaacttgatttgggtgatggttcacgtagtgggccatcgccctgatagacggtttttcgccctttgacgttggagtc
cacgttctttaatagtggactcttgttccaaactggaacaa
cactcaaccctatctcgggctattcttttgatttataagggattttgccgatttcggcctattggttaaaaaatgagctgatttaacaaaaa
tttaacgcgaattttaacaaaatattaacgtttacaattttatggtgcactctcagtacaatctgctctgatgccgcatagttaagccagc
cccgacacccgccaacacccgctgacgcgccctgacgggcttgtctgctcccggcatccgcttacagacaagctgtgaccgtctc
cgggagctgcatgtgtcagaggttttcaccgtcatcaccgaaacgcgcgagacgaaagggcctcgtgatacgcctatttttataggt
taatgtcatgataataatggtttcttagacgtcaggtggcacttttcggggaaatgtgcgcggaacccctatttgtttatttttctaaatac
attcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataatattgaaaaaggaagagt

(ampicillin resistant gene)
atgagtattcaacatttccgtgtcgcccttattcccttttttgcggcattttgccttcctgtttttgctcacccagaaacgctggtgaaagta
aaagatgctgaagatcagttgggtgcacgagtgggttacatcgaactggatctcaacagcggtaagatccttgagagttttcgcccc
gaagaacgttttccaatgatgagcacttttaaagttctgctatgtggcgcggtattatcccgtattgacgccgggcaagagcaactcg
gtcgccgcatacactattctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacggatggcatgacagtaagag
aattatgcagtgctgccataaccatgagtgataacactgcggccaacttacttctgacaacgatcggaggaccgaaggagctaacc
gcttttttgcacaacatgggggatcatgtaactcgccttgatcgttgggaaccggagctgaatgaagccataccaaacgacgagcg
tgacaccacgatgcctgtagcaatggcaacaacgttgcgcaaactattaactggcgaactacttactctagcttcccggcaacaatt
aatagactggatggaggcggataaagttgcaggaccacttctgcgctcggcccttccggctggctggtttattgctgataaatctgg
agccggtgagcgtgggtctcgcggtatcattgcagcactggggccagatggtaagccctcccgtatcgtagttatctacacgacgg
ggagtcaggcaactatggatgaacgaaatagacagatcgctgagataggtgcctcactgattaagcattgg
Taactgtcagaccaagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgata
atctcatgaccaaaatcccttaacgtgagttttcgttccactgagcgtcagacccc

(pUCori)
gtagaaaagatcaaaggatcttcttgagatcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagcggt
ggtttgtttgccggatcaagagctaccaactctttttccgaaggtaactggcttcagcagagcgcagataccaaatactgtccttctag
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tgtagccgtagttaggccaccacttcaagaactctgtagcaccgcctacatacctcgctctgctaatcctgttaccagtggctgctgc
cagtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggcgcagcggtcgggctgaacgggggg
ttcgtgcacacagcccagcttggagcgaacgacctacaccgaactgagatacctacagcgtgagctatgagaaagcgccacgctt
cccgaagggagaaaggcggacaggtatccggtaagcggcagggtcggaacaggagagcgcacgagggagcttccaggggg
aaacgcctggtatctttatagtcctgtcgggtttcgccacctctgacttgagcgtcgatttttgtgatgctcgtcaggggggcggagcc
tatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggccttttgctcacatgt

Appendix Figure 1: IMP224 pAAV sequence

The IMP224 transgene inserted to founder mice is located between Nhel and RsrII 

restriction sites (blue).
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Appendix Figure 2: Standard curve o f hrGFP-PolyA primers.

A representative result from a quantitative PCR shows that the slope o f  the standard curve 

is -3.19 which gives an efficiency o f 105.6%.
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D etector Name Slope Intercept R2 Num ber of Standards
hlMPDHl -3.221631 15.22314 0.988942 10
Sample Name Detector Task Ct StdDev Ct Quantity Mean Qty StdDev Qt Filtered Tm
IMP224 pAAV hlMPDHl Standard 18.2785 4.83 0.1 84.7
IMP224 pAAV hlMPDHl Standard 17.9091 4.83 0.1 84.7
IMP224 pAAV hlMPDHl Standard 21.2377 4.83 0.01 84.7
IMP224 pAAV hlMPDHl Standard 22.9257 4.83 0.01 84.7
IMP224 pAAV hlMPDHl Standard 25 4.83 0.001 84.7
IMP224 pAAV hlMPDHl Standard 24.9652 4.83 0.001 84.7
IMP224 pAAV hlMPDHl Standard 28.3261 4.83 l.OOE-04 84.7
IMP224 pAAV hlMPDHl Standard 27.8308 4.83 l.OOE-04 84.7
IMP224 pAAV hlMPDHl Standard 31.0287 4.83 l.OOE-05 84.7
IIVIP224 pAAV hlMPDHl Standard 31.3785 4.83 l.OOE-05 84.4
h20 hlMPDHl Unknown U ndeterm ined Noisy BL 71.6
c572 12.Sng hlMPDHl Unknown U ndeterm ined Noisy BL
c572 12,Sng hlMPDHl Unknown U ndeterm ined Noisy BL

D etector Name Slope Intercept R2 Num ber of Standards
hrGFP-polyA -3.193151 11.969 0.999466 10
Sample Name D etector Task Ct StdDev Ct Qty Mean Qty StdDev Qt Filtered Tm
IMP224 pAAV hrGFP-polyA Standard 15.0732 4.76 0.1 85.6
IMP224 pAAV hrGFP-polyA Standard 15.1439 4.76 0.1 85.6
IMP224 pAAV hrGFP-polyA Standard 18.55 4.76 0.01 85.6
IMP224 pAAV hrGFP-polyA Standard 18,2463 4.76 0.01 85.6
IMP224 pAAV hrGFP-polyA Standard 21.6569 4.76 0.001 85.6
IMP224 pAAV hrGFP-polyA Standard 21.5924 4.76 0.001 85.6
IMP224 pAAV hrGFP-polyA Standard 24.7739 4.76 l.OOE-04 85.6
IMP224 pAAV hrGFP-polyA Standard 24.5764 4.76 l.OOE-04 85.6
IMP224 pAAV hrGFP-polyA Standard 28.0023 4.76 l.OOE-05 85.3
IMP224 pAAV hrGFP-polyA Standard 27.8693 4.76 l.OOE-05 85.3
h20 hrGFP-polyA Unknown U ndeterm ined Noisy BL 81.7
c572 12.5ng hrGFP-polyA Unknown U ndeterm ined Noisy BL 84.7
c572 12.5ng hrGFP-polyA Unknown U ndeterm ined Noisy BL 84.4

D etector Name Slope Intercept R2 Num ber of Standards
C5AR -3.143084 29.62753 0.997568 7
Sample Name D etector Task Ct StdDev Ct Qty Mean Qty StdDev Qt Filtered Tm
c57 2 C5AR Standard 26.527 2.81 10 81.6
c57 2 C5AR Standard 26.366 2.81 10 81.6
c57 2 C5AR Standard 28.7414 2.82 2 81.6
c57 2 C5AR Standard 30.8352 2.80.4 0.4 81.6
c57 2 C5AR Standard 31.0288 2.80.4 0.4 81.3
c57 2 C5AR Standard 33,2113 2.80.08 0.08 81.3
c57 2 CSAR Standard 32.8475 2,80.08 0.08 81,3
h20 C5AR Unknown U ndeterm ined 82,2

D etector Name Slope Intercept R2 N um ber of Standards
Mouse p-actin -3.019236 29,65699 0,993373 10
Sample Name D etector Task Ct StdDev Ct Qty Mean Qty StdDev Qt Filtered Tm
FRLEP b e ta  actin Standard 24,7066 3,16 50 83,4
F RLEP b e ta  actin Standard 24,7304 3,16 50 83,4
F RLEP b e ta  actin Standard 26,7135 3,16 10 83,4
FRLEP be ta  actin Standard 26,4476 3,16 10 83,4
FRLEP be ta  actin Standard 28,733 3,16 2 83,1
F RLEP b e ta  actin Standard 28,3174 3,16 2 83,1
F RLEP b e ta  actin Standard 30,4501 3,16 0,4 83,1
F RLEP b e ta  actin Standard 30,9728 3,16 0,4 82,8
FRLEP be ta  actin Standard 33,1728 3,16 0,08 83,1
FRLEP b e ta  actin Standard 33,2369 3,16 0,08 83,1
h20 be ta  actin Unknown 36 1,79 0,007927 0,0313447 0,0331 74,2
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Appendix Table 1: Quantitative PCR results of primers for the IM PDH l transgene 

and house-keeping genes.

IMP224 pAAV DNA was used for the standard curves o f hum anlM PDH l and hrGFP- 

polyA primers, whereas control DNA was used for the standard curves o f C5AR and 

mouse P-actin genes. The slopes o f all standard curves show that the efficiencies o f  these 

primers are within 104-114% which is acceptable for real time PCR reaction. In addition, 

DNA samples o f C57BL/6J mice were not amplified in the reactions for the transgene, thus 

indicating the specificities o f these primers. No primer dimer formations were detected in 

wells added with water.
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Degenerative retinopathies, including age-related macular degener
ation, diabetic retinopathy, and hereditary retinal disorders— major 
causes of world blindness—are potentially treatable by using low- 
molecular weight neuroprotective, antiapoptotic, or antineovascular 
drugs. These agents are, however, not in current systemic use owing 
to, among other factors, their inability to passively diffuse across the 
microvasculature of the retina because of the presence of the inner 
blood-retina barrier (iBRB). Moreover, preclinical assessment of the 
efficacies of new formulations in the treatment of such conditions is 
similarly compromised. We describe here an experimental process for 
RNAi-mediated, size-selective, transient, and reversible modulation 
of the iBRB in mice to molecules up to 800 Da by suppression of 
transcripts encoding ciaudin-5, a protein component of the tight 
junctions of the inner retinal vasculature. MR! produced no evidence 
indicative of brain or retinal edema, and the process resulted in 
minimal disturbance of global transcriptional patterns analyzed 
in neuronal tissue. We show that visual function can be improved in 
IMPDH1“ '“ mice, a model of autosomal recessive retinitis pigmen
tosa, and that the rate of photoreceptor cell death can be reduced in 
a model of light-induced retinal degeneration by systemic drug 
delivery after reversible barrier opening. These findings provide a 
platform for high-throughput drug screening in models of retinal 
degeneration, and they ultimately could result in the development of 
a novel "humanized" approach to therapy for conditions with little or 
no current forms of treatment.

blood-retina barrier | retinitis pigmentosa | RNAi | tigh t junctions | claudin-5

In transducing photons into electrical energy, the retina has the 
highest oxygen consumption per weight o f any tissue in the 

human body (1). This, combined with a delicacy characteristic of all 
neuronal tissues, underlines a requirement for a unique and abun
dant blood supply capable o f sustaining the retina’s energy demands 
while at the same time possessing efficient barriers, excluding 
p<.)tentially harmful bloodborne agents such as pathogens, antibod
ies, immune cells, and anaphylatoxins (2). There are two sources of 
blood supply to the retina: the central retinal artery, entering the 
retina at the optic disc, the arterioles o f which terminate in both the 
inner plexiform layer and outer plexiform layer (OPL) and are 
readily visualized in images of the retinal surface, and the under
lying choroidal circulation, providing nutriment primarily to the 
outermost layer o f the retina, the photoreceptors (3). This outer 
layer o f the retina remains avascular. The retina has two highly 
evolved and efficient barriers that maintain retinal homeostasis: the 
inner and outer blood-retina barriers (iBRB and oBRB, respec
tively). The iBRB comprises retinal endothelial cells, which line 
retinal microvessels, allowing for the maintenance o f blood vessel 
integrity, preserving vessel homeostasis and mediating highly se
lective transport o f molecules to the surrounding neural tissue (4). 
The oBRB is made up o f a single layer o f retinal pigment epithelial 
(RPE) cells situated at the back of the eye that act as a selective filter 
to restrict the passage of macromolecules to the outer segments o f 
the retina (5). It is now widely accepted that up to 98% o f 
low-molecular weight drugs cannot passively diffuse across these

barriers (6), in part because of the highly evolved “ tight junctions”  
(TJs) formed between adjacent endothelial cells or RPE cells.

TJs are formed at the apical periphery of endothelial cells o f the 
iBRB and RPE o f the oBRB, and they perform the dual role of 
creating a primary barrier to the diffusion of solutes through the 
paracellular pathway while also maintaining cell polarity (7). TJs 
are complex and dynamic structures, composed o f a series of 
integral and peripheral membrane proteins. The transmembrane 
proteins of the tight junction include occludin, junctional adhesion 
molecule, and claudins 1-24, proteins which extend into the para
cellular space, creating the seal characteristic o f the TJ (8). There 
are differences, however, in the molecular components of TJs of 
oBRBs and iBRBs, and in the context o f the current study it is of 
note that claudin-5 is absent from the TJs o f the oBRB in adult mice 
(9). Claudins have been shown previously to interact homotypically 
with proteins on adjacent endothelial cells (10) and, in particular, 
claudin-5 kncx;kout mice have altered blood-brain barrier (BBB) 
integrity (11). Although removal o f claudin-5 compromised BBB 
function by allowing it to become permeable to molecules o f up to 
«=8(K) Da, the barrier could still form, remaining intact and imper
vious to larger molecules, with fully formed TJs. These mice did, 
however, die within 10 h of birth, most likely because of the imfX)rtance 
of claudin-5 in developmental processes. Vve have rep^irted recently 
that levels of claudin-5 can be suppressed in adult mice by using an 
R N A i approach. Transient suppression of claudin-5 in the micro
vasculature of the brain causes a size-selective increase in passive 
diffusion o f low-molecular weight molecules from the blood to the 
brain without any outward adverse detriment to such mice. Indeed, 
potentially pathological molecules far exceed the size-selectivity of 
barrier opening when claudin-5 is suppressed (12). Moreover, endog
enous bloodborne molecules below 800 Da w ill be excluded from 
the brain and retina because o f the presence o f efflux transpcmers 
and specific receptors on the luminal surface of endothelial cells 
lining the microvasculature of the brain and retina (13).

Here, we report a preclinical and experimental platform tech
nology allowing delivery of low-molecular weight therapeutics to 
the outer layers of the retina while excluding molecules greater than 
^  1 kDa. RNAi-mediated suppression of claudin-5 in the retinas of 
adult mice causes a transient and size-selective increase in para
cellular permeability o f microvessels without the development of 
retinal edema or changes in retinal function as assayed by electro
physiology. Moreover, we demonstrate the therapeutic potential of 
this technique by enhancing the delivery o f two distinct low- 
molecular weight molecules to the neural retina of two rodent 
models o f retinopathy: IMPDH1~''“  mice (14), a model o f auto-
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Fig, 1. Suppression o f claudin-5 in retinal vasculature. (A) 
W estern blot analysis o f claudin-5 levels in the  neural retinas 
of mice at 24, 48, and 72 h after injection o f siRNA showed 
a significant decrease in levels 48 h after siRNA injection. * *, 
P = 0.0011. W estern blots are representative o f three inde
pendent experiments. (B) Flatmount analysis o f claudin-5 
levels in the m icrovasculature o f th e  neural retina showed 
decreased levels o f expression and aberran t localization  
o f claudin-5. A t 24 and 48 h a fte r injection o f siRNA, the  
pattern  o f claudin-5 staining appeared diffuse and fra g 
m ented com pared w ith  th e  control groups. (4 0 x  objec
tive .) (C) C laudin-5 expression was isolated to  th e  retinal 
microvessels, processing as far as the  OPL o f the  retina. At 24 
and 48 h after injection of claudin-5 siRNA, levels of clau- 
din-5 appeared mislocalized and fragm ented. (4 0 x  objec
tive.) (D) ERG analysis o f adult C57/BI6 mice revealed no 
distinct changes in ERG tracings 48 h after injection of clau
din-5 siRNA, w ith  m ean ERG readings of 841 V in each eye 
from four mice (Upper). This find ing was in comparison to  
standard mean ERG readings o f betw een 800 V  an 1 mV in 
uninjected mice (Lower).

somal recessive retinitis pigmentosa (RP) that lacks the Icey enzyme 
involved in the de novo synthesis o f GTP (15), and a mouse model 
o f light-induced retinal degeneration (16), These results highlight 
the safety and efficacy o f selective iBRB modulation as an exper
imental tool for the systemic screening o f a wide range o f potentially 
therapeutic molecules in rodent models o f retinopathies. U lti
mately, a humanized approach involving localized inducible barrier 
opening could offer the potential to treat conditions where no 
therapeutic interventions are available, representing a unique ex
ample o f combining gene therapy w ith a pharmacological approach 
to disease treatment.

Results
Suppression of Claudin-5 in the Retina. Levels o f expression of 
claudin-5 were significantly decreased 48 h after injection o f siRNA 
targeting claudin-5 compared w ith the uninjected control. PBS 
control, and nontargeting (NT) control siRNA-injected mice. Sup
pression was transient, w ith levels returning to those observed in the 
control groups after 72 h (Fig. L4 and Figs. S1-S3). A fte r retinal 
flatmount analysis o f claudin-5 levels after delivery o f siRNA, 
claudin-5 localization in retinal microvessels was manifested as a 
discontinuous pattern o f staining 24 and 48 h after injection o f 
claudin-5 siRNA compared w ith the control groups (Fig. IS). 
These findings were in contrast to the continuous and intense 
pattern o f staining o f claudin-5 in the control groups and, indeed, 
at the 72 h time point after injection o f siRNA, levels o f claudin-5 
in the retina appeared similar to the control groups, highlighting the 
transient nature o f suppression. Although by Western blot analysis, 
levels o f expression o f claudin-5 appeared unchanged 24 h after

siRNA injection, the pattern o f staining in retinal flatmounts was 
not evident. Therefore, protein expression by Western blot at 24 h 
after claudin-5 siRNA injection more than likely represents immu- 
noreactive yet non-TJ-associated claudin-5. Immunohistochemical 
analysis of retinal cTyosections showed claudin-5 expres.sion in vessels up 
to and including the O PL with levels detTeased and mislocalized 24 
and 48 h after injection of claudin-5 siRNA (Fig. 1C). Discontinuous 
and decrea.sed expression of claudin-5 was not evident 72 h after 
injection. After suppression of claudin-5, electroretinographic (ERG) 
analysis o f retinal function in mice 48 h after siRNA injection 
showed normal electrophysiological readouts in rod-isolated re
sponses, w ith average readings o f 841 V  in each eye for four mice 
compared w ith typical ERG readouts from  adult C57/B16 mice that 
had not been exp<3sed to experimental conditions (Fig. ID).

Transient and Size-Selective iBRB Modulation. To assess the integrity 
o f the iBRB after suppression o f claudin-5, we used two distinct 
molecules that do not normally passively diffuse across the iBRB. 
Initially, by using M R l analysis, we observed no distinct changes in 
T2-weighted images (Fig. 2A), which would readily allow for 
imaging o f ocular edema. T2-weighted imaging revealed no aber- 
rancies in the ocular regions o f mice from any experimental group. 
Moreover, when the contrasting agent gadolinium-diethylene tr i
amine NJVJV'/^'JV'-pentaacetic acid (G d-DTPA; 742 Da) was 
injected in mice, we observed large amounts o f extravasation from  
microvessels in the retina. T1-weighted imaging after G d-DTPA 
injection showed distinct contra.sting in both eyes o f mice 24 and 
48 h after injection o f claudin-5 siRNA (Fig. 2B). Such contra.sting
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Fig. 2. Transient and size-selective modulation of iBRB 
function. (A) MRI with T2-weighted sequence (resolu
tion, 0.141 X 0.141 X 5 m ;̂ repetition and echo times 
(TR/TE, 4179.3/36 ms; alpha = 9°), which will allow for 
edema visualization, showed no signs of ocular edema 
in any experimental group of mice analyzed (three to 
five mice per group). All images are in a coronal orien
tation. (B) After injection of the contrast agent Gd-DTPA 
(742 Da), however, intense contrasting was observed 
both 24 and 48 h after injection of claudin-5 siRNA when 
observed w ith  T l-w e ig h te d  im aging (resolution, 
0.156 X 0.156 X 5 mm^; field of view, 20 x 20 x 17.9 
mm^; matrix = 128 x 128 x 30; TR/TE, 500/2.7 ms; flip 
angle, 30°; number of averages, 3; acquisition time, 2 
min 24 sec; repetitions, 10). This contrasting manifested 
as intense dark contrasting in the ocular region of the 
mouse. All images are in a coronal orientation. (C) After 
analysis of mice in a sagittal orientation, it was clear that 
extravasation of Gd-DTPA was occurring in large quan
tities. Enhanced signals, pseudocolored in red and 
green, showed highly significant levels of Gd-DTPA in 
mice 48 h after injection of claudin-5 siRNA compared 
with NT controlmice. * * , P =  0.0018.(0) Postexperimen- 
tal treatments. Mice were perfused at 24, 48, and 72 h 
after injection with 5 Ug body weight of 25 mg/mL 
microperoxidase. Microperoxidase was subsequently vi
sualized (dark brown/red staining indicated by arrows) 
in retinal cryosections to be localized within the mi
crovessels of all experimental groups (n = 5 mice per 
group). GCL indicates ganglion cell layer. (40x objec
tive.) (E) Levels of retinal cell death were assayed by 
TUNEL staining (red staining in positive control). None 
of the experimental groups showed signs of retinal cell 
death at any time point after injection of siRNA. Nuclei 
were counterstained with DAPI. INL indicates inner nu
clear layer; IPL, inner plexiform layer. (40x objective.)

was not observed in the control groups of mice, nor was it observed 
at the 72-h time point after injection of claudin-5 siRNA. Gd- 
DTPA has a molecular mass o f 742 Da and will not freely pa.ssively 
diffuse across microvessels into the retina in homeostatic circum
stances. In a sagittal perspective, levels o f G d-DTPA were observed 
to infiltrate the retina in large quantities at the 48-h time point after 
siRNA injection compared w ith NT siRNA control mouse, with 
densitometric analysis o f mice showing significantly increased levels 
o f contrasting agent in the eyes o f mice 48 h after injection of 
claudin-5 siRNA (P =  0.0018; Fig. 2C, double asterisk).

The size-selective nature of transient modulation of the iBRB 
was readily observable when a molecule o f ^  1,900 Da was perfused 
in mice after clauidn-5 siRNA injection. Microperoxidase (molec
ular mass, 1,881 Da) was detected in the microvessels of the retinas 
of all mice after ;ill experimental treatments. In cx)nditions where the 
iBRB or BBB is dtunaged, microp^eroxidase will extravasate in vast 
quantities, yet this was not the case when claudin-5 was suppressed 
(Fig. 2D). Size-selective barrier opening observed, as well as being 
a transient process, did not appear to cause any neuronal cell death 
in any layer of the retina of mice after analysis of D N A  fragmen
tation in retinal layers after .siRNA delivery (Fig. 2£).

Enhanced Delivery of GTP to the Retinas of IMPDH1“ '“ Mice. Given 
our observations of maximum suppression o f claudin-5 levels 48 h 
after injection o f siRNA, this was chosen as the optimum time point 
at which to assess efficacy of therapeutic systemic delivery o f 
compounds to the retina. IM P D H 1” “̂  mice lack the rate-limiting 
enzyme for the de novo synthesis o f GTP, a central mediator o f 
visual phototransduction. W ith increasing age, these mice develop 
a mild retinopathy, as evidenced by decreases in electrophysiolog- 
ical readout from the retina in tandem with a thinning o f the 
photoreceptor outer nuclear layer (O N L) in animals older than 10 
months (14). GTP has a molecular mass of 523 Da and w ill not 
freely passively diffuse across the iBRB if  injected systemically. 
Indeed, we have previously attempted to inject GTP intraocularly 
to induce increases in ERG in IM PD H 1“ “̂  mice ( = 4), but
without success (Fig. ?>A). A t 48 h after injection of siRNA, levels 
o f claudin-5 were significantly decreased in IM P D H 1 mice (Fig. 
3B). Suppres.sion was manifested by a distinct change in the pattern 
of staining observed in retinal cryosections compared w ith mice 
receiving NT siRNA (Fig. 3C). Before experimentation, retinal 
function o f all IM P D H  1“ “̂  mice was asse.s.sed by ERG, and 48 h
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Fig. 3. Enhanced delivery o f GTP to  re tin as  o f  IMPDH1 '  
mice. (A) A fter analysis o f  ERG re a d o u t in IMPDH1 ' mice, 
an im als w ere  in jec ted  w ith  a 3- L so lu tion  con ta in ing  0.6 
m g o f  GTP. Mice w e re  ag a in  ana lyzed  by ERG, a n d  th e  
p e rce n tag e  c h a n g e  in electrical r e a d o u t from  th e  re tina  
w as p lo tted . T here w as n o  sign ifican t d ifference in ERG 
read o u ts  in IMPDHI '  m ice a f te r  in traocu lar injection of 
GTP (n =  4 m ice per g ro u p ). (B) Levels o f  expression o f 
claudin-5 in th e  re tin as  o f IMPDH1 ' m ice w ere  assessed by 
W estern  b lo ttin g , w ith  levels d ec reased  48  h a fte r  injection 
o f  claudin-5 siRNA. (Q  From im m unohistochem ical analysis 
o f claudin-5 levels (red  sta in ing ) in re tina l cryosections, it 
w as clear th a t  levels w e re  dec reased  in all retinal layers. 
Sections w e re  co u n te rs ta in e d  w ith  DAPI (blue stain ing). 
(40x  objective.) (D) IMPDH1 '  m ice w e re  sub jec ted  to  ERG 
analysis o f ro d  fu n a io n ,  an d  48 h a f te r  in jection  of e i th e r  an 
NT o r  claudin-5 siRNA, m ice w e re  adm in is te red  an in jection  
o f GTP, a n d  ERG re a d o u t w as assessed aga in  Electrical 
re a d o u t o f  rod  p h o to re c e p to rs  w as expressed  as p e rc e n t
a g e  changes, a n d  a  sign ifican t increase (•** , P <  0.0001) in 
rod-iso la ted  ERG w as o bserved  in m ice receiving claudin-5 
siRNA an d  3.3 m g o f  GTP co m p ared  w ith  mice receiving NT 
siRNA an d  3.3 m g o f GTP. (E) No c h a n g e  in retinal cone  
function  w as observed  a f te r  in jection  o f  GTP in e ith e r  ex 
perim en ta l g ro u p . (F) R od-iso la ted  ERG tracings in IM- 
PDH1 ' m ice b e fo re  a n d  a f te r  in jection  o f GTP w ith  NT 
SiRNA show ed  n o  d istinct ch a n g es  in w aveform ; how ever, 
upo n  analysis o f ERG trac in g s  b e fo re  a n d  a f te r  GTP injec
tion  w ith  claudin-5  siRNA, w ell-fo rm ed  a an d  b w aves w ere  
observed  in th e  re tinas  o f  mice.

before injection o f G T P , mice were injected with e ither an NT or 
claudin-5-targeting siRNA. Subsequently, a fte r injection o f G T P  
i.p., retinal function was assessed im m ediately by E R G , and a highly 
significant increase in rod-isolated b-wave am plitude was observed 
in those mice that had received claudin-5 siR N A  ( =  6) com pared 
with the N T control { =  8) group (Fig. 3D). Analysis o f cone-
isolated E R G  after enhanced delivery of G T P  did not show any 
significant differences betw een the experim ental groups (Fig. 3£). 
E R G  tracings revealed well-form ed a and b waves in mice after 
enhanced systemic delivery of G T P  to the retina (Fig. 36 '), in 
contrast to mice receiving no iBRB m odulation (Fig. 3F),  where no 
change in E R G  outpu t was observed.

Enhanced Delivery o f  ALLM to  th e  R etinas of Light-Exposed BalB/c 
Mice. Light-induced retinopathy in albino BalB/c mice has been 
used previously to  induce pho torecep tor cell apoptosis. Indeed, 
many antiapoptotic agents have been screened in vivo by using this 
technique but by direct intraocular injection o f these agents before 
light ablation (17). activated calpains have been shown to be 
associated with neuronal cell death  in d ifferent neuropathological 
diseases, including re tinopathy (18). C alpains a re  o ften  associated 
with necrotic cell death ; however, they are also found to  be activated 
during apoptosis (19). W e chose to  a.ssay the effects o f enhanced 
systemic delivery of a known calpain inhibitor, A '-acetyl-Leu-Leu- 
M et-C H O  (A L L M ). This m olecule has a m olecular m ass o f 401 Da 
and is a po ten t inhibitor o f both calpain I (^ j =  120 nM ), calpain 
II {K, =  230nM ),cathepsin-L(A^j =  0 .6 n M ),cathepsin -B  {K\ = 1(X) 
nM ), and the p roteasom e (20). It does not readily passively diffuse 
across the iBRB and has been iLsed previously to demonstrate efficacy 
in preventing photoreceptor apoptosis when intracxnjiarly injected (17). 
Forty-eight hours before injection o f A L L M  (20 m ^ g ) ,  mice

received an  injection of e ither an NT siR N A  or a claudin-5 siRNA. 
Mice were dark-adapted  for a fu rther 24 h a fte r injection of A LLM , 
afte r which time they were exptised to ft,()(X)-lux white light for 2 h. 
Mice were retu rned  to the dark room , and 12,24, and 48 h after light 
ablation, pho torecep tor nuclei were analyzed for T U N E L  for 
identification of end-stage dying cells. W ith enhanced systemic 
delivery o f ALLM , at 12 h (P  =  ().(X)11; Fig. 4A,  **)  and 24 h (Z’ =  
0.0252; Fig. 4B,  *) a fte r light exposure, the  retinas o f BalB/c mice 
showed significantly fewer TU N EL-positive cells in the O N L o f the 
retina, directly implying less photorecep tor cell death. A LLM  slows 
the rate o f cell death, because 4S h a fte r light exposure (Fig. 4C), 
the num ber of TU N EL-positive cells increased in the  group o f mice 
receiving A LLM  subsequent to claudin-5 siR N A  (* , P = 0.0191). 
Mice analyzed at 4 days and 7 days after light ablation showed no 
differences in TU N EL-positive cells in the O N L  (Fig. S4).

Discussion
A lthough degenerative retinopathies, including age-related m acu
lar degeneration  (A M D ), diabetic retinopathy, and R P represent 
m ajor causes o f world blindne.ss, trea tm en t options are currently 
exceedingly limited (15, 21-24). No form  of prevention is available 
fo r the nonexiidative (dry) form  o f A M D . apart from  d ieta ry  
in tervention. W ith regard to the exudative (wet) form  of A M D , 
in traocular injection of the m onoclonal antibody Lucentis (Genen- 
tech Inc), targeting VEGF, Ls being ased in a g aw in g  num ber o f ca.ses; 
however, severe endophthalmitis, resulting in blindness, has been re- 
pt)rted to cKcur in up to 2%  of treated patients (25). Proliferative 
diabetic retinopathy is treatable  by scatter and focal laser surgery, 
but the priK edure itself induces significant retinal dam age and can 
involve in excess o f 1,(XK) laser bum s to the retinas o f diseased
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Fig. 4. Enhanced delivery o f a calpain inhibitor to  retinas 
of light-exposed BalB/c mice. Effects of either an NT or 
claudin-5 siRNA together w ith  a potent calpain inhibitor, 
ALLM, on light-induced retinal degeneration w ere as
sessed in BalB/c mice. Claudin-5 or NT siRNA was adminis
tered to  BALB/c mice 48 h before injection of 20 m g/kg 
ALLM. Mice w ere dark-adapted for 24 h before being 
exposed to  w h ite  fluorescent light o f 7,900 lux for 2 h. (A) 
A t 12 h a fte r light ablation, TUNEL-positive nuclei present 
in the ONL of retinal sections o f mice injected w ith  clau- 
din-5 SiRNA and ALLM w ere significantly few er than those 
injected w ith  NT siRNA. * *, P =  0.0011. (B) A t 24 h after light 
ablation, th e  num ber of TUNEL-positive cells in mice th at 
received claudin-5 siRNA and ALLM was significantly de
creased compared w ith  mice receiving NT siRNA and ALLM. 
*, P =  0.0252. (Q  There w ere significantly more TUNEL- 
positive nuclei in retinas of claudin-5 siRNA- and ALLM- 
injected mice compared w ith  NT siRNA- and ALLM-injected  
mice at 48 h after light exposure. *, P =  0.0191. (4 0 x  
objective.)
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patients (26). No form o f preventive therapy is yet available for RP, 
and the immense genetic heterogeneity encountered in this con
dition is clearly a substantial impediment to the development of 
gene-based methods of disease prevention (27). On the other hand, 
many low-molecular weight, potentially therapeutic compounds, 
including VEG F (28), GPR91 (29), and C3a/C5a anaphylatoxin 
receptor antagonists (30), as well as many neuroprotective and 
antiapoptotic drugs, could potentially preserve retinal function or 
slow photoreceptor cell death in such conditions, yet regular 
intraocular injection of such compounds is not a feasible strategy for 
the reasons outlined ab<we. Moreover, systemic administration of 
such drugs is restricted in view o f the very low rates of passive 
diffusion of these compounds into the retina across the iBRB (31).

We report an experimental, RNAi-mediated approach for tran
sient modulation o f iBRB function by targeting the TJ component 
claudin-5. Claudin-5 plays a role in the formation of paracellular 
pores or channels that function in mediating selective ion perme
ability (11, 32). However, the function o f claudin-5 in the retina 
appears to be more dynamic than simply structural. It has recently 
been reported that mice exposed to hypoxic conditions exhibit 
down-regulation of claudin-5, which size-.selectively disrupts the 
iBRB, allowing pa.ssage of small molecules into the retina, similar 
to the phenotvpe seen in claudin-5-detlcient mice (33). Moreover, 
levels o f claudin-5 in the brain appear to fluctuate depending on 
environmental stimuli, such as exposure to alcohol, traumatic brain 
injury, and stroke (34-36).

To explore the therapeutic potential o f transient compromise in 
barrier integrity, we sought to deliver therapeutic molecules to the 
retinas o f two mouse models o f retinopathy. First, we chose a model 
o f autosomal recessive RP, the IM P D H P ^^ mouse (14). These 
animals lack one of the two rate-limiting enzymes of de novo 
synthesis of GTP, a central mediator o f visual phototransduction 
(15). W ith increasing age, these mice develop a mild retinopathy, as 
evidenced by decreases in electrophysiological readout from the 
retina in tandem with a thinning o f the photoreceptor O N L in 
animals older than 10 months. GTP has a molecular mass of 523 Da, 
and direct intraocular injection (Fig. 3A) did not have an impact on

ERG function in these mice because of a low rate of diffusion o f the 
compound across the iBRB and limited diffusion across intact cell 
layers of the inner retina. However, when levels of claudin-5 were 
suppressed, enhanced systemic delivery of GTP to the outer layers 
of the retina resulted in a significant increase in the rod-isolated 
ERG respon.se from 1MPDH1“ “̂  mice in compari.son with those 
receiving NT siRNA compared with a pre-GTP ERG. ERG 
readings of up to 600 V  were observed (Fig. 3G). Taking into 
consideration that a .standard ERG readout is between 800 and 
1,0(K) V, these findings represent significant advances in visual 
enhancement in these mice. GTP is likely being actively transported 
into photoreceptors after enhanced systemic delivery; however, it is 
also feasible to postulate that GTP may passively diffuse across the 
plasma membranes o f photoreceptors, and enhanced delivery w ill 
simply allow for increa.sed quantities o f GTP to access the neural 
retina before being rapidly hydrolyzed.

Second, we explored the efficacy of enhanced delivery o f an 
antiapoptotic agent to the retinas o f mice before light-induced 
ablation o f photoreceptors. A lb ino BalB/c mice exposed to varying 
degrees o f intense white light are very susceptible to photoreceptor 
cell death, due in part to activation of caipains in photoreceptors o f 
the retina (37). To study the effects o f increased delivery o f A L L M  
on photoreceptor cell survival, we injected 20 mg/kg of the inhibitor 
intraperitoneal 24 h before light exposure with and without iBRB 
modulation. T U N E L staining became apparent 12 h after the initial 
exposure to light; however, significantly less cell death was observed 
in the group o f mice that received A L L M  when the iBRB was 
modulated with claudin-5 siRNA compared with NT siRNA. 
A L L M  has a molecular mass o f 401 Da and w ill have a low rate of 
diffusion across the iBRB. Indeed, photoreceptor cell death did not 
manifest in the claudin-5 siRNA-injected mice until 48 h after light 
exposure. These findings display enhanced delivery o f A L L M  to the 
retina and also highlight the influence increased delivery o f this 
calpain inhib itor has on the rate o f photoreceptor cell death.

As a method o f enhanced delivery of low-molecular weight 
therapeutics to the retina, RNAi-mediated suppression o f claudin-5
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can now be used in animal models of retinopathy to screen a wide 
range of potentially therapeutic molecules ranging from antiapo- 
ptotic agents to antiangiogenic compounds. Not only does suppres
sion of claudin-5 have little impact on neuronal homeostasis, we have 
also shown minimal disturbance of global transcriptional patterns in 
neuronal tissue when the BBB is transiently mtxiulated (Tables SI and 
S2). This indicates that rather than “breaking” the BBB and iBRB. 
targeted suppression of claudin-5 selectively mcxlulates barrier function 
while not causing neuroinflammatory activation, edema, or cell death. 
Indeed, coupled with commercially available reagents, such as 

-jetPEI (Polyplus-transfection), regular barrier opening in experi
mental rodents could be used for longer-term studies pertaining to drug 
delivery. This, however, would not be the case in “hum;mizing” this 
delivery system, and for the purposes of systemic delivery of drugs 
targeting degenerative retinal conditions in humaas, localized barrier 
opening could, in principle, be limited to retinal tissues by incorporating 
barrieropening machinery into an inducible viral delivery system. In 
this regard, it is of note that adeno-assiKiated virus (A A V ) delivery 
systems have now been approved for use in a growing number of 
gene therapy trials, including those recently initiated for the con
genital retinopathy Leber’s congenital amaurosis (38 -40 ), and 
recent studies have indicated that A A V 9  is capable of targeting 
vascular endothelial cells, rendering the concept of an inducible 
A A V 9  system for barrier opening potentially feasible (41).

Materials and Methods
Animal Experiments and Experimental Groups. AN studies carried o u t in the
Ocular Genetics U n it a t T rin ity  College D ublin  (TCD) adhere to  the  Association 
fo r  Research in Vision and O ph tha lm o logy sta tem ent fo r the  use o f Anim als in 
O phthalm ic and Vision Research. Mice were sourced from  Jackson Laborato
ries and bred on site a t the  Ocular Genetics U n it In TCD. Extensive Materials 
and Methods are o u tlined  in SI Text
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W e describe a procedure fo r controlled, periodic, reversible m odulation of 

selected regions o f the b lood -bra in  barrier (BBB) o rth e  in n er-b lo o d -re tin a  barrier 

(iBRB) based on incorporation into an A AV-2/9 vector o f a doxycycline-inducible  

gene encoding shRNA ta rg etin g  c laud in-5 , one o f 30  or so proteins constitu ting  

the BBB and iBRB. The vector m ay be introduced stereotaxically in to pre-selected  

regions o f the brain or in to th e  retina, rendering these regions perm eable to low - 

m olecular w e ig h t compounds up to approxim ately 1 kDa for the period o f tim e  

during which the inducing agent, doxycycline, is adm inistered In drinking w ater, 

but excluding potentia lly  toxic h igher m olecular w e ig h t m aterials. W e report on 

the use o f barrier m odulation in tandem  w ith  systemic drug th erapy to prevent 

retinal degeneration and to  suppress laser-induced choroidal neovascularization  

(CNV), the la tte r being th e  ha llm ark pathology associated w ith  th e  exudative, or 

w et, form  of age-related m acular degeneration (AMD). These observations con

stitu te  the basis o f a m in im ally  invasive systemic therapeutic  m odality  for retinal 

diseases, including retin itis pigm entosa and AMD, w here, in early stage disease, 

the IBRB is in tact and im pervious to  system ically adm inistered drugs.
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INTRODUCTION

The tight junctions associated w ith  the blood-brain and inner 
b lood-retina barriers (BBB/iBRB) are comprised of a series of up 
to 30 proteins, interacting to provide a tight seal between adjacent 
endothelial cells lin ing the neuronal and inner retinal micro- 
vasculatures. They have evolved for the specific purpose of 
protecting neuronal tissues from potentially damaging blood- 
borne agents and, hence, breakage o f such barriers, for the 
purposes of systemic drug delivery or for other purposes, would 
have serious adverse effects (Campbell et al, 2009). However, 
remodelling of the BBB/iBRB by selectively modulating levels of 
tight junction proteins, such as to render these barriers 
controllably and reversibly permeable to low-molecular weight 
compounds, could have substantial therapeutic potential given
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that the vast majority of low-molecular weight drugs (an 
estimated 98%) cannot gain access to neuronal tissues from 
the peripheral circulation. Moreover, those drugs that can gain 
access and are in clinical use {e.g. lipophilic  antipsychotic drugs) 
may require dosages sufficiently high as to cause serious adverse 
clinical reactions— Clozapine, for example (MW  327Da), can 
require daily dosages of up to 1 g (Kane et al, 1988). We have 
previously shown in mice that systemic administration (tail vein 
injection) of siRNA targeting transcripts derived from the claudin- 
5 gene, encoding one of the protein components of the tight 
junctions of the neuronal and retinal niicrovasculatures, renders 
the BBB and iBRB reversibly permeable to compounds up to 
approximately 1 kDa for periods of up to 36h, starting 24 h post- 
siRNA delivery (Campbell et al, 2008, 2009). Importantly, 
however, molecules greater than approximately 1 kDa do not 
passively diffuse from the blood to the brain or retina when 
claudin-5 is suppressed, an observation made more significant by 
the fact that many low-molecular weight drugs lie w ith in  this size 
range, w ith  larger substances, such as antibodies, blood-borne 
soluble enzymes, anaphylatoxins and pathogens being excluded.

Here, we describe an adeno-associated virus {AAV-2/9 
serotype; Foust et al, 2009, 2010) expressing a doxycycline-
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inducible shRNA targeting transcripts encoding claudin-5. The 
process allows for localized and inducible m odulation of the 
BBB or iBRB independently o f each other and provides a means 
of delivery to pre-selected neuronal regions of low-molecular 
weight compounds up to approximately 1 kDa in molecular 
weight for the period o f time during which the inducing agent is 
administered. The process has no negative impact on neuronal 
function, nor does it induce neuronal oedema. Using the retina 
as a iTiodel system for assessment of neuronal function, we have 
validated the barrier modulation approach to systemic drug 
delivery by demonstrating protection of photoreceptors against 
light-induced damage by treatment w ith  the calpain inh ib ito r 
ALLM. We have also shown that laser-induced choroidal 
neovascularization (CNV), the latter being the hallm ark of 
vision threatening disease pathology in  age-related macular 
degeneration (AM D), can be suppressed by systemic drug 
therapy using the low-molecular weight compounds, Sunitin ib 
malate (S u ten t", Pfizer) and 17-AAG (Bristol-Myers Squibb) 
fo llow ing  induced barrier modulation. These observations form 
the basis o f a novel and m in im a lly  invasive means o f drug 
delivery to neuronal tissues w hile  also representing a valuable 
experimental tool for the evaluation and screening o f low- 
molecular weight drug efficacy for neurodegenerative condi
tions. The translational potential o f this technology is potentially 
large and could be applied to a range of neurodegenerative and 
neuromalignant conditions.

RESULTS

Assessment o f the efficacy o f CLDN5 AAV-2/9
The system described here allows for reversible m odulation of 
the iBRB w ith  the exclusion of the BBB, and vice versa. To 
achieve this, we incorporated shRNA targeting claudin-5 into a 
doxycycline-inducible plasmid system. Subsequently, this was 
incorporated in to the genome of an AAV-2/9 vector (these 
viruses have recently been shown to transduce endothelial cells 
o f the neuronal microvasculature w ith  high efficiency; Fig lA  
and B; Foust et al, 2009, 2010). Viral purity  was assessed using 
SDS-PAGE (Supplementary Fig 1).

An experimental group of C57/B16 mice received a sub-retinal 
inoculation o f 3 pil of 5 x lO”  v ira l partic les/m l of CLDN5 AAV- 
2 /9  in the right eye. Mice received a non-targeting (NT) AAV-2/9 
in their left eye. These animals were then supplemented in their 
drinking water w ith  2 m g/m l doxycycline and 5% sucrose for 
3 weeks p rior to analysis. Western blot analysis showed 
significant decreases ( * "p  =  0.0005) in  the levels o f expression 
o f claudin-5 in retinas of mice injected w ith  the CLDN5 AAV-2/9 
compared to the NT AAV-2/9 injected retinas (Fig 1C and D). 
This suppression was also manifested by significant decreases 
(*p =  0.0218) in claudin-5 transcript levels in  retinal RNA 
samples (Fig IE). Qualitative retinal flatmount analysis of 
claudin-5 expression showed a d istinct and continuous pattern 
o f expression in  the NT AAV-2/9-injected retinas compared to 
the CLDN5 AAV-2/9-injected retinas (Fig IF  and G), and this 
was also observed in retinal cryosections, where decreased 
levels of expression and a discontinuous, fragmented pattern of

staining was observed in the vascularized retinal layers as far as 
the outer plexiform  layer (OPL; up to five mice analysed/group; 
Fig IH ).

Phenotype assessment o f CLDN5 AAV-2/9
Although in use both experim entally and c lin ica lly , AAV 
serotypes w ill have d iffe ring  transduction patterns when 
injected sub-retina lly (Bainbridge et al, 2008; Hauswirth 
et al, 2008; Maguire et al, 2008). In this regard, we wished 
to assess the pattern of transduction of AAV-2/9 using an eGFP 
reporter gene. Mice sub-retina lly injected w ith  th is AAV 
showed widespread transduction when a retina l whole-m ount 
was prepared (Fig 2A). Indeed, transduction was widespread 
throughout the entire retinal pigment epithelium  (RPE), which 
as a point o f interest does not express claudin-5 (Rizzolo et al,
2007). Efficient transduction o f the neural retina was, however, 
localized to the site of in jection (arrow in Fig 2B and inset 
image) and fo llow ing  retinal cryosectioning and staining w ith  
an endothelial cell-specific isolectin (G riffon ia-sim plic ifo lia  
isolectin-A lexa 568), we observed co-iabelling of eGFP and 
endothelial cells in the ganglion cell layer (GCL), inner 
p lexifo rm  layer (IPL), and OPL. W hile  not all microvessels 
were transduced by AAV-2/9, the degree o f transduction was 
sufficient enough to a llow  for significant m odulation of 
claudin-5 expression (Fig 2B and C). Im portantly , and unlike 
other AAV serotypes, for instance AAV-2/8 (Stieger et al,
2008), there was no transduction of AAV-2/9 along the optic 
nerve, w hich h ighlights an in it ia l safety profile  of th is serotype. 
Transduction appeared to be retained solely to retina l tissue 
(Supplementary Fig 2).

Follow ing confirm ation of the efficiency of suppression of the 
inducible CLDN5 AAV-2/9, we undertook a series of magnetic 
resonance imaging (MRI) experiments to a llow  a phenotypic 
assessment of the system. In mice receiving CLDN5 AAV-2/9 
sub-retinally in the right eye and a NT AAV-2/9 in the left eye, 
contrast-enhanced MRI showed significant quantities of Gd- 
DTPA (742 Da) extravasation specifically in the CLDN5 AAV-2/ 
9-injected eye (Fig 2D). The pattern of extravasation appeared 
greatest in the region of sub-retinal in jection, and this pattern 
was sim ilar in horizontal and sagittal orientations 
( '* ‘ p =  0.0001; Fig 2E and F; Supplementary Fig 3). Each 
quantitative bar represents the enhanced contrasting observed 
in the CLDN5 AAV-2/9-injected eye when the background from  
the contra-lateral NT-AAV-2/9-injected eye was subtracted. As 
Gd-DTPA has a molecular weight o f 742 Da, we wished to 
determine the size-selectivity o f iBRB m odulation, so we 
perfused mice w ith  a solution of m icroperoxidase (1881 Da). 
Follow ing retinal cryosectioning, m icroperoxidase was 
observed to be confined in the retinal m icrovasculature w ith  
suppression of claudin-5 (Fig 2G). Therefore, w h ile  the iBRB 
was modulated to a molecule of 742 Da, the iBRB remains 
imperiTieable to a molecule o f 1881 Da. This phenotype 
produced no adverse effects on the rod or cone isolated 
electroretinogram (ERG) readouts of mice and im portantly, 
(Fig 2H) barrier m odulation using CLDN5 AAV-2/9 produced no 
signs of retinal oedema as assessed by high-resolution T-2- 
weighted MRI analyses (Fig 21).
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Systemic and stereotaxic injection o f CLDN5 AAV-2/9
Systemic administration of CLDN5 AAV caused a phenotype 
similar to that observed at the iBRB, and as expected also 
manifested in increased permeability of Gd-DTPA across the 
BBB correlated with suppression of brain capillary claudin-5 
(Supplementary Fig 4). Moreover, a stereotaxic inoculation of 
2 p.1 of theCLDNS AAV-2/9 (5 x lo "  vp/m l) in the region of the 
right hippocampus showed a localized and inducible BBB 
modulation site-specifically when mice were supplemented with 
doxycycline (2 mg/ml) in their drinking water. This localized 
modulation of the BBB caused enhanced passive diffusion of Gd- 
DTPA from the blood to the brain while causing no signs of 
oedema formation. Specifically, dark contrasting observed in 
the right hippocampus of Fig 3E was manifested as intensely 
high-contrast blue in the pseudo-coloured image of Fig 3F. Each 
of nine individual mice injected had significantly higher Gd- 
DTPA contrasting in their right hippocampus compared to the 
left (Supplementary Fig 5). Importantly, the inducibility of the

Figure 1. Assessm ent o f  th e  e fficacy  o f  CLDN5

AAV-2/9,

A,B. The plasmid incorpora ting  the inducib le  sys

tem  w ith  claud in -5  shRNA (A) o r a NT luc i- 

ferase shRNA (B) was cloned in to  the plasmid 

pAAV-MCS. such as to incorpora te L-ITR and R- 

ITR. Abbreviations: tTS, te tracyc line -induc ib le  

tran scrip tiona l suppressor; 3-gtobpA, beta- 

globin prom ote r; pTR£-U6. Tet-responsive U6 

prom oter; f l  ori, f l  o rig in  o f rep lica tion ; Amp, 

am p ic illin  selection; pUC, pUC orig in  o f rep li

cation. AAV-2/9 was then  generated using a 

tr ip le  transfection  system in a s tably tran s 

fected HEK-293 cell line  fo r the  genera tion o f 

h ig h -titre  viruses. tTS is a fusion o f th e  Tet 

repressor and the  Kid-1 KRAB-A8 silencing 

dom ain. In the  absence o f doxycycline, tTS 

repressor binds to  Tet opera tor (TetO) 

elements in a m odified p o llll p rom ote r (pTRE- 

U6), in h ib itin g  expression o f c laud in -5  (or NT 

luciferase) shRNAs. In the  presence o f doxy- 

cyctine, tTS no longer binds to  the  prom oter, 

a llow ing  expression o f shRNA.

C. 3 weeks post-sub-re tina l inocu la tion  o f 3 p.1 o f 

5 X 10^^ vira l partic les/m l o f the NT AAV-2/9 or 

CLDN5 AAV-2/9 and subsequent supp lem ent

ation  in the  d rink ing  w a te r o f mice o f 2 m g/m l 

doxycycline w ith  5% sucrose.

D,E. Strong and s ign ifican t suppression o f claud in - 

5 was observed a t both the prote in

(**’ p 0.0005) and tran sc rip t level

(p  0.0218).

F,C. Q ualita tive  assessment o f ciaudin-S  expres

sion in re tina l fla tm o un ts  showed a co n tin u 

ous and strong patte rn  o f s ta in ing  a t the 

endothe lia l cell m argins in the m icrovascula

tu re  o f the retinas o f mice in jected w ith  the  NT 

AAV-2/9. However, fo llo w in g  sub-re tina l 

inocu la tion  o f the CLDN5 AAV-2/9, th is  patte rn  

o f sta in ing, w h ile  not com ple te ly  ablated, was 

d iscontinuous and fragm ented, w ith  large 

im m unoreactive  precip ita tes o f c laud in -5  

m anifesting  in the  m icrovasculature.

H. Analysis o f c laud in -5  expression in re tina l 

cryosections o f  m ice in jected w ith  the NT AAV 

showed c laud in -5  expression associated w ith  

the microvessels o f the retina, perm eating as 

fa r as the  OPL (Arrows). M ice in jected w ith  the 

CLDN5 AAV-2/9 showed a s ig n ifican t decrease 

in expression and loca liza tion  o f c laud in -5  in 

each layer perm eated by mkrovessels. O uter 

nuclear layer (ONL). inner nuclear layer (INL), 

IPL and GCL

barrier modulating system was highlighted when doxycycline 
was removed from the drinking water and no barrier 
permeability was observed (Supplementary Fig 6).

Prevention o f retinal degeneration using barrier modulation
We chose in itially to use a mouse model of retinal degeneration 
in order to assess the efficacy of neuronal barrier modulation 
using CLDN5 AAV-2/9 to enhance delivery of an anti-apoptotic 
agent to the retina. Light-induced retinal degeneration is a

w w w .em bom olm ed.o rg EMBO Mol Med 3. 235 -245 ©  2011 EMBO Molecular Medicine 237
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F igure 2. Phenotype assessm ent o f  CLDNS AAV-2/9.

A. An AAV-2/9 w ith  an eCFP reporte r gene was in jected sub-re tina lly  in an adu lt C57/BI6 mouse and 3 weeks post-in jection , a re tina l w h o le -m oun t showed the 

patte rn  o f transduction  to  be w idespread (green).

B. A lthough transduction  was observed th ro ughou t the retina, i t  was apparent th a t th is  transduction  was heavily localized ju s t to  the neural retina (30 -50%  

transduction) a t the site o f in jection  (arrow  and high m agnifica tion  inset), w ith  the  en tire  RPE being transduced. There was no transduction  o f AAV-2/9 

observed along the  optic nerve.

C. H igh-m agnifica tion  microscopy o f re tina l cryosections in jected sub-re tina lly  w ith  the  eCFP AAV-2/9 (green) in the  region o f neural retina transduction  and 

subsequent s ta in ing w ith  a g r iffo n ia -s lm p lic ifo lia  iso lectin-A lexa-568 (endothelia l cell s ta in ing— red), showed the  transduction  effic iency o f the AAV-2/9 

serotype fo r endothe lia l cells.

D. Contrast-enhanced MRI showed extravasation o f the MRI contrasting  agent Cd-DTPA (M W  742 Da) in m ice in jected in the  rig h t eye w ith  CLDNS AAV-2/9, but 

not in the  le ft eye, in jected w ith  NT AAV-2/9, when animals were supplem ented w ith  the inducing agent doxycycline (2 m g/m l w ith  5% sucrose in th e ir  drink ing  

water) fo r  3 weeks post-in jection . The inverted (LUT) image h igh ligh ts the localized extravasation o f  Cd-DTPA in the  rig h t eye compared to  the  con tra -la te ra l 

contro l (arrows).

E. Both horizonta l and sagitta l MRI show the patte rn  o f extravasation o f Cd-DTPA localized to the site o f sub-re tina l inocu la tion  bu t th a t Cd-DTPA permeates the 

en tire  re tina  o f the  CLDNS AAV-2/9-injected eye.

F. This extravasation was a consistent observation ( " * p  - 0 .0001) in all m ice analysed (n -  9), w ith  the  background pixel in ten s ity  from  the  NT AAV-2/9-injected 

eye being subtracted from  the CLDNS AAV-2/9-in jected eye.

C. Retinal cryosections o f CLDNS AAV-2/9-in jected mice perfused w ith  m icroperoxidase (1881 Da) showed th is  tracer m olecule to  be confined w ith in  the  retina l 

m icrovasculature, w ith o u t signs o f extravasation (n - 4).

H. Rod and cone isolated ERCs showed typ ica l ERC tracings expected 3 weeks post-sub-re tina l in jection  and no differences between the NT AAV-2/9-injected eyes 

and the CLDNS AAV-2/9-injected eyes.

I. T -2-w eighted coronal MRI analysis revealed no signs o f re tina l oedema in e ithe r NT AAV-2/9 or CLDNS AAV-2/9 in jected eyes (n 9).

commonly used model to induce rapid photoreceptor cell death 
and we have previously shown that siRNA-mediated suppres
sion o f claudin-5 allows for enhanced delivery of the potent 
calpain inh ib ito r ALLM lo the neural retina (Campbell et al. 
2009). Calpain activity has been described as being central to 
light-induced photoreceptor cell degeneration and to this end, 
we injected albino BalB/c mice in  their right eye w ith CLPN5 
AAV-2/9 or in their left eye w ith  a NT AAV-2/9.  Again, mice

were supplemented w ith  the inducing agent doxycycline (2 m g/ 
m l) in their drinking water and 24 h p rior to light ablation all 
mice received an intraperitoneal (i.p.) injection of 20 m g/kg 
ALLM prior to dark adaptation. ALLM has a molecular weight of 
401 Da and is a potent inh ib ito r of calpain 1 (/C i=120nM ), 
calpain II {Ki =  230 nM ), cathepsin-L {K, =  0.6 nM), cathepsin-B 
( K j -  100 uM ], and the proteasome. Follow ing d ila tion  of their 
pupils, mice were then exposed lo 7900 lux light for 2 h and 24 h

NT AAV-2/9 CLDNS AAV-2/9

Ci»udin-5

|S-actin

D|

eGFP AAV-2/9 
DAPi

T-1 Weighted

Figure 3. System ic and s te re o ta x ic  in je c tio n  o f

CLDNS AAV-2/9.

A. BBS m odula tion  to  Cd-DTPA was observed 

th ro ughou t the brain and in the region o f the 

h ippocam pus, extravasation o f Cd-DTPA was 

m anifested by dark contrasting in inverted LUT 

MR images fo llo w in g  systemic in jection  o f AAV.

B. W estern b lo t analysis in a cap illa ry  isolated 

fraction  o f brain tissue showed suppression o f 

claudin-S  in CLDNS AAV-2/9-in jected mice 

com pared to  NT AAV-2/9-in jected mice.

C. An eCFP expressing AAV-2/9 was also in jected to 

id en tify  the  transduced region and showed e ffi
c ien t transduction  o f cells w ith in  the h ippo

campus (green), w ith  retrograde transport 

observed in neuronal cells.

D. H igh-reso lu tion  T -2-w eighted MRI showed no 

signs o f neuronal oedema a t the site o f in jection .

E. Post-Cd-DTPA in jection , enhanced contrasting 

was observed w ith in  the  hippocam pus specifi

ca lly a t the  site o f in jection .

F. Extravasation o f Cd-DTPA a t the  side o f in jection 

was h igh ligh ted  in the pseudo-coloured image 

(arrows).

C. Q uantita tive analysis o f regions o f in terest in the 

righ t hippocampus of ind iv idual m ice were 

assessed and compared to  the contra-latera l 

hippocampus. In each mouse analysed, there was a 

significant enhancement o f Cd-DTPA in the region 

o f the hippocam pus injected w ith  CLDNS AAV-2/9.
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F ig u re  4 .  S y s te m ic  d r u g  d e l iv e r y  t o  t h e  r e t in a  a n d  in h ib i t io n  o f  r e t in a l  d e g e n e r a t io n .

A . A lb in o  B alB /c  m ic e  w e re  in o c u la te d  s u b - r e l in a l ly  w it h  e i th e r  th e  N T  A A V -2 /9  in  th e ir  le f t  e y e  o r  th e  C L D N 5  A A V -2 /9  in  t h e i r  r ig h t  eye . M ic e  w e r e  a d m in is te re d  

2 m g /m l d o x y c y c lin e  in  th e i r  d r in k in g  w a t e r  fo r  3 w eei<s a n d  2 4  h p r io r  to  l ig h t  a b la t io n , th e y  re c e iv e d  an  i.p . in je c t io n  o f  2 0  m g/l<g A LLM . M ic e  w e r e  

s u b s e q u e n tly  e xp o sed  to  7 9 0 0  lu x  lig h t  fo r  2 h a n d  2 4  h p o s t - l ig h t  e x p o s u re , re t in a l c ry o s e c tio n s  w e re  a n a ly s e d  fo r  e n d  s ta g e  a p o p to t ic /n e c ro t ic  

p h o to re c e p to rs  b y  c o u n tin g  o f  T U N E L  p o s it iv e  ce lls . C e ll c o u n ts  fro m  th e  C L D N 5  A A V -2 /9 - in je c te d  eye s  a n d  th e  c o rre s p o n d in g  N T  A A V -2 /9 - in je c te d  e ye  w e re  

e x p re s s e d  as a p e rc e n ta g e  o f  e a c h  o th e r  as e a c h  in d iv id u a l a n im a l re c e iv e d  id e n t ic a l l ig h t  a b la t io n  in  e a c h  e y e . S ig n if ic a n t  p ro te c t io n  o f  p h o to re c e p to r  cells  

w a s  o b s e rv e d  in  th e  r ig h t  eyes (C L D N 5  A A V -2 /9 )  o f  m ic e  c o m p a re d  to  th e  le f t  eyes (N T  A A V -2 /9 :  " ' p  0 .0 0 0 6 ) .

B. T U N E L  p o s it iv e  ce lls  w e r e  s h o w n  to  b e  c o n s is te n t ly  lo c a liz e d  in  la rg e  n u m b e rs  to  th e  O N L o f  N T  A A V -2 /9 - in je c te d  re t in a s  c o m p a re d  to  C L D N 5  A A V -2 /9 - in je c te d  

re tin a s .

C. E x te n s iv e  c le a v a g e  o f  th e  c a lp a in  s u b s tra te  a - fo d r in  w a s  o b s e rv e d  in  m ic e  re c e iv in g  th e  N T  A AV c o m p a re d  to  m ic e  re c e iv in g  th e  C L D N 5  AAV w i t h  ALLM  p r io r  to  

l ig h t  a b la t io n .

later, eyes were harvested and stained for DNA fragmentation 
(TUNEL staining) for the identification of end stage dying 
photoreceptor cells and in effect the assessment of retinal 
degeneration. We observed up to 70% protection in the retinas 
of mice injected with CLDN5 AAV-2/9 compared to the NT AAV- 
2/9-injected retinas w ith i.p. injection of ALLM (Fig 4A and B). 
This degree of retinal protection has been shown previously, 
however, it was with intra-ocular injection of ALLM, in contrast 
to the systemic mode of delivery used here (Sanges et al, 2005). 
Systemic administration of anti-apoptotic agents in conjunction 
with CLDN5 AAV-2/9 appears to be highly efficient in 
preventing retina! degeneration. Moreover, decreases in cell 
death was concomitant with a distinct decrease in the amount of 
a-fodrin cleavage, a key substrate of calpain activity (Fig 4C).

Prevention o f choroidal neovascularization using neuronal 
barrier modulation
In order to assess the effects of enhanced delivery of 
therapeutics for the treatment of CNV using CLDN5 AAV-2/9, 
we chose to use a laser-induced model of CNV, This model

involves the use of a targeted and intense laser burn to the back 
of the eye to cause a localized disruption of the RPE and Bruch's 
membrane. Localized increases in VEGF at the site of the laser 
burn have previously been reported to cause a CNV-like lesion 
and represent the best available animal model of the central 
pathology associated with wet AMD (Sakurai et al, 2003). 
Moreover, these lesions are extremely poorly perfused as 
outlined in Fig 5A, with green fluroescence representing 
perfused fluorescein isothiocyanate (FlTC)-conjugated dextran 
(FITC-dextran), while red staining represents the actual 
endothelial cells of the CNV. To this end, we wished to 
determine the effects of barrier modulation in tandem with 
systemic treatment of two well characterized and clinically 
relevant VEGF inhibitors, 17-AAG (MW: 585 Da; Sausville et al, 
2003) and Sunitinib malate (Sutent") (MW: 532 Da; Motzer 
et al, 2007). Mice were administered a sub-retinal injection of 
either CLDN5 AAV-2/9 in the right eye and a NT AAV-2/9 in the 
left eye. Mice were subsequently treated w ith 2 mg/ml 
doxycycline in their drinking water for 3 weeks prior to the 
administration of targeted laser burns (three/eye) in each eye.
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F igure 5. In h ib it io n  o f  CNV using b a rr ie r  m od u la tio n .

A. M ice perfused w ith  FITC-dextran*200 (FD-200) p rio r to  preparation o f choro idal fla tm o un ts , displayed poorly perfused lesions (green) a t the  site o f the laser 

burn when com pared to the density o f endothe lia l cells in the region stained w ith  iso lectin-A lex 568 (red).

B. C57/BI6 m ice were adm in istered NT AAV-2/9 in th e ir  le ft eye and CL0N5 AAV-2/9 in th e ir  r ig h t eye w ith  doxycycline supp lem enta tion  (2 m g/m l) in th e ir  

d rink ing  w a te r fo r 3 weeks. CNV was induced w ith  a targeted laser burn (140 mW, 100 mS. 50 ^̂ .rr\ spot size) in e ithe r the  NT AAV-2/9 o r CLDN5 AAV-2/9 

in jected eye and 4 days post-laser burn, m ice were in jected w ith  31.25 m g/kg 17-AAG i.p. M ice were in jected again 4 days la ter. CNV volum es in the eyes o f 

m ice receiving the CLND5 AAV-2/9 were s ign ifican tly  reduced when compared to  the  NT AAV-2/9 in jected eyes (*p -  0.0189).

C. CNV fo rm a tion  in mice inocula ted sub-re tina lly  w ith  CLDN5 AAV-2/9 were shown to  be consistently reduced when com pared to  the  NT AAV-injected eyes 

(n -  5 -7  m ice per experim enta l group).

D. 17-AAG is a potent in h ib ito r o f VECFR-2 expression via the in h ib itio n  o f hsp-90.

E. In the  same m anner as described above, m ice were in jected w ith  20 mg/kg S un itin ib  m alate (Sutent*^) i.p. on days 4 and 8 post-laser burn and CNV volum es 

were shown to be s ign ifican tly  reduced in CLDN5 AAV-2/9-injected m ice compared to  NT AAV-2/9 contro ls (’ p -  0.0393).

F. Again, confocal Z-stack images showed consistently decreased CNV volum es in the CLDN5 AAV-2/9-injected eyes com pared to  the NT AAV-2/9-in jected eyes.

All animals were assessed for CNV formation 14 days post-burn 
and in the intervening period, animals received two i.p. 
injections of either 17-AAG (31.25mg/kg) or Sunitinib malate 
(20 mg/kg). CNV volumes were assessed following removal of 
the neural retina and staining of eyecups with a Griffonia- 
simplicifolia isoiectin-Alexa-568 molecule in order to stain

endothelial cells. Confocal scanning laser microscopy (CSLM) 
was used to create Z-stacks of each CNV by assessing the 
fluorescence in each layer of the CNV. These CNV’s were then 
compiled into a 3D image and subsequently assessed using 
dedicated Imarts " software which w ill allow for the determina
tion of both CNV area and, importantly, depth. We observed
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significant decreases in CNV volumes in CLDN5 AAV-2/9- 
injected eyes w ith  17-AAG (Fig 5A and B) or Sunitin ib  malate 
(Sutent'*; Fig 5D and E) when these drugs were administered 
systemically. Anim als injected w ith  17-AAG also showed 
significant decrease in  expression of VEGFR-2 (Fig 5C). 
Im portantly, each CLDN5 AAV-2/9-injected eye was compared 
to a contra-lateral NT AAV-2/9-injected eye so each eye 
was exposed to identical quantities of active compound 
In =  5-7  m ice/group).

DISCUSSION

In terms of the safety profile of using barrier-m odulating 
technology, we have seen very few differentia lly  regulated genes 
in neuronal tissues when claudin-5 is suppressed (Campbell 
et al, 2009). It must also be considered that a relatively small 
nuiriber of drugs can cause ocular complications when 
administered systemically and, therefore, m odulation of the 
barriers could exacerbate such complications (Abdollah i et al, 
2004). However, it  must be stressed that these agents are 
relatively few in number, are extremely well documented and 
could easily be avoided by individuals receiving a sub-retinal or 
stereotaxic inoculation of CLDN5 AAV-2/9.

CNV’s are very badly perfused and sim ilar to the b lood- 
tumour barrier (G iannini et al, 2005), systemic drug treatment is 
lim ited as active compound needs to be exposed to a large area 
of tissue to be efficacious. Tet elements have also been used 
previously in a long-term  safety study in the retinas o f macaques 
and have shown to be an efficient and safe means to regulate 
gene expression. Repeated induction o f gene expression was 
also observed for 2.5 years after in itia l in jection (Stieger et al, 
2006). Therapeutically, claudin-5 shRNA would be expressed 
for very short periods of time and given that the half-life  of 
claudin-5 is approximated to be 30 h, the barrier w ould reform 
once shRNA expression is prevented upon removal of 
doxycycline. Given the lack o f impact on retinal electrophysiol
ogy and retinal histology, it is highly un like ly  that shRNA is 
expressed in sufficient quantities to interfere w ith  the 
endogenous m iRNA pathways. Indeed, m lRNA are involved 
in the control o f expression o f up to 30% of genes and from  a 
previous m icroarray study (Campbell et al, 2009), we have 
observed very few d iffe rentia lly  regulated genes when claudin-5 
is suppressed using siRNA. Moreover, we have observed no up- 
regulation of 1L12 or RANTES expression in the neural retinas of 
mice administered NT AAV-2/9 or CLDN5 AAV-2/9, demon
strating that innate im mune system activation is not an issue 
w ith  this method of delivery (Supplementary Fig 6).

Although doxycycline has previously been reported to cause 
up-regulation in systemic PEDF levels and subsequent decreases 
in CNV volumes (Samtani et al, 2009), we have controlled for 
this using the NT AAV-2/9-injected contra-lateral eye. More
over, the levels of doxycycline used in  this study (2 m g/m l w ith  
5% sucrose in d rink ing  water) to induce claudin-5 shRNA 
expression are well below that used to prevent CNV form ation 
alone. A ll evidence to date indicates that AAV infection of 
neuronal tissues is long lasting or may even be permanent and.

hence, repeated injections of this inducible barrier-modulating 
agent should not be required (Bainbridge et al, 2008; Hauswirth 
et al, 2008; Maguire et al, 2008). Indeed, endothelial cells of the 
iBRB and BBB, while  possessing high-turnover rates and 
replication potential do not in fact undergo nuclear d ivision, 
and AAV transduction should persist long-term fo llow ing one 
injection. In this regard, CLDN5 AAV-2/9 used in conjunction 
w ith  known anti-neovascular agents such as 17-AAG or 
Sunitin ib malate could form the basis of a novel and pre
emptive therapeutic strategy for wet AMD. Indeed, the levels of 
active compound that would be needed would be far less than 
that currently used for these drugs and this would apply to other 
molecules w ith  proven efficacies in  treating molecular pathol
ogies associated w ith  other neurodegenerative conditions. The 
method described here has d istinct advantages over BBB 
disruption using ultrasound or m annito l in that it is size- 
selective to low-molecular weight molecules (Muldoon et al, 
1995; Yang et al, 2010). The two methods outlined above are not 
size-selective and w ill a llow  for extravasation of plasma 
constituents such as album in or IgG. Moreover, the use of 
intra-carotid administered m annito l, which is used clin ica lly  to 
break down the BBB for drug delivery in Glioblastoma 
m ultiform e (GBM) treatment, can induce severe seizures in 
patients and is neither size-selective nor short-term, w ith  effects 
being manifested for days after the infusion (Neuwelt et al, 
1986). A direct comparison of m annito l infusion and AAV- 
mediated barrier modulation was not performed during the 
course of this study given the disparity between the two 
approaches. M annito l infusion causes global BBB disruption, for 
short periods o f time, and this is neither size-selective, nor is it 
localized to distinct neuronal regions. Our AAV approach allows 
for periodic and localized barrier m odulation specifically at the 
site of injection of the virus and has been designed in such a way 
that barriers only become reversibly permeable to low- 
molecular weight material. W hile the use of m annitol has been 
described in relation to attempts to im prove access of cytotoxic 
drugs to the brain for treatment of GBM, its adm inistration inust 
be performed under highly specialized surgical conditions and it 
cannot be used for chronic conditions such as those described 
here in  view o f the fact that repeated adm inistration may 
produce abnormal neurological and renal side-effects (Helmy 
et al, 2007).

W hile further GLP/GMP grade safety/toxicology studies 
mandated for experimental systems such as that described 
here are currently on-going, to date, the AAV-2/9 barrier 
m odulating system for systemic drug delivery of therapeutics 
appears safe, tolerable and represents a novel form of chronic 
preventative therapy. Indeed, this system may now have a very 
broad range of applications for other neurodegenerative 
conditions that could be amenable to small molecule ther
apeutics. We have established that enhanced delivery of anti- 
neovascular and anti-apoptotic compounds fo llow ing reversible 
m odulation of the iBRB provides a direct proof of principle o f an 
AAV-mediated systein for inducible neuronal barrier m odula
tion in human subjects. The short periods of time during w hich 
shRNAs are sequentially expressed w ill reduce any negative 
effects that could be induced by their permanent expression
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within the retina. We have also demonstrated that the system 
can be readily adapted to the brain microvasculature, allowing 
in principle, localized and inducible modulation of any distinct 
region of the brain inoculated w ith the virus. We anticipate that 
inducible suppression of claudin-5 in humans will represent an 
attractive avenue for controlled delivery of low-molecular 
weight therapeutics currently deemed unusable as they do not 
cross the neuronal or retinal blood barriers. In the case of AMD. 
the initial target here (AMD is the most prevalent cause of 
blindness in the developed world) (deJong, 2006; Seddon et al, 
2006; Tan et al, 2008; The Eye Disease Prevalence Group, 2004), 
it is envisioned that a human therapeutic regime would 
involve delivery to the endothelial cells of the inner retina of 
an AAV vector expressing an inducible claudin-5 transcript 
inhibitory system. More generally, this technology represents a 
fundamental platform for drug delivery protocols in a wide 
range of neurodegenerative conditions where the BBB can be 
similarly modulated.

MATERIALS AND METHODS

Animal and experim ental groups
All studies carried o u t in the  O cular Genetics U n it in TCD adhere to  the 

ARVO sta tem en t fo r  the  use o f Anim als in O ph tha lm ic and Vision 

Research. M ice were o rig ina lly  sourced from  Jacl<son Laboratories and 

bred on-s ite  at the  O cular Genetics U n it in TCD,

AAV production
shRNAs designed to  ta rge t transcrip ts  derived from  mouse claud in-5  

were incorporated in to  AAV-2/9 vectors. shRNA was cloned in to  the 

pSingle-tTS-shRNA (Clontech) vector. The plasm id incorporating  the  

inducib le  system w ith  c laud in -5  shRNA was digested w ith  BsrBI and 

BsrGI and ligated in to  the  N o t l  site o f the  plasm id pAAV-MCS, such as 

to  incorporate le ft and r ig h t AAV inverted te rm ina l repeats. (L-ITR and 

R-ITR). AAV-2/9 was then generated using a tr ip le  transfection  system 

in a stab ly transfected HEK-293 cell line fo r the  generation o f h igh- 

titre  viruses (Vector BioLabs; Tam et al, 2008  and 2010 ; Chadderton 

et al, 2009 ; O 'Reilly e t al, 2007).

Sub-retinal AAV injection
Sub-re tina l in jections were carried o u t in com pliance w ith  the  ARVO 

s ta tem ent fo r the  use o f an im als in o ph tha lm ic  and vision research.

Stereotaxic injection of AAV in mice
Using stereotaxic co-ord inates o f the  mouse brain, h ig h -titre  inducible 

AAV particles con ta in ing  c laud in -5  shRNA were injected in to  the 

hippocam pus o f the  mouse brain  (2.5 m m  posterio r and 1.0 mm 

latera l to  bregma and 2.2 m m  depth) using a ham ilton  syringe at a 

rate o f 0.1 (xl/m in over a 10 m in  period.

Murine models o f choroidal neovascularization
CNV, in w h ich  the  vascular bed pro life ra tes in to  the  retina, m im icking  

neovascular AMD, was induced in m ice using a green 532 nm  Iridex 

Iris laser (532 nm, 140  mW, 100  mS, 50 p.m spot size, three spots/eye) 

incorporating  a m icroscopic delivery system as described previously. 

Fo llow ing adm in is tra tion  o f laser burns, mice were returned to  th e ir

cages and each injected i.p. on days 4 and 8 post-laser burn w ith  

e ithe r 20 mg/kg S un itin ib  m alate (S u te n t") o r 31.25 mg/kg 17-AAC. 

M ice were sacrificed 14 days post-experim ent and the  neural retina 

was removed. Eye-cups were cu t rad ia lly  and fixed fo r 2 h a t room 

tem pera ture  w ith  4%  PFA (pH 7.4). Eye-cups were then incubated 

w ith  a C riffon ia -s im p lic ifo lia -iso lec tin -A leax-568  m olecule (1 :300) 

overn igh t a t 4 C. Eye-cups were washed three tim es w ith  PBS and 

fla tm oun ted  on a glass slide using aqua-polym ount. CNV's were 

assessed by confocal m icroscopy and Im a ris " 7.0 (Bitplane Scientific 

Software).

Western blot analyses
Protein was isolated from  to ta l re tina l tissue by hom ogenizing in lysis 

bu ffe r conta in ing  62.5 m M  Tris, 2%  SDS, 10 m M  d ith io th re ito l, 10(1.1 

protease in h ib ito r  co c k ta il/1 0 0  ml (S igm a-A ldrich , Ire land). The 

hom ogenate was centrifuged a t 10,000 x  g fo r 20 m in a t 4 C, and 

the  supernatant was removed fo r c laud in-5  analysis (Campbell et al, 

2009). Antibodies fo r Western blots were as fo llows: polyclonal rabb it 

a n ti-c la u d in -5  (Zymed Laboratories, San Francisco, CA) (1 :500) and 

polyclonal rabb it a n ti-p -a c tin  (Abeam, Cambridge, UK) (1:1000), 

mouse m onoclonal a n ti-a -fo d rin  (Enzo Life Sciences) and VECFR-2 

(Abeam). M em branes were washed w ith  TBS and incubated w ith  a 

secondary a n t i-ra b b it (IgG) an tibody w ith  horseradish peroxidase 

(HRP) conjugates (1 :2500 ; S igm a-A ldrich), o r a n ti-m ouse  (IgG) 

(1 :1000 ; S igm a-A ldrich), fo r 3 h a t room tem perature. Im m une 

complexes were detected using enhanced chem ilum inescence (ECL). 

All Western blots were repeated a m in im um  o f three times.

Real-tim e RT-PCR analysis
RNA was analysed by rea l-tim e  RT-PCR using a Q uan titec t Sybr Green 

Kit as outlined  by the  m anu facture r (Qiagen-Xeragon) under the 

fo llo w in g  conditions: 50 C fo r 20 m in; 95 C fo r 15 m in; 38 cycles o f 

94  C fo r 15 s, 57 C fo r 20 s, 72 C fo r 10 s. Primers (Sigma-Genosys, 

Cambridge, UK) fo r the  sequences am plified were as fo llow s GLDN5 

( F o r w a r d  S '-T T T C T T C T A T G C G C A C T T G G -3 ', R e v e rs e  5 '-  

GCAGTTTGGTGCCTACTTCA-3'), p -a c t in  (F o rw a rd  5'-TCACCCA- 

CACTGTGCCCATCTA-3', Reverse 5' CAGCGGAACCGCTCATTGCCA-3'). 

IL12p40  (Forward 5'-CCACTTCGCCTTATGCTGTT-3', Reverse S'-TTGCA- 

TAATAGCGCCTGGTC-3').

MRI analyses
Follow ing AAV-mediated inducib le  RNAi o f c laud in-5 , m ice were 

analysed using a dedicated small rodent 7 T MRI system located at the 

T rin ity  College In s titu te  o f Neuroscience (TCIN), Dublin, Ireland 

(www.neuroscience.tcd.ie/technolog ies/m ri.php). Mice were anesthe

tized w ith  3%  isofluorane and m ain ta ined under sedation using 1%. 

For fu ll MRI m ethod, see SI text.

Indirect Im m unostaining o f retinal flatm ounts and retinal 
cryosections
Follow ing fixa tion  o f eyes w ith  4%  Paraformaldehyde (pH 7.4) fo r 4 h 

a t room tem pera ture  and three subsequent washes w ith  PBS, re tina l 

cryosections were blocked w ith  5% norm al goat serum (NGS) in PBS 

fo r 20 m in a t room tem perature. Rabbit an ti-C laud in-5  (Zymed), was 

incubated on sections overn ight a t 4 C. Secondary rabb it lgG-Cy3, 

(Jackson-lm m uno-research, Europe) antibodies were incubated w ith  

the  sections at 37 C fo r 2 h  fo llow ed by three washes w ith  PBS. All
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The paper explained

PROBLEM:
Up to 9 8%  o f systemically deliverable low-m olecular weight 

drugs, m any o f which could be used In trea tm ent and prevention  

of the w orld ’s most common neurodegenerative and vision- 

threatening disorders, are not in current clinical use because they  

cannot cross the  so-called BBB and iBRB.

RESULTS:
We have developed an AAV-2/9 vector, expressing an inducible 

shRNA designed to downregulate transcripts encoding claudin-5, 

a tigh t junction protein expressed in the brain and retinal 

microvasculatures. The AAV-2/9 vector was sub-retinally Inocu

lated into the  retinas o f mice or stereotaxically injected into 

distinct regions o f the brain. Subsequent trea tm ent o f inoculated 

mice w ith  the inducing agent doxycycline turns on the genetic

machinery th a t down-regulates claudin-5. Stopping doxycycline 

trea tm ent shuts o ff the system. In this way, the iBRB and the BBB 

can be exclusively m odulated— tem porarily and reverslbly— to 

allow  passive diffusion o f small molecules from the blood into the  

neural retina or brain.

IMPACT:
This form of therapy, using the inducible AAV-2/9 system, has the  

potential to be developed for use in humans, using one or more of 

a wide range of EMEA/FDA-approved anti-neovascular drugs in 

the case of w e t AMD and a range o f neuroprotective and anti- 

apoptotic agents for numerous other conditions w ith  little  or no 

current forms o f therapy.

sections were counterstained w ith  DAP! fo r 30 s a t a d ilu tio n  o f 

1 :5000 o f a stock 1 m g/m l solution. Analysis o f stained sections was 

perform ed at room  tem pera ture  w ith  an epifluorescence microscope 

(Zeiss Axioplan 2, Oberkochen, Germany) or confocal laser scanning 

microscopy (O lympus FluoView TM FVIOOO).

ERC analysis o f  m ice

C57/BI6 mice injected w ith  w ith e r a NT AAV-2/9 or a CLDN5 AAV-2/9 

were dark-adapted overn igh t and prepared for e lectro re tinography 

under d im  red ligh t. P upillary d ila tion  was carried o u t by ins tilla tio n  o f 

1% cyc lopenta la te  and 2.5%  phenylephrine. Anim als were anesthe

tized by i.p. in jection  o f ketam ine (2.08 m g/15 g body w e igh t) and 

xylazine (0.21 m g/15  g body weight). Standardized flashes o f ligh t 

were presented to  the  mouse in a Canzfeld bow l to  ensure un ifo rm  

re tina l illu m in a tio n . The ERC responses were recorded s im ultaneously 

from  both eyes by means o f gold w ire  electrodes (Roland Consulting 

Cmbh) using Vidisic (Dr M ann Pharma, Germany) as a conducting  

agent and to  m a in ta in  corneal hydration.

Light a b la tio n  o f a lb in o  BalB/c m ice

Mice were injected in th e ir  le ft eye w ith  a NT AAV-2/9 or in th e ir  righ t 

eye w ith  a CLDN5 AAV-2/9 virus. During the  3 weeks period when 

mice were supplem ented in th e ir d rink ing  w a te r w ith  2 m g/m l 

doxycycline/5%  sucrose, an im als were kept in cyclic lig h t (12 h ligh t 

and 12 h dark; 60  lux) p rio r to  all experim entation. 24 h p rio r to  ligh t 

ablation, m ice received ALLM i.p. (20 mg/kg) (Calbiochem, Germany) 

and were subsequently dark adapted fo r 24 h before being exposed to  

constant light.

TU N EL analysis

Eyes from  mice injected w ith  e ithe r the  NT AAV-2/9 or the  CLDN5 AAV- 

2/9  were fixed in 3.5% form aldehyde fo r 4 h fo llow ed by three washes 

in PBS. Eyes w ere cryoprotected using a sucrose g rad ient (1 0 -3 0 %  

sucrose in PBS), and subsequently 12 sections were cu t using a 

cryostat. To detect cell death, sections were then incubated w ith

sta in ing  m ix (in s itu  cell death detection  kit, TMR red, Roche) according 

to  m anufacturer's instructions.
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