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Summary

The focus o f this thesis was the exploration o f genetic modulators o f oxidative 

stress in transgenic mouse models o f Retinitis Pigmentosa (RP). This disease can be 

inherited both dominantly and recessively and can be either X-linked or autosomal 

depending of the disease causing mutation. Patients o f RP gradually lose their 

peripheral eyesight over years as rod cells die in the retina. Cone cells then begin to 

die leading to complete blindness. Evidence amassed over the past ten years has 

suggested that increasing levels o f oxidative stress in the retina of these patients is 

causing cell death o f rod and cone photoreceptor cells. In particular, cone cells 

seem to die secondary to rods as the levels o f  oxidative stress dramatically increase 

when rods die. In addition, this increase in oxidative stress appears to be common 

in many inherited and non-inherited retinal degenerations.

Based on these observations, two genetic therapies were created. The first o f these 

was an RNA interference (RNAi) based therapy targeted at the Racl gene. The 

protein encoded by this gene is known to activate the NADPH oxidase complex 

which produces ROS. Previous studies have shown that depleting this gene in the 

retina preserves eyesight in mouse models o f  RP. Therefore short interfering RNAs 

(siRNAs) were generated to target Racl mRNA and were demonstrated to suppress 

expression of this gene in vitro. Subsequently, short hairpin RNAs (shRNAs) were 

developed based on the sequence o f successful siRNAs for Adeno Aassociated 

Virus (AAV) mediated delivery to the mouse retina in vivo. This also resulted in 

suppression o f endogenous mouse Racl expression. Furthermore, o f the two 

shRNA AAV vectors created, one was demonstrated to preserve visual function and 

rod and cone photoreceptor viability in a mouse model o f RP.

In addition to the suppression o f Racl, a parallel project explored the use o f 

Thioredoxinl (Trx) over-expression in the retina and the effect o f this over

expression in two mouse models o f RP. The Trx gene encodes an anti-oxidant 

protein which acts as a reducing agent within the cell cytoplasm. Previous studies 

have demonstrated that over-expression o f  this gene preserves retinal ganglion cell 

function and viability in several models o f  retinal degeneration. Furthermore, over

expression o f 7>'jc was shown to be protective o f retinal photoreceptor cells in a



mouse model o f  RP. Therefore an AAV plasmid was generated which expresses the 

Trx gene. This plasmid was demonstrated to drive strong expression o fT rx  in vitro. 

Subsequently this plasmid was used to generate recombinant AAV vector to deliver 

this plasmid to retinal cells in vivo. The vector was demonstrated to drive strong 

expression o f  Trx in the photoreceptor cells in vivo. Delivery o f  the Trx AAV vector 

to two mouse models o f  RP failed to protect photoreceptor cell function or viability 

in these models. Possible reasons for this failure are also explored in this thesis.

Finally, a stain for ROS named dihydroethidium (DHE) was used to evaluate the 

levels o f  ROS in three mouse models o f  retinal degeneration frequently used by the 

TCD Ocular Genetics laboratory. O f these three, two were demonstrated to exhibit 

increased staining for ROS in the retina. In addition, ROS production in the retina 

was monitored using this stain after treatment o f  RP model mice with a Racl 

targeted shRNA or a plasmid over-expressing Trx. No decrease in staining was 

observed for any constructs evaluated except for one shRNA which targets R a c l. 

This shRNA was the same construct which elicited an improvement in 

photoreceptor function and cell viability, suggesting that shRNA suppression o f 

R acl decreased the production o f  ROS and in turn increased the functionality o f  the 

retina by reducing ROS mediated pathology.

The experiments detailed in this thesis provide an indication that modulation o f  the 

retinal levels o f  reactive Oxygen species can provide functional benefit in mouse 

models o f  RP. Furthermore, it provides the motivation to carry out further 

characterisation o f  RNAi mediated suppression o f  R acl expression within other 

animal models o f  RP as well as mouse models o f  other retinal degenerations for 

which oxidative stress is a contributing pathological factor.
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1.1 The Eve: Structure and Function

The eye is the prim ary light sensing organ o f  vertebrates. This organ takes sensory 

inputs in the form  o f  light and uses a series o f  chem ical isom erisations and protein 

signalling cascades to produce a nervous impulse w hich is then relayed to the brain for 

processing. The eye itse lf is com posed o f  three prim ary tissue layers. The ou ter layer o f  

the eye is com posed o f  the sclera w ithin the eye socket and the cornea w hich is 

exposed to the ex terior o f  the head. The sclera is the w hite connective tissue w hich 

surrounds the entire posterior region o f  the eye. The cornea is a protective layer w hich 

covers the pupil and iris o f  the eye. The second layer o f  the eye is deep to the first layer 

and is com posed o f  the choroid w hich provides a blood supply to the eye, the ciliary 

body w hich has a role in focusing light on to the retina and the iris w hich is the 

aperture which controls the am ount o f  light entering the eye. The third and final layer 

o f  the eye is deep to the second layer and com prises the retina. This is the tissue in 

which light cues are received, resulting in a cellu lar signalling cascade w hich causes 

nervous im pulses to be sent to the visual cortex o f  the brain, thus form ing m oving 

im ages referred to as 's ig h t ' o r ‘v ision '. The interior o f  the eye is com posed o f  the 

vitreous hum our, the aqueous hum our and the lens. Both the v itreous hum our and the 

aqueous hum our have lim ited roles in the local im m une system , serve to  reduce 

refraction o f  light passing through the eye and m aintain the intraocular pressure and 

shape o f  the eye. The lens is responsible for focusing incom ing light on to the retina. 

The shape o f  this tissue (and hence its focusing properties) is controlled  by the ciliary 

body (R yan et al. 2001).

1.2 Retinal Structure

The retina is com posed o f  three neuronal layers along with a m elanin contain ing layer 

and a nerve fiber layer. The outerm ost layer o f  the retina is the m elanin contain ing 

Retinal Pigm ent Epithelium  (RPE). This layer separates the retina from  the blood 

vessels o f  the choroid and facilitates the d iffusion o f  glucose and o ther nutrients from  

the blood to the rest o f  the retina. The RPE also has a role in preventing photo- 

oxidative dam age by absorbing excess light energy and recycles m etabolites from  the 

phototransduction cascade back to the retina (Saari et al, 2012, section 1.3). The most
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basal neuronal layer o f  the retina in relation to the vitreous humour is the Outer 

Nuclear Layer (ONL) which contains the rod and cone photoreceptors o f  the retina 

which are responsible for converting incoming light into a nervous impulse. This 

impulse is then sent through the synapses which compose the Outer Plexiform Layer 

(OPL) which is located proximally to the ONL. These synapses connect the cell bodies 

o f  the ONL to the Inner Nuclear Layer (INL) which is again located proximally to the 

OPL. This is the second neuronal layer o f  the retina and comprises horizontal cells and 

bipolar cells which form synapses with other photoreceptors and amacrine cells 

respectively. Amacrine cells will then form synapses with the cells o f  the third 

neuronal cell layer, the Ganglion Cell Layer (GCL). Bipolar cells will also form 

synapses directly with the GCL. The synpases which form between bipolar cells and 

amacrine cells and ganglion cells reside in the Inner Plexiform Layer (IPL) which 

resides between the inner nuclear layer and the GCL (Farrar et al. 2002). Finally the 

retina is separated from the vitreous body by the nerve fiber layer and the inner 

limiting membrane. The nerve fiber layer relays electrical impulses from the ganglion 

cell layer whereas the inner limiting membrane comprises a membrane which is a 

modification o f  the periphery o f  the vitreous. All neurons in the retina are partially 

enveloped in miiller cells (Ryan et al. 2001). Muller cells span the entire retina and 

serve to guide migrating neurons o f  the retina during development and also to control 

the extracellular environment o f  the retinal neurons (Ahmad et al. 2011, see figure 1.1).

Each rod and cone cell contains an abundance o f  G-Protein Coupled Receptors which 

act as light sensors, transducing a signal to 2"*̂  messenger proteins after activation by 

light. In rods the photosensing receptor is Rhodopsin. a 7-transmembrane receptor 

present in the membranes o f  intracellular discs within the outer segments o f  the cells. 

The outer segments are typically made up o f  1000-2000 membrane discs o f  which 

rhodopsin accounts for roughly half o f  the total weight. The intracellular discs are 

formed by invagination o f  the cell membrane which then pinches o ff to form a vesicle 

(Gomperts et al. 2009).

In cones, a similar cell structure is observed. Like rods, cones contain light sensing 

proteins called opsins. These lay in invaginations o f  the cone outer segment. These 

invaginations do not pinch o ff  as in rods however and as such, there are no intracellular 

discs containing opsin proteins in cones. There are three types o f cone depending on
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the opsin held in the cell. L cones contain 1-opsin which responds to light in the 

wavelength range o f  555-565nm. M cones contain m-opsin which responds to light in 

the wavelength range o f  530-537nm. Finally S cones contain s-opsin which responds to 

the wavelength range o f  415-430nm. Cones are typically dispersed within the retina 

with rods. However the largest concentration o f  cones lies within the macula, 

particularly within the fovea which is an area o f  the retina largely responsible for 

maintaining visual accuity. The fovea contains mainly L and M cones as the lens o f  the 

eye tends to absorb the high frequency light received by S cones. Whilst playing little 

role in visual accuity, S-cones are still required for trichromatic vision (Purves et al. 

2008).

Cones are typically less sensitive to light than rods. For example, rods can respond to 

one photon o f  light whereas cones require at least 100 photons before activation. 

Whilst inefficient, the lack o f  sensitivity is accounted for in the neural circuitry o f  both 

the rods and cones connecting them to the nerve fiber layer at the basal region o f  the 

retina. A group o f  rods is typically connected to a bipolar cell. A group o f  rod bipolar 

cells is in turn connected to just one rod amacrine cell which then relays the nerve 

impulse to the ganglion cells which connect to the nerve fibre layer. This means that 

rods have reduced spatial resolution. Cones, however, connect to just one bipolar cell 

which in turn connects to just one retinal ganglion cell meaning that each activated 

cone in a given area o f  the retina responds to just one neural circuit providing better 

spatial resolution than rods. Cones are typically concentrated in the fovea o f  the retina 

which is located directly opposite the aperture o f  the iris (the pupil). This allows a 

person a high level o f  visual acuity for objects directly in front o f  him/her whilst 

regions in the periphery o f  the visual field are typically blurrier (Mustafi et al 2009).

1.3 Visual Transduction

As mentioned above, the rod specific opsin, rhodopsin, is a 7 trans-membrane G- 

protein coupled receptor (GPCR). Unlike other systems however, whereby activation 

o f  the G PC R  is induced by binding o f  the ligand to the receptor, rhodopsin is bound to 

its ligand in an inactivated state. The ligand needs to be activated by light to isomerise 

and activate rhodopsin. This ligand is 11-cis retinal, a long chain aldehyde which is



converted to all-trans retinal when it absorbs a photon. Isomerisation o f 11-cis retinal 

induces the activation o f rhodopsin which then activates transducin. a 2"‘* messenger 

protein, by exchanging transducin bound GDP tor GTP. Transducin then dissociates 

into an a subunit and a Py subunit. The a subunit then proceeds to activate cGMP 

phosphodiesterase which hydolyses cGMP to 5'GMP (Gomperts et al. 2009, see figure 

1.2 ).

Unlike most neurons which depolarise and release neurotransmitter in response to a 

stimulus, rods are constantly depolarised to a membrane potential o f -30mV and 

therefore constantly release their neurotransmitter glutamate to the cells o f the inner 

nuclear layer. The constant depolarisation o f cells is caused by the open state o f ligand 

gated cation channels which maintain an influx o f Ca^^ and Na^ ions into the rods. The 

channels are held open by cGMP. Activation o f cGMP phosphodiesterase and 

hydolysis o f cGMP causes the cation channels to close. Closure o f  these channels then 

causes hyperpolarisation o f the cell to approximately -60mV which reduces glutamate 

release from the rods and induces the relay o f the light signal through the retinal 

circuitry (Gomperts et al, 2009).

Rods must quickly recover from any light stimulus to continue to receive and process 

new stimuli. This quick recovery is achieved through a number o f  mechanisms. Firstly, 

photoisomerisation o f  11-cis retinal to all-trans retinal causes the covalent bond 

binding the retinoid to rhodopsin to be broken, dissociating all-trans retinal. At this 

point the rhodopsin protein is said to be bleached as it cannot respond to further light 

stimuli. All-trans retinal is reduced to all-trans retinol in the rod cell outer segments. 

All-trans retinol is then taken up by the cells o f the RPE where it is recycled to 11-cis 

retinal enzymatically. The RPE then supplies the rods with 11-cis retinal which itself 

maintains rhodopsin in an inactive state to prevent spontaneous activation (Surya et al, 

1998). A second way in which rod activation is halted is through the activation o f 

rhodopsin kinase. This enzyme is activated by the Py subunit o f transducin and so is 

activated immediately after activation o f rhodopsin. Rhodopsin kinase then 

phosphorylates the intracellular C terminal o f rhodopsin which is subsequently bound 

by arrestin. Arrestin prevents further interaction between rhodopsin and inactive 

transducin. Finally, following the closure of the ligand gated cation channels, Ca^^ 

concentration rapidly decreases. This decrease is detected through Guanylyl Cyclase
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Activating Protein (GCAP); a member o f  the calcium binding EF hand family o f  

proteins which is bound to guanylyl cyclase. When Ca^^ levels are low, GCAP proteins 

become less bound to Ca^^ which stimulates activation o f  guanylyl cyclase. Guanylyl 

cyclase serves to synthesise cGM P from GTP which then binds to cation channels, in 

turn opening them and returning the cell to a depolarised state (Kefalov. 2012).

Cones also respond to light in a similar fashion to rods. However, cones do not only 

receive 11-cis retinal from the RPE, as cones in retinas detached from the RPE 

regenerate light responses after photoreceptor bleaching whereas rods do not (Wang 

and Kefalov, 2009). Using a glial cell specific toxin to kill the glial cells o f  the retina, it 

was shown that these same cones do not regenerate light responses after bleaching, 

suggesting that the miiller cells o f  the retina supply the cones with a retinoid which re- 

actiates the opsins o f  the cones. Cones regenerated their ability to sense light when 

supplied with 11-cis retinol, the alcohol precursor to the aldehyde 11-cis retinal. This 

suggests that cones have a converting enzyme which forms 11-cis retinal from 11-cis 

retinol. The identity o f  this enzyme is currently unclear (W ang and Kefalov, 2011). 

Recently, a homologue o f  the enzyme present in the RPE which converts all-trans 

retinal to 11-cis retinal was identified. This enzyme, RPE65C, is present in the miiller 

cells o f  zebrafish (a cone-rich organism) and performed the same enzymatic function 

as RPE localised RPE65 (Takahashi et al. 2011). This enables cones to maintain a 

larger supply o f  chrom ophore for opsins than rods and allows cones greater visual 

accuity overall.

1.4 Retinitis Pigmentosa

Retinitis Pigmentosa (RP) is a group o f  inherited diseases o f  the eye which typically 

manifest as early as childhood depending on the disease causing mutation. RP 

symptoms become apparent at a median age o f  10.7 years in autosomal recessive forms 

o f  the disease and 23.4 years in autosomal dominant forms (Ryan et al. 2001). RP 

initially causes rod photoreceptor cell death followed by cone cell death. This loss o f  

rods before cones is due to the fact that the mutations which cause RP typically either 

affect rod specific proteins (section 1.6) or affect the recycling o f  all-trans retinal to 11- 

cis retinal which can be offset in cones due to their independent means o f  attaining 11-
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cis retinal (section 1.3). The death o f  rods also shifts much o f  the oxidative stress 

associated with highly metabolic rods on to cones (Yu et al. 2000) and also results in a 

lack o f  Rod derived Cone Viability Factor (RdCVF) which is required by cones for 

survival (Cronin et al. 2010). This dystrophy o f  the outer nuclear layer is followed by 

progressive cell death in all layers o f  the retina.

1.5 Clinical Symptoms and Assessment

As mentioned in section 1.4, RP begins as a loss o f  rods followed by a loss o f  cones. 

This period o f  cell death thus presents itself as nyctalopia (night blindness) caused by 

the loss o f  rods which are highly sensitive to small amounts o f  light and are therefore 

important for vision in low light (scotopic vision). This is followed by ‘tunnel vision’ 

as rods in the rod-rich periphery o f  the visual field die. Peripheral vision loss proceeds 

slowly towards the central field o f  vision. Some areas o f  the visual field remain intact 

as the visual field contracts from the periphery. These areas recede with time until 

complete loss o f  vision occurs, concurrent with the death o f  remaining photoreceptor 

cells.

Other features o f  RP include early colour vision defects, photopsia (flashes o f  

perceived light caused by defective photoreceptors), cataracts and abnormal vitreous 

caused by the degeneration o f  the RPE. Examinations o f  the fundus o f  RP patients 

typically show attenuation o f  the blood vessels o f  the choriocapilliaris (the region o f  

the choroid which is closest to the retina), mottling o f  the RPE and bone spicule 

deposits (see figure 1.3). Bone spicule deposition is caused by leakage o f  pigment from 

the degenerating RPE into the interstitial spaces o f  the retina (Hartong et al, 2006).

The resulting loss o f  sight as an outcome o f  retinal degradation is assessed by a number 

o f  methods. Perimetry involves focusing the patient's sight on a fixed object or shape 

and presenting other objects at specified points in the visual field o f  the patient. This 

allows the patient’s visual field to be assessed at various spatial regions o f  the retina. A 

dark adaptation test is used to determine the sensitivity o f  both rods and cones to 

specified intensities o f  light after the patient has been dark adapted for a certain amount 

o f  time. Patients with RP tend to show a much slower response to the light than
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unaffected individuals. Finally, a third test o f  degenerating vision is obtained through 

electrophysiology, most commonly electroretinography (ERG). ERG involves 

recording the electrical response from the retina (using an electrode placed on the 

cornea o f  the patient) to a light stimulus. The resulting potential changes are graphed 

and the peak responses recorded (see figure 1.4). The a-wave corresponds to the 

hyperpolarisation o f  the photoreceptors whereas the b-wave corresponds to the 

responses o f  the cells o f  the inner nuclear layer (amacrine cells, horizontal cells and 

bipolar cells). Patients with RP typically show a smaller ERG response than unaffected 

individuals. The responses o f  the rods and cones can also be differentiated by 

performing the ERG under scotopic (dark adapted conditions) or photopic (well lit 

conditions) to measure rod response and cone response respectively (Ferrari et al. 

2011; Milam et al. 1998).

1.6 Genetic Basis o f RP

Much o f  our understanding o f  the molecular mechanisms o f  RP pathology come from 

genetic analyses o f  families in which RP is inherited. RP is typically inherited in a 

monogenic fashion, whereby the disease is caused by mutation at a single locus. 

However one form o f  digenic RP has been reported in which two mutated loci are 

required to establish the disease phenotype (Kajiwara et al. 1994). Approximately 50% 

o f cases are sporadic and many cases can be syndromic, whereby the clinical 

manifestations o f  RP present along with other pathologies. One such case is Usher 

Syndrome in which photoreceptor degeneration occurs along with sensorineural 

deafness (Farrar et al. 2002). RP can be inherited in an autosomal dominant, autosomal 

recessive or X-linked fashion, reflecting the heterogenous nature o f  the underlying 

genetics o f  this disease. The number o f  disease loci associated with RP is frequently 

updated (https://sph.uth.edu/Retnet/sum-dis.htm#A-aenes) and currently stands at over 

65 associated genes (Anasagasti, 2012). The variance o f  RP means that targeted 

therapies will be required which tackle the most common subtypes o f  the disease. The 

genes which are most commonly associated with RP are Retinitis Pigmentosa GTPase 

Regulator {RPGR, 10-20% o f  all cases), Rhodopsin (RHO,  8-10% o f all cases) and 

usherin {USH2A,  ~3% o f  all cases) (W right et al. 2010). Most other variants are quite 

rare with a minor allele frequency (MAF) o f  less than 0.01. Due to the number o f

15



variants how ever, RP has a global prevalence o f  approxim ately 1 in 35 0 0  to 5000  

(A nasagasti et al. 2012).

1.7 Oxidative Stress

O xidative stress is a state o f  intracellular distress caused by an im balance betw een the 

creation o f  R eactive O xygen  Species (R O S) and their destruction, causing apoptosis. 

ROS include superoxide (O :’) and o xygen  free radicals (O 2 ') am ongst others. T hese  

sp ecies com e from a variety o f  sources, the m ost prominent o f  w h ich  are the 

m itochondrion, the N A D P H  O xidase com plex  (see  section  1.9) and xanthine oxidase. 

M itochondria are the greatest contributors o f  oxidative stress to a cell (R afaello  et al.

2011). This ocurs through a process termed ‘m itochondrial leakage’ w hereby electrons 

from the normal process o f  oxidative phosphorylation react with o x y g en  to create 

oxygen  free radicals (Chen et al. 2003). Xanthine O xidase is an en zym e w hich  

converts xanthine and hypo xanthine into superoxide and uric acid (M urata et al. 2012). 

This reaction is part o f  the normal m etabolism  o f  purine nucleotides (Harzand et al.

2012). ROS can also react with nitric ox id e (N O ) to form peroxynitrite (O N O O  ), a 

Reactive N itrogen S pecies (R N S) w hich is particularly reactive against b iom olecu les. 

N O  is a signalling m olecu le w hich  is formed by the three isoform s o f  N itric O xide  

Synthetase (N O S , Emerit et al. 2004).

ROS are norm ally cleared from within the ce ll through the action o f  a number o f  

detoxification  en zym es including catalase, glutathione reductase, glutathione 

peroxidase and Superoxide D ism utase (S O D ) o f  w h ich  there are tw o forms; S O D l 

w hich is located in the cytoplasm  and the m itochondrial inner membrane and SO D 2  

which is located in the m itochondrial matrix (R affaelo  et al. 2011). The SO D  en zym es  

convert superoxide to H2 O 2 which is then converted to H2 O by catalase and glutathione  

peroxidase (Fukai et al, 2011). H ow ever, in m any cases the levels o f  RO S m ay rise to 

overw helm  the action o f  these en zym es or to inactivate them  through protein  

m odifications leading to even higher levels  o f  ROS. In these cases, ROS w ill act 

pathologically  against ce lls  and tissues and have been im plicated in m any d iseases.
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ROS generally act through modification o f  biomolecules such as DNA. proteins and 

lipids to cause cellular damage. ROS will react with DNA to form DNA lesions, the 

most studied o f  which is the formation o f  8-Hydroxyguanine (8-OH-dG). This 

modified guanine nucleotide forms when guanine is attacked by a hydroxyl free radical 

which itself is formed from free radical chain reactions o f  superoxide radical with 

water. Peroxynitrite can also react with DNA to form nitroguanine. These 

modifications will tend to create G to T transversions (Valko et al, 2006). ROS will 

also react with poly-unsaturated fatty acids (PUFAs) in a reaction termed ‘lipid 

peroxidation'. The reaction o f ROS with PUFAs begins a free radical mediated chain 

reaction between adjacent lipids, thus causing far more extensive damage than the 

initial chemical insuh, resulting in the formation o f  hydroxynonenal (HNE) which has 

been shown to induce apoptosis (Wu et al, 2012). Lipid peroxidation can also form 

malondialdehyde which can cause DNA mutations (Valko et al. 2006). ROS will cause 

changes to the structure o f  proteins by oxidising indvidual amino acid residues and by 

oxidising cysteine residues causing formation o f  disulfide bridges. Peroxynitrite also 

causes protein changes through nitration o f  tyrosine residues (Valko et al, 2006). The 

vast variety o f  biological effects exerted by ROS and RNS means that these 

mechanisms o f  pathology have been implicated in cancer (Valko et al, 2007), 

neurological disorders (Emerit et al. 2004), cardiovascular disease (Chen et al, 2012), 

diabetes mellitus (Styskal et al. 2012), ageing (M uller et al. 2007) and 

ischaemia/reperfusion injury (Jaeschke et al. 2012).

1.8 Oxidative Stress in RP

Since photoreceptors are one o f  the highest oxygen consuming tissues in the body 

(Usui et al. 2009) alterations to the redox environment o f  the retina could have 

devastating consequences. The most studied example o f  oxidative stress contributing to 

pathology is Age-Related Macular Degeneration (AM D) in which oxidative stress has 

been clearly linked to disease progression (Cao et al. 2013; Zafrilla et al, 2013; Ugurlu 

et al. 2013). Oxidative stress has also been linked to diabetic retinopathy (W illiams et 

al. 2013) and retinopathy o f  prematurity (W ang et al. 2013). It has already been 

demonstrated that inherited retinal degenerations cause an increase in oxidative species 

in the retina (Yu et al. 2004; Padnick-Silver et al, 2006). As rods die. they transfer the



oxygen rich environment o f their cells to neighbouring cones (Shen et al, 2005). Rods 

also supply the cones with rod-derived cone viability factor (RdCVF) which 

contributes to cone viability and functionality. After rods die, supply o f  RdCVF to the 

cones decreases, contributing to cone cell death. RdCVF belongs to the family o f  

thioredoxin-like proteins which are important for maintaining a reducing environment 

in the cell (Cronin et al. 2010). Mice which have no RdCVF show an increase o f 

oxidative stress in the cones and subsequent death o f these cells (Cronin et al, 2010). 

RdCVF has also been shown to protect cone cell lines in vitro from oxidative stress 

through over-expression o f this gene (Wang et al. 2008). Another factor which 

suggests a role o f oxidative stress in retinal degeneration is the up-regulation o f p66Shc 

in NARP (Neuropathy, Ataxia, Retinitis Pigmentosa) patients which causes a direct 

increase in ROS through interaction with the mitochondrion (Lebiedzinska et al, 2012). 

Taken together, these results suggest that oxidative stress may be a key driver o f 

secondary cell death in cones. Further evidence supporting this idea comes from the 

observations that a reduction in oxidative stress through antioxidants or reducing 

enzymes increases the longevity o f cones in models o f  retinal degenerations (Lee et al. 

2011; Lu et al, 2009). Finally, it has been demonstrated that increased expression o f the 

anti-oxidant enzymes catalase and SOD2 in the nilO  mouse model reduces cone cell 

death (Usui et al. 2009b). Less apparent is the role that oxidative stress plays in the 

death o f rod cells. It is known that rods do experience photo-oxidative stress and that 

this stress is attributable to activation o f Racl (Balasubramanian & Slepak 2003), the 

activating protein o f the NADPH oxidase complex. Furthermore, a conditional Racl 

knock out mouse model crossed with a mouse model o f  RP has been demonstrated to 

exhibit increased rod viability and visual function (Haruta et al. 2009). O f the various 

rhodopsin mutations, those belonging to the class II set o f mutations have been 

demonstrated to contribute to oxidative stress which may cause apoptosis o f  these 

cells. Class II mutations in rhodopsin cause protein misfolding and subsequent 

retention o f the rhodopsin protein in the endoplasmic reticulum (ER, Saliba et al, 

2002). This class o f  rhodopsin mutations include the Pro23His amino acid substitution, 

the most prevalent form o f rhodopsin mutation RP carried by approximately 10% o f 

individuals with autosomal dominant RP in the US (Sohocki et al. 2001). Studies o f 

Pro23His mutant rhodopsin have shown that retention o f this protein causes ER stress 

(Tam & Moritz. 2006) which initiates the Unfolded Protein Response (UPR) Pathway. 

The UPR pathway in turn causes an increase in oxidative stress which causes apoptosis
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(M alhorta et al, 2008). ER stress has also been shown to play a role in the pathogenesis 

o f  the T17M and S334ter mutated rhodopsin models o f RP (Kunte et al, 2012, Shinde 

et al, 2012). Recently, evidence has emerged demonstrating that oxidative stress in a 

mouse and rat model o f  RP causes single strand breaks (SSBs) in nuclear DNA and 

that this activates PARP (Poly ADP Ribose Polymerase) which induces apoptosis. The 

authors also provided evidence for oxidative stress induced damage o f  DNA in patients 

o f  RP (Murakami et al, 2012). These data suggest that a potential route o f  therapy for 

RP may be the reduction o f  oxidative stress in photoreceptor

1.9 Gene Therapy

Gene therapy has emerged as a powerful tool for treating many inherited disorders 

such as cardiovascular disease, liver diseases and neurological diseases as well as HIV 

and cancer (Niewohner & Tannert, 2006). The definition o f  gene therapy as outlined 

by the Human Genome Project is ‘a technique for correcting defective genes 

responsible for disease development"

(http://www.ornl.gov/sci/techresources/Human_Genome/medicine/genetherapy.shtml). 

This correction is generally achieved through the suppression o f  disease causing genes, 

the addition o f  wild type versions o f  faulty genes or through the repair o f  mutated 

DNA which causes disease.

The use o f  gene therapy had been proposed in 1947, several years before the structure 

o f  DNA had been elucidated, by Clyde Keeler who predicted that gene therapy could 

be used to correct hereditary diseases through an unspecified process o f  ‘gene 

cancellation’ (Keeler, 1947). The idea o f  gene therapy as a viable course o f  medical 

genetic correction was illustrated in 1990 when the T cells o f  a patient suffering from 

adenosine deaminase severe combined immunodeficiency were treated with a gene 

therapy to supply a wild type version o f  the recessive mutated allele causing the gene. 

This resulted in a long term reconstitution o f  the immune system (Blaese et al, 1995). 

The field o f  gene therapy was delivered a serious setback in 1999, however, when a 

patient died o f  a large immune response to an adenovirus carrying a gene therapy for 

ornithine transcarbamylase deficiency (Phillips Ml, 2012). The issues with immune 

responses against viral delivery agents continue to be an area o f  intense research as
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more viral delivery agents and safer delivery methods are formulated (see section 

1.14).

Many novel uses o f  gene therapy have been developed to combat various acquired and 

inherited diseases which do not rely on just suppression o f  mutant alleles or supply o f  

wild type genes. Therapies targeting cancerous cells can target a set o f  related 

microRNAs with similar sequences that are highly expressed in these cancer cells 

(Brown & Naldini, 2009). This approach has been used to successfully up-regulate 

expression o f  E2F, a tum our suppressor, in leukaemic cells in vitro (Scherr et al. 2007). 

A novel approach to treating cancer involves the use o f ‘suicide gene therapy’ whereby 

a non human enzyme is delivered to cancer cells which, when expressed, will 

metabolise a pro-drug in to an apoptosis inducing drug. The suicide gene therapy 

treatment has been used to treat many cancer models including leukaemia, glioma, 

bladder cancer, liver cancer, colon cancer and oral cancer (Duarte et al. 2012). A phase 

1 clinical trial o f  this system using a viral thymidine kinase gene therapy and 

ganciclovir has dem onstrated therapeutic benefit in patients suffering from 

glioblastoma multiforme (Duarte et al, 2012). Gene therapies against HIV have 

focused on targeting more than one gene in the HIV genome as this virus is highly 

proliferative and exhibits a greater mutation rate than mammalian cells. One gene 

therapy, in the form o f  a DNA vector, was transfected into haematopoietic progenitor 

cells which were then transfused into patients. This resulted in successful post- 

transftjsion expression o f  the DNA based therapies with no related toxicity for up to 2 

years (DiGiusto et al, 2010). This was a phase 1 trial however and the patients suffered 

from non-Hodgkin lymphoma (which is regularly treated with transfiasion o f  

haematopoietic progenitor cells) and had no HIV present in their blood. Currently there 

are a number o f  clinical trials under way for diseases such as renal failure, 

hypercholesterolaemia. hepatitis C and HIV (Davidson & McCray Jr, 2011). A number 

o f  gene therapies are also in clinical trials for eye diseases including Leber Congenital 

Amaurosis. Pachyonia congenita, non-artereric anterior ischaemic optic neuropathy, 

AMD, choroidal neovascularisation. macular degeneration, diabetic macular oedema 

and glaucoma (Davidson & McCray, 2011).
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1.10 Replacement Strategies and LCA Clinical Trials

As mentioned in section 1.9. traditional gene therapy approaches involve either the 

suppression o f  the disease causing mutant allele (in dominant disorders), replacement 

o f  a wildtype version o f  the mutant allele (in recessive disorders) or a combination o f  

both (see section 1.12). This section deals with the use o f  replacement strategies in 

gene therapy. It would be impossible to mention all the global research currently under 

way in this field and therefore I will mention replacement gene therapies which have 

reached human clinical trials for a wide range o f  inherited disorders (clinicaltrials.gov).

A phase 11 clinical trial is currently under way for A lpha-1 Antitypsin (AAT) 

Deficiency which is a disease caused by loss o f protease inhibition in both the lungs 

and the liver (clinical trial NCT01054339). The therapy is an Adeno-Associated Virus 

(AAV, see section 1.14) carrying the wildtype AAT gene. This therapy has been

injected intramuscularly in to nine patients with the hope o f  establishing a dose

response curve, finding any possible adverse effects and measuring any changes in 

serum levels o f  AAT. A clinical trial for Duchenne M uscular Dystrophy is also 

currently underway. This disease can be caused by a mutation causing a premature stop 

codon formation in the large Dystrophin gene (clinical trial NCT00428935). The 

current phase 1 clinical trial involves injection o f  AAV containing a smaller version o f  

the human dystrophin gene called mimdystrophin. This will also be injected

intramuscularly with the hope that the injected muscle tissue will show a loss o f  or

slower degradation o f  muscle. This is just one o f  104 clinical trials currently listed for 

DMD on the clinicaltrials.gov website.

The results o f  a clinical trial using gene therapy for X-linked haemophilia were 

reported in late 2011 (Nathwani et al. 2011). This trial tested the efficacy and safety o f  

an AAV encoding coagulation factor IX (FIX), a gene which is mutated and has no 

activity in patients o f  this disease. The virus was injected in three cohorts o f  patients 

containing two men each and corresponding to low, intermediate and high doses o f  

virus. All patients injected exhibited a small increase in levels o f  FIX activity for up to 

16 months after administration which correlated with improved blood clotting in 

response to injury. Patients in the high dose group showed the highest increase in FIX 

activity but also displayed some increase in T cells carrying antibodies against the
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serotype o f  the AAV. However these levels soon dropped to baseline serum levels after 

injection and caused no adverse effects. None o f  the patient cohorts received 

immunosuppressive therapies with the administration o f  the AAV therapeutic. 

Furthermore, a separate clinical trial has found evidence o f  transgene expresseion o f  

factor IX ten years after AAV administration (Buchlis et al. 2012). While transgene 

expression remained too low to initially provide therapeutic benefit, it provides 

evidence o f  the longevity o f  a gene therapy in humans (Kay et al. 2000).

A number o f  clinical trials have taken place with patients suffering from Parkinson’s 

disease. This disease is caused by loss o f  dopaminergic neurons in the substantia nigra 

o f  the brain. Loss o f  these neurons can lead to uncontrollable motor movements 

(dyskinesia). Clinical trials have thus far focused on the delivery o f  genes involved in 

the synthesis o f  dopamine, the delivery o f  genes involved in the synthesis o f  inhibitory 

neurotransmitter y-Aminobutyric Acid (GABA) or the delivery o f  neurotrophic genes 

(Witt & Marks Jr, 2011). Whilst one o f  these trials is ongoing (clinical trial 

N CT0162158I), the rest have shown some improvement to the lives o f  patients and 

have demonstrated the safety o f  the gene therapy itself However, in some cases there 

has been an increase o f  dyskinesia as opposed to a decrease (Witt & Marks Jr, 2011).

The first clinical trials o f  a replacement gene therapy for retinal degeneration were for 

a condition named Leber Congenital Amaurosis (LCA). This is a form o f early onset 

blindness which can be caused by mutation o f  the RPE65  gene. Much work had been 

undertaken using AAV to deliver this gene to the naturally occurring LCA model o f  

this disease, the Briard mixed dog (Ackland et al, 2001, Jacobson et al. 2006) as well 

as to mouse models o f  this disorder (Batten et al. 2005; Pang et al. 2006). Three 

separate human clinical trials have subsequently begun in both the UK and America. In 

addition, there are currently eight on-going clinical trials underway using AAV 

delivered RPE65  to treat patients o f  LCA (clinicaltrials.gov). Bainbridge et al reported 

safety o f  this therapy in all three patients who received an injection but efficacy in only 

one o f  these patients (Bainbridge et al. 2008). A clinical trials for a similar therapy 

against LCA has also been carried out which demonstrated an increase in visual 

function in all three patients injected with the therapy (M aguire et al. 2008). The third 

human trial o f  an RPE65  therapy reported a safe administration along with a varying 

increase in light sensitivity (Hauswirth et al. 2008). As well as demonstrating an
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improvement o f  visual function, these studies provided a strong emphasis on the safety 

o f  the therapeutic and demonstrated no adverse effects or immune responses as a result 

o f  the viral injection. One patient demonstrated a macular tear but this was not noted 

by the patient, whose visual field improved overall after application o f  the therapy. 

Follow on studies o f  these patients have been completed and are discussed in detail in 

section 4.4.

1.11 RNA interference

RNA interference has emerged in the past 20 years as a powerful tool in functional 

studies o f  genes and phenotype and as a method to develop therapeutics against faulty 

genes. This phenomenon was first discovered in 1990 by Napoli and Jorgensen (Napoli 

et al, 1990) who noticed that the introduction o f  an exogenous chalcone synthase gene 

into petunia flowers decreased the levels o f  chalcone synthase rather than increasing 

them. This work was carried further by Romano and Macino in Neurospora crassa 

(Romano & Macino, 1992) and in Cuenorhahditis eleguns by Fire et al (Fire et al, 

1991) who also noticed that introduction o f  antisense RNA into these organisms caused 

a similar effect on the genes containing sequence homology to the RNA in these 

organisms. In 1998, subsequent Nobel Prize winners Fire and Mello demonstrated that 

the introduction o f  dsRNA into C. eleguns caused far greater suppression than either 

sense or anti-sense RNA did alone (Fire et al. 1998). Further work by others later 

elucidated this suppression pathway biochemically and determined that double 

stranded RNAs (dsRNAs) o f  21-23nt in length were optimal for RNAi (Sen & Blau. 

2006).

The introduction o f  these exogenous nucleic acids inadvertently invoked the utilisation 

o f  the RNAi pathway, an intracellular RNA degradation pathway used to resist 

infection and to regulate gene expression. In mammals, the main role o f  RNAi is thus 

far identified as a means o f  regulation o f  gene expression through the use o f  

microRNAs (miRNAs). These are transcribed from genomic DNA as primary miRNAs 

(pri-miRNAs) and form a hairpin loop containing a 5’ methyl cap and a 3 ’ poly-A tail 

(Davidson & McCray Jr. 2011). pri-miRNAs are then processed by the microprocessor 

complex which is comprised o f  Drosha and DGCR8 (DiGeorge syndrome critical 

region 8) which removes the 5' and 3 ’ regions o f  the pri-miRNA to form the ~70nt
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precursor mRNA (pre-miRNA; Yeom et al, 2006). The pre-niiRNA is then exported 

from the nucleus by the Exportin-5 gated nuclear pore where it is processed further by 

the Dicer complex. This process involves removal o f  the hairpin region o f  the pre- 

miRNA to form two strands o f  the mature 21nt miRNA. The mature miRNA is then 

loaded into the RNAse Argonaute (Ago) protein which forms part o f  the RNA Induced 

Silencing Complex (RISC; Rand et al. 2005). Ago will use only one strand o f  the 

miRNA (referred to as the guide strand) while the other strand (referred to as the 

passenger strand) is cleaved and discarded. This activated RISC complex then seeks 

out mRNAs with complementarity to the guide strand o f  the miRNA. Once found, the 

target mRNA is cleaved by Ago, therefore silencing expression o f  the target gene 

immediately before the translation step (Davidson & McCray Jr, 2011; Couto & High, 

2010 ).

1.12 RNAi and its uses in Gene Therapy

The use o f  RNAi as a therapeutic began to be considered after it was first demonstrated 

that small interfering RNA (siRNA) molecules could be used to down-regulate gene 

expression in mammalian cells in vitro (Elbashir et al, 2001). This was followed by 

effective suppression o f  gene expression in the mouse liver and brain, illustrating that 

RNAi could be employed in vivo (Xia et al, 2002). Since then, many expression 

vectors and means o f  delivery have been formulated to deliver RNAi molecules to cells 

in vitro and in vivo (Boudreau et al, 2011). In 2010, siRNAs bound to nanoparticles 

which targeted solid tumours through protein ligands on the surface o f  the 

nanoparticles were successfLilly used to downregulate gene expression o f  RPM2 (a 

target oncogene) in humans (Davis et al, 2010). RNAi has also been used in clinical 

trials to treat patients o f  AMD using a siRNA based therapy, resulting in improved 

visual acuity in some patients (Kaiser et al. 2010). A search o f  clinical trials which are 

currently using RNAi as a therapeutic revealed ten studies examining the effects o f  

targeted RNAi molecules for diseases such as breast cancer (NCT00689065), 

Glaucoma (NCTOl 739244) and Hepatitis C (NCTO1899092). These data demonstrate 

the viability o f  RNAi as an effective tool to modulate disease genes in humans.
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The use o f  RNAi still holds many caveats for those who wish to use this tool as a 

therapy. Firstly, the therapy must be delivered in such a way as to ensure that the 

antisense strand is the strand which is incorporated in to the RISC. This so called 

‘guide strand’ is selected by the RISC based on a thermodynamic bias (Birmingham et 

al. 2007). Greater thermodynamic instability o f  the siRNA duplex at the 5' end o f  the 

guide strand promotes stronger incorporation into the RISC and higher silencing 

efficiency. Chemical modification o f  the passenger strand can also block incorporation 

o f  this strand in to the RISC. RNAi efficacy may also be reduced if  targeted to an area 

containing undocumented SNPs. The use o f  artificial RNAi relies on the endogenous 

miRNA pathway in which microRNAs recognise seed regions (o f 2-7nt o f  the target 

sequence) to target a large array o f  niRNAs. Therefore, artificial RNAs may also have 

o ff target effects by targeting more than one transcript. However, chemical 

modifications to both strands o f  the RNAi molecule have been shown to reduce these 

o ff target effects by 90%, thus increasing the specificity and safety o f  RNAi molecules 

(Birmingham et al, 2007). Chemical modifications are only possible when delivering 

the RNAi molecules directly rather than delivery o f  vectors which express RNAi 

molecules (eg short hairpin RNA (shRNA) or microRNA (miRNA) cassettes) as post- 

transcriptional modification would be impossible after the delivery o f  the therapeutic. 

The dose o f  RNAi molecules delivered to the tissue o f  interest must also be taken in to 

account. Typically, shRNA expressing cassettes have been shown to have high 

expression compared to miRNA expressing cassettes (Chang et al. 2006). This results 

in a high level o f  toxicity both in vitro and in vivo compared to miRNA cassettes which 

may be expressed from a range o f  promoters resulting in efficient RNAi silencing with 

lower transcript levels o f  the RNAi molecule (Boudreau et al. 2009; McBride et al. 

2008). miRNAs also seem to be better tolerated to cells as they more closely mimic the 

endogenous RNAi molecules (Boudreau et al. 2009). Saturation o f  the RNAi pathway 

has been shown to be responsible for shRNA toxicity (Grimm et al, 2010). The authors 

o f  this paper demonstrated that the argonaute proteins are the rate limiting step o f  the 

RNAi pathway and that saturation o f  these proteins as well as exportin-5 causes 

shRNA toxicity. This can be alleviated by co-expressing exportin-5, the argonaute 

genes and the shRNA and by using a relatively weak shRNA promoter (using the HI 

promoter versus the U6 promoter). Together, these approaches resulted in greater RNA 

suppression o f  the target sequence for a longer period o f  time. As with any relatively

25



new technology, a great number o f methods have been and continue to be employed to 

further optimise efficacy and reduce toxicity.

Despite the practical hurdles which this technology presents, RNAi has been 

demonstrated to possess a wide range o f potential clinical applications. These continue 

to be refined to increase safety and efficiency. Some of the most promising results have 

come from studies o f diseases o f the central nervous system in which a gain o f  fianction 

dominant mutant protein causes neurotoxicity. One of the earlier examples o f the use 

of RNAi in the pre-clinical treatment o f a neurodegenerative disorder was the treatment 

o f the transgenic SCAl mouse model o f Spinal Cerebellar Ataxia with a shRNA (Xia 

et al. 2004). This disorder induces severe ataxia (loss o f muscle control) and dementia 

caused by a progressive loss o f a specific set o f neurons o f the cerebellum (OMIM 

entry 164400). Treatment o f  a mutant version o f the ataxin-1 disease causing allele 

with a targeted shRNA resulted in a significant improvement in rotarod response o f 

these mice. The rotarod response is a method of evaluating motor response in mice and 

consists o f a rotating cylinder upon which the experimental mouse is placed, first 

reported in 1968 (Jones & Roberts, 1968). The number o f falls from the moving 

cylinder is then used as a measure o f motor co-ordination. Studies o f Huntinton’s 

disease animal models have demonstrated that shRNAs directed against mutant 

Huntingtin protein (the protein causing disease pathology) injected in to the striatum of 

the brain o f  these animals improved behavioural responses in these mice, as measured 

by stride length and rotarod response o f the injected mutant animals (Harper et al. 

2005). A similar approach to treating a rodent model o f  Huntington’s disease using 

cyclodextrin based carriers o f Huntingtin targeted siRNA has also demonstrated an 

increase in rotarod response o f these animals, however the beneficial effects o f this 

therapeutic ceased shortly after the end o f the administration regime (Godinho et al. 

2013). This finding suggests that continued RNAi-mediated suppression o f the mutant 

allele is crucial to maintain the beneficial effects gained from clearing the mutant allele 

which causes neurotoxicity. RNAi has also been demonstrated to have a beneficial 

effect in an animal model o f  the neurodegenerative disease Amyotrophic Lateral 

Scelrosis (ALS). A shRNA directed against the disease causing mutant SO D l gene in 

transgenic animals expressing this allele resulted in improved motor responses as 

measured by stride length and rotarod response. Injected animals also demonstrated a 

two-fold increase in lifespan, comparable to wild type animals. These resuhs were
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further reinforced by histology showing preservation o f  motor neurons in injected mice 

(Ralph et al. 2005). The publications outlined in this section reflect only a limited 

number o f  studies examining the use o f  RNAi in a pre-clinical setting to treat animal 

models o f  a range o f  disorders.

1.13 Gene Therapy for RP

One focus o f  the TCD Ocular Genetics laboratory has been to explore the development 

o f  treatm ents for Retinitis Pigmentosa using gene therapy, in particular by targeting 

treatments towards forms o f  RP caused by the mutant rhodopsin gene. Mutations in 

this gene cause the disease phenotype in approximately 30% o f all autosomal dominant 

RP (adRP) patients (Hartong et al, 2006) making rhodopsin mutations the most 

common cause o f  adRP. There are over 150 mutations in rhodopsin which cause adRP 

(RetNet, http://www.sph.uth.tmc.edu/retnet/home.htm) which makes a mutation 

dependent approach both technically and economically difficult. Therefore a 

suppression and replacement strategy for therapy has been proposed (Millington-W ard 

et al. 1997). This approach involves suppressing the endogenous mutant rhodopsin o f  

patients suffering from RP and replacing the suppressed rhodopsin with wild type 

rhodopsin under the control o f  the Rho promoter. The replacement rhodopsin is 

modified at degenerate bases o f  the codons in the region which is targeted by the RNAi 

based suppressor, making the replacement rhodopsin resistant to sequence specific 

RNA silencing while retaining the correct protein coding sequence. The suppression 

and replacement approach has been demonstrated to protect photoreceptors from cell 

death and prolong functionality and vision in murine models o f  RP (Millington-W ard 

et al. 2011; Chadderton et al. 2009; O 'Reilly et al. 2008; O ’Reilly et al. 2007).

This approach, however, is limited in its scope as it is applicable to only a small 

proportion o f  the total number o f  patients suffering from RP due to its gene-centric 

solution to treating retinal degeneration. A number o f  wider reaching therapies have 

been proposed to provide benefit or delay the degenerative effects o f  RP (Cepko, 

2012). The first possible solution is the delivery o f  growth factors to the eye. As 

mentioned in section 1.8, as rods die, the supply o f  RdCVF to the cones decreases, 

resulting in a marked increase o f  cone cell death (Cronin et al. 2010). Purified RdCVF 

protein has been injected in to a rat model o f  RP and demonstrated to delay
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photoreceptor cell death (Yang et al. 2009). Delivery o f protein to the eye can create 

physiological problems after repeat injections, therefore an approach utilising RdCVF 

within an AAV expression vector is under way to treat RP in animal models (Cepko, 

2012). Other growth factors are currently being tested as treatments for RP, including 

one clinical trial using Ciliary Neurotrophic Factor (CNTF, Sieving et al. 2006). A 

second approach to providing a therapy for a large number o f RP patients involves the 

use o f gene therapies which tackle the oxidative stress load o f retinal cells. The reasons 

for this approach have already been outlined in section 1.8. It has been observed that 

increased expression glutathione peroxidase (Lu, 2009), catalase and SOD2 (Usui et 

al. 2009b) via AAV delivery (see section 1.14) has resulted in decreased photoreceptor 

cell death in models o f  RP. Direct injection o f genes encoding anti-oxidant proteins 

also offers benefit as expression o f the anti-oxidants remains localised in the retina and 

therefore does not pose the risks towards normal cellular functions which ROS carry 

out that may arise with a systemic administration o f such antioxidants. Furthermore, 

the retina is protected from large molecules in the general circulation due to the blood- 

retina barrier which exists between endothelial cells o f the choroid (Hosoya & 

fachikawa. 2012). A third approach to treating RP with gene therapy is the relatively 

new idea of optogenetics. This involves the introduction of non-human light sensing 

molecules to the cells o f the retina which directly cause hyperpolarisation o f these cells 

in response to light (reviewed in Garg & Federman. 2013). This approach is promising 

as it bypasses the use o f a complex signal transduction cascade which normally occurs 

in the retina. Therefore the number o f patients which may receive the treatment is 

greatly increased as mutations o f  a range o f  genes in the visual transduction cascade 

should, in priniciple, become irrelevant after introduction o f an optogenetic gene. 

These genes include halorhodopsin (from the archaebacterium Natronomonas 

pharaonis) and channelrhodopsinl (from the bacterium Chlamydomonas rheinhardtii). 

These genes have been introduced via AAV delivery to the photoreceptors 

{halorhodopsin, Busskamp et al, 2010) and to the bipolar cells {channelrhodopsin2, 

Doroudchi et al, 2011) in mouse models o f RP. The introduction o f these genes has 

been shown to increase light sensitivity with no immune response related toxicity after 

one year (Busskamp et al, 2010). Clinical assessement o f patients o f LCA and RP has 

determined that these patients would be best suited to introduction o f an optogenetic 

therapy to the ganglion cell layer and would likely respond well to such a therapy.
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further taking the idea o f optogenetic therapies from animal models to a clinical setting 

(Jacobson et al. 2013).

1.14 Delivery Methods

The eye possesses a unique structure in the human body as an organ which is relatively 

easily accessible to introduction of various drugs. This organ also contains a relatively 

small and thin target tissue (the retina) which allows small volumes o f therapeutic to be 

delivered with relatively greater efficiency compared to other organs or tissue types. 

Lastly, the eye is immunocompromised as it is separated from the blood by the blood- 

retina barrier, a layer o f endothelial cells which contain tight junctions to prevent the 

passage in and out o f large molecules. This excludes antibodies and cells o f the 

immune system from entering the same space as the retina, therefore reducing the risk 

o f an adverse immune reaction to a foreign delivery agent (for example, a virus). Given 

these advantages, the area o f  therapeutic delivery to the eye remains a subject o f keen 

interest for many researchers as newer and more efficient therapies are developed. This 

section will deal with methods o f delivery o f gene therapies to the retina with a focus 

on viral delivery.

Although there are a number o f viral delivery options available (such as adenovirus, 

lentivirus and herpes simplex virus, Davidson & McCray Jr, 2011), for delivery o f 

DNA and RNA based therapeutics to the retina, the viral delivery agent o f choice for 

many researchers is the Adeno Associated Virus (AAV). This virus was first 

discovered as a contaminant o f adenovirus preparations as AAV requires a helper 

adenovirus to successfially thrive (Hoggan et al. 1996). These small viral particles were 

shown to replicate in cell cultures when co-infected with various ‘helper’ viruses which 

could replicate without the help o f another virus. Subsequent work on AAV revealed 

that this virus was o f the genus dependovirus and the family paroviridae. AAV is a 

non-pathogenic icosahedral ssDNA virus containing a genome o f approximately 4.7kb 

in length. The genome itself contains two Inverted Terminal Repeats (ITRs), between 

which lay the rep and cap sets o f genes. The rep and cup sets contain the rep40, rep52, 

rep68 and rep78 genes and the VPl, VP2 and VPS genes which are responsible for
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DNA replication and capsid formation respectively (Nonnemacher & Weber, 2012). 

These sets are replaced with a transgene o f  interest in gene therapy studies.

Subsequent to binding o f  the AAV to the cell surface, the virus is taken up in to the 

cells by invagination o f  the cell membrane. The virus is then loaded in to the golgi 

apparatus o f  the cell before retrograde transport occurs through this apparatus and in to 

the cytoplasm o f  the cell. It is believed that the acidic nature o f  the endosomal sac in 

which the virus is transported to the golgi apparatus changes the capsid conformation 

o f  the virus, exposing the V Pl and VP2 regions o f  the capsid to the exterior o f  the 

capsid. The VPl region contains a phospholipase region which facilitates escape o f  the 

AAV from the golgi apparatus in to the cytoplasm. The V Pl region also contains three 

basic clusters (B C l-3) which allow the virus to travel in to the nucleus through a 

nuclear pore. The virus then uncoats to release the viral genome (Nonnemacher & 

Weber, 2012). Recently it has been shown that mutation o f  conserved tyrosine residues 

o f  the AAV capsid can greatly increase the efficacy o f  AAV transduction o f  the retina 

(Petrs-Silva et al. 2011). Mutation o f  these conserved tyrosine residues eliminates the 

possibility o f  intracellular phosphorylation o f  these residues. Phosphorylation o f  

conserved tyrosine residues (Y444, Y500 and Y730) is believed to mark viral capsids 

for unbiquination and subsequent proteolysis (Petrs-Silva et al. 2011).

The tropism o f  AAV can be engineered to transduce different cell types o f  interest by 

changing the capsid and hence serotype o f  the virus. Currently, there are 12 different 

serotypes which have been evaluated in vivo (W atanabe et al. 2013) using the AAV2 

genome. These viruses are therefore referred to as AAV2/1-12. A comparative analysis 

o f  seven different serotypes o f  AAV by Watanabe et al recently concluded that AAV 

2/5 had the highest overall transduction efficiency o f  the neonatal mouse retina after 

subretinal injection. This serotype is the virus o f  choice for in vivo experiments carried 

out in the TCD Ocular Genetics laboratory. However, the same study also showed that 

much o f  this transduction was limited to the RPE and ONL layers o f  the retina. In 

contrast, the other serotypes tested exhibited greater transduction to other layers o f  the 

retina with AAV 2/8 and AAV 2/2 being the most efficient for transduction o f  the GCL 

whereas AAV 2/1 showed the best transduction o f  the retinal miiller cells. In the adult 

mouse retina however, higher efficiency o f  transduction o f  the ONL and RPE has been 

observed using AAV2/8 (Natkunarajah et al, 2008).Therefore for in vivo experiments
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in which the gene therapy is delivered at PO. AAV 2/5 is ideal for experiments which 

deal with gene defects which are pathological to rods, cones and cells o f  the RPE but 

AAV 2/8 may be more clinically relevant due to its higher pharmokinetic profile and 

range o f  retinals cell which it transduces. In larger animal models, introduction o f  

AAV to the retina has mostly been limited to subretinal injection as opposed to 

intravitreal injection due to the low transduction efficacy o f  photoreceptors that this 

injection produces in rodents (Liang et al. 2001; Dudus et al. 1999). Experiments in 

large animal models have tended to mirror the transduction efficiencies and retinal 

tropism shown in mouse models. For instance, the AAV 2/5 virus has been shown to 

have greater efficacy than AAV 2/2 in canines (W eber et al, 2003). Caution must be 

exercised when basing human therapies on successful treatment in rodents as the 

transduction patterns may vary when introduced in to large animal models as humans 

and non-human primates possess a macula which is absent in mice (Asokan et al. 2012; 

Huber et al, 2010). Furthermore, the AAV 8 serotype has been characterised in Beagle 

dogs (Stieger et al. 2008). This study showed that this serotype has a much larger 

tropism range than AAV 5, resulting in transduction o f  cells o f  the RPE, ONL, INL 

and GCL. Transgene expression was also noted in neurons o f  the brain along the visual 

pathway including the optic nerve, optic chiasm, suprachiasmatic nucleus, lateral 

geniculate nucleus and superior colliculus suggesting transport o f  the virus across 

neural synapses.

An exciting area o f  AAV research is the directed evolution o f  AAV capsids. This 

process involves randomly mutating a library o f  AAV genomes and using these 

genomes to create a library o f  viruses which are then intravitreally injected. 

Subsequent to injection, the retinal layer o f  interest is excised and the DNA extracted 

to examine which viruses have transduced this layer. Successful AAVs are then subject 

to further mutation and the process repeated to induce directed evolution towards 

transduction o f  a tissue o f  interest. This approach to creating new AAV serotypes has 

recently been demonstrated to create an AAV (termed 7m8) which transduces all layers 

o f  the murine and non-human primate retina (Dalkara et al. 2013).

The second most popular choice o f  viral delivery to cells in vivo is the lentivirus 

delivery agent. These viruses are also considered to be non-pathogenic. Lentiviruses 

will integrate in to the host genome at regions o f  euchrom atin and stably express
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transgene from a chromosomal locus (Davidson & McCray, 2011). This feature o f 

lentiviral delivery makes it an attractive delivery option to actively dividing cells as the 

viral DNA will not degrade or become lost over successive cell divisions. However this 

feature also makes lentiviral delivery a possible tumour-inducing agent due to 

insertional mutagenesis o f  proto-oncogenes. The safety o f  lentiviral delivery to the 

retina was recently tested in p53 knockout mice which are particularly prone to tum our 

formation in the retina (Balaggan et al. 2012). p53 -/- mice which had been subretinally 

injected were allowed to live until natural death occurred. The mice exhibited no 

change in lifespan compared to uninjected animals o f  the same genetic background and 

gene knockout background. Furthermore, examination o f  the eyes showed no evidence 

o f  tumour formation in any o f  the 98 eyes which had received a subretinal injection o f  

lentivirus. These data suggest that lentiviral delivery is a safe delivery method o f  gene 

therapy to the eye. Lentiviruses can also be modified to become integrase deficient by 

targeted mutation o f  the catalytic region o f  the integrase region o f  the virus, greatly 

increasing the safety o f  these vectors (Banasik & McCray, 2010). The safety conerns 

regarding lentiviral delivery has meant that little work has been performed using this 

delivery method in the treatment o f  genetic disorders o f  the retina. Lentivirus is also a 

relatively poor transducing agent o f  the retina due to the presence o f  the 

interphotoreceptor matrix (1PM), an extracellular matrix surrounding the 

photoreceptors (Griiter et al. 2005). This reduces the efficacy o f  lentiviral delivery in 

adult mice as the I PM develops early in postnatal eye development. No evidence could 

be found in the scientific literature examining if the IPM also retards the transduction 

efficacy o f  AAV in vivo. Nonetheless, lentiviral vectors have been used to treat animal 

models o f  LCA (Kostic et al. 2011; Verrier et al, 2011), Stargardt disease (Kong et al. 

2008), X-linked RP (Glaus et al, 2011) and Usher Syndrome (Hashimoto et al. 2007).

1.15 Non-viral delivery

In addition to the wide use o f  viral vectors for delivery o f  gene therapies to the retina, 

non-viral vectors have been explored as another option for delivery o f  DNA and RNA 

to the retina. These delivery agents are in theory a much more attractive system o f  

delivery as they avoid the issue o f  integration in to the host genome and possible 

immunogenicity that may arise from delivery o f  a viral vector. Non-viral vectors also 

avoid the capsid packaging issue which arises with viral vectors due to the limited size

32



o f  the transgene that may be inserted in to a viral genome. For example, AAV has a 

limit o f  approximately 4.7kb which may be inserted between the ITRs o f  this genome 

(Wu et al. 2010).

The delivery agent which has received most attention in the literature is the liposome. 

These are particles o f  lipid which enclose around the DNA or RNA therapeutic. A 

num ber o f  different lipids such as TM A G  (N-(a-trimethylammonioacetyl)-didodecyl- 

D-glutamate), DC-cholesterol (3-P[N-(N ', N '-d imethylaminoethane)-carbom yl] 

cholesterol), D O TA P (1,2 dioleoyl-3-trimethyl amonium  propane) and DO PE (1,2 

d ioleoyl-3-phoshpatidylethanolamine) have been used in particular, as these lipids are 

cationic and will therefore bind negatively charged DNA during assembly o f  the 

liposomes (Kachi et al, 2005). Liposomes are frequently injected either intravitreally or 

subretinally. Intravitreal injection o f  rabbits using a D O TM A  (N -[l-(2 ,3  

d ioleoyloxy)propyl]-N ,N.N-trim ethylam monium ) complexed plasmid resulted in 

expression o f  reporter gene in all layers o f  the retina (Kawakami et al, 2004). TM AG 

has also dem onstrated high efficacy o f  delivery o f  DNA to the GCL and RPE layers o f  

the retina following intravitreal injection (M asuda et al, 1996). In addition. DOTAP 

has been dem onstrated to effectively transfect the RPE cells in vitro  with plasmid DNA 

(Urtii et al. 2000). However, lipid based carriers o f  nucleic acids have fallen out o f  

favour for delivery to the retina as o ther m ethods o f  non-viral delivery have 

dem onstrated greater efficacy (Charbel-lssa & M acLaren RE, 2012).

Polymers which bind to the DNA or RNA therapeutic have also been employed with 

success to deliver nucleic acids to the retina. The most widely used polymers are PEI 

(Polyethylenimine) and PEL (Poly-L-Lysine). These polymers bind and condense 

DNA or R N A  and allow passage o f  negatively charged nucleic acid across the 

negatively charged exterior o f  the cell membrane. Intravitreal injection o f  PEI bound to 

a plasmid containing a shRN A targeting melanopsin resulted in almost complete 

suppression o f  melanopsin in the GCL o f  treated eyes (Liao &Yau, 2007). Combining 

polymer and liposomal delivery has also been achieved by combining a lipid-lysine to 

lipidic aminocarboxylic  acid. This delivery agent was used to deliver an antisense 

oligonucleotide targeting V E G F by intravitreal injection resulting in penetration o f  the 

therapeutic oligonucleotide to all layers o f  the retina (M arano et al, 2005). More 

recently, nanoparticles composed o f  lysine peptides were used to bind and deliver
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plasmid DNA to the retina by subretinal injection and intravitreal injection (Farjo et al. 

2006). This delivery method resulted in strong reporter gene expression in tissues o f 

the eye by intravitreal injection and RPE and ONL expression by subretinal injection. 

The delivery agent was also bound to polyethylene glycol (PEG) as this has been 

shown to increase the efficacy o f both liposomal and polymer based delivery agents 

(Bochot et al. 2002). More recently, the use o f modified cyclodextrin has emerged as a 

powerful tool to introduce nucleic acids to neuronal cells in vitro (O ' Mahony et al. 

2012, 2013). Finally, apart from administration o f DNA bound lipids or polymers, 

there are two other delivery options available to introduce foreign genetic material to 

the retina. These methods are electroporation and iontophoresis. These methods are 

applicable to neonatal animals however and much o f the work has not progressed past 

animals larger than mice due to practical drawbacks. Electrophoresis involves the use 

o f an electrical charge to permeate the cell membrane and allow introduction o f DNA 

or RNA. This method has been demonstrated to be an effective delivery method in 

mice which were subretinally injected with naked plasmid DNA at PO (Matsuda & 

Cepko, 2004). Electrodes were then placed on either side o f the head and a small 

charge was passed through the head o f the mouse. This resulted in transgene 

expression in the ONL, INI, but not the GCL. The transgene expression also began to 

decrease 3-4 weeks after electroporation, possibly due to dilution by cell division 

during retinal development at this early stage o f life. Iontophoresis is the use o f  an 

electrical charge to transfer negatively charged DNA through a tissue o f interest. 

Iontophoresis has been used to introduce a reporter plasmid through the sclera o f  the 

eye to layers o f the retina (Souied et al. 2008). This resulted in expression o f the 

reporter gene 6 days after iontophoresis. The expression o f the reporter gene was 

limited to the outer segments o f  the retina with some expression in the synaptic layers 

(the OPL and IPL). This expression rapidly decreased however and was not observed 

past day 14.

1.16 Objectives
The objective o f this thesis was the exploration o f AAV 2/5 delivery o f an RNAi based 

construct to the murine retina o f a model o f retinitis pigemtosa in order to reduce 

expression o f the RacI gene. This set o f experiments is detailed in chapter three and 

involves the use o f  quantitative analysis to determine the effect o f RNAi on R a d  

expression both in vivo and in vitro. Furthermore, functional effects o f RNAi mediated
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suppression were examined by immunohistochemistry and electroretinography (ERG) 

analysis. In parallel with this study, a separate study was undertaken to explore the 

effect o f  Thioredoxm l over-expression in two mouse models o f  RP. This data is 

presented in chapter four and in a similar manner to chapter three, quantitative analysis 

was undertaken to examine the functionality o f  a Thioredoxm l cDNA under the 

control o f  an expression plasmid both in vitro and in vivo. The functional effects o f 

over-expression were then examined by immunohistochemistry and ERG analysis. 

Modulation o f  the expression o f  both o f  these genes was anticipated to decrease retinal 

oxidative stress. In the final part o f  this thesis the nuclear stain o f  superoxide, 

dihydroethidium (DHE), was utilised to characterise oxidative stress in three mouse 

models o f  retinal degeneration. This stain was also used to assay any changes in retinal 

superoxide which may arise following AAV delivery o f  either a Racl shRNA or a 

ThioredoxinI cDNA.
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Figure 1.1: Schematic o f  retinal structure.

Figures A and B show Rod and Cone outer segment ultrastructure by electron 

microscopy respectively. These micrographs illustrate the presence o f  disks within the 

outer segments o f  the photoreceptors which contain the light sensing pigments o f  each 

type o f  photoreceptor. Also o f  note is the presence o f  three main nuclear layers in the 

neural retina, the ONL (made up o f  photoreceptors), the INL (made up o f  amacrine, 

bipolar and horizontal cells) and the GCL (made up o f  the ganglion cells). Adapted 

from Mustafi et al (2009).
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Figure 1.2: Diagram o f  Rhodopsin mediated hyperpolarisation

Rhodopsin is activated by isomerisation o f  11 cis-retinal which induces a downstream 

cascade o f  signal transduction, beginning with the dissociation o f  the a  and Py subunits 

o f  transducin. This in turn causes activation o f  cGMP phosphodiesterase which acts to 

hydrolyse cGMP. The hydrolysis o f  cGMP induces the closure o f  cGMP gated ion 

channels which causes hyperpolarisation o f  the cell. Adapted from Purves et al, 2008.

37



Figure 1.3 : Fundus o f  a healthy retina (left) and fundus o f  from a patient with mid 

staae RP (right).

The degenerating retina shows signs o f  bone spicule deposits in the retina as well as 

attenuation o f  the blood vessels. The macula also shows increased prominence, 

suggesting a possible macular oedema. Figures adapted fi’om the National Institute o f  

Health (http://www.nei.nih.gov/photo/eyedis/im ages/eyel5-72.jpg) and Hamel et al 

(2006).
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Figure 1.4: Examples o f  a typical ERG readout

This figure shows examples o f  ERG responses (from top to bottom) from a healthy 

individual, a 13 year old patient with autosomal dominant RP, a 9 year old patient with 

autosomal recessive RP and a 14 year old patient with X-linked RP. These graphs 

illustrate the variability o f  visual response o f  patients o f  RP based on the mode o f  

inheritance o f  the disease and the mutated allele which causes the disorder. Adapted 

from Hartong et al (2006).
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Figure 1.5: Diagram o f  the RNAi Pathway

This illustration shows the naturally occurring miRNA pathway on the right. It can be 

observed from this figure that miRNAs are first transcribed as pri-miRNAs before 

being processed by the Drosha complex to pre-miRNAs. Following this, the pre- 

miRNA is exported from the nucleus and undergoes more steps o f  processing before 

incorporation in to the RISC and suppression o f  mRNA translation, either by cleavage 

or translational repression in the P-body o f  the cell. Artificial shRNA constructs enter 

this pathway immediately prior to Dicer processing and subsequent to export from the 

nucleus. Artificial siRNAs are immediately incorporated in to RISC. Figure adapted 

from de Fougerolles et al. 2007.
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Chapter 2: Materials and Methods
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Section 2.1: Materials

2.1.1 Reagents for DNA cloning

Oligonucleotide annealing buffer: 0.025M NaCl

Restriction enzyme buffers (New England Biolabs);

IX NEBuffer 1 (pH 7 25"C) lOmM Bis-Tris Propabe HCl. lOmM 
MgCb, ImM Dithiothreitol.

1X NEBuffer 2 (pH 7.9 @  25°C) 50mM NaCl, lOmM Tris-HCl. lOmM 
MgCb, ImM Dithiothreitol.

IX NEBuffer 3 (pH 7.9 @ 2 5 T ) lOOmM NaCl, 50mM Tris-HCl. lOmM 
MgCb, ImM Dithiothreitol.

IX NEBuffer 4 (pH 7.9 @ 25”C) 50mM Potassium Acetate, 20mM Tris- 
Acetate, lOmM Magnesium Acetate, 
1 mM Dithiothreitol.

Bovine Serum Albumin (BSA) (pH 7 @ 
25°C)

BSA. 20mM KPO4, 50mM NaCl. O.lmM 
EDTA. 5% Glycerol.

• SuRE/CUT Buffer A (pH 7.9 @ 3 7 T , Roche): 33mM Tris-Acetate, lOmM 
Magnesium Acetate, 66 niM Potassium Acetate, 0.5mM Dithiothreitol.

• T4 Ligation Buffer (pH 7 @ 20*’C, Roche): 0.66M Tris-HCl. 50mM MgCb, 
lOmM Dithiothreitol. lOmM ATP.

• T4 DNA Ligase (Roche).

• Klenow Enzyme (Roche).

• T4 DNA polymerase (Roche).

•  Crimson DNA polymerase (New England Biolabs).

• dNTP working solution: 2mM (Roche).

• Tris-Acetate EDTA buffer lOX (pH @  25°C 8.2-8.4, Invitrogen): 0.4M Tris- 
Acetate, lOmM EDTA.

• Agarose (Sigma Aldrich).

• Xylene Cyanol (Electran) Dye (6X): 5.8mM Xylene Cyanol, 4.9M Glycerol.

•  Bromophenol Blue (Electran) Dye (6X): 4.66mM Bromophenol Blue, 4.9M  
Glycerol.

• Ethidium Bromide (Sigma Aldrich): lOmg/ml.

42



lOObp and Ikb DNA ladders (Fermentas).

• Luria Bertani (LB) Broth: 1% Tryptone (Oxoid), 0.5g Yeast Extract (Oxoid), 1% 
NaCl (Scharlau).

• LB/Agar: 1% Tryptone, 0.5% Yeast Extract, 1% NaCl, 1.5% BBL"^Agar Grade 
A (BD Company)..

• 0.5M CaCb (Sigma-Aldrich) Solution.

• lOOniM CaCb (Sigma-Aldrich) Solution

• lOOmM MgCb (Sigma-Aldrich) Solution.

• Glycerol (Sigma-Aldrich).

• IX Crimson Taq™ PCR Buffer (pH 8.5 @ 25"C, New England Biolabs): 
12.5mM Tricine, 42.5mM KCL, 1.5mM MgCb, 6% Dextran Red Acid.

• lOX Tris-Triton: 0.57M Tris (pH9, Sigma-Aldrich), 0.57% Triton-X (Sigma- 
Aldrich).

• XLI-BlueMRA Competent Cells (Stratagene)

Antibiotics:

• Ampicillin (Sigma-Aldrich): Stock Solution: 49.6mM (in dH20)
Working Solution; 0 .124mM (in LB)

• Tetracycline (Sigma-Aldrich): Stock Solution: 22.5mM (in dH20)
Working Solution; 0.056mM (in LB).

2.1.2 Cell Culture Reagents

• IX Sterile Phosphate Buffered Saline (Gibco).

• Complete Dulbecco’s Modified Eagle Medium( DMEM, Gibco); Dulbecco’s 
Modified Eagle’s Medium was supplemented with 10% heat inactivated Fetal 
Calf Serum FCS, 20|iM L-Glutamine (Gibco) and 20|iM Sodium Pyruvate 
(NaPyr, Gibco). The complete medium was stored at 4"C.

• 2X Freezing Media: 25%> Dimethyl Sulfoxide (DMSO, Sigma-Aldrich), 25% 
FCS, 50% DMEM.

• Trypsin-EDTA (0.025%, Gibco)

• Trypan Blue (0.4%, Sigma-Aldrich)
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•  Lipofectam ine® Transfection Reagent (Invitrogen).

•  Opti-Mem® (G ibco).

•  Ethanol (70% , T C D  Hazardous Materials Facility).

2.1.3 RNA Reagents

•  R Q l D N ase lOX Buffer (Prom ega): 400m M  Tris-H C l (pH 8), lOOmM M gS0 4 , 
lOmM C aCb.

•  R Q l D N ase Stop Solution (Prom ega): 20m M  E G TA  (pH 8).

•  R Q l D N ase (Prom ega).

•  N uclease Free Water (A m bion).

•  TRI-Reagent® (Sigm a-A ldrich).

•  Chloroform  (Sigm a-A ldrich).

•  Isopropanol (Sigm a-A ldrich).

•  B -M ercaptoethanol (Sigm a-A ldrich)

•  Buffer RD D  (Q iagen).

•  Quantitect SY B R  Green RT-PCR K.it (Q iagen).

2.1.4 Protein Reagents

•  lOX Tris Buffered Saline (T B S , pH 7.5 @  2 5 “C). pH w as adjusted using IM  HCl 

and IM N a O H .

•  IX  T B S-T w een . IX  T B S, 0.05%  T w een-20  (Sigm a-A ldrich).

•  l% T riton -X  100.

•  0 .5M  E D T A  (pH 8).

•  Protease Inhibitor Solution: 1 C om plete M ini-Protease Inhibitor Cocktail tablet 
(R oche) w as d isso lved  in 1.5m l dH 20.

•  C ell L ysis Buffer: 0.1%  Triton X -1 0 0 , Im M  E D T A  (pH 8), IX  T B S, 15% 
Protease Inhibitor Solution.
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•  Tissue Lysis Buffer (pH 8.3): 62 .5m M  Trizma base (Sigma-Aldrich), lOmM
Dithiothreitol (D TT. Sigma-Aldrich), 2% Sodium Dodecyl Sulfate (S D S . Sigma-
Aldrich), 500).il Protein Inhibitor Solution.

•  IX  PBS: T w o tablets o f  PBS (Sigma-Aldrich) were d issolved in 400m l ddH20.

•  1 .5 M T r is -H C l(p H 8 .8 ) .

• 0 .5M  Tris-HCl (pH 6.8).

• 10% Am m onium  Persulfate (A P S) Solution.

•  10% Sodium D odecyl Sulfate (S D S , pH 7.2)

• Prestained Protein Ladder Broad Range (Fermentas).

• Resolving gel for SD S-P A G E  (Poly-A crylam ide Gel Electrophoresis, 12%): Gel 
solution w as made up by adding the fo llow ing reagents in order to a 50ml conical 
tube: 5ml 1.5M Tris HCl (pH 8.8), 6.6ml d H 20 , 8ml Bis-Acrylam ide Solution  
(30%, Sigma-Aldrich), 200|.il 10% SD S solution (pH 7.2), 200 |jl  10% APS  
solution. lOfil Tetramethylethylenediamine (T E M E D , Sigma-Aldrich).

• Stacking gel for S D S-P A G E  (4%): Gel solution was made up by adding the 
following reagents in order to a 50ml conical tube: 2 .5ml 0 .5M  Tris-HCl (pH 
6.8), 6.8ml d H 20, 1.33ml B is-Acrylam ide (30% , Sigma-Aldrich), lOOfil 10% 
APS Solution. IO|il T E M E D  (Sigma-Aldrich).

• lOX Running Buffer (pH8.6): 3 0 .3g Trizma Base (Sigm a-Aldrich), I44 .2g  
G lycine (Sigma-Aldrich), 10ml 10% SD S Solution were d issolved in 800m l  
dH 20. pH was adjusted to 8.6 using IM NaOH and IM HCl. Final vo lum e was  
made up to IL with dH 2 0 .

•  IX  Transfer Buffer (pH 8.3): 3 .03g  Trizma B ase (Sigm a-Aldrich), 14.42 G lycine  
(Sigma-Aldrich), 200m l Methanol (Schlarau Chem ie) were d issolved  in 800m l  
dH 20. pH was adjusted to 8.3 using IM HCl and IM N aO H . Final volum e was  
made up to IL with dH2 0 .

•  5% Blocking Solution: 5% Marvel Dried Milk d isso lved  in IX  TBS.

• Ponceau S Solution: 0.1% Ponceau d issolved in 5% acetic acid (Sigma-Aldrich).

• Laemmli 4X  Buffer (pH 6.8): 8% S D S , 20%  p-Mercaptoethanol, 40% Glycerol.  
0.008%  Bromophenol Blue, 0 .125M  Tris-HCl.

• Amersham ECL"^ Western Blotting Detection Reagent (GE Healthcare)

•  5X Professional Developer and Replenisher (Kodak)

•  5X G B X  Fixer and Replenisher (Kodak)
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• Super RX Fuji Medical X-Ray Film (Fujifilm).

• Lumocolor photocopy film (Staedtler).

•  PVDF Immobilon Transfer Membrane (Millipore).

• Restore"^ Western Blotting Stripping Buffer (Thermo-Scientific).

2.1.5 Reagents for Production o f Recombinant AAV

• Plasmids: pAAV_MCS (Stratagene), pRep2/Cap521 (Hildinger et al, 2001),

pHelper (Stratagene).

•  Human Embryonic Kidney 293 (HEK 293) cells (ATCC).

• Transfection Buffer: IM NaCl (Sigma-Aldrich, pH 5)

• Transfection Reagent: Polyethlenimine (Sigma-Aldrich): O.lg/L, 150mM NaCl

(pH5).

• Deoxycholic acid (Sigma-Aldrich).

•  Caesium Chloride (Sigma-Aldrich).

•  Slide-a-Lyzer (M SC/Fischer)

2.1.6 Animals

• Wildtype 129/SvHsd (Harlan. Loughborough, UK)

• Pro23His +/- crossed with Rho +/- on a 129/Sv background (Ollson et al, 1992).

• Human Pro347Ser +/- crossed with Rho +/- on a 129/Sv background (Li et al.

1996).

2.1.7 Animal Reagents

• Anaesthetic for sub-retinal injection: Medetomidine (Im g/g mouse weight), 

Ketamine (75mg/g mouse weight) via i.p. injection.

• Anaesthetic for ERG procedure: Ketamine (1.6mg/g mouse weight), Xylazine 

(0.16mg/g mouse weight) via i.p. injection.

• Topical Eye Dilation: 1% Cyclopentolate, 2.5% Phenylephrine.

• Analgesia: 1% Amethocaine, Vidisic gel
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•  Anaesthesia Reversal Agent: Atipamezole Hydrochloride (lOmg/g mouse weight) 

via i.p. injection.

2.1.8 Histology' and Innnunohistochemistry Reagents

•  4%  w/v Paraformaldehyde (Sigma-Aldrich) Solution (pH 7.4)

•  4%  Pfa with 5%  acetic acid.

•  10%, 20%, 30%  w/v Sucrose (Sigma-Aldrich) solution in IX  PBS.

•  Optimal Cutting Tem perature (OCT) compound (VW R)

• Poly-Lysine coated glass slides (Thermo Scientific).

•  Blocking Solution: Donkey Serum  (Sigma-Aldrich. 10%), Triton-X (Sigma- 

Aldrich, 0.3%) in IX  PBS.

•  Antibody Solution: Donkey Serum (2%), Triton-X (0.1%) in IX  PBS.

•  4.6 Diamidine-2-Phenylindole-Dihydrochloride (DAPI) solution: 0 .01%  w/v 

(Sigma-Aldrich).

• Aqua PolyM ount coverslip Mounting solution (Polysciences).

•  Dihydroethidine (DUE, Invitrogen) Solution: 5(iM in Dimethyl Sulfoxide 

(DM SO . Sigma-Aldrich).

•  Liquid Blocker PAP Pen (Sigma-Aldrich).

2.1.9 Antibodies

Primary Antibodies

•  M ouse A nti-R aci antibody (Millipore). Reacts with Human. M ouse and Rat 

epitopes. Used at 1:100 dilution for imm unohistochemistry

•  Chicken A nti-Raci antibody (Abeam). Reacts with Human. M ouse and Cow  

epitopes. Used at 1:2000 dilution for western blot.

•  M ouse A nti-Raci antibody (BD Biosciences) Reacts with Hum an epitope. Used 

at 1:1000 dilution for western blot.

•  Rabbit Anti-Thioredoxinl (Abeam). Reacts with Hum an and M ouse epitopes. 

Used at 1:200 dilution for immunohistochemistry and 1:1000 dilution for western 

blot.

•  Rabbit Anti-P-Actin antibody (Abeam). Reacts with Hum an and M ouse epitopes. 

Used at 1:1000 dilution for western blot.
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Secondary Antibodies
• Goat Anti-Chicken antibody (Abeam) Hised to Horseradish Peroxidase (HRP).

Used at 1:3000 dilution

• Goat Anti-Rabbit antibody (Abeam) fused to HRP. Used at 1:2000 dilution.

• Goat Anti-Mouse antibody (Abeam) fused to HRP. Used at 1:2000 dilution.

• Mouse Anti-Mouse antibody (Invitrogen) fiised to CY3. Used at 1 ;500 dilution

• Goat Anti-Chicken antibody (Invitrogen) fiised to CY3. Used at 1:500 dilution

2.1.10 FACS Reagents

• Hank’s Balanced Saline Solution (HBSS, Gibco).

• Trypsin EDTA (1 Omg/ml in PBS, Sigma Aldrich)

• Trypsin Inhibitor (20mg/ml in PBS, Roche).

• Propidium Iodide (PI, 1 mg/ml, Sigma-Aldrieh).

2.1.11 Primers

Racl Cloning Primers

Racl_gC¥ 5' AAGC A AAAGCTTATGC AGGCC ATC AAGTGTGT3'

RacljgCK 5 ’ AAGC AATCT AG ATTAC A AC AGC AGGC ATTTTC3'

RT-qPCR Primers

Racl_c^ 5' GATGCAGGCCATCAAGTGTG 3'

Racl _qR 5’ CCATCTACCATAACATTGGC 3’
Racl gR new 5’ CATTGGTTGTGTAACTGATC 3’
TrxqF 5’ AGGCTTCAAGCTTTTCCTTG 3’
Trx qR 5’ TGACTGCCAGGATGTTGCTG 3’
ACTB F 5' TCACCCACACTGTGCCCATCTACGA 3’
ACTB  R 5' CAGCGGAACCGCTCATTGCCAATGG 3'
Gapdh F 5’ TTTGGCAATGTGGAAGGGCT 3’
Gapdh_K 5’ TTCAGGGATGATGTTCTGGG 3’
EGFP F
EGFP R
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Sequencing Primers

AAV chk F 5’ CGATGGGGGTGTTCTGCTGGTA3’
AAV chk R 5’ AACCGCATCGAGCTGAAGGG 3’
HI F 5’ GATTCGAACGCTGACGTCATC 3'
HI R 5’ GGTGATTTCCCAGAACAC 3'
M13 F 5’ CAGTCACGACGTTGTAAAACG 3'
MRP R

Short Hairpin RNA PCR Cloning primers

shRACl IF 5’GATCCCCGTGTCCGTGCAAAGTGGTATTTCAAGAGAAT
ACCACTTTGCACGGACATTTTTTCTAGAGGAAA3’

s h R A C l l R 5’AGCTTTTCCCTAGAAAAAATGTCCGTGCAAAGTGGTATT
CTCTTGAAATACCACTTTGCACGGACACGGG3'

shRACl _3F 5'GATCCCCGGAAGAGGAAGAGAAAATTTCAAGAGAATTT 
TCTCTTCCTCTTCTTTTTTCTAG AGG A A A3 ̂

shRACl _3R 5’AGCTTTTCCCTAGAAAAAAGAAGAGGAAGAGAAAATTC 
TCTKJAAATTT TCTCTTCCTCTTCCGGG3'
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Section 2.2 Methods

2.2.1 Cloning Methods

2.2.1.1 Determination o f DNA/RNA Concentration by NanoDron'^* 
Spectronhotometrv'

Nucleic acid solution concentrations were evaluated using the N a n o d r o p ' 1000 

Spectrophotometer. This measures the absorbance o f  both RNA and DNA at 

wavelength 260nm. The units o f  absorbance are used to calculate the concentration o f  

either nucleic acid. One unit o f  absorbance is equivalent to 50|jg/ml o f  dsDNA or 

40|^g/ml o f  ssRNA. The purity o f  the sample can be evaluated by calculating the 

absorbance ratio o f  260nm/280nm. This measures the absorbance o f  nucleic acid over 

the absorbance o f  protein (280nm). A ratio o f  1.7 and above is considered 'c lean’. 

Measurements were made by loading 2|al o f  nuclease free water onto the optical 

surface o f  the spectrophotometer to determine a blank measurement. 2|il o f  samples 

were subsequently loaded to determine their DNA or RNA concentrations.

2.2.1.2 Electrophoresis o f DNA by Agarose Gel

Agarose gels were made by dissolving various amounts o f  agarose in IX Tris-Acetate 

EDTA Buffer (TAE) depending on the concentration o f  agarose required. These 

typically ranged from 0.8% to 2.5% agarose. l |i l  o f  Ethidium Bromide (EtBr, Sigma- 

Aldrich) was dissolved in 30ml o f  agarose solution and this was poured into a gel cast. 

A comb was then placed into the agarose solution and the solution was left to set at 

room temperature. When the gel was set, 10(al o f  DNA sample containing a 1:6 

dilution o f  loading dye (either Xylene Cyanol or Bromophenol Blue) was loaded into 

the gel. The gel was electrophoresed at 80-100V for an appropriate amount o f  time. 

The DNA intercalated with EtBr was visualised using a UV transillum inator 

(Hoieffer).

2.2.1.3 DNA purification using PCR Purification and Gel Extraction Kits

DNA was purified from reaction solutions using a PCR Purification Kit (Fermentas) 

according to the m anufacturer's instructions. Briefly, a 1:1 volume o f  binding buffer
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was added to the DNA solution. This was then centriguged through a purification 

column. The column, containing the DNA, was then washed twice with wash solution 

by centrifugation before the DNA was eluted. For DNA fragments shorter than 500bp a 

1:1 volume o f  isopropanol was added to the DNA solution before purification. 

Following purification the DNA was eluted into 50|il o f  nuclease free water.

DNA was purified from 1% agarose gels using a Gel Extraction Kit (Fermentas) 

according to the m anufacturer’s instructions. The DNA was first visualised under UV 

lamp and this region o f  agarose gel was excised using a sterile scalpel blade. This piece 

o f  gel was then melted with binding buffer at 65"C before being centrifuged through a 

purification column. The column was then washed twice with wash solution before 

elution. Follow ing purification the DNA was eluted into 50|al o f  nuclease free water.

2.2.1.3 DNA Purification by Phenol/Chloroform Extraction

A 1:1 volume o fT ris  buffered phenol was mixed with the DNA solution. This was then 

centrifuged at 13.000rpm for 90 seconds. The aqeuous (top) phase was pipetted out and 

placed in a new eppendorf tube. To this a 1:1 volume o f  phenol/choloroform mixture 

(1:1) was added and mixed. This was then centrifuged at 13,000rpm for 90 seconds, 

rhe aqeuous phase was pipetted out and placed in a new eppendorf tube. To this a 1:1 

volume o f  96% choloroform solution was added. This was centrifuged at I3.000rpm 

for 90 seconds. The aqueous phase was pipetted into a new tube. A 2.5:1 volume o f  

96% ethanol was added to the aqueous phase and this mixture was chilled on ice for 20 

minutes. This was then centrifuged at 13,000rpm for 20 minutes. At this stage a pellet 

o f  nucleic acid was usually visible at the bottom o f  the tube. The supernatant was 

removed and discarded. 200|il o f  70% ethanol was mixed with the pellet to wash the 

DNA. This mixture was then centrifuged at 13,000rpm for 10 minutes. A pellet was 

again observed. The ethanol supernatant was removed and discarded and the pellet was 

allowed to air-dry in a laminar flow hood (MDH Ltd.). The pellet was then dissolved in 

20(il nuclease free water.

2.2.1.4 DNA Amplification and isolation using Kits
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M inipreparation: A transformed colony was picked and inoculated into 5ml o f  LB 

containing Tetracycline and Ampicillin. This was left to grow overnight at 37"C in an 

orbital shaker. The culture was then centrifuged at 3000rpm for ten minutes to pellet 

the cells. The DNA was extracted using the materials and methods described in the 

G enJet"^ Plasmid Miniprep Kit protocol (Fermentas). The DNA was eluted in 50|j1 

dH20.

Maxipreparation: A transformed colony was picked and inoculated into 5ml o f  LB 

containing Tetracycline and Ampicillin. This was left to grow for 8 hours at 37‘'C in an 

orbital shaker. 1 ml o f  this culture was then subcultured into 200ml o f  LB containing 

Tetracycline and Ampicillin and incubated for 12-16 hours at 37^'C in an orbital shaker. 

The culture was then centrifuged at 3000 rpm for 30 minutes to pellet the cells. The 

DNA was extracted using the materials and methods described in the HiSpeed® 

Plasmid Purification protocol (Qiagen). The DNA was eluted in 1ml dH20.

Me^apreparation: A transformed colony was picked and inoculated into 5ml o f  LB 

containing Tetracycline and Ampicillin. This was left to grow for 8 hours at 37'*C in an 

orbital shaker. 5ml o f  this culture was then subcultured into 600ml o f  LB containing 

I'etracycline and Ampicillin and incubated for 16 hours at 37"C in an orbital shaker, 

rhe culture was then centrifLiged at 6000rpm for 15 minutes at 4"C to pellet the cells. 

The DNA was then extracted using the materials and methods described in the 

EndoFree Plasmid Purification Handbook (Qiagen). The DNA was then eluted in 2- 

3 ml dHjO.

2.2.1.5 Restriction Enzyme DNA Digestion

Restriction Enzyme digestion was performed using various enzymes (New England 

Biolabs, NEB). These enzymes are stored in glycerol at -20”C. The digestion reaction 

was carried out in a 50|al reaction. The amount o f  enzyme used varied fi-om 0.5 |il to 

2|iil (10-40 units o f  enzyme/reaction) depending on the amount and length o f  DNA to 

be treated. For reactions in which more than one restriction enzyme was used, the total 

enzyme mixture added was kept under 3|il as glycerol tends to inhibit enzymatic 

reactions at concentrations over 5%. 5|al o f  the appropriate NEB buffer and 5|il o f  lOX
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BSA (Bovine Serum  A lbum in. N EB) w ere also added to the reaction m ixture. The 

rem aining volum e o f  reaction m ixture was m ade up w ith nuclease free water. The 

reaction m ixture w as then incubated at 37‘’C for 2 hours. For sequential d igestions on 

the sam e fragm ents o f  DNA, the D N A  w as PCR purified betw een digests using the 

PCR purification kit (Ferm entas).

2.2.1.6 Blunting of 5’ DNA sticky ends using Klenow Enz> me

For blunt cloning o f  an insert into a vector, both vector and insert must first be blunted. 

This is perform ed by inserting nucleotides opposite the open nucleotides o f  the sticky 

end o f  the DNA. The addition o f  nucleotides to a sticky end w hich has a 5 ' overhang is 

perform ed using K lenow  enzym e. 6|al o f  Roche buffer A. 2|al o f  dN TP solution (2m M ) 

and 2 |l i 1 o f  klenow  enzym e (Roche) w ere added to 50|al o f  DN A solution. This was 

incubated at 37"C for 30 m inutes. The resulting DNA soultion w as purified using the 

PCR purification kit (Ferm entas) before ligation.

2.2.1.7 Blunting of 3 ’ DNA stick end using T4 DNA Polymerase

In many cases, a restriction digest will leave a 3 ' sticky end instead o f  a 5 ' sticky end. 

In this instance T3 polym erase (Roche) w as used to fill these ends. 6 |il o f  Roche buffer 

A. 2|al o f  dN T P solution (2m M ) and 2^1 o f  polym erase were added to 50 |j 1 o f  D N A  

solution. This was incubated at 12"C for 10 m inutes before incubation at 80"C for 10 

m inutes to inactivate the enzym e. The resulting  DNA solution w as purified using the 

PC R  purification kit (Ferm entas) before ligation.

2.2.1.8 DNA Ligation

Ligations w ere perform ed to  ligate two com patible ends o f  D N A, typically  to insert an 

insert into a vector. The relative concentrations o f  vector to insert w ere previously 

determ ined by visualising band intensity on an agarose gel under UV light 

illum ination. The vector:insert ratio was usually  kept at 10:1 and 100:1 in order to 

flood the reaction w ith insert DNA and inhibit the closure o f  the digested vector DNA. 

These reactions w ere carried out in a lOjal reaction volume. A fter the D N A was added
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the remaining reaction volume was made up with 1|li1 T4 Ligase (lunit/|il. Roche), l |il 

T4 Ligase Buffer (Roche) and nuclease free water. A vector digest control without 

ligase was also set up to account for the background number o f  colonies which form 

from undigested vector. A ligase control was performed which contained no insert and 

so would be unable to close and ligate (unless the vector had been blunted previously).

2.2.1.9 Polymerase Chain Reaction (PCR)

DNA was PCR amplified using the Crimson Taq DNA Polymerase kit (New England 

Biolabs). The PCR reactions were all made up to a final volume o f 25|il. This was 

made up o f 5|il Crimson Taq Reaction Buffer (New England Biolabs), 2.5|il 2mM 

dNTP Solution (containing all 4 nucleoside tri-phosphates required for DNA 

replication, Roche), Ifil lOfiM Forward Primer, l |il lOfiM Reverse Primer, 0.2|il 

Crimson Taq DNA polymerase (New England Biolabs), 1- 5 |l i 1 DNA template and 10- 

14|al nuclease free water. This reaction mixture was mixed by pipetting and placed in a 

PCR thermal cycler (MJ Research Inc.). The PCR program was then initiated. This 

heats the reaction mixture to 94"C for 5 minutes which denatures the DNA into two 

strands. After this, 35 cycles o f 95"C for 1 minute, 55“C for 1 minute and 72‘’C for 1 

minute are completed. The 55°C step is the annealing step which allows the primers to 

bind to the recently denatured DNA. The 72“C step is the extension step which allows 

the DNA polymerase to synthesise a new strand o f DNA complementary to the original 

DNA downstream o f either primer. When the thermal cycler returns to 95"C. the DNA 

is denatured again allowing the cycle to begin for another round. At the end o f these 

cycles the reaction mixture is heated to 72°C for 10 minutes to allow extension o f  any 

unfinished reactions and then cooled to 10"C for an indefinite amount o f time. Samples 

were taken from the PCR thermal cycler when the temperature reached 10”C.

2.2.1.10 Inducing Competence in X Ll-BlueM R A  E. Coli

A colony o f  E. coli Tet^ were picked and cultured in 1ml o f LB containing 

Tetracycline overnight. 200|il o f this culture was then sub-cultured into 20ml o f LB 

containing tetracycline. When the culture reached the log phase it was placed on ice for
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30 minutes before centrifugation at 3000rpm for 10 minutes to pellet the cells. The log 

phase was determined by measuring the optical density (OD) o f  the culture. An 

absorbance o f  600 was deemed to be a log phase density. The cells were then washed 

with lOOmM M gCh solution and re-centrifuged. The cells were again washed, this 

time in 10ml o f  lOOmM CaCb solution. The cells were then incubated on ice for 30 

mins before centrifugation at 3000rpm for ten minutes. The pellet o f  cells was re

suspended in 1ml o f  lOOmM CaCli solution. These cells were aliquoted and used 

immediately for transformation. I'he cells were deemed to be transformable for upto 24 

hours after this point. These cells were often ft’ozen for later use by the addition o f  a 

15% v/v o f  glycerol before snap freezing in liquid Nitrogen. The frozen aliquots o f 

competent cells were then stored for up to 6 months at -80“C.

2.2.1.11 Transformation o f competent cells

A 200|j 1 aliquot o f  competent cells was used to transform either 1|j 1 o f  DNA 

(Miniprep, 1:100 dilution) or 5|il o f  DNA (Ligated DNA) containing an Ampicillin 

resistance gene for selection. The DNA was added to the cells and this was left to 

incubate on ice for 30 minutes. The cells were then heat shocked at 42"C for 1 minute. 

After this the cells were placed on ice for 20 minutes before 1ml o f  warm LB was 

added to the tube. The LB suspension o f  cells was then incubated at 37"C for 1 hour in 

an orbital incubator. 200|al o f  the cell suspension in LB was then plated on to LB Agar 

plates containing tetracycline and ampicillin. These plates were incubated overnight at 

37"C.

2.2.1.12 Colony PCR

Colony PCR is a quick way o f  performing a PCR directly from bacterial lysate to 

assess the presence or absence o f  a desired plasmid. A colony o f  interest was picked 

using a sterile cocktail stick and placed into a 0.6ml eppendorf tube containing 5|al o f  

IX Tris/Triton solution. This was heated to 95“C for 5 minutes and then cooled to 

10"C. A normal PCR was then performed on the resulting lysate.
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2.2.1.13 Sequencing

Sequencing reactions w ere perform ed off-site by the Source B iosciences sequencing 

facility at St Jam es’ H ospital, Dublin. Plasm id sam ples to  be sequenced were diluted to 

100ng/|^l and lOfal o f  this sam ple was used for sequencing. Prim ers were diluted to 

3.2pm ol/|al and 10|ji o f  each prim er to be used were used for sequencing.

2.2.2 Cell Culturing Protocols 

2.2.2.1 Culturing Conditions

All cell types used w ere grow n in com plete DM EM  at 37“C in a hum idified cham ber in 

the presence o f  5%  C O 2 . Procedures involving cells w ere carried out in a lam inar flow  

cabinet (B io-Sciences). Cell m edium  w as replaced w ith fresh m edium  every 1-2 days. 

G row th o f  cells w as m onitored by light m icroscopy (O lym pus CK 30).

2.2.2.2 Cell Passaging

Cells w ere passaged w hen their confluency reached approxim ately 80-90% . M edium  

was aspirated from  the cell m onolayer w hich w as then w ashed w ith IX  PBS. The cells 

w ere then treated  w ith l-2m l o f  0.25%  Trypsin-ED T A  solution (G ibco) for 1-2 

m inutes at 37“C. The flask w as then  exam ined under the m icroscope to confirm  the 

rem oval o f  the cells from  the bottom  o f  the flask. At this stage the cells w ere treated 

w ith 10ml o f  w arm  m edia to inactivate the trypsin. This cell suspension w as pipetted  

up and dow n to break any clum ps o f  cells that may be in the suspension. l-5m l o f  th is 

suspension w as then transferred  to a new flask containing w arm  media. This w as then 

left to incubate until the cells reached an appropriate passaging confluency.

2.2.2.3 Cell Counting using a Haemocytometer

Cells w ere trypisned and resuspended in D M EM  as described previously. A 20^il 

aliquot o f  the cell suspension was then taken, to w hich 20 |il o f  Trypan Blue was 

added. This stains dead cells, allow ing one to count live cells only. The stained cell

56



suspension w as then placed on to a haem ocytom eter and a coverslip  w as placed on top  

o f  the suspension. Live cells per 1mm square grid were counted in quadruplicate and 

the average o f  the counts was taken as the num ber o f  cells x lO'^/ml w ithin the cell 

suspension. This num ber was then m ultiplied by two to take in to account the 1:1 

d ilution o f  the suspension w ith trypan blue.

2.2.2.4 Freezing Cells

Cells w ere trypsinised as described previously and resuspended in 10ml o f  m edium . 

This cell suspension w as then transferred to a falcon tube and centrifuged at lOOOrpm 

for 5 m inutes. The resulting supernatant m edium  was discarded and the cell pellet w as 

re-suspended in 1 ml o f  fresh m edium. 1 ml o f  freezer m edium  w as then added dropw ise 

to the cell suspension and the suspension w as mixed. The suspension was then 

transferred to a Cryo T ube"^  (N unclon) and placed in a freezing container contain ing 

isopropanol. This w as placed at -80"C to cool slow ly over 24 hours. A fter this tim e, the 

cells w ere kept at -80‘’C or in liquid nitrogen for long term  storage.

2.2.2.5 Thawing Cells

A Cryo T ube"^  containg frozen cells w as thaw ed in a w ater bath at 37‘’C until 

approxim ately  Va o f  the vial w as thaw ed. The cells were then  transferred to 10ml o f  

chilled com plete DM EM  to prevent D M SO  dam age. This cell suspension w as 

centrifuged at lOOOrpm for 5 m inutes and the supernatant w as discarded. The pellet o f  

cells w as then resuspended in 5ml o f  w arm  com plete DM EM  before being transferred 

to a cell culture flask contain ing w arm  m edium . The cells w ere left to incubate at 37"C 

for 24 hours at w hich point the m edium  w as changed.

2.2.2.6 Transfection using Lipofectamine 2000

HeLa cells were plated onto a 24-well plate at a density o f 2 x l0 '’ cells in a total volum e 

o f  500 |il and left to grow  for 24 hours. A fter this tim e the cells should be 90-100%  

confluent. The cells w ere then transfected according to the L ipofectam ine 2000^^
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(Invitrogen) instructions. In the case o f  co-transfections, 0.4|ng o f  DNA was added with 

16pmoles o f  siRNA solution. The non-targeting siRNA is scramble siRNA which has 

no known targets in the cell line used. The sequence o f  this NT siRNA is 5' 

UUCUCCGAACGUGUCACGU 3 ’. The cells were harvested 24 hours after 

transfection.

2.2.3 RNA Protocols 

2.2.3.1 General Treatment o f RNA

Due to its susceptibility to degradation. RNA was treated with greater care than with a 

DNA sample. RNA was dissolved in nuclease free water using filtered RNase fi’ee 

pipette tips. RNA solutions were contained in pre-sterilised nuclease-fi’ee eppendorf 

tubes. The RNA was constantly kept on ice when used and stored at -20‘’C.

2.2.3.2 Harvesting HeLa Cells and isolation o f RNA

Cells were first aspirated o f  medium and washed in IX PBS. The cells were then 

treated with Trizor*" Reagent (Invitrogen. 250|al per well), mixed and left to lyse for 10 

minutes. Lysate from the 4 wells transfected with the same siRNA were then collected 

and pooled into an eppendorf tube. 200^1 o f  chloroform (Scharlau) was added to the 

tubes and mixed with the lysate. The lysates were then centrifuged at 13,000 rpm for 

20 minutes at 4“C. The resulting aqueous phase was collected and transferred to a new 

eppendorf tube. A 5/6 volume o f isopropanol was added to the aqueous phase and 

mixed. This was left at room temperature for 10 minutes before centrifugation at 

13,000rpm for 10 minutes at 4“C. The supernatant was discarded and the resulting 

pellet was washed with 1ml o f  75% ethanol solution. This suspension was then 

centrifuged at 13,000rpm for 5 minutes. The supernatant was again discarded and the 

pellet left to air-dry in a laminar flow hood. The pellet was then dissolved in 50(al o f  

nuclease-free water. This RNA solution was treated to remove any remaining DNA. 

5f.ll o f  RQl DNase (Promega) and 6|al o f  RQl DNase buffer were added to the solution 

which was then left to incubate at 37“C for 60 minutes. 6.5|iil o f  stop solution was 

added and the RNA solution was left to incubate at 80“C for 10 minutes to inactivate
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the DNase enzyme. The concentration o f  RNA was evaluated using the Nanodrop"^ 

spectrophotometer as described previously.

2 .2 .33  Harvesting Retina and isolation of Retinal RNA

Retinas were extracted from euthanized mice and immediately placed in HBSS. The 

lens and RPE was removed and the retina was placed in to P-Mercaptoethanol 

containing buffer RLT. The retinal tissue was then gently homogenised by pipetting. 

The extraction o f  RNA from the homogenised extract was then carried out using the 

RNeasy® Mini Kit (Qiagen) according to the methods specified by the manufacturer. 

On column DNA digestion was also carried out during this isolation using the RNase 

Free DNase set (Qiagen) according to the m anufacturer’s instructions.

2.2.3.4 RT-qPCR

Real Time Reverse Transcription quantitaive PCR (RT-qPCR) is a method used during 

the course o f  this PhI3 to detect expression level changes o f  genes o f  interest after 

treatment with siRNAs. I’he R l -qPCR technique used was one step R'l’-qPCR. 

whereby reverse transcriptase was used to create cDNA from the RNA directly before 

the cDNA was amplified via PCR. Two house-keeping genes were used to normalise 

the different samples in order to obtain relative expression changes at the mRNA level. 

The housekeeping genes used were GAPDH  and ACTB. GAPDH  encodes an enzyme 

involved in glycolysis. It is considered to be ubiquitously expressed across most cell 

types. ACTB  encodes P-Actin. a protein involved in the cellular cytoskeleton. This is 

also considered to be ubiquitously expressed.

A reaction master mix was hrst generated using the QuantiTect SYBR Green RT- 

PCR kit (Qiagen). This contains the DNA dye SYBR which fluoresces when bound to 

double stranded DNA. It is used to quantify the amount o f  dsDNA produced during the 

PCR process. The kit also contains an RT mix which contains reverse transcriptase for 

creating cDNA from the mRNA collected from cell lysates.
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RNA samples were first diluted to 0.5-3ng/|jl. RNA from the non-targeting samples 

and this was used to make 4 serial dilutions to create a standard curve for the gene o f  

interest. The RNA samples for the standard curve were plated onto a 96-well qPCR 

plate (Applied Biosystems) in duplicate in a volume o f  4.5(il. The RNA samples to be 

quantified were plated in triplicate in a volume o f 4.5|al. A nuclease-free water well 

was also included as a negative control. To these wells, 15.5|al o f  master mix was 

added and mixed with the RNA samples. This Master Mix contains the enzymes and 

reagents required for the RT-PCR along with primers specific to the RNA o f  interest. 

The plate was covered with an optical adhesive film (Applied Biosystems) and the 

plate was placed into a Real-Time PCR Systems machine model 7300 (Applied 

Biosystems). The reverse transcription/PCR program was activated. This comprises: 20 

minutes at 50°C (Reverse transcription), 95”C for 15 minutes (Activation o f  DNA 

polymerase), 37 cycles o f  95“C and 60°C for 15 seconds (denaturation) and 1 minute 

(Annealing) respectively and 95°C for 15 seconds, 60"C for 30 seconds and 95”C for 

15 seconds (Dissociation). The dissociation step is performed to determine whether or 

not the primers used are specific as two or more dissociation peaks at different 

temperatures indicate two PCR products resulting from non-specific binding. The 

dissociation step will also detect primer dimers. The dissociation step perfomes this 

task by determining fluorescence o f  PCR products at a range o f  temperatures. The 

detected fluorescence is then graphed against temperature, providing the melting 

temperature o f  the product. A graph exhibiting more than one peak indicates the 

presence o f  primer dimers and/or non-speciflc binding.

The cDNA which was amplified was relatively quantified by measuring the number o f  

PCR cycles a DNA fragment underwent before reaching an arbitrary fluorescence 

threshold. The name given to the number o f  these cycles is the Ct value. Therefore the 

lower the Ct value, the higher the quantity o f  gene o f  interest cDNA. The Ct values 

from the serial dilution wells were used by the ABI 7300 systems software to create a 

standard curve. This is a best fit line using the Ct values corresponding to arbitrary 

quantities previously specified by the researcher. The most accurate standard curves 

are those with R^ values approaching I and a slope o f  -3.33. The standard curve is then 

used to assign numbered quantities to the sample RNA wells bases on their Ct values.
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2.2.4 Protein Protocols

2.2.4.1 Extraction o f protein from HeLa cells

Plated cells were aspirated and washed with IX PBS 48 hours after siRNA treatment. 

The cells were then treated with 150|il o f  cell lysis buffer and scraped with a plastic 

cell scraper (Sarstedt). The lysate was then collected and transferred to a 2ml glass 

specimen tube. A magnetic stirring bar was added and the lysate was stirred on a 

magnetic stirring plate for 1 hour at 4"C. The lysate was then transferred to a 1.5ml 

eppendorf tube and centrifiaged at 12,000rpm for 30 minutes at 4“C. After 

centrifugation the supernatant was transferred to a new eppendorf tube and stored at -

20T.

2.2.4.2 Extraction o f protein from M ouse Retina

Retinas were extracted fi-om euthanized mice and immediately washed using IX PBS. 

fhe retinas were then placed in tissue lysis buffer. The retinas were homogenised by 

brief sonication before the resulting homogenised tissue was centrifuged at 13.000 rpm 

for 30 minutes at 4“C. I'he supernatant o f  the homogenate was then removed and 

stored at -20"C.

2.2.4.3 Quantifying Protein Concentration by BCA Aassav

Protein from cell and tissue lysates was quantified for equal loading on to a western 

gel. Protein concentration was measured using the BCA assay kit (Pierce). This uses 

bicinochonic acid (BCA) to detect Cu"" ions formed by the chelation and reduction o f  

Cu^^ by proteins. An intense purple colour is formed by the BCA when it is chelated to 

Cu^ ions which can then be measured by spectrophotometry at 562nm. Bovine Serum 

Albumin (BSA) o f  a known concentration (2mg/ml) is provided in the kit to create a 

standard curve with which to quantify the concentration o f  unknown protein samples.

A series o f  serial BSA dilutions spanning 0-2mg/ml was first generated and plated in 

triplicate on a 96 well flat bottom plate (NuncIon) in a volume o f  10|j 1 per well. Protein
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samples were then diluted 1/5 in lysis buffer and plated in triplicate in the same 

volume. Each well then received 200}al o f  BCA Reagent before the plate was closed, 

wrapped in tin foil and placed at 37”C for 30 minutes.W hen this time elapsed, the plate 

was placed in to a plate reader (Rosys Anthos). This measured absorbance at 595nm at 

each well. Absorbances o f  the BSA serial dilutions were then used to plot protein 

concentration against absorbance. This standard curve was used to determine the 

concentrations o f  the protein samples. Finally the protein concentrations were 

multiplied by 5 to account for the dilution factor.

2.2.4.4 Quantify ing Protein Concentration by Fluorometry.

Another method o f  quantifying protein was the use o f  the Qubit® Fluorometer 2.0 

(Invitrogen). Briefly, this quantifies protein by using a protein specific fluorophore 

provided in the Qubit® kit according to the instructions provided by the manufacturer. 

The kit also provides three know protein standards against which an unknown protein 

sample can be analysed. However, the protein must first be diluted 1:100 as the 

presence o f  Triton-X and SDS can interfere with the absorbance readings o f  the 

protein. After dilution. 10}il o f  protein sample is incubated with Qubit® buffer for 15 

minutes at room temperature before being placed in to the tluorometer. This then 

provides a concentration o f  protein based on the standard curve established by the 

known standard. The resulting concentrations are then multiplied by 100 to take in to 

account the dilution factor.

2.2.5 Western Blot Protocols 

2.2.5.1 Preparation o f SDS-PAGE Gel

Protein samples were run on a Sodium Dodecyl Sulfate (SDS) Poly Acrylamide gel to 

separate the proteins by size with a ladder. The gels were prepared within an AE-6450 

Dual Mini Slab kit (ATTO Biosciences) cast. The cast was first thoroughly washed and
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assembled using a rubber gasket and a pair o f  clamps. The integrity o f  the assembled 

cast was tested using water to ensure no leaks were present. The water was then 

drained o ff and the cast was dried using filter paper. A resolving gel mixture was then 

made and poured into the cast until the mixture level reached 3cm from the top o f  the 

plates o f  the gel cast. The resolving gel was then left to solidify before the stacking gel 

solution was made and poured over the resolving gel until it reached the top o f  the 

plates. A com b was then placed between the plates at the top o f  the cast in to the 

stacking gel and this was left to solidify.

2.2.5.2 Polv-Acrv'lamide Gel Electrophoresis

When sufficiently solid, the comb was removed form the gel along with the plate 

clamps and the gaskets. The cast containing the gel was placed into the electrophoretic 

chamber with largest plate facing outwards. The cast was held securely on either side 

o f  the electrodes using pressure platens. The space between the two gel casts in the 

electrophoretic cham ber was filled with IX Running buffer along with the lower half 

o f  the electrophoretic chamber.

Protein samples were diluted in 4X Laemmli Buffer before being heated to 95"C for 10 

minutes in a heating block to denature the proteins. The pre-stained ladder (New 

England Biolabs) was heated to 95"C for 2 minutes. 10|jl o f  ladder was loaded into the 

gel. The volume o f sample loaded depended on the concentration o f  the protein within 

the sample; however the volume o f  sample in one lane did not exceed 20^1. This is to 

ensure that all sample lanes contain an equal amount o f  total protein and to ensure that 

the intesity o f  the band observed on the x-ray film is the outcome o f  experimental 

treatment and not o f  unequal loading. The gel rig was then closed and connected to a 

power supply (Consort EV202). The gel was run at 60mA until the dye ft'ont o f  the 

ladder reached the bottom o f  the gel.

2.2.5.3 Transfer of protein to blot (Semi-dry )

Immediately before the gel had finished its run. a transfer rig (AE-6688 Horizblot. 

ATTO) was set up. Within this. 4 pieces o f  filter paper (3mm cliromatography paper.
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Whatman) were placed on top o f  each other. Each piece o f  filter paper was soaked in 

IX transfer buffer before being placed on the transfer rig. A PVDF membrane 

(Immobilon) was then activated by soaking in 100% methanol for 20 seconds. This 

membrane was placed on top o f  the stack o f  filter paper. After the gel had run. the gel 

cast was removed from the gel rig and the plates separated. The stacking gel was cut 

from the resolving gel and discarded. The resolving gel was then placed onto the 

PVDF membrane before 4 more transfer buffer soaked pieces o f  filter paper were 

placed over the gel. The transfer rig was closed and connected to a power pack 

(EV202, Consort). The transfer was run for 1.5 hours at 80mA.

2.2.5.4 Ponceau S Staining

The PVDF blot was removed from the transfer rig after the 1.5 hour time had elapsed 

and was placed into an open container and stained with Ponceau S solution. This stains 

all proteins in the blot and is used to ensure that proteins have transferred from the gel 

to the PVDF membrane. Stained proteins will show up as dark red bands on the blot 

indicating a successful transfer. The Ponceau S was then poured o ff o f  the blot and IX 

TBS was added to wash the blot. The blot was left in TBS on an orbital shaker (Bellco) 

for ten minutes at which point the TBS was poured o ff and fresh TBS was added. This 

was repeated twice to remove all Ponceau stain from the membrane.

2.2.5.5 Blocking Western Blots

The western blot should be blocked before any immunostaining occurs to block 

proteins in the blot which may bind non-specifically to the antibody used against the 

protein o f  interest. The blocking agent used was a 5% milk solution (Marvel) in IX 

TBS. This is added to the blot after the Ponceau S solution has been washed off the 

blot. The milk solution stayed on the blot for 1 hour on an orbital shaker at room 

temperature. The blot was then washed 4 times with IX TBS on the orbital shaker at 

room temperature for 10 minutes per wash.

2.2.5.6 Specific Probing of Protein with Antibody
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Primary antibody was diluted according to the manufacturer’s recommendations in 

10ml o f  blocking agent. This was then poured over the blot which was subsequently 

covered in tin foil and placed on an orbital shaker. The blot was left at 4"C overnight. 

The following morning, the primary antibody solution was poured o ff o f  the blot and 

the blot was washed 4 times with IX I BS. The secondary antibody was diluted 

according to the m anufacturer's recommendations in 10ml o f  blocking solution. This 

was then poured over the blot which was left to incubate on an orbital shaker at room 

temperature for 2 hours. After this time the blot was again washed 4 times with IX 

TBS.

2.2.5.7 Chemilumincscent Detection o f Protein Bands

T he blot was taken to a dark room. Here the chemiluminescence substrate was 

prepared. 1ml o f  reagent A was mixed with 1ml o f  reagent B from the Amersham ECL 

western blotting kit (GE Healthcare). This contains luminol which is oxidised by the 

horseradish peroxidase conjugate o f  the secondary antibody. The oxidised luminol then 

luminesces. The reagent A/B mixture was poured over the blot and left to incubate for 

30 seconds. The blot was then placed between two sheets o f  transparent acetate paper 

(Staedtler) and placed in a cassette. A sheet o f  X-ray film was then placed on top o f  the 

acetate containing the blot and the cassette was closed. After 1 minute had passed the 

x-ray film was removed and placed into developing solution (Kodak). A new sheet o f  

x-ray t'llm was then placed on top o f  the acetate containing blot to be left for a longer 

period o f  time. This was continued with longer periods o f  x-ray film exposure to the 

blot. Meanwhile the x-ray film in the developer was washed in water, placed in fixing 

solution (Kodak) and then washed in w ater again. This development process was 

performed for all x-ray films exposed to the western blot.

2.2.5.8 Stripping o f W estern Blots

In order to confirm the equal loading o f  each well in the western gel. the blot was re

probed with an antibody against (i-Actin protein. This is a housekeeping protein which 

should be expressed ubiquitously and be observed as bands o f  equal intensity after 

chemiluminescence detection. Before this can be performed, the blot must first be
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stripped o f  antibodies against the protein detected in the previous chemiluminescence 

detection. The blot was therefore incubated in Restore Western Blot Stripping Buffer 

(Sigma-Aldrich) for 30 minutes on an orbital shaker at room temperature. The blot was 

then washed 4 times before the anti-(3-Actin antibody was applied to the blot as 

described previously.

2.2.6 Synthesis o f Recombinant AAV 2/5 

2.2.6.1 Triple Transfection

Recombinant AAV was produced using the triple transfection method described by 

Xiao et al. 1998. This eliminated the use o f  adenovirus in AAV production (see AAV 

section, introduction) through the use o f  two separate vectors along with the vector 

encoding the altered AAV genome containing the inserted sequences o f  interest. 50 

150 mm cell culture plates o f  HEK 293 cells were grown to 90% contluency before 

transfection with 625jig recombinant pAAV, 1250|j.g pHelper and 625|ag pRep2/Cap5 

DNA. The appropriate volumes o f  these three plasmids were placed in a 50ml sterile 

tube. This was made up to 50ml with transfection buffer. This solution was then mixed 

with 50ml o f  transfection reagent and left to incubate at room temperature for 8 

minutes. 2ml o f  this solution was then pipetted on to each o f  the 50 MEK 293 plates. 

These plates were returned to the cell incubator for 5 hours to allow transfection o f  the 

vectors in to the cells. After this time, the media was changed on each plate and the 

cells were left to incubate recombinant virus for 48 hours in the cell incubator.

2.2.6.2 Harvesting and Purification o f Recombinant AAV from HEK 293 cells

After 48 hours o f  incubation the HEK293 containing AAV were aspirated o f  media 

and dislodged from the plate using a cell scraper. These cells were collected in 2x50ml 

tubes and made up to 50ml with sterile IX  PBS. The cells were then frozen at -80”C 

and then thawed at 37°C. This freeze/thaw was repeated twice to lyse the HEK293 

cells and release the intracellular viral particles. RNase and DNase were then added to 

the cell lysates which were then incubated at 37°C for 30 minutes. The supernatant
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containing the released viral particles w as then separated from the cell debris by 

centriftigation at lOOOrpm for 20 minutes. D eo x y ch o lic  acid (final concentration o f  

0.5% ) w as then added to the supernatant and left to incubate at 37‘’C for 30 minutes.

C aesium  Chloride (C sC b, 454m g/m l) w as then added to the supernatant. A  C sC l2 

gradient w as then set up within Polyallom er ultracentrifuge tubes (B eckm an). This w as  

performed by pipetting 9m l C sC b solution (81 6 .5 m g /m l) in to the tube. On top o f  this, 

9m l o f  C sC b solution  (548 .3  m g/m l) w as gently layered, taking great care not to m ix  

the tw o fractions. The supernatant containing C sC h w as then gently layered on top o f  

these fractions. T hese tubes w ere then ultracentrifuged at 2 6 ,0 0 0  rpm in a vacuum  at 

4°C for 18 hours (B eckm an Coulter L-lOO X P). The purpose o f  this centrifugation is to 

separate the viral particles from the cell lysate and other impurities.

After centrifugation, fractions from the C sC b gradient w ere sequentially co llected  in 

eppendorf tubes by piercing the polyallom er tube w ith a 16 gauge sterile needle. T hese  

fractions w ere then analysed using a refractom eter (Therm o Electron Corporation), 

fh is  records the refractive index o f  the fraction w hich  is dependent on the 

concentration o f  C sC b present as it is know n that intact and full viral particles (as 

opposed  to capsids w hich  are em pty o f  D N A ) m igrate to a know n region o f  C sC b  

concentration during ultracentrigugation. The fractions with A A V  specific  refractive 

indexes o f  1 .373-1 .368  w ere pooled and placed in to a new  C sC b gradient o f  

548.3m g/m l in a sm aller polyallom er tube. T hese w ere centrifuged as before at 59 ,000  

rpm. Fractions w ere again co llected  within the refractive index range o f  betw een  

1 .373-1 .368  and pooled. This pool o f  viral particles w as centrifuged once more at 

59 ,000  rpm. Fractions w ere again co llected  corresponding to the refractive index range 

for A A V .

The resulting suspensions o f  virus w ere injected in to Slide-a-L ysers (10  KDa. M SC ). 

These w ere then w ashed 10 tim es in IL o f  IX  PB S. This rem oves the C sC h and other 

small m olecular w eight contam inants from the viral prep. A fter the 10 w ashes the viral 

suspension  w as rem oved by syringe and aliquoted before being placed at -80°C for 

storage.
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2.2.6.3 Determination o f Viral Titre

In order to adequately assess the number o f  viral particles that will be delivered to a 

mouse eye, the concentration o f  viral genomes (vg, the viral titre) must first be 

evaluated. l |i l o f  each viral fraction is first treated with 7U o f DNase (Qiagen) for 30 

minutes at 37‘*C. The DNase is then inactivated for 10 minutes at 70°C. The viral 

preparation is then treated with 7U o f  proteinase K for 1 hour at 50"C followed by 

enzyme inactivation at 95°C for ten minutes. Viral titre is evaluated by qPCR o f  the 

viral DNA using a serial dilution o f  viral DNA o f  known titre. The serial dilution 

ranges from 2.5x10 "  to 2.5x10^ vg/ml in lOx dilutions. A reference virus o f  known 

titre is also included in the analysis against which final titres o f  the samples can be 

normalised. The reference virus must contain a locus o f  the same sequence as the virus 

o f  unknown titre as this assay is PCR based. For this reason the qPCR is carried out 

using CMV promoter specific primers as this region is common to all viruses 

synthesised during the course o f  this study. The qPCR is then carried out as follows: 

one step o f  50“C for 30 seconds, one step o f  95"C for 15 minutes and 46 steps o f  95“C 

for 15 seconds followed by 60”C for 1 minute. The resulting data are then used to 

determine the titre o f  the unknown virus by comparing the CT values o f  the unknown 

virus against the standard curve o f  the known virus and by comparing the sample 

values against the reference virus. The values given must also be multiplied by 1000 to 

take in to account dilution due to addition o f  DNase and proteinase K and the fact that 

the viral DNA will be single stranded compared to the standards which are double 

stranded (see AAV section, introduction). The resulting titres are given in units o f  viral 

genomes per ml (vg/ml).

2.2.7 Animal Procedures

All experiments using animals were conducted in compliance with the ARVO 

statement for the Use o f  Animals in Ophthalmic and Vision Research 

(http://www.arvo.oru/policies/statement for the use o f  animals in ophthalmic and 

visual research/) and in accordance with the EU Directive for the Protection o f  

Vertebrate Animals used for Experimental and other Scientific Purposes (86/609/EEC).

68



2.2.7.1 Animal Housing

All anim als w ere housed by the s ta ff  o f  the O cular G enetics anim al unit under the 

direction o f  TC D  B iosciences Unit. These m ice were kept under Specific Pathogen 

Free (SPF) conditions in Individually V entilated Cages (IV Cs). These cages were kept 

at a constant tem perature o f  2 r ’C w ith 12h o f  light and 12h o f  dark per day. N eonate 

pups w ere kept w ith their m other until fully w eaned w hereupon the m ales and fem ales 

w ere separated  in to different cages. A dult m ice w ere kept at num bers o f  no m ore than 

three for m ales and no m ore than four for fem ales in one cage. M ice w ere euthanized 

by C O 2 asphyxiation  follow ed by confirm ation o f  death by cervical dislocation as 

outlined by the H andbook o f  Laboratory Anim al M anagem ent and W elfare 

(W olfensohn & Lloyd, B lackw ell Publishing). M ouse pups m ust be euthanized by 

im m ersion in a closed cham ber contain ing a volatile anaesthetic follow ed by 

decapitation to confirm  death.

2.2.7.2 M ouse Gcnotvping

M ouse genotyping w as carried out subsequent to extraction o f  genom ic DNA from  tail 

o r ear clips. The D N A  was extracted using the ReliaPrep* gD N A  Tissue M iniprep 

System  (Prom ega). Briefly, m ouse tissue w as placed in to  an eppendo rf contain ing 

lOOfil o f  tissue lysis buffer w ith 20|il o f  pro teinase K. This w as vortexed and placed at 

56”C overnight. The sam ple w as then centrifuged at 8,000 rpm  for 5 m inutes to rem ove 

any rem aining tissue and the supernatant w as taken. The D N A w as then extracted 

according to  the m anufactu rer's  protocols. T ransgene specific PCR w as then carried 

out on the ex tracted  DNA and the PCR products were run on a gel to determ ine 

genotype.

2.2.7.3 Subretinal delivery’ o f AAV

All subretinal injections o f  A A V  were carried out by Dr Paul Kenna. Prior to injection, 

adult m ice w ere given anaesethic via i.p. injection. The eyes w ere then covered with a 

topical hydrating and dilating agent and covered w ith a cover slip. A sm all puncture 

was then m ade in the sclera and 3|xl o f  A A V suspension in sterile IX  PBS was
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delivered to the subretinal space via 34 gauge needle. This causes a localised retinal 

detachment which typically resolves over the course o f  the following 48 hours. 

Following injection, the mice were injected with anaesthesia reversing agent, placed 

under a heat lamp (as anaesthesia induces a drop in core body temperature) and 

monitored until recovery.

Newborn mice were first chilled on ice to induce anaesthesia. Since mice do not open 

their eyes fully until at least PIO a small cut is made on to the eyelid. AAV is then 

delivered to the subretinal space. The mice were then warmed at 33°C for 30 minutes 

before being returned to their mother.

2.2.7.4 Electroretinography

All electroretinography was carried out Dr Paul Kenna. Prior to ERG recording, the 

mice to be analysed were dark adapted for 12 hours and all analyses were carried out 

under dim red light to eliminate external light interfering with the results o f  the 

procedure. Mice were anaesethised via i.p. injection and the eyes were dilated and 

small contact lens electrodes were placed on the corneas o f the eyes (Goldwire 

electrodes, Roland Consulting). A ground electrode was placed on the tail and a 

reference electrode was placed 1mm from the temporal canthus (the region o f  the 

cornea at the edge o f  the eye where the eyelids meet). The responses o f  both eyes were 

recorded simultaneously with a frill visual field flash o f  light. Rod-mediated (scotopic) 

responses were recorded using a dim flash o f  white light o f  flash intensity o f  3 

candelas/m‘/s at an intensity o f  -25dB. The mixed rod/cone response was then 

measured using maximal intensity. The eyes were then adapted to light o f  30 

candelas/m^ for 30 minutes before the cone mediated response was recorded using 

maiximal flash intensity. The a-wave was measured from its peak to the basleine while 

the b-wave was measured from either the a-wave or from the baseline (to measure 

scotopic response).

2.2.8 Histology' and Immunohistocheinistrv
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2.2.8.1 Fixing Retina using Paraformaldehyde and Sectioning

Mice were euthanized and the eyes enucleated using forceps and the eyes were placcd 

in IX PBS to wash. The eyes were then placed in 4% paraformaldehyde for 4 hours at 

room temperature or overnight at 4‘’C. After this time, the Pfa was replaced with 

IXPBS. At this point a corneal incision was made at the iris and the lens was removed. 

I he eyes were then washed 3 times for 5 minutes each in Ix PBS. The eyes were 

placed in 10% sucrose (Fluka Analytical) solution for 30 minutes. Subsequently, the 

eyes were placed in 20% sucrose solution for 1 hour. Finally the eyes were placed in 

30% sucrose solution overnight at 4"C. An equal volume o f  OCT (Optimal Cutting 

Temperature, VWR) solution was added to the sucrose solution and the eyes were 

rotated for 30 minutes at room temperature. The eyes were then placed in casts 

containing OCT. The eyes were adjusted to the desired orientation before the cast was 

placed in a plastic container containing isopropanol. This plastic container was then 

placed in liquid Nitrogen. This reduces the temperature o f  the OCT compound, 

freezing it and encapsulating the eyes within the OCT. The isopropanol slows the 

freezing process slightly to reduce the chance o f  cracking the cast and to preserve the 

integrity o f  the OCT blocks. The eyes were then sectioned into 12|jm sections using a 

cryostat (Model CM 1850, Leica). The sections were placed onto a Poly-D Lysine 

coated glass slide (Thermo Scientific) and left to dry. The slides loaded with the 

sections were left at -20"C.

2.2.8.2 Immunostaining the Retina

Slides loaded with sections were removed from -20°C and left to dry for 10 minutes at 

room temperature. The slide borders were marked with PAP pen. Blocking solution 

(5%) was placed over the sections and the sections were placed in a humidified 

chamber for 1 hour at room temperature. The blocking solution was then removed by 

tapping the side o f  the slides against absorbent paper. Antibody solution containing 

antibody o f  appropriate dilution was then placed over the sections and the slides were 

placed back in the humidified chamber. The cham ber was incubated at 4"C overnight 

for primary antibody binding. The slides were then washed for 5 minutes, 3 times with 

Ix PBS. The secondary antibody solution was then added to the sections and the slides
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were placed back in the humidified chamber to incubate at room temperature for 2 

hours. The chamber was covered in tin foil to keep the sections in a dark environment. 

Slides were washed in Ix PBS before DAPI stain (Sigma. 1:10,000) was applied to the 

slides and left to incubate at room temperature for 5 minutes. The slides were then 

washed twice for 5 minutes in Ix PBS before mounting solution was placed over the 

sections and a coverslip placed over the sections. Sections were immediately examined 

under the fluorescent microscope if possible. If  not the sections were placed at 4"C 

until required. Slides were not examined after 48 hours from secondary antibody 

staining.

2.2.9 Statistical Analysis

An unpaired two way student’s t-test was used to evaluate the p-values attached to the 

mRNA suppression analysis in vitro and for the DHE staining analysis comparing wild 

type mice to mouse models o f  retinal degeneration. A paired two way student’s t-test 

was employed when comparing data between the left (control treated) and right (AAV 

treated) eyes. P-values were calculated using Data Desk version 6.0. A p-value o f  

<0.05 was determined to be statistically significant. For statisitical analysis using 

ANOVA. the Prism v5.01 program was used to assess significance. This was used for 

comparison o f  the effect o f  different dilutions o f  AAV on the ERG response o f  injected 

animals. The n number for all experiments is presented as the number o f  animals 

examined for a particular experiment. ERG analyses are time consuming and can be 

time sensitive if  repeated over the course o f  days. Therefore for each animal only one 

set o f  results was collected for each animal at a given time-point. Quantitaive DHE 

analysis was undertaken by examining 9 micrographs for each experimental animal 

used. All other experiments (such as RNA and western blot band intensity 

experiments) were carried out three times on each sample where the n number in these 

experiments refers to the number o f  experimental animals.
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Chapter 3: Suppression of R a d  in 

vitro and in vivo
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3.1 Introduction

The NADPH Oxidase complex is a group o f  five proteins which bind together to form 

an enzyme which produces superoxide (O 2 ) by transferring an electron to molecular 

oxygen (O 2 ). This enzyme complex was first discovered in phagocytes which were 

shown to create a respiratory burst in response to engulfing o f  bacteria. O2’ serves a 

number o f  bactericidal functions such as generating H2 O 2 as a co-substrate for 

peroxidases in neutrophils, monocytes and eosinophils. In neutrophils, O2 ’ reacts with 

chlorides to form HOCl which is itself a strong antimicrobial agent (Babior et al, 

2002). This respiratory burst was shown to be absent from patients with the disease 

Chronic Granulomatous Disease, leading to the first identification o f  a protein in the 

NADPH Oxidase complex. N 0X 2 (Segal et al, 1978). This catalytic subunit (also 

known as gp91’’''“’') was soon found to have a number o f  homologs (N O X l, NOX3, 

N 0X 4, NOX5, DUOXl and DUOX2) which could also act as the catalytic subunit o f  

the NADPH Oxidase. The NADPH Oxidase complex also consists o f  a transmembrane 

anchoring protein (p22’’''‘’') , and two scaffold proteins (p67’’'’°’‘ and p47’’'’“ )̂. p67’’''"’‘ and 

p4 -7 Pii»x homologues NOXAl and NOXOl respectively which function

with N O X l and DUOXAl and DUOXOl which interact with the DUOX proteins. 

This complex is then activated by the G-protein R acl, or its homologue Rac2. In 1993, 

a sixth component was discovered, p40'’'’“ ,̂ however the action o f  this cytosolic protein 

is not required for activation o f  the complex. The function o f  this protein may be 

redundant with the role o f  p47'’''“ ,̂ as a wildtype phenotype is preserved in p47'’’’‘’'‘ 

murine knockout models through the action o f  p40’’''“'  (Fan et al, 2009).

The current model o f  the NADPH Oxidase complex is as follows: NOX2 is 

constitutively bound to p22’’''‘”‘, both o f  which are transmembrane proteins. p47’’''“’‘ is 

then activated by phosphorylation o f  the specific serine residues S303, S304, S359 and 

S370. Phosphorylation o f  p47’’'’“’‘ is carried out by protein kinase C and to a lesser 

extent by the kinase Akt. Phosphorylation causes the protein to change conformation, 

exposing two SH3 domains, a Proline Rich Region (PRR) and a Phox Homolgy (PX) 

domain. The SH3 domains then interact with p22’’''‘”‘ and the PX domain interacts with 

the cell membrane which together cause translocation o f  p47’’’’“’‘ to the assembling 

NADPH Oxidase complex. The PRR domain interacts with the SH3 domains o f

74



p̂ yphox causing translocation o f  this protein to the complex. Finally. Racl is localised 

to the complex through binding to the tetricopeptide repeats (TPR) o f the p67'’''"̂  

protein. pG?’’'’”’' also recruits p40’’'’‘’̂  to the complex, completing the assembly o f  the 

NADPH Oxidase (Bedard & Krause, 2007). p47’’'’"' is therefore responsible for 

assembly o f  the proteins o f  the complex whereas p67’’'’‘”‘ is responsible for transferring 

an electron from NADPH to gp91'’'"’̂ . g p 9 1 t h e n  transfers this electron to O2 to 

form superoxide (see figure 3.5.1).

The main activator o f  the NADPH Oxidase complex is the Racl Rho GTPase. This 

protein plays a role in actin re-organisation, axonal guidance, cell migration. DNA  

synthesis and cell transformation (Bosco et al. 2009). Apart from superoxide 

production through activation o f  NADPH oxidase, the main role o f  Racl is in cell 

cytoskeletal dynamics by directing actin at the leading edge o f  cells (in particular, 

neurons; deCurtis. 2008). Like all GTPases. Racl is itself activated by Guanine- 

Exchange Factors (GEFs) o f  which there are several which activate Racl (Schmidt & 

Hall, 2002). This protein is crucial for activation o f  the Nox2 containing NADPH 

Oxidase whereas Racl only increases superoxide output o f  NoxI containing NADPH 

Oxidase and is not required for production o f  superoxide (Miyano & Sumimoto, 2007). 

O f the seven NOX proteins expressed in humans, only NOX2 and NOX4 have been 

shown to be expressed in the retina (Groeger et al, 2009). Given the role that Racl has 

in activation o f  NADPH Oxidase, it has been proposed that this protein may play a role 

in oxidative stress in many tissues. It has previously been mentioned that Racl is 

involved in photo-oxidative damage in rods (section 1.8, Balasubramanian N & Slepak 

VZ 2003; Haruta et al. 2009). Evidence for the role o f  Racl in retinal degeneration first 

appeared in a paper which detailed the delay o f  cone death in a retinal degeneration 

model after inhibition o f  the NADPH Oxidase (Usui et al 2009). The authors used 

apopcynin to inhibit the NADPH Oxidase complex in the retinas o f  transgenic rd l  

mouse models o f  RP carrying the mutant PDE involved in the visual transduction 

cascade (see section 1.3). This reduced levels o f  oxidative stress and delayed the onset 

o f cone cell death. Furthermore, depletion o f  Racl in a Racl  knockout transgenic 

mouse confers protection to photoreceptors exposed to photo-oxidative damage 

(Haruta et al. 2009). These data provide a stong suggestion that lowering the retinal 

levels o f  Racl results in benefit to both rods and cones in models o f  oxidative stress 

induced retinal degeneration. Racl is known to be involved in Age-Related Macular
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Degeneration (AMD) by acting downstream ofVEGFR within the RPE and faciHtating 

invasion o f choroidal cells into the RPE, the first step o f neovascularisation which 

causes blindness in patients o f AMD (Wang et al. 2011). Furthermore, Racl plays a 

role in neurite outgrowth o f cones during normal eye development (Oblander & Brady- 

Kalnay, 2010).

Given the role o f the NADPH Oxidase and Racl in the generation o f superoxide in the 

retina, it was decided to create RNAi molecules which target the Racl mRNA with the 

aim o f reducing oxidative stress mediated retinal damage in transgenic RP mouse 

models. RNAi mediated suppression o f other components o f the NADPH Oxidase has 

already demonstrated a reduction in oxidative stress related injury in other models o f 

retinal degeneration. Li et al (2008) reported a 75% reduction in the occurrence and 

spread o f neovascularisation in laser induced CNV models o f mice which had received 

a shRNA targeting p22'’'’°̂  by sub-retinal AAV delivery. This suppression reduced 

oxidative stress mediated expression o f  VEGF in the RPE o f these mouse models o f 

AMD which in turn reduced neovascularisation. Li et al (2010) have also shown a 

reduction in oxidative stress mediated neovascularisation in the db mouse model o f  

diabetes by delivering shRNA against Nox4 by intravitreal adenoviral delivery. 

Injection of this virus caused a decrease in the activity o f NADPFl Oxidase, a reduction 

in vascular permeability, a reduction in VEGF expression and an overall reduction in 

neovascularisation. Groeber et al (2009) have shown that siRNA mediated suppression 

o f Nox2 and Nox4 reduced production o f F1202 in 661 W cells, a retina derived cell 

line. However the viability o f the cells which had received these siRNAs was not 

examined. The siRNAs designed within this thesis were tested for suppression efficacy 

against Racl in vitro and shRNA constructs based on successful siRNA sequences 

were synthesised and incorporated in to an AAV genome for subsequent investigation 

o f shRNA efficacy in vivo. Furthermore these AAV preparations were examined for 

any effect they may have on the visual function o f a mouse model o f RP.

3.2 Materials and Methods
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All materials used within the methods detailed in this chapter are listed in section 2.1.

3.2.1 Cloning of the RACl gene in to pcDNA3.1 +

To obtain a measurable quantity o f  RACI  mRNA and protein in HeLa cells, it was 

decided to clone the RACI  gene in to a eukaryotic expression vector named 

pcDNA3.1. RACI  was first sequenced using Rhodopsin promoter specific primers 

from an expression plasmid kindly provided by Dr Naomi Chadderton o f  our research 

group. It was known that RACI  was under the control o f  the Rhodopsin prom oter in 

this plasmid and therefore a primer directed at this segment o f  DNA should sequence 

through the RACI  gene. The primer used was MRPR2 (M ouse Rhodopsin Promoter 

Reverse 2). Sequencing revealed an absence o f  suitable restriction sites either upstream 

or downstream o f  this gene, immediately eliminating the possibility o f  directly excising 

the gene from the expression plasmid and ligating it in to pcDNA3.1. Sequencing also 

revealed that the full sequence o f  the gene was not present in this plasmid. Rather, the 

coding sequence or CDS from the start to stop codon o f  human RACI  was present. 

This sequence corresponds to nucleotides 242-820 o f  the RACI  cDNA sequence 

(NM _006908). It was therefore decided to PCR amplify the human RACI  CDS from 

this plasmid using primers that would bind to either end o f  the gene. I hese primers 

would also contain unique restriction sites upstream from the prim er binding sites that 

could facilitate the cloning o f  the amplified gene in to pcDNA3.1+. The sites chosen 

were H indlll  and Xhal.

3.2.2 Co-Transfection of siRNAs and CMV RACI

HeLa cells were co-transfected using Lipofectamine® transfection reagent as outlined 

in section 2.2.2.6. The wells were treated with the transfection mix according to the 

plate schematic presented in table 3.2.1. Briefly, for each column o f  4 wells treated 

with the same reagents 1.8|xg o f  CMV RACI DNA and 72pmol o f  siRNA were mixed 

and the total volume o f  the mixture was made up to 225|il with Optimem. In a separate 

eppendorf tube, a lipofectamine mix was made up by diluting Lipofectamine reagent 

1:25 in Optimem. Each tube was incubated at room temperature for 5 minutes. 225^1 

o f the lipofectamine mix was then pippetted in to each siRNA mix. This was pippetted
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up and down and incubated at room temperature for 30 minutes. 100|o.l o f the mixture 

was then pipetted dropwise on to each well as detailed by the plate schematic presented 

in table 3.2.1. The cells were incubated at 37”C for 24 hours or 48 hours prior to 

harvesting o f cells for RNA or protein extraction respectively.

3.2.3 Isoiation of RNA from HeLa Cells

Cells that had been treated with siRNA were harvested as outlined in section 2.2.3.2. 

RNA was extracted using Trizol. treated with DNase and the concentration recorded 

using the Nanodrop. RNA concentrations o f pooled wells usually ranged from 100- 

300ng/|il.

3.2.4 RT-qPCR analysis of HeLa cell RNA

RNA harvested from HeLa cells was analysed by RT-qPCR as outlined in section 

2.2.3.4. Serial dilutions were created by diluting NT (non-targeting) RNA 1:20 in 

nuclease free water. This dilution was assigned the arbitrary quantity o f  125 and three 

further serial 5X dilutions o f this solution were made and assigned the quantities 25, 5 

and 1. All RNA samples to be quantified were diluted to a concentration o f 2ng/^l. All 

standards were pipetted in to duplicate wells and all unknown samples were pipetted in 

to triplicate wells. A negative control containing RT mix and nuclease free water was 

also included.

3.2.5 Isolation of Protein from HeLa Cells

Protein was harvested from HeLa cells as outlined in section 2.2.4.1. Each column o f 

wells o f the 24-well plate was pooled. The lysates o f cells which received NT siRNA 

and CMV RACl were used as both a positive control o f CMV RACl driven RACl 

expression and a negative control o f siRNA efficacy. The lysates from un-transfected 

cells were used as a negative control o f  exdogenous RACl expression. All protein 

samples had their respective protein concentrations analysed by BCA assay (see 

section 2.2.4.3) to ensure equal loading o f total protein on to the SDS-PAGE gel.
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3.2.6 Western Blotting

Western blotting was carried out as outlined in section 2.2.5. Briefly, all lysate samples 

to be run on the gel were boiled for ten minutes in SDS containing buffer to induce 

denaturation. Due to the relatively small size o f  the RACl protein (21kDa), the semi 

dry transfer was undertaken for one hour only at 80mA (for two blots) to prevent 

RACl protein from passing through the PVDF membrane completely. The primary 

antibody used to probe for RACl was chicken anti-RACl (Abeam). Due to the 

relatively high expression o f  RACl in the lysates from cells which received 

CMV RACl plasmid, these blots were exposed to x-ray film for no longer than 30 

minutes. After this time, the RACl specific band would begin to ‘burn o f f  the x-ray 

film (disappearance o f  the band on the x-ray film due to overexposure to the western 

blot). Subsequent to probing o f  R A C l, the blot was stripped and re-probed overnight 

using an actin specific antibody (Abeam). This was performed to ensure equal loading 

o f  protein lysates in to each well o f  the western gel.

3.2.7 Annealing of oligonucleotides

Oligonucleotides were resuspended in annealing buffer at a final concentration o f 

10pmol/|il. This was incubated at 95‘’C for 5 minutes before incubation at 18“C 

overnight. The annealed construct was then purified using the Fermentas PCR 

purification kit. The annealed oligonucleotide construct was subsequently cloned into 

the pSuper plasmid.

3.2.8 Immunohistochemistrv

Immunohistochemistry was carried out as detailed in section 2.2.8. For antibody 

staining o f  the Racl protein, a modified protocol was undertaken for some 

experimental eyes. For this protocol, the eyes were fixed in 4% Pfa with 5% v/v acetic 

acid (Sigma-Aldrich). Subsequent to fixation and sectioning, the slides were covered 

with ice-cold 4% Pfa with 2% acetic acid solution and incubated at room temperature 

for 30 minutes. The slides were washed 2x5 minutes with PBS before being covered in 

ice cold 5% v/v acetic acid in ethanol and incubated at room temperature for two 

minutes. The slides were again washed 2x5 minutes in PBS. The slides were then
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blocked in 8% BSA v/v in PBS for thirty minutes at room temperature. Subsequently, 

the slides were probed with anti-Racl antibody as outlined in section 2.2.8.

A stain for a cone specific lectin was also undertaken in this chapter using the Peanut 

Agglutinin (PNA) probe (Invitrogen). The PNA probe requires no secondary antibody 

as it is already bound to a fluorophore. Therefore, the slides were mounted with 

coverslips following washing o f  the PNA solution and viewed immediately by 

fluorescent microscopy.

The dilutions o f  antibodies used in this chapter are listed below.

Primary

Mouse 4D2 rod-specific antibody: 1:100 

PNA: 1:500

Mouse Racl (Millipore): 1:100 

Chicken Racl (Abeam): 1:100

All secondary antibodies and their dilutions used are listed in section 2.1.9. These 

antibodies were tested for unspecific staining to ensure that any primary antibody 

staining was specific and not a result o f  secondary antibody binding to epitopes within 

the retina. The results o f  this test are presented in figure 3.5.5.
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3.3 Results

3.3.1 Design of siRNAs targeting R A C l

Three siRNAs were designed to target R a d  mRNA using online programs designed to 

provide siRNA sequences based on a number o f criteria which contribute to high 

efficacy and silencing potential (for more information regarding efficacy parameters o f 

siRNAs see Birmingham et al, 2007). The siRNAs were also designed against regions 

o f homology between mouse, human and pig RacI coding sequence regions should the 

siRNA be used in further studies in large animal models or in potential human clinical 

trials. The sequences o f R a d  used to generate siRNA sequences were taken from the 

NCBl UniGene database o f coding sequences (http://w ww .ncbi.nlm.nih.aov/uniuene/'). 

The accession numbers o f each sequence are as follows: Human NM 006908, Mouse 

NM 009007 and Pig AK 231937.1. The first two siRNA sequences (RAC1_1 and 

RAC1_2) were designed using the Genscript Corporation siRNA target finder 

(http://www.uenscript.com/siRNA laruet finder.html). The third siRNA (RAC1_3) 

was found using the Dharmacon siRNA tool

(http://www.thermoscientificbio.com/desiun-center/?redirect=true. now owned by 

rhermo Scientific). RACl 1 targeted nucleotides 517-535 o f the human RACI 

sequence, a region o f complete homology between human and mouse but containing 

three mismatches to the pig sequence. RAC 1 2  targeted nucleotides 806-824 o f the 

human RACl sequence, a region o f homology between all three species. RAC1_3 

targeted nucleotides 788-806 o f the human RACl sequence, however this region is 

homologous between human and mouse only. siRNA molecules with these sequences 

were subsequently obtained from Ambion with HPLC purification to ensure high 

purity. The siRNA molecules also had 3’ overhangs o f dTdT which has been shown to 

be important for efficient silencing in mammalian cells (Elbashir et al. 2001). The 

siRNA molecules were shipped pre-annealed to form a dsRNA molecule. The siRNAs 

were then dissolved to a final concentration o f 100|iM in nuclease free water and kept 

at -80"C. Aliquots for ready use were kept at a concentration o f 20)xM at -20”C. The 

siRNA sequences are provided in table 3.5.2 and their homology to the mRNA 

sequences o f human, mouse and pig R a d  sequences is provided in figure 3.5.2.

3.3.2 Expression o f RacI in the W ildtype Retina
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Prior to ftirther work being carried out in testing siRNAs in vitro, it was decided to 

examine the retinas o f  wildtype mice to determine the expression pattern o f Racl in 

these mice. This is important as sufficient expression o f  Racl must be present in the 

retina for RNAi mediated suppression to have any functional or physiologically 

relevant results. Therefore three wildtype strain 129/SvHsd mice were euthanised at 4 

weeks o f age and the eyes were enucleated and immunostained with anti-Racl 

antibody (Millipore) as outlined in section 2.2.8. A no primary antibody control was 

also included in the analysis. A representative image of both the Racl immunostain 

and the no primary antibody control are shown in figure 3.5.6. This shows expression 

o f Racl across all layers o f the retina, with slightly higher expression in the nuclear 

layers o f  the retina (ONL, INL and GCL). These layers are marked by the blue DAPI 

stain that is overlaid on these images. The immunostain seems also to be specific as the 

no antibody control shows no staining. This result is promising as the AAV 2/5 

containing an RNAi agent targeted against Rac] will preferentially transduce the ONL, 

where Racl expression appears to be quite high.

3.3.3 Cloning of the Racl Gene in to a Mammalian Expression Vector

Prior to the testing o f suppression o f the three siRNAs targeting Racl, the Racl gene 

coding sequence (ie the Open Reading Frame, ORF) was cloned in to an expression 

vector in order to allow co-transfection o f both the siRNA and the target gene in to 

HeLa cells. The coding sequence o f Racl (CDS, the sequence o f the gene from start to 

stop codons excluding introns) was present in a vector already present in the laboratory 

from a previous collaboration. This plasmid was sequenced to confirm the presence o f 

Racl. Sequencing revealed presence o f  the complete sequence o f the human RACl 

CDS (see appendix). Primers containing the cloning restriction sites {Xhal & Hindlll) 

were designed against each end o f the CDS. The CDS was subsequently PCR 

amplified and cloned in to the pcDNA3.1+ mammalian expression vector using the 

Xhal and H indlll restriction enzymes. This placed the Racl CDS downstream o f the 

Cytomegaloviris (CMV) promoter, a promoter which induces strong expression o f 

downstream sequences in eukaryotic cells. A schematic o f  this new plasmid, termed 

C M V R A C I ,  is presented in figure 3.5.3 and shows the relative position of the human 

RACl gene, promoter and the restriction sites used for cloning. This plasmid was
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sequence verified (see appendix) and restriction digest verified (see figure 3.5.4) before 

it was maxi-prepped for later use in co-transfections.

3.3.4 Suppression of RACI mRNA in HeLa Cells

HeLa cells were co-transfected with CMV RACl plasmid DNA and the three RACI 

specific siRNAs in 24 well plates using the lipofectamine transfection reagent. 

Transfections were repeated 3 times to evaluate RNAi-mediated suppression at the 

mRNA level via Trizol extraction. RNA harvested from treated cells was analysed by 

RT-qPCR using RACI and ACTB  (the gene encoding P-Actin. a housekeeping gene 

used to normalise expression quantities from sample to sample) specific primers. This 

demonstrated only one peak on the dissociation curve for both sets o f primers

(presented in figures 3.5.7 and 3.5.8). I'he melting temperature o f the RACI amplicon

which was produced by the dissociation analysis was approximately 77"C, a figure 

which closely mirrors the melting temperature o f 78"C calculated in silica

(http://www.promega.com/techserv/tools/biomath/calcll.htm). I'he standard curve for 

RACI amplification had a slope of-3.237 and an R  ̂ value o f 0.993 (figure 3.5.9). The 

standard curve for ACTB amplification had a slope o f -3.00 and an R  ̂ value o f 0.994 

(figure 3.5.10). These data indicate reliable and specific primer binding and

amplification o f either RACI or fi-Aclin mRNA derived cDNA as the slopes o f  each 

standard curve closely approached the ‘ideal’ slope o f  -3.33, which would indicate 

100% efficiency.

The standard curve data were then used to quantify relative mRNA transcript levels o f 

both RACI and ACTB in each o f the treated samples. The quantity data from the ACTB 

samples were used to normalise the quantity data from the RACI data. Since ACTB  is a 

house keeping gene with ubiquitous expression, this normalisation allows for 

discrepancies in well loading to be minimised. These data demonstrated RACI 

suppression o f approximately 74%, 75% and 76% for the siRNAs RAC1_1, RAC1_2 

and RAC1_3 respectively, compared to the NT quantities which were set at 100% for 

the purpose of expression analysis (figure 3.5.11). A standard two way unpaired 

student’s T-test performed on the raw data o f these results showed all three values 

correspond to a P-value o f less than 0.05 confirming statistical significance. It was later

83



discovered that the primers specific to R A C l  were picking up endogenous niRNA only, 

as one o f  the primers bound to an exon which lay downstream o f the Racl  coding 

sequence. Since the CMV_RAC1 plasmid contained only the CDS o f the RACI  gene, 

the primers must have only been amplifying endogenous mRNA and therefore figure 

3.5.11 demonstrates suppression o f  endogenous RACI  expression in HeLa cells. 

Therefore, a new reverse primer (Racl gR new) was ordered which would bind to 

both the CDS o f  the RACI  gene and to endogenous RACI  mRNA and hence amplify 

mRNA produced both endogenously and exogenously. Again, the standard curve and 

dissociation curve o f  this new prim er set were analysed. This showed that the new 

primer pair also produced only one amplification product (figure 3.5.12) whilst the 

standard curve (figure 3.5.13) o f  the serial RNA dilutions had a slope o f  -3.55 and an 

R  ̂ value o f  0.971. These standard curve values were somewhat less precise than that 

which was achieved with the previous set o f  primers but still fall within the range o f  

values which may be taken as accurate. A set o f  three repeat transfections were carried 

out in HeLa cells as before and the RNA isolated from each well. RT-qPCR analyses 

o f  these data demonstrated suppression o f  68% and 53% for RACl l and R A C 1 3  

respectively compared to control treated samples, which is presented in figure 3.5.14. 

R A C 1 2  RNA was not included in the repeat analyses for reasons which will be 

explained in section 3.3.5. Again, a student's T-test performed on the raw data for each 

suppression figure produced a statistically significant P-value figure o f  less than 0.05 

between the RACI  specific siRNA treated cells and the NT siRNA treated cells. These 

data suggest less efficient suppression o f  RACI  than what was originally demonstrated 

with the endogenous pre-mRNA specific primers. This may be explained by the fact 

that the new set o f  primers is detecting not only endogenous mRNA but also the 

mRNA produced from the CMV RACl plasmid. It can be observed from figure 3.5.14 

that cells which received NT siRNA and CMV RACl plasmid expressed ~25-fold 

more RACI  mRNA than untransfected cells which express endogenous levels o f  RACI  

only.

3.3.5 Suppression of RACI Protein in HeLa Cells
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In order to confirm suppression o f  R A C l, a western blot was performed on cell lysates 

from siRNA transfected HeLa cells. This was undertaken to demonstrate that RACl 

protein production is downregulated as a direct result o f  knock down o f RA C l  mRNA 

transcripts. A set o f  three transfections was carried out as before and western blots 

were carried out for each transfection, with the same result gained each time. The 

results o f  a representative o f  one o f  these w estern blots are presented in figure 3.5.15. 

For each lane which was loaded with protein lysate, P-Actin protein was also probed 

with a specific antibody. This allows the researcher to visually confirm equal loading 

o f  all samples. It can be observed from figure 3.5.15 that probing for (3-Actin produced 

five lanes o f  equal density. These data ftirther validate the observed RT-qPCR data 

demonstrating efficient suppression o f  RA C l  mRNA (Figure 3.3.11) but at the protein 

level. Lane 3 which contained lysate from RACl l and CMV RACl treated cells 

showed a very faint band at 21kDa corresponding to RACl protein, similar to that seen 

in the lane loaded with lysate from untransfected cells. Lane 5 which was loaded with 

lysate from RAC 1 3  and CMV RACl treated cells shows no band at all, suggesting 

that this siRNA is the most potent as evaluated by western blot analysis.

However, the lane which was loaded with cell lysate from CMV RACl DNA and 

R A C 1 2  siRNA treated cells displays a heavy band corresponding to RACl protein at 

21kDa, similar to what has been observed in the positive control lane (NT) which 

received the non-targeting siRNA and CMV RACl DNA. This suggested that 

RAC 1 2  siRNA did not suppress at all, in direct contradiction to the initial RT-qPCR 

results o f  cells treated with the same DNA and siRNA. Further investigation revealed 

that RAC1_2 siRNA had been targeted against an exonic region o f  the R A C l  gene 

lying downstream o f  the RA C l  CDS and therefore would suppress only endogenous 

mRNA. Due to an oversight in intial prim er design, the initial experiments detailing 

suppression o f  R A C l  mRNA were such that only endogenous RACl expression could 

be evaluated, therefore these data demonstrated efficient RAC1_2 siRNA mediated 

suppression since RAC 1 2  would only bind to endogenous mRNA. The western blot 

data shown here brought these siRNA and prim er design discrepancies to light, 

allowing a new set o f  RNA experiments to be carried out with revised primer design as 

described previously (see figure 3.3.14).
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3.3.6 Design of shRNA oligonucleotides

For suppression o f R a d  to be evaulated in vivo, shRNA constructs were assembled for 

cloning in to the pAAV_MCS plasmid, a cloning plasmid based on the AAV2 genome 

which is frequently used in the laboratory to create recombinant AAV DNA containing 

a transgene o f choice. These constructs were created by designing oligonucleotides 

containing a shRNA sequence based on the sequences o f  the siRNAs which were 

deemed to be successfiil in vitro (see section 3.5.16 for the RacI shRNA 

oligonucleotide sequences). Two oligonucleotide sequences were designed for each 

siRNA chosen; RAC 1 1  and R A C 1 3 .  These oligonucleotides contained both the 

siRNA sequence and the reverse complement sequence o f the siRNA separated by a 

short string o f nucleotides. This would therefore form a shRNA duplex containing a 

stem loop structure when transcribed from a pAAV vector in vivo. The second 

oligonucleotide is designed to bind to the first oligonucleotide to form a dsDNA 

molecule suitable for ligation in to a pre-digested plasmid. The oligonucleotides were 

also designed in such a way as to leave overhangs on either end o f the dsDNA 

molecule. These overhangs form an open restriction site (sticky site) which may bind 

to a sticky site formed by restriction digest o f a vector o f choice. These overhangs were 

therefore used to clone the dsDNA shRNA molecules in to the pSuper vector, as first 

demonstrated by Brummelkamp et al. 2002. The plasmid restriction sites chosen for 

this were Bglll and Hindlll. The oligonucleotides were annealed as described in 

section 2.2.

3.3.7 Cloning of the RACI shRNAs in to pAAV MCS

All shRNAs used in this laboratory are typically expressed from the HI promoter, a 

polymerase 111 promoter first described to express shRNAs by Brummelkamp et al. 

2002. This allows for stringent expression o f short transcripts such as shRNA. The HI 

promoter is present in the MCS o f the pSuper vector (Oligoengine) and therefore the 

shRNAs were cloned in to the MCS o f this vector using the Bglll and H indlll sites 

present on either end o f  the shRNA duplex and within the pSuper MCS (see figure 

3.5.17). The region encoding the shRNA, HI promoter, PGK promoter and EGFP o f 

these newly cloned plasmids (pSuper_EGFP_Racl_l/3) was then excised using 

Hindlll and A flll sites. These sticky sites were blunted by filling in the nucleotides
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complementary to the nucleotide overhangs using Klenow enzyme and T3 polymerase. 

M eanwhile a non essential region o f  the pAAV vector was excised using N oll 

restriction sites. These create blunt nicks in DNA (ie no 5' or 3' overhangs) and 

therefore the excised region from pSuper which had been blunted could be cloned 

between these N oll sites. These new plasm ids were named pA A V _shR A C l_l and 

pA AV _shRA Cl_3. All newly cloned vectors were restriction digested and sequenced 

(see appendix) prior to proceeding to ensure the desired sequence had been obtained. 

Restriction digests were carried out using the PstI and EcoRI enzymes to confirm the 

integrity o f  the AAV plasmid. Due to the repeat sequences o f  the ITR fragments 

present, the AAV plasmid is prone to homologous recombination during cloning and 

mega-preparation (Yan et al, 2005). Therefore the plasmid is digested with these 

enzymes and run on an agarose gel after miniprepping positive colonies and 

megaprepping prior to the process o f  viral production. Obtaining full length bands as 

predicted using the restriction map o f  the completed vector demonstrates that no 

recombination has occurred as smaller than expected bands or bands o f  the incorrect 

size would appear if recombination had resulted in splitting the vector in two or 

reversing the orientation o f  the insert sequence respectively (see figure 3.5.21 for a 

representative image o f a  restriction digest o f  another pAAV plasmid examined during 

the course o f  this study). The final pAAV shRAC plasmids were mega-prepped to 

create sufficient quantities for triple transfection o f  HEIC293 cells and harvesting o f  

AAV with this recombinant genome.

3.3.8 shRNA mediated Suppression of RACI in vitro

Each shRNA was evaluated for suppression efficacy in HeLa cells prior to production 

o f  AAV using these plasmids. To do this, the NT20. pAAV shRACl l and 

pAAV _shRACl_3 plasmids were transfected in to HeLa cells. NT20 is a non-targeting 

AAV plasmid whose shRNA is based on ‘scram ble' siRNA sequence which does not 

target any known mRNA sequences (see section 2.1 for sequence). The NT20 plasmid 

is used to produce non targeting AAV for use in experiments examining the effects o f  a 

particular shRNA in vivo and therefore acts a control. CMV_RAC1 plasmid was not 

co-transfected in to these cells with the AAV plasmids as the efficiency o f  a successflil 

transfection o f  two plasmids to each cell in a particular well is quite low due to the
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limitations o f the transfection reagent in delivering large plasmids. However it was 

known that suppression o f endogenous RACI expression could be observed as 

suppression of endogenous mRNA had previously been demonstrated using the RACI 

specific siRNAs (see figure 3.5.11). Wells o f HeLa cells were again transfected with 

0.4ia.g o f DNA in quadruplicate and RNA was harvested from these cells for RT-qPCR 

analysis using the Racl gF and Racl_gR_new primers. The resulting data are 

presented in figure 3.5.18. These data show relative suppression values o f 34.66% and 

37.66% for pAAV_shRACl_l and pAAV_shRACl_3 respectively. The suppression 

values fail to closely mirror the higher values achieved using the RAC 1 1  and 

RAC 1 3  siRNAs and CMV RACl plasmid. However it must be noted that for a 

plasmid the size o f pAAV_shRACl/3 (~4.5kb) 0.4|o.g o f DNA is 0.28pmole. Therefore 

the number o f plasmids delivered to a well o f HeLa cells is ~57 times less than the 

number o f siRNA molecules that were delivered in earlier experiments. Although 

many copies o f the shRNA are produced by HI promoter mediated expression in these 

cells, the shortfall in the initial number o f plasmid molecules compared to siRNA 

molecules results in fewer HeLa cells being transfected. siRNAs are also much smaller 

molecules and will therefore permeate the cell far easier than a large plasmid where 

RNAi mediated suppression occurs. O f course these points are merely speculation as to 

why the suppression efficacy o f  the shRNA constructs was reduced compared to the 

synthesised siRNAs as there were no experiments undertaken to evaluate the number 

o f shRNA transcripts produced from the HI promoter in the 24 hours that the HeLa 

cells were left to incubate. It was decided not to take lysate from shRNA treated HeLa 

cells for western blot analysis given the low endogenous expression seen at the protein 

level in this cell type (see UNT lane, figure 3.5.13). Furthermore, the pAAV shRACl 

constructs were later used to evaluate the suppression o f endogenous mouse 

suppression in vivo subsequent to delivery o f  these constructs to the mouse retina by 

viral delivery.

3.3.9 Production of AAV 2/5

To generate the molecular tools require to evaluate RNAi mediated suppression o f 

mouse R a d  in vivo, recombinant AAV 2/5 viruses were generated as described in
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section 2.2.6. Three viruses were generated containing NT20, pAAV_shRACl and 

pAAV_shRAC3 viral genomes by the triple transfection method using AAV DNA. 

pHelper and 2/5 capsid DNA. NT20 is the standard non-targeting shRNA virus used in 

this laboratory as a non-targeting shRNA control against which targeting shRNAs are 

compared for in vivo analysis. Various fractions o f resulting virus based on their 

respective refractive indices were titred by qPCR using EGFP specific primers as 

described in section 2.2.6.2. The viral litres in viral genomes/ml (vg/ml) for each 

fraction were as follows; NT20: 1 .014x l0 '\ 2 .13x lO '\ AAV_shRACl: 1 .129x l0 '\ 

2.284x10'^, AAV_shRAC3: 2.989x10'^. The fractions with the highest titre were taken 

for subsequent sub-retinal injection in mice. However for sub-retinal delivery, each 

shRNA encoding viral vector was titre matched to the NT20 virus which was injected 

in to the contralateral eye to the shRNA injected eye (ie. in every injected mouse, NT 

virus would be injected in to the left eye and shRNA virus would be injected in to the 

right eye).

3.3.10 Histology of Eves taken from Injected W ildtype Mice

To ensure successful viral transduction o f AAV 2/5 vector to the retina, eyes were 

taken from wildtype 129/SvHsd mice which had been sub-retinally injected with 

AAV_shRACl_l/3 viruses and NT20 virus. Sub-retinal injections were carried out as 

described in section 2.2.13. The viral titre o f AAV_shRACl_l was 2.13xl0'^ vg/ml 

and therefore the number o f viral particles in a 3|il volume delivered to the sub-retinal 

space was approximately 6.39x10*^. NT20 was diluted to the same titre as 

AAV shRACl l to ensure an equal number o f  viral genomes delivered to both eyes 

with each virus. The viral titre o f AAV_shRACl_3 was 2.989xl0'^ vg/ml but this had 

to be titre matched to NT20 and therefore was diluted to the NT20 titre o f 2.284x10'^ 

vg/ml. The approximate number o f  viral genomes o f each virus delivered to the sub- 

retinal space o f either eye was 6.852x10*^. The virus was incubated in the sub-retinal 

space for 3 weeks post injection before euthanisation o f the animals and harvesting o f 

the eyes. The eyes were then sectioned as described in section 2.2.8.1. A successful 

transduction can easily be ascertained from histology by looking for EGFP mediated 

fluorescence in the retina as each AAV 2/5 vector contains EGFP under the control o f 

a promoter and therefore should readily express EGFP. Representative micrographs o f
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retinal sections o f  both Racl  shRNA injected right eyes and the contralateral NT20 

injected left eyes are presented in figure 3.5.19. These histological images show poor 

EGFP expression from the R acl  shRNA containing AAV 2/5 vectors compared to the 

NT20 vector. A literature search later suggested that the PGK promoter used to drive 

expression o f  EGFP in the AAV_shRAC viruses had been a poor choice as this 

promoter has little activity in the adult retina, apart from some limited expression in the 

INL and RPE compared to the strong CMV promoter driven EGFP expression 

observed in NT20 treated eyes (Kostic et al, 2003). AAV 2/5 tends to transduce cells o f  

the RPE and ONE only and therefore the PGK promoter would have very poor activity 

independent o f  the viral titre delivered.

3.3.11 Cloning o f  the CMV EGFP DNA in to pAAV shRACl 1/3

Due to the relatively poor expression o f  EGFP from the PGK promoter in both 

pA A V _shR A C l_l/3  viruses, it was decided to excise this region o f  the plasmid and 

replace it with CMV driven EGFP. The NT20 AAV 2/5 vector also contains an EGFP 

but this reporter gene is driven by the CMV promoter. It was anticipated that this CMV 

promoter driven EGFP DNA segment would greatly increase EGFP expression to 

practical levels due to the strong fluorescence observed in NT20 injected retinas (figure 

3.5.19). To do this, the pA A V _shR A C I_l/3  vectors were restriction digested with 

A fll l  which cuts at the end o f  the EGFP gene and SphI  which cuts just before the start 

o f  the PGK promoter. This region was subsequently discarded after separation o f  both 

bands by agarose gel electrophoresis. Meanwhile, the NT20 vector was restriction 

digested with A fl l l  which cuts at the end o f  the EGFP gene and Siul which cuts just 

before the start o f  the CMV promoter. The resulting sticky ends o f  A fll l  will have 

complete complementarity and therefore would readily ligate. The StuI  site will create 

a blunt nick and therefore the SphI  nick (which is sticky) had to be blunted using T4 

DNA polymerase as outlined in section 2.2.1.7. The CMV EGFP fragment from NT20 

was then ligated in to the previously linearised pA A V _R A C l_l/3  vectors. These 

newly cloned vectors were subsequently restriction digested (see figure 3.5.21) and 

sequenced to confirm the integrity and correct sequence o f  the plasmid (see figure 

3.5.20 and appendix). The names o f  both vectors remained the same.
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3.3.12 Production of AAV 2/5 with new AAV plasmids

The newly cloned pAAV plasmids containing CMV driven EGFP and HI driven 

shRNA were used to produce recombinant AAV2/5 in HEK 293 cells as previously 

outlined and explained in more detail in section 2.2.6. EGFP specific primers were 

again used to evaluate the titre o f virus produced by this protocol. Three fractions were 

collected for each virus and the titres (in vg/ml) o f each refractive index fraction were 

as follows; NT20: 2 x l0 " , 2 .4 x l0 " , 3.89xlO". A A V _shRA Cl_l: 1 .91xl0",

1.93x10", 3.6x10". AAV_shRACl_3: 2 .1 x l0 " . 6 .8x l0" , 6 .8x l0" . Again, the highest 

titre fraction o f each virus was used for subsequent sub-retinal injection. Each shRNA 

encoding virus was injected at the same concentration as the NT20 virus in the 

contralateral eye. Therefore the un-diluted delivered viral titre in a 3|il volume would 

be as follows; NT20: 1 .17xlO \g, A A V _shR A C l_l: 1.08x10*  ̂ and AAV_shRACl_3: 

2.04x10^. Adequate dilutions o f each virus were made to ensure equal titre delivery o f 

each virus to each eye immediately prior to injection.

3.3.13 RT-qPCR Analysis of Suppression of RacI mRNA in vivo

Wildtype mice (strain 129) were injected at 6 weeks o f age with equal titres o f NT20 

and shRACl virus to each eye by subretinal injection. The left eye received 1.08x10*  ̂

vg o f NT20 and the right eye received the same number o f viral particles o f 

AAV shRACl l . The virus was incubated for two weeks before euthanisation o f the 

mice and harvesting o f the retinas. At this time the retina was extracted and the 

fluorescent regions o f the retina cut away from the non-fluorescent regions in order to 

take the transduced region only. RT-qPCR analysis was then undertaken on RNA 

extracted from this region o f  the retina. Each right eye sample value was normalised 

against the value given for the contralateral eye to allow for a direct comparison within 

each experimental animal. These values were then averaged and the standard deviation 

calculated. The results o f this analysis are presented in figure 3.5.22. Figure 3.5.22 

demonstrates a decrease o f 68.33% (±3.8%) o f RucI expression in the region o f the 

retina transduced with A A V _shRA Cl_l. A standard two way paired student’s t-test 

performed on this data o f this RT-qPCR confirmed the significance o f this difference, 

producing a p-value o f 0.0005.
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Expression analysis o f  Racl was also undertaken on five animals injected with 

AAV_shRACl_3. RNA was isolated and analysed by RT-qPCR in the exact same 

manner as the AAV_shRACl_l analysis. This revealed a 52.4% (±7.47%) decrease in 

Racl expression in the right eyes o f these animals (see figure 3.5.23). Statistical 

significance o f this decrease was confirmed by two way paired student’s t-test which 

produced a P-value o f 9.64x10’̂ .

3.3.14 Western Blot Analysis of Suppression of Racl Protein in vivo

Verification o f Racl suppression at the mRNA level was performed at the protein level 

by western blot analysis. Wildtype mice strain 129 were injected at 6 weeks o f age 

with same titre o f virus in to the sub-retinal space in each eye. The left eye received 

NT20 AAV and the right eye received titre matched AAV shRACl l or 

AAV_shRACl_3. The virus was incubated in these mice for three weeks before 

euthanisation and harvesting o f the retinas. The retinas were then extracted and viewed 

under a fluorescent microscope. Regions o f the retina which had been transduced with 

AAV fluoresced green due to the presence o f EGFP in these tissues. This region o f 

green was excised from the rest o f the retina and placed in to tissue lysis buffer. The 

protein was then extracted, the total protein concentration assayed by fluorometry and 

the lysate samples run on an SDS-PAGE gel. The resulting western blot was probed for 

both Racl and (3-Actin and the results o f this western blot are presented in figure 

3.5.24. This western blot shows the expression of Racl and P-Actin proteins in the 

retinas o f three mice which received NT20 and either o f  the Racl shRNA viruses. 

Unfortunately complete equal loading could not be achieved for this experiment due to 

the highly variable results o f  both BCA assay and protein fluorometry on total protein 

sample o f mouse retina origin compared to the highly reliable results that these assays 

provide on protein from cell culture lysates. This tends to occur for many o f the 

western blots carried out in the laboratory on retinal protein due to the inadvertent 

excision o f the RPE layer during extraction o f the retina. Therefore, while the total 

protein concentration o f each sample has been accurately recorded, the relative levels 

o f P-Actin may vary amongst samples due to the varying amounts o f RPE tissue in 

each sample. O f the three western blots carried out on this set o f protein samples using 

different protein sample loading volumes, the figure o f the western blot provided in
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this study dem onstrates the best equal loading o f  P-Actin that was achieved. This 

western blot is presented in figure 3.5.24.

The first set o f  data in the western blot is from the mice which received NT20 in the 

left eye and pAAV_shRACl 1 virus in the right eye (lanes L I-3 and R l-3  

respectively). From this, it can be observed that the left eyes o f  these mice show bands 

o f  similar intensity for both p-Actin and R acl. Both IL (Left Eye) and 3L Racl bands 

are o f  similar intensity. 2L shows a heavier Racl specific band but this lane also shows 

an equally heavy P-Actin specific band suggesting all three left eyes have similar levels 

o f  Racl expression. The bands from the contralateral eyes are indicated by the same 

number as their left eye counterparts (1-3) and are labelled R (Right Eye). These eyes 

show a clear decrease in Racl protein with no visible bands present in the lanes 

marked IR and 2R. These eyes also show a clear P-Actin specific band, similar in 

intensity to the P-Actin band observed in the 1 L and 21. lanes, suggesting that this 

decrease is mediated by shRNA mediated suppression. Lane 3R shows a visible Racl 

specific band with much lower intensity than that seen in lane 31.. Fhe P-Actin band in 

the 3R lane is also less intense than the same band in the 3L lane however. This would 

suggest that the lower intensity o f  the Racl band in 3R is not completely the result o f  

shRNA mediated suppression and may be due to unequal loading.

fhe second set o f  data in this western blot is from mice 4-6 which had received NT20 

in their left eyes and A AV _shRA Cl_3 virus in their right eyes (L-4-6 and R4-6). The 

pattern o f  Racl expression compared to P-Actin expression in lanes 4L and 5L is 

similar to what was observed in lanes LI and L2 with bands o f  similar intensity 

difference. 6L shows a Racl band o f  far less intensity compared to 4L and 5L. 

However the P-Actin specific band in this lane is also much weaker compared to those 

seen in lanes 4L and 5L suggesting that all left eyes in this group have a similar level 

o f  Racl expression. Meanwhile the Racl specific bands in the lanes loaded with 

protein from right eye all show a similar intensity. Importantly these lanes also 

dem onstrate a P-Actin specific band intensity similar to each other. Lanes 4R and 5R in 

particular show similar P-Actin specific band intensity to their left eye counterparts 

with a concomitant decrease in Racl specific band intensity compared to lanes 4L and 

5L. This suggests shRNA mediated suppression o f  Racl has occurred in these eyes. 

Lane 6R has a much heavier P-Actin band and a Racl specific band that is slightly
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fainter if not o f similar intensity than its left eye counterpart. This would also be 

suggestive o f shRNA mediated suppression of Racl as the weak p*Actin band of 6L 

suggests less total protein has been loaded in this lane compared to 6R. Therefore the 

Racl specific band in this lane should in theory be more intense than what is observed 

and heavier than its right eye counterpart.

Due to the unequal loading o f protein samples observed in this experiment, an analysis 

o f the differences in band intensity was undertaken using the ImageJ imaging program. 

This computer program allows one to measure the pixel intensity o f bands 

quantitatively in order to compare samples. The method o f calculating band intensity 

was taken from the National Insititute o f Health (NIH) guidelines on accurately 

measuring band intensity (http://rsb.info.nih.gov/ij/docs/guide/user-guide.pdf). Briefly, 

areas o f the same size were used to measure the band intensity o f each band. The band 

intensity is then graphed as a curve with the peak o f the curve indicating the centre o f 

the band. The area under the curve was then calculated to provide a quantity o f band 

intensity. The quantities o f each Racl specific band were then normalised against their 

corresponding |3-Actin specific bands. The normalised values o f the bands were then 

averaged within each set and a standard deviation was calculated for each set. A two 

way paired student’s t-test was performed to measure statistical significance. The 

resulting data were graphed as bar charts and are presented in figure 3.5.25. This 

analysis demonstrates that AAV_shRACl 1 suppresses Racl expression by 81 (±28)% 

and that AAV_shRACl_3 suppresses Racl expression by 60(±19)%. Statistical 

analysis revealed that only the suppression by AAV_shRACl_3 was significant with a 

P-value o f 0.04; suppression by AAV shRACl l reached a P-value o f only 0.07. 

These data indicate that AAV_shRACl_3 is mediating potent suppression o f Racl in 

vivo.

Overall, these western blot data demonstrate that the shRNAs targeting Racl expressed 

from the AAV vector injected in to these eyes are functional. While AAV RACl l 

virus displayed a much more prominent change in Racl expression compared to NT20 

injected contralateral eyes, this change was apparent in only two out o f three mice 

injected with this construct. The second virus. AAV_RAC1_3, demonstrated a much 

smaller change in Racl expression. This suppression did not alter by much variation 

across all three mice that had been injected with this construct. Formal quantification
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revealed that only one shRNA construct suppressed R ad  expression by a statistically 

signficant amount. However, must also be remembered that the process o f western 

blotting is also subject to variation due to the many steps involved in this protocol and 

therefore discrete changes in protein levels are difficult to readily quantify.

A final observation o f this western blot is the presence of extra bands just above the 

Racl specific bands. These bands are far too small to be homodimers o f R ad  as their 

size is only ~24kDa (as sized by the protein ladder on this blot, not shown). The 

possible identity o f this band is discussed in section 3.4.

3.3.15 Immunohistochemical Analysis o f Suppression o f R acl in vivo

Further verification o f the suppression o f Racl in vivo was undertaken by 

immunohistochemical analysis. Wildtype mice strain 129 were sub-retinally injected at 

6 weeks o f age as before and the eyes were harvested after 3 weeks o f viral incubation. 

These eyes were tlxed, sectioned and probed with anti-Rad antibody (Millipore) and 

anti-mouse secondary CY3 antibody. All sections were analysed by lluorescent 

microscopy. I'he resulting micrographs o f these sections are presented in figures 3.5.27 

for AAV shRACl l and 3.5.28 for AAV_shRACl_3. These images demonstrate no 

discernible decrease in R ad  antibody staining between the control and shRNA 

injected retinas in the transduced regions o f the retina. Some changes in the intensity o f 

staining are observed between the images o f  the left and right eyes, however these 

changes appear to affect all layers o f  the retina and not just the transduced layers (the 

RPE and ONL) suggesting that these changes in intensity are due to differences in 

staining efficacy rather than a difference in protein expression. These images also 

demonstrate EGFP expression in the ROS o f the retina rather than in the ONL. This is 

believed to be an artefact o f the acetic acid fixing process as an ONL fluorescence 

pattern is observed prior to antibody staining and does not occur on retinal sections 

which are fixed using 4% paraformaldehyde without 5% acetic acid. Retinal sections 

taken from animals which had been injected with AAV_shRACl_l or 

AAV_shRACl_3 but fixed with 4% paraformaldehyde without 5% acetic acid also 

demonstrate EGFP expression in the ONL, suggesting that the EGFP fluorescence 

pattern observed using the Millipore antibody fixation protocol is not a functional
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effect o f Racl suppression. A second set o f data using a different fixation protocol and 

antibody is presented in figure 3.5.26. These representative micrographs o f 

AAV_shRACl_l and AAV_shRACl_3 treated right eyes and contralateral NT20 

treated left eyes were probed using the Abeam antibody. Again, no discernible 

decrease in Racl staining is observed between the left and right eyes. Possible reasons 

for these contradictory results (based on the demonstrated efficacy o f the shRNAs by 

RT-qPCR and western blot analysis in vivo) are discussed in section 3.4.

3.3.16 Effect of Racl suppression on Retinal Structure and Function of injected 
hP347s transgenic mice

The human P347S transgenic mouse was first described by Li et al. 1996. This mouse 

model contains a human rhodopsin allele which has a specific mutation which causes 

an amino acid change at position 347 from proline to serine. This allele was first 

isolated fi-om a human patient o f autosomal dominant RP and used to create a knock in 

mouse model which displays an RP-like retinal degeneration phenotype. The line 

which is carried in the TCD Ocular Genetics laboratory has been bred on to a 

129/SvHsd background and is frequently crossed with rhodopsin knockout mice 

(engineered by Humphries et al. 1997) in a heterozygous manner to breed a P347S +/- 

Rho +/- mouse. This creates a mouse which carries only two alleles o f rhodopsin; one 

wild type rhodopsin allele and one P347S allele (as the P347S transgene is not at the 

rhodopsin locus and therefore a +/- designation means the presence o f one allele only 

rather than the presence o f  one wild type allele). This bi-allelic system is therefore a 

true representation o f  a patient o f RP carrying the autosomal dominant P347S mutation 

in a heterozygous fashion and is used for all studies o f hP347S mice detailed in this 

thesis. The transgenic line bred by this laboratory is derived ft'om the C2 line o f  

transgenic clones first described by Li et al. 1996. This line (on a wild type 

background) has an expression level similar to the wild type allele, further emulating 

the genetic environment o f patients o f RP. Retinal degeneration begins slowly after 

birth and by P30 there are only 4-5 rows o f nuclei remaining in the ONL. By 4 months 

o f age these mice have only 1-2 layers remaining in the ONL. Rod isolated ERG b- 

wave analysis o f  P347S +/- Rho +/- animals has previously produced an average ERG
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amplitude o f  34.9|iV and 16.9)iV at 6 weeks and 20 weeks o f  age respectively 

(Millington-Ward et al. 2011).

3.3.16.1 Effect of R ad  suppression on ERG response of injected hP347S 
transgenic mice

Four transgenic mice carrying the hP347S rhodopsin mutation in a heterozygous 

manner were sub-retinally injected with NT20 in the left eye and with 

AAV_shRACl_l at P21. These mice were subsequently analysed by 

electroretinography at 4, 8 and 12 weeks post injection. The ERG analysis provides 

three data sets detailing rod, cone and maximal (both rod and cone) responses to light. 

T he data sets are further divided in to two data sets for each response detailing the a- 

wave response (that o f the photoreceptors) and the b-wave response (that o f the cells o f 

the INL, Asi & Perlman. 1992). The amplitudes o f each ERG response recorded in 

these four mice were averaged and a standard deviation was calculated for each 

response. I’he resulting data are presented as bar charts in figure 3.5.33. P-values were 

calculated by two way paired student's t-test. Due to the fact that the rod a-wave 

response is in fact an artefact o f the ERG process, the rod a-wave data will not be 

discussed in great detail. This is due to the low light intensity used to elicit the rod 

ERG response. For experimental purposes, the rod a-wave can be derived from the 

maximal a-wave as the mouse retina is largely composed o f rods and a greater light 

intensity flash (2 log units greater than the rod response) is used to elicit the maximal 

a-wave response amplitude compared to the rod a-wave (Paul Kenna, personal 

communication). However the rod a-wave data are nonetheless presented to provide a 

complete overview o f the ERG analyses. Figure 3.5.33 demonstrates that treatment of 

HP347S mice with AAV shRACl l provides no protection to rod. cone or maximal 

ERG responses at any time point analysed. In fact, o f the four time points which 

reached statistical significance, all four showed that treatment with the Racl shRNA 

decreased visual function in these mice. These four time points were 4 week Rod b- 

wave, 4 week Cone b-wave, 4 week maximal b-wave and 12 week maximal b-wave. 

All ERG amplitudes and their standard deviations are presented in table 3.5.3. Some 

slight protection o f the rod and cone b-wave amplitudes can be observed at the 12 

week time point but these data points failed to reach statistical significance. The ERG
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data provided here suggest that suppression o f RacI is detrimental to the visual 

function o f the hP347S transgenic mouse at 4 weeks post injection, however an 

increase in the n number o f these experiments would be required to adequately 

determine if this shRNA is having a negative fianctional effect on the visual response of 

this mouse model.

To determine if suppression o f Racl using the second shRNA containing virus would 

have any different effects on ERG response, six hP347S heterozygous mice were sub- 

retinally injected with NT20 in the left eye and AAV_shRACl_3 in the right eye at 

P21. ERG data were recorded at 4, 8 and 14 weeks post injection. The ERG data were 

averaged across the six injected mice and standard deviations were calculated for each 

data point. The resulting amplitude quantities and SD values are presented in bar chart 

form in figure 3.5.34. Again, p-values were calculated by two way paired student’s t- 

test. It can be observed from figure 3.5.34 that AAV_shRACl_3 is protective o f b- 

wave fianction in rod, cone and maximal responses. O f the time points taken, five 

groups reached statistical significance to show an improvement in visual function. 

These time points were 14 week rod-b wave (61% amplitude increase compared to 

control eye), 4 week cone b-wave (17% increase), 4 week maximal b-wave (20% 

increase), 14 week maximal b-wave (53% increase) and 8 week maximal a-wave 

(114% increase). The P-values o f  these data sets are 0.053, 0.012, 0.04, 0.0097 and 

0.026 respectively. These data reflect an overall trend for increased protection o f b- 

wave visual function at all time points observed. However one time point reached 

statistical significance to show a decrease in visual function in the right eye compared 

to the left eye (P=0.032). This decrease was recorded for the 14 week maximal a-wave 

response (62% decrease in amplitude compared to left eye). These data suggest that 

suppression o f Racl by AAV_shRACl_3 is protective o f  the b-wave function of rods 

and cones in the degenerating retina.

3.3.16.2 Effect of Racl supression on retinal histology' of hP347S transgenic mice

The positive effect which AAV_RAC1_3 mediated Racl suppression contributes to 

visual flinction in hP347S RP mouse models was further scrutinised by examining the 

histology o f eyes treated with this construct. Heterozygous mice were sub-retinally
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injected at P21 with equal viral titres o f NT20 in the left eye and AAV_shRACl_3 in 

the right eye. Two time points o f three mice each were taken at 4 weeks and 16 weeks 

post injection. These eyes were fixed, sectioned and stained with AlexaFluor® bound 

Peanut Agglutinin (PNA). PNA is a plant derived lectin which preferentially binds to 

P-galactose. It has been known for many years that PNA acts as a selective marker for 

cones in the retina (Bridges, 1981). The resulting sections were analysed by fluorescent 

microscopy and representative images taken irom each eye examined o f the 4 week 

and 16 week time-points are presented in figures 3.5.30 and 3.5.31 respectively. These 

images reflect the trend observed in all slides observed; three slides for each eye 

containing 14 retinal sections. At 4 weeks post injection, little difference in cone 

density is observed between the NT20 and AAV_shRACl_3 treated eyes in the EGFP 

positive region o f the retina. However, at 16 weeks post injection, a clear difference in 

cone density can be observed between the NT20 and AAV_shRACl_3 treated eyes. 

Figure 3.5.31 demonstrates a discernible increase in cone density in the 

AAV_shRACl_3 treated retina, with little or no cones remaining in the left eyes o f 

these mice. These data suggest that suppression o\' Racl improves the viability o f cone 

cells in the hP347S model o f  retinal degeneration. Due to the negative effect which 

AAV_shRACl_l has had on the ERG response o f injected animals, these animals 

were not analysed in as much depth as AAV_shRACl_3 as the purpose o f this thesis 

was to identify nucleic acid based vectors which have a positive effect on visual 

function in mouse models o f RP. However, PNA staining was undertaken on 

AAV shRACl l sub-retinally injected animals at 4 weeks post injection and 

representative micrographs o f these animals are presented in figure 3.5.29. In much the 

same manner as AAV_shRACl_3 at this time point, no discernible difference in the 

density o f  cones between the NT20 and AAV shRACl l injected eyes has been 

observed in these animals at 4 weeks post injection.

The ERG analysis o f  AAV_shRACl_3 treated animals demonstrated increased visual 

function o f the rod mediated response, as presented in figure 3.5.34 which reveals a 

61% and 53% increase in rod and maximal b-wave response amplitude compared to 

the contralateral NT20 treated eye. Therefore, it was decided to stain retinal sections 

taken fi'om three 16 week post injection animals for rhodopsin. Rhodopsin is the main 

visual pigment o f rod cells and therefore acts as a marker o f rod cells. The antibody 

chosen was the 4D2 anti-rho antibody which was presented as a gift to the laboratory
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from Prof Robert Molday (Hicks & Molday, 1986). Representative micrographs o f 

rhodopsin staining in all three animals are presented in figure 3.5.32. Again, the images 

presented are representative o f the trend observed in all sections examined; three slides 

per eye with fourteen sections per slide. This demonstrates a clear increase in rod 

survival in the regions o f  the retina transduced with AAV_shRACl_3 compared to 

NT20 control treated eyes. The left eyes o f these mice show very little staining o f  rod 

cells in EGFP expression regions o f  the retina whereas the right eyes display a marked 

increase in rhodopsin staining o f the outer segments and the ONL. Although no overall 

thickness in the ONL is observed in these images, these data strongly suggest that 

AAV_shRACl_3 mediated suppression o f Racl is preserving rod cell longevity in the 

hP347S transgenic model o f  RP.

100



3.4 Discussion

Sincc the discovery o f  RNA interference more than twenty years ago, many 

approaches to the utihsation o f  this powerfiai phenomenon have been explored for the 

treatment o f  genetic disorders (M artinez et al, 2013). This has proven especially 

evident in the treatment o f  genetic diseases o f  the eye as this organ is highly amenable 

to introduction o f  foreign agents due to its thin layer o f  retinal tissue and protection 

from systemic immune response due to the presence o f  a blood-retinal barrier (Hosoya 

& Tachikawa. 2012). Autosomal dominant RP accounts for 30-40% o f all cases o f  RP, 

making this form o f  the disorder the most com mon sub-type (Rossmiller et al. 2012). 

For this reason. RNAi has been used to promising effect in animal models o f  adRP as 

down-regulation o f  the mutant allele must be carried out to reduce the pathological 

effect o f  this gene on the wild type allele and return visual functionality to the retina 

(Kiang et al. 2005; O ' Reilly et al. 2007; Gorbatyuk et al. Chadderton et al, 2009; 

2007; M illington-W ard et al, 2011; Farrar et al. 2012). Despite advances by various 

groups to treat adRP with RNAi, these studies are largely limited to models o f  RP 

manifested by a rhodopsin mutation. Unless a gene therapy is individually designed for 

every patient, this approach would exclude a large cohort o f  patients with mutations in 

other genes, o f  which there are currently 54 loci associated with autosomal dominant, 

autosomal recessive and X-linked RP (https://sph.uth.edu/retnet/sum-dis.htm#B- 

diseases). Therefore an alternative approach to treating patients o f  RP is to target the 

retinal pathology which occurs downstream o f the causative mutation. Some success 

has been achieved by delivery o f  neurotrophic factors, such a ciliary neurotrophic 

factor (CNTF) amongst others, to the retina o f  mouse models o f  RP (Dong et al. 2007; 

Li et al. 2010; Ohnaka et al, 2012) and proof o f  principle studies researching the 

release o f  neurotrophic factors from implants have been carried out in patients o f  RP 

(Kauper et al. 2012). These therapeutic approaches act by stimulating cell survival but 

fail to address the underlying causative mutation and therefore only slow retinal 

degeneration rather than reversing or preserving visual function.

In recent years the role o f  oxidative stress has become a new focus o f  attention in term s 

o f  the pathology o f  retinal degeneration. As previously discussed in sections 1.7 and 

1.8, the over-production o f  reactive oxygen species has been shown to occur in many 

models o f  retinal degeneration, including retinitis pigm entosa (Lebiedzinska et al.

101



2012; Murakami et al. 2012; Usui et al. 2009; Usui et al. 2009b; Shen et al. 2005). 

Furthermore, a conditional Racl knockout transgenic mouse (in which Racl 

expression is reduced by approximately 50% in the rod photoreceptors) which was 

crossed with a mouse model o f  RP has been demonstrated to increase visual function in 

these mice (Haruta et al. 2009). In addition, pharmacological inhibition o f the NADPH 

oxidase complex (for which Racl acts as an activator) has been demonstrated to 

preserve cone visual function in a mouse model o f RP (Usui et al. 2009). Therefore a 

gene therapy which aims to reduce the burden of retinal ROS should in theory reduce 

photoreceptor cell death. This approach to preserving visual function has been the 

focus o f the research contained within this chapter which details RNAi mediated down- 

regulation o f Racl expression in the photoreceptors o f a transgenic mouse model o f  

autosomal dominant RP.

Initially, siRNA sequences targeted at the Racl gene were generated in silico using the 

GenScript and Dharmacon online siRNA finder tools. From these studies, five siRNA 

sequences were generated to target regions o f  homology between murine, human and 

porcine Racl mRNA sequences (figure 3.5.2). The three siRNA sequences which 

targeted the regions o f highest homology were chosen for further study in vitro. Prior 

to in vitro analysis however, a Racl specific antibody was used to examine the 

expression profile o f  R a d  in the wildtype retina (figure 3.5.6). This experiment was 

performed to ensure that Racl was expressed in the retina and would therefore be 

amenable to RNAi-mediated suppression. Determining the expression profile o f  Racl 

was also important as later delivery o f Racl targeted shRNAs would be carried out by 

AAV 2/5 which preferentially transduces the photoreceptors o f the ONL and epithelial 

cells o f  the RPE (Watanabe et al. 2013). Therefore no RNAi induced phenotype would 

be expected if Racl expression was not observed in the ONL. This experiment 

revealed that Racl is ubiquitously expressed in all layers o f the retina, including the 

synaptic layers (figure 3.5.6). Stronger expression o f Racl was observed in the nuclear 

layers o f the cell (which are stained with DAPI), results which agree with previous 

studies which demonstrated expression in the nuclear layers but no expression in the 

plexiform layers (Mitchell et al. 2007). Racl is known to have a role in synapse 

formation o f the photoreceptors and therefore expression in the OPL would be 

expected (Sherry & Blackburn. 2013). Furthermore Racl expression has been observed 

in both the inner and outer plexiform layers (Belmonte et al. 2006). These publications
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suggest that the Racl expression profile observed in the experiments detailed in this 

chapter is a reliable reflection o f retinal expression o f this gene.

Analysis o f the three Racl specific siRNAs (RA Cl_(l-3)) demonstrated potent 

suppression o f Rucl mRNA in HeLa cells (figure 3.5.11). Publications concerning 

siRNA mediated suppression o\' Racl tend to provide no quantitative data with which 

to compare the results presented here. However transfection o f HeLa cells with Racl 

siRNA has been shown to completely ablate Racl protein expression when transfected 

lysates are examined by western blot analysis (Mitsushima et al. 2009). When 

confirmation o f  suppression at the protein level was carried out by western blot, a large 

Racl specific band appeared in the lane loaded with cell lysate from RAC1_2 treated 

HeLa cells. This result highlighted two oversights in the initial design o f these 

experiments. The first oversight was the fact that RAC 1 2  had in fact been designed to 

target a region o f the Racl gene which was exonic but was partially excluded from the 

CDS o f R a cl. This siRNA targets nucleotides 806-822 o f the human Racl mRNA 

sequence, a region which is part o f the 6’’’ exon of this gene (nucleotides 690-2341). 

However, the protein coding sequence extends from nucleotide 242 to 820 and 

therefore the last two nucleotides o f RAC 1 2  will not bind efficiently to CMV RACl 

expressed Racl mRNA since this region lies within the 3’ UTR and not the CDS. Since 

the HeLa cells had been transfected with a Racl coding sequence expressing plasmid, 

no suppression o f exogenous Racl could occur as the transfected coding sequence 

contained only the CDS o f the gene from start to stop codon. This in turn led to the 

discovery o f the second oversight which involved the design o f a RT qPCR primer 

which had its binding site partially outside o f  the CDS o f R a c l. This explains the 

apparent suppression o i Racl in HeLa cells at the mRNA level as the primers would 

amplify only endogenous mRNA which is susceptible to RNAi suppression in the same 

manner as the exogenously transfected Racl sequence. These discrepancies were 

quickly rectified and the mRNA experiments repeated with a new RT-qPCR primer 

designed to detect both endogenous and exogenous Racl cDNA. In addition, R A C 1 2  

was not used again during the course o f this PhD study as the remainder o f this study 

examined only the effects o f RAC1_1 and RAC 1 3  as these siRNAs were 

demonstrated to suppress Rac 1 protein.
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Subsequent to a re-analysis o f  Racl suppression using RAC1_1 and RAC1 3 ,  a set of 

cloning experiments was initiated to create a recombinant AAV plasmid which 

expresses shRNAs targeting Racl mRNA for subsequent use in the production o f 

recombinant AAV 2/5 vectors in HEK293 cells. This cloning strategy aimed to create 

an AAV genome which would express HI promoter driven shRNAs containing either 

the RACl l or R A C 1 3  siRNA sequences as well as a PGK (phosphoglycerate 

kinase) promoter driven EGFP marker gene to enable identification o f  AAV 

transduced cells in the mouse retina. When a successful set o f AAV plasmids had been 

engineered, AAV 2/5 was produced by the method o f triple transfection o f HEK293 

cells (Drittani et al. 2001). These plasmids were also used to examine shRNA mediated 

suppression o f endogenous HeLa cell RACl mRNA in vitro. Co-transfection o f the 

shRNA AAV plasmids with CMV RACl was not undertaken as the probability o f  a 

successful transfection o f the same cell with two large plasmids was deemed too low to 

represent a reliable quantification o f RNAi mediated suppression. This assumption is 

based on prior observations by other members o f the TCD Ocular Genetics laboratory. 

The transfectcion o f  pAAV shRACl plasmids in to HeLa cells demonstrated 

suppression o f Racl with both plasmids, although the level o f  suppression was much 

lower than that which was achieved using the Racl siRNAs (figure 3.5.18). The 

discrepancy between the suppression efficacy o f the siRNAs and shRNAs is most 

likely due to inadequate transfection o f all cells in a well. Nonetheless, the resuh 

demonstrates that the shRNAs are functioning to suppress Racl mRNA.ln this case no 

western blot analysis was undertaken as no Racl specific band was detected in the un

transfected wells o f earlier experiments (figure 3.5.15), suggesting that Racl is 

expressed at low levels (compared to CMV RACl transfected cells) and may not be 

amenable to production o f informative western blot results. Although high titres o f 

both Racl shRNA expressing and non-targeting shRNA control viruses were achieved, 

poor expression o f EGFP was noted in the retinas o f animals which had been sub- 

retinally injected with these viruses compared to the non-targeting virus (NT20) which 

expresses EGFP from a CMV promoter (figure 3.5.19). This suggested that the PGK 

promoter was a less efficient promoter than what was required, a surprising result 

given that phosphoglycerate kinase is a key enzyme involved in glycolysis. A literature 

search revealed the PGK promoter to have poor activity in the ONL o f the mouse 

retina, the layer to which AAV 2/5 will preferentially transduce (Kostic et al. 2003).
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Following these initial experiments examining the functionality o f vectors containing 

PGK promoter driven EGFP expression, it was decided to re-clone both AAV shRNA 

plasmids to contain CMV promoter driven EGFP sequences. The newly cloned 

plasmids were then used to produce recombinant viruses containing the Racl targeted 

shRNAs. These viruses produced reliable EGFP expression in the ONE following sub- 

retinal injection, at levels comparable to NT20 injected eyes. This EGFP signal was 

then used to excise transduced regions o f retinas o f AAV treated wild type mouse eyes 

for mRNA and protein analysis o f Racl expression. These in vivo experiments were 

performed to validate previous suppression data in vitro. RT-qPCR analysis confirmed 

that both AAVs were down-regulating Racl expression in vivo (figures 3.5.22 and 

3.5.23). The RT-qPCR data demonstrated a higher level o f  suppression than that which 

had been achieved using the same shRNA sequence in vitro as a selection o f green 

cells was undertaken for this experiment, representing a more accurate representation 

o iR a c l  suppression. Interestingly AAV shRACl l suppressed Racl expression to the 

same quantitative extent that had been observed using the RAC1_1 siRNA in HeLa 

cells (approximately 68%). Western blot analysis o f EGFP positive regions o f the 

retina also revealed suppression o f Racl at the protein level using both viral vectors 

(figure 3.5.24). Interestingly a second band appeared at approximately 24-26kDa in the 

lanes loaded with lysates from both Racl shRNA AAVs (excluding one lane loaded 

with AAV shRACl l ). A set o f two bands have been observed for many published 

western blots using a Racl specific antibody (Smerling et al. 2007; Lin et al. 2012; 

Sharma & Mayer, 2008; Boo et al. 2007; Wei et al, 2013). More recently an extra band 

o f similar size has been observed by western blot analysis using a Racl specific 

antibody in CHO cells (Fernandez et al. 2013). However in the CHO cells treated with 

Racl siRNA no difference in band intensity was observed between the upper and lower 

bands. This extra band may be Rho-GDl bound Racl, an inactive form o f Racl which 

is found in the cytosol. A band o f the same molecular weight similar to the extra band 

observed in this western blot has been observed previously in macrophage cells using a 

Racl specific antibody (Bromberg et al. 1994). This extra band was identified as 

RhoGDI by fractionation o f cell lysates that were purified by column chromatography 

to produce Racl and RhoGDI specific bands at 21kDa and 24kDa respectively (Pick et 

al. 1993). Furthermore, a band o f similar size was also observed in protein samples 

trom mouse RPE cells using a Racl specific antibody (Mao Y & Finneman SC, 2012). 

However in this study the Racl band present was a dominant negative mutant o f Racl
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named N17. This form o f  Racl cannot exchange bound GDP for GTP and therefore 

cannot become active and translocate to the membrane. RhoGDI is an inhibitor o f  Racl 

activation and therefore will bind only to GDP bound R acl, explaining why this 

mutant may be appearing as a different band to the wild type version o f  the protein. 

While this may offer an explanation as to the identity o f  this extra band in the Racl 

experiments detailed in the current study, the extra band appears preferentially in lanes 

from eyes which received Racl specific shRNA. It is known that the RhoA family o f  

GTPases (including RhoA. Cdc42 and R acl) are part o f  an integrated pathway o f  

crosstalk which can cause increases and decreases o f  expression (Guilluy et al. 2011). 

Therefore a decrease in Racl expression caused by shRNA mediated suppression may 

have an effect on this network. A downstream effector o f  Racl activation is Pakl (p21 

Protein Activated Kinase), a kinase involved in cytoskeletal re-arrangements at focal 

adhesion points o f  cells (Delorme-W alker et al. 2011). The activated form o f  this 

protein has been shown to phosphorylate RhoGDI, inducing dissociation o f  RhoGDI 

from R acl, which in turn causes Racl activation in what is termed a positive feedback 

loop (DerM ardirossian C et al. 2004). Suppression o f  Racl will in theory result in less 

activation o f  Pakl and may therefore cause decreased inactivation o f  RhoGDI. This 

could explain the pattern observed in this western blot as any remaining Racl protein 

remaining in shRNA treated retina will readily be bound to RhoGDI. A problem with 

this theory however is that no second bands were observed in siRNA treated HeLa 

cells. However HeLa cells are a human carcinoma derived immortal cell line and 

therefore will have a completely different expression profile to the mouse retina. This 

theory also fails to explain why these second bands have far greater intensity than any 

other bands on the blot, including NT20 lanes which in theory should have a much 

greater pool o f  intracellular Racl protein. A second possibility is that this band 

represents a homologue o f  Racl (such as CDC42 (~22kDa), RhoA (~23kDa), Rac2 

(~2IkD a) or R ac3/R aclb (~2IkD a)) which has been up-regulated to ftinctionally 

compensate for the loss o f  Racl protein expression. While CDC42 is known to be 

expressed in the photoreceptors (Heynen et al. 2011) Rac2 has been shown to have no 

expression in the retina (Haruta et al. 2009). Given the vital role o f  Racl in a number 

o f  physiological functions and its intergral part o f  numerous pathways (including 

upstream and downstream  signalling partners along with various guanine exchange 

factors and inhibitors), a microarray analysis o f  AAV shRACI injected retinas would 

be ideal to provide a reasonable clue as to the identity o f  this extra band.

106



The final set o f experiments aimed at validating Racl suppression in vivo examined 

retinal sections from eyes which had been treated with Racl shRNAs. This revealed no 

suppression o f Racl in the ONL o f treated eyes compared to control eyes using a Racl 

specific antibody (Millipore). The experiment was repeated with a different Racl 

antibody (Abeam) but this resulted in the same outcome. Little information could be 

gleaned from a review o f the literature regarding imniunohistochemical staining o f a 

Racl RNAi agent treated retina. RNAi targeted Racl suppression in the retina has been 

used by other research groups (Mao & Finneman. 2012; Li et al. 2012) but neither 

group performed Racl specific antibody staining o f sections taken from these mice. It 

is believed that no suppression o f Racl was observed as the primary antibody used for 

these experiments is also detecting the protein o f the extra band that was observed 

when Racl shRNA AAV treated eyes were analysed by western blot. An increase in 

expression o f this protein will mask any decrease in Racl staining which would result 

from shRNA mediated suppression. Despite this lack o f evidence for Racl suppression 

in vivo as examined by immunohistochemistry, the RT-qPCR and western blot analysis 

has shown that these shRNAs are functioning in vivo and providing adequate 

suppression o f endogenous Racl expression at the mRNA and protein level.

I he final set o f experiments detailed in this chapter examined the effect that Racl 

suppression would have in the retina o f hP347S heterozygous transgenic mouse models 

o f RP. All animals treated with the RACl l/3 viruses were sub-retinally injected at 

P21 (weaning age), a later time point than the P5 injections that have previously been 

carried out using rhodopsin suppression and replacement viruses in this lab (O’ Reilly 

et al. 2007). The later injection time point was performed as Racl is known to play a 

role in ganglion cell axonal growth and neurite outgrowth in the OPL (Lorenzetto et al. 

2013). Therefore, it was anticipated that suppression o f Racl during postnatal 

development o f the retina may have adverse effects on the fiinctionality o f  the retina. 

These animals were analysed at various time points ranging from 4 weeks to 16 weeks 

post-injection and were examined by electroretinography (for frirther details o f  ERG 

see section 1.5) and immunohistochemistry. The first set o f animals analysed by 

electroretinography were four mice which had been treated with AAV shRACl l . 

These mice were analysed at 4, 8, and 12 weeks post-injection. Despite robust 

demonstration o f the efficacy o f this shRNA in vitro and in wild type mice, no
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improvement in ERG response amplitude was recorded in these mice at any time point 

examined (figure 3.5.32). In fact, at 4 weeks post injection all b-wave responses were 

statistically significantly lower in the AAV_shRACl_l treated eyes compared to the 

NT20 injected eyes. The fact that this lower response occurred in the b-wave response 

is interesting as the b-wave is considered to be more clinically relevant as it is a 

response elicited by neuronal hyperpolarisation as opposed to GPCR induced 

hyperpolarisation (Asi & Perlman. 1992). ERG response remained lower in the Racl 

shRNA treated eye at all time-points. These data suggest that suppression of Racl is 

detrimental to visual function, contrary to the model o f  oxidative stress induced 

degeneration which has been a central theme o f this thesis. Interestingly a completely 

different result was observed when 6 heterozygous mice carrying the same mutation 

were treated with AAV_shRACl_3 (figure 3.5.33). An increase in b-wave response 

was recorded in the AAV_shRACI_3 at all time points (4 week, 8 weeks and 14 weeks 

post injection). This increase reached statistical significance at 14 weeks for the rod b- 

wave response, 4 weeks for cone b-wave response and 4 and 14 weeks for maximal b- 

wave response. The discrepancy between AAV shRACl l and AAV_shRACl_3 is 

difficult to speculate upon as both viruses suppressed Racl expression to a similar 

extent.

Due to the lack o f functional benefit observed by ERG analysis o f AAV shRACl l 

injected animals, little histology was undertaken on animals injected with this virus. 

The purpose o f this thesis was to explore possible gene therapies which reduce 

oxidative stress and improve the visual function in mouse models o f  RP. In addition, 

the liP347S transgenic mouse model o f RP is a valuable resource used by many 

members o f the TCD Ocular Genetics laboratory and therefore it was decided to focus 

on the virus with most promise as AAV_shRACl_3 was the only virus which invoked 

an improvement in visual fianction and a decrease in reactive oxygen species (see 

section 5.3.4).

Animals which had been injected with AAV_shRACl_3 were sacrificed for 

immunohistochemistry at two time-points at 4 weeks and 16 weeks post injection. 

Retinal sections from the first time point were stained with fluorescent tag bound 

peanut agglutinin (PNA) which specifically binds to surface saccharides o f  cone cells 

in the retina. This experiment revealed no difference in cone density between NT20
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and AAV_shRACl_3 treated eyes (figure 3.5.29). Cone cells are fully formed in the 

mouse retina by PIO (Fei Y, 2003), however the degenerating effects o f the P347S 

rhodopsin mutation may not have affected the cell viability o f  cones at this stage o f the 

disease as cone cell death is secondary to rod cell death in RP (Cronin et al. 2010). 

Therefore, suppression o f Racl will likely have no impact on cone cell density at this 

time-point when the mice are only 7 weeks old. At 16 weeks post-injection a clear 

difference in cone density is observed between control and AAV_shRACl_3 treated 

eyes (figure 3.5.30). The eyes which received Racl shRNA display a clear increase in 

cone cell density compared to NT20 injected eyes, in which little or no PNA staining is 

observed in the retina. No quantitative analysis was undertaken as counting o f 

individual cells bound to PNA was deemed to be impossible given the resolution 

provided by fluorescent microscopy as evidenced in figure 3.5.30. However, this trend 

was observed in all slides observed (three slides per eye containing 14 sections per 

slide). These data suggest that AAV_shRACl_3 is protective o f cone cells at later 

stages o f disease progression when rod cells have begun to die and the cone cells have 

become highly stressed due to increased levels o f  ROS. Given the protective effect o f 

AAV_shRACl_3 on ERG response at 16 weeks, it was decided to use an anti- 

rhodopsin antibody stain on retinal sections taken from hP347S heterozygous mice 

which had been treated with AAV_shRACl_3 16 weeks prior. This experiment 

revealed a clear increase in rod cell density in the AAV_shRACl_3 treated retina 

compared to the NT20 control (figure 3.5.31). Observation o f these micographs 

suggest that no improvement in the thickness o f the ONL has been achieved with 

treatment o f AAV_shRACl_3, a result which would be expected if suppression o f 

Racl is protective o f both rod and cone photoreceptors. The size o f the ONL is 

generally assayed by measuring the thickness o f this layer from the optic nerve (where 

the thickness must be zero as the retina appears to invaginate to a point at this region o f 

the retina) at set distances along the retina (Imai et al, 2010). ONL thickness 

measurements were not undertaken as severe thinning was observed across the retina in 

this transgenic model, with a thickness o f only one layer o f cells often observed in the 

transduced regions o f  the retina. The original paper detailing the pathology o f this 

transgenic model determined that only 1-2 nuclear layers were preserved in this mouse 

line at 4 months o f age (Li et al. 1996). The animals examined by 

immunohistochemistry in section 3.3.16.2 were almost 5 months o f age when 

sacrificed, a time at which approximately one nuclear layer is expected within the
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ONL. Therefore ONL thickness will not be addressed here as no scientifically sound 

measurement o f this feature o f retinal architecture could be undertaken due to the lack 

o f resolution provided by fluorescent microscopy.

A puzzling outcome o f this study was the discrepancy in effect between shRACl l 

and shRACl_3 treated animals. Theoretically there should be no difference in the 

phenotypes o f  AAV shRACl l and AAV_shRACl_3 treated eyes as both shRNAs 

specifically target RacI mRNA transcripts. Both constructs suppressed Racl 

expression to a similar extent in vitro and in vivo (see figures 3.5.16, 3.5.19 and 3.5.20) 

so the difference observed cannot be a result o f efficacy. It was hypothesised that the 

AAV_shRACl_3 construct may target genes containing homologous sequences that 

could provide a compensatory fianctional effect in the absence o f Racl. However, 

sequence analysis o f both constructs revealed no overlap in targeting between 

conserved sequences o f RacJ, Rac2 and Raclh (Rac3) which may have provided 

compensation in the absence o f Racl. A  general BLAST search revealed some 

sequence similarity between the AAV shRACl l target sequence with Rac3 (17 o f 19 

nucleotides match) and P2RY12 (13 o f 19 nucleotides match, a receptor o f  ADP 

involved in platelet aggregation) but the E-values o f  both these hits reached 34, 

strongly indicating weak similarity when compared to an E-value o f 0.035 when both 

siRNA target sequences are BLAST aligned with murine Racl. A BLAST search o f  

the pAAV_shRACl_3 target sequence revealed no sequence similarity with any 

murine transcripts except Racl. A second possibility for the difference in phenotype 

between the two sets o f animals is the effect o f off targeting o f other transcripts. This is 

caused by targeting o f the 3 ’ UTR o f transcripts which contain complementary regions 

to the seed regions (nt2-8 o f the 19nt siRNA sequence) o f the shRNA. Thse o ff 

targeting effects can be enhanced by a larger proportion o f A and U nucleotides in the 

shRNA seed region and by specific nucleotides (such as U at position 1 and A or U at 

position 9) within the shRNA (Nielsen et al. 2007). Neither o f the Racl siRNAs 

contain a U at position 1; however both contain a U at position 9. In addition, both 

shRNAs possess a seed region containing A and U regions o f 4/7nt and 5/7nt for 

R acl_l and Racl_3 respectively. Whilst this does suggest a degree o f off-targeting 

may occur, it does not explain the difference in response between the two constructs. A 

second explanation for the difference in phenotype is the possibility that the siRNA 

sequences produced by the shRNAs are immuno-stimulatory. The activation o f Toll
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like receptors (TLRs) lias been demonstrated to be induced by introduction o f siRNAs 

(Kariko et al, 2004) resulting in an innate interferon mediated immune response. 

Initially it was though that this activation o f TLR was sequence independent, however 

it has subsequently been observed that certain sequence motifs within the siRNAs are 

more immunostimulatory than others, in particular the presence o f poly-U repeats and 

GU rich regions (Jurk et al. 2011; .ludge et al. 2005; Hornung et al, 2005). Analysis o f 

the RAC 1 1  and RAC 1 3  siRNA sequences revealed no GU repeats in the antisense 

strand while there were poly-U repeats in both siRNAs (3(U) in RAC 1 1  and 4(U), 

2x2(U) in RAC1_3). However the sense strand o f RAC1_1 contained three GU motifs 

(GUG, GUG and GU) compared to none in RAC1_3. Base substitution studies have 

demonstrated that a greater interferon response is induced by GU repeats than by poly- 

U motifs (.ludge et al. 2005) and therefore this data tentatively suggests that RAC1_1 

siRNA produced by processing o f A AV_shRACl_l expressing shRNA may be much 

more immuno-stimulatory than AAV_RAC1_3. This in turn may induce retinal 

degeneration (as observed by ERG analysis at 4 weeks post-injection) as delivery o f 

siRNA to the eye has been shown to induce TLR activation and induce cellular 

apoptosis in cells o f the RPE after intra-vitreal injection (Kleinman et al. 2012). The 

difference in immuno-stimulatory properties o f  both sequences suggest that RacI 

suppression may be beneficial in this mouse model o f RP but that the beneficial effects 

have possibly been abrogated by the negative effects o f AAV-shRACl_l mediated 

immune response.

The data in this chapter detail the cloning o f  the RacI ORF in to an expression vector 

to produce fiill length RacI protein and the suppression o f this full length mRNA and 

protein in vitro. Furthermore, siRNA mediated suppression o f endogenous RacI has 

been demonstrated in vitro. Additionally, shRNA sequences based on successful 

siRNAs have been cloned in to an AAV genome and this plasmid has been used to 

produce fianctional AAV vectors which were used to suppress RacI expression in vivo. 

The functional effect o f  virally delivered shRNA against RacI was then examined in a 

transgenic model o f  retinitis pigmentosa. The data presented in this chapter suggest 

that one o f the two shRNA constructs designed to suppress R a d  is a functional 

suppressor o f this gene in the mouse retina and that this suppression preserves ERG b- 

wave amplitude compared to control injected eyes. Additionally, this construct has 

preserved the viability o f both rod and cone photoreceptors at the later stages o f retinal



degeneration at up to 19 weeks of age in these animals. Although this construct has not 

preserved visual function to levels observed in wild type animals, it takes a step 

towards addressing oxidative stress as a functional effector o f retinal pathology in RP 

and joins other therapeutic approaches reported in the literature which have been 

shown to preserve visual fiinction in animal models o f  retinal degeneration. The effect 

o f the Thioredoxin gene, responsible for direct scavenging o f ROS, will be explored in 

two models o f retinitis pigmentosa in chapter 4.
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3.5 Figures & Tables
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Figure 3.5.1: Schematic o f the NADPH Oxidase complex upon assembly and 

activation o f R ac l.

I'his schematic o f  the biochemical pathway leading to NADPH Oxidase production o f  

superoxide shows assembly o f  the complex in the left panel. Racl becomes activated 

by a Guanine Exchange Factor (GEF) mediated exchange o f Racl bound GDP for 

Gl'P. Racl then translocates to gp91phox where it recruits the non-membrane bound 

subunits o f  the complex to the cell membrane. After this has occurred, the NADPH 

Oxidase oxidises NADPH and passes this electron to molecular oxygen to form 

superoxide. Figure adapted from Assari (2006).
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Table 3.5.1: Schematic o f transfection o f 24-well plate

Cells were co-transfected according to this schematic. The RNA from each well in a 

column (wells 1-4) was pooled for later use in RT-qPCR analysis. One row o f wells is 

not shown; this was left empty of cells. The untransfected column o f wells was 

included to act as a control to demonstrate exogenous CMV promoter driven Racl 

expression from the CMV_Racl plasmid in transfected cells.



R A C IJ 5’ UCCGUGCAAAGUGGUAUtt 3̂  Sense 
3’ACAGGCACGUUUCACCAUA 5’ Antisense

RAC 1 2 5’ CCUGCUGUUGUAAAUGUtt 3’ Sense 
3’ ACGGACGACAACAUUUACA 5‘ Antisense

RAC1_3 5’ GAAGAGGAAGAGAAAAUtt3' Sense 
3’ ttCUUCUCCUUCUCUUUUA 5’ Antisense

Table 3.5.2: siRNA sequences

The sequences o f  each Rad specific siRNA sense strand annealed to an antisense 

strand.

Rad 1

siRNA 1 
Mouse Racl 

Pig mRNA 
Human Racl 
Consensus

siRNA 1 
Mouse Racl 

Pig mRNA 
Human Racl 
Consensus

siRNA 1 
Mouse Racl 

Pig mRNA 
Human Racl 
Consensus

(1 )
(396)
(415)
(441)
(451)

(1 )
(446)
(465)
(491)
(501)

(20 )
(496)
(515)
(541)
(551)

TACGTCCCCTGfCCTACCCAGAAACAG^^GTA'yTCTTAATTTGCTTTTgT 
TACficCCCClATCCTATCCGCAAACAGi^TpTGTTCTTAATTTGCTTTTCC 
TACGTCCCCT TCCTACCCGCAAACAGACGTGTTCTTAATTTGCTTTTCC 
501 550
--------------------------TGTCCGTGCAAAGTGGTAf-----
CTTGTGAGTCCTGCATCATTTGAAAATGTCCGTGCAAAGTGGTATCCTGA
cttgtgaSccctgcatcttttgaaaatgttcgcgcaaagtggtac^Jaga
CTTGTGAGTCCTGCATCATTTGAAAATGTCCGTGCAAAGTGGTATCCTGA 
CTTGTGAGTCCTGCATCATTTGAAAATGTCCGTGCAAAGTGGTATCCTGA 
551 600

AGTGCGACACCACTGTCCCAATACTCCTaTCATCCTC|STGGGGACGAAGC 
AGTGCGACACCATTGTCCCAACACTCCCATCATCCTGGTGGGGACG/ysLGC 
GjSTGCgGlCACCACTGTCCCAACACTCCCATCATCCfASTGGSAjllCTjii^C 
AGTGCGACACCACTGTCCCAACACTCCCATCATCCT GTGGGGACGAAGC

Racl 2

Pig mRNA (715) CAGTGTlSCSACGAAGCCftTCCGAGCGGTTCTCTGCCCGCQcqCCGTCAACi
siRNA 2 (1)

Mouse Racl (696) CAGTGTTTGACGAA(^TB,TC'CGAGCGGTTCTCTGjT|BCfCTCfTgTCAA|
Human Racl (741) CAGTGTTTGACGAAC^GftTCCGAGCASBCCTCTGCCCGCCTCCCGllGMB!
Consensus (751) CAGTGTTTGACGAAGC ATCCGAGCGGTTCTCTGCCCGCCTCCCGTCAAG

801 850
Pig mRNA (765) |||GAGGAAGA|GigiGTGCCTGCTGTTGTAAACGC$TfG|G|OfGG|G-|G
SiRNA 2 (1) ---------------TGCCTGCTGTTGTAAATGT----------------

Mouse Racl (746) JWGAGGAAGAGAAAATGCCTGCTGTTGTAAATGTjSGPAGCCCCTCGTTCll
Human Racl (791) |UlGAGGAAGAGAAAATGCCTGCTGTTGTAAATGTCT|CftGCCCCTCGTTCll|
Consensus (801) AAGAGGAAGAGAAAATGCCTGCTGTTGTAAATGTCTGAGCCCCTCGTTCT



siR N A  2 (2 0 )  -------------------------------------------------------------------------------------------------------------
M o u se  R a d  ( 7 9 6 )  CgG TCC T^— CCTG------ (IKACCTTTGTACGCTTTGCTCAAAAAT-------------
H um an R a d  ( 8 4 1 )  T&GTCCTGTCCCTT— GSAACCTTTG_TAC(^TTGC_TCJUyW!|lAAAACAA

C o n s e n s u s  ( 8 5 1 )  GGTCCTGTCCCT GAACCTTTCTACGCTTTGCTCAAAAA

Racl 3

s iR N A  3 
M o u se  R a c l  

P i g  mRNA 
H um an R a d  

C o n s e n s u s

siR N A  3 
M o u se  R a d  

P i g  mRNA 
H um an R a d  

C o n s e n s u s

siR N A  3 
M o u se  R a d  

P i g  mRNA 
H um an R a d  

C o n s e n s u s

( 1 )

( 6 4 6 )
( 6 6 5 )
( 6 9 1 )
( 7 0 1 )

( 1 )

( 6 9 6 )
( 7 1 5 )
( 7 4 1 )
( 7 5 1 )

( 2 )

( 7 4 6 )
( 7 6 5 )
( 7 9 1 )
( 8 0 1 )

TGCT GTC ABAT ACCT GG A G t G C T C A ^T C T  C AC AC AGCG AGGAGT C AAGA 
TGCTGHGf>ARTACCTGGAGTGCTCGGCGCTCACGeAGCGG(fcCCTCAAG#i 
ffGCTGllAiUaTACCTGGAGTGCTCGGCGCTCACACAGCGAGGCCTCAj^ 
TGCTGT AAATACCTGGAGTGCTCGGCGCTCACACAGCGAGGCCTCAAGA
7 5 1 8 0 0

- - - G

fiAGTGTSfCQACGAAGCClirCCGAGCGGTTCTCTGCCCGCeceCCGTCAAG 
^GTGTTTGACG^GeGfcTCCGAGOAB®CCTCTGCCCGCCTCCCGTGAAG 
CAGTGTTTGACGAAGC ATCCGAGCGGTTCTCTGCCCGCCTCCCGTCAAG 
8 0 1  8 5 0
AAGAGGAAGAGAAAAT-------------------------------------------------------------------------
AAGAGGAAGAGAAAATGCCTGCTGTTGTAAATGTCGGAGCCCCTCGTTCT
AAGAGGAAGAGGAAGTGCCTGCTGTTGTAAACQC^TQGigGe:C<3G-j|GG|G
AAGAGGAAGAGAAAATGCCTGCTGTTGTAAATGTCTC(kGCCCCTCGTTCr
AAGAGGAAGAGAAAATGCCTGCTGTTGTAAATGTCTGAGCCCCTCGTTCT

Figure 3.5.2: Homoloav between siRNA target sequences and each species 

Each siRNA target sequence was compared across species to test the possible 

functionality o f the siRNAs in mouse, pig and human. The yellow colouring o f the 

nucleotides indicates complete homology between the siRNA and all three species. 

This analysis indicates that all siRNAs should have complete homology to mouse and 

human Racl mRNA but mismatches exist between each siRNA and the pig sequence. 

However this feature makes these siRNAs ideal candidates for in vitro and in vivo 

suppression studies in human cells and mouse retina respectively.
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Figure 3.5.3: Schematic o f  ‘CMV-RACr. a pcDNA3.1+ plasmid containinu the 

human RACl gene codina sequence

The H indlll and Xhal sites used to clone the RACl CDS in to pcDNA3.1+ are marked 

in the figure at either end o f the CDS. Placing the H indlll site on the 5’ end o f the gene 

and the Xhal site on the 3 ' end o f the gene allowed this section o f DNA to be cloned in 

to the plasmid in the correct orientation relative to the promoter (ie the start codon 

immediately downstream o f the CMV promoter). The resulting plasmid was verified 

by restriction digest analysis and sequencing.
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Figure 3.5.4: Restriction analysis o f  CMV RACl with Hindlll and Xhal

To ensure that the Racl insert had been cloned in to the pcDNA+ vector, a restriction 

digest was undertaken on two separate DNA minipreps using the cloning restriction 

sites Hindlll and Xhal to excise the inserted fragment. This fragment is the lower band 

o f approximately 600nt in length observed in this figure. The higher band observed is 

the rest o f  the CMV RACl plasmid. No lower band would be expected if cloning had 

been unsuccessful as the Hindlll and Xhal restriction sites are very close together in 

the pcDNA+ vector Multiple Cloning Site (MCS).
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Figure 3.5.5: Secondary antibody only control for unspecific staining 

During the course o f this thesis, a number o f  different antibodies were used for 

immunohistochemistry. Prior to the use o f these antibodies for immunohistochemistry, 

a negative control for unspecific retinal staining was undertaken by carrying out 

immunohistochemistry using antibody solution for an overnight 4“C incubation (when 

primary antibody would typically be placed upon slides). The following day the slides 

were probed using the three different secondary antibodies used in the course o f this 

study. This figure shows the resulting negative stains obtained after incubation with A) 

Chicken Cy3 secondary antibody, B) Mouse Cy3 secondary antibody and C) Rabbit 

Cy3 secondary antibody. This demonstrated no staining o f the retina using these 

antibodies.
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Figure 3.5.6; Immunohistochemistrv showing Racl Expression in Wild type Retina 

Representative sections showing (A) the expression o f Racl in the retina and (B) the 

no primary antibody control. It can be seen from image A that Racl is expressed across 

all layers o f the retina, with heavier expression in the cellular layers; the ONL (Outer 

Nuclear Layer), INL (Inner Nuclear Layer) and GCL (Ganglion Cell Layer). 

Meanwhile, image B shows little immunostaining with only unspecific 

autofluorescence o f  the choriocapilliaris and staining o f  some parts o f the retina, most 

likely artefacts o f the sectioning process.
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Figure 3.5.7: RACl  dissociation curve with First reverse primer

The dissociation curve is used to establish the number o f  amplicons produced by the 

qPCR process with a given set o f primers. More than one amplicon is indicative o f 

non-specific primer binding and/or the presence o f primer dimers. More than one 

amplicon will skew the results o f a RT-qPCR by creating unspecific SYBR 

fluorescence and by consuming more dNTPs. This dissociation curve indicates that the 

RACI  PCR product has a T,,, o f approximately 77“C and that the primers are specific to 

RACl  cDNA.
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Figure 3.5.8: Actin dissociation curve

A dissociation curve was carried out during RTqPCR analysis to determine the number 

o f separate amplicons produced by ACTB specific primers. The ACTB dissociation 

curve also indicates specific primer binding to the ACTB cDNA as one clearly 

discernible peak is observed in this graph. A Tn, o f approximately 86"C was recorded 

for this amplicon.
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Figure 3.5.9: Standard curve o f RACl with first reverse primer

The standard curve was generated by making serial 5X dilutions o f NT sample RNA 

and assigning these arbitrary quantities (shown here as a LogCo, the Logio o f the 

concentration or quantity) differing by a factor o f 5 to correlate to the Ct values 

produced by the qPCR. The Ct value is the PCR cycle number at a given point of 

analysis (called ARn) during the PCR that is determined by the researcher, generally 

when production o f  amplicons is in exponential growth (before the reaction slows due 

to dNTP depletion). All data are subsequently analysed at this point o f the reaction. 

The slope and R  ̂ values are also taken from this curve. This standard curve provided 

an R  ̂ value o f 0.993 and a slope o f -3.237.
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Figure 3.5.10: Standard curve o^ACTB

This ACTS standard curve was used to calculate the slope and value which are the 

main determinants o f a successful RT-qPCR. The standard curve was created using the 

same serial dilutions o f NT RNA used to make the RACl standard. This standard curve 

provided an R  ̂value o f 0.994 and a slope o f -3.00.
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Figure 3.5.11: Bar chart showing siRNA-mediated suppression o f endogenous RACl 

in HeLa cells.

Suppression o f  endogenous RACl in Hela cells as compared to non-targeting siRNA 

(NT) treated cells. The relative suppression for R ac l_ l, Racl_2 and Racl_3 was 74% 

(±6%), 75% (±6%) and 76% (±4.5%) respectively. The P-values for R ac l_ l, Racl_2 

and Racl_3 suppression were 0.004853, 0.004761 and 0.004813 respectively. All three 

P-values were calculated by performing a two-way unpaired student’s t-test. This 

demonstrates the efficacy o f the siRNAs against endogenous human RAC l mRNA in 

vitro.

124



Dissociation Curve
1 400

000

OBOO

oeoo

0 200

0 000

•0 200
BO 85 70 75 eo as 90 9S

Temperature (C)
SYBR .Tm -60 0*C

W tli(t) A1 e i2
Docum#nt GARETH 19_05_11 (SUnd»rd Co'v*)

Figure 3.5.12: RACI dissociation usinu a new RACI reverse primer 

Due to a mistaive in initial primer design, a new reverse primer had to be synthesised to 

detect exogenous RACI expression. This dissociation curve shows that the new set o f 

primers produces one amplicon o f 79bp with a Tm o f 77.5”C.
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Figure 3.5.13: R A C l standard curve w ith new primer

This standard curve was produced using Racl qF and Racl_gR_new. This was 

produced using the same 5X dilution protocol as previous experiments. As was noted 

w ith in the main body o f  text, this new set o f  primers displayed a less optimal detection 

efficiency o f  cD N A detection, however the values and slope fell w ith in  the range o f  

values which can be taken as accurate. This standard curve provided an R  ̂ value o f  

0.971 and a slope o f  -3.55.
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Figure 3.5.14: Suppression o f  RAC 1 with new reverse primer

Suppression o f  both endogenous and exogenous expression o f  RACI  in HeLa cells. 

The relative suppression for Racl l and R acl_3  was 68% (±2%) and 53% (±9%) 

respectively. Untransfected cells showed 4% (±0.6%) expression o f  RACI  compared to 

non-targeting. The P-values for untransfected, RAC 1 1  and R A C 1 3  were 0.0001. 

0.0197 and 0.0255 respectively. P-values were calculated using a two way unpaired 

student’s t-test. This dem onstrates the efficacy o f  RACl l and R A C 1 3  in vitro as 

well as the relatively low expression o f  cells which received no CMV RACl 

expression plasmid (untransfected cells).
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Figure 3.5.15: W estern Blot showing suppression o f  RACl in vitro

This western blot is one o f  three blots carried out using the Abeam antibody against 

R A C l. The first lane is lysate from HeLa cells which were transfected with non

targeting siRNA (NT), and CMV R A C l. The second lane is lysate from untransfected 

cells (UNT). Lanes 3-5 received the siRNAs indicated in the figure and CMV R A C l. 

All RACl siRNA treated lanes showed almost complete suppression with the 

exception o f  lane 2 which has a heavy RACl specific band at 21kDa.

UNT RACl 1 RACl 2 RACl 3
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5‘ GATCCCCGn_G lCC(irOCAAACi l GG l A l]TTCCAAGAGAArA(_ CACM l  GCAC'GtiAC^TTTTTCTAGAGGAAA 3‘
3 '  GGGCK  ACKiCACCiT I I CACC A r  SAAGGTTCTCTn  ATOGHiAAACGTGCCTCi-nAAAAAAGATCCCTTTTCGA 5 '  

B g l l l  s it e  s h R N A  H a i r p i n  l o o p  s h R N A  H in d l l l

Figure 3.5.16: shRNA design for clonina

Sense and antisense complementary oligonucletoides were annealed to form a double 

stranded DNA oligomer. This oligomer was then cloned in to the pSuper vector using 

the Bglll and Hindlll sites indicated in the figure. This figure shows both the sequence 

o f the shRNA and highlights the fianctional features o f the shRNA construct based on 

the siRNA sequence o f RACl l. The shape and features o f the resulting RNA 

transcribed from this locus is shown below the sequence o f the annealed 

oligonucleotides.
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Figure 3.5.17: Clonina o f  the shRNA in to pAAV

Schematic showing the vector maps o f  pSuper_EG FP_R acl_l, pAAV MCS and 

pA A V _shR A C l_l. The shRNA was cloned in to pSuper.EGFP to create 

pSuper_EG FP_R acl_l using the B glll and H ind lll sites marked on the vector. The HI 

driven shRNA and PGK promoter driven EGFP section o f  DNA was then excised from 

pSuper, blunted and cloned in to pAAV MCS using the N otl restriction sites marked 

on the pAAV MCS vector. This produced the pA A V _shR A C l_l/3  vectors.
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shRNA mediated suppression of R a d  in vitro

Figure 3.5.18: shRNA mediated suppression o f RACI in vitro

Bar chart displaying the relative mRNA transcript quantities o f pAAV shRACl l and 

pAAV_shRACl_3 treated HeLa cells compared to NT20 treated cells. The relative 

suppression values are 34.66% (±10.1%) and 37.66% (±5.5%) for pAAV shRACl l 

and pAAV_shRACl_3 treated cells respectively. The P-values for each o f these 

shRNA data points were 0.014 and 0.004 respectively. P-values were calculated using 

a two way unpaired student's t-test. This chart demonstrates lower than expected 

suppression values based on the suppression data gleaned from the siRNA data o f the 

same cell type.
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Figure 3.5.19: Retinal Histology showing EGFP expression from shRACl viruses

Retinal sections were examined to verify successful transduction o f  the 

pA A V _shR A C l_l/3  viruses. All images have been overlaid with the DAPl staining o f  

the same section (in blue). DAPl will stain all layers containing a nucleus and therefore 

illustrate the positions o f  the ONL, INL and GCL. Images A and C show successful 

transduction and expression o f  EGFP from NT20 virus. Image B shows very low 

expression o f  EGFP from the pAAV shRACl l virus. This is from the contralateral 

eye to the eye from which image A was taken. Image D shows a similarly low 

expression o f  EGFP from pA AV_shRACI_3 virus in the contralateral eye from which 

image C was taken. These data suggest either low expression o f  EGFP or poor 

transduction o f  these viruses to the retina. OS-O uter Segments, ONL-Outer Nuclear 

Layer, INL-Innear Nuclear Layer, GCL-Ganglion Cell Layer.
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Figure 3.5.20: The pAAV shRACl 1 plasmid with CMV promoter driven EGFP

Due to the low EGFP expression obtained using the PGK promoter, a new AAV 

plasmid was cloned to contain CMV promoter driven expression o f EGFP. This has 

been used numerous times by other members o f the research group and had been 

shown to drive adequate expression o f EGFP in NT20 AAV injected eyes. This figure 

illustrates the A/111 and Sphl sites used to clone a CMV driven EGFP DNA segment 

fi'om the NT20 plasmid in to the previous Racl shRNA AA V  plasmid.
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Figure 3.5.21: Restriction Enzyme Analysis o f  AAV shRAC 1 1/3

Restriction analysis o f AAV shRACl l and AAV_shRACl_3 with PstI (lanes 2&3 

and lanes 4&5 respectively) and restriction analysis o f  AAV shRACl l and 

AAV_shRACl_3 with Pstl+EcoRI {\ax\QS 6&7 and lane 8 respectively). This image o f 

an agarose gel loaded with digested DNA show bands o f the expected length o f 2605, 

934, 512 and 443 nucleotides for digestion with Pstl+EcoRl. For digestion with Pstl 

alone this gel shows the expected bands o f 2605, 971 and 938 nucleotides. The 

resolution o f this gel makes it impossible to distinguish the 971 and 938 bands due to 

their relatively large size in comparison with the lower bands.
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shRAC1_1 mediated suppression of R a d  in vivo

shRAC

Figure 3.5.22: A A V  shRACl 1 mediated suppression o f /?ac7 w

Bar chart showing expression o f  R a d  m RNA in the retinas o f  eyes which received 

A A V s h R A C l l  relative to Rue I expression levels seen in the contralateral retinas 

which received NT20. I'he relative expression level in the shRNA treated eyes was 

31.66 (±3.8)% o f  the NT20 treated eyes. A  two way paired student's t-test on this data 

produced a P-Value o f  0.00051. This shows a functional effect o f  the shRNA on 

endogenous R a d  expression in the transduced region o f  the retina.
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Figure 3.5.23: AAV sliRACl 3 mediated suppression o f Racl in vivo

Bar chart displaying the expression o f  Racl mRNA in the retinas o f eyes which 

received AAV_shRACl_3 relative to Racl expression levels seen in the contralateral 

retinas which received NT20. The relative expression level in the shRNA treated eyes 

was 47.60 (±7.47)% o f the NT20 treated eyes. A two way paired student’s t-test 

performed on this data produced a P-value o f 0.0000964.
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Figure 3.5.24: Western Blot showina Suppression o f  Racl in vivo 

To confirm the mRNA suppression values obtained by Rl'-qPCR o f  Racl using 

pAAV_shRACl/3, a western blot was carried out on retinal tissue which had been 

transduced with the Racl shRNA AAVs to confirm that transcriptional suppression 

also resulted in suppression o f  Racl protein expression. This figure demonstrates that 

both shRNAs discernibly suppress Racl protein in vivo. An unexpected result was the 

presence o f  an extra band just above the Racl band at 21kDa. This is thought to be 

RhoGDI, a GEF inhibitor o f  Racl.
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Densitometry Analysis of SH3 suppression

Figure 3.5.25: Densitometry analysis o f Racl protein suppression in vivo 

Densitometry analysis was undertaken on the western blot image presented in figure 

3.5.24 to quantify the relative levels o f  Racl protein suppression achieved using 

AAV_shRACl_l and 3 (SHI and SH3). This analysis provided suppression values o f  

81.14% (±28.4) and 60.0% (±19.5) for SHI and SH3 respectively. A paired two way 

student's t-test performed on this data provided P-values o f 0.07 and 0.004 for SHI and 

SH3 suppression respectively. The analysis shows that both constructs are suppressing 

expression o f Racl protein in transduced regions o f the retina but that only SH3 

mediated suppression o f Racl has suppressed this expression by a statistically 

significant amount.
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Figure 3.5.26: Retinal histolouv showinu immunofluorescence usinti a R acl specific

antibody

Im m unohistochem istry was undertaken using a R a d  specific antibody obtained from 

Abeam to assess any possible suppression o f  Racl in the ONL o f  injected retinas. Two 

wildtype mice o f  strain 129 were sub-retinally injected with NT20 and 

Paav shRACl l in the left and right eyes respectively at P21 and subsequently taken 

for histology three weeks later. This figure shows Racl staining in the left eyes (panels 

A and C) and contralateral right eyes (panels B and D) o f  the injected mice. This shows 

no discernible decrease o f  Racl specific fluorescence in any layers o f  the neural retina. 

DAPl staining (blue) o f  the ONL, INL and GCL as well as EGFP expression (green) o f  

the transduced regions are overlayed on top o f  the Racl antibody staining (red).
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Figure 3.5.27; Retinal Histology showing Racl Expression in NT20 and 

AAV shRAC 1 1 treated eves.

Immunohistochemistry was undertaken using a Racl specific antibody obtained from 

Millipore. Three mice were injected with NT20 and pAAV shRACl l in the left and 

right eyes respectively at P21. These mice were subsequently sacrificed three weeks 

later and the eyes taken for histology. This figure shows Racl antibody staining in the 

left eyes (panels A, C and E) and right eyes (panels B, D and F) o f the three mice. 

Again no difference in staining pattern is observed between the left and right eyes o f 

these mice. A difference in fluorescent intensity is observable but this seems to be an 

artefact o f staining as the suppression is not limited to the ONL. It should also be noted 

that these eyes were fixed in 4% paraformaldehyde containing 5% acetic acid which 

has had the effect o f dimming the EGFP signal, making it observable in the outer 

segments only.
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Figure 3.5.28: Retinal Histology showina Racl expression in NT20 and

AAV shRAC 1 3 treated eves

Immunohistochemical staining o f retinas which had been treated with 

pAAV_shRACl_3 and subsequently stained using a Racl specific antibody obtained 

from Millipore. These retinal sections were also fixed using 4% paraformaldehyde with 

5% acetic acid. Control left eyes which had been sub-retinally injected at P21 are 

shown in panels A, C and E while the contralateral right eyes o f  the same animals 

received pAAV_shRACl_3 and are shown in panels B, D and F. All animals were 

sacrificed and the eyes enucleated for sectioning at three weeks post injection. Again, 

no discernible decrease o f Racl antibody staining is observed in the ONL o f the Racl 

shRNA treated eyes o f  these animals. Racl antibody staining is shown in red while 

DAPI staining is shown in blue and EGFP expression marking the transduced regions 

o f  the retina is shown in green.
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Figure 3.5.29: Retinal histology o f  hP347S transgenic mice treated with

AAV shRACl 1 at 4 weeks post injection using a cone specific marker (n=3) 

Transgenic mice carrying the hP347S rhodopsin mutation in a heterozygous manner 

were sub-retinally injected at P21 with NT20 in the control left eye (panels A, C and E) 

and pAAV shRACl l in the right eye (panels B, D and F). These mice were 

sacrificed 4 weeks post injection and the eyes were enucleated for sectioning and 

antibody staining. The Peanut Agglutinin (PNA) specific antibody was used to stain 

the cone cells o f  the retina to assess any effect R ad  suppression may have on the 

survival o f this cell type. PNA antibody staining is shown in red while DAPI staining is 

shown in blue and EGFP expression indicating the transduced region o f  the retina is 

shown in green. This figure demonstrates no increase or decrease o f  cone survival in 

the Racl shRNA treated eyes compared to the contralateral control injected eyes.
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Figure 3.5.30: Retinal Immunohistolouv o f HP347S transtzenic mice treated with 

AAV shRACl 3 at 4 weeks post injection usinu a cone cell specific marker (n=3) 

Transgenic mice carrying the hP347S rhodopsin mutation in a heterozygous manner 

were sub-retinally injected at P21 with NT20 in the control left eye (panels A. C and E) 

and pAAV_shRACl_3 in the right eye (panels B, D and F). These mice were 

sacrificed 4 weeks post injection and the eyes were enucleated for sectioning and 

antibody staining. The Peanut Agglutinin (PNA) specific antibody was used to stain 

the cone cells o f  the retina to assess any effect Racl suppression may have on the 

survival o f this cell type. PNA antibody staining is shown in red while DAPI staining is 

shown in blue and EGFP expression indicating the transduced region o f  the retina is 

shown in green. This figure demonstrates no increase or decrease o f  cone survival in 

the Racl shRNA treated eyes compared to the contralateral control injected eyes.
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Figure 3.5.31: Retinal Immunohistology o f  hP347S transgenic mice treated with

AAV shRACl 3 at 16 weeks post injection using a cone specific marker (n=3)

Cone survival was further assessed in pA A V _shRA Cl_3 treated animals at 16 weeks 

post injection to assess any long term survival o f  cones which may result from 

suppression o f  Racl in the retina. Three mice were injected at P21 with NT20 in the 

left eye (panels A. C and E) and pAAV shRAC 1 _3 in the right eye (panels B, D and 

F). These mice were sacrificed 16 weeks later and the eyes were taken for 

immunohistochemistry using the PNA specific antibody. PNA staining is shown in red 

while DAPI staining is shown in blue and EGFP expression indicating the transduced 

regions o f  the retina is shown in green. This shows a marginal but discernible increase 

in PNA staining o f  the ONL in eyes which received the R acl shRNA compared to the 

left eyes o f  the same mice which were treated with NT20.
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Figure 3.5.32: Retinal Immunohistoloav o f  HP347S transgenic mice treated with 

AAV shRACl 3 at 16 weeks post injection using a rod specific antibody (n=3) 

Transgenic mice carrying the hP347S rhodopsin mutation in a heterozygous manner 

were sub-retinally injected at P21 with NT20 in the control left eye (panels A. C and E) 

and pAAV_shRACl_3 in the right eye (panels B, D and F). These mice were 

sacrificed 4 weeks post injection and the eyes were enucleated for sectioning and 

antibody staining. The Rhodopsin specific antibody was used to stain the rod cells o f  

the retina to assess any effect R ad  suppression may have on the survival o f  this cell 

type. Rho antibody staining is shown in red while DAPI staining is shown in blue and 

EGFP expression indicating the transduced region of the retina is shown in green. This 

figure demonstrates a clearly discernible increase in rod cells in the Racl shRNA 

treated eyes compared to the contralateral control injected eyes, suggesting that 

suppression o f Racl in transduced regions o f  the retina is preserving rod viability in 

this mouse model o f  RP.
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Figure 3.5.33: ERG analysis o f AAV sliRACl 1 injected liP347S transgenic mice at 4-12 weeks 

post injection (n=4)

Electroretinography was undertaken on four hP347S heterozygous mice sub-retinally injected with 

NT20 in the left eye and pAAV_shRACl_l in the right eye at P21 at three time points post injection; 

4 weeks. 8 weeks and 12 weeks. The resulting response amplitude (in |aV) for each category o f ERG 

analysis was then averaged across the four mice and a standard deviation was calculated. The 

resulting data were graphed as a bar chart and a two way paired student’s T-test was performed on all 

data to compare the left and right eye at each time point and in each category. Statistical significant 

differences are indicated above the bars o f any categories which reached a P-value o f 0.05 or less. O f
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all the a-wave recordings, only the 4 week rod a-wave reached significance. However, for reasons 

discussed previously, the rod a-wave difference will not be discussed as valid. All b-wave values 

reached significance at 4 weeks indicating that the left eye had a higher response amplitude, thus 

suggesting that pA A V _shR A C l_l is causing further retinal degeneration. Only one other category 

reached significance, the rod b-wave at 12 weeks. Again this showed a higher response amplitude in 

the control left eye. Some improvement in rod and cone b-wave was obtained at later time points but 

this failed to reach statistical significance.
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Left Eye Right Eye

4 week 8 week 12 week 4 week 8 week 12 week

Rod a-wave 3.46±2.08 18.48±8.06 12.43±4.99 13.53±4.94 31.41±39.19 11.29±10.54

Rod b-wave 176±43.31 72.88±49.80 34.92±21.69 143.15±50.13 99.88±13.44 50.68±28.09

Cone a-wave 22.43±13.67 9.60±7.70 4.88±6.00 13.55±5.77 9.55±3.60 5.14±6.04

Cone b-wave 134.15±33.88 58.05±29.22 20.66±14.82 110.08±29.47 52.98±19.45 24.06±30.87

Maximal a-wave 62.53±10.90 23.99±28.86 14.20±9.04 55.53±14.56 33.92±30.87 13.27±8.79

Maximal b-wave 352±103.13 164.75±65.78 83.13±30.59 277.50±96.96 145.15±49.10 61.58±20.53

Table 31.5.3: Showing ERG recordings o f  SHI iniected hP347S mice

Amplitude responses from ERG analyses o f  pA AV _shRACl_l sub-retinally injected animals were averaged and a standard deviation 

was calculated for each category and time point. This table gives the amplitude response quantities which have been graphed in figure 

3.5.27. All differences in amplitude response between left (control) and right (pA A V _shRA Cl_l treated) eyes which reached 

statistical significance are highlighted in yellow. The statistically significant P-values, as measured by two way paired student’s T-test, 

attached to these data are as follows;

Rod a-wave 4 week; 0.035 

Rod b-wave 4 week: 0.036 

Cone b-wave 4 week: 0.006 

Max b-wave 4 week: 0.0024 

Maxb-wave 12week:0.029
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Figure 3.5.34: ERG analysis o f  AAV shR A C l 3 injected HP347S m ice at 4-14 w eeks 

post injection (n=6)

E lectroretinography w as undertaken on six KP347S heterozygous transgenic mice w hich 

had been injected w ith N T20 in the left eye and pA A V _shR A C l_3 in the right eye at P21. 

These m ice w ere subsequently analysed at 4, 8 and 14 w eeks post-injection. The resulting 

am plitude response values (in |iV ) were averaged across each category and tim e-point and 

a standard deviation w as calculated for each average value. These data are presented as a 

series o f  bar charts in this figure. A tw o w ay paired student’s T-test was perform ed on the 

data to test for statistical significantly differences in am plitude response betw een left and 

right eyes. All data sets which reached significance are indicated above the relevant bars in
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this figure. Although an increase in ERG response amplitude was record-d for all time 

points in the cone a-wave category, no data sets reached statistical sgnificance. A 

statistically significant improvement in maximal a-wave was recorded in th- right eye at 8 

weeks, however this was lost at 14 weeks post injection and a statistically ;ignificant loss 

o f  cone a-wave function was observed in the right eye compared to the left e^e at this time- 

point. An increase in right eye fianction was observed at all time points fir each b-wave 

function except for cone b-wave 8 week. O f these, the data sets which rea'hed statistical 

significance were rod b-wave 14 week, cone b-wave 4 week, maximal b-Wcve 4 week and 

maximal b-wave 14 week.
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Left Eye Right Eye

4 week 8 week 14 week 4 week 8 week 14 week

Rod a-wave 8.85±7.49 6.65±5.10 8.76±9.67 10.26± 11.03 4 .2U 3.39 8.2U 5.96

Rod b-wave 126.52±62.69 44.22±25.69 15.79±9.81 174.0±69.11 57.5±38.45 25.5±12.81

Cone a-wave 15.16±2.90 4.17±3.16 6.09±3.65 17.81±6.07 6.48±5.15 6.6U 4.55

Cone b-wave 104.14±23.71 31.96±18.50 9.42±3.47 122.0±19.14 32.36±16.83 10.73±3.08

Maximal a-wave 54.72±10.89 7.82±7.65 17.24±13.07 53.34±10.35 16.78±8.05 6.52±6.03

Maximal b-wave 363.80±82.64 87.34±68.37 33.94±17.67 437.60i82.68 121.62±75.46 51.92±14.98

Table 3.5.4: ERG amplitude values o f  AAV shRACl 3 injected hP347S mice.

Amplitude responses obtained from ERG analyses o f pAAV_shRACl_3 injected animals were averaged at each time point and 

category and a standard deviation was calculated for each data point. The resulting data which were graphed in figure 3.5.28 are 

presented here as a table. All amplitude differences which reached statistical significance between left (control) and right 

(pAAV_shRACl_3 injected) eye are highlighted in yellow. The statistically significant P-values, as measured by two way, paired 

student’s T-test. are as follows;

Rod b-wave 14 week: 0.053 

Cone b-wave 4 week: 0.012 

Max a-wave 8 week: 0.026 

Max a-wave 14 week: 0.032 

Max b-wave 4 week: 0.040 

Max b-wave 14 week: 0.0097
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Chapter 4:Expression of 
Recombinant Thioredoxinl in 
vitro and in vivo
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4.1 Introduction

The role o f  oxidative stress has becom e a topic o f  intense research in many 

disorders and has becom e associated w ith the pathology o f  Retinitis Pigm entosa 

over the past decade. As explained in greater detail in section 1.8, this oxidative 

stress appears to be a by-product o f  the m utations w hich cause RP. Therefore a 

therapeutic w hich aim s to reduce or elim inate this over-abundance o f  ROS in the 

retina may result in effective saviour or life prolonging o f  the cells o f  the retina. 

This should in turn delay the onset o f  blindness in individuals carrying m utations 

which give rise to Retinitis Pigm entosa. The recent exploration o f  the pathology o f  

RP and other retinal degenerations has show n that oxidative stress is a com m on 

feature o f  many retinal degenerations, both inherited and non-inherited (D oonan et 

al. 2012). Therefore, a drug or gene therapy which tackles oxidative stress will be 

m utation independent in the context o f  RP and may be applied to many retinal 

degenerations in w hich oxidative stress is a contributing factor.

D iabetic Retinopathy (DR) is one such retinal d isorder in w hich oxidative stress has 

been im plicated. H ypergylcaem ia caused by diabetes m ellitus causes a system ic 

increase in ROS w hich in turn causes activation o f  the transcrip tion factor N F kB 

(K ow luru et al. 2003). This in turn causes neovascularisation o f  the 

choriocapilliaris (the layer o f  blood vessels closest to the retina) w hich will cause 

retinal dam age and blindness. Recently, the drug H esperetin has been show n to 

reduce the pathology o f  DR (K um ar et al. 2013). This drug w as know n to be a free 

radical scavenger and antioxidant. T reatm ent o f  DR induced rats with H esperetin 

w as shown to reduce caspase m ediated cell death and preserve cells in all layers o f  

the retina. A novel drug designed by O ’ Driscoll et al (2011) nam ed BP3 has also 

been shown to increase the longevity o f  retinal cells in three d ifferent m odels o f  

oxidative stress causing retinal degeneration m odel mice. This drug reduced levels 

o f  ROS and preserved photoreceptor m orphology in a light induced retinal 

degeneration, a RP and an induced glaucom a m ouse model. Finally, a light ablation 

m ouse model o f  photo-oxidative induced retinal degeneration w as recently treated 

successfully w ith a com pound derived from  rosem ary plants called carnosic acid 

(R ezaie et al. 2012).
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The search for drugs which effectively reduce the ROS burden on cells in models o f  

RP has also produced promising results. Mockel et al (2012) have successfully  

treated retinal explants carrying a Bardet-Biedl syndrome (a form o f  RP) causing 

mutation with three drugs which inhibit the Unfolded Protein Response (UPR) 

pathway. The role o f  this pathway in the pathology o f  rhodopsin linked RP is 

discussed in further detail in section 1.8. Inhibition o f  the UPR pathway 

successfully preserved photoreceptor morphology. Unoprostone is a drug which has 

been tested, with promising results thus far, in a clinical setting for patients 

suffering from RP (Yamamoto et al. 2012). This too has been shown to act by 

reducing oxidative stress (Tsuruma et al. 2011). Treatment o f  the rdlO  mouse 

model o f  RP with Zinc-desferrioxamine has been shown to slow  the pathogenesis 

o f  retinal degeneration o f  this model (Obolensky et al. 2011). The Zinc- 

desferrioxamine com plex is a chelating agent which chelates ferrous iron m olecules 

and thus sequesters them and reduces fenton reaction mediated O2’ production in 

retinal cells, in turn reducing superoxide mediated cell damage and apoptosis. N- 

acetylcysteine (NAC) is another drug which has been tested in mouse models o f  RP 

(Lee et al, 2011). This compound is an orally available antioxidant and was tested 

in two mouse models o f  RP, the r d l  and rdIO models. Both oral and topical eye 

administration o f  NAC was demonstrated to reduce the presence o f  ROS in the 

retina and prolong the structure o f  the retina and the fijnctionality o f  cones but not 

rods in these animals, most likely due to the well established role o f  ROS in the 

death o f  cones compared to rods. Finally, treatment o f  the r d l  mouse model o f  RP 

with 7-nitroindazole has been demonstrated to reduce the number o f  cone cells 

from dying in these mice (Komeina et al. 2008). 7-nitroindazole is a specific 

inhibitor o f  nNOS which plays a role in the formation o f  peroxynitrite (see section  

1.7). These examples o f  targeted ROS reduction in the retina illustrate not only the 

pharmacological approach to ROS mediated retinopathy but also the observation 

that cone cells are typically the most responsive photoreceptor cells to treatments 

which aim to reduce oxidative stress in both rods and cones.

Although the examples provided above are all pre-clinical in nature, the progression 

o f  free radical scavenging drugs from pre-clical to clinical tests in humans has more 

recently been demonstrated with the use o f  MitoQ. This drug accumulates in the 

mitochondrial inner membrane where it acts as an antioxidant (Smith & Murphy,
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2010). Treatment o f  several human disorders in mouse models (such as ischaemic 

heart disease, Adlam et al. 2005) later led to three clinical trials o f  this drug, one o f  

which was terminated due to poor participant recruitment and therefore will not be 

discussed (N C T 00329056, NCTOl 167088, NC T00433108). Although safety o f  

administration was demonstrated in the two remaining trials, different outcomes 

were recorded for each. N o benefit was observed in a clinical trial o f  the effect o f  

MitoQ in Parkinson’s disease (Snow et al. 2010). However administration o f  MitoQ  

reduced liver damage in a study o f  its effect on patients suffering from Hepatitis C 

(Gane et al. 2010). These data indicate that antioxidant therapies do have clinical 

relevance past laboratory studies.

While the search for drugs which ameliorate the symptoms o f  oxidative stress 

induced RP has shown promise, these drugs must be administered repeatedly. In 

cases such as NAC administration, the drug may be administered topically, an un- 

invasive procedure. However most drugs will require sub-retinal or intravitreal 

injection; procedures which may cause further damage to the already compromised 

eye. Therefore a long-lasting therapeutic which requires only one administration 

over the course o f  a number o f  years may hold better promise for the treatment o f  

this disorder. Many gene therapies have been demonstrated to have prolonged 

expression from a single transduction o f  cells (DiGiusto et al, 2010). Therefore a 

single subretinal injection o f  an antioxidant gene therapy would provide a long term 

expression o f  a therapeutic molecule without the need for repeat injections over a 

long time span.

This approach to treating RP is a relatively new area o f  research and therefore there 

is little literature regarding gene therapy for oxidative stress in the retina in 

comparison to gene therapies which directly address the causative mutation o f  a 

disease. Increasing the expression o f  catalase  and S O D l dismutase had been shown 

to be protective against oxidative stress related injury in the rdIO  mouse model o f  

RP crossed with catalase  and S O D l over-expressing transgenic mice (Usui et al. 

2009). This cross demonstrated greater protection o f  both cone function and 

structure. Both S O D l  and catalase  are directly involved in the reduction o f  O2 ' to 

H2 O2 and its subsequent reduction to water and molecular oxygen, thus these 

enzym es play crucial roles in maintaining ROS levels intracellularly. Delivery o f
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the catalase  gene by AAV administration to rats which had been subjected to 

ischaemia/reperfusion injury has been demonstrated to decrease oxidative stress, 

protect retinal cells from apoptosis and preserve visual function (Chen & Tang, 

2011). Adenovirus delivered catalase  has also been demonstrated to protect cells o f  

the RPE from light exposure induced oxidative stress in mice (Rex et al. 2004). 

Furthermore, delivery o f  the S 0 D 2  dismutase gene to the retina via AAV has been 

demonstrated to have a neuroprotective effect in the GCL o f  mice which had been 

subjected to ischaemia/reperfiision injury (Liu et al, 2012). A third component o f  

this system named Gpx4 has been demonstrated to reduce oxidative stress in an 

ischaemia-reperftision mouse model o f  oxidative stress in a transgenic model which 

over-expresses Gpx4 (Lu et al. 2009). Gpx4 also plays a role in the reduction o f  

hydrogen peroxide to water and oxygen.

AAV delivery o f  y-Secretase  and PE D F  (Pigment Epithelium Derived Factor) has 

resulted in a reduction in the formation o f  superoxide anion in the retina o f  laser 

induced CNV (Choroidal Neovascularisation) mice which form an AM D like 

phenotype (Qi et al. 2012). This reduction in the levels o f  superoxide in turn 

preserved retinal structure by reducing choroidal neovascularisation. Shan et a! 

(2011) were able to save retinal cells in vitro  by transfecting these cells with XIAP 

(X-linked Inhibitor o f  Apoptosis), an anti-apoptopic gene. This gene was able to 

reduce cell death in cells which had been treated with H2 O2 and these cells also 

demonstrated a reduction in oxidative stress. Verma et al (2012) have demonstrated 

that by introducing ACEII into the retina by AA V, it is possible to reduce oxidative 

stress and thereby reduce neovascularisation in both a mouse and rat model o f  

diabetic retinopathy. ACEII is a component o f  the renin-angiotensin system which 

plays a role in vasodilation; reducing vaso-permeability by acting as a ligand for 

ACE. Components o f  this system are over-expressed in the eyes o f  patients 

suffering from DR and this system contributes to neovascularisation. Therefore the 

introduction o f  the ACEII component has had the effect o f  balancing the ratio o f  

interacting components (ACE and ACEII) o f  the renin-angiotensin system and 

reducing oxidative stress associated with overexpression o f  ACE in the retinas o f  

animal models o f  DR.

156



Given the success in treating animal models o f  RP by reducing oxidative stress, it 

was decided to introduce an antioxidant gene by AAV delivery in to the Pro23His 

and Pro347Ser mouse models o f  RP present in the TCD Ocular Genetics 

laboratory. The gene that was chosen was Thioredoxinl, encoding an antioxidant 

protein. Thioredoxin (Trx) is a small (105 amino acids) ubiquitously expressed 

protein which acts to balance the redox environment o f  the cell. Thioredoxin. 

Thioredoxin reductase (TrxR) and NADPH were discovered in 1964 as components 

which act as hydrogen donors for dNTP synthesis in E.coli (Laurent et al. 1964). 

The kinetics and mechanism o f  Trx suggest that it is physiologically equivalent to a 

reducing agent such as dithiothreitol. Trx is a cytoplasmic and extracellular 

enzyme. Trx2 is an isoform o f  Trx and is a membrane bound enzyme present in 

mitochondria. The Trx system serves to act as a protein and other substrate 

reductase. Electrons are transferred to TrxR which becomes reduced at conserved 

active sites Cys 32 and Cys35. These electrons are then used to reduce Trx disulfide 

bonds o f  cysteine residues (Holmgren and Lu, 2010; Nakamura et al. 2009). Trx 

subsequently reduces target proteins and other substrates through a hydrophobic 

surface (see figure 4.5.1).

The major cellular use o f  the TRX system is in the reduction o f  the ribonucleotide 

reductase (RNR) which is involved in the production o f  dNTPs. This is heavily 

used during the S phase o f  cell division when there is a large amount o f  DNA 

replication occuring (Holmgren & Lu. 2010). Due to its role in DNA synthesis, 

TRX proteins are often found to be over-expressed in many cancers; for example, 

TrxR has become a likely candidate for drug targeting to treat many cancers (Liu et 

al. 2012). Transgenic mice which over-express Trx have been shown to have a 

longer lifespan and protection from oxidative stress related disease (Holmgren & 

Lu. 2010). In the cytoplasm, reduced Trx acts to inhibit apoptosis by inhibiting 

apoptosis signal-regulating kinase 1 {ASKI,  Saitoh et al. 1998) and by activating the 

Akt pathway by inhibiting PTEN (Meuillet et al. 2004). Trx] KO mice are 

embryonic lethal (Matsui et al. 1996).

Expression o f  the Trx gene is induced by cellular oxidative stress. Its promoter 

contains an anti-oxidant responsive element (ARE) which is activated by oxidative 

stress (Tanito et al. 2007). Trx also induces expression o f  H IF la  which increases
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the expression o f VEGF which in turn can cause angiogenesis o f tumours (Welsh et 

al, 2002), resulting in Trx being proposed as a target o f chemothereapeutics for 

some forms o f cancer. However, the transgenic mouse model overexpressing Trx 

from the ^-actin promoter shows no sign o f sporadic tumour formation (Burke- 

Gaffney et al. 2005).

Thioredoxinl (along with the other members o f the TRX system) were found to be 

expressed heavily in the GCL and synaptic layers o f the retina (OPL and IPL) with 

some expression in the ONL. RPE and choriocapiliaris in the wild type rat retina 

(Aon-Bertolino et al. 2011). Disturbance o f the Trx system has been implicated in 

AMD through increases in oxidative stress in an A|3 amyloid plaque depositing 

mouse model. These amyloid plaques have been shown to have increased 

deposition in the retinas o f mouse models o f  AMD (Goldblum et al. 2007). Trx was 

demonstrated to have reduced activity in these mice compared to wild type animals 

suggesting a role for Trx in protection against retinal degeneration (Lamoke et al. 

2012). Thioredoxinl seems to play a prominent role in light induced damage to the 

retina as transgenic mice over-expressing this gene displayed a neuroprotective 

phenotype in response to light damage compared to wild type mice (Tanito et al, 

2002). Further evidence for the role o f Trx in retinal degeneration was 

demonstrated by the protective effect o f curcumin induced up-regulation o f this 

gene in a light-induced retinal degeneration rat model (Mandal et al. 2009). This 

protection is likely induced in wild type animals in response to low levels o f light 

exposure. It has been observed that Trx and TrxR are up-regulated in light adapted 

animals and that subsequent neuro-protection against photo-oxidative damage is 

due to activation o f the ARE element in the promoter o^Trx  by Nrf2 (Tanito et al. 

2007). Over-expression o f Trx and Trx2 in the retinas o f mice with induced 

oxidative stress (due to optic nerve transection) has also been demonstrated to 

protect the cells o f  the GCL (Munemasa et al. 2010). Finally, Trx has been shown 

to protect against ischaemia-reperfusion injury to the retina when rats were pre

treated by systemic injection o f recombinant human TRXl (Shibuki et al. 2000). 

Ischaemia-reperfusion is an oxidative stress induced pathology which occurs when 

tissues are exposed to normoxia after a period o f hypoxia (eg. Retinopathy of 

prematurity in premature babies).
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The strongest evidence to suggest a neuroprotective effect o f Trx in RP was 

published by Kong et al in 2010. In this publication, a transgenic mouse model 

which over-expresses Trx was crossed with the Tuhhy mouse. The Tuhhy mouse is 

a mouse model o f  Usher’s syndrome, a ciliopathy which results in sensorineural 

deafness and retinitis pigmentosa (Noben-Trauth et al, 1996; Kleyn et al. 1996; 

Muivhopadhyay & Jackson. 2013). The progeny of these mice demonstrated a 

preservation o f over half o f the photoreceptors that are lost in the Tuhhy mouse by 

P34. Furthermore, the progeny displayed a two-fold increase o f both cone a-wave 

and cone b-wave at P34 compared to Tuhhy mice as recorded by 

electroretinography (ERG). These data indicate that over-expression o f Trx results 

in functional benefit in the retina o f mice carrying an RP-like mutation.

The objectives o f  this chapter were to create a novel AAV plasmid containing the 

Thioredoxinl gene downstream o f a promoter which would be active in the ONL of 

the retina. Data were also gathered regarding the expression of this construct in 

vitro before production o f high titre AAV 2/5 using this plasmid began. This virus 

would then be used to evaluate AAV mediated over-expression o f the Thioredoxinl 

gene in vivo, before examining the effects o f Thioredoxinl over-expression in two 

mouse models o f RP at both a structural and functional level.
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4.2 Materials and Methods

All materials used are listed in section 2.1

4.2.1 Cloning of the Thioredoxinl Gene

To observe the effects o f  Thioredoxinl over-expression in the retina o f  mouse 

models o f  RP, it was first decided to clone the gene in to the pAAV_MCS plasmid. 

The mouse Trx gene was ordered from a cDNA library housed by Source 

Bioscience (Clone 4216106). This gene was contained within the pCM V_SP0RT6 

plasmid and was received to the laboratory as a DNA mini-preparation. It was 

subsequently transformed in to XL-1 Blue competent E. coli cells as outlined in 

section 2.2.2.11. Based on the sequence o f  the MCS o f the pCM V _SP0RT6 and 

the reference sequence o f  mouse Trx (N M _011660) it was decided to sequence the 

insert and surrounding regions o f  the plasmid using the Trx qF, Trx qR and M13 

primers. The binding sites for these primers were within the Trx gene and upstream 

o f the MCS o f  the pCM V_SPORT6 plasmid. This revealed the presence o f  X hal 

and EcoRI sites on either end o f  the Trx gene. The sequence o f  the Trx gene was 

also aligned against the reference sequence o f  mouse Trx which showed 100% 

homology between the CDS o f both sequences. The X ha l and EcoRI sites were 

used to clone the Trxl CDS in to pAAV MCS (see figure 4.5.2). The resulting 

pTrx AAV plasmid was then mega-prepped for later use in AAV production and 

transfection o f  HeLa cells. This plasmid was also restriction digested to ensure the 

integrity o f  the plasmid (see figure 4.5.3) and sequenced using the Trx_qF and 

Trx qR primers (see appendix).

4.2.2 Transfection and Harvesting of HeLa Cells

HeLa cells were plated in to 24-well plates at a seeding density o f  2x10^ cells per 

well. These cells were incubated overnight at 37“C to allow the cells to reach over 

90% confluency. At this time the cells were transfected with 0.4|j,g o f  DNA per 

well as outlined in section 2.2.2.6. The cells were then returned to incubation at
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37‘’C for 24 hours before harvesting o f RNA or 48 hours before harvesting o f 

protein.

For harvesting for RNA extraction, cells were aspirated o f media, washed with IX 

PBS and then lysed with 250|xl o f  Tri Reagent per well. The cells were left to lyse 

for 5 minutes before manual disruption o f cell membranes by pipetting up and 

down. The lysates were collected and quadruplicate cells pooled in to a total o f 1ml 

o f lysate. The RNA was then extracted by chloroform extraction, as outlined in 

section 2.2.3.2. The RNA was DNase treated for one hour at 37"C before heat 

inactivation o f  the DNase at 80”C for ten minutes. All samples were assayed for 

RNA concentration by Nanodrop spectrophotometry.

For harvesting for protein extraction, cells were aspirated of media and washed 

with IX PBS. The cells were then lysed with cell lysis buffer. The lysates were 

collected and quadruplicate wells were pooled in 2ml glass tlat bottom specimen 

tubes. A magnetic stirrer was added to each tube and the lysates were incubated at 

4”C for one hour with constant magnetic stirring. After one hour had elapsed, the 

lysates were transferred to eppendorf tubes, spun at 13,000 for 30 minutes at 4"C 

and the supernatants collected. The protein concentration in each sample was 

assayed by BCA assay.

4.2.3 Production of Recombinat AAV Trx virus

The CMV_EGFP and pTrx_AAV plasmids were used to produce AAV 2/5 by the 

triple transfection method outlined in section 2.2.6. CMV specific primers were 

used to titre the resulting virus and these titres are given in section 4.3.

4.2.4 RT-qPCR Analyses

RT-qPCR analysis was undertaken on all RNA samples. RNA was diluted to 2ng/)il 

for each sample. The standard curve was created by making a 5X serial dilution o f a 

1/50 dilution o f RNA from pTrx AAV transfected cells or a V2 dilution o f RNA 

from AAV Trx injected retinas. All RT-qPCR analyses were carried out as outlined
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in section 2.2.3.4. All standards were pipetted in to duplicate wells and all unknown 

samples were pipetted in to triplicate wells. A negative control containing RT mix 

and nuclease free water was also included. The primers used for this analysis were 

the Trx q and ACTB primers.

4.2.5 Western Blotting

Western blotting was carried out as outlined in section 2.2.5. Briefly, all samples 

were boiled in a 1/5 dilution o f 5X Laemmli buffer. The SDS-PAGE gel was then 

loaded with volumes containing equal amounts o f total protein in each volume. Due 

to the small size o f  the Thioredoxinl protein (~12kDa) the transfer o f protein from 

gel to PVDF was carried out at 60mA for one hour to prevent the protein from 

passing through the PVDF layer completely. The primary antibody used was the 

Rabbit polyclonal anti-Trx antibody (Abeam). Blots were developed for no longer 

than 20-30 minutes due to the high expression of the CMV driven Trx from 

pTrx_AAV in HeLa cells and the high expression of endogenous Trx expression in 

HeLa cells. This applied to protein from Trx_AAV injected retinas too as the CMV 

promoter drives strong expression o f Trx in vivo. After developing for Trx. all blots 

were probed for (3-Actin using the rabbit anti-P-Actin antibody (Abeam) to ensure 

equal loading o f all samples.

4.2.6 Immunohistochemistry

All immunohistochemistry was carried out as outlined in section 2.2.8. Briefly, 

virus was injected sub-retinally and incubated in the retina for at least three weeks 

post-injection before harvesting o f tissue. The mice were euthanised and the eyes 

enucleated. The eyes were then fixed in 4% Pfa before the lens was excised through 

the cornea o f the eye. The eyes were then cryoprotected in sucrose solution before 

being frozen in OCT and sectioned. All sections were then immunostained. The 

anti-Trx antibody (Abeam) was diluted 1:200 in antibody solution and the 

secondary antibody was diluted 1:1000 in antibody solution. The slides were also 

stained for 5 minutes in DAPl solution to stain the nuclear layers before washing in
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IX PBS and mounting o f coverslips. The sections were subsequently examined by 

fluorescence microscopy.

4.3 Results

4.3.1 Cloning of the Thioredoxinl Gene into pAAV MCS

The Thioredoxinl gene was ordered as a cDNA library clone from Source 

Bioscience as an ORF contained in the MCS of the pCMV_SP0RT6 plasmid 

downstream o f the CMV promoter. The M l3 primer was used to verify the 

sequence o f this plasmid. This demonstrated that the plasmid contained the mouse 

Trx CDS in a reverse orientation relative to the M l3 primer binding region. The 

CDS contained in this plasmid corresponds to nucleotides 202-519 o f the mouse 

Trx UniGene reference sequence (NM_011660). Sequencing also revealed an intact 

Xhul restriction site at the 3' end o f the gene and an intact EcoRl restriction site at 

the 5" end o f the gene. These sites were then used to clone the Trxl CDS in to the 

pAAV_MCS plasmid to create pTrx_AAV (see figure 4.5.2). The plasmid was 

sequence verified (see appendix) and restriction digested to confirm correct cloning 

(see figure 4.5.3).

4.3.2 Expression of Exogenous Thioredoxinl mRNA in HeLa Cells

HeLa cells were transfected using lipofectamine as outlined in section 2.2.2.6 in a 

24-well plate (see table 4.5.1). Each well treated with pTrx_AAV received 0.4(^g of 

plasmid DNA. Cells were transfected in three sets o f quadruplicate wells and 

compared to three sets o f untransfected quadruplicate wells. The cells were left for 

24 hours post transfection before harvesting using Tri-reagent. This RNA was 

analysed by RT-qPCR using the mouse Thioredoxinl (Trx_q forward and reverse) 

and human/mouse P-Actin {ACTS forward and reverse) specific primers. The 

standard curve and dissociation curve o f ACTB primers on HeLa cell derived RNA 

have previously been discussed in chapter 3 and therefore will not be covered here 

again. The dissociation curve o f the Trx_q primers is presented in figure 4.5.4. This 

shows a small presence o f primer dimers in these samples, however there appears to
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be only one main amplicon, indicating specific amplification o f ThioredoxinI 

cDNA. The standard curve is shown in figure 4.5.5. This gives an value o f  0.9S0 

and a slope o f  -2.29. While the value o f  this curve is an indication o f  a reliatle 

quantification o f  Trx cDNA based on detection by the Trx q primers, the standa'd 

curve is well above the ideal slope o f  -3.33, meaning that any quantities of 

unknown samples may have a standard error o f  ±30%. This low slope is due to tie  

large change in expression between un-transfected and transfected cells at the point 

o f  analysis (ARn). The large difference means that the Trx amplicon from cDNA of 

transfected cell origin is reaching the lag phase o f  PCR at a low Ct value. This can 

be observed on the x-axis o f  the standard curve as the start o f  the curve begins.

The bar chart detailing the expression o f  Trx expressed from the pAAV CMV 

promoter is presented in figure 4.5.6. This demonstrates an approximate 16,918 

(±6,864)-fold over-expression o f  Trx in transfected cells compared to un

transfected cells. The Trx_q primers will detect only mouse Trx which is the 

version o f  Trx expressed from the pTrx_AAV plasmid. Therefore the level o f 

expression observed here cannot be considered physiologically relevant as the un

transfected cells can be considered to have zero mouse Trx transcripts present 

intracellularly due to their human origin. The point o f  this experiment however is 

simply to demonstrate the fimctionality o f  the pTrx AAV plasmid and therefore the 

relative quantity compared to endogenous levels o f  Trx expression is not as relevant 

in this setting, as opposed to the testing o f  siRNAs in HeLa cells whereby the 

efficacy o f  the siRNA is evaluated by the relative quantity o f  mRNA transcripts.

4.3.3 Expression of Exogenous Thioredoxin Protein in HeLa Cells

Over-expression o f  Trx in HeLa cells which were transfected with pTrx_AAV 

plasmid was flirther confirmed at the protein level by western blot. Cells were 

transfected as described previously before the cells were harvested and the total 

protein extracted. The concentration o f  each protein sample was recorded by BCA 

assay before the western gel was loaded with volumes containing the same quantity 

o f total protein. The western blot was probed with anti-Trx antibody and anti-p- 

Actin antibody to ensure equal loading o f  samples. Based on the RT-qPCR
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analysis, this blot should display bands o f  very heavy intensity in the lanes loaded 

with lysate from pTrx_AAV plasmid compared to un-transfected controls. The 

resulting blot is presented in figure 4.5.7. This blot confirmed the presence o f  

Thioredoxinl at the predicted size o f  12kDa and these bands appear to be more 

intense in the transfected cell lanes compared to the untransfected cell lanes. 

However the change in expression is not as large as what was observed by RT- 

qPCR o f the Trx mRNA. This can be explained by the fact that the RT-qPCR 

primers used to detect Trx will amplify mouse cDNA only and therefore will not 

detect any endogenous human TRX  mRNA which is human given the origin o f 

HeLa cells from a human cervical carcinoma. The anti-Trx antibody will detect 

both human and mouse Trx protein and therefore it will detect human Trx in the un

transfected cell lanes. Despite this change in parameters between the two sets o f 

experiments, it is clear that the pTrx_AAV plasmid drives a discernible expression 

Thioredoxinl at both the mRNA and protein level as evaluated by R'F-qPCR and 

western blot respectively.

4.3.4 Production o f Recombinant AAV 2/5

Two recombinant AAV 2/5 viral preparations were generated using the pTrx_AAV 

plasmid together with a reporter AAV MCS plasmid containing CMV driven 

EGFP. This plasmid was used to produce AAV 2/5 viral vector which would act as 

a ftinctional control for injection in to the contralateral eye to ensure any functional 

effects produced by expression o f  exogenous Trxl in vivo are not simply the effects 

o f  over-expression from a CMV promoter. All viruses were produced using the 

triple transfection method as outlined in section 2.2.6. Different fractions o f  both 

the resulting Trx AAV and CMV EGFP viruses were titred by RT-qPCR using 

CMV promoter specific primers by the method outlined in section 2.2.6.3. The 

fractions with the highest titre were then chosen for flirther experiments in vivo. 

The viral titres for each o f  the highest titre fractions in vg/ml were as follows; 

CMV EGFP: I . 1 2 x l 0 ' ^ , Trx AAV: 9.83xlO ".

4.3.5 Expression of Exogenous Trx mRNA i/t vivo
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In order to confirm the functionahty o f  both the in vivo transduction by 

recombinant AAV and the expression cassette o f this virus, Trx_AAV was injected 

in to the right eye o f  six wild type strain 129 mice while the left eye was injected 

with the same volume o f  PBS. CMV_EGFP was not injected as this was used for 

later experiments examining the functional effect o f  Trx expression in the retina. 

The viral load delivered to the sub-retinal space was 2.9x1 O^vg in a 3)il volume. 

Subsequent to sub-retinal injection, the mice were left for three weeks to allow 

transduction and spread o f  the virus and for gene expression to begin. After three 

weeks had elapsed, the mice were euthanised and the retinas extracted. RNA was 

extracted from the retinal tissue as outlined in section 2.2.3.3. The percentage 

change in expression was calculated for each animal by comparison between the 

left and right eye. The results o f  this experiment are presented in figure 4.5.8. 

Figure 4.5.8 demonstrates a relative ~92±10.71-fold increase o f  Thioredoxinl 

mRNA in the right eye o f  these mice. A two way paired student’s t-test confirmed 

that this change was statistically significant (P<0.005). Unlike earlier experiments 

in vitro which examined only the increase o f  exogenous mouse Trx mRNA in 

comparison to endogenous expression in HeLa cells (which contain human Trx that 

the Trx RT-qPCR primers cannot detect), this RNA analysis in mice includes 

evaluation o f  expression o f  both endogenous and exogenous expression o f  7>x. This 

is because the sequence o f  the recombinant Trx is o f  mouse origin and therefore the 

Trx_q primers will detect both endogenous and exogenous expression. It must also 

be noted that RNA was extracted from the whole retina which included cells which 

had not been transduced by Trx_AAV. It is estimated that approximately one third 

o f  the retina is transduced following sub-retinal delivery o f  high titre AAV 2/5 

(Palfi et al. 2012). Therefore the expression Thioredoxinl is likely much higher 

in the regions o f  the retina which had been effectively transduced.

4.3.6 Expression of Exogenous Trx protein in vivo

The expression o f  Trx in vivo was further analysed by western blot analysis o f 

protein extracted from injected retinas o f  three wild type mice strain 129. These 

mice received the same titre o f  virus via sub-retinal injection as used previously for 

experiments examining mRNA expression (2.9x1 O^vg). Briefly, mice were
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euthanised three weeks post-injection and their retinas removed and placed in tissue 

lysis buffer. Protein was extracted as outlined in section 2.2.4.2. The concentration 

o f  total protein in each sample was assayed by fluorometry and the samples were 

loaded in to an SDS-PAGE gel in volumes containing equal quantities o f  total 

protein. The resulting western blot was probed with anti-Trx antibody and anti-P- 

Actin antibody. This western blot is presented in figure 4.5.9. The western blot 

demonstrates over-expression o f  Trx protein in all three Trx_AAV injected retinas. 

This over-expression is especially prominent in mice 2 and 3 which show a band o f 

very heavy intensity compared to the band in the lane from the contralateral eye 

injected with PBS. The over-expression o f  Trx in mouse 1 however is more 

difficult to observe as the bands from the left and right eyes are very similar in 

intensity, with only a slight increase o f  expression in the right eye. Further 

investigation revealed that the injection in to the right eye o f  this mouse was not 

entirely successful as recorded by Dr Paul Kenna who carried out the sub-retinal 

injection. Unsuccessful injections are generally caused by a sub-retinal 

haemorrhage which can prevent efficient spread o f  the injected virus. It may also be 

caused by general leakage o f  the virus. Therefore some virus may have been lost to 

the surrounding regions o f  the eye, explaining the lack o f  retinal Trx expression in 

the retina o f  this eye compared to the right eyes o f  mice 2 and 3.

4.3.7 Imtnunohistochcmical Analysis o f  Expression of Trx//i vivo

Eyes from three mice which had been injected with Trx AAV were taken for 

immunohistochemistry. This was undertaken to further confirm the functionality o f  

the Trx AAV virus and to determine the regions o f  the retina which express both 

endogenous Trx and exogenous Trx protein. The left eye received 3|il o f  PBS while 

the right eye received 2.9x1 O^vg o f  Trx_AAV within a 3^il volume via sub-retinal 

injection. Briefly, treated mouse eyes were enucleated, fixed and sectioned as 

outlined in section 2.2.8. The retinal sections were stained with anti-Trx antibody 

and DAPI. The resulting sections were examined by fluorescent microscopy and 

representative images recorded are presented in figure 4.5.10. These images 

demonstrate that endogenous expression o f  Trx is largely limited to the inner layers 

o f  the retina including the INL, with especially strong expression in the GCL.
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Meanwhile, Trx expression in eyes that had been sub-retinally injected with 

Trx_AAV virus show strong exogenous expression in the ONL and RPE as well as 

limited endogenous expression in the INL and GCL. The strong over-expression in 

the ONL and RPE mirrors the tropism o f  AAV 2/5. A no primary antibody control 

was also included which was stained with secondary antibody only. This slide acts 

as a control for unspecific staining. The no antibody control shows no expression o f 

Trx, demonstrating that the primary antibody used is most likely specific to Trx 

antigen and that the staining pattern observed in the experimental eyes is not a 

result o f  background staining by the secondary antibody. These results demonstrate 

that Trx AAV is a functional virus which produces fiall length mouse Trx protein.

4.3.8 Effect of Exogenous Trx Expression in Pro23His RP model Mice

The hP347S mouse model o f  rhodopsin linked autosomal dominant RP has already 

been discussed in detail in section 3.3.16 and therefore will not be covered again 

here. The Pro23His transgenic mouse model o f  rhodopsin linked autosomal 

dominant RP was first described by Olsson et al in 1992. This transgenic mouse 

carries a patient derived rhodopsin transgene containing a missense mutation which 

manifests as an amino acid substitution o f  Histidine for Proline at codon position 

23. The TCD Ocular Genetics laboratory breeds the P23H E line that was created 

by Olsson et al. This line shows a completely flat ERG response and one row of 

ONL nuclei as early as P20 (Olsson et al. 1992), a finding which has also been 

observed for this line by the TCD Ocular Genetics laboratory (O ’ Reilly et al. 

2007). The genotype o f  P23H mice used in this study was P23H +/-Rho +/- on a 

wild type strain 129 background. Therefore these mice carry two rhodopsin alleles, 

one mutant and one wild type.

4.3.8.1 Immunohistochemical analysis of AAV Trx retinas of Pro23His Mice

Due to the rapid degradation o f  the retina o f  Pro23His transgenic mice, the 

Trx_AAV construct was sub-retinally delivered to these mice at post natal day zero 

(PO). These mice also received CMV_EGFP in the left eye as a functional contol as 

these experiments were carried out with the aim o f  examining any functional effects
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o f Thioredoxinl expression in a degenerating retina. A smaller volume o f virus is 

also delivered at this stage (due to the smaller size o f the mouse eye at PO), 

containing 7.73x10*vg/0.8^1 volume compared to the 3^1 volume that is usually 

injected sub-retinally in older mice. Each virus was titre matched prior to injection. 

Photoreceptor death in this mouse model begins shortly after birth and therefore the 

potential protective effect o f this construct may be negated if eyes were injected at a 

later stage when there are fewer photoreceptors to be transduced or the pathology of 

the disease has reached a stage which would not be influenced by a reduction in 

ROS. However, this also means that no injection record (ie whether the injection 

has been successful or not) can be observed by the person performing the sub- 

retinal injection as the eyes o f mice at this stage of life are fiased closed and the sub- 

retinal injection must be carried out ‘blind’ by someone with sufficient expertise 

and experience. Fortunately, Dr Paul Kenna has many years experience in 

performing these intricate sub-retinal injections. Two time points for histology were 

analysed, at PIO and P22. These eyes were enucleated, fixed and sectioned before 

immunohistochemical staining with anti-Trx antibody and DAPI. Fluorescent 

microscope images o f the retinas harvested at PIO and P22 are presented in figures 

4.5.11 and 4.5.12 respectively. It can be observed from figure 4.5.11 that no 

histological benefit is observed in the ONL of Trx_AAV injected eyes as the 

thickness o f this layer is similar in both the left and right eyes, however some 

expression o f Trx can be observed in the ONL of right eyes compared to the left, 

thus indicating that Trx expression has begun at ten days post-injection. The ONL 

o f the Trx AAV injected eye shows a similar thickness to the contralateral eye that 

had been injected with the control virus CMV EGFP. However some protection 

can be observed in the retinas which were harvested at P22 (see figure 4.5.12). This 

figure suggests that a slower rate of degradation o f the ONL is occuring as the 

Trx AAV injected eyes display a slightly thicker ONL compared to the 

contralateral eye which had been injected with the control virus CMV EGFP. A 

single row of nuclei is observed in the ONL of the CMV EGFP injected retinas 

whereas the Trx AAV injected retinas display 2-3 rows o f intact nuclei in the ONL. 

This difference in the number o f photoreceptors is most pronounced in mice 2 and 3 

(panels C-F). Mouse I shows little difference in ONL thickness between the left 

and right eyes (panels A and B). Formal quantification o f ONL thickness was 

undertaken using the ImageJ software to examine if this change in ONL thickness
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is statistically significant. For each eye, four micrographs o f sections on slides at 

regular intervals throughout the transduced region of the eye were examined (ie 

sections were examined from slide 3, 5, 7 and 9 for example). The corresponding 

contralateral eye was also examined using the same slide numbers in order to 

measure ONL thickness from similar regions o f  the retina o f each eye to reduce the 

chance that any decrease or increase in ONL thickness is not an artefact o f taking 

different regions o f the retina which may naturally be thicker than other regions. 

For each micrograph, eight ONL thickness measurements were taken at regular 

intervals along the length o f the retina. The resulting average values o f length 

measurement and standard deviations are presented as a bar chart in figure 4.5.13. 

This demonstrates an approximate 2.5-fold increase in the thickness o f the ONL of 

eyes which received Trx AAV compared to CMV EGFP injected control eyes 

where n=3 (LE=2.21±1,04|j,m. RE=5.42±0.9|o,m). Unfortunately, this increase failed 

to reach statistical significance as a two way paired student’s t-test produced a P- 

value o f 0.061. While this is suggestive o f a neuronal protective effect o f Trx AAV 

within the retina, an increase in n number will be required to validate this 

observation.

4.3.S.2 ERG analysis of Trx AAV injected Pro23His Mice

To determine any effect o f Thioredoxinl over-expression on visual function in the 

P23H retina, five P23H pups were sub-retinally injected as before at PO using 

CMV EGFP in the left eye and Trx AAV in the right eye. The viral titre delivered 

to each sub-retinal space was 7.73x10^ vg/0.8|o.l volume for each virus. These 

animals were subsequently analysed at P22, the earliest date at which an ERG 

recording could be carried out. ERG amplitudes were averaged across the five mice 

for each response recorded, a standard deviation calculated and a paired two way 

student’s t-test was carried out on the amplitude quantities. The result o f  this 

analysis is presented in figure 4.5.14. This is suggestive o f increases in ERG 

responses o f  the Rod a. Rod b and Cone a sets but decreases in the ERG responses 

o f the Rod+Cone (Maximal) a. Rod+Cone b and Cone b sets. None o f these 

changes reached statistical significance, most likely due to the large amount of 

variance in the ERG recordings, as evidenced by the standard deviation values
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presented in table 4.5.2. These data are therefore inconclusive regarding the effect 

o f Thioredoxinl over-expression in the retina and likely require an increase in the 

number o f experimental animals used for repeat experiments. Furthermore, the 

extremely rapid nature o f the retinal degeneration in the P23H mouse model results 

in a small window o f time in which functional benefit can be observed.

4.3.9 Effect of Exogenous Trx Expression hP347S RP Model Mice

Given the well documented role which over-production o f ROS plays in the death 

o f cone cells (see section 1.8), it was decided to undertake an examination o f cone 

cell survival in hP347S transgenic mice which had been treated with Trx_AAV. 

Cone cell viability was not assessed in P23H mice as cone cell differentiation ends 

and pedicle formation begins at PIO only and therefore it was deemed that 

experiments aimed at assessing the density o f these cells are better suited to later 

time-points o f mouse development (Fei, 2003).

4.3.9.1 Immunohistochemical analysis o f Trx AAV injected HF347S mice

The Trx AAV construct was delivered by sub-retinal injection to hP347S 

heterozygous mice. The first set o f mice which were examined was three mice 

which were treated with CMV EGFP in the left eye and Trx AAV at a titre o f in 

the right eye o f 2.9x10'^vg/3)il volume via sub-retinal injection at P21. These mice 

were subsequently euthanised at 4 weeks post-injection and the eyes were harvested 

for immunohistochemistry. The PNA stain was used to evaluate the presence or 

absence o f cone photoreceptors in the retinas o f these mice. Representative 

micrographs o f the left and right eyes o f these mice are presented in figure 4.5.15. 

This figure demonstrates that no change in cone cell density is observed between 

the CMV EGFP treated retinas and the Trx AAV treated retinas. A PNA stain was 

also undertaken to assess the viability o f  cones at 16 weeks post-injections. Three 

mice were sub-retinally injected at P21 with 2.9vg/3|il o f CMV EGFP in the left 

eye and Trx_AAV in the right eye. At 16 weeks post-injection the animals were 

sacrificed and the eyes harvested for immunohistochemistry. Representative 

micrographs o f the transduced regions o f these retinas are presented in figure
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4.5.16. This demonstrates no difference in cone cell density between the left and 

right eyes o f  these mice, with little or no PNA staining observed in any o f  the 

retinas examined. These data suggest that Trx_AAV has no beneficial effect on 

cone survival in the hP347S transgenic mouse model o f  RP at a histological level.

4.3.9.2 ERG analysis of Trx AAV injected hP347S mice

A set o f  three hP347S heterozygous transgenic mice were analysed by 

electroretinography at 4, 8, 12 and 16 week post injection time points. All three 

mice were sub-retinally injected at P21 with 2.9x10^ vg/3^il injection o f  each virus. 

The resulting data were averaged and a standard deviation was calculated for each 

category o f  ERG undertaken. A p-value was then calculated for each category using 

a paired two way student’s t-test. The resulting data are presented as a bar chart in 

figure 4.5.17. O f the four time points taken, only two sets o f data reached statistical 

significance; the 16 week post injection Cone b-wave response and the 16 week 

maximal a-wave response. The 16 week cone b response reached significance 

showing that the left eye (injected with CMV EGFP) elicited a higher cone b 

response than the right eye, suggesting that the Trx_AAV construct is detrimental 

to the eyesight o f  these animals. Conversely the 16 week post injection maximal a- 

wave response demonstrated that the Trx AAV injected eye elicited a higher 

response than the contralateral eye injected with CMV EGFP. Unfortunately these 

data exhibit a very large degree o f  variance, making it difficult to correctly interpret 

any data. However a general trend across all responses at 12 weeks is an 

improvement in elicited response in the Trx AAV injected eye. Although none o f 

these data points reached statistical significance, this may be an indication that the 

Trx_AAV is partially beneficial at the later stages o f  the retinal degeneration. 

Unfortunately this trend o f  possible preservation o f  photoreceptor fijnction does not 

continue at 16 weeks post injection. It must be noted that the n number used to 

record ERG response in these animals was quite low and produced a large degree o f 

variance in the amplitude data. Therefore an increase in n number will be required 

to further validate the results obtained here.
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It was thought that the failure o f  Trx_AAV to produce satisfactory ERG results and 

histological benefit may be due to pathological overexpression o f Trx as this 

construct produces an approximately 80-fold expression level o f  Trx compared to 

control injected eyes in whole retinal extracts (see figure 4.5.8). Therefore ERG 

analysis was carried out on hP347S heterozygous mice which had been sub- 

retinally injected at P21 with a V2 dilution or 1/10 dilution o f  Trx AAV in the right 

eye and a titre matched viral load o f  NT20 delivered via sub-retinal injection to the 

left eye. These dilutions result in a delivery o f  1.48x10^ and 2.95x10* viral genomes 

per sub-retinal injection for the '/i and 1/10 dilutions o f  viral vector respectively. 

Reducing the delivered viral load should result in reduced expression o f  Trx and 

therefore may reach a dose which is beneficial to the visual function o f  these mice. 

The resulting data are presented in figures 4.5.18, 4.5.19 and 4.5.20. Two time- 

points o f  the V2 Trx AAV (n=3) and one time-point o f  the 1/10 Trx_AAV injected 

mice (n=4) were taken at 4 and 12 weeks and 6 weeks respectively. This reduction 

in viral load failed to produce any statistically significant changes in ERG 

amplitude between the left and right eye however. Some improvement in cone and 

maximal responses were observed in the right eye compared to left eye at the I/2  

dilution at 12 weeks compared to 4 weeks but these changes in ERG amplitude did 

not reach statistical significance.

4.3.10 ERG analysis o f Thioredoxinl over-expression in wild t\ pe mice

Due to the lack o f  fiinctional benefit provided by the Trx_AAV virus in either o f  

the transgenic mouse models examined, it was decided to examine the functional 

effect o f  this virus in wild type mice. A range o f  dilutions o f  this virus were 

injected sub-retinally in to the right eyes o f  wild type mice at P21 and titre matched 

CMV EGFP was injected in to the left eye. The dilutions used were I/2 , 1/10, 1/100 

and 1/1000 to deliver a viral load o f  1.47x10^, 2.95x10*, 2.95x10^ and 2.95x10^ vg 

in a 3|il volume where n=2 for each dilution. ERG analysis was undertaken at 4 

weeks post-injection and the resulting data are presented in figure 4.5.21. A two 

way paired student’s t-test performed on the data between left and right eye 

provided a statistically significant p-value for two o f  the rod a-wave responses (Trx 

1/100 and Trx 1/1000). However for reasons discussed already, the rod a-wave was
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dism issed as non-reliable. The cone a-w ave produced a statistically significant p- 

value betw een the left and right eye at a dilution o f  'A, suggesting that over

expression o f  Trx is detrim ental to  vision at this high titre. Bonferroni m ultiple 

com parison A N O V A  was also undertaken on each set o f  data w ithin a w ave data 

set. This analysis provided no statistically significant p-values except for the cone 

a-w ave w hich had six statistically significant p-values. Four had a p-value less than 

0.05; '/2  LE vs 1/1000 RE, '/2  LE vs 1/100 RE, 1/10 LE vs 1/1000 LE and 1/10 RE 

vs 1/1000 RE. Tw o p-values w ere equal to or less than 0.01; 1/10 LE vs 1/1000 LE 

and 1/10 LE vs 1/1000 RE. These data seem  to indicate that lowering the dose o f  

Trx AAV is having a negative effect on the visual fianction o f  w ild type mice. 

How ever this trend is not observed for any o f  the other responses. Furtherm ore an 

increase in visual fijnction is observed from  Trx '/2  to Trx 1/10, a data set which 

displays the largest ERG response in all w aves recorded, suggesting that these data 

may be the result o f  inter-anim al variance. In addition, the dilution seem s to be 

virus independent as the left eye w hich received CM V _EG FP has also declined as 

the dilution has increased, again suggesting that the change in ERG response is 

inter-anim al variance. Therefore the n num ber would have to be increased in a 

repeat o f  this experim ent. H ow ever, this experim ent has shown that dilution o f  the 

injected Trx_A A V  has had little effect on visual function.
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4.4 Discussion

The use o f  gene therapy to deliver coding sequences to a tissue o f  interest has long 

been established. However, the treatment o f  human Leber Congenital Amaurosis 

using a virally delivered wild type copy o f  the RPE65 gene provided clear evidence 

that this method o f  treating inherited disease is both safe and efficient (Bainbridge 

et al. 2008; Maguire et al. 2008; Hauswirth et al. 2008). Follow up studies o f  

treated LCA patients has demonstrated that there are no adverse effects o f  

subretinal AAV delivery o f  this RPE65 vector (Simonelli et al. 2010; Testa et al, 

2013) or o f re-administration o f  this therapy (Bennett et al, 2012). The best 

preservation o f  visual function was observed in younger patients (Maguire et al. 

2009). Furthermore, treatment o f LCA patients with this therapy preserves cortical 

visual pathways in treated eyes (Ashtari et al. 2011). Delivery o f  a gene coding 

sequence under the control o f  an appropriate promoter also avoids many o f  the 

pitfalls associated with RNAi based therapies such as sequence based off-target 

effects and saturation o f  the RNAi pathway (Davidson & McCray .Ir, 2011). More 

recently, the use o f  RNAi has come under scrutiny due to its possibly pathological 

effect on the retina (Kleinman et al. 2012). The issues o f  RNAi and its use in 

human therapies can in principle be avoided if  a genetic disease phenotype does not 

require suppression o f  a mutant allele (ie. dominant diseases). During the course o f  

the studies detailed in this chapter, two mouse models o f  autosomal dominant RP 

were examined for any potential functional benefit which may result from treatment 

o f  the retina with an AAV 2/5 vector containing an expression cassette which 

drives expression o f  Thioredoxinl. The hypothesis driving the rationale o f  

treatment with this gene for a dominant disease was that Thioredoxinl would act on 

a secondary effect o f  the primary mutation which causes the disease; in particular it 

was introduced with the aim o f reducing oxidative stress rather than addressing the 

underlying causative mutation; based on prior publications which detailed the 

protective effect o f  over-expression o f  this gene for retinal degeneration in vivo 

(Kong et al. 2010).

The coding sequence for mouse Trx was obtained commercially and cloned in to 

the pAAV_MCS plasmid for fijrther studies both in vitro and in vivo. To our
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knowledge this is the first time that this gene has been used to generate a 

recombinant AAV vector. Subsequent to selection of a successful clone and 

production o f this plasmid in XL 1-blue E. coli cells, pTrx AAV was transfected in 

to HeLa cells to confirm that this plasmid was functioning to produce Trx mRNA. 

This experiment revealed a substantial increase in expression o f  Trx in pTrx_AAV 

treated cells compared to NT20 treated control cells (figure 4.5.6). Confirmation of 

this increase in expression was performed by western blot analysis using a Trx 

specific antibody to determine if over-expression o f Trx mRNA was leading to an 

over-expression o f Trx protein (figure 4.5.7). This set o f experiments also revealed 

an increase in Trx expression in HeLa cells but not to the large extent observed by 

RT-qPCR. The discrepancy in expression quantities can be explained by the fact 

that the primers used to amplify Thioredoxinl mRNA are mouse specific and 

therefore will only detect transcripts produced by the pTrx_AAV plasmid. In 

contrast, the antibody used to detect Thioredoxin protein will detect both human 

and mouse protein and therefore will detect both pTrx_AAV produced mouse 

Thioredoxin and endogenous human TRX protein expressed by HeLa cells. The 

western blot analysis o f  HeLa cells reveals a relatively high expression of 

endogenous TRX, which would be expected in these cells owing to their quick rate 

o f division and the role which TRX plays in the S phase o f mammalian cell division 

(Zahedi Awal & Holmgren. 2009; Deiss & Kimchi, 1991).

After successful demonstration o f Trx expression from the pTrx_AAV plasmid in 

vitro, this plasmid was used to produce high titre recombinant AAV containing 

pTrx_AAV as the genome. A control virus was also produced using the 

CMV EGFP plasmid obtained from another member o f the laboratory. This 

plasmid was created by cloning the EGFP gene in to the MCS o f the pAAV MCS 

plasmid downstream o f the CMV promoter. The resulting CMV EGFP virus was 

then employed as a control vector for over-expression induced phenotype as strong 

over-expression o f many genes is known to be toxic to the cell (Sopko et al, 2006). 

Titre matched sub-retinal injection o f each virus was then carried out in wild type 

mice to examine the efficacy of Trx over-expression in vivo. RT-qPCR analysis o f 

injected animals confirmed that eyes which received the Trx_AAV injection 

displayed a ~80-fold over expression o f Trx mRNA (figure 4.5.8). This level o f 

expression is far less than what was observed in vitro. However, this experiment
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was carried out using mouse specific primers which will detect endogenous Trx 

expression as well as Trx_AAV driven expression. Furthermore, for these 

experiments, whole retinal RNA extractions were carried out and therefore no 

selection o f  virally transduced regions o f  the retina was performed. The Trx AAV 

vector contains no reporter gene, making selection o f  EGFP positive regions o f  the 

retina impossible, although it was anticipated that over-expression o f  Trx would be 

easily observable based on prior results in vitro which demonstrated the strength o f 

the CMV promoter used to drive expression o f  Trx. It is also known that sub-retinal 

injection o f  AAV vector will typically transduce about one third o f  the retina (Palfi 

et al, 2012) and therefore extracting RNA from the entire retina will mask the true 

extent o f  over-expression achieved with this virus.

The expression o f  Trx in vivo was also examined by western blot analysis (figure 

4.5.9). This experiment revealed a clear increase in Trx protein expression in

Trx AAV treated retinas compared to CMV EGFP treated retinas. One mouse o f

the three treated mice demonstrated a smaller increase in expression. This was 

likely due to a sub-retinal haemorrhage which occurred during injection and which 

adversely affected AAV transduction o f  the retina (Martin et al, 2002). Finally, 

immunohistochemical analysis o f  Trx AAV treated eyes was undertaken to 

observe any changes in Trx expression which occurred following sub-retinal 

injection. This revealed a clear and distinct increase in expression o f  Trx in the 

ONL and RPE o f  retinas treated with Trx AAV compared with CMV EGFP 

treated retinas (figure 4.5.10). Control injected eyes revealed retinal layers which 

endogenously express Trx. most notably in the INL and GCL. Tanito et al, 

previously published immunohistochemistry results suggesting expression o f  Trx in 

the GCL only, with transient expression o f  Trx in the ONL and INL after light 

adaptation (Tanito et al. 2002). However Munemasa et al reported endogenous Trx 

expression in only the INL and GCL, results which closely mirror the expression 

data gathered in the present study (M unemasa et al. 2008). The emerging

hypothesis o f  ThioredoxinI function in the retina is that this gene is generally

expressed most heavily in the GCL as this is the most metabolically active layer o f 

the retina and is therefore subject to considerable oxidative stress. However, 

expression o f ThioredoxinI (or other members o f  the thioredoxin system such as 

TrxR and TXNIP) is up-regulated in other layers o f  the retina such as the ONL in
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response to oxidative stress which is observed in a number o f  retinal degenerations 

such as glaucoma and AMD (Lamoke et al, 2012), light induced damage (Tanito et 

al. 2002 and 2005), glaucoma (M unemasa et al, 2008), diabetic retinopathy (Devi et 

al, 2013) and ischaemia-reperfiision injury (Chen et al. 2013).

Once a recombinant AAV vector which provided over-expression o f  Trx in vitro 

and in vivo had been developed and characterised, the effect o f  ThioredoxinI over

expression was examined in the rhodopsin mutant P23H mouse model o f adRP. 

Two time points were evaluated, at PIO and P22 (when there are little or no 

photoreceptors remaining in the P23H retina). These time points were used for 

immunohistochemistry to ensure that AAV delivered Trx is being expressed 

adequately and to determine any beneficial effects that this over-expression may 

exert on the course o f  retinal degeneration. No histological benefit to ONL 

thickness was observed between the control NT20 treated eyes and the Trx AAV 

treated eyes at PIO (figure 4.5.11). However, a small but discernible increase in 

expression o f  Trx was observed in the ONL o f  these mice, suggesting that the 

Trx AAV vector is fianctioning to produce ThioredoxinI protein as early as ten 

days post injection. Transgene expression from AAV cassettes is known to increase 

with time as the AAV continues to transduce cells o f  the retina. At PIO, the 

transduction rate o f  photoreceptors by sub-retinal injection o f  AAV 2/5 has been 

observed to be between 15-40% (Sarra et al. 2002) however a degree o f  variability 

o f  the rate o f  transduction is present, depending on the mouse strain and genotype 

injected, developmental time o f  injection and the nature o f  the delivered transgene. 

At P22, a much greater increase in expression o f  Trx was observed in the 

diminished ONL o f  Trx AAV injected P23H mice compared to CMV EGFP 

injected retinas (figure 4.5.12). O f the three mice examined, two appeared to have a 

thicker ONL thickness in the treated eye compared to the control contralateral left 

eye, suggesting that Trx is slightly protective at the later stages o f  retinal 

degeneration. Formal quantification o f  this increase revealed an approximately 2.5- 

fold increase in ONL thickness in the Trx AAV treated eyes at P22, suggesting that 

Trx is acting as a late stage therapeutic o f  photoreceptors (figure 4.5.13). However 

this analysis failed to reach statistical significance, with a two way paired student’s 

T-test producing a p-value o f 0.06. It is likely that an increase in n number would 

validate this result as the standard deviations o f  these data do not overlap and a
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marked average increase was recorded in all three animals examined. Therefore the 

failure o f the p-value to reach significance is likely due to the low n number used 

(n=3).

The effect o f Thioredoxinl over-expression in the P23H mouse was further 

evaluated by ERG analysis o f  treated animals. In this case, a single time point was 

evaluated at P22 as ERG analysis was not possible to carry out at an earlier time 

point in young pups and no ERG response would be expected at later time points 

due to the rapid retinal degradation of the P23H mouse model of adRP. In this set 

o f experiments, ERG analysis revealed no fimctional effect o f Thioredoxinl over

expression in the P23H mouse (figure 4.5.14). The ERG and histology results 

indicate that treatment o f this model with Trx_AAV confers no fimctional 

protection to photoreceptor cells but may preserve the longevity o f photoreceptor 

cells. The P23H mouse model o f adRP has proved to be difficult to treat due to the 

extremely rapid nature of retinal degeneration. It is likely that disease progression 

may occur too quickly for an AAV mediated gene therapy to provide significant 

functional benefit. Previous studies o f this model using a rhodopsin suppression and 

replacement strategy (discussed in section 1.16) have demonstrated no functional 

benefit as assayed by ERG but preservation o f -33%  of ONL thickness at PIO (O' 

Reilly et al. 2007). Furthermore, the difficulty inherent in sub-retinal injection at PO 

also results in a fewer number o f successfial surgeries compared to injection o f adult 

mice, whereby the sub-retinal injection is observable by the person administering it.

The effect o f Thioredoxinl over-expression was then examined in the hP347S 

transgenic mouse model o f adRP. The pace o f retinal degeneration in this model is 

known to occur much at a much slower rate than that observed in the P23H model, 

with photoreceptor cell death beginning shortly after birth and almost a complete 

loss o f photoreceptors at 4 months o f age in the P23H mouse (Li et al. 1996). 

Histological analysis was carried out using the PNA stain for cones as this cell type 

is known to be particularly affected by retinal oxidative stress (Shen et al. 2005; 

Usui et al. 2009; Usui et al. 2009b; Yang et al. 2009). Retinal sections from mice 

which had been treated with Trx AAV vector were examined at 4 and 16 weeks 

post injection. This revealed no change in cone cell density at either 4 or 16 weeks 

post injection (figures 4.5.15 and 4.5.16). At 16 weeks post injection, no PNA
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staining was observed in either Trx AAV or CMV EGFP treated eyes. These data 

suggest that no beneficial effect is exerted upon cone cell longevity by over

expression of Trx in the ONL.

ERG analysis was also carried out on hP347S transgenic animals treated with 

Trx AAV vector to determine if any functional effects o f Thioredoxinl over

expression could be observed in this model. ERG analysis revealed no statistically 

significant change in ERG response between the control and Trx_AAV treated eyes 

at any time points taken except for two time-points (figure 4.5.17). The two time 

points which reached significance were the 16 week maximal a-wave (suggesting 

functional preservation o f Trx_AAV injected retinas) and the 16 week cone b-wave 

(suggesting fiinctional degradation o f Trx_AAV injected retinas). A trend towards 

preservation o f visual benefit was observed at 12 weeks post injection in all wave 

responses; however these data points failed to reach significance. In a similar 

manner to the experiments examining the effects o f Trx_AAV vector 

administration to P23H mouse models o f RP, an increase in the n number o f these 

experiments will be required in the fiature to confirm the findings presented in this 

study.

A review of the literature which has detailed over-expression o f Thioredoxinl and 

its effect on ERG response has been undertaken. Tanito et al, demonstrated that 

Thioredoxinl over-expression in either a transgenic Trx over-expressing mouse or a 

long-term light adapted wild type mouse preserves ERG function after light 

ablation o f  these animals (Tanito et al. 2002 & 2007). This protection o f ERG 

response ranged from a -33%  increase in maximal b-wave in Trx over-expressing 

mice to a 5-fold increase in both maximal a-wave and b-wave response in light 

adapted mice twelve hours after exposure to light ablation. Kong et al have also 

shown that crossing a transgenic mouse which over-expresses Thioredoxinl with 

the Tubby transgenic mouse (a genetic mouse model o f Usher’s syndrome, 

discussed in more detail in section 4.1) results in a two-fold increase in ERG 

response o f  both cone a and b-wave amplitudes (Kong et al. 2010). Finally Mandal 

et al have demonstrated a 1.5 fold increase in rod and cone b-wave ERG amplitude 

responses after light ablation was carried out on curcumin fed rats (Mandal et al, 

2009). Curcumin was shown to protect photoreceptors from photo-oxidative stress
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by up-regulating Thioredoxinl expression amongst otiier anti-oxidant genes. 

Therefore, prior publications concerning the over-expression Thioredoxinl in the 

degenerating retina has suggested that over-expression o f Thioredoxinl in the 

mouse models o f RP examined within the course o f this study should have 

produced a beneficial outcome in visual function.

The failure o f Thioredoxinl over-expression to adequately protect photoreceptor 

cell function in two transgenic mouse models o f RP is somewhat surprising given 

the protective role this gene has been shown to provide in other models o f oxidative 

stress induced retinal degeneration. Much o f the research investigating the 

protective effects o f Thioredoxinl has focused on the role that this gene plays in the 

protection o f retinal ganglion cells (Munemasa. 2009; Caprioli. 2009; Munemasa 

2008; Inomata. 2006) suggesting that this layer o f retinal cells is more amenable to 

Trx mediated neuronal protection against oxidative stress. However a limited 

number o f papers have explored the protective effects o f Thioredoxinl in 

photoreceptor cells. Kong et al. have shown that crossing a Trx over-expressing 

transgenic mouse (with Trx under the control o f the P-Actin promoter) with the 

tuhhy mouse model o f  Ushers syndrome preserves the longevity o f photoreceptors 

(Kong et al. 2010). In addition, Tanito et al have shown that up-regulation of Trx 

occurs after photo-oxidative damage to photoreceptors in vivo (Tanito et al, 2002) 

and in photoreceptor derived 661W cells (Tanito et al. 2007). A notable exclusion 

from the literature presented here is the presence o f quantitative data o f Trx 

expression in any o f the models examined, including Trx over-expressing 

transgenic mice, recombinant Trx injected mice and Trx expression induced mice 

(by oxidative stress, optic nerve transaction or pharamacologically induced). The 

studies detailed in these papers demonstrate up-regulation o f Trx expression by 

western blot or immunohistochemistry. However, immunohistochemistry tends not 

to be amenable to quantitative analysis and while western blot results can be 

quantified (by pixel intensity analysis), this method of quantification is highly 

variable and heavily depends on the experimental conditions under which the 

western blot is carried out (ie protein concentration, the antibody used and its 

dilution and the length o f exposure o f the western blot to X-ray film to name just 

four). The lack o f published quantitative expression data o f 7>x hinders any attempt 

to compare the results obtained during the course o f the studies detailed within this
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chapter to those previously published. One possibility to explain the lack o f  

functional benefit observed in the experiments detailed in this chapter is that the 

significant over-expression o f  Thioredoxinl demonstrated in vivo  may have become 

toxic to the cells o f  the ONL and therefore may have conferred no functional or 

structural benefit to the transgenic animals treated with Trx AAV. Therefore two 

dilutions o f  Trx AAV were used for two sets o f  animals to examine any difference 

in functional effect that this may have. The two dilutions used were a V2 (where 

n=3) and a 1/10 (where n=4) dilution o f  the T r x A A V  concentration, initially tested 

in hP347S heterozygous mice. Two time points o f  the '/2  dilution and one time point 

o f  the 1/10 dilution o f  Trx AAV treated animals were examined. However, the 

reduction in viral titre administered failed to produce any statistically significant 

changes in ERG response in any wave response at any time point recorded 

suggesting that over-expression o f  Thioredoxinl in the mouse ONL has no 

beneficial effect on the pathology o f  Retinitis Pigmentosa in the mouse models o f  

this disease examined during the course o f  this study (figures 4 .5.18, 4.5.19 and 

4.5.20). In order to determine if  over-expression o f  Trx is having a toxic effect on 

the cells o f  the retina, a range o f  dilutions o f  Trx_AAV were also tested in wild 

type animals. All animals received Trx AAV in the right eye at a dilution ranging 

from Vi to 1/1000 where n=2 for each group. The left eye received titre matched 

CMV EGFP. This resuhed in no statistically significant change in ERG response 

for any o f  the wave responses examined (figure 4.5.21). A student’s t-test and 

ANOVA statistical test suggested that dilution o f  Trx_AAV may have a detrimental 

effect on the cone a-wave. However this is likely due to inter-animal variance as the 

average amplitude response elicited by animals in the Trx 1/10 group were higher 

in all response sets examined. Furthermore, if  dilution o f  Trx AAV was resulting in 

toxicity to the wild type retina then this would immediately eliminate the 

hypothesis that over-expression o f  Trx is causing detriment to the cellular viability 

o f  the photoreceptors. No histology o f  these animals was undertaken as histology  

demonstrating the Trx expression o f  the neat virus in wild type animals in vivo  had 

akeady demonstrated that over-expression o f  Trx in the ONL o f  the retina caused 

no observable reduction in the thickness o f  the ONL (figure 4.5.10).

A second possibility which may explain the lack o f  fiinctional benefit achieved with 

Trx over-expression is the effect o f  rate limitation on the reducing power o f
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exogenous Trx caused by a lower expression o f  Thioredoxin reductase (TrxR). This 

protein is required to reduce Trx. Therefore a high level o f  Trx expression may 

have no functional biochemical effect if there is little TrxR expression in 

comparison. Little data could be found in the scientific literature regarding TrxR 

expression in the retina. It is known that there is expression o f  this protein in the 

retina and that the expression profile o f  TrxR is likley to be similar to that o f 

endogenous Trx given the presence o f  AREs in the promoters o f  both genes (Tanito 

et al. 2007). Furthermore, expression o f  TrxR does not change in cells lines derived 

from a patient carrying a NARP (Neurogenic Ataxia Retinitis Pigmentosa) mutation 

compared to wildtype cells (W ojewoda et al. 2010) suggesting that there is no 

larger pool o f  TrxR in RP model mice from which exogenous Trx may be reduced. 

The introduction o f  exogenous Trx in this study was carried out based on previous 

results by other laboratories and the hypothesis that exogenous Trx expression 

would at least be partially reduced by the endogenous TrxR system. The activity o f  

this exogenous Trx in vivo is something which must be addressed in future studies 

to determine if the over-expressed protein is frincctional.

I'he data presented in this chapter detail the successful cloning o f  the mouse 

ThioredoxinI gene in to the pAAV plasmid and the subsequent success o f  

expression o f  both Trx mRNA and protein from this plasmid in vitro. High titre 

AAV 2/5 was then produced using this plasmid to create the Trx AAV vector, a 

virus which produces high copy numbers o f  Trx mRNA and protein within the 

ONL and RPE following sub-retinal injection (figure 4.5.10). The effect o f  over

expression o f  this gene was examined at both the histological and frinctional level 

in two mouse models o f  RP. The data generated suggest that Trx over-expression is 

not protective o f  photoreceptor viability or frinction throughout the course o f  

rhodopsin mutation induced mouse models o f  retinal degeneration. Although a 

possible increase in photoreceptor cell number was observed at the later stage o f  

P23H induced retinal degeneration, a repeat o f  this experiment using more animals 

would be desirable as quantification o f  this increase failed to reach statistical 

significance. To better understand the effects that Trx over-expression has had on 

levels o f  reactive oxygen species in the same mouse models o f  RP, DHE staining 

was undertaken to evaluate the presence o f  superoxide in these animals. This 

evaluation is the focus o f  the experiments detailed in chapter 5, together with the
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effects o f RacI suppression on the production o f reactive oxygen species in the 

hP347S transgenic mouse model o f RP.
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4.5 Tables and Figures
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Table 4.5.1: Schematic o f  transfection o f  24-well plate o f  HeLa cells 

This schematic shows the layout o f  HeLa cells in a 24 well plate that had been 

transfected with pTrx AAV. This layout was used to test the functionality o f  the 

pTrx AAVplasmid in vitro for both mRNA and protein analysis.

185



Glucose

Pentose 
Phosphate 
Cycle

NADPH + H" TrxR-Sj 
FAD

NADP"

TrxR

TncR-(SH)j
FAD

TrxR:;

Thioredoxin reductase 
( 2 x 5 6  k D a ) a l l 2 k D a

Trx-S,

External Trxl, 
Trx80

Protein-SH,

Trx-(SHf- P'ot€ir.-S,

Thioredoxin 
(12 kDa)

Figure 4.5.1: Biochemical pathway showing the generation o f reduced Trx by 

TrxR.

This simplified biochemical pathway shows that reduction o f a disulfide bond 

within the Thioredoxin reductase (TrxR) protein structure by NADPH allows TrxR 

to further reduce a thioredoxin (Trx) disulfide bridge, creating reactive sulfhydryl 

groups on specific amino acid sites o f thioredoxin. These sites are then used a 

general reducing agent upon non-specific target proteins which become oxidised by 

reactive oxygen species (ROS).

Figure adapted from Holgren &Lu (2010).
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Figure 4.5.2: Vector Maps used for Thioredoxin Cloning

Vector maps showing the layout o f the pCMV_SP0RT6, pAAV_MCS and 

pTrx AAV (named pAAV Trxl in this figure) plasmids. The Trx CDS was excised 

from the pCMV_SP0RT6 plasmid using the EcoRI and Xhal restriction enzymes. 

This fragment was then ligated in to the pAAV_MCS plasmid using the same 

restriction sites (marked on vector map). The resulting plasmid, the pTrx AAV 

plasmid, is shown with the cloning sites marked along with the PstI sites which 

were used to ensure recombination had not occurred between the two ITR sites.
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Figure 4.5.3: Agarose acl showing restriction diuest o f  pTrx AAV 

To ensure that no recombination has occurred between the inverted terminal repeats 

(ITRs) o f  the pTrx AAV plasmid during the course o f  cloning, the megaprepped 

plasmid which was used for production o f  recombinant AAV 2/5 was restriction 

digested with either PstI or PstI and EcoRI. The resulting DNA fragements were 

run on an agarose gel to examine if these fragments are the expected size based on 

the sequence maps o f  the plasmid. This figure demonstrates that digestion with PstI 

produces fragments o f  the expected lengths o f  2605, 1609, 692 and 312 

nucleotides. Digestion with PstI and EcoRI produces fragments o f  the expected 

lengths o f  2605, 1320, 692, 312 and 289 nucleotides in length. In the lane which 

was loaded with DNA digested with PstI and EcoRI, the fragments o f  312 and 289 

have not separated due to their similar sizes. Therefore this fragment is observed as 

a doublet.
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Figure 4.5.4: Trx Dissociation Curve

The dissociation curve achieved using the Trx qF and Trx qR primers. This shows 

one main amplicon produced using these primers at 78”C. However there appears to 

be a second amplicon present at 68“C. Given the low melting temperature o f  this 

amplicon. the peak is more than likely an indication o f  the presence o f  primer 

dimers.

189



standard Curve

30 000

22000

I6i:000

I 007 -0 700 0100 0 500 o so o 1 300 699

Log CO
DM«cior TRX.Slop* -3 294330 Ifflercepi 18 997078 R2 0  973103 
Documtnt Gar»th tn  plala 2 t6_OS_12 (Standard Cuiv*)

Figure 4.5.5: Trx Standard Curve

The standard curve used to assign quantities to unknown samples o f  cDNA using 

the Trx q primers. This standard curve is not ideal due to high slope of -2.29. This 

is due to the low Ct value at which the point o f analysis (ARn) was taken. A low Ct 

value indicates high expression o f the locus o f  interest which is what has happened 

due to the high expression o f Trx from the CMV promoter.
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Figure 4.5.6: CM V driven Expression o f Thioredoxin in HeLa cells.

Bar chart showing the expression o f  Trx mRNA from the CM V promoter o f 

pTrx A A V  in HeLa cells transfected w ith this plasmid. This demonstrates a 

16,918-fold (±6,864) over-expression o f  mouse Trx compared to untransfected 

HeLa cells. A  two way unpaired student’ s t-test performed on the this data 

produced a P-value o f 0.026.

Untransfected Thioredoxin
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Figure 4.5.7: Overexpression o f  Trx in HeLa Cells

Western Blot showing overexpression o f  Trx protein in lanes 4-6 (TRX 1-3) compared to 

lanes 1-3 (U N T l-3) loaded with protein from cells that had been transfected with 

pTrx_AAV or had been left untransfected respectively. The blot was probed with anti- 

Trx and anti-P-Actin antibodies which show bands at 12kDa and 46kDa respectively. (3- 

Actin was probed to show equal loading. This demonstrates an increase in Trx protein 

expression in transfected cells.
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E xpression of Trxfrom  AAV Injected Eyes
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F igure 4.5.8: Overexpression o f  Trx in Injected Whole Retina where n=5 

Bar chart showing the expression o f  Trx mRNA in the retinas o f  wild type mice sub- 

retinally injected with PBS in the left eye and Trx AAV in the right eye. Whole retinas 

were taken for RNA analysis as no EGFP marker gene was present in the Trx_AAV virus 

and in vitro results suggested a high enough expression o f  Trx from this construct to 

easily ascertain in vivo expression. The RT-qPCR analysis confirms the in vitro findings 

which indicated the functionality o f  the pTrx AAV plasmid as an expression agent o f 

Trxl. This shows a 92.13-fold (±10.71) over-expression o f  Trx mRNA in the right eye 

compared to the left eye. A paired two way student’s T-test o f  these data produced a P- 

value o f  0.0023.
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Figure 4.5.9: Western Blot showing overexpression o f  Trx in vivo where n=3 

Protein samples extracted from retinal lysates were probed with anti-Trx and anti-P-Actin 

antibodies. This demonstrated over-expression o f  Trx in the right eyes o f  all three 

animals. Mice 2 and 3 show the greatest change in expression whereas mouse 1 shows a 

much smaller increase. This was due to an unsuccessful sub-retinal injection likely 

resulting in less efficient retinal transduction by AAV. This western blot confirms that 

the Trx_AAV viral vector produces Thioredoxinl protein in retinal cells in vivo.
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Figure 4.5.10: Immunohistochemistrv o f Trx AAV Injected Wildtype Retinas 

where n=3

Over-expression o f Trx in Trx AAV injected retinas was further confirmed by 

immunohistochemistry. Images A, C and E show expression of Trx (in red) in the 

left eyes o f mice 1, 2 and 3 respectively; which had received a sub-retinal injection 

o f PBS. This demonstrates expression in the INL and GCL. Images B, D and F 

show Trx expression in the right eyes o f mice 1, 2 and 3 respectively. These show 

expression in the INL and GCL as well as heavy expression in the ONL and RPE, 

the cell layers transduced by the Trx_AAV virus. Image G shows a no primary 

antibody control which was stained with secondary antibody but without primary 

antibody. This was performed to act as a control for unspecific staining. This image 

shows no Trx expression, illustrating the specificity o f the anti-Trx antibody.



Figure 4.5.11; Immunohistochemistrv o f Trx AAV injected P23H Mice at PIO 

where n=3

Immunohistochemical sections demonstrating expression o f  Trx in the Trx AAV 

injected right eyes o f  P23H mice. These mice were injected at PO and the retinas 

harvested at PIO. Panels A. C and E display retinal sections o f  the left eyes which 

were injected with CMV EGFP and panels B, D and F display retinal sections o f  

the right eyes which were injected with Trx_AAV. This shows exogenous 

expression o f  Trx in the right eyes compared to no expression o f  Trx in the ONL o f 

the left eyes. The exogenous expression o f  Trx in the right eyes provides no 

histological benefit to the ONL o f these mice as the thickness o f  the ONL is similar
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Figure 4.5.12: Immunohistochemistry o f Trx AAV injected P23H Mice at P22 

where n=3

Immunohistochemical sections showing Trx expression in the right eyes o f three 

Pro23His mice. These mice were injected with CMV EGFP in the left eye and 

Trx_AAV in the right eye on PO and euthanised for histology on P22. Images A. C 

and E show Trx expression in the left eyes o f mice 1, 2 and 3 respectively. This 

demonstrates some expression o f  Trx in the GCL but little expression in the INL. 

Images B, D and F show Trx expression in the right eyes o f  mice 1, 2 and 3 

respectively. These show strong viral-mediated expression o f Trx in the ONL. The 

expression o f Trx in the ONL in these mice also seems to have preserved some 

layers o f the ONL. This is especially apparent in images D and F which display 2-3 

layers o f  ONL compared to the one layer that remains in the left eye o f these mice.
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Figure 4.5.13: ONL thickness o f P23H mouse left eves and riaht eves at 22 days 

post-iniection o f CMV EGFP and Trx AAV respectivelv where n=3 

Outer nuclear layer (ONL) thickness was assayed in the Trx_AAV injected retinas 

o f P23H transgenic mice at P22 by taking measurements o f the ONL at eight 

separate points along the length o f a micrograph. For each eye, four micrographs 

were examined. These data were averaged and a standard deviation was calculated 

to produce the figure presented above. This figure indicates that the ONL of 

Trx AAV injected retinas are approximately 2.5 times thicker than control retinas 

treated with CMV EGFP. A two way paired student’s t-test failed to reach 

statistical significance, producing a p-value o f 0.061.
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Figure 4.5.14; Electroretinographic Analysis o f  Trx AAV injected P23H Mice at 

P22 where n=5

Bar chart showing the ERG response o f  mice sub-retinally injected in the right eye 

with Trx AAV and the left eye with CMV EGFP at PO and analysed at P22. This 

demonstrates a slight increase o f Rod a. Rod B and Cone a responses. However the 

right eye shows a decrease o f  Rod+Cone a. Rod+Cone b and Cone a. None o f  these 

changes between left and right eye reached statistical significance with P values o f 

0.2, 0.4, 0.06, 0.1, 0.6 and 0.2 for Rod a. Rod b, Rod+Cone a, Rod+Cone b. Cone a 

and Cone b respectively.

Average Standard Deviation

Left Eye Right Eye Left Eye Right Eye P-Value

Rod a 0.22 0.75 0.44 0.87 0.20

R odb 2.6 3.35 5.2 6.7 0.39

Rod+Cone a 10.61 4.01 4.37 5.23 0.06

Rod+Cone b 19.56 8.85 9.84 11.51 0.11

Cone a 5.98 9.0 2.93 9.57 0.58

Cone b 8.63 6.03 3.67 4.14 0.23

Table 4.5.2: E IG  amolitudes o f the left and right eyes P23H P22

The ERG amplitudes which are presented as a bar chart in figure 4.5.12 are 

presented here in a table which also lists the corresponding standard deviations o f 

each average amplitude value. The p-values o f  each set o f data are also presented. 

These values were calculated by two way paired student’s t-test. No data sets 

reached statistical significance; the set with a P-value closest to significance is the
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Rod+Cone (maximal) data set which suggests that Trx_AAV may be detrimental to 

visual function.

Fieure 4.5.15: PNA staining o f  hP347S mice treated with Trx AAV at 4 weeks

post-iniection where n=3

Immunohistochemical staining o f retinal sections taken from hP347S transgenic 

mice using the PNA differential stain for cones at 4 weeks post-injection. This 

figure demonstrates no observable difference in the density o f  cones between the 

left (NT20 injected, panels A, C and E) and right (Trx AAV injected) eyes (panels 

B, D and F). Transduced regions o f  the retina were determined by examining the 

EGFP expression in the ONL o f the retina. In the right eye this EGFP expression is 

a result o f a 1/10 dilution on CMV EGFP in the Trx AAV injection volume. This 

figure demonstrates that Trx_AAV has no positive effect on cone survival at 4 

weeks post-injection.
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Fieure 4.5.16: PNA staining o f  hP347S mice treated with Trx AAV at 16 weeks

post-iniection where n=3

Im m unohistochem ical staining o f  retinal sections taken from hP347S transgenic 

mice using the PNA differential stain for cones at 16 weeks post-injection. This 

figure dem onstrates an almost com plete loss o f  cones in both the left (NT20 

injected, panels A, C and E) and right (Trx AAV injected) eyes (panels B, D and 

F). Some staining is observed in panel B but this failed to be replicated in other 

right eyes in panels D and F. At this time, the CMV EGFP expression has been 

completely lost in Trx AAV treated eyes compared to the EGFP expression 

observed in figure 4.5.15 at 4 weeks post-injection (as CM V_EGFP was used as a 

tracer o f  transduction by diluting 1/10 in the initial volume sub-retinally injected in 

to the right eyes).This figure dem onstrates that Trx AAV has no positive effect on 

cone survival at 16 weeks post-injection.
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Figure 4.5.17: ERG analysis o f Trx AAV injected hP347S mice 4-16 weeks post injection 

where n=3

Bar chart showing the average ERG amplitudes for hP347S heterozygous mice injected 

sub-retinally with NT20 in the left eye and Trx_AAV in the right eye. The average 

quantities are shown at four time-points from 4 weeks to 16 weeks post-injection in 4 week 

intervals. It can be observed that Trx AAV has had no statistically significant positive 

effect on visual function except for the 16 weeks maximal a-wave time-point. However at 

16 weeks post-injection, Trx_AAV appears to be detrimental to the cone b-wave. These
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,„ o  time.points are the only data sets which reached statistical significartce as measured by

two way paired student’s t-test.
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Left Eye Right Eye

4 week 8 week 12 week 16 week 4 week 8 week 12 week 16 week

Rod

wave

a- 20.05±16.42 15.11±21.64 1.44±1.96 24.05±21.69 10.37±11.67 16.03±2.81 3.59±1.30 1.80±2.20

Rod

wave

b- 66.70±56.70 71.40±11.79 32.70±10.74 31.26±4.63 59.43±53.57 52.83±12.19 37.40±26.24 23.13±20.62

Cone

wave

a- 3.21±4.51 2.70±2.29 4.18±1.91 6.47±5.64 4.23±2.03 2.23±2.28 4.73±2.64 5.13±2.03

Cone

wave

b- 26.25±6.01 43.30±7.56 17.43±0.15 11.96±4.50 14.50±2.83 36.17±20.54 20.43±3.36 8.03±4.08

Max

wave

a- 36.67±15.31 9.22±7.46 26.17±11.87 10.87±7.5fl 35.29±37.53 17.52±13.62 29.30±22.46 16.00±7.44

Max

wave

b- 116.27±55.75 152.00±27.51 124.93±46.92 52.27±3.04 172.53±176.21 117.30±27.59 147.30±73.56 47.63±27.09

Table 4.4.3: ERG recordings o f  Trx AAV injected hP347S heterozygous mice (n=3)

Average values were recorded for each o f  the three mice analysed by electroretinography and a standard 

deviation was calculated for each average. These data were presented as a bar chart in figure 4.5.15. The left 

and right eye ERG values which provided a statistically significant p-value are highlighted in red and yellow. 

These two data points suggest that Trx_AAV is having a positive effect on maximal a-wave at 16 weeks but a 

detrimental effect on cone b-wave.
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Figure 4.5.18: ERG analysis o f  Trx A A V  (1/2 dilution) injected hP347S mice 4 

weeks post injection where n=3

Three hP347S heterozygous mice which had been sub-retinally injected with 

CM V EGFP in the left eye and Trx_AAV in the right eye at P21 were analysed by 

ERG at 4 weeks post injection. The resulting average and standard deviation data 

are shown graphically in this figure. This shows no statistically significant change 

in ERG amplitudes between the left and right eye for any o f the six responses 

recorded.

Average Standard Deviation

Left Eye Right Eye Left Eye Right Eye P-value

Rod a 16.24667 6.330667 12.44531 5.245978 0.432801

Rod b 157.3333 150.6667 13.01281 39.80368 0.819622

Cone a 6.306667 10.12333 6.911507 2.798291 0.510308

Cone b 113.6667 103.6667 15.82193 31.89566 0.664548

Max a 52.9 47.83333 20.72462 21.61165 0.716824

Max b 406.3333 388.3333 32.86842 65.65313 0.754551

Table 4.5.4: ERG recordings o f Trx A A V  (1/2 dilution) injected hP347S 

heterozygous mice at 4 weeks post injection where n=3

Average values were recorded for each o f the three mice analysed by 

electroretinography and a standard deviation was calculated for each average. 

These data were presented as a bar chart in figure 4.5.18. The p-values o f  each set
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o f data are provided. This indicates that a 1 in 2 dilution o f the Trx A A V  virus has 

no effect o f  visual fianction at 4 weeks post injection.
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Figure 4.5.19: ERG analysis o f  Trx A A V  (1/2 dilution) injected hP347S mice 12 

weeks post injection where n=3

Three hP347S heterozygous mice which had been sub-retinally Injected w ith 

CMV_EGFP in the left eye and Trx_AAV in the right eye at P21 were analysed by 

ERG at 12 weeks post injection. The resulting average and standard deviation data 

are shown graphically in this figure. This shows no statistically significant change 

in ERG amplitudes between the left and right eye for any o f the six responses 

recorded.

Average Standard Deviation

Left Eye Right Eye Left Eye Right Eye P-Value

Rod a 1.20 0.51 2.08 0.50 0.63

Rod b 6.80 5.13 11.77 8.89 0.42

Cone a 4.74 1.25 4.82 1.30 0.24

Cone b 7.74 9.12 4.99 8.91 0.87

Max a 21.74 22.97 19.71 10.81 0.92

Max b 47.13 68.57 34.64 21.33 0.19

Table 4.5.5: ERG recordings o f Trx A A V  (1/2 dilution) injected hP347S 

heterozygous mice at 12 weeks post injection where n=3

Average values were recorded for each o f the three mice analysed by 

electroretinography and a standard deviation was calculated for each average.
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These data were presented as a bar chart in figure 4.5.19. The p-values o f  each set 

o f data are provided. This indicates that a 1 in 2 dilution o f the Trx_AAV virus has 

no effect o f visual fijnction at 12 weeks post injection.

Trx 1/10 dil injected hP347S 6 week
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Figure 4.5.20: ERG analysis o f 1/10 dilution o f Trx A A V  injected hP347S at 6 

weeks post injection where n=4

Four hP347S heterozygous mice which had been sub-retinally injected with 

CM V EGFP in the left eye and Trx A A V  in the right eye at P21 were analysed by 

ERG at 6 weeks post injection. The resulting average and standard deviation data 

are shown graphically in this figure. This shows no statistically significant change 

in ERG amplitudes between the left and right eye for any o f the six responses 

recorded.

207



Left Eye Right Eye Left Eye Right Eye P-Value

Rod a 7.52 9.31 8.44 6.16 0.51

Rod b 71.60 39.04 30.30 23.60 0.09

Cone a 5.92 5.13 2.42 4.67 0.82

Cone b 40.13 29.60 14.20 6.98 0.13

Max a 12.35 20.20 8.31 5.85 0.17

Max b 174.75 130.53 22.07 51.22 0.22

Table 4.5.6: ERG recorc ings o f  Trx AAV (1/10 dilution) injected hP347S

heterozygous mice at 6 weeks post injection where n=3

Average values were recorded for each o f the three mice analysed by 

electroretinography and a standard deviation was calculated for each average. 

These data were presented as a bar chart in figure 4.5.20. The p-values o f  each set 

o f data are provided. This indicates that a 1 in 10 dilution o f  the Trx_AAV virus 

has no effect o f visual function at 6 weeks post injection.
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Figure 4.5.21: ERG responses o f a range o f  Trx AAV dilutions in wild type mice. 

Mice which had been injected with a range o f  dilutions o f  Trx AAV and 

CMV_EGFP were analysed by ERG at 4 weeks post injection to determine if the 

Trx_AAV virus is toxic at higher concentrations. This figure details the responses 

o f  these animals for each dilution where n=2 for each dilution. A two way paired 

student's t-test performed to compare left and right eyes resulted in a statistically

2 0 9



significant p-value for the cone a-wave at 4 weeks post-injection. The results o f  the 

rod a-wave were dismissed. ANOVA statistical analysis determined that many o f  

the cone a-wave responses are significantly different to suggest that Trx_AAV may 

be toxic at lower doses. However ANOVA analysis dem onstrated non significance 

for all other wave responses.
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Chapter 5: Investigation of 

Dihydroethidium as a Retinal 

Marker of Oxidative Stress
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5.1 Introduction

The primary objective o f  this PhD was the AAV-mediated delivery o f  DNA based 

therapies o f  genetic elements which have previously been demonstrated to have a 

role in the protection o f  mammalian retinal cells through a reduction in the levels o f  

reactive oxygen species (ROS, Doonan et ah 2012). ROS can cause cellular damage 

and subsequent death in several models o f  retinal degeneration. In order to assess 

these levels o f  ROS in the transgenic models o f  retinal degeneration present in the 

TCD Ocular Genetics laboratory, the nuclear stain dihydroethidium (DHE) was 

chosen based on its success as a marker o f  retinal oxidative stress in previously 

published papers (Stevenson et al. 2010; Al-Shabrawey et al. 2008; Sasaki et al, 

2010; Tan et al, 2013). Dihydoethidium is the reduced form o f  the regularly used 

DNA stain ethidium bromide. When DHE becomes oxidised, the resulting ethidium  

molecule becomes positively charged and allows intercalation in to DNA and 

fluorescence at a wavelength o f  567nm which can be visualised by fluorescent 

microscopy (Zhao et al. 2003, Figure 5.1.1). DHE was first used as a general 

nuclear stain due to its relatively small size and its inherent ease o f  access in to 

cells, where it was assumed that DHE was oxidised by a cellular dehydrogenase 

(Bucana et al. 1986). However, it was not until 1990 that the DHE stain was used as 

a marker o f  ROS, in particular as a marker o f  the phagocytic respiratory burst used 

to kill invading bacteria (Rothe & Valet, 1990). Since then, DHE has proven to be 

an effective marker o f  intracellular superoxide anions in many tissues including 

endothelial cells o f  the aorta (Damiano et al. 2013), hair cells o f  the cochlea (Fetoni 

et al. 2013) and neurons o f  the hippocampus (Choi et al. 2012) amongst many other 

examples. The broad application o f  this stain is also related to its relative ease o f  

use on cultured cells, cells in vivo and tissue explants due to its ease o f  passage 

through the cell membrane.

To date, DHE has been used to assess several models o f  oxidative stress induced 

retinal damage, as many o f  these animal models produce excess quantities o f  

superoxide (O2 ) which specifically reacts with DHE to form ethidium (Punzo et al. 

2012; Chrysostomou et al, 2013; Trifianovic et al. 2012). Rogers et al used DHE to 

show an increase in staining o f  the photoreceptor inner segments subsequent to
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FeS0 4  mediated damage to the retina (Rogers et al. 2007). Peng et al have shown 

that the rod cells shaker mice (a genetic mouse model o f  Usher’s syndrome) 

accumulate 3.5 times the levels o f  superoxide compared to wild type mice o f  the 

same background strain and age using DHE (Peng et al. 2011). DHE has also been 

used to characterise the increase in superoxide production in the retinas o f  eyes 

which had been intravitreally injected with paraquat, a herbicide which induces 

oxidative damage by acting as an electron acceptor to molecular oxygen to form 

superoxide (Cingolani et ah 2006). This study also highlighted the differences in 

DHE staining observed across strains by comparing retinal sections o f  BALB/c and 

C57BL/6, demonstrating that BALB/c mice exhibit a higher level o f  oxidative 

stress than the C57BL/6 mice.

More recently DHE has been used to evaluate oxidative stress in the retina o f  the 

G pxl  (an antioxidant protein) knockout mouse which was subjected to retinopathy 

o f  prematurity via an oxygen induced retinopathy (OIR) protocol. OIR treatment 

exposes mice to hyperoxia which induces retinal neovascularisation when the mice 

are returned to normoxia (Smith et al. 1993). This study demonstrated an almost 

two-fold increase in DHE staining intensity in Gpxl  KO mice compared to wild 

type mice which were also OIR treated, particularly in the GCL (Tan et al. 2013). 

The DHE stain has also been used to characterise the levels o f  oxidative stress in all 

three neuronal layers o f  the retina o f  the db/db mouse, a model o f  diabetic 

retinopathy. Quantification o f  the intensity o f  DHE staining demonstrated over a 

two-fold increase in the levels o f  superoxide in these mice compared to wild type 

mice o f  the same genetic background (He et al, 2013). These are two examples o f  

almost fifty publications released in 2013 featuring DHE staining o f  the retina as o f  

June 2013.

DHE has also been used in research o f  models o f  RP, many o f  which have 

increased levels o f  ROS, particularly in the photoreceptors (Padnick-Silver et al, 

2006). Usui et al employed the DHE stain to exhibit increased production o f  

superoxide in the ONL o f  the rdIO mouse model o f  RP. The intensity o f  DHE 

staining was decreased after crossing rdIO mice with SOD I (a detoxifying enzyme 

which converts superoxide to H2 O2 ) overexpressing transgenic mice (Usui et al. 

2011). Additionally, O' Driscoll et al demonstrated an increased level o f  superoxide
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in the rdlO mouse model o f  RP. This group showed that treatment o f rdlO mice 

with a free radical scavenger decreased DHE staining intensity in the ONL (O ’ 

Driscoll et al. 2011).

Dihyrdoethidium has proven itself to be a reliable and reproducible stain for 

superoxide in many tissues and animal models o f oxidative stress. However a 

number o f  other stains are available to researchers in the field o f  oxidative stress 

related biology. A number o f examples o f  these markers are discussed below with a 

focus on their use in models o f RP.

Nitrotyrosine is a byproduct o f oxidative stress caused by nitration o f  tyrosine 

residues o f  proteins. This nitration frequently occurs through the action o f 

peroxynitrite, a highly reactive species formed by the reaction o f NO and 

superoxide discussed in section 1.7. Therefore measuring the relative level o f  

nitrotyrosine in a tissue o f interest gives an indication o f the overall level o f 

oxidative damage to proteins. Roddy et al have demonstrated that treatment o f the 

RCS rat with stanniocalcin-1 (a gene whose protein product is known to decrease 

oxidative stress) decreases levels o f  nitrotyrosine as measured by ELISA (Roddy et 

al. 2012). The RCS rat is a model o f  RP which carries a mutation in the MERTK  

gene, resulting in impaired phagocytosis o f  the photoreceptor outer segments by the 

RPE (Gal et al. 2000). Komeina et al have also used nitrotyrosine as a marker of 

oxidative stress in the rdl mouse model o f  RP which displayed an increase in the 

presence o f nitrotyrosine in the INL o f the rdl mouse compared to wild type mice 

as measured by immunohistochemistry (Komeina et al. 2008). Shen et al have 

observed increased levels o f nitrotyrosine in the retinas o f P347L transgenic RP 

model pigs compared to age matched wild type animals (Shen et al. 2005).

An alternative assay for oxidative stress is the antibody detection o f  8-oxo-2'- 

deoxyguanosine (8-OH-dG), a product o f  guanine oxidation in nuclear DNA. In the 

publication by Shen et al which detailed the oxidative stress associated with the 

P347L transgenic pig, the authors noted increased 8-OH-dG staining in the ONL 

and the outer segments o f the photoreceptors o f these animals (Shen et al. 2005). 

The anti-8-OH-dG antibody stain has also been used by Obolensky et al to evaluate 

oxidative stress in the rdlO RP mouse model, demonstrating an increase in the
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num ber o f  stained cells o f  these mice com pared to their wild type counterparts 

(Oboloensky et al, 2011).

One o f  the most reliable approaches to m easurem ent o f  oxidative stress is the 

assaying o f  products o f  lipid peroxidation as this process has been directly linked to 

cellular apoptosis (W u et al. 2012, Sugano et al. 2013). Therefore m easuring the 

relative levels o f  lipid peroxidation occurring in a tissue o f  interest gives a reliable 

indication o f  the state o f  stress that the tissue is in. Two o f  the most com m on 

m ethods o f  quantifying lipid peroxidation are the antibody detections o f  4- 

Hydroxynonenal (4-HNE) or Acrolein. 4-HNE is the end product o f  a free radical 

propagated chain reaction initiated by the reaction o f  an n-6-poly-unsaturated fatty 

acid (PUFA. with a double bond between carbons 6 and 7 o f  the fatty acid chain) 

with peroxynitrite, hydroxyl radical, superoxide or nitric oxide. O f these ROS, 

peroxynitrite is heavily implicated as the most prevalent initiator o f  this chain 

reaction (M attson. 2009). Both o f  these stains were used by Shen et al to show a 

m arked increase in HNE staining, initially in the inner segm ents o f  the cones but 

spreading to the cone cell bodies with tim e (Shen et al. 2005). This pattern o f  

staining was also observed using the anti-acrolein antibody stain. Acrolein is 

another by-product o f  PUFA lipid peroxidation, with increasing yield o f  acrolein 

produced as the num ber o f  double bonds increases in the aliphatic chain o f  the fatty 

acid (Onyango, 2012). Acroelin was used in the characterisation o f  oxidative stress 

o f  the rd l  RP mouse model, dem onstrating a progressive increase in acrolein 

staining o f  retinal sections with time (Kom eina et al, 2006). This staining co

localised with a stain for PNA. a m arker o f  cones, showing that these cells were 

m ost heavily stressed by ROS; results which agree with the current model o f  RP 

retinal degeneration which suggests that the initial loss o f  rod cells causes ftirther 

oxidative stress to cones from choroidal blood supply (Yu et al, 2004). Staining o f  

acrolein was also used to characterise lipid peroxidation in the rdlO  mouse model 

which showed a large increase o f  acrolein staining in all layers o f  the retina as early 

as P32 compared to wild type mice (Corrochano et al, 2008). The use o f  4-HNE as 

a stain o f  lipid peroxidation in the retina has been largely limited to studies o f  light 

induced retinal oxidative stress and AM D (Tanito et al. 2005; Ethen et al. 2007). 

both o f  which dem onstrate an increase in 4-HNE staining com pared to control 

animals.
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Although a wide range o f  assays and stains for the measurement o f ROS are 

available to the researcher, the DHE stain was chosen over others for a number o f 

reasons. Firstly, this stain has been used extensively in the investigation o f  

oxidative stress in the eye (see above) and therefore has been validated by other 

laboratories as a suitable marker o f ROS in the retina. This would also allow a more 

direct comparison o f data regarding a change in the occurrence o f ROS in this study 

compared to studies carried out in other laboratories. The second reason this stain 

was chosen was due to the ease o f  use o f  the stain. Antibody stains (such as the 8- 

OH-dG) require fixation o f the samples and long incubation periods. They are also 

more expensive than the DHE stain. Finally, this chapter has largely focused on 

assays o f  ROS which are largely examined by histology. A large range o f assays are 

available which would allow for biochemical or FACS based analysis o f  ROS. 

These types o f  assays were not chosen as they often require live cells which may be 

diffuclt to isolate and experiment upon satisfactorily after removal from the retina. 

Furthermore, histological examination is a skill which is heavily employed 

successfully in this laboratory and therefore it was felt that the DHE stain was best 

suited to our needs and skills. Another dye which may be employed to detect 

superoxide is the MitoSox Red indicator (Life Technologies). Although this stain 

was considered when deciding which assay to choose, flirther investigation revealed 

the mechanism o f action to be the same as that o f  DHE and the MitoSox core 

chemical structure is almost the exact same as that o f DHE. Additionally, MitoSox 

appears to be selective for mitochondrial derived ROS and therefore would be 

unsuitable for experiments examining cytosolic ROS production (Mukhopadhyay et 

al. 2007).

The aim o f the research undertaken in this chapter was to evaluate the levels o f 

retinal oxidative stress in several mouse models o f retinal degeneration using the 

dihydroethidium stain o f  superoxide radicals. The DHE stain was chosen due to its 

relative ease o f  use and analysis and its success in detection o f retinal superoxide by 

other laboratories. This stain was used to quantify differences in superoxide levels 

present in the retina in wildtype mice compared to Pro23His and human Pro347Ser 

rhodopsin mutant transgenic mice models o f RP and a mouse model o f Leber’s 

Hereditary Optic Neuropathy (LHON). Subsequent to the characterisation o f
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superoxide levels in these mouse models o f  retinal degeneration, this stain was 

utilised to measure any changes in superoxide levels o f  the retina o f mice which 

received a R a d  shRNA (chapter 3) or the Thioredoxinl gene (chapter 4) by AAV 

delivery.

5.2 Materials and Methods

All materials used are listed in section 2.1.8.

5.2.1 Preparation of DHE solution

Dihydroethidium was purchased from Invitrogen as a powdered solid. This was 

immediately dissolved in 100% DMSO (Sigma Aldrich) to a concentration o f 

3.17mM and stored for up to 6 months at -20”C in the dark to prevent photo

oxidation. Working solutions o f  DHE solution were diluted to 5^M in DMSO in 

1 ml aliquots and were wrapped in aluminium foil to prevent photo-oxidation. These 

working stocks were kept frozen at 4“C (due to the high melting temperature o f 

DMSO) for up to two weeks. For direct administration to mice via intraperitoneal 

injection, DHE powder was dissolved in DMSO to a concentration o f  10)j,g/|il 

before dilution to a working concentration o f l[ig/nl in PBS in a protocol modified 

from Behrens et al. 2007. Due to the potential mutagenic effects o f  ethidium. all 

work with powdered DHE was carried out in a fume hood and all waste DHE was 

disposed o f in the same manner as ethidium bromide.

5.2.2 Adm inistration of DHE by intraperitoneal injection
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DHE solution was freshly prepared to a concentration o f l|^g/|^l immediately prior 

to administration and incubated to room temperature. Each mouse was then firmly 

scruffed and a volume o f 200|al was administered via i.p. injection to the left side o f 

the mouse. Thirty minutes after the initial injection, a second i.p. injection o f 200|xl 

o f  DHE solution was administered to the right side o f the mouse. The mice were 

then returned to their cages for 18 hours before euthanisation and harvesting o f the 

eyes. These eyes were fixed in 4% paraformaldehyde (see section 2.2.8.1) before 

cryo-sectioning the eyes to a width o f 12|.im per section. The sections were DAPl 

stained to allow examination o f  the retinal structure. Sections were then examined 

by fluorescence microscopy.

5.2.3 Ex vivo staining of the retina using DHE

Mice were sacrificed and the eyes enucleated using forceps before the eyes were 

briefly washed in IX PBS. The eyes were then placed into casts containing OCT 

compound and the casts frozen. The unfixed eyes were sectioned into 12|am 

sections and placed onto Poly-D Lysine glass slides. For sections from eyes which 

had been injected with NT20, pAAV_shRACl_l or pAAV_shRACl_3, the slides 

were examined by fluorescence microscopy to identify EGFP positive sections. 

These sections were chosen to be stained with DHE as EGFP expressing cells must 

also express Racl specific shRNA or a non-targeting shRNA as both constructs are 

present in the same viral vector as the CMV promoter driven EGFP. In experiments 

using sections from eyes which had been injected with CMV_EGFP or Trx AAV, a 

1/10 dilution o f  CMV EGFP was added to the Trx_AAV viral preparation prior to 

injection. This allows EGFP positive sections to be identified as both viruses will 

have significant overlap in the areas o f  the retina which they transduce. The borders 

o f  the sections were then marked with PAP pen (Sigma-Aldrich) which leaves a 

hydrophobic mark at the edge o f  the sections. This mark helps contain the DHE 

solution which will be placed over the sections. DHE stain (5|aM) was then pipetted 

onto the sections and the sections were covered in aluminium foil. The slides were 

placed into a dark incubator at 37”C for 30 minutes. The slides were briefly and 

gently washed with IX PBS and stained with DAPI solution. The slides were then
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washed twice with IX  PBS. Slides were covered with m ounting solution before 

coverslips were placed over the eye sections. The slides were then immediately 

exam ined by fluorescent microscopy.

5.2.4 Data Interpretation and Statistical Analysis

All fluorescent m icrographs o f  sections stained with DHE solution were examined 

using the ImageJ imaging software (available free online at 

http://rsbw eb.nih.gov/ij/)

This program  allows the intensity o f  brightness o f  a given area within an image to 

be quantified in arbitrary units. The trace tool o f  the ImageJ program  was used to 

create an area containing the ONL and INL o f  each m icrograph image and the 

fluorescence o f  DHE in this region was then quantified. A background area o f  equal 

area size (containing no regions o f  the retina) o f  the same m icrograph was also 

fluorescence quantified. The fluorescence quantity o f  this background region was 

then subtracted from the value produced from quantification o f  the retinal area to 

provide a norm alised quantity which was then used in further data analysis.

The norm alised values from each set in an experim ent (for example wild type vs 

transgenic, left vs right) were averaged and a standard deviation was calculated for 

each set which was averaged. These data were then graphed by bar chart to allow 

for a direct com parison in DHE staining intensity between sets o f  experim ental 

retinas. For all experim ents comparing the retinal DHE staining intensity between 

wild type and disease model mice a two tailed unpaired student’s t-test was 

performed using all norm alised values in each set. For all experim ents comparing 

DHE staining intensity between left and right eyes a two tailed paired student’s T- 

test was perform ed using the average staining intensity values for each eye as 

described in section 2.2.9.
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5.3 Results

5.3.1 Evaluation of DHE as a marker of Oxidative Stress in vivo

The DHE stain was initially tested as an in vivo marker o f  superoxide through 

systemic injection o f  the stain in to live animals. The animals chosen were mice 

which had been intravitreally injected 5 months prior with 0.5|al o f  1,5mM rotenone 

which induces a Leber’s Hereditary Optic Neuropathy (LHON) like phenotype 

(discussed in more detail in section 5.4). This disease has been shown to result in an 

increase in retinal ROS and therefore should exhibit high fluorescence when stained 

with DHE. DHE solution was prepared as outlined in section 5.2.1 and i.p. injected 

in a volume o f 400|il at a concentration o f  l|ig/|J.l in to four mice in a protocol 

modified from Behrens et al. 2007. The injection o f  DHE solution was not well 

tolerated however and o f the four mice injected, only two survived to the 18 hour 

post injection time point at which it had been intended to sacrifice all injected mice. 

The two remaining live mice were immediately euthanised as clear indications o f 

stress such as shivering, failure to respond to stimuli and piloerection (hair standing 

up) were observed (Wolfensohn & Lloyd, 2003). The eyes from all four animals 

were then harvested for sectioning. Representative fluorescent micrographs o f  a 

region o f  the retina o f one o f  these mice are presented in figure 5.3.2. No specific 

staining was observed in panel A o f this figure, taken using the ‘20’ filter o f  the 

microscope which filters observable fluorescence to wavelengths o f  575-640nm, a 

range which should detect any DHE staining as the oxidised DHE fluoresces at a 

wavelength o f -6 0 5 nm. Furthermore, a similar staining pattern is observed using all 

available filters which filter light to optimal wavelengths o f 540nm. 615nm and 

510nm. presented in panels B, C and D respectively. This suggests that the faint 

staining observed in panel A may be an auto-fluorescent artefact and not a result o f 

reaction between DHE and superoxide. Panel E shows the cellular structure o f  the 

same area o f  the retina by DAPI staining o f the nuclei in the ONE, INL and GCL. 

Due to the distress caused to the injected mice and the unspecific nature o f the DHE 

stain in vivo, i.p. injections o f  DHE solution were not performed again during the 

course o f this PhD study.
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5.3.2 Evaluation of DHE as a marker of Oxidative Stress ex vivo

The DHE stain was next used to stain sectioned retinas from rotenone injected mice 

as well as transgenic hP347S and P23H heterozygous RP model mice. An increase 

in retinal oxidative stress is known to occur in RP (see section 1.8) and LHON (see 

section 5.4) and therefore an increase in DHE staining intensity would likely be 

expected in the retinas o f these animals.

The first set o f animals which were stained with DHE ex vivo was four hP347S +/- 

transgenic mice and four wild type mice o f  the same genetic background. Briefly, 

these mice were euthanised at age P28 and the eyes were enucleated, sectioned and 

stained with DHE. The resulting stained sections were examined by fluorescence 

microscopy and the results o f this are presented in figures 5.5.3 and 5.5.4. Figure 

5.5.3 presents representative micrographs comparing the retinal DHE staining o f  

the wild type and hP347S transgenic mouse eyes. It can be observed that the wild 

type retina has retained much o f its total cellular volume compared to the thin layer 

o f  retina observed in the transgenic mouse. Secondly, a slight increase in DHE 

staining intensity is observed in the transgenic hP347S retina. However, subsequent 

quantitative analysis o f the staining intensity using the ImageJ program revealed no 

statistically significant increase in staining between the two sets o f  animals, 

suggesting that oxidative stress is not increased in the retinas o f  hP347S mice at 

P28 as evaluated by this assay.

The second set o f animals which were stained with DHE was three P23H +/- 

transgenic mice. Due to the rapid retinal degeneration which occurs in this mouse 

model, the mice were sacrificed at P5. Three wild type mice o f  the same genetic 

background were sacrificed at the same time point and both sets o f eyes were 

sectioned and DHE stained at the same time. Representative micrographs o f  the 

wild type and P23H mouse retinas are presented in figure 5.5.5. This demonstrates 

a large increase in DHE staining intensity in the transgenic mouse retinas 

suggesting a large increase in superoxide levels present in the retinas o f  these 

animals at this time-point. This increase was further validated by quantification o f  

DHE staining intensity in both sets o f  animals using the ImageJ program. The 

results o f this analysis are graphed as a bar chart in figure 5.5.6, showing a
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statistically significant (P=0.00014) two-fold increase o f  DHE staining intensity in 

the P23H transgenic mouse retinas com pared to the wild type mice as measured 

using a tw o-w ay unpaired student’s t-test. This data suggests that even at an early 

stage o f  post natal developm ent, the P23H mouse model undergoes high exposure 

to potentially pathological levels o f  ROS in the retina.

The final animal model which was examined using the DHE stain ex vivo was the 

rotenone injected mouse model o f  LHON. Five wildtype strain 129 mice were 

intravitreally injected with DM SO in the left eye and rotenone dissolved in DM SO 

to a concentration o f  2.5mM  in the right eye at P28. The injected mice were 

sacrificed 14 days after injection and the eyes were harvested for sectioning and 

staining with 5|aM DHE. Representative fluorescent micrographs o f  the DHE 

stained left and right eyes o f  each o f  the five mice are presented in figure 5.5.7. A 

slight increase in staining intensity can be observed in the right eyes o f  these mice, 

especially in mouse 4 and mouse 5 (panels G-J). Quantitative analysis was 

undertaken using ImageJ software which revealed an approxim ately 25% increase 

in staining in the right eyes o f  these mice (Figure 5.5.8). A two way paired 

student’s t-test performed on these data indicated that the data are just approaching 

statistical significance with a p-value o f  0.052. These data suggest that the LHON 

model mice exhibit a slight but non negligible increase in potentially dam aging 

retinal ROS at 14 days post-injection o f  rotenone. Although the retinopathy 

associated with LHON prim arily occurs in cells o f  the GCL, the cells o f  the 

ganglion cells were not clearly visible after staining with DHE. It is possible that 

the introduction o f  rotenone has induced cell death in this layer in the two weeks 

between injection o f  rotenone and harvesting o f  the eyes. Nonetheless, DHE 

m easurem ents were obtained ft'om the ONL and INL as it is possible for superoxide 

m olecules to be effluxed from the cell in which they were produced 

(M um bengegwi et al. 2008).

5.3.3 Examination of changes in retinal superoxide levels in disease model mice 
injected with recombinant Thioredoxin
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Transgenic mouse models o f RP carrying either the P23H and hP347S mutations o f 

human rhodopsin were sub-retinally injected with the Trx AAV vector (the 

generation o f which is discussed in section 4.3.4) and subsequently analysed using 

the DHE stain. It should be noted that all retinal sections examined were chosen 

based on the fluorescence o f  EGFP positive cells as these cells are positive for viral 

transduction and therefore the phenotype mediated by the delivery o f either the 

Racl shRNA or Trx cDNA will be most notable in these regions. However, 

treatment o f the sections with DHE dissolved in DMSO had the effect o f removing 

this EGFP signal for reasons not yet understood. Therefore the representative 

micrographs presented in the rest o f this chapter have no overlay images o f  the 

retina taken using the EGFP filter o f the microscope. All sections were viewed 

before treatment with DHE solution to select slides containing EGFP positive 

retinal cells.

DHE analysis was carried out with a set o f experiments examining the effect o f 

Thioredoxin overexpression in the P23H retina at P22. Three P23H mouse pups 

were sub-retinally injected with CMV EGFP viral vector in the left eye and 

Trx_AAV viral vector in the right eye at PO and these mice were sacrificed at P22. 

The final titre o f  each virus delivered to the retina was 7.9x10*vg in a volume o f 

0.8)j.l. The eyes were enucleated, sectioned and stained with DHE. The results o f 

this experiment are presented in figures 5.5.9 and 5.5.10. It can be observed from 

figure 5.5.9 that there appears to be a large decrease in DHE staining observed in 

the right eye o f all three injected mice. This reduction in staining was quantified 

using the ImageJ program, resulting in the data presented in figure 5.5.10. This bar 

chart reveals a small decrease o f  13% in DHE staining intensity in the retinas which 

received Trx AAV. However the large variance in DHE staining (likely due to 

n=3) o f  both sets o f eyes resulted in a non-significant p-value o f 0.55, calculated 

using a two way paired student’s t-test.

The Trx AAV 2/5 viral prep was also sub-retinally injected in to hP347S 

heterozygote mice o f  the same genotype which was used in chapters 3 and 4. 

However these mice were injected at P21 and therefore a larger volume o f virus 

(3x10'̂  vg in a volume o f 3|il) could be administered by sub-retinal injection. Again. 

CMV EGFP and Trx_AAV were sub-retinally injected to the left and right eyes
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respectively o f  all hP347S mice injected. The first set o f  injected animals examined 

was sacrificed at 4 weeks post injection. The results o f  this experim ent are 

presented in figures 5.5.11 and 5.5.12. A decrease in DHE staining intensity is 

discernible in only one o f  the three mice (panels C and D) in figure 5.5.11. O f the 

rem aining two mice, one has a very small decrease in DHE staining intensity in the 

right eye (panels A and B) while no reduction in staining can be observed in the 

other mouse (panels E and F). Any changes between the left and right eyes were 

quantified and are presented as a bar chart in figure 5.5.12. From figure 5.5.12. a 

reduction o f  approxim ately 12% in DHE staining intensity in the right eyes was 

calculated from the ImageJ data. In a similar m anner to the reduction in DHE 

staining in P23H mice however, this change in staining intensity failed to reach 

significance, with a paired student’s t-test producing a p-value o f  0.34.

Finally, the DHE staining intensity was exam ined in the left and right eyes o f  

hP347S heterozygous transgenic mice 16 w eeks post injection o f  3x10^ vg o f  

CMV EGFP and Trx AAV in the left and right eyes respectively. A total o f  three 

mice were injected at P21 and sacrificed 16 w eeks later. The resulting sections o f  

enucleated eyes were stained with 5|o.M DHE. Representative retinal m icrographs o f  

all three mice injected are presented in figure 5.5.13. Although the ONL is hardly 

visible due to apoptosis o f  the photoreceptors, a slight reduction in staining 

intensity is visible in the INL o f  all three right eyes. This reduction was quantified 

and the resulting data are presented as a bar chart in figure 5.5.14. A negligible 

reduction in DHE staining o f  approxim ately 3% was observed in the right eyes o f  

the three injected mice. This small reduction in staining coupled with a large degree 

o f  variance, especially evident in the right eye, resulted in a non significant p-value 

ofO.74.

5.3.4 Examination of changes in superoxide levels of RP disease model mice 
injected with shRNAs targeting Rad

The hP347S transgenic mouse model o f  adRP was used to evaluate any possible 

changes in DHE staining which may occur following sub-retinal delivery o f  

pAAV shRA Cl l or pAAV_shRACI _3. The first group o f  mice injected was a set

224



o f three hP347S heterozygous transgenic mice with a sub-retinal injection o f 

l.OSvgxlO'^vg in a volume o f 3^1 o fN T 20  and pAAV shRACl l in the left and 

right eye respectively. The mice were injected at P21 and sacrificed 4 weeks later. 

The eyes were enucleated, sectioned to a thickness o f 12|im and stained with 5|iM 

DHE solution. Slides were examined by fluorescence microscopy and 

representative micrographs o f  the retinas fi'om the left and right eyes o f  all three 

mice are presented in figure 5.5.15. This figure shows a reduction in DHE staining 

intensity in the right eye o f  all three mice injected. This reduction was formally 

quantified using the ImageJ program to produce a bar chart detailing the DHE 

staining intensity quantities o f both the left and right eyes which is presented in 

figure 5.5.16. Although a clear reduction in staining intensity is observed in figure 

5.5.15, quantification o f  this change in figure 5.5.16 revealed only a -6%  reduction 

in staining in the right eye. This change failed to reach significance with a two way 

paired student’s t-test producing a p-value o f 0.085.

A further four hP347S heterozygous mice were injected at P21 with NT20 and 

pAAV_shRACl_l in the left and right eye respectively. These mice were left for 

16 weeks before sacrificing and harvesting o f  the eyes for sectioning and staining 

with DHE solution. Representative micrographs displaying the DHE staining 

intensity o f  each o f the eyes fi’om the four mice are presented in figure 5.5.17. This 

figure reveals a distinct reduction in staining in the right eyes o f each o f  the four 

mice, however a greater degree o f inter-animal variance is observed between the 

mice in this group than what has been observed in previous experiments. 

Quantification o f  the staining intensity o f  all eyes was undertaken using the ImageJ 

program and the resuhing data are presented as a bar chart in figure 5.5.18. 

Quantitative analysis o f  the data produced by ImageJ showed that treatment with 

pAAV_shRACl_l reduced DHE staining by approximately 14% compared to the 

NT20 treated eye. However statistical analysis o f  these data produced a P-value o f 

0.087, resulting in non-significance for this change in staining between left and 

right eye.

The second virus containing a different R ad  specific shRNA (pAAV_shRACl_3) 

was also utilised to examine any effects this may exert on the levels o f  retinal 

superoxide in the hP347S transgenic mouse. In the first set o f experiments
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examining the effect o f this virus in vivo, a group o f six hP347S heterozygous mice 

(age P21) were sub-retinally injected with 1 .1 6 x l0 \g  in a volume o f 3|il o fN T 20 

and pAAV_shRAC1_3 in the left and right respectively. These mice were 

sacrificed 4 weeks post injection and the eyes were harvested for DHE staining. 

Micrographs detailing the DHE staining o f  each eye are presented in figure 5.5.19. 

This figure suggests that treatment with pAAV shRAC 1 _3 clearly reduces DHE 

staining intensity in all right eyes compared to the left eyes which received NT20. 

Formal quantification o f this change in staining was undertaken using the ImageJ 

program to produce a bar chart presented in figure 5.5.20. The data produced by 

ImageJ indicate that DHE staining intensity in the right eye is approximately 34% 

lower than the control left eye. A two way paired student’s t-test confirmed that this 

change is statistically significant, producing a p-value o f  0.0046. DHE staining o f 

three AAV_shRACl_3 injected animals was also undertaken at 16 weeks post

injection. Representative micrographs o f DHE stained retinas ft'om this experiment 

are presented in figure 5.5.21. This figure displays a large variance in the intensity 

o f DHE staining, with no clear indication o f a reduction in staining in the right eyes 

o f these mice. Formal quantification o f  the DHE staining intensity revealed no 

change in DHE staining intensity between the left and right eyes o f  these mice. A 

very slight increase in DHE staining was observed in the right eye although a paired 

student’s t-test on the data produced by ImageJ resulted in a p-value o f 0.97. A bar 

chart detailing the intensity quantities is presented in figure 5.5.22.
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5.4 Discussion

In recent years the study o f  retinal degeneration has begun to focus, in part, on the 

role that oxidative stress plays in the pathology o f  many diseases o f the retina 

including Age-Related Macular Degeneration. Diabetic Retinopathy and Retinitis 

Pigmentosa. Although increased oxidative damage has been documented in many 

disease model animals and patient post-mortem eyes (Nag et al. 2011), strategies 

aimed at saving eye sight in patients with antioxidants have failed to produce 

satisfactory results in patients o f AMD (Age-Related Eye Disease Study 2 Research 

Group 2, 2013) with some success in patients o f neovascular AMD (Chew et al, 

2013). Supplementing the diet o f RP patients with the anti-oxidant vitamin A has 

been shown to preserve central visual acuity and slow the rate o f decline o f  ERG 

response in these patients (Berson et al. 2012; Berson et al. 1993). However the 

method o f action o f  this supplement remains unclear as Vitamin A is also an 

essential precursor o f the synthesis o f retinal which is utilised by photoreceptors to 

detect light and the overall beneficial effect is small (Bates, 1995). Unlike 

conventional gene therapies which attempt to correct a pathological mutation o f  a 

well characterised gene, the RacI and Thioredoxinl AAV based therapies were 

developed with the aim o f reducing a specific metabolite (superoxide) in the retina. 

Therefore, any possible reduction in the production o f  superoxide should be 

characterised in mouse models treated with these therapies in order to understand 

any changes which these therapies may have on visual response. To study 

superoxide levels, dihydroethidium was utilised as a marker o f superoxide in three 

different disease model mice present in the TCD Ocular Genetics laboratory in 

order to evaluate the state o f oxidative stress in the retinas o f these animals. DHE 

was then employed to measure any changes in superoxide in the retinas o f  RP 

disease model mice treated with virally delivered Thioredoxinl cDNA or R a d  

shRNA.

The animal models chosen to evaluate retinal oxidative stress were the rotenone 

induced Leber's Hereditary Optic Neuropathy (LHON) mouse model and the 

rhodopsin mutant P23H and hP347S mouse models o f  autosomal dominant 

Retinitis Pigmentosa. The rotenone induced LHON mouse model was first 

described by Zhang et al who demonstrated that intravitreal injection o f  rotenone
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significantly reduced the thickness o f  the GCL (Zhang et al, 2002). Rotenone is a 

com plex 1 inhibitor which specifically binds to the N D l subunit o f  mitochondrial 

com plex 1, causing de-coupling o f  mitochondrial oxidative phosphorylation (Singer 

& Ramsay, 1994). The intravitreal injection o f  rotenone causes no changes in the 

thickness o f  the ONL or INL as the GCL is closer to the vitreous o f  the eye and is 

the most m etabolically active cell layer o f  the retina, a property which contributes 

to GCL cell death in inherited LHON. Thus injection o f  rotenone closely  mirrors 

the pathology o f  human LHON which can be caused by mutation o f  the N D l  gene 

amongst other subunits. It has been suggested that oxidative stress plays a role in 

the pathology o f  LHON as primary cell lines carrying an LHON mutation show a 

57% increase in oxidative stress (Park et al, 2007). Furthermore, this increase was 

dramatically reduced and cell viability increased when the cells were transfected 

with wild type yeast NDII ,  suggesting that oxidative stress w as the main effector o f  

pathology in this mutant cell lines. Further confirm ation o f  the role o f  oxidative 

stress in the pathology o f  LHON was provided by Lin et al who created a transgenic 

m ouse model o f  LHON and demonstrated that increased oxidative stress and not 

depletion o f  cellular ATP caused cell death (Lin et al, 2012). Oxidative stress was 

assessed by measuring the rate o f  H2O 2 production from the mitochondria using the 

com m ercially available Am plex Red reagent (Invitrogen). The fact that superoxide 

production is likely to arise from the GCL presents a problem for the experimental 

approach undertaken in the experim ents detailed in this chapter as the outer and 

inner nuclear layers were exam ined for increased DHE staining. Superoxide is 

known to have low  permeability across cell membranes as it is anionic (Lynch and 

Fridovich, 1978). H owever, it has been shown that superoxide can be effiuxed from 

cells by a number o f  anion channels (M um bengegw i et al, 2008). Furthermore, 

superoxide is readily converted to hydroperoxyl which can easily pass through cell 

membranes and cause oxidative damage in proximal cells to the site o f  superoxide 

production (Salvador et al, 2001).

G iven the prominent role which overproduction o f  ROS plays in LHON, it was 

decided to stain the rotenone induced m ouse model with DHE. This was first 

performed using DHE as a system ic stain in vivo  using a protocol published by 

Behrens et al (2007). The resulting discom fort and death experienced by the 

injected animals immediately excluded this method o f  DHE staining from future
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studies. Furthermore, no specific staining was observed using this stain in vivo 

(figure 5.5.2). The reasons for this adverse reaction to the DHE stain can only be 

speculated upon as no post mortem analysis was undertaken. DHE is most likely 

highly mutagenic based on its similarity in structure to Ethidium Bromide but this is 

unlikely to be the cause o f death as much longer exposure would be required to 

cause death. No further information regarding the toxicity o f  DHE could be found. 

The best source o f any data on the toxicity o f this compound is available on the 

MSDS sheet

(http://www.siumaaldrich.com/MSDS/MSDS/DisplavMSDSPaae.do?countrv=lE&l 

antzuatze=en&productNumber=D7008&brand=SlAL&PageToGoToURL=http%3A 

%2F%2Fwww.siamaaldrich.com%2Fcataloa%2Fproduct%2Fsial%2Fd70Q8%3Fla 

nu%3Den) which claims that no studies have been undertaken to examine the 

possible toxic effects o f DHE, with some indication that DHE is non-carcionogenic. 

No adverse reaction was noted in the publication by Behrens et al from which this 

protocol was taken. The concentration o f  DHE delivered to these animals was also 

lower than what was used by Behrens et al who used two i.p. injections to deliver a 

total quantity o f 27mg o f DHE per kg o f mouse weight. Based on the average 

weights o f this strain o f mouse at this age (18.18g for females and 21.72g for males; 

Jackson Laboratories), the injected mass o f  DHE previously published by Behrens 

et al would equate to 490.86-586.44|j.g, far higher than the 400[xg delivered to the 

mice in experiments detailed in this chapter. Death may also have been caused by 

the 40|il o f DMSO within the 400^1 o f total volume delivered to each mouse by i.p. 

injection. DMSO is known to be toxic to several organ systems including the 

kidneys and liver, both o f  which would have been in direct contact with the injected 

material (DMSO MSDS sheet:

http://www'.sciencelab.com/msds.php?msdsld=9927347). However the LD50 

(lethal dose for 50% o f animals injected) for mice by i.p. injection ranges from 

267.25mg to 369.24mg based on the average weights o f mice this age (DMSO 

toxicity sheet compiled by the Gaylord Chemical company; 

http://www.gaylordchemical.eom/uploads/images/pdfs/literature/l 06B.pdf). This is 

far above the 44mg administration (based on the density o f DMSO at l.lg /m l) o f 

DMSO which has been detailed here. Therefore the reasons for death and distress in 

these animals remain unclear.
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To overcome the toxicity related problems associated with direct injection o f the 

DHE stain, an alternative staining protocol requiring no in vivo staining was 

undertaken. This protocol was derived from a protocol utilised by Sasaki et al to 

measure retinal ROS in the streptozocin induced mouse model o f  diabetes and 

quantify this DHE staining intensity using the ImageJ program ex vivo (Sasaki et al. 

2010). This staining protocol proved to require less time as no injection o f  the stain 

or fixing o f the eyes were required. More importantly, however, the use o f DHE as 

an ex vivo stain demonstrated an increase in retinal superoxide levels in the P23H 

and LHON mouse models o f retinal degeneration (figures 5.5.6 and 5.5.8), 

suggesting its viability as a marker o f  oxidative stress given the evidence within the 

scientific literature regarding oxidative stress in these models (Tanito et al. 2006; 

Lin et al 2012). No evidence was found for an increase in DHE staining intensity in 

the one month old hP347S mouse model (figure 5.5.4). However only one time 

point was taken (at P28) and the visual degeneration o f this model is known to 

occur much later than the P23H mouse model (Li et al, 1996; Chadderton et al. 

2009). Therefore, any possible increases in oxidative stress which would be 

associated with photoreceptor cell death may not have manifested at this stage o f 

retinal degeneration. Further time-points were not undertaken as the functionality o f 

the DHE stain had already been attained in the P23H and LHON mouse models o f 

retinal degeneration. In addition, the oxidative stress associated with the P347L 

mutation o f rhodopsin has been studied in detail by Shen et al (2005) who used 4 

different assays to measure the generation o f ROS in a P347S transgenic pig. 

Therefore it was decided to make use o f  the hP347S mouse model o f  RP in studies 

examining the effect o f RacI suppression or over-expression o f  Trx in this mouse 

model o f  RP at later time-points. Searches o f  the scientific literature provide little 

information regarding the retinal oxidative stress levels o f  the P347S or P23H 

mouse models o f RP, although oxidative stress is known to be increased in the 

retina o f  the P23H rat (Kaur et al. 2011). This finding has been confirmed in the 

current study using the DHE stain which demonstrated a two-fold increase in 

staining intensity as early as P5 compared to wild type mice at the same age and 

genetic background (figure 5.5.6). Previous findings by Lin et al demonstrating that 

oxidative stress is increased in the LHON transgenic mouse model have also been 

confirmed using the DHE stain, which demonstrated a 25% increase in retinal 

staining using the rotenone induced LHON model (figure 5.5.8). These findings
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validated the use o f DHE as a marker o f oxidative stress ex vivo and allowed for 

further experiments detailing the pattern o f oxidative stress in Thioredoxinl cDNA 

and Racl shRNA treated eyes to be carried out.

The first construct to be tested for its potential effect on reduction o f  superoxide 

production in the retina was the Trx_AAV viral vector containing the Thioredoxinl 

coding sequence downstream o f the CMV promoter. This construct was tested in 

both the P23H and hP347S mouse models whereas the Racl shRNA viruses were 

tested only in the hP347S mouse models. The reasoning behind this decision lay 

with the mechanism o f action o f  Trx which is a direct reducing agent o f ROS and 

oxidised proteins as opposed to the indirect action o f R acl which is an activator o f 

the NADPH Oxidase complex (see sections 3.1 and 4.1). Since the P23H mice have 

a rapid degeneration and a large load o f retinal superoxide, it was deemed that the 

Racl shRNA may be too slow to exert a physiological effect in these mice and so 

the shRNA constructs were initially tested only in the hP347S mouse model o f RP. 

Analysis o f the P23H mouse model was carried out at P22 after sub-retinal injection 

at PO. Any earlier time points were deemed irrelevant as the transduced virus takes 

up to 2 weeks to express CMV driven transgene cassettes within the AAV vector at 

approximately 40% efficiency (Sarra et al, 2002).

Analysis o f  P22 P23H mice treated with Trx_AAV revealed no statistically 

significant change in DHE staining between the left and right eyes (figure 5.5.10). 

Interestingly an increase in ONL thickness was observed in the treated eyes (figure 

5.5.9); a result which was also obtained in figure 4.5.12 o f chapter 4 which 

demonstrated increased thickness o f the ONL in treated eyes compared to 

CMV_EGFP treated eyes. However this cannot be taken as ftirther proof o f 

therapeutic benefit as the DHE staining is carried out on unfixed sections and 

therefore the increased ONL thickness may be an artefact o f sectioning. Treatment 

o f hP347S transgenic mice with Trx AAV also had no effect on DHE staining 

intensity at either 4 weeks (figure 5.5.11) or 16 weeks post injection (figure 5.5.13). 

A small decrease in staining was observed in the treated eye at 4 weeks post 

injection but this failed to reach statistical significance. The failure o f Trx AAV to 

reduce superoxide production is concomitant with the failure o f this virus to
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preserve ERG function at P22 in the P23H mouse and at similar time points in the 

hP347S mouse, results which were detailed in chapter 4.

The Racl shRNA constructs (AAV shRACl l and AAV_shRACl_3) were also 

tested to determine any possible effect they may have in DHE staining intensity in 

the hP347S mouse model. Unfortunately, no statistically significant changes were 

observed between AAV_shRACl_l and NT20 treated eyes (figures 5.5.16 and 

5.5.18). However, slight decreases observed between the left and right eyes in these 

experiments approached statistical significance much more readily than 

experiments detailing the DHE staining changes using Trx_AAV. At 4 weeks post 

injection the p-values attached to the DHE staining changes o f Trx_AAV and 

AAV_shRACl_l treated eyes were 0.34 and 0.085 respectively. A similar trend is 

observed at the 16 week time point with P-values for Trx and AAV_shRACl_l 

treated eyes o f 0.74 and 0.087 respectively. The discrepancy in P-values between 

the two time-points cannot be explained by n numbers as the n number was three 

for all experiments except the 16 week post AAV shRACl l treatment (n=4). This 

change in p-values suggests that the experiments examining AAV_shRACl_l 

mediated change in DHE staining may require more animals to reach a statistically 

significant difference between treated and control eyes. A larger cohort o f 

experimental animals should theoretically decrease the variance in DHE staining 

(which ranged from 10.3% (4 week, SHI treated eye) to 18% (16 week. NT20 

treated eye) o f  the total quantity) and therefore may validate the changes in DHE 

staining observed by decreasing the p-value to below 0.05. A significantly larger 

change in DHE staining between control and shRNA treated eyes may also result 

from injection at an earlier time-point. The injections detailed here were performed 

at P21, a stage when oxidative stress may have already accumulated to levels which 

would be unaffected by suppression o f  Racl and in turn decreased activation o f the 

NADPH Oxidase complex.

The largest change in DHE staining was obtained using the AAV_shRACl_3 virus 

to treat hP347S mice. Examination o f  the DHE staining intensity in these mice at 4 

weeks post injection demonstrated a statistically significant -34%  decrease in DHE 

staining o f  the treated eyes compared to NT20 treated eyes (figure 5.5.20). This 

decrease corresponds to an improvement in ERG b-wave responses at the same
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tim e point using this virus to treat the same transgenic mouse strain (see figure 

3.5.29). These data together suggest that a significant reduction in production o f  

superoxide m ediated oxidative stress may lead to an improvement in the visual 

response o f  these animals. Unfortunately no change in DHE staining was observed 

in A A V _shR A Cl_3 treated retinas at 16 weeks post-injection (figure 5.5.22). A 

possible explanation for this lack o f  change may be a loss o f  absorption o f  oxygen 

from  the choroid as the cells o f  the ONL have largely degenerated at this stage o f  

the disease progression. Oxygen from the choroid is known to pass to the retina 

which is a tissue o f  lower oxygen partial pressure. In the RCS rat (a model o f  RP) it 

has been dem onstrated that oxygen concentration in the ONL drops as the 

photoreceptors die but oxygen concentrations rem ain the same in other layers o f  the 

retina (Yu & Cringle, 2000). Therefore the generation o f  superoxide will also 

decrease as oxygen supply decreases. It was observed in figure 3.5.27 that while 

A A V _shR A C l_3 improves visual flmction and preserves photoreceptor viability, 

no overall thickness in ONL was evident in anim als treated with this virus. 

Therefore the decrease in oxygen load at this stage o f  disease progression will be 

com parable in both eyes. The decrease in DHE staining at 4 weeks was most likely 

m ediated by RacI  suppression induced inhibition o f  the NADPH oxidase (which is 

estim ated to contribute to ~ I0 %  o f  cellular superoxide) at a stage in disease 

progression when oxygen load to the photoreceptors from the choroid had not 

decreased. At 16 weeks, RacI  suppression is likely having little effect on 

production o f  superoxide as there are less cells from which NADPH oxidase is 

active and the decrease in oxygen load has masked any small decrease in NADPH 

oxidase produced superoxide.

The discrepancy in phenotype observed between shR A C l_ l and shR A C l_3 treated 

anim als has again become apparent in the experim ents detailed in this chapter, as a 

difference in visual flinction was also observed in chapter 3. The possible reasons 

for this have been discussed in section 3.4. To gain a clearer picture o f  the 

relevance o f  the preliminary data detailed in this chapter, a two-three fold increase 

in the number o f  anim als injected and examined would have to be undertaken. As 

DHE analysis had not been undertaken by any m em bers o f  the TCD Ocular 

G enetics laboratory previously, it was difficult to anticipate the expected variance 

in DHE staining and therefore to adequately predict the statistical power o f  this
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study. Furthermore, in all cases involving the use o f  animals for research, the 

‘Three R’s” principle has been applied throughout this thesis. This principle refers 

to Replacement, Reduction and Refinement an approach which aims to limit the 

total number o f animals used for research purposes to a minimum. This ethical 

approach to animal testing is a requisite o f  any ethical approval o f  a study and is 

part o f Irish law governing the use o f  animals in research. However, an indication 

has been provided o f which o f the three viruses reduces retinal ROS most 

effectively as measured by DHE staining. This chapter has shown that 

AAV_shRACl_3 is an efficient effector o f a reduction in retinal DHE staining in 

the hP347S mouse model o f  RP. A AV_shRACl_l has also been shown to reduce 

DHE staining but this reduction failed to reach statistical significance and the 

change in DHE staining was minimal. More animals would be required to examine 

if a change in n number would affect the p-value obtained in the current study. 

Therefore, any further experiments examining the effect o f AAV mediated RNAi 

suppression o f R a d  should concentrate efforts on AAV_shRACl_3. Surprisingly, 

no reduction in DHE staining was observed in animals treated with Trx AAV. This 

recombinant virus had been shown to drive strong expression o f  ThioredoxinI (see 

chapter 4) and therefore a decrease in DHE staining had been expected in mouse 

retinas treated with this preparation. There are a number o f possible explanations as 

to why Trx AAV failed to produce a satisfactory decrease in DHE staining. The 

first explanation is that over-expression o f  Trx may have caused increased stress in 

the cells o f  the retina and therefore resulted in no net decrease o f ROS production. 

This would be caused by saturation o f the endoplasmic reticulum which ensures 

that proteins are folded correctly before exiting. Saturation o f this pathway induces 

the unfolded protein response (UPR) pathway and an increase in oxidative stress 

(Raden et al. 2005). Interestingly, an approach to treating the P23H model o f  RP 

has involved the introduction o f BiP, a chaperone protein which enhances ER 

mediated folding o f  aberrant proteins, to the retina in order to increase folding o f 

mutant rhodopsin and preventing UPR pathway activation (Gorbatyuk et al, 2010). 

However, the hypothesis o f over-expression o f  Trx causing cellular toxicity was 

explored in the experiments detailed in chapter 4 and is not considered to be a 

contributory factor to the failure o f  Trx AAV to produce a flmctional benefit in 

these disease model mice. A second possibility as to why Trx_AAV failed to 

reduce DHE staining is the fact that Thioredoxin 1 protein is a general reducing
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agent o f  other proteins and therefore w ill not directly interact with superoxide or 

react specifically  with superoxide, unlike R acl which specifically produces 

superoxide through its interaction with other members o f  the NADPH  oxidase  

com plex. Therefore the DHE stain may not detect any Trx induced changes in ROS 

as it is a superoxide specific stain. H owever Trxl is known to reduce excess cellular 

H2O 2 w hich is a downstream product o f  superoxide and therefore a reduction in 

DHE staining would in principle be expected after treatment with Trx A A V  by 

shifting the cellular chem ical equilibrium o f  superoxide and hydrogen peroxide 

(Nakamura et al. 2009). If this is indeed the case, then an antibody stain for 4-H NE  

would be a desirable assay as the formation o f  4-H N E can be initiated by lipid 

peroxidation by ROS such as superoxide and hydroxyl fi'ce radicals or reactive 

nitrogen species (R N S) such as nitric oxide and peroxynitrite (Mattson. 2009).

The aims o f  this chapter were to validate the functionality o f  DHE as a stain o f  

oxidative stress in a number o f  m ouse m odels o f  retinal degeneration and to observe 

any changes in DHE staining which may arise as a result o f  treatment o f  transgenic 

m ouse m odels o f  retinal degeneration with gene therapies aimed at reducing 

oxidative stress. DHE has been demonstrated to be an effective stain for oxidative 

stress in tw o o f  the three mouse m odels examined: the P23H mouse model o f  

rhodopsin linked adRP and the rotenone induced m ouse model o f  LHON. The DHE  

stain also confers a degree o f  indirect quantification o f  tissue superoxide levels 

which may be o f  use when attempting to link a vision  loss phenotype with an 

increase in retinal oxidative stress. To our know ledge this is the first use o f  DHE to 

characterise superoxide production in these animal m odels. Furthermore, the DHE  

stain has been successftilly used to characterise the effects o f  A A V  2/5 delivered  

T hioredoxin l cD N A  and R a c l  shRN A treatment o f  m ouse m odels o f  adRP. The 

studies detailed in this chapter suggest that treatment o f  hP347S transgenic m ice 

with A A V _shR A C l_3  results in a statistically significant decrease in retinal 

superoxide load at 4 weeks post injection, a result which closely  mirrors the ERG 

results detailed in chapter 3. G iven its reliability and ease o f  use, the DHE stain has 

proved to be a reliable marker o f  oxidative stress which in the future may be used in 

other studies o f  retinal degeneration in m ouse models.
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5.5 Figures

NH2

Hydroethidine Ethidium
Figure 5.5.1: M olecular Structures o fP H E  and ethidium

The structure o f  DHE (labelled as hydroethidine) presented in this figure can be 

observed to have no net ionic charge and is therefore unable to bind to DNA. 

However upon oxidation, a specific hydrogen atom  is chemically rem oved from 

DHE, resulting in cationic ethidium  which can then bind to DNA and fluoresce. 

Figure adapted from Zhao et al. 2003.
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Figure 5.5.2: In vivo DHE stainina o f  the retinas o f  Rotenone Injected Eves

Four mice were intravitreally injected with 0.5|j,l 1.5mM rotenone in DM SO and 

were subsequently i.p. injected with a total o f  400)il l|xg/|^l DHE five months later, 

before harvesting o f  the eyes and sectioning. The DHE stain fluoresces at ~605nm  

and therefore should be observed using the ‘2 0 ’ filter o f  the fluorescent m icroscope 

(panel A). However this staining pattern was uncharacteristically weak at a camera 

exposure o f  200ms and the same staining pattern was observed using all filters 

(panels B-D) suggesting non-specific autofluorescence. Panel E shows the retinal 

structure o f  the eye by DAPI staining.
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Figure 5.5.3: Ex vivo DHE staining o f  retinal sections o f  wild type and HP347S 

mice

Four mice were euthanised o f  both wildtype and hP347S transgenic strains o f  the 

same background at P28 and the eyes were enucleated, sectioned and stained with 

5|j.M DHE dissolved in DMSO before micrographs were taken at 100ms exposure. 

Representative retinal images from the wildtype (panel A) and transgenic (panel B) 

mouse eyes are shown above. This shows little difference between the wild type 

and transgenic mice in DHE staining.
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Figure 5.5.4: Quantification of  DHE staining intensity o f wild type and hP347 

retinas (n=4)

Staining intensity was quantified using ImageJ software. Three slides mounted with 

retinal sections from each animal were examined by fluorescence microscopy and 

three micrographs were taken o f different sections o f each slide to give a total o f 36 

micrographs for each set o f animals. Staining intensity o f the ONL and INL was 

then recorded as an arbitrary unit for each micrograph and the average and standard 

deviation calculated for each group. This data was graphed as a bar chart showing 

the following data; Wild type average: 15.33±6.41, hP347: 15.30±8.86. An 

unpaired two way student’s t-test resulted in a P value o f 0.986.
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Figure 5.5.5: Ex vivo DHE stainina o f retinal sections o f w ild type and P23H mice 

Three mice were euthanised from both w ild type and P23H transgenic stocks o f 

mice at P5. The eyes were enucleated and subsequently sectioned before staining 

with DHE dissolved in DMSO. A ll micrographs were taken at an exposure 

time o f  100ms. Representative images are shown o f w ild type (panel A) and P23H 

(panel B) above. A large increase in DHE staining intensity in P23H animals is 

observed, suggesting high levels o f  superoxide in the retinas o f these mice.
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Figure 5.5.6: Quantification o f DHE staining intensity o f  w ild type and P23H 

retinas

Staining intensity was measured using the ImageJ software. A  total o f  18 images 

were taken for each group by fluorescence microscopy. The resulting data were 

averaged and a standard deviation was recorded for each group. The data graphed 

above show the following intensity values; W ild type: 12.78±4.579, Pro23His: 

25.49±11.18. An unpaired two-way student's t-test resulted in a statistically 

significant P value o f 0.00014.

DHE Staining Intensity Wildtype vs P23H

P<0.0005

Wildtype Pro23His
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Figure 5.5.7: Ex vivo DHE staining o f retinal sections o f LHON model mice

Five one month old wild type mice were intravitreally injected in the right eye with 

0.5|il 12mM rotenone dissolved in DMSO which induces an LHON phenotype. The 

left eye was injected with the same volume o f DMSO to act as a control. These 

mice were euthanised 14 days later and the eyes were enucleated, immediately 

frozen in OCT compound and sectioned before being stained with 5)iM DHE. The 

resulting sections were examined by fluorescence microscopy at an exposure time 

o f 100ms. Representative images from all five animals are shown above with panels 

A, C, E, G and I showing the left eyes and panels B, D, F, H and J showing the 

contralateral right eyes. A marginal increase in DHE staining was observed which 

is especially evident in panels H and J.
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Figure 5.5.8: Ouantification o f DHE staining intensitv o f LHON mouse model 

retinas

Staining intensity o f the rotenone and DMSO injected retinas were measured using 

ImageJ software. Two slides o f each eye were taken and three fluorescent 

micrographs o f each slide were taken to give a total o f 30 images for each group. 

The DHE staining intensity o f the ONL and INL was then measured in arbitrary 

units using the ImageJ program. The average and standard deviation were 

calculated for each group to give the following details; DMSO: 20.58 ±3.83, 

Rotenone: 25.45±5.95. Averages were also calculated for each individual retina. 

This allowed for a paired two way student’s t-test to be calculated, resulting in a 

statistically significant P-value o f 0.0516.
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Figure 5.5.9: Ex vivo DHE staining o f  P22 P23H mice treated with Trx AAV 

Three P23H mice were sub-retinally injected at PO with CM V EGFP in the left eye 

and Trx AAV in the right eye. These mice were euthanised at P22 and the eyes 

were enucleated, immediately frozen in OCT compound and sectioned. The 

sections were stained with 5|aM DHE in DM SO and exam ined by fluorescence 

microscopy. Representative m icrographs are shown above. Retinas from the left 

eyes are shown in panels A. C and E while the contralateral right eyes from the 

same anim als are shown in panels B, D and F. A visible decrease in DHE staining 

is observed in the eyes which received thioredoxin compared to the control eyes.
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Figure 5.5.10: Quantification o f DHE staining intensity o f P23H mice treated with 

Trx AAV

Three slides from each eye were examined by fluorescent microscopy and three 

images were taken from each slide to give a total o f 27 images for each group. The 

images were analysed using ImageJ software to give DHE staining intensity 

quantities. These were averaged and a standard deviation was calculated for each 

group to give the following quantities which were graphed as a bar chart; 

CM V EGFP: 38.08±9.18, Trx: 33.03±7.35. Average values for each retina were 

also calculated to allow a paired two way student’s T-test to be calculated. This 

resulted in a P value o f  0.55 which is non-significant.
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Figure 5.5.11: Ex vivo DHE staining o f  hP347S mice treated with Trx AAV 4 

week post injection

Three hP347S mice were sub-retinally injected at P21 with CM V_EGFP in the left 

eye and Trx AAV in the right eye. The mice were euthanised 4 w eeks post 

injection, the eyes were enucleated and im m ediately frozen in OCT before 

sectioning and staining with 5|iM  DHE. Representative m icrographs are shown 

from  the left (panels A. C and E) and right eyes (panels B, D and F) o f  each animal. 

A slight decrease in DHE staining intensity is observed in the right eyes o f  these 

anim als, a pattern especially evident between panels C and D.
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Figure 5.5.12: Quantification o f  DHE staining intensity o f  hP347S mice treated 

with Trx A A V  4 week post injection

Three slides from each eye were examined by fluorescence microscopy and three 

images o f each slide were taken to give a total o f 27 images for each set o f  eyes. 

DHE staining values were assigned using the ImageJ software and these values 

were averaged and a standard deviation calculated for each group. This gave the 

following data which is graphed by bar chart above; CMV_EGFP; 25.97±3.96, Trx: 

22.94±1.97. Average values for each individual eye were also recorded and used to 

calculate a P value o f 0.34 by paired two way student’s T-test.
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Figure 5.5.13: Ex vivo DHE stainina o f  hP347S mice treated with Trx AAV 16 

week post inject ion

Three hP347S mice were injected sub-retinally with CMV EGFP in the left eye 

and Trx AAV in the right eye at P21 and were euthanised at 16 weeks post 

injection. The eyes were enucleated and placed directly in to OCT, sectioned and 

stained with 5|iM DHE in DMSO. Representative micrographs are shown from the 

left eyes (panels A, C and E) and the contralateral right eyes (panels B, D and F) o f 

these three mice. This shows a slight decrease in staining o f  the right eyes o f  these 

mice.



DHE staining 16 week post injection

Figure 5.5.14: Quantification o f  DHE staining intensity o f  HP347S mice treated 

with Trx AAV 16 week post injection

Three slides from each eye were examined and three images were taken o f  different 

sections from each slide to give a total o f  27 images for each set o f  either left or 

right eyes. ImageJ software was used to assign DHE staining values o f  the ONL 

and INL o f  each eye based on pixel intensity and the average and standard 

deviation was calculated for each set o f  eyes. This data was graphed as a bar chart 

(above) to give the following pixel intensity quantities; CMV EGFP: 28.04±2.16, 

Trx: 27.20±5.88. A paired two way student’s T test performed on these quantities 

resulted in a P-value o f  0.74 indicating no statistical significance in the slight 

decrease on DHE staining in the right eye.
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Figure 5.5.15: Ex vivo DHE staining o f  hP347S mice treated with 

AAV shR A C l 1 4 week post injection

Three hP347S mice were sub-retinally injected with NT20 in the left eye and 

A A V _shR A C l_ l in the right eye at P21. These mice were subsequently euthanised 

28 days post-injection; the eyes were enucleated, sectioned and stained with 5|aM 

DHE. Representative micrographs are shown o f  the retinas o f  the left eye o f  each 

m ouse (panels A. C and E) and the contralateral right eye o f  each mouse (panels B, 

D and F). A decrease in DHE staining is observed in the ONL and INL o f  the right 

eye o f  each mouse.
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DHE Staining 4 Week Post Injection
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Figure 5.5.16: Quantification o f DHE staining o f hP347S mice treated with 

A A V  shRACl 1 4 week post injection

Three slides o f  each eye were examined by fluorescence microscopy and three 

micrograph images were taken o f each slide to give a total o f 27 images for each set 

o f eyes. These images were subsequently analysed for DHE staining intensity using 

the ImageJ software to assign quantities o f  pixel intensity to the ONL and INL o f 

each image. The average and standard deviation was calculated for each set o f data 

to give the following quantities which are graphed above; NT: I6.21±2.05, SHI: 

15.17±1.56. This showed a slight decrease in DHE in the pAAV_shRAC l_l treated 

eye but a paired two student’ s T test performed on the average values for each 

experimental eye failed to reach significance (P=0.085).
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Figure 5.5.17: Ex vivo DHE stainina o f  hP347S mice treated AAV shRA Cl 1 16

week post injection

Four hP347S were injected at P21 with A A V _shR A C l_l in the right eye and NT20 

in the left eye. Injected mice were sacrificed 16 weeks post injection, the eyes were 

enucleated, sectioned and stained with DHE solution. Representative retinal 

m icrographs are shown o f  the left (panels A. C, E and G) and right (B, D, F and G) 

eyes o f  each o f  the four mice. A slight decrease in DHE staining can be observed in 

the right eye o f  all four mice.

251



DHE staining 16 week post injection

Figure 5.5.18: QuantiFication o f  DHE stainintz intensity o f  hP347S mice treated 

with AAV shRACl 1 16 week post injection

Two slides o f each eye were examined by fluorescence microscopy and three 

images were taken o f  different sections from each slide. The DHE staining intensity 

o f the ONL and INL was recorded for each image using the ImageJ program. These 

quantitative data were averaged and the standard deviation calculated for each set 

o f eyes. The resuhing data are graphed above using the following quantities; NT; 

35.71±6.46, SHI:  30.82±4.09. This slight decrease in staining failed to reach 

significance with a two way paired student’s T-test, producing a P-value o f 0.087.
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Figure 5.5.19: Ex vivo DHE staininiz o f  hP347S mice treated with

AAV shRACl 3 4 week post injection (n=6)

Six hP347S mice were injected in the left eye with NT20 and in the right eye with 

AAV_shRACl_3 at P21. These mice were euthanised 28 days post-injection, the 

eyes were enucleated and placed directly in OCT compound, sectioned and stained 

with 5^M DHE. Representative micrographs are shown o f the retinas o f the left eye 

o f  three o f  these mice (panels A. C and E) and the contralateral right eye (panels B, 

D and F). A clearly discernible decrease in DHE staining is observed in the right 

eyes o f  these mice.



DHE Staining 4 Week Post Injection
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Figure 5.5.20: Quantification o f  DHE stainina intensity o f  hP347S mice treated 

with A A V  shRACl 3 4 weelc post injection (n=6)

Three slides o f each eye were examined by fluorescence microscopy and three 

micrographs were taken from each slide to give a total o f 27 images for each set o f 

eyes. The pixel intensity o f the ONL and IN L regions o f the micrographs was then 

analysed using the ImageJ program to assign quantities o f intensity to each image. 

The average and standard deviation was calculated for each set o f  eyes and graphed 

as a bar chart (above) showing the following results; NT: 20.49±2.38, SH3: 

13.58±2.20. A  paired two student’s T test performed on the average quantities o f 

each eye resulted in a P value o f 0.0046, indicating statistical significance.
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Figure 5.5.21: Ex vivo DHE staining o f  hP347S mice treated with 

AAV shRA Cl 3 16 week post injection

Three hP347S transgenic mice were sub-retinally injected at P21 with N T20 in the 

left eye and A A V _shR A C l_3 in the right eye. These mice were euthanised 16 

w eeks post-injection, the eyes were enucleated, sectioned and stained with DHE 

solution. Representative m icrographs are presented showing the left eyes (panels A, 

C and E) and the corresponding right eyes (panels B, D and F) o f  each mouse. No 

pattern o f  reduction in DHE staining is observed across all three anim als examined.
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DHE staining SH3 16 post injection

Figure 5.5.22: Quantification o f DHE staininu intensity o f HP347S mice treated 

with AAV shRACl 3 16 week post injection

Three slides o f each eye were examined by fluorescence microscopy and three 

micrographs were taken from each slide to give a total o f 27 images for each set o f 

eyes. The pixel intensity o f the ONL and INL regions o f the micrographs was then 

analysed using the ImageJ program to assign quantities o f intensity to each image. 

The average and standard deviation was calculated for each set o f eyes and graphed 

as a bar chart (above) showing the following results; NT: 26.10±5.63, SH3: 

26.22±9.41. A paired two student’s T test performed on the average quantities o f 

each eye resulted in a P value o f 0.975, indicating no statistical significant change 

in DHE staining intensity between the two sets o f eyes.
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Chapter 6: General Discussion
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The severely debilitating effect o f  inherited retinal degeneration on the sufferers o f  

these diseases has driven the international research com m unity to focus much 

energy over many years to understanding the pathology o f  these disorders and to 

the exploration o f  a wide range o f  therapeutic approaches for such diseases. This 

sub-set o f  eye disorders includes many non-inherited disorders (such as Diabetic 

Retinopathy and Age-related M acular Degeneration) and inherited disorders (such 

as Retinitis Pigmentosa, Leber’s Hereditary Optic Neuropathy and Leber 

Congenital Am aurosis) to name just a few. The range o f  therapies that have been 

pursued include gene therapy, pharm acological treatment and stem cell treatment 

(reviewed in M cClem ents & M acLarem . 2013; Agosta et al. 2012 (for treatment o f  

AM D) and Ramsden et al. 2013 respectively). O f particular note has been the recent 

successful pre-clinical integration o f  embryonic stem cell (ESC) derived 

photoreceptor cells in to several mouse m odels o f  retinal degeneration and the 

successful formation o f  synaptic connections from these transplanted cells 

(Gonzalez-Cordaro et al, 2013). The use o f  optogenetic approaches (discussed in 

section 1.13) for treating retinal disorders has also become a prom ising area o f  

research (Jacobson et al. 2013). This type o f  therapeutic involves the introduction 

o f  light sensing m olecules to the retina which cause hyperpolarisation o f  a cell, 

allowing these proteins to be expressed in layers o f  the retina other than the 

photoreceptors which may have degenerated past the point o f  use o f  conventional 

gene therapies. In addition to these m olecular approaches to treating retinal 

disorders, much research has also been em ployed in the field o f  visual prostheses 

(W eiland et al. 2011). Retinal prostheses fianction by electrically stim ulating areas 

o f  the degenerating retina in response to light. (Garg & Federman. 2013). For 

patients o f  RP, the Argusll model o f  retinal prosthesis has been tested in detail. A 

clinical trial carried out in patients with end stage RP (ie com pletely blind) has 

dem onstrated an ability to detect m otion when these patients were epiretinally 

implanted with the Argusll device on to the surface o f  the macular retina (Dorn et 

al, 2013). The authors noted that patients implanted with this device could detect 

the m otion o f  a 1.4” moving bar on a 19” com puter screen from 12” away. 

Furthermore, in most cases, the patients could also determine the direction o f  

m ovem ent. In a separate study o f  the effect o f  this device in patients o f  RP, 

im plantation allowed patients to correctly read large letters on a computer screen 

from 30cm  away (daCruz et al. 2013). In addition, the Argusll prosthesis allows
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patients o f RP to guide hand movements, as assessed by a patient’s ability to trace a 

pathway through an image o f a maze on a touchscreen (Barry et al, 2012).

The focus o f the TCD Ocular Genetics laboratory has for many years been the 

inherited retinal disorder Retinitis Pigmentosa (RP). This laboratory initially 

explored the genetic basis o f inherited RP by pedigree linkage analysis (Farrar et al, 

1991; Farrar et al. 1990; Farrar et al. 1988) and subsequently created a rhodopsin 

knockout mouse model (Humphries et al. 1997). In recent years, the objectives o f 

the laboratory have begun to concentrate on the use o f suppression and replacement 

gene therapy in murine models o f autosomal dominant RP (Palfi et al. 2012; 

Millington-Ward et al, 2011; Chadderton et al. 2009; O ’ Reilly et al, 2007). This 

use o f  RNAi mediated suppression and delivery o f  a genetic coding sequence has 

been utilised separately within this current study for two different genes; RacI and 

Thioredoxinl in an attempt to slow the rate o f degeneration in two mouse models o f 

RP. The exploration o f  secondary gene therapies which aim to reduce the retinal 

burden o f reactive oxygen species was borne out o f a relatively recent interest in the 

potential role which oxidative stress plays in the pathology o f retinopathy (reviewed 

in Doonan et al. 2012 and Wilkinson-Berka. 2013). In particular, the work o f Peter 

Campochiaro’s laboratory (amongst others) which has published many papers 

detailing the role which oxidative stress plays in retinal degeneration, including 

Retinitis Pigmentosa (Usui et al, 2011; Lee et al, 2011; Oveson et al, 2011; Usui et 

al, 2009 and Usui et al. 2009b). The choice o f  R a d  for targeted RNAi mediated 

suppression was made after the publication o f  two papers which demonstrated a 

functional benefit in RP mouse models after administration to the retina o f  

apocynin. an inhibitor o f  the NADPH Oxidase complex (Usui et al. 2009), and 

partial knockout o f Racl in a conditional knockout (by engineering opsin promoter 

expressed Cre recombinase expression to restrict knockout to the rods) cross with a 

RP mouse model (Haruta et al. 2009). These papers demonstrated a beneficial 

effect to the cone and rod photoreceptors respectively; suggesting R a d a s  an ideal 

target for AAV delivered RNAi mediated suppression, a molecular tool which has 

already been optimised and used routinely in the TCD Ocular Genetics laboratory. 

The use o f delivery o f  the Trx coding sequence as a therapeutic was spurred by the 

discovery o f  the role that over-expression o f this gene plays in the protection o f 

photoreceptor cells in the Tuhhy mouse model o f  retinal degeneration (Kong et al.
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2010) as well as the protective role that this gene plays in retinal ganglion cells 

(Caprioloi et al, 2009; Munemasa et al, 2010). Given that the TCD Ocular Genetics 

laboratory also has much experience in the AAV mediated delivery o f  a 

replacement gene, delivery o f  Trx also became a potentially viable therapeutic 

approach to explore in mouse models o f RP.

The design o f  siRNAs and generation o f  shRNAs which target RacI mRNA was 

explored in chapter 3 o f the thesis. Initially three siRNAs were designed and tested 

in vitro using HeLa cells. These experiments provided evidence o f  suppression o f  

approximately 75% of endogenous Racl expression and approximately 50-70% of 

endogenous and exogenous CMV promoter driven Racl expression (figures 3.5.11 

& 3.5.14). Evidence was also provided o f suppression o f  Racl protein using two 

siRNAs; RACl l and R A C 1 3  (figure 3.5.15). To create an expression vector 

which would produce RNAi agents which target R acl, the RACl l and R A C 1 3  

sequences were used to generate shRNA constructs which were subsequently 

cloned in to an AAV plasmid. This was performed by sub-cloning the shRNAs 

from the pSuper shRNA expression vector characterised by Brummelkamp et al 

(2002). The shRNAs were also tested in vitro to confirm that these new constructs 

were functional, resulting in suppression values o f approximately 35% (figure 

3.5.18). These data indicated that discernible suppression o f Racl in HeLa cells 

expression was achievable and allowed the study to continue from in vitro 

experiments to in vivo experiments.

Subsequent to the production o f  recombinant AAV 2/5 created using the 

pAAV_shRACl plasmid vectors and sub-retinal injection o f  these viruses in to wild 

type mice, a series o f experiments were undertaken to evaluate Racl expression 

after delivery o f  these Racl shRNAs to the retina. These data provided conflicting 

reports o f the efficacy o f  Racl suppression. Notably, Racl suppression o f  

approximately 55-70% was evident at the mRNA level as evaluated by RT-qPCR 

(figures 3.5.22 & 3.5.23). However when confirmation o f  suppression was 

undertaken by western blot, it appeared that a second Racl specific band was 

appearing in the lanes loaded with retinal lysate from eyes which received Racl 

shRNA. Although reduced levels o f  protein were observed at 2 lkD a (the size o f
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Racl), a large band appeared at approximately 25kDa and was recognised by the 

R ad  specific antibody (figure 3.5.24). The possible identity o f  this band has been 

discussed in section 3.5 yet the presence o f  this band has never been adequately 

explained. It is clear that the possible identities o f this band are very wide-ranging 

given the integrated position o f Racl within several signalling pathways.However, 

the remit o f  this study was to identify genetic components which would provide a 

functional benefit to the retina in mouse models o f RP and therefore fiarther studies 

pursued this goal rather than focusing on identification o f this extra band. Should 

Racl suppression be carried forward in to large animal models, the identity o f  the 

extra band must be elucidated. Li et al (2012) have also examined the use o f Racl 

shRNA in the retina using a lipid based delivery method to introduce Racl specific 

shRNA in a pSuper vector to the retinas o f rat models o f  choroidal 

neovascularisation. However no quantitative data were assessed in vivo while only 

Rl'-qPCR analysis was performed in vitro. Therefore a reasonable approach to 

identifying this extra band observed in this study may be to perform a microarray 

analysis to determine if  the introduction o f  this shRNA is causing up-regulation o f a 

related gene. If suppression o f  Racl is causing the remaining Racl to bind to 

another protein (such a RhoGDI) then purification o f this complex by affinity 

chromatography using the same Racl antibody could aid in its identification. Mass 

spectrometry may then be used to identify this binding partner. Fluorescence 

microscopy using two separate Racl specific antibodies also failed to demonstrate a 

decrease o f  Racl expression in the retina. However this would be expected if these 

antibodies are detecting the extra band observed on the western blot. O f note, the 

extra band was observed in lysates from in vivo experiments only, reflecting the 

different transcriptomes o f  human derived cell cultures in vitro and mouse retinal 

cells in vivo.

Following the demonstration that AAV_shRACl mediated suppression is occurring 

in the retina, it was decided to introduce these viral preparations to the retina o f  the 

hP347S transgenic mouse model o f  RP via sub-retinal delivery. This transgenic 

mouse model has been used repeatedly by other members o f the TCD Ocular 

Genetics laboratory in the past to assess the functional efficacy o f  pre-clinical gene 

therapies (Millington-Ward et al. 2011; Loscher et al, 2007; Chadderton et al. 2009) 

and by other laboratories worldwide (Brill et al. 2007, Bramall et al, 2013).
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Delivery o f  the first shRNA virus. A AV _shRA Cl_l, resulted in no preservation o f 

cone cell density at 4 weeks post-injection (figure 3.5.28). Furthermore, this virus 

seemed to have a negative effect on visual flinction as assayed by 

electroretinography (figure 3.5.32). The second shRNA virus to be examined, 

AAV_shRACl_3, also had no effect on cone cell density at 4 weeks post-injection 

(figure 3.5.29). However at 16 weeks post-injection, a clear increase o f both rods 

and cones was observed in the retinas o f  treated eyes compared to non-targeting 

treated control eyes (figure 3.5.30). Furthermore, this beneficial effect was 

observed at the ftinctional level as recorded by ERG. The discrepancy in outcome 

of the two shRNA viruses has been discussed in section 3.5; briefly it is believed 

that AAV_shRACl_l may have elicited a TLR mediated immune response due to 

the presence o f immunostimulatory motifs on the siRNA sequence. Further work to 

characterise the expression change o f interferons by RT-qPCR must be carried out 

to validate this hypothesis. However, the experimental work presented in chapter 3 

has highlighted the potential beneficial effects o f AAV_shRACl_3 mediated Racl 

suppression in the retina o f the hP347S transgenic mouse model o f RP.

In the present study, an alternative strategy to RNAi mediated suppression o f Racl 

was employed in an attempt to reduce retinal oxidative stress, that is. the over

expression o f Thioredoxinl. The effect o f Thioredoxinl over-expression was 

examined in chapter 4. While a clear increase in Trx expression was observed both 

in vitro and in vivo (figures 4.5.6-10), this over-expression failed to produce any 

functional effect on visual function when delivered to the retina o f  either the P23H 

or hP347S mouse models o f  RP (figures 4.5.11-17). Some benefit was observed at a 

histological level in the P23H at P22 (figure 4.5.13). however this failed to reach 

statistical significance, most likely due to the small n number (n=3) as all animals 

examined demonstrated a clear increase in ONL thickness. Although no functional 

benefit was observed by ERG in the hP347S mouse model it was thought that 

Trx_AAV may provide a late stage beneficial effect akin to what was casually 

observed in the P23H mouse model. The P23H mouse model has previously been 

treated with a rhodopsin suppression and replacement AAV therapy which resulted 

in no fianctional benefit but a preservation o f  ONL thickness (O ’ Reilly et al. 2007). 

However no increase in ONL thickness or the preservation o f cone cell density was 

observed in the hP347S mouse model at 4 or 16 weeks post injection o f  Trx_AAV
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(figures 4.5.15 & 4.5.16). Initially it was thought that the over-expression o f Trx in 

the retina may be having a detrimental effect on visual function which may have 

explained the lack o f any positive data in the hP347S mouse model. To address this 

possibility, visual function was examined by ERG analysis in hP347S mice which 

received either a I/2  or 1/10 dilution o f Trx_AAV. Dilution o f the virus had no effect 

on visual function in these mice (figures 5.5.18-20). These data suggest that the 

lack o f functional benefit provided by over-expression o f  Thioredoxinl was dose 

independent and instead is a result o f  a lack o f functional benefit exerted by the 

function o f the protein itself Furthermore, analysis o f  wild type animals which 

received a range o f Trx AAV dilutions from I/2  to 1/1000 provided no difference in 

visual function compared to CMV EGFP injected contralateral eyes (figure 4.5.21). 

These data indicate that although Trx has a well documented role as an antioxidant 

protein with a beneficial effect in other models o f  retinal degeneration (Kong et al, 

2010; Munemasa et al. 2010; Caprioli et al, 2010) delivery o f  this gene to the retina 

provides no beneficial effect in two mouse models o f RP.

In order to assess the biochemical effect o f introduction o f either R a d  targeting 

shRNA or Trx cDNA. the effect that introduction o f these constructs to the retina on 

the generation o f  superoxide molecules was determined through the use o f the DHE 

stain. In addition, the DHE stain was employed to assess the levels o f  retinal 

superoxide in three models o f retinal degeneration compared to wild type mice o f  

the same age and genetic background. These models emulate the disease phenotype 

o f  Leber’s Hereditary Optic Neuropathy (LHON), Rho P23H mutation induced 

adRP and Rho P347S induced adRP. These analyses demonstrated an increase in 

DHE staining in the LHON and P23H models o f  retinal degeneration (figures 5.5.6 

and 5.5.8). No increase was observed in the P347S model, however only one 

relatively early time-point o f this mouse model was examined (figure 5.5.4). O f all 

three constructs examined, only one (AAV_shRACl_3) produced a statistically 

significant decrease in staining, o f approximately 34% at 4 weeks post injection 

(figure 5.5.20). This decrease in staining was initially observed in a set o f  only three 

animals, producing a p-value o f  less than 0.05 and a reduction o f 37%. The n 

number was subsequently increased to six by examining three different mice o f  the 

same genotype and treated with AAV_shRACl_3 resulting in a similar reduction 

(34%) to what had been observed previously and a reduced p-value o f  less than
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0.005, strongly indicating that suppression o f  Rad  with this construct is reducing 

the superoxide output o f the NADPH Oxidase complex. Furthermore, the decrease 

in DHE staining coincides with an increase o f  ERG b-wave response at 4 weeks 

(figure 3.5.33). However the reduction o f  DHE staining was not maintained at 16 

weeks post injection (figure 5.5.22). These data suggest that suppression o f Rad  

using AAV_shRACl_3 is reducing the levels o f  ROS within the retina and that this 

reduction may be preserving visual function and the longevity o f both rods and 

cones at later time-points. The lack o f a decrease in DHE staining at 16 weeks post 

injection is likely the result o f  a NADPH oxidase independent production o f ROS 

which has dwarfed any decreases that may be a result o f  suppression o f Rad. 

Although suppression o f  Rad  seems only to have had a transient effect on the 

levels o f superoxide, this initial decrease seems to have preserved functional 

photoreceptors up to 16 weeks post-injection as examined by ERG analysis and 

immunohistochemistry.

As mentioned previously, a number o f hurdles would have to be overcome for the 

AAV_shRACl_3 construct to ever proceed in to large animal models, non human 

primates or indeed humans. Firstly, the discrepancy in phenotype between the two 

Rad  suppressors has highlighted the need for an examination o f both the 

immunostimulatory effects o f these shRNAs and the possible o ff target effects 

which these shRNAs may produce. The siRNA mediated stimulation o f the immune 

response by a TLR was first shown to occur through Toll Like Receptor 3 (TLR3) 

(Kariko et al. 2004). Stimulation o f  the innate immune response by siRNAs has 

shown to be sequence independent when recognised by TLR3 but the main 

stimulation occurs through the recognition o f  UGU sequence motifs in RNAs by 

TLR7 and TLR8 resulting in a production o f pro-inflammatory cytokines and 

interferon a  (IFNa), (Jackson & Linsey, 2010). Although these studies have 

focused on the siRNA mediated immunostimulation. it must be remembered that 

shRNAs are processed to siRNAs in the cell. Furthermore, shRNA has been shown 

to be equally immunostimulatory when compared to an siRNA containing the same 

19 nucleotide target sequence (Hornung et al. 2005), suggesting that shRNA 

mediated toxicity occurs through the same TLR mediated immunostimulation 

pathway as siRNAs. Therefore the ability o f both AAV shRACl l and 

AAV_shRACl_3 to induce the up-regulation o f  these factors should be addressed

264



in the future as inflammation o f retinal tissue would be detrimental to the normal 

functioning o f  this tissue (Kleinman et al. 2012). For this, RT-qPCR analysis and 

enzyme linked immunosorbent assay (ELISA) may be employed to determine the 

increase in these factors in the retina following delivery o f  these shRNAs. 

Determination o f the increase in such factors may not be possible by a blood test as 

Judge & MacLachlan (2008) have shown that many o f  these effects are local and 

cannot be detected in the blood. O ff target effects can occur through the saturation 

o f the RNAi pathway or by targeting o f siRNAs to 3’ UTR sequences through the 

seed region o f  the siRNA. This phenomenon was first demonstrated by Jackson et 

al who used microarray analysis to demonstrate a large swathe o f genes whose 

regulation was inadvertedly affected by RNAi mediated suppression (Jackson et al, 

2003). Saturation o f the RNAi pathway occurs when the concentration o f  siRNA in 

the cell is at a high dose and interferes with the normal miRNA machinery o f the 

cell. This saturation primarily occurs to the Argonaute protein, a key part o f the 

RISC, although Exportin-5 is believed to play a role in saturation as well (Grimm et 

al. 2010). Addressing the problem o f saturation is an important factor when 

deciding on the promoter o f the RNAi vector delivered to the tissue o f  choice, a 

reason why miRNA mimics are now more widely used in pre-clinical studies as 

they are longer than shRNAs and are therefore amenable to expression from a 

larger range o f promoters (Boudreau et al. 2009). In addition. miRNA mimics are 

more closely related to endogenous miRNAs and therefore exert less processing 

related toxicity. The degree o f  miRNA like off-targeting (off targeting caused by 

binding to the 3’ UTR o f transcripts) is more difficult to address as this would 

involve changing the sequence o f  the shRNA itself and therefore changing the 

possible efficacy o f  the RNAi agent. However, it is imperative that a shRNA which 

is brought forward for pre-clinical trials in large animal models is examined for 

these off target effects. It has already been observed by western blot that 

suppression o f  Racl induced over-expression o f  an unknown protein in the retina 

(figure 3.5.24) although this is likely not due to miRNA like o ff target effects as it 

occurred when retinas treated with either A AV_shRACl_l or AAV_shRACl_3. 

Again, the use o f microarray profiling would be o f great use in examining this type 

o f  o ff target effect. In order to address these issues, the use o f  a miRNA vector to 

deliver a Racl targeted RNAi agent to the retina may be a useful next step to be 

undertaken in the exploration o f  Racl suppression and its potentially beneficial role
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within the retina. miRNA vectors have already been used in this fashion to treat a 

wide variety o f disorders in a pre-chnical setting including Huntington’s disease 

(Fiszer et al, 2012), spinal and bulbar muscular atrophy (Miyazaki et al. 2012) and 

leukaemia (Kaser et al. 2012). Furthermore, AAV mediated delivery o f targeted 

miRNA constructs to the retina has been used in several pre-clinical settings in vivo 

(Pihlmann et al. 2012; Georgiadis et al. 2010).

A second consideration which must be addressed should any RNAi based therapy 

be brought forward to a clinical setting is the use o f AAV to deliver this agent to the 

retina. Although discernible suppression o f  R a d  was observed with both shRNAs 

tested, the efficacy o f  these molecules in vivo is less than what has previously been 

achieved by the TCD Ocular Genetics laboratory using shRNA based vectors 

targeted against Rhodopsin (Millington-Ward et al. 2011). Recently, the use o f 

AAV 2/8 has been proposed as a more potent AAV serotype due to its increased 

range o f  transduction o f  layers o f the retina and higher rate o f  transduction o f  the 

photoreceptors (Natkunarajah et al, 2008). A higher efficacy o f  transduction has 

also been observed by the TCD Ocular Genetics laboratory (unpublished results). 

More recently this serotype o f AAV was used in the delivery o f  a shRNA to the 

retina to treat a murine model o f  inherited rod cone dystrophy (Jiang et al, 2013). A 

comparison o f  the efficacy o f  AAV 2/5 and AAV 2/8 in pigs has also confirmed the 

increased efficacy obtained using AAV 2/8 (Mussolino et al. 2011). Therefore 

employing this serotype as a method o f transduction may be a preferable route of 

administration o f RacI shRNA to the retina in the fijture. However the increased 

range o f  tropism o f this serotype o f AAV in the mammalian retina may produce 

unknown results as it is not clear what the effect o f RacI suppression may be in 

layers other than the ONL and RPE which were the layers transduced in this study 

by AAV 2/5. Immunohistochemical analysis o f  the expression o f RacI in the retina 

(figure 3.5.6) demonstrated that expression o f  this gene appears to be ubiquitous in 

all layers examined, with stronger expression in the nuclear layers. In addition, 

much research has been carried out regarding suppression o f RacI in the 

photoreceptors o f the ONL (Haruta et al, 2009) and the RPE (Mizutani et al. 2013). 

In both o f these cases, the suppression o f  RacI was shown to be beneficial; in a 

mouse model o f  light induced damage (Haruta et al. 2009) and a mouse model o f  

choroidal neovascularisation (CNV, a hallmark o f many retinopathies including
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AMD, Mizutani et al, 2013). However, the role o f  Racl in other layers o f the retina 

remains unclear and therefore delivery o f  this RNAi agent via AAV2/8 may have 

unexpected results.

The safety o f AAV mediated delivery to the retina has been the subject o f  many 

clinical and pre-clinical studies. The safety o f AAV2 serotype to deliver a transgene 

was examined in cynomolgus monkeys which had been treated with this virus via 

intravitreal injection (Mac Lachlan et al, 2011). This study demonstrated that 

AAV2 induced some local AAV mediated inflammation o f the vitreous in a high 

dose group (which received a viral dose o f 2.4x10'°vg) however this tended to 

gradually resolve. Furthermore, no negative effects on the histology or ERG 

response were recorded in any o f these animals. In addition to these studies, many 

follow up studies have been performed on patients who received RPE65 transgene 

via AAV2 delivery for the treatment o f LCA. the safety o f which has been 

discussed in section 4.4 (Bennett et al. 2012; Simonelli et al. 2010; Maguire et al, 

2009). For AAV 2/5 delivery, Stieger et al have demonstrated that viral particles 

remain localised within the retina for up to four years post-injection o f dogs 

(Stieger et al. 2009). In the pig retina following sub-retinal injection o f  AAV 2/5, 

no adverse effects were recorded by ERG analysis, histology or TUNEL (Terminal 

deoxynucleotidyl transferase dUTP nick end labelling) staining o f  the retina (a stain 

for apoptopic cells). Furthermore, neutralising antibodies against AAV were 

observed in the serum o f only 3 out o f  21 animals (Mussolino et al, 2011). 

However, sub-retinal injection in one o f  the animals caused a retinal detachment 

which completely ablated visual function as assessed by ERG and induced cell 

death in the retina, highlighting the danger inherent in a sub-retinal injection which 

usually induces a transient retinal degeneration which normally resolves within 

days o f  injection (Johnson et al. 2008). However, the various publications 

mentioned here provide data which demonstrates the relative safety o f  AAV 

mediated delivery o f  a therapeutic to the retina should the Racl shRNA be chosen 

for ftirther work in large animal models. While much data has been gathered over 

the years, additional data regarding the optimal viral dose and viral serotype in 

large animal models is still required.
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The data presented in this thesis detail the RNAi mediated suppression o f  Racl and 

the over-expression o f  Thioredoxinl in the retina o f mice carrying a mutation which 

causes a rhodopsin-linked adRP Hke phenotype. These studies have demonstrated 

that although over-expression o f Trx in the retina o f a mouse model o f RP has been 

achieved, this has failed to produce a fiinctional benefit in these mice, contrary to 

expectations given the protective role which over-expression o f this gene plays in 

the retina o f  the Tuhhy mouse (Kong et al. 2010). In addition, a protective effect o f 

visual function in the hP347S transgenic mouse model o f RP has been achieved 

with one o f  two RNAi agents tested which target Racl. This discrepancy in 

outcome highlights the need to investigate the effects o f  several siRNAs against a 

gene o f interest, an approach which has begun to be implemented given the 

potential for off-target effects (Mohr & Perriman, 2012). Nonetheless, the 

AAV_shRACl_3 virus has been demonstrated to reduce production o f  potentially 

damaging ROS, increase the cell viability o f  both rods and cones and increase the 

visual function o f a transgenic mouse model o f  RP, making it a clear candidate for 

the further studies suggested in this discussion. Although only one o f three 

constructs has succeeded in completing the aims o f  this thesis (ie to develop an 

antioxidant gene therapy which preserves visual function in mouse models o f  RP) it 

must be noted that fLirther characterisation o f  the oxidative stress associated with 

various mutations which cause different forms o f retinal degeneration is required.

Although the use o f  suppression o f Racl as a potential therapeutic for retinal 

degenerations would be uncommon as it does not address the primary mutation or 

encode a neurotrophic factor, the increased understanding o f the pathology 

underlying retinal degeneration has provided the research community with new 

avenues with which to explore novel routes o f therapeutic development. Therefore 

a combinatorial approach which addresses the primary mutation and the secondary 

pathology associated with the retinal degeneration may be the most feasible 

approach to the fliture treatment o f Retinitis Pigmentosa amongst other retinal 

degenerations. It is hoped that patients who present with a retinopathy may in the 

future have a range o f  potential therapies available which may be chosen based on a 

clinical and genetic examination. For those with the early hallmarks o f disease 

progression, or those with a genetic predisposition to a given retinopathy, the use o f 

gene therapy in combination with a pharmacological therapy (such as N-
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Acetylcysteine, an orally and topically available anti-oxidant which has been 

studied in a pre-clinical setting, discussed in chapter 4; Lee et al. 2011) may prove 

to be the most viable option to preserve eyesight. This would likely be o f use at a 

stage when photoreceptors are still viable within the retina and therefore amenable 

to a DNA or RNA based therapy. Treatment using an AAV delivered DNA based 

therapy has already been demonstrated to adequately treat patients o f LCA (Bennett 

et al. 2012; Simonelli et al. 2010; Maguire et al. 2009). For those patients for whom 

there is no known inherited factor causing the disease, a secondary gene therapy 

such as the delivery o f neurotrophic factors or the delivery o f  a genetic component 

which alters the retinal levels o f  oxidative stress may be the most feasible option. It 

is anticipated that a RacI RNAi suppression agent may be o f  most use for patients 

who fall within this category. A R a d  RNAi suppression therapy would also have 

the advantage o f potential benefit in more than one disorder, given the role which 

oxidative stress plays in several retinopathies (Doonan et al. 2012). For those 

patients presenting with a later stage o f retinopathy, in which the photoreceptors 

have already undergone apoptosis. an optogenetic, retinal prosthetic or stem cell 

therapy may be o f greater use. The purpose the studies detailed in this thesis was to 

identify a genetic based therapy which provided a fianctional benefit in a mouse 

model o f  RP. O f three AAV based constructs tested, the AAV_shRACl_3 therapy 

has thus far emerged as holding the most promise for patients with this disease. 

Although there are many hurdles to be overcome before a treatment such as this 

becomes a feasible therapeutic in humans, it is hoped that future work will address 

the issues presented here and examine the potential beneficial effects that RacI 

suppression may have in other retinal degenerations.
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Chapter 7: Appendix
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The human RACl coding sequence was present in an expression vector already 

present in the library. Sequencing revealed that this gene was intact from start to 

stop codon (denoted above) and downstream o f the Rhodopsin promoter (not 

shown). This gene contained the exons o f  the gene only.

ON aOBd 01
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Project No. 
Book No.

To Page No -----
^■:;7r--:r|^rified by: Date

Figures 8.2 & 8.3 : The sequence o f the RACl coding sequence demonstrating

successful cloning of this gene in to the pcDNA expression vector

The coding sequence of RACl which had PCR amplified from the plasmid shown

in figure 8.1 was cloned in to the pcDNA+ expression vector. Successful cloning

was confirmed by the sequence shown in figures 8.2 and 8.3. The restriction sites

used for cloning (Hindlll and Xhal) are marked at the flanking ends o f the RACl

coding

sequence as are the start and stop codons of the RACl gene.
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V  N

m M

Left itr (1 -  141)
CCTGCAGGCA GCTGCGCGCT CGCTCGCTCA CTGAGGCCGC CCGGGCAAAG 
CCCGGGCGTC GGGCGACCTT TGGTCGCCCG GCCTCAGTGA GCGAGCGAGC 
GCGCAGAGAG pGAGTGGCOf ACTCCATCAC TAGGGGTTCC

jacaacc

;AFL2TTAAGAIACATTG ATGAGTTTGG ACAAACCACA ACTAGAAT(^
IAGTGAAAAAAATGCTTTATT TGTGAAATTT GTGATGCTAT TGCTTTAIKr 
GTAJICCATTATAAGCTGCAA TAAACAAGTT AACAACAACA ATTGCATTJpi 
yiP^TGTTTCAGSTTCAGG GGGAGGTGTG GGAGGTTTTT TAAAGCAAflf 
j^PkCCTCTACAAATGTGGT ATGGCTGATT ATGATCTAGA GTCGCGGC«fG 
I CTTTACTTGTXCIlWCTCGPrC C&TOCCGAGA GTGATCCCGG CGGCGGTCAC 
SftACTCCAGCAiQaACCATaT GATCGCGCTT CTCXiTTCaGG TCTTTGCT«A 
WSeCGGBlCTGGGTGCTCAGG TAGTQGTTGT CGGGCAGCAG CACGGGGCqC 
jKXSCCaJATGGGGGTGTTCTG CTGSHaOTGG TCGGCGAGCT GCACGCTGCa' 
[fl'l̂ cifrcGATgTTGTGyxiua "g-THauferT cAC(|rT(fLT(3 ccqmgrr?!
GCT^TgSGCCATeATATAO ACGTTaTGGC TGnCSTAGTT* GTACTflCAGC 
Tromx:cateG;TOTTGcc GTdcrccnro a a o t c g m 'gc ccjttcigctc 
■HroOQOTTCACCAQGaZST QGCX:CTCX3AA CTTCACCTCG GCGCGGGTC^ 
^AGTTOKXmKITCCTTO AAOAAOATQO TQCXiCTCCTG GACX5TAGCCT 
TCGGGCATOXXiQIiCTTQRA GAAOTCGTGC TGCTTC31TGT GGTCGGGGT^k 
^aOCTOMaCACTQCACXSC CGTAGGTCAG GGTGGTCACG AGGGTGGGCC. 
;^b00CAC(»QCAaCrTQC06 OTGGTGCASA TGAACTTCAG OGTg&den^
coflrrjfcSQTCqcaTOGCccTc occctcqcco GACAcocrjjfc-^ceiTCTGGcr 

,TCCMXT cc»caga^_^a£s»cacc.j:cssxs&Aaf>: 
SCTCCTCdJCC^raCTy^ AI€9[QGCGA<^^GTGGATC cgctagcgga 
TCTGACGGTTCACTAAACCA GCTCTGCTTA TATAGACCTC CCACCGTACA 
cgcctaccgcccatttgcgt caatggggcg gagttgttac gacattttgg 
AAAGTCCCGTTGATTTTGGT GCCAAAACAA ACTCCCATTG ACGTCAATGG 
GGTGGAGACTTGGAAATCCC CGTGAGTCAA ACCGCTATCC ACGCCCATTG

AGTCCCATAA GGTCATGTAC TGGGCATAJ^ 
TCATTGACGT CAATAGGGGG CGTACTTJIGC

atatgatacacttgatgtac tgccaagtgg g cagtttacc'gtaaatac#c
piCCCATTGACGTCAATGGA AAGTCCCTAT TGGCGTTACT ATGGGAAAt 
ACGTCATTATTGACGTCAAT GGGCGGGGGT CGTTGGGCGG TCAGCCAGgC
f e CCATTTACCGTAAGTTA TGTAACGCGG AACTCCATAT ATGGGCTA'flfe 

TAATGACCCCGTAATTG ATTACTATTA ATAACTAATG CATGGCGGTi 
H^CXX3TTATCC <-START OF CMV PROMOTER GGATCCCGG 
GCCCGCGGTA qCGTCGACTG CAGAACGGGT GACGTCACGACACGACGAGG 
GCGCGCGCTC CCAAAGGTAC. GGGTGCACTG CCCAACGGCACCGCCATAAC 
TGCCGCCCCC GCAACAGACG ACAAACCGAG TTCTCCAGTCAGTGACAAAC 
TTCACGTCAG GGTCCCCAGA TGGTGCCCCA GCCCATCTCACCCGAATAAG 
AGCTTTCCCG CATTAGCGAA GC SPHl/STUl.LIG 
SITE

AW

TATTTG

Col 
,4 V
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H 1 -1 4  9C PROMOTER GTGTTCTGGGAAATCACC '   ̂ i '’

ATAAACGTGAAATGTCTTTGGATTTGGGgj^TCTTATAAGTTCTGTATGAG
ACCAC
BGL2 S IT E  AGATqfr)

CCCGTGTCCGTGC AAAGTGGTATT rCAAGAG AATACCACT ITGCACGGAC 
A 'r n  T FTC l A GAGGAAA

HIND3 S I T E  (Sr GCT ‘*-

X ' "  G G C C  G C  , 1 ; I '■

/  ' Z ' R ie lltitr (1 9 I3 -2 Q g 3 t ~ 1̂'
AGGAJtCCC CTAGTGATGG AGTTGGCCAC TCCCTCTCTG 
CGGGC'TCGCT CGCTCACTGA GGCCGGGCGA CC^AAGGTCG CCCGACGCCC 
GGGCTTTGCC CGGGCGGCCT CAGTGAGCGA GCGAGCGCGC AGCTGCCTGC 
AGG
GGCGCCT GATGCGGTAT TTTCTCCTTA CGCATCTGTG CGGTATTTCA 
CACCGCATAC GTCAAAGCAA CCATAGTACG CGCCCTGTAG CGGC

n  origin (2145-2451)
GCATTA
AGCGCGGCGG GTGTGGTGGT TACGCGCAGC GTGACCGCTA CACTTGCCAG 
CGCCCTAGCG CCCGCTCCTT TCGCTTTCTT CCCTTCCTTT CTCGCCACGT 
TCGCCGGCTT TCCCCGTCAA GCTCTAAATC GGGGGCTCCC TTTAGGGTTC 
CGATTTAGTG CTTTACGGCA CCTCGACCCC AAAAAACTTG ATTTGGGTGA 
TGGTTCACGT AGTGGGCCAT CGCCCTGATA GACGGTTTTT CGCCCTTTGA 
CGTTGGAGTC CACGTTCTTT AATAGTGGAC TCTTGTTCCA AACTGGAACA 
A
Amp"  ̂p rom oter (2452 - 3829)
CACTCAACC CTATCTCGGG CTATTCTTTT GATTTATAAG GGATTTTGCC 
GATTTCGGCC TATTGGTTAA AAAATGAGCT GATTTAACAA AAATTTAACG 
CGAATTTTAA CAAAATATTA ACGTTTACAA TTTTATGGTG CACTCTCAGT 
ACAATCTGCT CTGATGCCGC ATAGTTAAGC CAGCCCCGAC ACCCGCCAAC 
ACCCGCTGAC GCGCCCTGAC GGGCTTGTCT GCTCCCGGCA TCCGCTTACA 
GACAAGCTGT GACCGTCTCC GGGAGCTGCA TGTGTCAGAG GTTTTCACCG 
TCATCACCGA AACGCGCGAG ACGAAAGGGC CTCGTGATAC GCCTATTTTT 
ATAGGTTAAT GTCATGATAA TAATGGTTTC TTAGACGTCA GGTGGCACTT 
TTCGGGGAAA TGTGCGCGGA ACCCCTATTT GTTTATTTTT CTAAATACAT 
TCAAATATGT ATCCGCTCAT GAGACAATAA CCCTGATAAA TGCTTCAATA 
ATATTGAAAA AGGAAGAGT

Amp resistance (2970 - 3830)
A TGAGTATTCA ACATTTCCGT GTCGCCCTTA
TTCCCTTTTT TGCGGCATTT TGCCTTCCTG TTTTTGCTCA CCCAGAAACG 
CTGGTGAAAG TAAAAGATGC TGAAGATCAG TTGGGTGCAC GAGTGGGTTA 
CATCGAACTG GATCTCAACA GCGGTAAGAT CCTTGAGAGT TTTCGCCCCG 
AAGAACGTTT TCCAATGATG AGCACTTTTA AAGTTCTGCT ATGTGGCGCG 
GTATTATCCC GTATTGACGC CGGGCAAGAG CAACTCGGTC GCCGCATACA 
CTATTCTCAG AATGACTTGG TTGAGTACTC ACCAGTCACA GAAAAGCATC 
TTACGGATGG CATGACAGTA AGAGAATTAT GCAGTGCTGC CATAACCATG

Figures 8.4 & 8.5: The sequence o f  the pAAV shRACl 1 plasmid showina 

successful cloning o f  this plasmid

Subsequent to successful cloning o f  the RAC1_1 shRNA in to the initial 

A A V _shR A C l_ l plasmid, the PGK promoter and EGFP coding region o f  DNA 

was excised and replaced by CMV promoter driven EGFP. Sequence verification o f  

successful cloning is shown in this figure. Hand written notes describe loss o f
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sequence read at some regions o f  the plasmid. However these regions were later 

verified using overlapping sequence o f  the same region using different reads 

produced by different primers. The different reads are displayed as different 

coloured highlights o f  the sequence.

CM v,

t

Left itr (1 -1 4 1 )
CCTOCAGGCA GCTGCGCGCT CGCTCGCTCA CTGAGGCCGC CCGGGCAAAG 
CCCGGGCGTC GGGCGACCTT TGGTCGCCCG GCCTCAGTGA GCGAGCGAGC 

I GCGCAGAGAG OfeAGTOGCCA ACTCCATCAC TAGGGGTTCC T

GCOOCC

AFL2TTAAG ATACATTG ATGAGTTTGG ACAAACCACA ACTAGAATGC 
AOTQAAAAAAATGCTTTATT TGTGAAATTT GTGATGCTAT TGCTTTATET 
GTAACCATTATAAGCTGCAA TAAACAAGTT AACAACAACA ATTGCAWCA 
TTTTATGTTTCAGGTTCAGG GGGAGGTGTG GGAGGTTTTT TAAAGCAAGT 
AAAACCTCTACAAATGTGGT ATGGCTGATT ATGATCTAGA GTCGCGGCCG 
CTTT BNP OF EGFP - >ACTTGTACAGCTCGTC CATGCCGAGA 
GTQJlTCCCaa 0000a*T C A C  GAACTCCAGCAGGACCATGT GATCGCGCTT 
CTCOTTOGGG TCTTTGCTCA GGGCGGACTGGGTGCTCAGG TAGTGGTTGT 
CGGGCAGCAG CACGGGGCCG TCGCCGATGGGGGTGTTCTG CTGGTAGTGG 
TCGGCGAGCT GCACGCTGCC GTCCTCGifrGT1GTGC|SGGil TCTTGAAGTT ! 
CACCTTGATG CCGTTCTTCT GCTTGTCGGCCATGATATAG ACGTTGTGqC | 
TGTTGTAGTT GTACTCCAGC TTQTGCCCCAQGA.tGTTgCC GTCCTCCTTG i 
RSGTCXSATGC CCTTCAG<iTC ̂ TGCGGTTCACCAGGGTGT CX5CCCTCGAA 
CTTCACCTCG GCGCGGGTCT TGTAGTTGCCGTCGTCCTTG AAGAAGATGG 
TGCGCTCCTO GACGTAGCCT TCGGGCATGGCGGACTTGAA GAAGTCGTGC 
TGCTTCATGT GGTCGGGGTA GCGGCTGAAGCACTGCACGC CGTAGGTCAG 
GGTGGTCACG AGGGTGGGCC AGGGCACGGGCAGCTTGCCG GTGGTGCAGA 
TGAACTTCAG GGTCAGCTTG CCGTAGGTGGCATCGCCCTC QCCCTCQCC® 
GACACGCTGA ACTTGTGGCC GTTTACGTCGCCGTCCAGCT CG A lSam q^T 
gSGCACCACC CCGGTGAACA gCTCCTCXS&CTTGCTCACC ATOQTOG^
< - START OF EGFP A  CCGGTGGATC CGCTAGCGGA 
TCTGACGGTTCAQTAAACCA GCTCTGCTTA TATAGACCTC CCACCGTACA 
CGCCTACCBCCaiTTTGCGT CAATGGGGCG GAGTTGTTAC GACATTTTOG 
AAAGTCCCGTTGATTTTGGT GCCAAAACAA ACTCCCATTG ACGTCAATGd 
GGTGGAGACTTGGAAATCCC CGTGAGTCAA ACCGCTATCC ACGCCCAT7G 
ATGTACTGCCAAAACCGCAT CACCATGGTA ATAGCGATGA CTAATACGTA 
GATGTACTGCCAAGTAGGAA AGTCCCATAA GGTCATGTAC TGGGCATAAT 
GCCAGGCGGGCCATTTACCG TCATTGACGT CAATAGGGGG CGTACTTGGp 
ATATGATACACTTGATGTAC TGCCAAGTGG GCAGTTTACC GTAAATACTG 
CACCCATTGACGTCAATGGA AAGTCCCTAT TGGCGTTACT ATGGGAACAT 
ACGTCATTATTGACGTCAAT GGGCGGGGGT CGTTGGGCGG TCAqCC|iGGC 
G G ^Cj^'^A CC G TA A G TTA  TGTAACGCGG AACTCCATAT ATGGGCTAT* 
AACTA^TGACCCCG^JRXTTG ATTACTATTA ATAACTAATG CATGGCGGTA 
TACGGTTATCp < - START OF CMV PROMOTER GGATCCCGG 
GSeCGCSGTA CCGTCGACTG CAGAACGGGT GACGTCACGACACGACGAGG 
GCGCGCGCTC CCAAAGGTAC GGGTGCACTG CCCAACGGCACCGCCATAAC 
TGCCGCCCCC GCAACAGACG ACAAACCGAG TTCTCCAGTCAGTGACAAAC 
TTCACGTCAG GGTCCCCAGA TGGTGCCCCA GCCCATCTCACCCGAATAAG 
AGCTTTCCCG C A TTA G CG A A O (5cSPH i7stD T~M 6------------------------------- Cx.
s it e t c c a g a c t g c c t t g g g a a a a g c g c c t c c c c t a c c c g g t a

HI PROMOTER-
g a a t t c g a a c g c t g a c g t c a t c a a c c c g c t c c a a g g a a t c g c g g g c c c a g  
t g t c a c t a g g c g g g a a c a c c c a g c g c g c g t g c g c c c t g g c a g g a a g a t g g  
c t p t g a g g g a c a g g g g a g t g g c g c c c t g c a a t a t t t g c a t g t c g c t a t

\ ' l h y

'rtV-,
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ATAAACGTGAAATGTCTTTGGATTTGGCAATCTl'ATAAUTTUTlimiiiAU 
ACCAg '

B G L2 S I T E  AGATflrt" ' , v ; :

H 1 - 1 4  9 C  PROM OTER G TG TTCTGGG

■

Hi t  
CCCGGAAGAGCiAAGAOAAAATTTCAAGAGAATTTTCTCTTCCTCTTCTTTT

H IN D 3  S I T E  AAGCT 

GGCC GC

R ig h t i t r  (1913 - 2053)
AGGAACCC CTAGTGATGG AGTTGGCCAC TCCCTCTCTG
8 g c g c t >c g c t  c g c t c a c t g a  g g c c g g g c g a  c c a a a g g t c g  c c c g a c g c c c

GGGCTTTGCC CGGGCGGCCT CAGTGAGCGA GCGAGCGCGC AGCTGCCTGC 
AGG
g g c g c c t  g a t g c g g t a t  t t t c t c c t t a  c g c a t c t g t g  c g g t a t t t c a  
c a c c g c a t a c  g t c a a a g c a a  c c a t a g t a c g  c g c c c t g t a g  c g g c

f l o rig in  (2145 - 2451)
g c a t t a
a g c g c g g c g g  g t g t g g t g g t  t a c g c g c a g c  g t g a c c g c t a  c a c t t g c c a g  
c g c c c t a g c g  c c c g c t c c t t  t c g c t t t c t t  c c c t t c c t t t  c t c g c c a c g t

TCGCCGGCTT TCCCCGTCAA GCTCTAAATC GGGGGCTCCC TTTAGGGTTC
c g a t t t a g t g  c t t t a c g g c a  c c t c g a c c c c  a a a a a a c t t g  a t t t g g g t g a

TGGTTCACGT AGTGGGCCAT CGCCCTGATA GACGGTTTTT CGCCCTTTGA 
CGTTGGAGTC CACGTTCTTT AATAGTGGAC TCTTGTTCCA AACTGGAACA 
A
A m p ' p ro m o te r  (2452 - 3829)
CACTCAACC CTATCTCGGG CTATTCTTTT GATTTATAAG GGATTTTGCC 
GATTTCGGCC TATTGGTTAA AAAATGAGCT GATTTAACAA AAATTTAACG 
CGAATTTTAA CAAAATATTA ACGTTTACAA TTTTATGGTG CACTCTCAGT 
ACAATCTGCT CTGATGCCGC ATAGTTAAGC CAGCCCCGAC ACCCGCCAAC 
ACCCGCTGAC GCGCCCTGAC GGGCTTGTCT GCTCCCGGCA TCCGCTTACA 
GACAAGCTGT GACCGTCTCC GGGAGCTGCA TGTGTCAGAG GTTTTCACCG 
TCATCACCGA AACGCGCGAG ACGAAAGGGC CTCGTGATAC GCCTATTTTT 
ATAGGTTAAT GTCATGATAA TAATGGTTTC TTAGACGTCA GGTGGCACTT 
TTCGGGGAAA TGTGCGCGGA ACCCCTATTT GTTTATTTTT CTA M TA CAT 
TCAAATATGT ATCCGCTCAT GAGACAATAA CCCTGATAAA TGCTTCAATA 
ATATTGAAAA AGGAAGAGT

A m p  re s is ta n ce  (2970 - 3830)
A TGAGTATTCA ACATTTCCGT GTCGCCCTTA
TTCCCTTTTT TGCGGCATTT TGCCTTCCTG TTTTTGCTCA CCCAGAAACG 
CTGGTGAAAG TAAAAGATGC TGAAGATCAG TTGGGTGCAC GAGTGGGTTA 
CATCGAACTG GATCTCAACA GCGGTAAGAT CCTTGAGAGT TTTCGCCCCG 
AAGAACGTTT TCCAATGATG AGCACTTTTA AAGTTCTGCT ATGTGGCGCG 
GTATTATCCC GTATTGACGC CGGGCAAGAG CAACTCGGTC GCCGCATACA 
CTATTCTCAG AATGACTTGG TTGAGTACTC ACCAGTCACA GAAAAGCATC

Figures 8.6 & 8.7; The sequence o f  the pAAV shRACl 3 plasmid showing 

successful cloning o f this plasmid

Subsequent to successful cloning the RAC 1 3  shRNA in to the initial 

AAV_shRACl_3 plasmid, the PGK promoter and EGFP coding region o f  DNA 

was excised and replaced by CMV promoter driven EGFP. Sequence verification o f 

successful cloning is shown in this figure. Hand written notes describe loss o f

TTCTAGAGGAAfe;

n'le
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sequence read at some regions o f  the plasmid. However these regions were later 

verified using overlapping sequence o f the same region using different reads 

produced by different primers. The different reads are displayed as different 

coloured highlights o f  the sequence.

TRX QR (Rev comp)

GCCGCGCTIAATGCGCCGCTACAGGGCGCGTCCCATTCGCCATTCAGGC
TGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACG
CCAGCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTNA
ANNGCAGGATCGATCCAGACATGATAAGATACATTGATGAGTTTGGAC
AAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTG
TGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTA
ACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTG
GGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGCTGAT
TATGATCATGAACAGACTGTGAGGACTGAGGGGCCTGAAATGAGCCTT
GGGACTGTGAATCTAAAATACACAAACAATTAGAATCACTAGCTCCTGT
GTATAATATTTTCATAAATCATACTCAGTAAGCAAAACTCTCAAGCAGC
AAGCATATGCAGCTAGTTTAACACATTATACACTTAAAAATTTTATATTT
A C C TTA G A G C n TAAATCTCTGl AGGTAGT H  GTCCAATI AI GTCACACC
ACAGAAGTAAGGTTCCTTCACAAAGATCCCAAGCTAGCAGTTTTCCCAG
TCACGACGTTGTAAAACGACGGCCAGTGCCTAGCTTATAATACGACTCA
CTATAGGGACCACTTTGTACAAGAAAGCTGGGTACGCGTAAGCTTGGGC
CCCTCGAGGGATACTCTAGA_________________ (Xbal_________________ Site)
GCGGCCGCCCTTTTTTTll 1 ITTTTTTAAAA 
Ml 3
G(}(i fAGAATTAA l A r r r l An Ci rCA I T 1 A FAATCA(}A IXiCiCACi r 1GGG 1 
A FAGAC rCTCX'ACAC r  rCATAG Tn I T I GCAAA r l AAAAAAGGTACAGG 
rnTAAACAGCrGGrAGCrGGHACAC'n nCAC.AGCArGgi^T 
to d o n j

TRX QF__________________________________________________________________
C AACAUXKKiCACjTC AI C C AC ATC C/U I K AACiCjAAC \(  C \C A 1 K i(i.\  
\  1 AC 1 I (} 1 C.ACAG ACiCiGA A 1 C}CiAA( I AACi(i( iC 1 K jAI CAI  I I ICjCAACiCiH 

rCACACCACCiTACiCAGAGAACiTCCAC'CACGAC'AAGC rT(iTCTCCCXiC(_^ 
[ (iGCCAGCiGCCTCC I GAAAACiC r rCC IK iC  r c  I CCiA 1CAGC’I IX A C C A ^
[S tart______________________________________________________________ Codonll
TTTGGCTGTTGCGGGGAGGGAGCCACACGCGTCTCAGCAGAACCAGAT
GGAAATGGCGGACGCGTGGGTCGACGATATCCCGGGAATTC (EcoRI
Site)CGGACCGGTACCAGCCTGCTTTTTTGTACAAACTTGTTCTATAGTGT
CACCTAAATAGGCCTAATGGTCATAGCTGTTTCCTGTGTGAAATTGTTAT
CCGTCCCGCGGCCTAGGCTAGAGTCCGGAGGCTGGATCGGTCCCGGTGT
CTTCTATGGAGGTCAAAACAGCGTGGATGGCGTCTCCAGGCGATCTGAC
GGTTCACTAAACGAGCTCTGCTTATATAGACCTCCCACCGTACACGCCT
ACCGCCCATTTGCGTCAATGGGGCGGAGTTGTTACGACATTTTGGAAAG
TCCCGTTGATTTTGGTGCCAAAACAAACTCCCATTGACGTCAATGGGGT
GGAGACTTGGAAATCCCCGTGAGTCAAACCGCTATCCACGCCCATTGAT
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GTACIGCCAAAACCGCATCACCATGGTAATAGCGATGACTAATACGTAG
ATGTACTGCCAAGTAGGAAAGTCCCATAAGGTCATGTACTGGGCATAAT
GCCAGGCGGGCCATTTACCGTCATTGACGTCAATAGGGGGCGTACTTGG
CATATGATACACTTGATGTACTGCCAAGTGGGCAGTTTACCGTAAATAC
TCCACCCATTGACGTCAATGGAAAGTCCCTATTGGNGTTACTATGGGAA
CATACGTCATTATTGACGTCAATGGGCGGGGGTC

Figure 8.8: Sequence o f Thioredoxin Clone

Figure showing the sequence o f the Trx clone obtained commercially from Source 

Bioscience, sequenced using the Trxq F, Trxq_R and M l3 primers. The regions o f 

the plasmid which have been sequenced with these primers are highlighted in red, 

green and blue. Also shown here are the CDS of Trx along with the restriction sites 

used to clone this CDS in to the pAAV_MCS plasmid. The Trxl CDS is 

highlighted in red.
i
j

i
i
!

I

279



pAAV.MCS 

Left itr (1 -  141)
CCTGCAGGCA GCTGCGCGCT CGCTCGCTCA CTGAGGCCGC CCGGGCAAAG 
CCCGGGCGTC GGGCGACCTT TGGTCGCCCG GCCTCAGTGA GCGAGCGAGC 
GCGCAGAGAG GGAGTGGCCA ACTCCATCAC TAGGGGTTCC T

GCGGCCGC

CMV promoter (150 - 812)
A
CGCGTGGAGC TAGTTATTAA 
AGCCCATATA TGGAGTTCCG 
TGGCTGACCG CCCAACGACC 
TTCCCATAGT AACGTCAATA 
TATTTACGGT AAACTGCCCA 
AAGTACGCCC CCTATTGACG 
ATGCCCAGTA CATGACCTTA 
GTATTAGTCA TCGCTATTAC 
TGGGCGTGGA

TAGTAATCAA
CGTTACATAA
CCCGCCCATT
GGGACTTTCC
CTTGGCAGTA
TC7VATGACGG
TGGGACTTTC
CATGGTGATG

TTACGGGGTC ATTAGTTCAT 
CTTACGGTAA ATGGCCCGCC 
GACGTCAATA ATGACGTATG 
ATTGACGTCA ATGGGTGGAG 
CATCAAGTGT ATCATATGCC 
TAAATGGCCC GCCTGGCATT 
CTACTTGGCA GTACATCTAC

QOaOKPt ■<

(820- 1312)p-globin intron

^CodATTCCC 
o5cccacaaa 
■rtrrcTAATAc 
GTATCATGCC 
GTTAAGGCAA
gtaactgatg
ACCATTCTGC
ccaagctagg
ACAGCTCCTG
aagaattggg

TTTCCCTAAT
TCTTTOCACC
TAGCAATATT
TAAGAGGTTT
TTTTATTTTA
CCCTTTTGCT
GGCT^CGTGC
AT

TTCTTTTAAT
CTCTTTCTTT
ATTCTAAAOA
TCTGCATATA
CATATTGCTA
TGGTTGGGAT
AATCATGTTC
TGGTCTGTGT

ATAACAGTGA TAATTTCTGG 
AATATTTCTG CATATAAftlT 
ATAGCAGCTA CAATCCAdV 
AAGGCTOGAT TATTCTCW y
atacctctta tcttcc^ H t 
GCTG(^CCAT CACTTTCiiBC'^ °

TCQM.C
MCS

XilrTGOCCGCCGCGGGAGACTJlGCTTiSTCGTGGTQGACTTCTC' _____________
TGCAAAATGATOU^GCCCTTCiTCCATTCCCrrCTGTGACAAGTATTCCi^TGTGGTGT 
roAAGTCGSTGTGGATGACTGCaVQGATGTTGCfGCAGACTGTGAAGTC " 
5 m C C A G TTTTATAAM C'o^>j i >.AAAAGGT'JUo'.;tjA>iX-U^TCr?G':'GC7AACAAGGA 
iT rGAX*r'T"TA-!TA.'-;yAA. A-racC^^|cATGVTCTGAAAA0Tti1 AACCAGCTACCSfcC | f X « i'
TGTTTAAAACCTGTACCTTTTTTAATTTGCAAAAAACTAfaAAGTGTaaAGAGTCTATACe 
AACTGCCATCTGAT^TA^GACAATAAAATiEHaQBSBBBBClfl'fBOOUUiAAAAAlU-. 
AAAAGGGCGGC?gaeB ?fSflA blRTCl»l^njiqRG r,CCr A yC T T GCCT COAGCAGCGCj 
TGCTCGAGAG ATCT|

, I • c
H
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hGH polyA (1395- 1873)
ACGGGT
GGCATCCCTG TGACCCCTCC CCAGTGCCTC TCCTGGCCCT GGAAGTTGCC 
ACTCCAGTGC CCACCAGCCT TGTCCTAATA AAATTAAGTT GCATCATTTt 
GTCTGACTAG GTGTCCTTCT ATAATATTAT GGGGTGGAGG GGGGTGGTAT 
GGAGCAAGGG GCAAGTTGGG AAGACAACCT GTAGGGCCTG CGGGGTCTAT 
TGGGAACCAA GCTGGAGTGC AGTGGCACAA TCTTGGCTCA CTGCAATCTC 
CGCCTCCTGG GTTCAAGCGA TTCTCgTGCC TCAGCCTCCC GAGTTGTTOG 
GATTCCAGGC ATOCATGACC AGGCTCAGCT A A TTtTTG TT TTTTTGGTAG 
AGACGGGGTT TCACCATATT GGCCAGGCTG GTCTCCAACT CCTAATCTCA 
GGTGATCTAC CCACCTTGGC CTCCCAAATT GCTGGGATTA CAGGCGTGAA 
CCACTGCTCC CTTCCCTGTC CTT

CTGATTT TGTAGGTAAC CACGTGCGGA 
:"CGAOCOOCC GC

Right itr  (1913-2053)
A O G A ^ C  CTAGTGATGG AGTTGGCCAC TCCCTCTCTG 
(^SC G C ptcC T  CGCTCACTGA GGCCGGGCGA CCAAAGGTCG CCCGACGCCC 
GGGCTTTGCC CGGGCGGCCT CAGTGAGCGA GCGAGCGCGC AGCTGCCTGC 
A6G

GGCGCCT GATGCGGTAT TTTCTCCTTA CGCATCTGTG CGGTATTTCA 
CACCGCATAC GTCAAAGCAA CCATAGTACG CGCCCTGTAG CGGC

n  origin (2145-2451)
GCATTA
AGCGCGGCGG GTGTGGTGGT TACGCGCAGC GTGACCGCTA CACTTGCCAG 
CGCCCTAGCG CCCGCTCCTT TCGCTTTCTT CCCTTCCTTT CTCGCCACGT 
TCGCCGGCTT TCCCCGTCAA GCTCTAAATC GGGGGCTCCC TTTAGGGTTC 
CGATTTAGTG CTTTACGGCA CCTCGACCCC AAAAAACTTG ATTTGGGTGA 
TGGTTCACGT AGTGGGCCAT CGCCCTGATA GACGGTTTTT CGCCCTTTGA 
CGTTGGAGTC CACGTTCTTT AATAGTGGAC TCTTGTTCCA AACTGGAACA 
A
Amp*  ̂prom oter (2452 - 3829)
CACTCAACC CTATCTCGGG CTATTCTTTT GATTTATAAG GGATTTTGCC 
GATTTCGGCC TATTGGTTAA AAAATGAGCT GATTTAACAA AAATTTAACG 
CGAATTTTAA CAAAATATTA ACGTTTACAA TTTTATGGTG CACTCTCAGT 
ACAATCTGCT CTGATGCCGC ATAGTTAAGC CAGCCCCGAC ACCCGCCAAC 
ACCCGCTGAC GCGCCCTGAC GGGCTTGTCT GCTCCCGGCA TCCGCTTACA 
GACAAGCTGT GACCGTCTCC GGGAGCTGCA TGTGTCAGAG GTTTTCACCG 
TCATCACCGA AACGCGCGAG ACGAAAGGGC CTCGTGATAC GCCTATTTTT 
ATAGGTTAAT GTCATGATAA TAATGGTTTC TTAGACGTCA GGTGGCACTT 
TTCGGGGAAA TGTGCGCGGA ACCCCTATTT GTTTATTTTT CTAAATACAT 
TCAAATATGT ATCCGCTCAT GAGACAATAA CCCTGATAAA TGCTTCAATA 
ATATTGAAAA AGGAAGAGT

A mp resistance (2970 - 3830)
A TGAGTATTCA ACATTTCCGT GTCGCCCTTA
TTCCCTTTTT TGCGGCATTT TGCCTTCCTG TTTTTGCTCA CCCAGAAACG 
CTGGTGAAAG TAAAAGATGC TGAAGATCAG TTGGGTGCAC GAGTGGGTTA 
CATCGAACTG GATCTCAACA GCGGTAAGAT CCTTGAGAGT TTTCGCCCCG 
AAGAACGTTT TCCAATGATG AGCACTTTTA AAGTTCTGCT ATGTGGCGCG 
GTATTATCCC GTATTGACGC CGGGCAAGAG CAACTCGGTC GCCGCATACA

Figures 8.9 <& 8.10: Sequence o f  the Trx AAV plasmid showirm successful 

clonina

The H indlll and EcoRI sites were used to excise the Trx coding sequence from the 

original expression plasmid (presented in figure 8.8) and ligate this segment o f 

DNA in to the pAAV_MCS plasmid. Confirmation o f  successful cloning was 

verified by sequence analysis (presented above). The restriction sites are marked 

and separate reads o f this plasmid using different primers (Trx_qF and Trx_qR) are 

shown highlighted in different colours.
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Summary

The focus of this thesis was the exploration of genetic modulators of oxidative 

stress in transgenic mouse models of Retinitis Pigmentosa (RP). This disease can be 

inherited both dominantly and recessively and can be either X-linked or autosomal 

depending of the disease causing mutation. Patients of RP gradually lose their 

peripheral eyesight over years as rod cells die in the retina. Cone cells then begin to 

die leading to complete blindness. Evidence amassed over the past ten years has 

suggested that increasing levels of oxidative stress in the retina o f these patients is 

causing cell death of rod and cone photoreceptor cells. In particular, cone cells 

seem to die secondary to rods as the levels of oxidative stress dramatically increase 

when rods die. In addition, this increase in oxidative stress appears to be common 

in many inherited and non-inherited retinal degenerations.

Based on these observations, two genetic therapies were created. The first of these 

was an RNA interference (RNAi) based therapy targeted at the Racl gene. The 

protein encoded by this gene is known to activate the NADPH oxidase complex 

which produces ROS. Previous studies have shown that depleting this gene in the 

retina preserves eyesight in mouse models of RP. Therefore short interfering RNAs 

(siRNAs) were generated to target Racl mRNA and were demonstrated to suppress 

expression of this gene in vitro. Subsequently, short hairpin RNAs (shRNAs) were 

developed based on the sequence of successful siRNAs for Adeno Aassociated 

Virus (AAV) mediated delivery to the mouse retina in vivo. This also resulted in 

suppression of endogenous mouse Racl expression. Furthermore, of the two 

shRNA AAV vectors created, one was demonstrated to preserve visual function and 

rod and cone photoreceptor viability in a mouse model of RP.

In addition to the suppression of Racl, a parallel project explored the use of 

Thioredoxinl (Trx) over-expression in the retina and the effect of this over

expression in two mouse models of RP. The Trx gene encodes an anti-oxidant 

protein which acts as a reducing agent within the cell cytoplasm. Previous studies 

have demonstrated that over-expression of this gene preserves retinal ganglion cell 

function and viability in several models of retinal degeneration. Furthermore, over

expression of Trx was shown to be protective of retinal photoreceptor cells in a



mouse model o f RP. Therefore an AAV plasmid was generated which expresses the 

Trx gene. This plasmid was demonstrated to drive strong expression o f Trx in vitro. 

Subsequently this plasmid was used to generate recombinant AAV vector to deliver 

this plasmid to retinal cells in vivo. The vector was demonstrated to drive strong 

expression of Trx in the photoreceptor cells in vivo. Delivery o f the Trx AAV vector 

to two mouse models of RP failed to protect photoreceptor cell function or viability 

in these models. Possible reasons for this failure are also explored in this thesis.

Finally, a stain for ROS named dihydroethidium (DHE) was used to evaluate the 

levels o f ROS in three mouse models o f retinal degeneration frequently used by the 

TCD Ocular Genetics laboratory. O f these three, two were demonstrated to exhibit 

increased staining for ROS in the retina. In addition, ROS production in the retina 

was monitored using this stain after treatment o f RP model mice with a Racl 

targeted shRNA or a plasmid over-expressing Trx. No decrease in staining was 

observed for any constructs evaluated except for one shRNA which targets Racl. 

This shRNA was the same construct which ehcited an improvement in 

photoreceptor fiinction and cell viability, suggesting that shRNA suppression of 

Racl decreased the production of ROS and in turn increased the fiinctionality o f the 

retina by reducing ROS mediated pathology.

The experiments detailed in this thesis provide an indication that modulation o f the 

retinal levels o f reactive Oxygen species can provide functional benefit in mouse 

models o f RP. Furthermore, it provides the motivation to carry out further 

characterisation o f RNAi mediated suppression o f Racl expression within other 

animal models o f RP as well as mouse models of other retinal degenerations for 

which oxidative stress is a contributing pathological factor.


