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Abstract

In most inherited retinal degenerations such as age-related macular degeneration,
death of photoreceptors leads to irreversible vision impairment. As the retina starts to
degenerate, the retinal environment begins to remodel. While variations in the timing
and magnitude of retinal response have been reported by various studies looking at
different initiating insults, there has been no comparative assessment of the diseased
retinae across time in multiple models of retinal degeneration. Here, the process of
gliosis, outer nuclear layer cytoarchitecture and integrity of the outer limiting membrane
(OLM) were examined in seven different mouse models of inherited retinal
degeneration. Findings from this study demonstrated that each of the examined
mutants manifests a unique pattern of alterations occurring in the retinal
microenvironment, including significant changes to OLM junctions. Moreover, these
animals showed that the type of the Mdller glial response and its magnitude are not
correlated with disease severity. Having identified marked but varied changes in the
expression of GFAP, Vimentin and chondroitin sulphate proteoglycas (CSPGs)
between different models, further work investigated whether it is possible to prevent or
manipulate these changes. By knocking down expression of GFAP and Vimentin by
with RNA interference (RNAI), the role of these proteins both in the development of
degeneration-associated glial hypertrophy and in influencing photoreceptor
transplantation outcome was assessed. Consistent with the idea that CSPGs
deposition in the subretinal space represents a barrier to therapeutic interventions, an
enzymatic approach was used to effectively digest these molecules in a diseased
mouse retina. In the last instance, RNAi-mediated knockdown of CRB1, one of the key
regulators of AJs, was used to introduce disruption of OLM integrity. The overall aim of
this thesis was to provide a better understanding of the barriers in a diseased retinal
environment and how they can be manipulated to ease in a future some of the

therapeutic strategies to help to restore lost vision.



Acknowledgements

Every successful individual knows that his or her achievement depends on a work and
support of other people. My PhD would not have been possible without all the help,
assistance, guidance, motivation and love of many incredible people who | want to

dedicate this work to.

Firstly, | would like to thank both Professor Rachael Pearson and Professor Robin Ali
for giving me the opportunity to do my PhD project in their research group. | would like
to express my special appreciation to my supervisor Professor Rachael Pearson, you
have been a real teacher for me. | would like to thank you for encouraging my work and
for allowing me to grow as a scientist. Your advice on both research as well as on my
career plans have been priceless. | would like to thank my secondary supervisor
Professor Robin Ali who has provided support and advice throughout my time in the
lab. The lab he has built is full of amazing and awfully talented people whom | have
had the pleasure to work and have fun with. | would like to thank Dr Alexander
(Sander) Smith whose knowledge was invalauble in designing my experimental work

and analysing the data.

I would like to express my whole-hearted gratitude and indebtedness to Dr Claire
Hippert for being such a great mentor and lab partner. Your work on the gliosis project

and viral vectors helped me to complete this PhD. We did it together, Claire!

| would like to thank Dr Tassos Georgiadis for always being there for my molecular
biology and AAV questions, and Dr Emma West who taught me all the EM secrets and
her invaluable advice on the OLM work. Here | have to thank Ms Joanna Ribeiro for
doing a tremendous work by cutting my EM samples and helping with the cryo-

sectioning. You are a star!

None of the viral injections and the cell transplant work would have been possible

without help from Ms Yanni Duran, Professor James Bainbridge and Mr Manijit Mehat.

A special thanks goes to Dr Matt Hayes for helping me with 3D reconstructions and
Peter Munro for all the support with EM. | would also like to thank Dr Ayad Eddaoudi
and Mr Rob Sampson for giving me the absolute access to the FACSorter and the
technical assistance. | have to say big thank you to Paul, Dom, Sam, Martha, Katerina
and Debbie for being wonderful friends, work colleagues and people | could count on
whenever | had a last minute lab emergency. The same goes to Xun, Davor, Andrianos

and Steph, my PhD comrades and amazing friends.

| would also like to thank Dr Mark Basche, one of the most amazing people | met
during my time in the lab. His support as a scientist and a friend cannot be measured in

any units. Thank you Mark, for being you and for being my true coffee buddy!



The biggest gratitude | owe to my family. Words cannot express how grateful | am to

my mum and dad for all of the sacrifices that they have made for me.

| have to thank all my friends in the UK, Poland, USA and Belgium, and my volleyball

team for being understanding and not excluding me from their lives. Without you |

Last but not least goes to my supervisors and work colleagues at the Research
Executive Agency in Brussels for their support and motivation during my writing

months.

Thanks to ALL of you for helping me to achieve this GOAL!



Table of contents

DECLARATION ..ttt ettt ettt e ettt e e ettt e 4 ekttt e e 4 sk et e+ 2 a R b e e e e e e b b e e e e e aasb e e e e e e nsbe e e e e annre e e e e annres 2
FN =1 1 Y0 SO PP PPPPRPPPPPPPN 3
ACKNOWLEDGEMENTS ... ttttteetautteeeeeatteteeeaauteeeeeeabbe e e e e aambe e e e e s aabee e e e e aanbeeeeesaabaneeesanbneeeesannnneeesann 4
TABLE OF CONTENTS ..ttttitttteeeaautteeeeeatteteeeaauteeeeesabbe e e e e aasbeeeeesaabee e e e s aambeeeeeeanseeeeesanbeeeeesannaneeeeann 6
LIST OF FIGURES....ce et iutttee ettt ettt ettt ettt e et e e e e s bt e e e e bt e e e e e e aab e e e e e e aabbe e e e e e nbeeeeeenneeas 10
LIST OF TABLES ...ttteetiiuttteeeeittete e e ettt e e e e sttt e e e ettt e e e e a b et e e e e s abb et e e e as b et e e e e anb e e e e e e annbe e e e e e nbeeeeeennneeas 12
LIST OF ABBREVIATIONS ...eiutttteeeitteteeeaauteeeeesaste e e e s subee e e e e aabbe e e e s anbe e e e s aanbee e e e e anbeeeeeanbeeeeeeannenas 13
LIST OF PUBLICATIONS ....ctttetiutttteesatteteesaauteteeesasbeeeesssbe e e e e e aabb e e e e e anbe e e e e e anbe e e e e e annbeeeeeanbeeeeeannneees 17
L0 Y I 19
LA LI 0T 0 1 L 0 0 19
1.7 THESIS OVERVIEW ...eiiiittiete e ittt e e e sttt e e sttt e e st e e e sttt e e s e sb e e e e e e s et e e s anbbe e e e e annbeeeeeennneas 20
1.2 GROSS ANATOMY AND FUNCTION OF THE EYE ...ccciiuuteteeiuitreeesaitreeesaanreeeesamnneeesasnreeeesennseeas 21
1.3 THE RETINA oo eiiiiittttt ettt e ettt et e e ettt e e s ettt e e e e et e e o e b b et e e e e ab e et e e e nn et e e s aanbbe e e e e annbneeeeennneeas 26
1.3.1 Development OF @ FOHING ............oocuueeeiieeeee e 26
1.3.2 REHUNGAI SITUCTUIE ........ceeveiieiieieee ettt 28
1.3.2.1 PhOtOr€CEPIOr [QYEN ..ot e 28
1.3.2.2 INNEI NUCICAN TQYET .....ee ittt 32
1.3.2.4 SYNAPLC LAYEIS ..ottt 33
1.3.2.5 Retinal glial CeIIS.......oeviiiieecee e s 34
1.3.2.6 Inner and OUter MEMDIANES .........ovi i s 35
1.3.2.6.1 Outer limiting MEMDIaNE ..........ooiiiiie e e 35
1.3.2.6.2 Inner limiting MEMDIANE ........oviiiiiie e 35

1.3.2.7 InterphotoreCeptor MATIIX .......ooiiieieiieee e e 35

1.4 PROCESS OF PHOTOTRANSDUGTION .....cttttiutttetessuitretasaassreaesassseeessasseeeesannseeessannneessannnenas 36
1.4.1 DAIK CONAILION ...ttt e e e e e e e e e e e e 36
1.4.2 LIGRE QEOIECHON ...ttt e e 37
1.5 RETINAL DEGENERATIVE DISEASES AND THEIR GENETICS ....eeteeiitreeeeiiirieeesainreeesesnreeeesennneeas 41
1.5.1 Classification of retinal degeneration phenotypes..............cccceeevvvieeeiinciieeeiisiineeeees 41
1.5.2 Genetics Of retiNOPALNIES. ...........cccueeeeiiieeee e 45
1.5.2.1 Retinal diseases caused by photoreceptor developmental defects...........ccccevveerrceeennnen. 45
1.5.2.2 Retinal degenerations associated with phototransduction process...........cccccoevverrieeennnee. 46
1.5.2.4 Other retinal degenerations ..........cooiuiiiiiiiiiiiii e s 48

1.6 RETINAL REMODELLING IN DEGENERATIVE CONDITIONS .....cvttieiiiireeeeaaireeeesaiireeessenreee e s e s 51
1.6.1 Alterations of photOreCeptOr COIIS ..............oouunieiiiiiiiieieeeee e 53
1.6.2 Remodelling of the inner retina and re-wiring of the neuronal networks................... 53
1.6.3 Miiller glia reactivity and development of the glial scar...............ccccccooveveeiiisiieencnn. 54
1.6.3.1 Upregulation of the intermediate filament proteins and glial hypertrophy...........ccccceeneee. 55
1.6.3.2 Miller glia activation and neuronal regeneration ............ccccveveeeiniee e 56

1.6.4 Changes in the composition of the extracellular environment..................cccooveeeennn. 58
1.6.5 Remodelling of the outer limiting MemMbrane................cccocoveeeivncieeeiinciiiee e 61
1.6.6 Additional changes to the degenerative reting ..............cccccoeeeivvcieeeiinciieee e 62
1.7 CURRENT THERAPEUTIC STRATEGIES. ....etttiuttttteeiiireeesaittreeessmsseeessasbeeeesasnneeessanrneeesennneeas 62
1.7.0 DIUG TR@IAPY ...ttt e et e e 63
1.7.2 GENE TNOIAPY ...ttt ettt e et ea e 63
1.7.3 Cell-based replacement tREIrapY ...........c.euooicuieeiiiiiiiiee e 65
1.7.4 RetiNAI PrOSTR@SIS ...ttt a e 68
1.8 EXPERIMENTAL AIMS ....uietieteeiittttee e ettt e e sttt e e st e e s ssbe e e e s et et e e e ansb e e e e s anbb e e e e e ennbeeeeeennnneas 72
L0 Y I 74
MATERIALS AND METHODS ......cooiiiietmrmisssrmnssss s s enssss s s ssss s essssssss s esssasss s s ssnmsnneas 74
2.0 ANIMALS -ttt ettt e bt e e bt oo e b e et e e e R R e et e e e R R e e et e e e R ne et e e e nne e e e s e nnneeee s 75
2.2 CELL DISSOCIATION, FAC SORTING AND CELL CULTURES ....cciuuvrrteeiitnreeesainneeeesannneeessnnneeeens 75
2.2.1 Miiller glial Cell CUITUIES ..............oooveiiiiiiieeee e 75
2.2.2 Fluorescence-activated cell SOrting (FACS) .......ooua oo 76
2.2.3 Growth of Miiller glial cell cultures in presence of a purified CSPG mixture.............. 78
2.3 MOLECULAR BIOLOGY ....ciiiiiitiiiieeiiiee ettt ettt sttt e s e e e s annneeeeas 78
2.3.1 Bacterial cloning and plasmid production..................cccoueeeeiiisiieeeiisiiieee e 78



2.3.1.1 General CloniNg SrAtEGY .......vii et 78

2.3.1.2 ReSHCHON AIGESTS ...oeiiiiee it 79
2.3.1.3 DNA electrophoresis and gel extraction of DNA...........oooiiiiiein e 79
P2 I | N (o = T ] o PP PP RPN 79
2.3.1.5 Transformation of bacteria and DNA amplification ............ccoooveriiini e 80
2.83.2 PlaSmid CONSIIUCTS ........coooeeeeeeee e ea e 80
2.3.2.1 pCMV.Crb1.GFP plasmid CONSIIUCE ..........coceiiiiiieeiiee e 80
2.3.2.2 pd10.MU6.RFP.shCrb1 and pd10.MU6.RFP.shControl vectors ............ccccevvvveinieeernennn. 82
2.3.2.3 Targeting constructs for intermediate filament proteins...........ccocvv v 85
2.83.3 Viral VECIOr PrOAUCTION. ...........cooouieieeeeee et 89
2.3.3.1 HEK 293T Cell CURUIES ...ttt 89
2.3.3.2 Production of adeno-associated Virus (AAV) ........oooiiiiiiieeiieie e 89
2.3.4 SIRNA INIQIVENTION......cccoeereeee ettt ettt e e e ettt e e e e e et tase s e e e aeasaaaneaes 91
2.3.4.1 Design of RNAi molecules targeting CRB1 protein ..........cccocveeeiieiiieec e 91
2.3.4.2 RNAI transfection in VItFO ..........cevi i 91

2.4 IN VIVO WORK ...ttt e e e e e e e e e e e e e e e et ettt e ettt ettt tet e et st e o s oo oo e oo e e e e e aeaaaeeeeeeeeeeanaesebsnnnnnnnnnnnn 91
247 ANQESTNCSIA. ... a s 91
242 EYE INJECHIONS ...ttt 92
2.4.2.1 AAV.SHh10 administration iN VIVO .........ceiiiiiiiiiie e 92
2.4.2.2 RNAI transfeCtion iN VIVO .....ceeeeiiiiiiiiccc ettt e e e e e e e e e e s enaeeanees 92
2.4.2.3 NrL.GFP** Cell tranSplantation ...............cocoveeveieeieeeeessseseeeseeesesesssseseesseseeessesesneseeeneeeens 93
2.4.2.4 Enzymatic treatment for CSPGs degradation.............cccoceeiiieeiniieinie e 95

2.5 RNA EXTRACTION, REVERSE TRANSCRIPTION AND QUANTITATIVE POLYMERASE CHAIN REACTION
................................................................................................................................................ 95
2.5.1 Laser extraction of retinal tiSSUE................oouceeeeiiicieiie e 95
2.5.2 RNA extraction and quantitative polymerase chain reaction...............c..c.ccccoceeeennunn. 95
2.6 HISTOLOGY AND IMMUNOGCHEMISTRY ....oiiiiiirririeeeeeieeesessaiseneeseeereeessesssssnnnnneeeeeesessssessnnnnns 98
2.6.7 IMMUNOCREIMUSITY ...ttt 98
2.6.2 Preparation of retinal flAtMOUNTS ............cccooiouieieiiiee e 104
2.7 IMIICROSCOPY ..ttt e e e et e e e e e e e e e e ettt ettt ettt et ae et sese et asa s e o e o e e e e e e e e e aeaaaeaeaeeeeeeaeaesnssnnnsnnnnnnan 106
2.7.1 CONFOCAI MICIOSCOPDY ...t 106
2.7.2 EIECHON MICIOSCOPY ...ttt 106
2.8 HISTOLOGY ASSESSMENT ....ouiiiitietrietieeeseeiasasrtrreseeeteeaseessssssnrs e e e eeesesesessannnrrnneeeeeeeseenans 107
2.8.1 Degeneration @SSESSMENIS..........ceuuuuiiiiiiiieciieeee ettt 107
2.8.2 Assessment of photoreceptor transplantation ................ccccceovvvveiiiscieeee s 107
2.9 WESTERN BLOT ASSESSMENT ....ttttitiieieeiiiaiiirirrerireieeasesssssssnnsnssereesessssssasnsrnsneeesaaeseesanns 108
2.10 IMAGE ANALYSIS AND 3D RECONSTRUCTION.....utttritiieeeeeeiiaiinrrreeeeeesesesssssnnnnnnneeereeeseenens 111
2.10.1 Assessment and quantification of the adherens junctions ..............cccccevveveeecn. 111
2.10.2 Quantification of the Mdiller glia end-feet..............ccooommoeeeiiisiiiiiiiscieee e 111
2.10.2 3D reconstruction of Maller glial CellS.................ocoeeiiimoiiiiiiiiiiiiiiescieee e 111
P T B ) 7 1 0 PR 112
O 7 o I e 113
CHARACTERISATION OF THE RETINAL ENVIRONMENT IN DIFFERENT MURINE MODELS
OF RETINOPATHY ... inisssssm s s s ms s s s r s e s s s mmms s e e e e e e e nnn e mmmmmnnnnnn e 113
BT OVERVIEW ...ttt et e e ettt ettt e e e e o4 e e e abebte et e e e e e e e e e e aa s nnnbeeeeeeeeaaaaeeesaaannnssnnneeaaaaaaeaaaan 114
T o 1 U] Iy TSP PP PP URTPRN 116
3.2.1 Assessment of retinal cytoarchiteCture...............cccccooieceeiiiisciiieeecee e 116
3.2.1.1 Rate of photoreceptor degeneration ............cccvoieiiiiiei e 118

3.2.1.2 Impact of retinal degeneration on ONL cell density .........ccccooeeiiiiiiniicniiee e 121
3.2.2 Development of a glial scar in different models over disease progression ............. 123
3.2.2.1 Alterations in [F protein I@VEIS ...........ovi i s 123
3.2.2.2 Changes in CSPG levels with degeneration.............cccoevciiiiiee e 140
3.3 DISCUSSION ...ttt e e e e e e e e e e e e e e e et et e et ettt etae bt eeae st s e o e o e e e e e e e e e e eaaaaaaaeeeeeeaeansnssnnnsnnnnnnan 147
O 7 o I 152

MODULATION OF INTERMEDIATE FILAMENT PROTEINS IN A MURINE MODEL OF

RETINITIS PIGMENTOSA . ... .. smms s mmms s s e e e e a e mmmnan e e e e e e e s 152
4.1 OVERVIEW ...ttt et e e e e e e e ettt ettt e e e e e e e e e e e atebee et e e eeaaeeeeaa s nnsbnseeeeeaaaeaeeeaaaannnssnneeeaaaaaeeaaann 153
4.2 RESULTS ttttttutututae e e e e e e e e e e e e e aaaaaaeeeeee e ettt aeaetesest st as e e o e o e o e oo e e e e e e eaaeaeeeeeeeeaeaebebnbnnnnnnnnnan 155
4.2.1 Mdller glia primary culture to study the RNAi VECIOIS...........ccccoveiecceneiaiieee 155



4.2.2 Endogenous Gfap and Vimentin are effectively knockdown with AAV.shGfap and

AAV.shVim vectors in Miller glia CellS iN VItrO................ccoueeiiiioieeiiiisiiiiee e 158
4.2.3 AAV.shGfap and AAV.shVim mediate effective knockdown of endogenous GFAP
and Vimentin in RAO™ MUCE..............coveeeeeeeeeeeeeeeeeeeeeeeeeeeesee e ees e eene s e s 164
4.2.4 Photoreceptor number is not affected by a knockdown of IF proteins .................... 176
4.2.5 Hypertrophy of the Miiller cells apical terminals is reduced in mutants treated with
AAV.SHVII .ottt ettt sttt a e 178
4.2.6 CSPG deposition is not affected by reduction in IF protein leveis........................... 182
4.2.7 Downregulation of IF protein levels has no effect on the number of integrating cells
following photoreceptor transplantation..................occceeuiiieieei i 184
4.3 DISCUSSION ....cuteteuteeeauteaaauteeaateeeaabeeaaaaseaaabeeeabeeaaabeeessseeeaaeeeabeeeeaseeeanbseaeaabeeaaneeaeanbeeanns 188
L0 o 1N o 196
CSPGS MODULATION IN THE MOUSE MODEL OF RETINITIS PIGMENTOSA ..........cceeeut 196
5.1 OVERVIEW ...ttt ettt ettt ettt ettt ettt e s ae e e sttt e e bt e e et ee e s b e e e e bt e e e abee e e ebeeeambbe e e enbeeaneeananbeeanns 197
B2 RESULTS . uttte ittt ettt et e e sttt e ettt e st et e s bt e e s bt e e e bt e e eabe e e o b ee e e bee e e abee e e ebeeeanbbe e e aabeeeneeaeanreeanns 200
5.2.1 Midiller glia primary culture to study effects of elevated CSPGS ..........ccccccccceveann. 200
5.2.2 Aggrecan expression undergoes disease-specific changes in different models of
retinal d@GENEIATION. ...........cccueeeei ettt 206
5.2.3 Injection of ADAMTS-4 enzyme into subretinal space digests some but not all CSPG
SUGAE CRAINS ...ttt et e e e 208
5.2.4 Aggrecan is not a major component of CSPG deposits in the photoreceptor segment
(=T [ Lo o LU PPPPPPPPPPT 214
5.2.5 The CSPG receptor LAR is expressed in the murine retina and undergoes disease
SPECIfiIC ChaNGES N @XPIrESSION. ..........coeiieieii e 216
5.2.6 Laminin expression in the diseased reting .............c.cccceeeivecieeiiesciiee e 218
B.3 DUSCUSSION ...ttt ettt e e et a e e e e e 220
L0 o 7N o 225
REMODELLING OF THE OUTER LIMITING MEMBRANE IN RETINAL DEGENERATION..225
8.1 OVERVIEW ...ttt eitee ettt et e et e ettt e ettt e s ab e e e aae e e e b be e e sabe e e ambe e e aabe e e sabeeaambeeeeanbeeanbaeasanbeaanns 226
8.2 RESULTS .. itiiiiitieeetie ettt e sttt e ettt ekt e e bt e e s b bt e e sate e e s be e e sabe e e aabe e e sabe e e sabeeeaabeeeenbeeanbeeaeanbeeanns 231
6.2.1 OLM integrity is largely maintained in the majority of the retinal degenerations .....231
6.2.2 Adherens junctions undergo significant remodelling during retinal degeneration in
order to Maintain OLM iNEGITLY .........coue it 239
5.3 DISCUSSION ... uteteetieeauteeeateeeaubeeeaatteeabee e s aaeeeeaabeeaasbee e sabeeeaabeeesabeeesabeeeambeeeeaabeeanbeeasanseaanns 251
L0 o 7N o = 258
DISRUPTION OF OLM INTEGRITY ....ccciiiiiiinimnnssmsmssessssmsssssmssssssssssmsssssss ssssmsssssns s ssssssnssnns 258
7.1 OVERVIEW ...ttt ettt ettt ettt ettt ekt e s bt e e st et e e bt e e e abe e e o b e e e e bt e e e abee e e ebe e e ambbe e e rabeeanneaeanbeeanns 259
7.2 RESULTS . ittteittee e ettt e st e e abe e e s bt e e st et e e bt e e s abe e e e bt e e e a b e e e o b b e e e bt e e e abee e e abeeeembbeeeaabeeeneeananbeeanns 262
7.2.1 CRB1 in a C57BL/6J Wild-type reliN@...........cccemmioiiiieiiiiee e 262
7.2.2 pCMVE.Crb1.GFP vector expression is effectively silenced in cultured HEK-293T
COIIS DY BINAI ...ttt e e 265
7.2.3 Endogenous CRB1 is effectively decreased in cultured Miiller glia by RNA........... 269
7.2.4 RNAi sequences are unsuccessful in downregulating CRB1 in the wild-type retina
......................................................................................................................................... 272

7.3.5 AAV.shCrb1 successfully reduces p.CMV6.Crb1.GFP plasmid expression in vitro 279
7.3.6 AAV.shCrb1 mediates effective knockdown of endogenous Crb1 in a C57BL/6J wild-

BYPO FOEINA. .....ccooieieiie ettt e e ettt e e e 282

7.3 DISCUSSION.....cuttiiiiiietee e et ettt e e e e e e e e e et e e e e e e s s e e e et e e ee e e e e e sans s e s nreereeaeeenans 291

L0 Y S I 296
FINAL CONCLUSIONS......coiiiiiiimmrrrissmss s issssmss s ssssssss s ssss s s ssmss s s mm s s s smms s e ssammn s sanssmmnnnnas 296
8.1 SUMMARY ...ttt ettt ettt ettt e e e et e e o e bbbt e e e e R b b et e e e e n et e e e e a b b e e e e e e et e e e nre e e e e e nrneas 297
8.2 THE GLIAL SCAR AND NEUROREGENERATION .....outtiriiiieeeeieiiaiinrrnrereteesessssssannnnenneeeneaeseenenns 299
8.3 FUTURE OF CELL TRANSPLANTATION ....eittttititrtrterteeteeeeeessesiinnnresereese s e e s s ssnsnneneeeeeaeeeenaas 302
REFERENGCES........coooiiiiiimmer s s s s sss s s s e e s n e e amm e e e nnmmn e e 305



APPENDIX



List of Figures

FIGURE 1.1 GROSS ANATOMY OF THE HUMAN EYE. ....iitiiiiiieieaaeeeesaaeenteeeeeeeaaaeeeeaasnnnssneeeeaaaaaaaaean 23
FIGURE 1.2 FROM THE RETINA TO THE BRAIN: THE ROUTE OF THE LIGHT STIMULUS. ........ccceviiiiiiininnes 25
FIGURE 1.3 THE RETINAL STRUGCTURE . ... . uataaaaeaaaaaeaeeaeaeieeeeeteeeaesesssssbssas s e e e e e e eeeaaaeaaaaaaeeeeenanes 30
FIGURE 1.4 PHOTOTRANSDUCTION CASCADE. ....iiiiiiieeieieieieeeeeeeeeeeteteebstes s e s e e e e s e e e e e aaaaaaeaeeeeaeanes 39
FIGURE 1.5 CHARACTERISATION OF RETINAL DISEASES IN HUMAN PATIENTS. ..ccvieeieiiiiiiiiiieeeeeaaaaaenn 44
FIGURE 1.6 RETINAL REMODELLING DURING DEGENERATION. ..cccttttttttirtutnnnnunaaaaaaeaeaaeaaaaaaaaeaeeeeeeeees 52
FIGURE 1.7 GLIOSIS IN A RETINAL DEGENERATION. .....uuuuuettteeeeeeaaaaaaaaaansnsseeeeeeaaaaeesaaaannnssseseeaeaaaaeaaan 60
FIGURE 1.8 OCULAR THERAPIES FOR RETINAL DISEASE: FROM DRUG DELIVERY TO RETINAL IMPLANTS.
........................................................................................................................................... 70
FIGURE 2.1 FACS ANALYSIS. .. ceitiiiaiiiiiiett ettt e e e e e e e ettt ettt e e e e e e e e e s aanbaeeeeeeaaaaeeeaaaannnsnaeeeeaaaaaaaaean 77
FIGURE 2.2 PLASMID MAP OF PCMV6.CRB1.GFP CONSTRUCT. ....ceiiiiiiiiiiiieeee e e e 81
FIGURE 2.3 PLASMID MAP OF PD10.MUB.SHCRB1.RFP VECTOR.......ccciiiiiiiiiiiee e 83
FIGURE 2.4 PLASMID MAP OF PD10.MUB.SHCONTROL.RFP VECTOR. .......uutiiiiiiaaaaaiiiiiiiieeeeea e 84
FIGURE 2.5 PLASMID MAP OF PD10.MUB.SHGFAP.RFP VECTOR. .......cccuitiiiiiiiiaee e 86
FIGURE 2.6 PLASMID MAP OF PD10.MUGB.SHVIM.RFP VECTOR. ...ccitiiiiiiiiiiiieieee e 87
FIGURE 2.7 PLASMID MAP OF PD10.MUGB.LH.RFP VECTOR. ...ccoiiiiiiiiiiiiiiiiie e 88
FIGURE 2.8 A SCHEMATIC IMAGE OF PHOTORECEPTOR CELL TRANSPLANTATION. ...ccvvriiiiiirirennnnnnnnnnas 94
FIGURE 2.9 IMMUNOHISTOCHEMISTRY CONTROLS. ....ciiiiiiiieiiieeeieieieieiestsbssa s e e e e e e e e e aaaaaaaaeeeeeees 103
FIGURE 2.10 RETINAL FLATMOUNT. «.iiiiiiieieieieeeeeieeteieettabsbsss s s e s e e e e e e e e e e aaaaaaeeeeeeeeaeansessnennnnnnnn 105
FIGURE 3.1 RATE OF PHOTORECEPTOR DEGENERATION FOR EACH OF THE EXAMINED MURINE MODEL
EXPRESSED AS A PERCENTAGE OF THE WILD-TYPE ONL THICKNESS. .......ccuuutiiieeeiaaaeeeeaeiees 120

FIGURE 3.2 CHANGES IN ONL CELL DENSITY AND PHOTORECEPTOR ROW NUMBERS AT THE EARLY
(DARK PURPLE), MID (PURPLE) AND LATE (PINK) STAGES OF A DISEASE FOR ALL EXAMINED

IMODELS. .t et e et et e et e e et e e e et e et e et e e e e e e et e e e e et e e e e e e e e e e e eae e e e e e e e e e e eree s e e eree e 122
FIGURE 3.3 COMPARISONS OF THE THREE PROTEIN MARKERS FOR SEMI-QUANTITATIVE WB ANALYSIS IN

A WILD-TYPE AND PDE6B™ "™ MUTANT ACROSS FOUR DIFFERENT TIME POINTS. ..vevvvvrereeenn 125
FIGURE 3.4 GFAP EXPRESSION IN THE ANIMAL MODELS CARRYING A SPONTANEOUS MUTATION. ...... 129
FIGURE 3.5 GFAP EXPRESSION IN ANIMALS CARRYING A TARGETED GENETIC MUTATION. ......veen...... 131
FIGURE. 3.6 VIMENTIN EXPRESSION IN THE ANIMAL MODELS CARRYING A SPONTANEOUS MUTATION..133
FIGURE 3.7 VIMENTIN EXPRESSION IN ANIMALS CARRYING A TARGETED GENETIC MUTATION. ............ 135
FIGURE 3.8 DIFFERENCES IN THE GFAP STAINING IN R91TW;NRL” MUTANT. ..ceeeeveeeeeeeeeeeeeeeeeeen 139
FIGURE 3.9 CSPG DEPOSITION IN THE NATURALLY OCCURRING MUTANTS. ....vvteueeeeeeeeeseeeeeeeseeens 142
FIGURE 3.10 CSPG DEPOSITION IN THE GENETICALLY ENGINEERED MUTANT MICE.......veeiueeeeerennnn. 145
FIGURE 4.1 TYPICAL GLIAL MARKERS ARE EXPRESSED BY PRIMARY MULLER GLIAL CELLS IN CULTURE.

......................................................................................................................................... 157

FIGURE 4.2 AAVSHH10-Y445F VECTORS SUCCESSFULLY TRANSDUCE MULLER CELLS IN VITRO..... 159
FIGURE 4.3 RNAI TARGETING VECTORS MEDIATE ROBUST KNOCKDOWN OF GFAP AND VIMENTIN IN

CULTURED MULLER GLIA IN VITRO. .t titttiettititeetttttiatatataaaaaas s s e e e e e e asaaaaaaaaaaeeeeeeesesessssnsnnnnnnnn 162
FIGURE 4.4 ROBUST TRANSDUCTION OF MULLER GLIA IN VIVO BY AAV.SHH10 VECTOR. ................ 165
FIGURE 4.5 RNAI TARGETING VECTORS MEDIATE KNOCKDOWN OF GFAP IN MULLER GLIA IN VIVO IN
THE DEGENERATING RHO™ RETINA. ...ttt ettt ee s eees s 167
FIGURE 4.6 AAV.SHH10 VECTOR CAN TRANSDUCE ASTROCYTES IN VITRO BUT NOT IN VIVO............. 170
FIGURE 4.7 RNAI TARGETING VECTORS MEDIATE KNOCKDOWN OF VIMENTIN IN MULLER GLIA IN VIVO IN
THE DEGENERATING RHO™ RETINA. ...ttt ettt ee s eees s 172
FIGURE 4.8 CO-TRANSDUCTION WITH AAV.SHGFAP AND AAV.SHVIM RESULTED IN MARKED CHANGES
TO RETINAL ARCHITECTURE IN THE RHO™ MOUSE. ...ttt 175
FIGURE 4.9 KNOCKDOWN OF GFAP AND VIMENTIN DOES AFFECT PHOTORECEPTOR CELL NUMBER IN
DEGENERATION. .ttt s a e s e e s e s s e e s s e s b ra s s eaas 177

FIGURE 4.10 VIMENTIN PLAYS A ROLE IN HYPERTROPHY OF MULLER GLIAL APICAL PROCESSES. ...... 180

FIGURE 4.11 KNOCKDOWN OF THE IF PROTEINS GFAP AND VIMENTIN HAS NO DISCERNIBLE EFFECT ON
CSPG DEPOSITION IN THE DEGENERATING RHO-/- RETINA. ..o 183

FIGURE 4.12 KNOCKDOWN OF GFAP OR VIMENTIN AND INHIBITION OF MULLER GLIAL HYPERTROPHY
DOES NOT AFFECT PHOTORECEPTOR TRANSPLANTATION OUTCOME IN THE DEGENERATING RETINA.

......................................................................................................................................... 186
FIGURE 5.1 MULLER GLIA MORPHOLOGY IS ALTERED IN THE PRESENCE OF HIGH CSPGS LEVELS IN

T T 201
FIGURE 5.2 CSPGsS ALTER MULLER GLIA MORPHOLOGY AND INHIBIT EXTENSION OF NRL.GFP**

PROCESSES IN VITRO. ..ottt e e a s s b s e ea e 204

10



FIGURE 5.3 AGGRECAN LEVELS ARE ELEVATED IN RHO” MICE. .......vvvieieeeieeeeeeeeeeeeeeseeeee e 207
FIGURE 5.4 ADAMTS-4 REDUCES CSPGS IN THE PHOTORECEPTOR SEGMENT REGION OF THE

DEGENERATING RETINA. .. ettt e e e a s s s e s e s e s e s s aaanans 210
FIGURE 5.5 GLOBAL AGGRECAN EXPRESSION WAS NOT AFFECTED BY SUBRETINAL ADMINISTRATION OF

F N I T RSP R RS R 213
FIGURE 5.6 AGGRECAN STAINING IS ABSENT FROM THE PHOTORECEPTOR SEGMENT REGION............ 215
FIGURE 5.7 CSPGS RECEPTOR LAR IS DETECTABLE IN A MOUSE RETINA OF A WILD-TYPE AND TWO

Y 1@ ] =TI = { SN 217
FIGURE 5.8 EXPRESSION OF LAMININ AB CHAINS IS ALTERED IN THE MOUSE MODEL OF RP............... 219
FIGURE 6.1 SCHEMATIC REPRESENTATION OF THE OLM IN THE MOUSE RETINA. ......cceeeeeeeeieieeeeeeees 230
FIGURE 6.2 IHC ASSESSMENT OF OLM INTEGRITY IN ANIMAL MODELS CARRYING A SPONTANEOUS

MUT ATION. et e et e e et e et e s e s s s s s s e s e s e e e s s s s s e s e s aranaass 233
FIGURE 6.3 IHC ASSESSMENT OF OLM INTEGRITY IN ANIMAL MODELS CARRYING A TARGETED

MUT ATION. et e et e e et e et e s e s s s s s s e s e s e e e s s s s s e s e s aranaass 237
FIGURE 6.4 ULTRATRUCTURAL ASSESSMENT OF THE ADHERENS JUNCTIONS IN ANIMAL MODELS

CARRYING A SPONTANEOUS MUTATION. ..uuiiiiiiiiii et e s e s e e e r e e 241
FIGURE 6.5 ULTRASTRUCTURAL ASSESSMENT OF THE ADHERENS JUNCTIONS IN ANIMAL MODELS

CARRYING A TARGETED MUTATION. .uiuiiiuiiiieii et e s e s s e r s s e e e s s s nas 244
FIGURE 6.6 ASSESSMENT OF THE NUMBER OF ADHERENS JUNCTIONS BETWEEN EARLY AND LATE

STAGES OF RETINAL DEGENERATION. ...iuiiiiiiiiiii st e s s s a e e 249

RD8/RD8

FIGURE 7.1 THE OLM INTEGRITY IN A WILD-TYPE AND CRB1 MOUSE RETINA. .....cciiiiiiiiiiinns 261
FIGURE 7.2 CRB1 EXPRESSION IN THE SUPERIOR AND INFERIOR REGIONS OF A WILD-TYPE RETINA..263
FIGURE 7.3 RNAI TARGETING SEQUENCES MEDIATE ROBUST SILENCING OF EXOGENOUS MOUSE CRB1

EXPRESSION IN CULTURED HEK-293T CELLS. ....cciiiiiiiiieiieieeeeeieii e e e eeeees 267
FIGURE 7.4 RNAI TARGETING SEQUENCES SUCCESSFULLY KNOCKDOWN ENDOGENOUS CRB1 IN
CULTURED MULLER CELLS. ... et tteeeee et e et et et ettt ettt s s e e e e e e e e a2 e e e aaeeeeeeeeeeeaeansennnsnnnnnnan 270
FIGURE 7.5 RNAI DOES NOT MEDIATE A SUCCESSFUL KNOCKDOWN OF CRB1 IN VIVO IN A WILD-TYPE
ADULT RETINA. e e a e s e s b st sa e s e e a e aaaaas 274
FIGURE 7.6 ADMINISTRATION OF RNAI TARGETING ZO-1DOES NOT CAUSE ANY DISRUPTION TO OLM
INTEGRITY . i e s e a e s e s b e ra e 277
FIGURE 7.7 AAV.SHCRB1 MEDIATE ROBUST SILENCING OF CRB1 MRNA EXPRESSION IN CULTURED
HEK-293T CELLS. it iiiietittt ettt ettt e e e e e e e e s s e e e ra e e e e e s e s snnnnnee 280

FIGURE 7.8 KNOCKDOWN OF CRB1 IN MULLER GLIA OF C57BL/6J WILD-TYPE MOUSE FOLLOWING A
DELIVERY OF AAV.SHCRB1 LED TO OLM DISRUPTION AND PROMINENT UNDULATIONS OF THE
(O ]\ P PP PP PPPPPP T 284
FIGURE 7.9 DELIVERY OF AAV.SHCRB1 AT P18 RESULTS IN A REDUCTION OF CRB1 IN MULLER GLIA OF
C57BL/6J WILD-TYPE MOUSE BUT NO PROMINENT UNDULATIONS OF THE ONL. .......ccovveeeeennnn. 287
FIGURE 7.10 AAV.SHCRB1 ADMINISTRATION AND REDUCTION IN CRB1 LEVELS LEADS TO ACTIVATION
OF MULLER GLIA IN C57BL/BUJ WILD-TYPE. ..cetiiiiiiiiiteieieeeeeaaeeeeaaansbeeeeeeeeaaaaeesaaannnseneeeeeaeas 290

11



List of Tables

TABLE 1.1 GENETICS OF SOME COMMON HUMAN FORMS OF RETINAL DEGENERATIONS. .....ccceeviiiunnnes 50
TABLE 2.1 PRIMER SEQUENGCES. ...t itiiiiiieieieeeeeeteeettetetttb b a s s o e e e e e e e e e e e aaaaaeaeeeeeeeeeeessebnnnnsnnnnnnnn 97
TABLE 2.2 IMMUNOCHEMISTRY STAINING PROTOCOL. ..c.ettttutuuuuuiaaaaaaaaaeaaeaaaaaaaaaaaeeeeeeeeeessssssnnnnnnnnnn 102
TABLE 2.3 ANTIBODIES AND PROTOCOLS USED FOR WESTERN BLOT ANALYSIS. ....ccoviiiiiiiiiiiiniinnnnne 110
TABLE 3.1 SUMMARY OF THE DIFFERENT MURINE MODELS WITH RETINAL PHENOTYPE AND THE STAGES
OF RETINAL DEGENERATION STUDIED. ...cuiiuiiiiiiiiiiiiiiiiiiiiisi i a s s s a e 117
TABLE 3.2 THE ONL THICKNESS FOR EACH OF THE EXAMINED MURINE MODEL AT EARLY, MIDDLE AND
LATE STAGE OF RETINAL DEGENERATION. ...uiuiiiiiiiiiiiiiiiii i e 119

12



List of Abbreviations

AA - antibiotic/antimycotic

AAV — Adeno-associated virus

AJ — adherens junction

AMD — Age-macular degeneration

aPKC - atypical protein C

BDNF — Brain-derived neurotrophic factor
BS - blocking solution

BSA — bovine saline albinum

CBA - cytomegalovirus/chicken B-actin promoter

CD - Cone dystrophy

CDA42 - Cell division control 42

CDR - Cone-rod dystrophy

ChABC - Chondroitinase ABC

CMZ - ciliary marginal zone

CNF - cytotoxic necrotising factor family
CRB — Crumbs

CSNB - congenital stationary night blindness
CSPG - chondroitin sulphate proteoglycan
CMV — cytomegalovirus promoter

DNA - deoxyribonucleic acid

DMEM - Dulbecco's Modified Eagle medium
DR - Diabetic retinopathy

E - embryonic day

EBSS - Earle’s Balanced Salt Solution

ECM — extracellular matrix

EGF - Epithelial growth factor

ERG - electroretinography

ESCs - embryonic stem cells

13



FACS - fluorescence-activated cell sorting
FCS - Foetal Calf Serum

FGF - Fibroblast growth factor

FPLC - Fast protein liquid chromatography
G - G-protein

GABA - Gamma-aminobutyric acid

GAG - glycosaminoglycan chain

GAP - GTPase Activating Protein

GCAPs - guanylate cyclase activating proteins
GCL — Ganglion cell layer

GFAP - Glial fibrillary acidic protein

GFP- green fluorescence protein

H2B - Histone 2B

HRP - Horseradish peroxide

HSPGs - heparin sulphate proteoglycans
ICAM-1 - Intercellular Adhesion Molecule 1
ICH- immunocytochemistry

IF — intermediate filament

IHC — immunohistochemistry

IL - Interleukin

INL — Inner nuclear layer

IPL — Inner plexiform layer

iPSCs - induced pluripotent stem cells

IS- inner segment

IS/OS — Inner /outer segment region

JAMSs - junction adhesion molecules

LB - lysogeny broth

LCA — Leber's congenital amaurosis

MD - Macular degeneration

14



MG — Muller glia

mGIuR - metabotropic glutamate receptors
MPPS - Membrane protein palmitoylated 5
N - number

NL-68 — neurofilament-68

NSC — neuronal stem cell

OCT - ocular coherence tomography

OLM - Outer limiting membrane

OMI - ovomucoid inhibitor albumin

o/n - overnight

ONL - Outer nuclear layer

OPL — Outer plexiform layer

OS - outer segment

P — postnatal

PAR - portioning defective complex

PBS — phosphate buffer saline

PBST - phosphate buffer saline with Tween-20
PFA — paraformaldehyde

PG - Proteoglycan

PR — photoreceptor

PALS1- Protein associated with Lin Seven 1
PATJ - PALS1-associated tight junction protein
PDE - phosphodiesterase

R - Rhodopsin molecule

RCS — Royal College of Surgeons rat strain
RFP — red fluorescence protein

RNA - Ribonucleic acid

ROI — region of interest

ROS - reactive oxygen species



RP — Retinitis pigmentosa

RPC - retinal progenitor cells

RPE — Retinal pigmented epithelium
RT — room temperature

QRT-PCR - Real-time quantitative polymerase chain reaction
SAR - subapical region

SEM - standard error margin

Sh — small harpin

SHH - Sonic hedgehog

Si — small interfering

SOC - super optimal catabolite medium
TJ- tight junction

TNF-a - Tumor necrosis factor a

TR — transfection reagent

U — unit

VEGEF - Vascular endothelial growth factor
v/v — volume per volume

WB — Western Blot

Whnt — wingless signalling pathway

w/v — weight per volume

w/w — weight per weight

Z0O-1 — Zonula occludens 1

16



List of publications

Athanasiou D, Aguila M, Opefi CA, South K, Bellingham J, Bevilacqua D, Munro PM,
Kanuga N, Mackenzie FE, Dubis AM, Georgiadis A, Graca AB, Pearson RA, Ali RR,
Sakami S, Palczewski K, Sherman MY, Reeves PJ, and Cheetham ME (2016). Rescue
of mutant rhodopsin traffic by AMPK activation accelerates photoreceptor

degeneration. Human Molecular Genetics, ddw387.

Hippert C, Graca AB, and Pearson RA (2016). Gliosis can impede integration following
photoreceptor transplantation into the diseased retina. Review. Advances in

Experimental Medicine and Biology 854:579-85.

Graca AB, Hippert C, Barber A, West EL, Ali RR, and Pearson RA (2015). Muller glia
activation in response to inherited retinal degeneration is highly varied and disease-
specific. PLOS One 10 (3).

Pearson RA, Hippert C, Graca AB, and Barber A (2014). Photoreceptor replacement
therapy: challenges presented by the diseased recipient retinal environment. Visual

Neuroscience 31, Special Issue 4-5, 333-344.

17



Most people say that it is the intellect which makes a great scientist. They are wrong: it
is character.
Albert Einstein

18



CHAPTER 1

Introduction
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1.1 Thesis overview

Vision is often considered to be the most important of all the human senses as it
enables human beings to interact with their surrounding environment. The sense of
sight is a result of sequential activity, which begins with the reflection of the light from
an object to the lens, which is embedded within the eye. The lens focuses this light
onto a layer of tissue that lines the back of the eye, called the retina. The retina is
packed with neurons, including the light-sensitive cells, the photoreceptors, which
absorb photons of light and convert them into an electrical signal, which is passed to
second and third order neurons for further processing, before travelling along the optic
nerve fibres to the brain where it is decoded. The retina, therefore, is one of the most
important players in the process of vision as it helps to decode the light stimulus and

transfer it into a biological message that can be read by our brain.

Retinal diseases that lead to death of the photosensitive photoreceptor cells within the
retina leave patients partially or completely blind. Inherited retinal dystrophies, typically
grouped under the umbrella of retinitis pigmentosa (RP), affect 1 in 3,000 of the
population, and age-related macular degeneration (AMD) affects 1 in 10 people over
60 years, a figure that is rising in Western societies as the society ages (Minassian et
al., 2011; Owen et al., 2012). In the majority of cases, existing treatment options at
best slow disease progression and do so only in a minority of cases. To restore vision
in these cases, various alternative therapeutic approaches have been proposed and
tested, both pre-clinically and clinically (reviewed in (Sabel, 2008; Pearson et al., 2014;
Lewis et al., 2015)). Intraocular injection of soluble growth factors such as acidic and
basic fibroblast growth factor (FGF) or brain-derived neurotrophic factor (BDNF) has
been able to slow down progression of retinal degeneration, by promoting survival of
remaining retinal cells (Faktorovich et al., 1990; LaVail et al., 1992; Chaum, 2002).
Clinical and pre-clinical studies on gene replacement therapy with the use of viral
vectors have shown the proof of concept in reintroduction of a normal gene product
(Bainbridge et al., 2008; Maguire et al., 2008; Palfi et al., 2010; Mookherjee et al.,
2015) with some patients reporting restoration of vision (Bainbridge et al., 2015;
Edwards et al., 2016). Rescue of visual function following the transplantation of
immature photoreceptors has also been reported to be successful with major advances
in the generation of competent donor cells from different sources including patient
derived stem cells (Gouras et al., 1994; Gouras and Tanabe, 2003; Seiler and
Aramant, 2012). However, all of the mentioned strategies have their limitations mainly
due to environmental and morphological changes that occur in the diseased eye that
have a significant impact on the outcome of a clinical treatment (reviewed in (Colella
and Auricchio, 2012; Hippert et al., 2016; Zarbin, 2016)). It is well known that during
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disease progression, the retina undergoes structural remodelling, such as changes in
retinal glia (reactive gliosis) or rupture of the outer limiting membrane (OLM) thus
creating a different environment that can influence the outcome of a cell transplant. For
these reasons, understanding the retinal remodelling and the processes behind glial
scar formation may help us to develop more effective strategies to treat a wide range of
retinal dystrophies. In Chapter 3, a variety of murine models of retinal dystrophies were
examined to provide a detailed characterisation of the diseased environment at
different stages of retinal disease. A comprehensive comparison was performed to
investigate whether the aetiology arising from different underlying genetic causes of
retinal degeneration leads to a unique pattern of retinal alterations and structural
remodelling. In Chapter 4, the impact of preventing the upregulation of the intermediate
filament (IF) proteins, Glial fibrillary acidic protein, GFAP, and Vimentin, which play a
key role in gliosis, was studied in a model of RP. Specifically, their role with respect to
glial hypertrophy and its impact on cell replacement therapy was investigated.
Numerous studies have reported an upregulation of different proteoglycans, a class of
inhibitory extracellular matrix (ECM) molecules, in a wide range of retinal retinopathies
(Inatani et al., 2001; Zhang et al., 2003b; Singhal et al., 2008). Chapter 5 assessed the
expression pattern of one of the main proteoglycans, Aggrecan and its receptor in two
models of inherited RP. The last two will focus on the OLM integrity during retinal
degeneration (Hippert et al., 2015) and its role as a third retinal barrier. In Chapter 6, a
detailed characterisation of the OLM remodelling was performed over a time course of
disease progression in different models of retinal degeneration. Consistent with the
idea that OLM may represent a barrier to therapeutic strategies (Pearson et al., 2010;
Barber et al., 2013), an attempt to disrupt it using RNAI strategy was made to knock
down one of its junctional proteins, CRB1. The overall aim of this study was to provide
a better understanding of the diseased environment and how it can be manipulated to

ease some of therapeutic strategies.

1.2 Gross anatomy and function of the eye

The eye has evolved as a highly specialized organ with a common structure shared by
all the vertebrates. It is organised into three distinct layers, which together allow the
external stimulus encoded in a form of light to travel to the brain resulting in visual

perception of the external world.

The eye (Figure 1.1) is protected from the outside by a relatively tough layer, the
sclera. This layer minimises the risk of trauma and functions as a barrier to
environmental pathogens. In the area protected by the eyelids, the sclera is covered by

a thin, transparent membrane (conjunctiva), which runs to the edge of the cornea. The
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cornea, together with the sclera, helps to shield the eye from the outside. This
avascular structure also aids the light stimulus to be focused on the retina located at
the back of the eye, therefore making it the first component of the visual process. The
cornea is divided into specialised layers consisting of the epithelium, the stroma and
the endothelium. The epithelium is constantly being regenerated by the stem cells
found at the limbus of the cornea to ensure that the oxygen supply is efficiently
maintained. The next layer, the stroma is made of collagen fibres, which allow the
cornea to maintain its transparency. The last layer, the corneal endothelium is

responsible for hydration of the stroma.

After passing through the cornea, light travels through the intermediate layer divided
into the anterior components: the pupil, the iris, the ciliary body, and the lens, and the
posterior part, the choroid. The pupil, which appears as a black dot in the middle of the
eye, constantly enlarges and constricts itself like the lens of a photographic camera
lens depending on the changes in the amount of light in the immediate proximity. The
size of the pupil is controlled by the action of the pupillary sphincter muscle and dilator
muscle. A coloured area surrounding the pupil, the iris, controls the amount of light that
enters the eye allowing more light to enter when the environment is dark and less light
when it is bright. The iris attaches to the sclera at its outer anterior edge, so-called the
ciliary margin, which is also connected to the ciliary body. The ciliary body, which
comprises of the ciliary muscles, is vital to proper functioning of the eye. This two-layer
structure is divided into two regions, the pars plicata where the ciliary processes extend
from and produce the aqueous humour in the anterior chamber, and the pars plana
located more posteriorly, that secretes and releases components of the vitreous into
the vitreous cavity. The vitrous humour is a watery substance that fills the eye allowing
the eye to maintain its shape. This liquid is drained through the Schlemm canal so that
any build-up in the eye can be removed. The ciliary body also extends the zonular
fibers that act as an anchorage for the lens, allowing it to be positioned. The lens, that
is located behind the iris, changes its shape and focuses light onto the retina. Through
the action of the ciliary muscles, the lens is able to fine tune light refraction, a process
known as accommodation, by becoming thicker to focus on nearby objects and thinner

to focus on distant objects.
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Zonule s

Figure 1.1 Gross anatomy of the human eye.

Copyright note: Image of the eye was taken from http://www.ehealthideas.com/2013/10/eye-diagram-

fovea.html. Accessed online on 20.05.2016.

23



After the light passes through the lens, it is projected onto the retina (Figure 1.2A). The
retina is made of photosensitive cells, rod and cone photoreceptors, which are
responsible for converting the light stimulus into chemical and electrical signals. These
cells are also responsible for ‘seeing’ colours. The electrical pulses generated by the
photoreceptors, then travel along the fibres of different neuronal cell types connected
to the optic nerve. It is the optic nerve that transmits these signals along its axons to
the brain where the retinal images are being interpreted by the visual centres (Figure
1.2B). At the centre of the retina, there is a region called the optic disc, which serves as
an exit point for the optic nerve and an entry point for several major incoming blood
vessels that supply retina. No light sensitive tissue is found in the optic disc, causing a
break in the visual field, more commonly known as the blind spot. Adjacent to the optic
disc, in humans, lays a region, which is specialised for high acuity, the macula (Figure
1.2C). Together with its central part, the fovea, the macula helps to increase the details
of the images to a perceivable point. The fovea, which is enriched in cone cells, is
enclosed by the parafovea and in turn by the perifovea. The macula is the only place in
the retina, where cones dominate over rods, as beyond it, the rod photoreceptor is

more abundant responsible for highly compressed, low-resolution information.

Beneath the neurosensory retina, lies a single layer of retinal pigmented epithelium
(RPE). It is an additional layer lying just underneath the photoreceptors and is
responsible for creating a barrier between the retina and blood supply coming from the
choroid (Figure 1.2C). Connected by a series of tight junctions, the RPE offers
photoreceptors a trophic support, plays essential role in the maintenance of the retinal
homeostasis and shields the retina from the blood supply coming from the choroid. The
choroid, located between the retina and the sclera, is often referred to as the vascular
layer, as it supports a dense network of blood vessels delivering all the vital nutrients

and oxygen to various parts of the eye.
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Retina Brain

......

Macula

Figure 1.2 From the retina to the brain: the route of the light stimulus.

A) The light travels through the eye towards the outer part of the neuroretina, composed of photosensitive
cells, rods and cones. After the light photon is converted into the electrical impulse, it travels to the bipolar
and ganglion cells, and eventually to the optic nerve. B) In the next instance, the sensory information via
the optic never fibres is sent to through the thalamus to corresponding areas in the visual cortex.
Interestingly, the left and right eye sends information to both the left and the right hemisphere, and the
visual cortex processes each of the cues separately and in parallel. This is an adaptational advantage to
an organism that loses sight in one eye, because even if only one eye is functional, both hemispheres will
still receive input from it. C) The macula together with its central region, the fovea, is very dense in cone
photoreceptors. Below photoreceptors is the RPE, which is separated by a specialised membrane, the
Bruch’s membrane, from the vascular choroid, which is enriched in resident macrophages and dendritic
cells.

Copyright note: Images A and B were copied from Stangor (2012)
http://2012books.lardbucket.org/books/beginning-psychology/s08-02-seeing.html. Accessed online on

20.05.2016. Image C was reprinted by permission from Nature Publishing Group: (Forrester, 2003),

Nature Medicine.
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1.3 The retina

The retina is a complex structure generated from the neuroectoderm, which also gives
rise to other parts of the central nervous system (CNS) during embryogenesis. There
are six major types of neuronal cells in the retina born at different stages during eye
development. These cells assemble themselves into three distinct layers that are
separated by the areas of synaptic contacts (Figure 1.3). This type of laminar
organisation allows the retina to perform its unique functions including perception,
integration and transmission of visual information. As in the CNS, the retinal neurons
are provided with a support by glial cells, with Muller glia playing a major role in

neuronal function and survival.

1.3.1 Development of a retina

In a mouse, development of the retina begins around embryonic day (E) 11 from the
optic vesicles (Carter-Dawson et al., 1978; Young, 1985). Findings from numerous
studies have shown that retinogenesis is highly conserved across vertebrates and it
can be broadly categorised into several phases, including the initial proliferation of
retinal progenitor cells (RPCs); restriction in the multipotent competence of RPCs; and
commitment towards specific cell type by expression of cell-specific genes essential for
maturation, specialisation and function of the differentiated cells. All of these stages are
tightly regulated by a number of different transcription factors and extrinsic regulators

(reviewed in (Swaroop et al., 2010)).

The process of retinogenesis starts when the optic vesicles, and later the optic cup,
undergo a series of changes due to intrinsic and extrinsic factors (Figure 1.3A). This
allows for generation of neuroepithelium, made of multipotent RPCs. In the early
stages of retinogenesis RPCs undergo rapid symmetric proliferation to expand the
progenitor pool (Figure 1.3.B). Several growth factors, including Sonic hedgehog
(SHH), FGF and Epithelial growth factor (EGF) are active during the patterning of the
neural tube to ensure the expansion and maintenance of the progenitor pool (Anchan
et al., 1991). As development progresses, RPCs start to shift towards asymmetric
division, allowing a subset of RPCs to exit the cell cycle in a strict order and
differentiate into subsequent retinal cell types (Turner and Cepko, 1987; Wetts and
Fraser, 1988). As illustrated in Figure 1.3, one of the first cell types to be generated are
ganglion and horizontal cells, followed by cone photoreceptors and amacrine cells. In
the second wave of retinogenesis, RPCs differentiate into rod photoreceptors, bipolar
cells and finally Maller glia cells (Figure 1.3C). A large array of transcription factors,
mostly basic Helix-loop-helix (bHLH) and homeodomain factors, expressed by subsets

of RPCs or their post-mitotic progeny, together with extrinsic factors from the
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environment induce and regulate the differentiation of the specific cell types within the
neural retina (Jadhav et al., 2006; Yaron et al., 2006). One of early transcription factors
involved in the development of different retinal cell types is Orthodenticle homeobox 2
(Otx2) (Nishida et al., 2003; Akagi et al., 2004). Otx2 was found to be expressed in the
cells that give rise to the RPE and post-mitotic RPCs that later form ganglion cells,
bipolar cells and photoreceptors (Bovolenta et al., 1997; Baas et al., 2000). Ofx2 gene
was demonstrated to be one of the key regulators of photoreceptor cell fate as it
modulates the expression of Cone-rod homeobox protein (Crx) in photoreceptor
precursor cells (Furukawa et al., 1997). Crx, is the principle transcription factor that
directs rod and cone photoreceptor cell differentiation. Together with Otx2, Crx
orchestrates the transcription of many photoreceptor-specific transcription factors
which direct retinal precursors towards specific cell fate (Furukawa et al., 1999). One of
the key regulators of the photoreceptor cell fate is a neuronal retina leucine zipper
transcription factor (Nrl). Nrl is considered as one of the earliest rod-specific
photoreceptor markers as it is preferentially expressed in rod precursors shortly after
terminal mitosis (Mears et al., 2001). Nrl mediates a rod lineage through multiple
mechanisms including activation the Rhodopsin (Rho) promoter as well as regulation of
Nuclear Receptor Subfamily 2 Group E Member 3 (Nr2e3), which promotes rod
photoreceptor genesis and, in parallel, represses cone-specific genes (Oh et al., 2008).
The peak of Nrl expression overlaps with rod differentiation, with a subsequent decline
in expression in later stages, but with the expression maintained in mature rod
photoreceptors, suggesting that Nrl is required for both rod differentiation and
maintenance (reviewed in (Montana et al., 2011)). While the commitment towards a rod
fate is well characterised, much less is known about cone photoreceptor fate
specialisation. A number of genes have been implicated in this process, though,
including the retinoid-related orphan receptor (Rrb), which synergises with Crx
transcription factor to positively regulate the S-opsin gene expression (reviewed in
(Mansergh et al., 2015)).

The formation of synaptic connections between different neuronal cells in the retina
happens in distinct stages (reviewed in (Reese, 2011)). First to be established are the
lateral connections between ganglion and amacrine cells followed by connections
between photoreceptors. Since bipolar cells are last to differentiate during

retinogenesis, the vertical networks are not formed until early postnatal stages.
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1.3.2 Retinal structure
1.3.2.1 Photoreceptor layer

There are nine layers in the retina with three distinctive layers of neuronal cells (Figure
1.3A) (Kolb et al., 2001). First, the photoreceptor layer, which is located directly above
the RPE and consists of photosensitive rods and cones, designed to capture light
quanta, or photons, that hit the eye. Photoreceptors are organized in four distinct
regions: the cell body, which includes the nucleus, located in the outer nuclear layer
(ONL); the inner segment (IS); the outer segment (OS); and the synaptic region (Figure
1.3B). The IS region houses the photoreceptor's metabolic machinery, which provides
the energy in the form of ATP, which is produced by the numerous mitochondria and is
required to power the sodium-potassium pumps necessary for stabilizing the resting
potential. This segment is connected via a non-motile cilium to the photosensitive OS,
which includes hundreds of stacked membranous discs transporting the proteins
associated with phototransduction, including the visual pigment (Opsin). It has been
estimated that each day approximately 10% of the OS discs at the distal end are shed
and phagocytised by underlying RPE due to the light damage (reviewed in (Kevany
and Palczewski, 2010)). All the shed discs are replaced with new ones, which are
added at the proximal end, to allow photoreceptors for carrying the phototransduction
process. The rate of formation and disposal of the discs are roughly equal so that a
constant OS length is maintained in the adult retina (Young and Bok, 1969; Jonnal et
al., 2010).

Different subtypes of photoreceptors can be classified based on the expression of a
unique type of Opsin. In the human retina, three subtypes of cone photoreceptors have
been isolated according to their opsin that defines the cell’s light sensitivity including L-
opsin (long, 564 nm), M-opsin (medium, 533 nm) and S-opsin (short, 437 nm). These
different cone types help mediate colour vision, as well as high visual acuity under
brighter light conditions. As mentioned in Section 1.2, the human retina has a region
called the fovea, which is tightly packed with cones but only of the M and L type. S-
opsin cones account for only 10% of the overall cone population and are absent from
the fovea (Curcio et al., 1990; Cornish et al., 2004). By contrast, the murine
dichromatic retina has only two types of cones: M-cones, located mainly in the superior
region, and S-cones, mostly found in the inferior part of the retina (Applebury et al.,
2000). In contrast to cones, only one type of rod cell has been found in the retina of all
the vertebrates including both mice and humans. Rod photoreceptors express
rhodopsin, which is a special type of opsin that enables for a vision in dim light
conditions. In the retina of most mammals, rods greatly outhumber cones, even in

species that are largely diurnal. Human retina has approximately six million cones,
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which accounts for only 3% of the overall number of all the photoreceptor cells present
in the retina (Sawides et al., 2016).
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Figure 1.3 The retinal structure.

A) Histological section of the human retina with a schematic diagram illustrating different layers of the
retina. The outer nuclear layer (ONL) contains photoreceptor cell bodies, from which the inner segment
(IS) and outer segment (OS) extend towards the RPE. The inner nuclear layer (INL) includes amacrine,
bipolar and horizontal neurons, whereas ganglion cells, axons of which form the optic nerve, reside in the
ganglion cell layer (GCL). Outer and inner plexiform layers (OPL and IPL, respectively) contain synaptic
regions. B) A schematic diagram illustrating the morphology of the cone and rod cell. The OS is made of
hundreds of membranous discs that contain components of the phototransduction machinery, whereas the
IS it contains hundreds of mitochondria and serves as the energy supplier of the photoreceptor cell. The

visual proteins are transported to the outer segment via a connecting cilium. The nucleus is contained in
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the cell body, and the presynaptic region includes one or more ribbon-like structures for docking of

synaptic vesicles.
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1.3.2.2 Inner nuclear layer

The inner nuclear layer (INL) comprises of different neuronal cell types, which

propagate the electric signals received from photoreceptors to the brain.
1.3.2.2.1 Horizontal cells

Immediately above the photoreceptor nuclei, at the most apical side of the INL, reside
the horizontal cells (reviewed in (Jeon et al., 1998)). These cells form synaptic
connections with rods and cones and take part in a lateral inhibition circuit where they
modulate multiple photoreceptor inputs projecting towards bipolar cells. One horizontal
cell is connected to many neighbouring photoreceptors, which helps to modulate the
magnitude of the bipolar cell activation. This helps the eye regulate the vision under

different light settings.
1.3.2.2.2 Bipolar cells

Also located within the INL are the bipolar cells, which are excitatory glutaminergic
interneurons and the predominant interneuron of the retina (reviewed in (Lauritzen et
al., 2016)). The bipolar cells are connected to photoreceptor terminals via their
dendrites and on the other side their axons form synapses with the ganglion cells.
These cells are highly specialised and they are assigned only to rods or cones, but not
to both as in case with the horizontal cells. There is only one type of a bipolar cell
receiving the electrical inputs from rods, the rod ON-bipolar cell and at least 13
subtypes of the cone bipolar cells, both ON and OFF. The distinction between ON and
OFF types depends on the response of the bipolar cell to photoreceptor activation and

changes in their glutamate release.
1.3.2.2.3 Amacrine cells

Amacrine cells are the inhibitory interneurons that are located within the INL and GCL
whose primary function is thought to moderate signals received from the bipolar cells
and project them further to the cells located in the GCL (reviewed in (Baden and Euler,
2016)). There are many different subtypes of amacrine cells that can be distinguished
based on the neurotransmitter they release and the type of connection they make, with

type Il being the most abundant.
1.3.2.3 Ganglion cell layer

Ganglion cells are the last neuronal cell type that is found in the retina. These cells are
located in the inner most layer, the ganglion cell layer (GCL), where they collect inputs
from bipolar and amacrine cells and project them to the brain via axonal projections
that form the optic nerve (reviewed in (Sanes and Masland, 2015)). These cells

constitute a large family, with different cell subtypes being responsible for encoding a
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specific type of visual information. These distinctive subclasses can be distinguished
into five major types due to their morphology, type of projections, and function they
serve. The first three classes of ganglion cell, Midget, parasol and bistratified ganglion
cells, project to different regions of the lateral geniculate nucleus (LGN) in the brain.
The type 4 is unusual in its photosensitive properties, due to its expression of the visual
photopigment, Melanopsin. Melanopsin enables ganglion cells to respond directly to
light stimulus in the absence of rods and cones, for example in the pathological
conditions. The projections of these ganglion cells end up in the suprachiasmatic
nucleus (SCN) and help to maintain the circadian rhythm. The last class of ganglion
cells, type 5, extends its fibres to the superior colliculus and accessory optical system
where they allow for navigation of the eyes towards the regions of interest as well as

they enable to keep the gaze when we move.
1.3.2.4 Synaptic layers

There are two distinct synaptic layers found in the retina, the outer plexiform layer
(OPL) and the inner plexiform layer (IPL). The OPL is situated between the ONL and
INL and contains the synaptic connections established between photoreceptor cells
and the dendrites of the bipolar cells, as well as synaptic formations of the horizontal
cells with photoreceptors and bipolar cells. The IPL holds synaptic connections
between bipolar and ganglion cells, the bipolar and amacrine cells, and between the

amacrine and ganglion cells.

33



1.3.2.5 Retinal glial cells
In the mouse retina there are two types of the glial cells, macro- and microglia.

Mdaller cells are the predominant macroglia type with their nuclei embedded within the
INL, from where they project one process towards the vitreous surface and the inner
limiting membrane (ILM), and the second towards the outer edge of the ONL and OLM.
Mdller glia cells surround blood vessels and neuronal cells in the retina providing a
support for neuronal function and survival (reviewed in (Bringmann et al., 2006)). They
deliver nutrients and trophic factors to the neurons, as well as removing metabolic
waste (Bringmann et al., 2009b). By regulating transcellular ion, water and bicarbonate
transport, Miller glia modulate the extracellular fluid and, in turn, keep the homeostatic
balance of the retina. These cells are also involved in the regulation of synaptic activity
in the retina as they are equipped with cellular machineries for the uptake and
exchange of various neurotransmitters, including glutamate, released by neurons,
particularly the photoreceptors (reviewed in (Bringmann et al., 2006)). By spanning the
entire thickness of the retina, Mlller glial processes act as optical fibres guiding the
light towards photoreceptors in order to minimise the amount of photons being
scattered across the inner retina. Previously, it has been thought that there was only
one type of Miller glial cell; however recent studies have revealed that this glial
population is more heterogeneous than previously thought, with individual Muller cells
responding differently to a pathological insult (Luna et al., 2010). Moreover, it has been
reported that although Muller glia in all vertebrates share similar morphological
properties, there are some differences between different species (Dreher et al., 1992;
Sarthy and Ripps, 2001). For example, in the feline retina, the Miuller glia processes
that lie adjacent to vitreous cavity have a club-like shape; whereas in many other

species these processes are highly branched (Dreher et al., 1992).

The other macroglial cells of the retina are retinal astrocytes, which typically exhibit a
stellate morphology. Astrocytes do not develop from the retinal neuroepithelium, but
migrate from the outside of the neural retina along the optic nerve (Fernandez-Sanchez
et al., 2015). These cells primarily reside within the GCL, where their processes follow

the fibres of ganglion cells towards the optic nerve forming rows with vitreal surface.

There are also two forms of microglia found throughout the retina: resident microglia
and infiltrating microglia. These cells have a close relationship with neurons, where
they protect them from the invading microbes, clearing cellular debris and enforcing
programmed cell death (reviewed in (Rock et al., 2004)). They also release a number
of factors including brain-derived neurotrophic factor (BDNF), as well as various anti-
inflammatory cytokines that sustain and support neuronal survival. However, these

cells may also release proinflammatory and pro-angiogenic factors in diseases such as
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AMD leading to pathological neovascularization and further retinal damage (Lewis et
al., 2005).

1.3.2.6 Inner and outer membranes

1.3.2.6.1 Outer limiting membrane

At the apical edge of the ONL, Miiller glia and photoreceptor ISs are connected via a
series of tightly arranged adherens junctions, which are formed from cadherin-catenin
transmembrane protein complexes. These junctions contribute to the maintenance of
the retinal structure, as they are linked to the actin cytoskeleton within the cell
cytoplasm, via essential adapter proteins (reviewed in (Alves et al., 2014b)). The OLM
structure, apart from providing mechanical strength, also functions as a permeability
barrier to any molecules coming from the choroid and the phototransduction process,

thereby protecting the neuroretina from toxicity.

1.3.2.6.2 Inner limiting membrane
On the side of the vitreous, Mller cells, together with astrocytes, form a very thin and
transparent coating, the ILM. Its primary function is believed to act as a diffusion barrier

between the neural retina and vitreous humour at the inner surface of the retina.
1.3.2.7 Interphotoreceptor matrix

The interphotoreceptor matrix (IPM) is a highly organized structure with interconnected
domains surrounding cone and rod photoreceptor cells, which extends into the
subretinal space. This subretinal region, located between the ONL and RPE, is highly
enriched in proteins belonging to the proteoglycan family, which have an ability to bind
to many ECM molecules and growth factors. Based on known roles of the ECM in
other tissues, the IPM is thought to have several prominent functions including serving
as a cell adhesion and migration substrate, regulating retinoid transport, participating in
cytoskeletal organization in surrounding cells, and regulation of oxygen and nutrient
transport (reviewed in (Ishikawa et al., 2015)). In addition, a number of studies suggest
that the IPM may also play a significant role in the aetiology of retinal degenerative
disorders (LaVail et al., 1981; Bridges, 1985; Mieziewska et al., 1993).
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1.4 Process of phototransduction

The phototransduction cascade refers to a biological process that transforms a light
stimulus in a form of photon into an electrical signal, with photorecepotors being the
main players in this process. As previously mentioned, rods and cones possess outer
segments, which contain the biochemical machinery needed for visual transduction. All
the necessary components of the phototransduction cascade are packed into discs that
in rods are surrounded by the plasma membrane of the outer segment (Figure 1.5),
whereas in cones these discs are an extension of the plasma membrane, arranged into
a series of infoldings. These open discs in cones allow for faster fluxes of molecules
between the cell exterior and interior, such as chromophore transfer for pigment
regeneration and fast calcium dynamics during light adaptation. Rods are able to
detect single photons hitting the retina, which is attributed to three factors: high
quantum efficiency of photoactivation, low intrinsic noise, and a powerful signal
amplification cascade. The dense stack of discs of the OS allows for every photon

traveling axially to be detected and transmitted to the inner retina.

1.4.1 Dark condition

In the inactive state, most neurons maintain a membrane potential of about -60 to -70
mV. When the neuronal cell becomes activated, the cation channels become open
which causes influx of sodium (Na*) cations inside the cell making it more positive. This
results in cell depolarisation and opening of the voltage-gated calcium (Ca**) channels
at the synaptic terminal. The influx of the Ca®" cations stimulates fusion of synaptic
vesicles with the plasma membrane and the release of neurotransmitter into the
synaptic cleft. The process is terminated by a hyperpolarisation caused by the efflux of
the positively charged cations from the cell, leading to restoration of the resting
membrane potential. In rod and cone cells this process works “backwards”. In the dark,
or at ‘rest’, the photoreceptors are depolarized to -35 to -45 mV, because the Na* gated
channels located at the OS surface are open due to binding of guanosin 3',5’ cyclic
monophosphate (cGMP). To maintain this depolarisation state, potassium (K)
selective channels in the IS pump out potassium cations K*, which balances the influx
of cations at the OS, completing an electrical circuit, referred to as the “dark” or
circulating current. This results in photoreceptors depolarisation, which allows for the
voltage gated Ca?* channel located in the photoreceptor synaptic terminals to stay
open. As Ca” ions flow inside the terminals, the synaptic vesicles fuse with the cell
membrane and release the neurotransmitter glutamate into the extracellular space
between photoreceptors and terminals of inner- neurons. When rods and cones
receive light, the channels in the OS close and the membrane hyperpolarises towards

the equilibrium potential for K.
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1.4.2 Light detection

In a mouse retina, there are two type of cones S- and M-type, and only one type of
rods. This distinction between different photoreceptor types depends on the expression
of different Opsins, which belong to the super family of G-protein coupled receptors.
Mouse retina is unusual in the sense that individual cones express both S- and M-cone
pigments, but as the levels of the M-pigment start to decrease in a gradient manner
from dorsal to ventral retina (Applebury et al., 2000). The activation of Opsins is the
first step in the photodetection cascade with phototransduction occurring in rods being

one of the best-characterised signalling pathways in the retina (Figure 1.4).

When the light is being detected, the light photon is being absorbed by the visual
pigment Rho, which is embedded within the discs of the photoreceptor OS. Rho is a
divided into two parts: the chromophore 11-cis retinal and one of the opsin molecules.
First identified by George Wald in 1934, 11-cis-retinal cannot be made de novo by the
body as it is derived from vitamin A (Wald, 1934). Deficiency of vitamin A in a diet
lowers sensitivity of rod cells as fewer functional Rho molecules are produced, which
leads to the development of night blindness (Goodman, 1984; Jacobson et al., 1995).
The photon absorption results in 11-cis retinal chromophore photoisomerisation and its
structural change converting it into the all-trans retinal isomer. This change forces the
Rho molecule (R) to expand resulting in its activation (R*), which leads to activation of
the next visual component located on the surface of OS disc membrane, transducin.
Transducin is the most stable G-protein (G) known and it consists of three subunits: q,
B and y. Rods and cones have different isoforms of transducin, being Gat;GB+y, in rods
and Gat,GBsysin cones. In the dark, the a-subunit (Ga) normally binds GDP
nucleotide. Upon Rho activation, the Ga subunit aligns with R* and GDP is being
replaced with GTP. In turn, transducin becomes activated (G*) with the Ga-GTP
separating R* molecules as well as the other two subunits (Figure 1.5b). In the next
instance, the activated Ga-GTP* binds to cGMP phosphodiesterase (PDE) to carry the
signal forward. Released R* is free to activate additional transducin molecules.
Transducin is tenfold less abundant than rhodopsin pigment, but its activation by R*

represents the first amplification step in the phototransduction cascade.

PDE represents the third component in the phototransduction process and the second
amplification step with a density at roughly 1-2% of Rho. PDE is a tetrameric protein
consisting of two equally active catalytic subunits, a and 3, and two identical y subunits.
In the dark, the two PDEy subunits bind to the two catalytic subunits. In the light, Ga-
GTP* encounters PDEy subunits causing a sterical displacement of the PDEa and
PDE subunits and as a consequence PDE activation (PDE*). PDE* then hydrolyses

the diffusible messenger cGMP present in a cytoplasm to 5-GMP reducing its
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concentration and leading to the closure of the cGMP-gated channels on the plasma
membrane. The cGMP-gated channel belongs to the family of cyclic-nucleotide-gated
(CNG) channels, which are non-selective cation channels. This channel closure leads
to localised reduction in the influx of Na® cations into the OS, which results in
membrane hyperpolarisation and cessation of glutamate release at the synaptic
terminals. For the channel to respond to changes in cGMP concentration, it must revert
to the closed state, thereby allowing cGMP to dissociate from the channel. This
happens only if the concentration of cGMP reaches a certain level. If the concentration
of cGMP remains low, the channel will stay closed since there will be fewer nucleotides
around. Thus ‘channel chatter’ ensures that the response to a decrease in cGMP levels
will be quick. The rod photoreceptor possesses a vast number of cGMP-gated
channels, but only a small percentage is normally open in darkness. Here, the activity
of PDE serves as an important regulator of photoreceptor function, as the rod
photoreceptor possesses a vast number of cGMP-gated channels but only a small
percentage is normally opened in darkness. As cGMP is constantly synthesised in the
cytoplasm, the lack of activated PDE would lead to cGMP cytoplasmic accumulation
and in turn activation of a greater number of cGMP-gated channels resulting in a
permanent depolarisation of the photoreceptor. The lowering in the concentration of
cGMP leads to closure the Na® channels which in turn causes photoreceptor
hyperpolarisation and subsequent closure of voltage-gated Ca®* channels. As the level
of intracellular Ca # falls, the release of glutamate ceases, leading to depolarization of
ON-bipolar cells and hyperpolarization of cone OFF- bipolars. The hyperpolarisation of
the photoreceptor becomes the first step in the termination of phototransduction

process.
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Figure 1.4 Phototransduction cascade.

Activation of rod phototransduction cascade in the OS results in the closure of cGMP-gated channels on
the plasma membrane (from dark to light state). R, Rho (inactive); R*, Rho (active); T, transducin; PDE,
phosphodiesterase (inactive); PDE*, phosphodiesterase (active); NCKX, Na/Ca,K exchanger. IPM,
interphotoreceptor matrix.

Copyright note: Image taken from http://webvision.med.utah.edu/, and it is a courtesy of Dr Wolfgang
Baehr. Accessed online on 20.5.2016.
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Following light activation, a timely recovery of the photoreceptor is essential so that it
can respond to subsequent light stimulus, hence the efficient inactivation of each of the
activated components, R*, G*, and PDE*, as well as the efficient regeneration of Rho
and the rapid restoration of the cGMP concentration, are needed. One hallmark of rod
phototransduction is the reproducibility of its single-photon response in both amplitude
and kinetics. First, Rho kinase (GRK1) phosphorylates serine and threonine residues
at the C-terminus of R*. Phosphorylation of R* alone decreases is activity and allows
for binding of arrestin. Arrestin is a very large protein, whose sheer bulk prevents any
transducins from getting close enough to bind to R*. Arrestin remains bound to the Rho
molecule until the all-frans chromophore is removed, diffused into the cytosol of the OS
and transported out of the segment into the RPE. In the RPE the chromophore is
reduced by appropriate enzymes to all-trans retinol, and ultimately converted into 11-
cis retinal. In this form, the chromophore is transported across the IPM enveloped by
11-cis retinal binding protein back to the photoreceptor OS. Here, phosphatase
dephosphorylates the deactivated Rho molecule allowing 11-cis retinal to re-bind to the

opsin thus restore the inactive visual pigment.

G* is inactivated by hydrolysis of GTP to GDP via activity of GTPase, which is
accelerated by the GTPase Activating Protein (GAP) complex. Upon hydrolysis of GTP
to GDP, Ga* subunit releases the PDEy* subunits allowing them to re-bind to the PDE
catalytic subunits, a and . Ga subunit eventually re-joins with the other two subunits to
reconstitute the inactive transducin heterotrimer. To ensure that Ga* does not
inactivate before triggering activation of PDE, Ga* transducin and the GAP complex

have a low affinity for each other, until transducin Ga*-GTP binds to PDEy.

Full recovery following the photoresponse requires that the cytoplasmic cGMP levels
get restored to the dark-adapted concentration. As noted above, cGMP is synthesised
continuously from GTP by a membrane-associated enzyme, guanylate cyclase (GC).
Retinal GC is a transmembrane protein that exists as homodimer, whose activity is
kept low by the action of guanylate cyclase activating proteins (GCAPs), which bind
calcium ions. As levels of calcium start to fall as a result of Na+/K+, Ca2+ exchanger
machinery, GCAP dissociates itself from its bound Ca?* and activates GC leading to
transformation of GTP back to cGMP. This allows for restoration of the intracellular
cGMP levels to high concentrations, which cause the Na* cation channels to re-open

and restore the cell’s depolarisation state.
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1.5 Retinal degenerative diseases and their genetics

Vision is a primary sense that allows for normal interactions with the external
environment; its loss has tremendous consequences on quality of life, especially for
humans. The impairment of sight can be caused by an obstruction preventing light
getting to photosensitive cells, as in the case of cataracts, or by the inability of the
neuroretina to detect light or to transmit the received stimulus to the visual centres in
the brain. The latter are usually a consequence of photoreceptor dysfunction or their
complete loss due to degeneration. During the last decades, studies on retinal
degenerative diseases identified over 1500 entries of inherited retinal dysfunctions
associated with over 250 different causative genes (https://sph.uth.edu/retnet/). This
genetic heterogeneity in retinal degenerations is further complicated by the fact that,
very often, there is no clear one-to-one genotype-phenotype correlation. For example,
mutations in the same gene can result in a spectrum of different phenotypes, whereas
defect in one of many different genes can manifest itself in a similar manner (reviewed
in (Boon et al., 2008)). As a consequence, hereditary retinal retinopathies are currently

thought to be the most genetically heterogeneous group of diseases in humans.

1.5.1 Classification of retinal degeneration phenotypes

Recent advances in technology and medical equipment facilitated development of
better methods for non-invasive assessment of the structure, physiology as well as
function of the eye and the retina. Examination of the ocular fundus by ocular
coherence tomography (OCT) is commonly used in clinics to examine the structure of
the retina, whereas electroretinography (ERG) allows for studying of retinal function.
On the other hand, next-generation sequencing is helping to identify numerous
defected genes and/or loci associated with loss of vision in patients suffering from a
retinal degeneration. These assessments allow clinicians for making correct diagnosis

and classify patients according to different pathological phenotypes (Figure 1.6).

With regard to inherited disorders, depending on the disease type, rods and cones can
be differently affected. Commonly, the clinical phenotypes of inherited retinal diseases
are usually divided into rod degenerative RP and cone or cone-rod dystrophy (CD or
CRD, respectively). Primary RP comes in many forms and consists of large numbers of
genetic mutations affecting rods directly. Typically, in the early stages of the disease,
the rods of the peripheral retina begin to degenerate, leading to gradual development
of night blindness. As the disease progresses, patients start to lose visual field and
visual acuity due to subsequent cone impairment. A typical pathological characteristic
of RP is the occurrence of black pigment in the peripheral retina coupled with thinning

of blood vessels at the optic nerve head (reviewed in (Parmeggiani, 2011)).
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In contrast to RP, in primary CD, a dysfunction or loss of cone photoreceptors might
not necessarily lead to secondary degeneration of rods; however, when rods are
involved in CD, the disease is referred to as CRD. A typical clinical phenotype of CD
manifests itself first with the loss of visual acuity, impairment of colour vision and
photosensitivity (light aversion). In CRD, as the disease progresses and severe retinal
degeneration has developed, rod photoreceptors start to follow the fate of cones
(reviewed in (Hamel, 2007)).

Of all the retinal degenerations, Leber's congenital amaurosis (LCA) is one of the most
severe, accounting for approximately 5% of all retinal dystrophies and 20% of
paediatric patients. There are at least 20 known different gene mutations associated
with this condition causing severe and early visual impairment, sluggish or near-
absent pupillary responses, and severely subnormal or non-detectable ERG responses

(reviewed in (Chacon-Camacho and Zenteno, 2015)).

Since the photoreceptor OS is a modified primary cilia, mutations in genes affecting
cilia biogenesis or function often result in retinal degeneration, in addition to the
dysfunction of ciliated cells in other organs. These so-called syndromic ciliopathies
may affect vision, as well as hearing (Usher syndrome), renal function (Senior-Loken
syndrome), or proper brain development (Joubert syndrome) (reviewed in (Rachel et
al., 2012)).

In addition to primary mutations in photoreceptor genes, genetic defects in RPE, which
takes part in the maintenance of photoreceptor homeostasis, are also found to be

associated with retinal degenerations (reviewed in (Travis et al., 2007)).

Macular degeneration (MD) is a specific form of retinal degeneration where both rods
and cones are affected but only within the macular region. This condition manifests
itself by a loss of the central vision enabling us to read or see fine details. The most
common monogenic MD is Stargardt disease, a condition that has an early age onset.
AMD is a form of MD, with many genetic and environmental factors being involved, and
with symptoms not present until affected individuals are much older. In this condition,
the macular area and fovea become compromised due to the pigment epithelium
behind the retina degenerating and forming drusen (yellow spots) leading to 'dry' AMD
or abnormal neovascularisation and eventual leakage of fluid behind the fovea (‘wet'

phenotype) (reviewed in (Fritsche et al., 2014)).

Another retinal degenerative disease associated with ageing is glaucoma. This
condition manifests itself by elevation in the intraocular pressure due to dysfunction in
fluid exchange within the anterior chamber. As the pressure within the vitreous
chamber gradually rises, the blood vessels of the optic nerve head become

compromised leading to damage of the ganglion cells axons and their subsequent
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death. Apart from this mechanical dysfunction, glutamate intoxication has also been
associated with the progression of neuronal degeneration observed in glaucoma

(reviewed in (Schumer and Podos, 1994)).

The last retinal condition worth mentioning with respect to the work described in this
thesis is diabetic retinopathy (DR). In contrast to the previously mentioned diseases,
loss of vision is a side effect of diabetes where the vital blood vessels of the eye
become distorted and start to proliferate in uncontrollable manner. Among the
symptoms experienced by diabetic patients are elevated blood sugar levels, blurred
vision, dark spots and sudden loss of vision. In more advanced stages of DR,
development of glaucoma, retinal detachment or macular edema are also accompany

the above mentioned pathological changes (reviewed in (Cai and McGinnis, 2016)).
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A. Fundus of a healthy retina B. RP retina

C. MD retina D. 'Dry’ AMD retina E. ‘Wet' AMD retina

G. DR retina H. Glaucoma

Figure 1.5 Characterisation of retinal diseases in human patients.
Fundus images of A) healthy retina, B) RP retina, C) MD retina, D) ‘Dry’ AMD retina, E) ‘wet’ AMD retina,
F) LCA retina, G) DR retina and H) retina with a glaucoma.

AMD; age-related macular degeneration; DR, diabetic retinopathy; LCA, Leber's congenital amaurosis;
MD, macular degeneration; RP, retinitis pigmentosa.

Copyright note: Images taken from http://webvision.med.utah.edu/. Accessed online 20.05.2016.
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1.5.2 Genetics of retinopathies

The majority of our understanding of retinopathies comes from studies on animal
models. The use of model organisms has not only increased our knowledge of a
normal retinal function, but has also allowed us to shed some light onto the
mechanisms underlying retinal pathologies. Although Drosophila and zebrafish have
been used as classical models for discovering the basic principles of visual pathways,
it is the mouse that has become the most widely used model in pre-clinical translational
eye research. Naturally occurring mutants, as well as genetically engineered mice, not
only provided invaluable insights into disease pathology, and have been key in the
development of clinically relevant therapies. Here, an evaluation of the most common
retinopathies is presented with a reference to genetic mutation (Table 1.1), with

particular reference to those models used in this thesis.
1.5.2.1 Retinal diseases caused by photoreceptor developmental defects

Transcription factors including CRX, NRL, and NR2E3 are crucial for the proper
development of photoreceptors, as they orchestrate the expression of rod and cone-
specific genes (Swaroop et al., 2010). Genetic mutations in the genes encoding for
these factors have been found in patients with LCA, RP, CD, and CDR and can result
in photoreceptor dysfunction and, in some cases, photoreceptor death (Berger et al.,
2010; Khateb et al., 2016).

CRX has a key function in regulation of rod and cone specific genes and because of
that defects in CRX gene can result in development of a number of different
phenotypes in humans. Mouse knockout mutants are born blind, have no functional
photoreceptors and show malformations in OS and synaptic terminals with the
expression of phototransduction genes being compromised. The mutation ultimately

leads to photoreceptor degeneration (Furukawa et al., 1999).

NRL transcription factor was shown to be responsible for determination of rod cell fate
as Nrl knockout mouse lacks rod photoreceptors and rod specific genes (Mears et al.,
2001). In humans, mutations in Nrl gene are associated with RP with both rods and
cones being severely affected (DeAngelis et al., 2002). In the Nr” retina, the
expression of cone specific genes is elevated, however the cone cells that are present
are more of a hybrid cell type and have been referred to as ‘cods’. A typical
characteristic of Nr” retina is the development of retinal folds commonly known as
rosettes (Stuck et al., 2012). Studies of this genetic mutant provided invaluable
information on rod development and function and helped to understand better the

photoreceptor fate determination (Mears et al., 2001).
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Mutations in NR2E3, which is downstream of NRL (Oh et al., 2008), are associated
with retinal spots, which correlate with presumptive rosette formation, and progressive
photoreceptor degeneration leading to visual impairment at later stages of disease
progression (Haider et al., 2009). The retina of individuals with defects in Nr2e3 gene
lacks rods, but shows an increase in the number of S-cones (Haider et al., 2001).
Studies on Nr2e3” mutant showed that the expression of this transcription factor is
limited to post-mitotic rod cells indicating that NR2E3 promotes rod cell fate while at the

same time inhibiting cone specific genes (Cheng et al., 2006).

A number of mutations are associated with the malformation of photoreceptor OSs,
especially to their discs. Mutations in Peripherin (Prph), which is essential for the
formation of the rod and cone OS during development and their postnatal renewal
(Travis et al., 1991), are linked to a variety of retinal diseases including CRD
(Nakazawa et al.,, 1996) and autosomal dominant RP (Keen and Inglehearn, 1996).
Commonly referred to as the ‘retinal degeneration slow’ (rds) transgenic mouse line
carries a mutation in Prph gene and has shorter OSs (Travis et al., 1991; McNally et

al., 2002) and early photoreceptor degeneration (Kedzierski et al., 1997).
1.5.2.2 Retinal degenerations associated with phototransduction process

The process of phototransduction depends on many different phototransduction
proteins. Mutation to any the genes encoding for these molecules frequently results in
vision impairment. As visual pigment is a major structural component of rods and
cones, it is not surprising that genetic defects in Rho and cone Opsins not only affect
the process of phototransduction, but also lead to photoreceptor dysfunction and
subsequent death. In humans, defects in RHO gene lead to the development of a
variety of different RP phenotypes depending on the type of mutation, but are usually
associated with night blindness and progressive photoreceptor deterioration. The Rho
knockout mutant mouse shows a malformation of rod OSs, with degeneration of rod

cells starting as early as three weeks of age (Humphries et al., 1997).

In 1996, a mutation in GNAT1 gene, which encodes a-subunit of G protein transducin
in rods, was found in patients suffering from congenital stationary night blindness
(CSNB) (Dryja et al., 1996; Naeem et al., 2012). A transgenic mouse model revealed
that defects in Gnat1 result in a decrease in activity of GTPase and impaired ability to
activate PDE6 (Moussaif et al., 2006) leading to slow degeneration of rods over time
(Calvert et al., 2000). On the other hand, defects in GNAT2, which controls the
expression of cone a- transducin (Morris and Fong, 1993), result in a lack of
functioning cones with the majority of individuals developing a complete achromatopsia

(Kohl et al., 2002). The Gnat2” mouse resembles the human phenotype and shows
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clear dysfunction of cone photoreceptors, mislocalisation of Opsin protein, remodelling

of a retina and clear signs of progressive cone deterioration (Jobling et al., 2013).

Null or missense mutations in the gene encoding PDE protein, which is the third major
component in the phototransduction cascade, can be associated with an autosomal
recessive form of RP (McLaughlin et al., 1993; Dryja et al., 1999) or autosomal
dominant CSNB (Gal et al., 1994). The Pde6b™%™"% mutant manifests a mild
degenerative phenotype and is a widely used tool by researchers working on
therapeutic interventions for RP (Chang et al., 2002). In contrast, Pde6b™"®" mouse,
commonly referred to as rd17, is the oldest mouse model used in RP research and
manifests a very fast degeneration of photoreceptors with the majority of cells absent
by the 2™ month of age (Caley et al., 1972; Sanyal and Bal, 1973). In a recent study by
Nishiguchi, Carvalho et al, the most commonly used strain of the rd7 mutant,
(C3H/HeN background), which is often used in preclinical studies, was found to
harbour a second genetic mutation in the GPR179 gene, expressed in bipolar cells
(Nishiguchi et al., 2015), which impairs further transmission of detected light stimulus

towards the visual centres in the brain.

Mutations in different components of the phototransduction pathway may result in
abnormal CNG channel activity, triggering photoreceptor cell death. Moreover, over 50
different genetic defects in the genes that encode CNG gated channels have been
found in relation to channelopathies (https://sph.uth.edu/retnet/). Depending on the
cell-type expression of mutant protein, rods and cones are affected differently, leading
to distinct clinical symptoms. Mutations in CNGA1 or CNGB1 genes that encode CNG
channels in rod photoreceptors lead to autosomal recessive RP (Dryja et al., 1995;
Bareil et al., 2001), whereas mutations in the cone CNG channel gene CNGA3 and
CNGB3 are the major cause of achromatopsia in humans (Kohl et al., 1998; Kaupp
and Seifert, 2002). In mice, complete knock-out of Cngb1 mimics retinal degeneration
observed in human RP patients, with the loss of rods at birth followed by progressive
degeneration of cones (Hiittl et al., 2005). Cnga3” mouse mutants lack functional CNG
channels in the cone OS with progressive loss of cone photoreceptors over time (Biel
et al., 1999).

Termination of phototransduction cascade is achieved by R9AP protein and G protein
B5 deactivating the G*-PDE* complex, and GC with their activators GCAPs that
transform GTP back to cGMP. R9AP mutations are responsible for a bradyopsia
condition, where the eyes of affected individual adapt more slowly than usual to
changing light levels (Nishiguchi et al., 2004). Defects in GC7 gene expression leads to
permanent closure of cGMP gated cation channels and development of in CD and LCA
(Hanein et al., 2004); whereas GCAP1 mutations have been linked to CRD (Baehr et
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al., 2007) as they decrease the sensitivity to detect Ca2+ causing continuous

stimulation of GC1 protein in dark conditions (Hanein et al., 2004).

RPE plays a crucial part in the visual cycle as it is responsible for recycling of the rod
and cone visual pigments and mutations in several RPE specific genes are associated
with retinal degeneration. Human LCA type 2 is associated with mutations in Retinal
Pigment Epithelium-specific 65 kDa protein (RPE65) (Cideciyan, 2010). RPEGS is
almost exclusively expressed in the RPE and functions as the retinoid isomerase
responsible for converting all-trans retinoid  to 17-cisretinal during pigment
regeneration (Moiseyev et al., 2005). Improper functioning or absence of RPEG65
results in a lack of 17-cis retinal production and an inability to efficiently form the visual
pigments, Rho and Cone Opsin (Redmond et al., 1998; 2005). Rpe65 mutant mouse
suffers from severe visual impairment with progressive retinal degeneration probably
due to constant activation of phototransduction cascade by the large amount of free
visual pigment. A more mild form of retinal degeneration manifests RPE65-
R91W transgenic mouse where the retina is able to produce some of 11-cis-retinal

allowing for partial recovery of Rho pigment (Samardzija et al., 2007).
1.5.2.4 Other retinal degenerations

Mutations in the Crumbs Homologue Protein 1 (CRB1) gene are associated with
variable phenotypes of severe retinal dystrophies, ranging from LCA to CRD which
may be accompanied by specific fundus features including Coats-like vasculopathy
(reviewed in (Bujakowska et al., 2011). Retinae of CRB1 patients have altered laminar
organisation and are usually much thicker than that of healthy individuals (Jacobson et
al., 2003). Moreover, CRB1 mutations seem to present a phenotypic variability in
patients which leads to differences in clinical diagnoses (for example, LCA, juvenile-
onset RP, or autosomal recessive RP). Patients with CRB1 defects present an
abnormal hyperreflective lesions of various sizes and retinal depths in regions of
thickened, non-seeing retina. These hyperreflective lesions show some resemblance to

the retinal folds observed in the Crb1" %

mutant mouse, which suffers from similar
disruptions to OLM integrity (Mehalow et al., 2003). Previous studies of different Crb1
mutants (Crb1”, Crb1°*" and Crb1”®®) have shown the retinal abnormalities
reported in these animals seem to be light-dependent and usually restricted to the
inferior quadrant of the retina (van de Pavert et al., 2004). Recently, Alves et al.
reported that the Crb2 knockout mouse manifests a more similar disease phenotype to
that observed in CRB1 patients (Alves et al., 2014a) indicating that the role of Crumbs

proteins may vary between different species.

Interestingly, a recent study by Zhao, Andrieu-Soler et al., published in The Journal of

Neuroscience characterized a recessively inherited retinal phenotype of the Brown
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Norway rat strain from Janvier Breeding Centre (BN-J). A thorough analysis of the BN-
J retinae showed that they display retinal abnormalities such as neuronal and vascular
changes, focal alternations to retinal lamination and development of retinal cysts, all
very similar to retinal pathology seen in Macular telangiectasia type 2 (MacTel 2)
Genetic analysis showed that the BN-J rat has a mutation on the 6th exon of the Crb1
gene, which results in the ablation of 14 nucleotides and insertion of 8 new one. This
mutation was shown to lead to dislocalisation of CRB1 from the SAR in glial cells of the
BN-J retina.

Stargardt disease is an autosomal recessive form of juvenile MD that severely impairs
central vision. Mutations in ABCA4 gene were one of the first to be associated with this
condition (Allikmets et al., 1997). ABCA4 gene encodes an ATP-binding cassette
transporter (ABC) which actively transports all-frans-retinal (atRAL) from the internal
membranes of retinal OS discs to the cytoplasm, where it is reduced to retinol (Kiser et
al., 2012). In the generated Abca4”Rdh8™ transgenic mouse model, this process is
impaired which results in the accumulation of the retinoid waste in the OS (Maeda et
al., 2009).

Usher syndrome belongs to genetically heterogeneous group of RP diseases
accompanied by a progressive loss of hearing and varying degrees of vestibular
dysfunction. To date, 11 different genetic mutations have been found linked to three
distinguished disease phenotypes. The most severe form of Usher condition, Type 1, is
caused by genetic defects in MYO7A gene that encodes myosin motor protein
expressed in embryonic RPE, photoreceptors, cochlear and vestibular neural epithelia
(Weil et al., 1996).

Following activation by light, photoreceptors propagate the received stimulus towards
inner retina via a graded decrease in glutamate release at the synaptic terminals.
Mutations in the genes encoding for the voltage-gated calcium channels have been
associated with X-linked CSNB (Strom et al., 1998), X-linked CRD (Huang et al., 2013)
and autosomal recessive form of CRD (Wycisk et al., 2006b). In mouse, spontaneous
mutation in Cacna2d4 gene results in retinal degeneration with a characteristic

malformation of a synaptic layer (Wycisk et al., 2006a).
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Phenotype Mode of
. Cell type affected _ . Genes
(disease) inheritance
Non-syndromic monogenic
Dominant GNAT1, PDE6B, RHO
Rods more than
CSNB Recessive GNAT1,CABP4, GRK1, SAG
cones
X-linked CACNA1TF
Dominant CRX
CRX, APIL1, TULP1,
LCA Rods and cones
Recessive CABP4, REP65, CEP290,
CRB1
CRX, NRL, NR2E3, PRPH?2,
Dominant
RHO, ROM1, RPE65
RP Rods more than ABCA4, MERTK, NRL,
cones and/or RPE Recessive NR2E3, PDE6A, RHO,
RPE65,SAG, TULP1
X-linked RPGR, RP2
Dominant AIPL1, CRX, PRPH2
Cones more than
CD-CDR g Recessive ABCA4, CNGB3, RAB28
rods
X-linked CACNA1F, RPGR
Dominant PRPH2, ELOV4
MD Rods and cones Recessive ABCA4
X-linked RPGR
Dominant UNC119, RIMS1
Synaptic
) Rods and cones Recessive CACNA2D4
diseases
X-linked CACNA1TF, XLRS
Syndromic
Joubert
Rods and cones Recessive CEP290
syndrome
Senior-Loken
Rods and cones Recessive CEP290
syndrome
Usher syndrome Rods and cones Recessive MYQOT7A, USH2A

Table 1.1 Genetics of some common human forms of retinal degenerations.

CSNB, Congenital stationary night blindness; CD or CRD Cone or Cone-rod; DR, Diabetic retinopathy;

LCA, Leber's congenital amaurosis; MD, Macular degeneration; RP, Retinitis pigmentosa.

Copyright note: Table adapted from (Veleri et al., 2015).
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1.6 Retinal remodelling in degenerative conditions

In retinal degenerations such as RP, AMD, or Usher Syndrome, death of
photoreceptors, often triggered by rod degeneration, leads to irreversible vision
impairment. As the retina starts to degenerate, the retinal structure and the
environment begin to remodel, with a series of morphological, molecular and functional
alterations in different retinal cells (Strettoi et al., 2002; Jones et al., 2003a; Jones and
Marc, 2005; Sethi et al., 2005). This retinal remodelling is a complex
pathophysiological process, but studying it may help to advance the research towards

more efficient ocular therapies.

Retinal remodelling is usually divided into three different phases (Figure 1.6) (reviewed
in (Cuenca et al., 2014)). Phase | is a pre-degeneration phase, indicated by early
markers of cellular stress but with no major changes to retinal morphology or function
(Figure 1.6A). In Phase Il, photoreceptors start to deteriorate, with glial and RPE cells
becoming involved (Figure 1.6B). Phase lll is the ultimate phase where the retina
undergoes major organisational alterations including neuritogenesis, cell migration,
loss of distinct layer lamination, glial hypertrophy, metabolic changes of neurons and
glia cells, synaptic rewiring and many more (Figure 1.6C). The progress of the
remodelling is directly linked to a degree of retinal damage and speed of photoreceptor

loss and it should be taken into account before any therapeutic intervention.
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Figure 1.6 Retinal remodelling during degeneration.

Retinal degeneration leads to significant remodelling which can be classified into three different phases.
A) Phase | is a pre-degeneration phase as indicated by early markers of cellular stress, but with no major
changes to retinal morphology or function. B) In Phase Il photoreceptors start to deteriorate, with glial and
RPE cells becoming involved. C) Phase Il is the ultimate phase where the retina undergoes major
organisational alterations including neuritogenesis, cell migration, loss of distinct layer lamination, glial
hypertrophy, metabolic changes of neurons and glia cells, synaptic rewiring and many more.

Copyright note: Figures A-C were reprinted by permission from Elsevier: (Cuenca et al., 2014), Progress

in Retinal and Eye Research.
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1.6.1 Alterations of photoreceptor cells

Pathological insult induces photoreceptor stress leading to a cascade of events that
culminates in molecular changes and eventual photoreceptor apoptosis. Two
symptoms of photoreceptor malfunction typically occur in stressed rod and cone cells;
anomalous delocalisation of visual pigments and anomalous restructuring of
photoreceptor axons by sprouting and/or retraction. The period preceding rod death is
often associated with a progressive shortening of rod OS and slow changes in the
distribution of the Rho pigment (Roof et al., 1994). In healthy retina, Rho is mainly
found in the OS of rods with small traces in the IS. In animal models of RP (Fariss et
al., 1997; Fernandez-Sanchez et al., 2011; Martinez-Navarrete et al., 2011) or in RP
human retina (Fariss et al., 2000) Rho was found to relocate to rod photoreceptor cell
bodies, axon processes and axon terminals. These changes are accompanied by
disorganisation in the OS disc membranes, as reported by Cueneca et al. (Cuenca et
al., 2013). In retinal diseases where cones degenerate secondarily to rods, the lack of
trophic factors secreted by rods is thought to be responsible for cone deterioration
(Léveillard et al., 2004). In this disease scenario, cones start to degenerate similar to
rod cells, with prominent changes in the cytosolic macromolecule expression, notably
decreased levels of calbindin and arrestin (John et al., 2000). The morphological profile
of cone cells also changes, with swelling and shortening of the OS and IS taking place
(Garcia-Ayuso and Ortin-Martinez, 2013; Cuenca et al., 2014)The retinal changes
associated with photoreceptor stress are also visible at the rod and cone synaptic
connectivity. Studies on rd7 mouse mutant (Fei, 2002) and human RP retina (H et al.,
1998; Fariss et al.,, 2000) showed that in regions where the photoreceptors have
significantly degenerated, the remaining rod photoreceptors extend their neurites
beyond the INL and towards the IPL. Gupta et al. also observed these axonal
extensions into the INL in human ‘dry’ AMD retina (Gupta et al., 2003). Interestingly,
this pathological elongation of cone neurites was reported to be absent from the
macula, at least in retinae suffering from LCA (reviewed in (Vugler, 2010)). As retinal
degeneration progresses and the number of photoreceptor cells drastically falls, the
ONL becomes noticeably thinner (Hippert et al., 2015). As a consequence, synaptic
connections become lost and a range of rewiring events in the inner retina starts to

take place (Sullivan et al., 2007).
1.6.2 Remodelling of the inner retina and re-wiring of the neuronal
networks

Following the death of photoreceptor cells and loss of synaptic contacts with rod and
cone terminals, the bipolar cells start to retract their unused dendrites from the OPL,

which leads to remodelling of the synaptic connectivity (Cuenca et al., 2005). With the
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old synapses disappearing, the functional bipolar cells begin to seek for new input
contacts with remaining photoreceptor cells indicating that there is some degree of
synaptic plasticity in the adult retina (Strettoi et al., 2003; Barhoum et al., 2008;
Martinez-Navarrete et al., 2011). Surprisingly, this bipolar remodelling is not a
characteristic common to all retinal degenerations. In the study on the Royal College of
Surgeons (RCS) rat model of RP, no new sprouting of the bipolar dendritic processes

was observed (Cuenca et al., 2004).

Alterations in the efferent terminals and morphological changes of the amacrine cells
also accompany retinal remodelling in disease conditions. In the rd7 mouse mutant, the
synaptic ribbons, the protein structures surrounded by synaptic vesicles (Dowling and
Boycott, 1966; Kolb et al., 2001), of the bipolar postsynaptic terminals manifested an
abnormal shape similar to that observed in the immature retina (Strettoi et al., 2002).
As degeneration progresses, changes to amacrine cell synaptic connections also
become more apparent, with some reports showing neuronal sprouting and alterations
in the signal propagations towards the GCL (Jones et al., 2012). In the animal model of
DR, the loss of dopaminergic and cholinergic amacrine cells has been observed which

lead to significant deficits in vision (Gastinger et al., 2006).

1.6.3 Muller glia reactivity and development of the glial scar

In the retina, Miller glia are the first indicators of any alterations to the retinal
environment and almost any pathological insult causes their activation. As these glial
cells span the entire thickness of the retina, they interact with all retinal cell types
across all the layers. The number of physiological functions that Miller glia perform is
countless and ranges from the maintenance of structural integrity of the retina to being
the light-guiding fibres (reviewed in Bringmann 2006). In a healthy retina, these cells
are key modulators of neurotransmitter levels preventing toxic accumulation of glycine,
GABA and glutamate in the retina. Alterations in functioning of the neurotransmitter
transporters have been found in many different retinopathies including retinal ischemia,
diabetes and glaucoma (Naskar et al., 2000; Barnett et al., 2001; Holcombe et al.,
2008). Following insult to the retina, these cells undergo activation and change of their
function including a reduction of the glutamate transport, which results in the rise of
extracellular glutamate to excitotoxic levels and consequent damage to the retinal
neurons (Barnett and Pow, 2000). The composition of cytoskeleton of Miiller glia also
changes including the increase in the density of the IFs (Lu et al., 2011) that is
accompanied by the hypertrophy of the glial processes throughout the retina and
development of so—call glial scar (Lewis et al., 1989; Lewis and Fisher, 2003).
Although, the precise role of gliosis is still to be determined, the extend of it is strictly

driven by the size and nature of the neuronal damage, influencing how much cell
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replacement is actually needed to fill up the injured space (Ridet et al., 1997;
Wilhelmsson, 2008).

1.6.3.1 Upregulation of the intermediate filament proteins and glial hypertrophy

Glial scar is considered to be a hallmark of any CNS damage (Ridet et al., 1997;
McGraw et al., 2001; Beattie et al., 2002; Myer et al., 2006). This scar is mainly formed
by reactive glial cells that migrate to the site of the injury, where they start to proliferate
and increase the complexity of their processes (Panickar and Norenberg, 2005; Pekny
and Nilsson, 2005). The final outcome is a tightly packed, hyperfilamentous astrocytic
tissue with limited extracellular space that is filled with glial processes high in IFs
levels. This glial scar has been reported to have a negative impact not only on the
spontaneous neuronal regeneration, but also on the therapeutic interventions including
gene therapy (Gruter et al., 2005), cell replacement therapies (reviewed in (Pearson et
al., 2014; Hippert et al., 2016) and the ability of implanted retinal grafts to contact the

underlying retina (reviewed in (Zhang et al., 2004)).

Under normal conditions, Muller glial cells in a mouse retina maintain high levels of
filamentous Vimentin (Kivela et al., 1986). GFAP is less abundant in Muller cells and is
usually restricted to inner end feet terminals and astrocytes (Dreher et al., 1992; Sarthy
and Ripps, 2001; Lewis and Fisher, 2003). Following trauma to the retina such as
retinal detachment, GFAP undergoes rapid upregulation in Muller glia (Guérin et al.,
1990; Fisher and Lewis, 2003). Increased levels of GFAP have also been found after
the introduction of retinal ischemia (Kim et al., 1998), hypoxia (Kaur et al., 2007) or
experimental glaucoma (Xue et al.,, 2006). Similar response and upregulation of IFs
were reported in astrocytes that invade the lesion site elsewhere in CNS (Petito et al.,
1990; Schmidt-Kastner et al., 1990; Panickar and Norenberg, 2005). Several
researchers claimed that this pronounced increase in IF proteins has several
physiological and pathological functions in the modulation of the CNS damage. The
Eng group (1998) was one of the first that created a transgenic mouse model that
carried a full copy of a human GFAP gene. They have shown that GFAP
overexpression prompted glial hypertrophy in the uninjured CNS which was also more
severe and complex than that observed in normal wild-types (Eng et al., 1998). Studies
on the knockout animals reported that following retinal detachment the absence of IFs
results in fewer morphological alterations in the Muller cells with a marked decrease in
the extend of reactive gliosis (Kinouchi et al., 2003; Lundkvist et al., 2004), suggesting
that IFs play an important role in glial hypertrophy.

In a healthy retina, Miller cells are much softer than any other retinal cell type (Lu et
al., 2006). This biomechanical property of the glial cells allows the retina to adapt to

physical forces, such as traumatic injury or raised intraocular pressure. Following
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retinal degeneration, Muller cells undergo structural changes, which make them much
stiffer (Lundkvist et al., 2004). This increase in stiffness is a major factor that
contributes to viscoelastic properties of the glial cells and is coupled with a remodelling
of the glial network associated with changes in the retinal architecture, such as folding
and shrinkage (Lu et al., 2011). Although the exact purpose of this rigidness still
remains unknown, it is believed that stiffer glial cells help to stabilise the delicate retinal
architecture after loss of photoreceptor cells. Moreover, Lundkvist et al. suggested that
more rigid Mduller cells may modulate neovascularisation with new blood vessels
growing towards the vitreous rather than within retinal tissue (Lundkvist et al., 2004).
Interestingly, this increase in stiffness is thought to be associated with the upregulation
of IF proteins such as Nestin, Vimentin and GFAP (Lu et al., 2011) that also contribute
to glial associated hypertrophy and formation of a glial scar at the edges of the

neuroretina (Figure 1.7) (Lewis and Fisher, 2000).

1.6.3.2 Miiller glia activation and neuronal regeneration

For many years, researchers have debated the role of Mdlller glia in the diseased
retina, with both cytoprotective and cytotoxic roles being proposed. For example,
Pease at al. study showed that in the animal model of glaucoma, these glial cells are
invaluable producers of neurotrophic factors such as ciliary neurotrophic factor (CNTF),
which has been shown to have potent neuroprotective effects on neuronal cells (Pease
et al.,, 2009). On the other hand, Miller glia have an intimate relationship with cells
from the immune system (reviewed in (Cuenca et al., 2014)). Molecules from
inflammatory cells, platelets, and plasma may activate Muller cells, and these cells may
express a wide variety of inflammation- and immune-response-related factors and
enzymes such as Tumor necrosis factor a (TNF-a), Interleukins (IL), interferon, and
Intercellular Adhesion Molecule 1 (ICAM-1) (Bringmann et al., 2009a). Muller cells
were found to be propagators of neuronal cell death through their interactions with
microglia and the synthesis and secretion of TNF-a (Lebrun-Julien et al., 2009). Wang
et al. demonstrated that the cytokinesis released by reactive Muller glia lead to
activation of the resident immune cells and their migration within the retina (Wang et
al.,, 2011). In the healthy retina, microglia are located almost exclusively in the inner
retinal layers up to the OPL. However, under the injured or diseased circumstances,
microglial cells become activated and start to migrate in a radial direction across retinal
lamina. Wang et al. suggested that Mdller glia ease the migration of activated microglia
cells by providing an adhesive cellular scaffold that guides the movement of microglia

across various retinal layers (Wang et al., 2011).

In the studies on retinal detachment, the upregulation of IFs in Miuller glia and the
formation of a glial scar at the outer edge of the neuroretina was reported to impede

tissue regeneration such as outgrowth of photoreceptor OS (Fisher and Lewis, 2003). It
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has been demonstrated that a single Muller cell process lying between the reattached
neuroretina and the RPE is sufficient to completely inhibit OS regeneration in that
region (Anderson et al., 1986). Interestingly, there appears to be a special relationship
between the formation of the glial scar and cone photoreceptors. Lewis and Fisher
observed that if a Miller cell process grows beyond the OLM into the segment region

that process inevitably occurs adjacent to a cone (Lewis and Fisher, 2000).

Mdller cells mediated gliosis was also implicated in the failure of therapeutic
intervention including cell transplants. Young et al. reported that hippocampus-derived
neuronal progenitors integrate poorly in the adult retina of dystrophic rats, in
comparison with a neonatal or mature animals (Young, 2000). Additionally, it has been
found that reactive gliosis exacerbated the progression of some retinopathies including
those observed in diabetes (Amin et al., 1997). Studies with transgenic animals lacking
both GFAP and Vimentin in Mlller cells have found that these animals create a more
permissive environment for the grafted cells as demonstrated by better integration and
differentiation of transplanted cells as well as a higher neurite outgrowth than in wild-
type recipients (Kinouchi et al., 2003). Interestingly, when either GFAP or Vimentin
alone was suppressed the migratory capacity of the transplanted cells was reduced
(Kinouchi et al., 2003). The formation of glial scars was also implicated in the failure of
visual recovery after subretinal implantation of microphotodiode arrays (Pardue et al.,
2001) indicating that the scar tissue acts as a barrier between the implant and retinal
neurons. Further support for the negative role of the IF proteins comes from the studies
with viral vectors. Calame et al. study reported that the lentiviral cell transduction was
affected by the extent of the reactive gliosis, showing that retinal environment may
modify the tropism of the viral vectors (Calame et al., 2011). Moreover, glial
hypertrophy and extension of Miiller cell processes are also believed to support the

immunological response to injury (Wang et al., 2011).

Although it is widely believed that the glial scar is a hindrance to retinal regeneration,
some studies have shown a useful role of the glial scar during the acute phase of
retinopathy. Glial hypertrophy is thought to help maintain the structural integrity of the
retina by filling the space where photoreceptors die. Lee et al. found that glial
processes of reactive Miller glia take part in the formation of “rings”, which contribute
to the survival of remaining cone photoreceptors by releasing tropic factors (Lee et al.,
2011). Additionally, the IFs upregulation could potentially have a beneficial role for the
therapeutic outcome such as cell transplantation. In regions with increased levels of
GFAP, the number of survived transplanted stem cells was found to be significantly
higher in comparison with control, undamaged retinae (Nishida et al., 2000). These

findings have led to a hypothesis that changes in the properties of Miller glia
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cytoskeleton after injury may play a beneficial role in the migration and integration of

transplanted cells.

1.6.4 Changes in the composition of the extracellular environment

The ECM is a complex network of scaffolding molecules that plays an important role in
cell signalling, migration and tissue structure. Following a pathological insult, the
composition of this matrix adapts to retinal needs, which results in the expression of

both growth-inhibitory and growth-stimulatory factors (Jones and Marc, 2005).

Proteoglycans (PGs) are major components of the ECM in the CNS and consist of a
protein core with one or more glycosaminoglycan (GAG) chains attached. GAGs are
classified into four families: heparan sulphate (HS), chondroitin sulphate (CS),
dermatan sulphate (DS) and keratan sulphate (KS). PGs are commonly classified
according to their associated GAG chains (e.g. CSPGs) and also by the core protein
properties. Neurocan, Versican, Brevican and Aggrecan, also called hyalectans, are

the main PG core proteins found in the CNS.

During development, proteoglycans contribute to guidance of neurons and axonal
pathfinding. After maturation of the CNS, CSPGs become concentrated in the
perineuronal nets where they help to maintain the CNS structural organization (Carulli
et al., 2005; Tsang et al., 2009). It has been hypothesized that these CSPGs -enriched
perineuronal nets may be responsible for the loss of synaptic plasticity of the neuronal
cells (reviewed in (Fawcett, 2009)). Following the CNS injury, these proteins are
markedly upregulated in the reactive astrocytes within the glial scar which makes them
one of the major contributors to a formation of barrier for regenerating neurons
(Bradbury et al., 2002; Faulkner, 2004; Silver and Miller, 2004). Numerous studies
found that CSPGs inhibit growth of sprouting axons, restrict plasticity and cause growth
cone collapse both in vitro and in vivo. It has been shown that CSPGs inhibit binding of
adhesive matrix molecules, such as laminin, to their transmembrane receptors which
results in a blockage of their normal growth promoting function (Muir et al., 1989; Zhou,
2006). Therefore, it is believed that inhibition of CSPGs at the site of the insult could

become an effective strategy for the CNS regeneration.

In the eye, CSPGs predominate in the neural retina, while HSPGs are expressed
throughout the basement membranes (Inatani and Tanihara, 2002). As CSPGs interact
with many different ECM proteins and growth factors, it makes them key players in a
range of cellular and signalling processes. For example, during eye development, both
CSPGs and HSPGs help to guide navigating axons (lchijo, 2004). During pathological
condition, CSPGs deposition changes within the ECM, as the neuronal structures start
to remodel (Friedlander et al., 1994, Gilbert et al., 2005; Crespo et al., 2007). Currently,
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our understanding of PG function in the diseased retina is very limited. As described in
Chapter 3, a recently conducted extensive assessment of different models of retinal
degenerations showed disease specific changes in the CSPGs expression (Hippert et
al., 2015), which had previously been reported to correlate with good or poor outcomes
following photoreceptor transplantation (Barber et al., 2013). Clinically, PGs have been
implicated in the pathological deposits associated with AMD due to less efficient
binding of the disease associated 402H variant of complement factor H to sulphated
PGs in Bruch’s membrane (Clark et al., 2010a; 2010b). In animal study, Chen et al.
reported a marked increase in the levels of Aggrecan in the IPM in two rat models of
retinal dystrophy (Chen et al., 2012a). In a recent study by the Cepko’s lab, microarray
analysis of individual Mdaller glial cells revealed CSPG5 (Neuroglycan) to be
significantly upregulated in a mouse model of RP in comparison to wild-type controls
(Roesch et al., 2012). Alterations in Neurocan expression have also been found to be
associated with pathological insult to the retina (Inatani et al., 2000) and animal models
of RP (Tucker et al., 2011). This increase in the CSPGs deposition may have
detrimental impact on the elongation of neuronal processes, as demonstrated by
Inatani et al. where the outgrowth of rat RGCs was inhibited on Neurocan-coated
plates (Inatani et al., 2001). Moreover, they found that this inhibition persists even after
removal of CS sugar chains from the core protein suggesting that the Neurocan protein
itself is inhibitory. In a study by Li et al. B1-integrin mediated adhesion was impeded in
the presence of Neurocan, which may stop the neurite outgrowth from retinal neuronal
cells (Li et al., 2000). In studies of cell-based therapies, it has been reported that the
upregulation of CSPGs in the diseased retina prevents the migration and integration of
transplanted donor cells (Suzuki et al., 2007; Singhal et al., 2008; West et al., 2009; Ma
et al., 2011; Barber et al., 2013). Moreover, therapeutic approaches such as cell
transplants may also be impaired by the presence of specific CSPGs, as the increase
of these molecules in the subretinal space may act as an inhibitory cue for the
migration of the transplanted rod precursor cells towards the ONL ( Barber et al.,
2013). Indeed, treatment with chondroitinase ABC (ChABC) enzyme, which digests
sugar chains from the core protein, increased the number of integrated cells in the
mouse model of RP following transplantation of Nrl rod precursor cells (Barber et al.,
2013).
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Figure 1.7 Gliosis in a retinal degeneration.

Retinal degeneration leads to significant changes in the retinal environment including development of
gliosis. The retinal gliosis is associated with an increase in intermediate filament proteins, proliferation of
Mdiller glia and hypertrophy of their processes, and upregulation of inhibitory ECM molecules such as
CSPGs.

60



1.6.5 Remodelling of the outer limiting membrane

The OLM acts as a semipermeable diffusion barrier for extracellular components (Bunt-
Milam et al., 1985). This could be of particular importance in diseased conditions as
loss of photoreceptors leads to extend remodelling of the retinal structure including the
OLM (Chen and Ma, 2007; Daniele et al., 2007; Stuck et al., 2012; Hippert et al.,
2015). Hippert et al. reported that the OLM, which comprises of a number of adherens
junctions, seems to be compromised in many models of retinal degenerations (Hippert
et al., 2015). The Nrl” mouse mutant that shows an extensive disruptions to the OLM
continuity, manifests aberrant photoreceptor packing, abnormal association between
photoreceptors and RPE, retinal detachment, changed dendritic fields, vascular
leakage, and ganglion cell death (Mears et al., 2001; DeAngelis et al., 2002). Loss of
CRB1 protein was reported to lead to displaced photoreceptors and focal degeneration
of all neural layers (Mehalow et al., 2003; van de Pavert et al.,, 2004). In humans,
mutations in CRB1 gene have been associated with a variety of autosomal recessive
retinal dystrophies, including LCA, RP type 12, RP with Coats-like exudative
vasculopathy and other early-onset forms of RP (Bujakowska et al., 2011; Pellissier et
al., 2014; Zhao et al.,, 2015). Recently, mutations in CRB1 were also linked to
development of the vascular leakage similar to that observed in MacTel2 patients
(Zhao et al., 2015).

It is tempting to speculate that the disruption of the OLM could exacerbate the spread
of retinal degeneration, as OLM integrity is critical for cell survival. The OLM has also
been shown to act as a modulator of the size of the apical villi of Miller cells. It is also
possible that loss of the OLM proteins results in a decrease in the strength of the
adherens junctions and subsequent susceptibility to retinal detachment. Although the
retina makes some successful attempts to restore the lost connections by forming new
junctions between the remaining cells (Hippert et al., 2015), these junctions may not
have the same properties as the ones in a normal retina as there are differences in the
expression of the junctional proteins between different cell types. Omri et al. reported
that in a rat animal model of diabetic retinopathy in which the number of S-cone
photoreceptors decreases, the expression of Occludin and aPKC was found to be
downregulated (Omri et al., 2013). Recently, the importance of the OLM continuity has
been implicated in the clinics. Mitamura et al. reported that patients with a continuous
OLM have a better visual acuity than those in which OLM is disrupted making them
more prone to increased vascular leakage upon mechanical stress (Mitamura et al.,
2013). Thus, the OLM appears to be an important element of retinal health and
additional studies on OLM remodelling in degenerative disease could provide some

invaluable insights on the pathological environment before therapeutic interventions.
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1.6.6 Additional changes to the degenerative retina

Due to their function, photoreceptors are constantly exposed to light photons and they
are the primary consumers of oxygen in the CNS. These two factors put rod and cone
cells at a high risk of the damage due to reactive oxygen species (ROS) (Stone et al.,
2008; Fernandez-Sanchez et al., 2011). For example, the oxidative stress in the RPE
leads to development of photoreceptor degeneration associated with AMD condition
(Ardeljan and Chan, 2013). In the DR, high levels of glucose increase the metabolic
rate of photoreceptors and as a consequence production of ROS (Du et al., 2003;
Kowluru and Kanwar, 2007). El-Bab et al. demonstrated that the expression of several
antioxidants in the DR retina is significantly reduced in comparison to healthy retina,
resulting in even higher accumulation of ROS (El-Bab et al., 2013). As ganglion cells
are highly susceptible to any changes in the concentration of ROS, this increase could
induce ganglion cell apoptotic death in this pathological condition (Chrysostomou et al.,
2013; Himori et al., 2013).

One of the hallmarks of retinal degeneration is the alteration in retinal protein
expression. Studies on human post-mortem eyes, showed that AMD leads to region-
specific changes in retinal protein levels with the majority of observed changes being
restricted to macula and the periphery (Ethen et al., 2006). Recent research findings
showed that following the pathological insult several cell cycle components in
photoreceptors become reactivated. For example, in a dog model of early retinal
degeneration caused by a mutation in STK38L gene encoding the cell cycle regulator,
Berta et al. reported photoreceptors starting to express markers of the cell cycle (Berta
et al., 2011). Immunohistochemistry of the canine retina showed PCNA and phosphor-
PH-3 positive cells in the ONL, which was further confirmed by the RT-PCR analysis.
Further studies of rodent models of RP, demonstrated that the levels of cyclin
dependant kinases (CDK) are 4-5 times higher during neuronal apoptosis in
comparison to healthy retina, indicating at Bmi1 as a key regulator of cell cycle proteins
(Zencak et al., 2013).

1.7 Current therapeutic strategies

Advances in gene discovery and stem cell research have presented new opportunities
for potential therapeutic interventions for many diseased conditions. The eye
represents an ideal organ for testing the safety and efficiency of any of these novel
treatments due to its accessibility, relative immune privilege, small size,
compartmentalization, and the existence of a contralateral control (Figure 1.8). Here, a

summary of some of the current therapeutic approaches to treat retinal degeneration
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will be presented, with a particular focus on the treatments that are already in clinical

trials or show the most promising potential for clinical application in the near future.

1.7.1 Drug therapy

Potential molecular targets for drug therapy are being identified for different retinal
disorders. One of the main therapeutic strategies used to treat retinal degeneration
associated with neovascularisation including DR and ‘wet’ form of AMD is anti-VEGF
treatment. Vascular endothelial growth factor (VEGF) is a proangiogenic factor, which
stimulates growth of (leaky) blood vessels in the eye leading to so-called vascular
leakage (Adamis et al., 1995; Kvanta et al., 1996). Anti-VEGF drugs injected into the
eye of a patient block VEGF protein, which in many cases leads to a very significant
reduction in the formation of new blood vessels and can even reverse retinal damage
such as edema, with many patients seeing an improvement in visual acuity (reviewed
in (Ferrara and Adamis, 2016)). Unfortunately, despite its efficacy, targeting VEGF in
the eye has presented several challenges, including the optimal route of administration,
and the ocular and systemic safety of the anti-VEGF treatment, as patients require
repeated intravitreal injections. VEGF mediates many signalling pathways and the
retina needs it for normal functioning (Saint-Geniez et al., 2008; 2009); therefore
blocking it completely may lead to secondary pathological events. Recent preclinical
studies in mice have pointed towards a promising alternative to current anti-VEGF
treatment. Westenskow et al. reported that inhibition of a specific signalling pathway,
the Ras GTPase, which functions downstream of VEGF, by delivery of a chemically
engineered oligonucleotide a-miR-132, can successfully prevent angiogenic sprouting
(Westenskow et al., 2013). Importantly, however, approximately 40% of patients do not
respond to VEGF treatment, suggesting that the pathological mechanisms responsible
for neovascularisation may differ between different clinical presentations of AMD
(Brown et al., 2006; Sim6 and Hernandez, 2015; Usuelli and La Rocca, 2015; Holz et
al., 2016).

1.7.2 Gene therapy

There are more than 250 gene mutations associated with retinal disorders and gene
replacement represents an obvious therapeutic approach. The majority of inherited
retinal diseases are caused by mutations in genes that affect photoreceptor function.
Although there is currently no cure for RP, well-characterised animal models and a
developed understanding of the genetic basis of the disease allow gene therapy to be
a potentially viable therapeutic strategy. The first report of successful gene
supplementation via the viral vectors was reported in 2000 by Ali et al., who

hrd2/rd2

demonstrated rescue of photoreceptor structure and function in the Prp mouse
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(Ali et al., 2000). They showed that the injection of adeno-associated virus serotype 2
(AAV2) vector carrying the Prph2 gene under the control of the Rho promoter targets
rod cells, leading to expression of Prph2, increase in photoreceptor survival and rescue
of function. However, greater improvements were seen when vector was delivered in
early stages of retinal degeneration (Ali et al., 2000), than when injected in older mice
(Sarra et al., 2001). These results illustrate a limitation of the gene supplementation
approach, as it relies on sufficient numbers of endogenous cells being present at the
time of treatment. This can be difficult since diagnosis is often not made until the

patient has lost a significant proportion of their photoreceptors.

Gene supplementation/faugmentation therapy was also tested to treat murine and
canine models of achromatopsia. Alexander et al. used an AAV5 vector to deliver a
wild-type version of Gnat2 gene under the human M-opsin promoter into the retina of
Gnat2®™ mutant (Alexander et al., 2007). In 2010, a naturally occurring mutation in
CNGA3 gene was discovered in improved Awassi sheep (Reicher et al.,, 2010),
providing an excellent large animal model for studying the human phenotype. Later
Banin et al. used this model to test the efficacy of AAV5 vector carrying either the
mouse or the human wild-type version of CNGA3 gene under the control of the
red/green opsin promoter (Banin et al., 2015). They reported a robust expression of
CNGA3 gene and significant improvements in the visual function in the treated

CNGA3-mutant sheep in comparison to untreated animals.

The first gene to be targeted clinically was the RPE65 gene mutations, which are
associated with LCA. As mentioned previously, the enzyme encoded by RPEG65 is
crucial for converting all-frans retinoid to 77-cis retinal during visual pigment
regeneration (Moiseyev et al., 2005) and without a functioning enzyme, the
photoreceptors gradually deteriorate. The researchers hoped to halt this process by
using a virus to shuttle a functional RPE65 gene into the eye. First results published in
2001 described a successful attempt to use a recombinant (r)AAV2 to treat naturally
occurring Rpe65” mutant in Briard dogs (Acland et al., 2001). Acland et al. reported
that treatment with AAV2 vector carrying a wild-type canine Rpe65 gene, under the
control of the hybrid cytomegalovirus/chicken B-actin (CBA) promoter, led to substantial
improvements in visual function. Further studies on a naturally occurring murine model
of Rpe65 LCA, the rd12 mouse (Pang et al., 2005), confirmed the potential and
efficiency of AAV use in treatment of LCA (Pang et al., 2006), which allowed for the
first studies on human patients (Bainbridge et al., 2008; Maguire et al., 2008; Testa et
al., 2013). Currently, there are a number of clinical trials, in different countries and at
different phases, related to correcting the RPE65 mutation. These differ in surgical
protocols, DNA promoter types, vector preparation and volumes or patient

characteristics. A phase | safety profile trial of rAAV2 carrying human (h) RPEG5 is
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currently underway in the United States with five cohorts of LCA patients which aims to
test the safety of uniocular subretinal administration of rAAV2-CBSB-hRPEG65 vector
(Clinicaltrials. gov Identifier NCT00481546). The most advanced clinical trial focused
on the retinal diseases was recently completed in the United States. In October 2015,
Spark Therapeutics published the phase Il results of the SPK-RPE65 gene
replacement therapy showing that patients who received a viral treatment navigated
significantly better in different lighting conditions than individuals from the untreated
group (http://ir.sparktx.com/phoenix.zhtm|?¢c=253900&p=irol-newsArticle&lD=2093863.
Accessed February 20, 2016). This is the first to date gene therapy study conducted in

humans that has reported a therapeutic benefit to patients.

As previously mentioned, formation of new blood vessels is mainly controlled via
angiogenic factor VEGF, which can be clinically treated with the anti-VEGF agents.
Numerous reports showed that ocular neovascularization can be inhibited after
subretinal injection of AAV2 vector carrying the sequence for the expression of a
soluble portion of the R1 VEGF receptor, sFlt1 (Lai et al., 2005; 2011). SFIt1 normally
binds extracellular VEGF protein, which prevents it from binding to its cell surface
vascular endothelial receptors FLT-1 and FLK. These data indicate that subretinal
injection of AAV2.sFlIt-1 vector can be a promising therapeutic strategy for the long-

term treatment of neovascular diseases of the eye.

There is no doubt that gene therapy offers an attractive approach for treatment of a
number of inherited retinal diseases. The evolution of gene editing technologies, such
as the CRISPR/Cas9 system, will certainly allow for targeting a wider spectrum of
retinopathies. However, one of the main issues with the use of gene therapy is a lack
of genetic diagnosis in patients suffering from inherited vision loss, which is crucial in

designing treatments based on use of the viral vectors.

1.7.3 Cell-based replacement therapy

An important feature in both animal models of many retinal diseases is the death of rod
and cone cells. Interestingly, despite this progressive photoreceptor degeneration
much of the inner retinal neuronal architecture, including the visual pathways and GCL
remain largely intact (Mazzoni et al., 2008; Damiani et al., 2012). As mentioned
previously, gene therapy relies on there being sufficient numbers of endogenous
photoreceptor cells present at the time of treatment; restoring vision in cases of severe
and/or very rapid degeneration, therefore, may only be possible by either replacing the
missing sensory cells, or by providing visual information to the remaining neurons of
the retina. In recent years, considerable progress has been made concerning the
prospects for cell transplantation as a potential treatment for retinal degenerations.

Considerable effort has been made in order to find the best method to replace lost
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photoreceptor and RPE cells, including transplantation of whole retinal sheets,
microaggregates of foetal neural retina and suspensions of stem cells and progenitor
cells (reviewed in (da Cruz et al., 2007; Pearson, 2014; Pearson et al., 2014)). While
there have been some reports of success in preserving visual function using these
strategies (Radtke et al., 1999; 2008), there is still only limited evidence to suggest that
these transplants can both integrate within and make functional connections to the host
tissue (Gouras et al., 1994; Gouras and Tanabe, 2003; Seiler and Aramant, 2012).

In recent years, a number of different research groups have examined the
transplantation potential of progenitor cells derived from immature retinae, which can
differentiate into retinal neurons (Yang et al., 2002; Qiu et al., 2005; MacLaren et al.,
2006). Sakaguchi, Young et al. demonstrated that transplantation was more effective
when transplanting cells into immature recipients. They showed that cultured murine
neural progenitor cells transplanted into the eyes of neonatal Brazilian Opossums,
successfully migrated into the recipient retina following cell transplant, but instead of
integrating within the ONL, transplanted cells were only found within the inner retina
(Sakaguchi et al., 2004; 2005). Later studies showed that rod cell transplants into the
adult mouse retina are achievable, but they rely on donor cells being isolated from a
particular stage in their development, when rod photoreceptors are immature (Kwan et
al., 1999; MaclLaren et al., 2006; Bartsch et al., 2008; Pearson et al., 2012). Kwan et al.
reported that retinal progenitor cells isolated from postnatal day 7 - 9 animals and
transplanted subretinally into adult rd7 mice were not only able to survive within the
recipient retina but were also capable to extend their processes towards the outer
nuclear layer (Kwan et al.,, 1999). In 2006, Ali and colleagues, used Nrl marked
postmitotic rod cells (Akimoto et al., 2006; Eiraku et al., 2011) to transplant them into
the adult retina (MacLaren et al., 2006). Their study showed that subretinal
transplantation of post-mitotic receptor precursor cells led to the presence of reporter-
labelled cells within the host retina that bore all the hallmarks of mature
photoreceptors. Further research with the use of photoreceptor precursor cells
confirmed these results (Bartsch et al., 2008; Lakowski et al., 2010; Eberle et al., 2012;
Barber et al., 2013) and even showed that these cells were capable of responding to
light stimulus when transplanted into a mouse model of stationary night blindness
(Pearson et al.,, 2012). Although these results provide a proof of concept for cell
replacement, a better source of donor cells for human application is needed. Advances
in recent years in the use of embryonic stem cells (ESCs) and induced pluripotential
stem cells (iPSCs) provide a promising stem cell source for the use in human trials.
The ground-breaking 3D culture systems developed by Sasai and colleagues enabled
to generate from ES cells the isolated optic cups with a continuous epithelial structures

showing clear laminar stratification similar to the early postnatal retina (Eiraku et al.,
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2011; Eiraku and Sasai, 2012). Further studies used this 3D system to develop rod
precursor cells for cell transplantation that morphologically resembled normal
photoreceptor cells of a mouse retina (Gonzalez-Cordero et al., 2013). With the
development of methods to produce laminated retinal structures in vitro, an attempt to
develop and transplant whole retinal sheets has been made by Takahashi's group.
Their study showed that transplanted retinal sheets into the subretinal space of 6-8-
week-old rd1 mice can integrate and differentiate into laminated, mature retinal
structure (Assawachananont et al., 2014). A variety of retinal differentiation protocols
for mouse and human iPSCs has also been described (reviewed in (Jayakody et al.,
2015)) and, after less than a decade from the first developed iPSCs protocol (Hirami et
al., 2009) and further improvements of cell differentiation, the first transplants with
human iPSCs are already on the way (Zhong et al., 2014). Moreover, patient-specific
iPSCs are being developed for autologous cell transplantation and as a tool for

modelling specific retinal diseases, testing gene therapies, and drug screening.

Because normal RPE physiology needs a polarized monolayer of tight junctions, post-
cell suspension transplantation of the monolayer formation is the most important part
for successful transplantation. Current research uses biodegradable substrates as
retinal scaffolds to growth a polarized monolayered RPE (Lu et al., 2001; Kamao et al.,
2014; Yao et al., 2015). After the monolayer is formed, the scaffold can be dissolved
and the whole sheets can be used in RPE cell transplants. The first trials of hES-
derived RPE cell transplants into patients with Stargardt disease are underway in the
US and the UK (Schwartz et al., 2012). If shown to be safe, such studies set the stage

for future clinical trials of ES-derived donor cells.

Studies of developing and injured retinae have shown that there are cells within the
adult retina that possess neurogenic potential; thus opening new avenues for
regenerative medicine. The retinal stem cell niche in the peripheral region, the ciliary
marginal zone (CMZ) (Perron and Harris, 2000), has been extensively studied
regarding its proliferation properties and signalling pathways (Johns, 1977; Wehman et
al., 2005; Agathocleous and Harris, 2009); however, it was not until 2011 when the
evidence for genuine stem cells in the CMZ was reported (Centanin et al., 2011). By
using a chimeric approach with Wimbledon, a permanent and ubiquitously EGFP-
expressing fish, Centanin et al. demonstrated that postembryonic cells in the CMZ are
multipotent and can generate all cell types of the differentiated neural retina including
neurons and glia. The other endogenous retinal cells with proliferating properties found
in fish are the Mduller glia, which are distributed all along the differentiated retina and
were shown to be capable of generating different retinal cell types upon pathological
insult (Johns and Fernald, 1981; Bernardos et al., 2007; Fimbel et al., 2007;

Ramachandran et al.,, 2010). In the mammalian retina, the progenitor-like profile of
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Muller glia was also described with Miiller glia cells showing a significant transcriptome
overlap with retinal progenitor cells (Blackshaw et al., 2004; Roesch et al., 2008; 2012).
Since then, the identification of factors that could be used to recruit Muller cells and
stimulate their regenerative potential is a subject of intense research. In 2004, Ooto et
al. reported that in response to NMDA-induced excitotoxic retinal damage, Muller glia
cells re-enter the cell cycle, de-differentiate and generate new bipolar and rod
photoreceptor cells (Ooto et al., 2004). Further evidence coming from the in vitro
studies revealed that rodent and human Miller cells are capable of producing both glial
cells and neurons (Das et al., 2006; Lawrence et al., 2007; Zhao et al., 2014). In the
study by Giannalli et al., human Miiller glial cells were found to differentiate toward
rods four to six times faster than normal stem cells in vitro (Giannelli et al., 2011).
Interestingly, when transplanted into a rat retina that lacks photoreceptor or ganglion
cells, these Muller cell-derived neurons are able to migrate and integrate into the
appropriate retinal layer (Singhal et al., 2012; Jayaram et al., 2014). These studies
provide evidence that Miller cells could be a source of retinal neuronal cells within the

adult mammalian retina used for treatment of retinopathies.

Until very recently, the primary method to treat cataract was an extraction of the
damaged lens and replace it with an artificial intraocular lens

(http://www.nhs.uk/Conditions/Cataract-surgery/Pages/Introduction.aspx). Two recent

studies, published in 2016, demonstrated that there is an alternative to cataract surgery
using the novel stem cells approach. Lin et al. study showed that in rabbits and
macaques, as well as in human infants with cataracts, it is possible to remove the
damaged parts of the lens without damaging the endogenous pool of lens epithelial
stem cells, in order to promote lens regeneration (Lin et al., 2016). In the second study,
Nishida’s lab developed a protocol for in vitro generation of a self-formed ectodermal
autonomous multi-zone (SEAM) from human iPS cells (Hayashi et al., 2016). The
generated SEAM included distinct cell lineages from the ocular surface ectoderm, lens,
neuroretina, and RPE and were shown to form a functional corneal epithelium when
transplanted to a rabbit model of blindness. These reports further underlie the
enormous potential of the stem cells for tissue regeneration and treatment of many

pathological eye conditions.

1.7.4 Retinal prosthesis

Advances in microelectromechanical systems and computer science have allowed
researchers to explore new avenues for future treatment options for the patients with a
severe vision loss. Retinal prostheses have been designed to restore rudimentary form
vision to patients with RP by replacing the function of lost photoreceptor cells through

the stimulation of a relatively preserved inner neurosensory retina. The pioneer in this
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field was a German Neurosurgeon, Otfrid Foerster, who demonstrated that electrical
stimulation of the visual cortex in humans could lead to the perception of light spot
(phosphene). Years of research led to the development of so-called bionic eyes, a
small retinal implant that can be implanted within the human eye with an external
device attached to the human body (reviewed in (lezzi, 2016)). This bionic eye mimics
the original functioning of the human eye by receiving a radio signal, which is then
transferred to the brain via the optic nerve. Findings from the first studies in patients
showed that following the implantation of a bionic eye, some individuals regain their
ability to decipher outlines of objects and people improving patient’s social interactions
(Ho et al., 2015).

As discussed in this chapter, any of the presented retinopathies leads to different
remodelling events within the retina, which involve a variety of cellular and signalling
cascades. Therapeutic approaches are available, but none of them is sufficient to stop
and/or reverse the detrimental effects of the disease. Based on the recent findings it
seems reasonable to suggest that at least in advance stages of retinal degeneration a
combined treatment strategy, which first aims at stopping the disease progression and
then repairs the damaged tissue will be able to help patients to regain their lost sense

of vision.
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Figure 1.8 Ocular therapies for retinal disease: From drug delivery to retinal implants.

A) The accessibility of the eye and retina allows for delivery of appropriate drugs (e.g. neurotropic factors),
gene therapy vectors (viral vectors used for specific gene replacement in recessive disease) and even
cells using intravitreal or subretinal injections/ transplantation. B) In vivo images of the transplanted cells
(green) in rd1 mouse eye. C) Delivery of gene therapy vectors into photoreceptors or RPE cells can lead
to widespread viral expression in order to facilitate rescue of function and phenotype. D) Components of

the bionic eye, as designed in the Argus |l system.

Copyright note: Figure A was taken from (Veleri et al., 2015). Image B was reprinted by permission from

Nature Publishing Group: (Pearson et al., 2012), Nature. Image C was reprinted by permission from
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Nature Publishing Group: (Nishiguchi et al., 2015), Nature Communications. Figure D was taken from

http://www.secondsight.com/. Accessed online 20.05.2016.
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1.8 Experimental aims

As described above, different genetic defects can lead to profound structural and
environmental remodelling, which can manifest as a unique degenerative phenotype.
In turn, these changes may have positive or negative influences on the outcome of
therapeutic strategies such as cell transplantation and implant devices. In 2013, Barber
et al. performed rod - photoreceptor transplantation in different murine models of slow,
moderate and fast photoreceptor degeneration (Barber et al., 2013). Their study
showed that photoreceptor precursor transplantation is feasible in all examined
animals; however, disease type has a significant impact on both the number of
reporter-labelled cells and their morphology. Although gliosis is characteristic of many
retinal disease models (Ekstrém et al., 1988; Sheedlo et al., 1995; Fan et al., 1996), no
characterization and/or direct comparison between different RP models has been
made. Given the apparent complexities of the gliotic process, more precise dissections
of the links between glial reactivity and progressive neurodegeneration are needed.
Moreover, understanding the processes behind glial scar formation and changes to
retinal environment may help us to develop more effective strategies to treat a wide
range of retinal dystrophies. This represents a major challenge to the advancement of

the ocular therapies. This thesis addresses two main questions:

1) Is the process of retinal remodelling and development of gliosis equivalent

across different forms of retinal degeneration?

Studying changes within the recipient microenvironment, especially how the gliotic
process differs in different types of retinal degeneration, will help us to understand
where, when and how much gliosis is present in a diseased retina at different times in

the degenerative process and influence the timing of therapeutic intervention.

- A comprehensive assessment of the expression of IFs and ECM molecules,
particularly the CSPGs, was performed in different animal models at early, mid
and late time points and the retinae were examined in different regions to

account for any local changes within the recipient environment.

- The examination of the OLM adherens junctions was performed in order to
assess the extent of the retinal remodelling and any alterations to retinal

integrity and permeability under pathological circumstances.

2) How can the glial scar be manipulated using molecular tools in models of
retinal degeneration to improve therapeutic outcomes?
The second part of this thesis focused on developing molecular tools that aimed to

manipulate or remove some of the potentially inhibitory aspects of retinal remodelling.
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- The role of IF proteins in the development of glial scar was studied by suppressing

GFAP and Vimentin expression in a model of chronic retinal degeneration.

- The CSPGs represent a large family of proteins and understanding the changes in
their expression may be crucial in designing effective therapeutic strategies. In this
study, for the first time, the spatio-temporal expression of the CSPG, Aggrecan, and

the CSPG receptor LAR were assessed to determine their role in the diseased retina.
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CHAPTER 2

Materials and Methods
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2.1 Animals

Male and female C57BI/6J (Harlan, UK), Crb1 (Mehalow et al., 2003), Prph2*"437
(McNally et al., 2002), PDEB6™"" (Danciger et al., 1995), Rho” (Humphries et al.,
1997), RIbp.GFP** (Vazquez-Chona et al., 2009), Prph2? (Kedzierski et al., 1997),
R91W:NrI"~ (Samardzija et al., 2014), Nrf” (Mears et al., 2001) and Nr.GFP** mice
(Akimoto et al., 2006) were used in this project. All mice were maintained in the animal
facility at University College London (UCL). All animal procedures have been
performed under the Policies on the Use of Animals and Humans in Neuroscience
Research (UK Home Office regulations, Scientific Procedure, Act of 1986). Mice were
maintained under standard 12/12 hour light-dark cycle. Eyes were collected for each
animal model at different ages specified in each relevant section. C57BI/6J mice were

used as wild-type controls.

2.2 Cell dissociation, FAC sorting and cell cultures

2.2.1 Miiller glial cell cultures

Primary Mdller glial cell cultures were established using an adapted version of
previously published protocols (Sarthy, 1985; Hicks and Courtois, 1990; Kljavin and
Reh, 1991). Retinae from postnatal (P) day 7-8 mice RIbp.GFP™ mice (GFP
expressed in Muller cells under the control of the RLBP promoter) were dissected in
Earle's Balanced Salt Solution (EBSS) (Sigma Aldrich, UK) + Antibiotic-Antimycotic
(AA) (ThermoFisher Scientific, UK) and cells were dissociated using a papain-based
dissociation kit (Worthington Biochemical, Lorne Laboratories, UK). All the reagents
were made up according to manufacturer’s instructions. Papain with 0.005% DNase,
ovomucoid inhibitor albumin (OMI), DNase and sterile EBSS were preincubated at
37°C. Dissected retinae were added to papain solution (7-8 retinae per 0.5 mL of
papain) and incubated for 30 min at 37°C in a humidified 5% CO, incubator. After
incubation, dissociated retinae were passed through a cell strainer mesh (70 ym) (BD
Biosciences, UK), washed with 200 pL of EBSS and spun down for 5 min at 200g. The
supernatant was removed and cells were resuspended in 200 pL of papain inhibitor
solution (900 pL EBSS with 5% DNase and 10% OMI) and incubated for 10 min in the
incubator. After 10 min, cells were layered on the top of 500 yL of OMI in clean 1.5 mL
eppendorf tube and spun down for 5 min at 100 G. The supernatant was then removed
and 200 pL of resuspension solution (900 yL EBSS with 5% DNase) was added to
cells. Live cells were counted using a haemocytometer before the fluorescence-
activated cell sorting (FACS). For FACS procedure, cells were resuspended in 2 mL of
EBSS medium with 1% Foetal Calf Serum (FCS), kept on ice and either taken to the
Institute of Child Health or Institute of Ophthalmology (UCL) (see Section 2.2.2).
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Following FACS, cells were resuspended in Dulbecco's Modified Eagle Medium
(DMEM) containing 10% FCS and 1% AA and then seeded into eight-well imaging
chamber plates (PAA, GE Healthcare, Austria) that were pre-coated with laminin (5
pg/mL, Sigma Aldrich, UK) at a density of 35,000 cells per well and incubated at 37°C
in a humidified 5% CO, incubator for 2 weeks. Separate RIbp.GFP™* cell preparations
were used for each experimental repeat; therefore, n number indicates the number of

independent cell preparations used per experiment.

2.2.2 Fluorescence-activated cell sorting (FACS)

FACS was carried out with either Cell Sorter MoFlo XDP (Beckman Coulter, UK) or BD
Influx™ (BD Biosciences, UK) fitted with a 200 mW 488 nm blue laser (adjusted to 150
nW) to excite GFP. GFP was collected using the 530/40 nm channel. The sort used
sterile PBS and a sample pressure of 60 psi and a sheath pressure of 60.8 psi using a
70 or 100 nm nozzle. Viability of both the original and sorted sample was assessed
using DRAQ7 (Biostatus, UK) to label dead and dying cells. GFP* cells (RIbp.GFP**
and Nr.GFP**) were separated from the other retinal cells, and collected in 50%
EBSS/50% FCS medium. The total number of collected and sorted cells and the
efficiency of the sort were noted (Figure 2.1A). A normal non-GFP expressing retina
was used as a negative control to set the GFP signal gate (Figure 2.1B). Following the
sort, cells were spun down for 20 min at 200 G, the supernatant was removed and the
cell pellet was resuspended in 200 pyL of resuspension solution (EBSS with 5%
DNase). GFP* cells were counted and taken either for primary cell cultures (see

Section 2.2.1) or cell transplantation experiments (see Section 2.3.5.2.3)
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Figure 2.1 FACS analysis.
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Representative FACS plots showing A) RIbp.GFP** cells within the whole populations of retinal cells and

B) the negative control taken from the retina which does not express GFP that was used to set the GFP*e

signal gate.
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2.2.3 Growth of Miller glial cell cultures in presence of a purified CSPG

mixture

Two methods were chosen to assess effect of Chondroitin sulphate proteoglycans
(CSPGs) on Miller glial cells. In the first experiment, the 8-well plates were coated with
10-20 pg/mL solution of purified CSPGs, a commercially available mixture containing
Aggrecan, Neurocan, Phosphacan, and Versican (CC-117, Millipore, UK) at 37°C in a
humidified 5% CO; incubator for 3 hrs, followed by a rinsing with D-10 medium (Siebert
and Osterhout, 2011). The control wells were coated with 5 pg/mL laminin. After FACS,
RIbp.GFP** cells were seeded at a density of 35,000 cells per well and incubated at
37°C in a humidified 5% CO, incubator for 2 weeks. In the second experiment,
RIbp.GFP** cells were grown on 5 pg/mL laminin coated plates for 2 weeks at 37°C in
a humidified 5% CO, incubator and pre-assessed under a white-light microscope
before the addition of CSPGs mix. Two concentrations were used of 50-100-pg/mL and
added to cultures at intervals of 2 days for 1 week to account for any intrinsic
degradation mechanisms. Cells were assessed for morphological changes 1 week

post-treatment with immunocytochemistry (ICC) analysis.

To assess the effect of CSPGs on Nrl.GFP** cells neurite outgrowth, after first day of
CSPGs treatment, FACS isolated Nrl.GFP™* cells were added to RIbp.GFP** cell
cultures at a density of 10,000 cells per well and left in culture for 4 days. The cells
were fixed with 4% paraformaldehyde (PFA) at 4°C for 30min before
immunocytochemistry. The neurite number was counted per each cell and expressed
as an average per experimental condition; therefore, n number indicates the number of

independent cultures used.

2.3 Molecular Biology

2.3.1 Bacterial cloning and plasmid production

2.3.1.1 General cloning strategy

Cloning was achieved by excising the relevant insert fragment and opening the
appropriate backbone vector with restriction enzymes that created mutually compatible
‘sticky ends’ to facilitate DNA ligation in the correct location. All cloning products were
validated by both diagnostic restriction enzyme digests and DNA sequencing
(Genomics, UK). Concentration of all DNA products was measured by
photospectroscopy at 260 nm using a NanoDrop® ND-1000 Spectrophotometer
(LabTech Int., UK).
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2.3.1.2 Restriction digests
To characterize DNA plasmids or fragments, or to isolate fragments of interest, DNA

was selectively cut using restriction enzymes (New England Biolabs, UK,).
Digestions were performed as follows:

(A) 0.5 —1 ug of DNA

(B) 0.5 L of each restriction enzyme (10 U/uL)

(C) 1.6 L of appropriate 10x Buffer

(D) 1.6 pL of 10x BSA

(E) Sterile, deionized water added to a total volume of 16 pL
The mix was incubated for 4 hrs at 37°C.

2.3.1.3 DNA electrophoresis and gel extraction of DNA

DNA fragments resulting from restriction enzyme digests were separated by size using
electrophoresis (BioRad, UK). Each DNA sample had 4 pL of a loading dye
(Blue/Orange Loading Dye, 6x: Promega, UK) added to it before being loaded on to a
1% (w/v) agarose gel prepared in 1x TBE buffer containing SafeView Nucleic Acid
Stain (NBS Biologicals Ltd., UK) 15 uL of 1 mL SaveView per 100 mL of gel).

For a 100 - 150 mL gel volume, a voltage of 170 V was applied across the gel for 60 -
120 min, according to the expected size of the DNA bands. Gels were photographed

digitally on an ultraviolet transilluminator (BioRad, UK).

For further cloning, DNA fragments were excised from the gel and extracted using a
silica gel based purification kit (QlAquick Gel Extraction Kit, Qiagen, UK) according to

the manufacturer’s instructions.

2.3.1.4 DNA ligation
Ligation of the gel purified DNA fragments into the appropriate vector backbone was
performed using 1:5 molar ratio of backbone to insert. DNA was first heated to 45°C for

5 min to melt any annealed cohesive ends, and then rapidly cooled on ice.
Ligations were performed in a mix formulated as follows:

(A) 4 pL of DNA (insert and backbone in 1:5 ratio respectively)

(B) 5 pL of 2x Ligation Buffer (LigaFast: Promega, UK)

(C) 1 uL of T4 DNA Ligase (3 U/mL, LigaFast: Promega, UK)

Ligations were then incubated overnight (o/n) at 4°C after which the ligase was used to

transform competent bacterial cells.
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2.3.1.5 Transformation of bacteria and DNA amplification

All plasmids used contained the ampicillin antibiotic resistance gene as a selection
marker for successfully transformed bacteria. For transformation, chemically competent
DH5a™ cells (a-Select, Bioline, UK) were thawed on ice from -80°C. Cells were
incubated with construct containing DNA clone for 30 min on ice, before heat-shock for
1 min at 42°C and then incubated back on ice for 5 min. 60 pyL of super optimal
catabolite (SOC) medium (Thermo Fisher Scientific, UK) was added to cell mix and
incubated for 1 h at 37°C. After the incubation time, cells were spread on a lysogeny
broth (LB) - agar plate containing 50 pg/mL ampicillin (Aldrich, UK). Plates were
incubated at 37°C o/n to allow resistant bacteria to grow. The following day, bacterial
colonies were picked using a sterile pipette tip and DNA was amplified. Briefly, 5 mL of
LB medium containing 100 pg/mL ampicillin was inoculated with a single bacterial
colony and incubated at 37°C o/n. For small scale preparations, plasmids were
recovered using QIAGEN® Miniprep Kit (Qiagen, UK). The concentration of the eluted
DNA was measured with a spectrophotometer. The isolated DNA was analysed by the
appropriate restriction enzymes digests and subsequent gel electrophoresis. Plasmids
were then sequence checked and clones containing the desired vector products were
prepared as glycerol stocks for long term storage at -80°C. If needed, the correct
clones were amplified using MEGA-prep kit (Thermo Fisher Scientific, UK) for further

experimental use.

2.3.2 Plasmid constructs

2.3.2.1 pCMV.Crb1.GFP plasmid construct

pCMV6.Crb1.GFP vector plasmid containing the human cytomegalovirus (CMV)
promoter was designed using the PrecisionShuttle vector system and made
commercially (OriGene Technologies Inc., USA; Figure 2.2). The GFP-tagged plasmid
was amplified using DH5a™ competent cells and sequenced to check for any possible

mutations, as described in Section 2.3.1.5.
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Figure 2.2 Plasmid map of pCMV6.Crb1.GFP construct.
The Crb1 expression sequence with the GFP reports was placed downstream of the

human cytomegalovirus (CMV) promoter. The construct’'s sequence was verified and
tested in vitro for its efficiency.

81



2.3.2.2 pd10.MU6.RFP.shCrb1 and pd10.MU6.RFP.shControl vectors

CRB1 targeting sequences were generated by subcloning the target hairpins (shCrb1)
into the mU6 promoter plasmid. The target hairpins were placed downstream of the U6
promoter to form an RNAi-expression cassette. The RNAIi cassettes were excised and
cloned into the AAV pD10.CBA/RFP backbone. The shCrb1 targets the Crb7 sequence
5-GGAAGTGGATGAATGTGTTTCTGAT-3" (position nt 718. NM_133239). ShCrb1
hairpin was designed using a standard shRNA motif of sense-loop-antisense in which
the loop consisted of nine nucleotides. A non-targeting hairpin (sequence: 5’-
GATCGGACACTCCTCATAA-3’) was used as a control. The resulting constructs were
named pD10.RFP.shCrb1 (Figure 2.3) and pD10.RFP.shControl respectively (Figure
2.4). Both constructs were verified by sequencing (Beckman Coulter Genomics, UK)

and tested in vitro for their efficiency.
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Figure 2.3 Plasmid map of pd10.MU6.shCrb1.RFP vector.

The target hairpin was placed downstream of the U6 promoter to form an RNAi-expression cassette. The
RNAI cassettes were excised and cloned into the AAV pD10.CBA/RFP backbone. The shCrb1 targets the
Crb1 sequence 5-GGAAGTGGATGAATGTGTTTCTGAT-3' (position nt 718. NM_133239).
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Figure 2.4 Plasmid map of pd10.MU6.shControl.RFP vector.
The on-targeting hairpin (sequence: 5-GATCGGACACTCCTCATAA-3’) was placed
downstream of the U6 promoter to form an RNAi-expression cassette. The RNAi

cassettes were excised and cloned into the AAV pD10.CBA/RFP backbone and was

used as a control.
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2.3.2.3 Targeting constructs for intermediate filament proteins

Generation of shGfap and shVimentin vectors was performed by Dr Claire Hippert and
is briefly described here. Targeting constructs for Gfap and Vimentin were generated
by subcloning the target hairpins (shGfap or shVimentin) into the mU6pro plasmid. The
target hairpins were placed downstream of a U6 promoter to form an RNAi-expression
cassette. The RNAI cassettes were excised and cloned into the AAV pD10.CBA/RFP
backbone. The shGfap targets the Gfap sequence 5-GCACGAAGCTAACGACTAT-3'
(position nt 911. NM_010277) and the shVimentin targets the Vimentin sequence 5'-
GTGAGATGGAAGAGAATTT-3’ (position nt 1155. NM_011701). ShGfap and
shVimentin hairpins were designed using a standard shRNA motif of sense-loop-
antisense in which the loop consisted of nine nucleotides. An additional long shRNA
(Ih) targeting both Gfap and Vimentin was designed using shGfap targeting sequence
linked by 3 nucleotides (CAC) to the shVimentin and cloned into the mU6pro plasmid.
As for the single RNAI constructs, the long RNAI cassette was excised and cloned into
the AAV pD10.CBA /RFP backbone. A non-targeting hairpin was designed and used
as a control and the sequence used for shControl was as follows: 5’-
GATCGGACACTCCTCATAA-3'. The resulting constructs were named
pD10.RFP.shGfap (Figure 2.5), pD10.RFP.shVimentin (Figure 2.6), and pD10.RFP.Ih
(Figure 2.7). All constructs were sequence verified and tested in vitro for their

efficiency.

85



e
(4313 revi

[CAP Mading site!

7000 |

J pd10.MU6.shGfap.RFP

7038bp

Samii

e Avrll

(3%}

Nfel [}
Minclt - Hpal (1140
Psil (3360

At

Figure 2.5 Plasmid map of pd10.MU6.shGfap.RFP vector.

The target hairpin was placed downstream of the U6 promoter to form an RNAi-
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expression cassette. The RNAI cassettes were excised and cloned into the AAV
pD10.CBA/RFP backbone. The shGfap targets the Gfap sequence sequence 5'-

GCACGAAGCTAACGACTAT-3'

(position nt 911.

NM_010277).
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Figure 2.6 Plasmid map of pd10.MU6.shVim.RFP vector.

The target hairpin was placed downstream of the U6 promoter to form an RNAi-
expression cassette. The RNAI cassettes were excised and cloned into the AAV
pD10.CBA/RFP backbone. The shVimentin targets the Vimentin sequence 5'-
GTGAGATGGAAGAGAATTT-3 (position nt 1155. NM_011701).
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Figure 2.7 Plasmid map of pd10.MU6.Ih.RFP vector.

The target hairpin was placed downstream of the U6 promoter to form an RNAi-expression cassette. The
RNAI cassettes were excised and cloned into the AAV pD10.CBA/RFP backbone. The long shRNA (Ih)

targeting both Gfap and Vimentin was designed using shGfap targeting sequence linked by 3 nucleotides

(CAC) to the shVimentin and cloned into the mU6pro plasmid.
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2.3.3 Viral vector production

2.3.3.1 HEK 293T cell cultures

Human embryonic kidney cells, also known as HEK293T cells (American Type Culture
Collection (ATCC)), were routinely grown in DMEM/GlutaMAX medium (Gibco, UK)
with the addition of 10% (v/v) heat inactivated FCS (Gibco, UK) and 1% (v/v) AA
(Thermo Fisher Scientific, UK) at 37°C in a humidified 5% CO, incubator. Cells were
grown on either 24-well plate or 15 cm? and used at confluence between 85-90% (see

relevant sections).

2.3.3.2 Production of adeno-associated virus (AAV)

AAV was produced through a tripartite transfection of 293T cells using a three plasmid
system and then purified by Fast protein liquid chromatography (FPLC, as described
by others (Gao et al., 2002). A typical AAV production batch consisted of 20 x 15 cm?

plate. Plasmids used for viral production were as follows:

(A) Viral Genomic plasmid based upon pd10.RFP backbone (see Section 2.3.2).
This plasmid contains the viral genome to be packaged between AAV based
inverted terminal repeat sequences. Providing this plasmid in trans to the
replication and packaging genes minimises the risk of generating replication

competent viral particles.

(B) Packaging Plasmid. This plasmid contains the AAV.ShH10.Y445F gene and
Viral Capsid gene. Different packaging plasmids are used to produce different
AAV serotypes; here AAV.ShH10.Y445F serotype of AAV2 was used as it was
reported to transduce mainly Muller glial cells in the retina when administered to

the intravitreal space (Klimczak et al., 2009).

(C) Helper Plasmid (pHGTI-Adeno1). This plasmid contains three large chunks of
the Adenovirus four genome ligated together. This plasmid provides all the

adenovirus genes that AAV requires to package and assembile.

The above plasmids were used in 1:1:3 (Genomic plasmid: Packaging plasmid: Helper
plasmid). A total of 50 ug of total plasmid was introduced into 293T cells using
polyethylenimine (PEI, Polysciences, Germany) transfection reagent at 1:2.25 weight

per weight (w/w) ratio respectively.

All reagents were mixed in DMEM (without any supplements added) and incubated at
room temperature (RT) for 15 min to allow DNA/PEI complex formation. After the
incubation time, the mix was added to all prepared plates. Transfections were left o/n
and replaced with fresh medium (with 10% FCS/1% AA) the following day. Three days
post-transfection, cells were physically detached from the plates by scraping and

collected together with a growth medium in the falcon tubes. Cells were pelleted at
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2000 G for 10 min in a centrifuge. Supernatant medium was discarded and the cell

pellet resuspended in 20 mL of 1X Tris density (TD) buffer.

In order to release the AAV virons, cells underwent 4 ‘Freeze - Thaw - Vortex’ cycles

comprising the following steps:
(A) Freeze — 20 min at -80°C
(B) Thaw — 20 min in at 37°C
(C) Vortex — 10 min at RT

After the 4™ cycle, the resulting cell lysate was stored at -80°C until purification. On the
day of viral purification, the cell lysate was defrosted at 37°C and treated with
Benzonase (Sigma Aldrich, UK) at 37°C for 30 min at 50 U/mL concentration to destroy

any non-packaged DNA remaining in the cell lysate.

Before viral purification 1X TD buffer was added to cell lysate to make a total volume of

40 mL which was then clarified by centrifugation and filtration as follows:
(A) Spun at 18,000 G for 20 min, pellet discarded.
(B) Syringe filter 5 yM dead-end.
(C) Spun at 18,000 G for 20 min, pellet discarded.
(D) Syringe filter 0.45 uM dead-end.
(E) Spun at 18,000 G for 20 min, pellet discarded.
(F) Syringe filter 0.22 uM dead-end.

The resulting clarified lysate was then purified using a two-step protocol performed on
an AKTA Pure column using AVB Sepharose high performance affinity medium (GE
Healthcare, UK). After purification, the viral fractions were concentrated by
centrifugation at 5000 G using a Vivaspin 4 concentrator (10 kDa, Sartorius Stedim
Biotech, Viral Fisher Scientific, UK) to 200 ul. 2 mL of PBS-MK was then added (to
dilute out high salt elution buffer) and the eluate was concentrated to a final volume of
60 pl. Viral particle titres, in terms of viral genomes (vg)/mL, were determined by
quantitative PCR relative to known reference standards. The resulting AAV
preparations (AAV.ShH10.shControl.RFP, AAV.ShH10.shCrb1.RFP,
AAV.ShH10.shGfap.RFP, AAV.ShH10.shVimentin.RFP and AAV.ShH10.lh.RFP) were

titre matched before use.
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2.3.4 siRNA intervention

2.3.4.1 Design of RNAi molecules targeting CRB1 protein
RNAi against Crb7 mRNA was designed using the BLOCK-IT™ RNAi software

(Thermo Fisher Scientific, UK). Two sequences were generated:
(A) 5-ACTCCTGCTTCTGTGTGCCTGGATA-3' (termed ‘672’)
(B) 5- GGAAGTGGATGAATGTGTTTCTGAT-3' (termed 718’)

and were obtained commercially (Thermo Fisher Scientific, UK). A proven non-
targeting siRNA with 654-Alexa-Fluor was used as a negative control (All-Stars,
Qiagen, UK). This negative control matched the general chemistry of the RNAi against
Crb1 mRNA molecule in length and modification and was used to determine any side

effects of siRNA delivery and to provide a baseline to compare siRNA-treated samples.

All siRNAs were diluted to the desired concentration in RNAse-free DEPC-treated

water (Thermo Fisher Scientific, UK).

2.3.4.2 RNA.I transfection in vitro

HEK293T cells (see Section 2.3.3.1) were split and seeded onto a 24 well plate at a
density of between 50,000 to 125,000 cells per cm® 24 hrs before siRNA transfection.
Muller glia cultures (see Section 2.2.2) were not split prior the RNAi experiment but
they were used at 2 weeks in culture. Briefly, 20 uM siRNA was used as a standard
stock solution. A co-transfection procedure (based on that available from www.Thermo
Fisher Scientific.com) was used to simultaneously treat 293T cells with siRNA and a
plasmid containing the murine Crb7 cDNA. For Miiller glia cultures, no plasmid was
used as the Miiller glia cells express endogenous Crb1. Transfection was performed by
conjugating the RNAI with a lipid based transfection reagent (TR). 160 ng (40 pmol) of
siRNA and 200 ng of the Crb71 plasmid were added per well, along with 2 pl
Lipofectamine 2000™ or Oligofectamine reagent (Thermo Fisher Scientific, UK), both
diluted in OptiMEM reduced serum medium (Thermo Fisher Scientific, UK). Medium
was changed after 6 hrs to DMEM/10% FCS/1% AA medium and cells were kept at
37°C in a humidified 5% CO, incubator for 48 hrs. After post-transfection period cells
were either harvested for quantitative PCR or fixed for immunohistochemistry. The
non-targeting siRNA Alexa Fluor 488 was used as a control for transfection efficiency.

The wells with TR only were used as a negative control.

2.4 In vivo work

2.4.1 Anaesthesia

Animals were anaesthetized using a mixture of ketamine (100 mg/mL), medetomidine

hydrochloride (1 mg/mL, Dormitor, Pfizer Pharmaceuticals, UK) and sterile water in
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ratio 3:5:42. Postnatal mice (P10-P16) weighed approximately 0.2 g and adult animals
weighed approximately 20 g received an intraperitoneal injection of 20 and 200 pL
respectively. After the surgical procedure, anaesthesia was reversed with equal volume
of intraperitoneal atipamezole hydrochloride (0.1 mg/mL, Antisedan, Pfizer
Pharmaceuticals, UK). Animals were kept warm throughout the period of anaesthesia
and recovery. Recovering animals were monitored constantly until fully awake and

provided with soft bedding and softened food ad lib.

2.4.2 Eye injections

2.4.2.1 AAV.SHh10 administration in vivo

Intravitreal injections were performed under general anaesthesia using an operating
microscope and were used for injections of the viral vectors. The eye was dilated using
1% tropicamide (Chauvin Pharmaceuticals, UK). Corneal reflective power was
neutralised by placing a 5 mm coverslip (VWR, Germany) on the cornea covered with a
coupling medium solution, Viscotears (Novartis Pharmaceuticals, UK). The fundus was
brought into focus as a reference point. The eye was secured in position by grasping
the conjunctiva using corneal notched forceps (John Weiss & Sons Ltd, UK). Where
stated, a scleral puncture wound was performed at the level of the anterior chamber
using a sterile 8 mm 34-gauge hypodermic needle mounted on a 5 yL Hamilton syringe
(Hamilton, Switzerland). The tip of the needle penetrated the eye tangentially through
the sclera just below the limbus above the edge of peripheral retina. The needle was
guided through the vitreous towards the back of the eye into a position close to the
optic nerve and without touching the lens at any point. 1-2 yL of the vector (1013
particles) was injected per eye. After injection, the needle was kept in place for 15
seconds while the intraocular pressure reduced slightly, before being slowly retracted
from the eye in order to reduce reflux of the injected material. After procedure, animals
were injected intraperitoneally with a reversal and kept on a heat mat until fully
recovered. 1% chloramphenicol (Martindale Pharmaceuticals, UK) ointment was

applied topically on the cornea as post-operative care for the eye.

2.4.2.2 RNAi transfection in vivo

RNAIi sequences (see Section 2.3.4.1) were introduced subretinally at concentrations
of 15 uM per eye. siRNA was mixed with Oligofectamine TR in OptiMEM and incubated
at RT for 15 min to allow siRNA/TR complex formation. Formed complexes were
administrated subretinally in a manner similar to intravitreal injections. Briefly, a
Hamilton needle with bevel uppermost was inserted tangentially into the eye though
the sclera below the equator of the globe into the subretinal space. The material was
slowly injected into the space after which a retinal detachment could be observed. The

needle was carefully withdrawn and any reflux of the material or change in the size of
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the retinal detachment was noted, as described above. After surgery, mice were
recovered as described above. Eyes were harvested after 48 or 72 hrs post-injections
to assess effectiveness of RNAI, as reported previoulsy (Pearson et al., 2010; Yu et al.,
2016).

2.4.2.3 Nrl.GFP** cell transplantation
The transplant procedure is illustrated in the methods schematic presented in Figure
2.3.

The use of the Nr.GFP**mouse as a source of donor cells provided a genetic marker
for the identification of rod photoreceptors (Akimoto et al., 2006). NRL is a rod specific,
basic motif-leucine zipper transcription factor (Landschulz et al., 1988; Swaroop et al.,
1992; Rehemtulla et al., 1996) whose expression is switched on during terminal mitosis
(Akimoto et al., 2006). In the Nr.GFP”* mouse, GFP is expressed under the Nr/
promoter; hence GFP expression is restricted to post-mitotic rod photoreceptor cells
(Akimoto et al.,, 2006). Cells for cell transplantations were prepared as described
previously (Pearson et al., 2012). Cells were dissociated and prepared for FACS in the

+/+

same manner as RIbp.GFP™" cells using papain-based kit (Section 2.2.1). After the
sort, cell viability count was performed using trypan blue (Sigma Aldrich, UK) and a
haemocytometer counting chamber. Dead or dying cells were identified by trypan blue

+/+

labelling and excluded from live cell counts. Nrl. GFP™" cells were made up to a final
concentration of 200,000 live cells/pl in a solution containing DNase (100 U/ml) in
EBSS and kept on ice until used for transplants unless otherwise stated. A total of
200,000 cells was injected into the superior subretinal space per eye in a single

injection (Figure 2.8). Eyes were harvested and analysed three weeks post-injections.
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Figure 2.8 A schematic image of photoreceptor cell transplantation.
A schematic image of a dissection of the Nrl.GFP+/+ donor cells which is followed by a subretinal injecti

within the recipient retina.
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2.4.2.4 Enzymatic treatment for CSPGs degradation

Bacterial Chondrotinase (Sigma Aldrich, UK) was prepared according to
manufacturer’s instructions and was reconstituted in 0.01% bovine serum albumin
(BSA) aqueous solution. Immediately prior to use, subsequent dilutions were made
with buffer (50nM Tris, 0.02% BSA), containing 60 mM sodium acetate to activate the
ChABC. The buffer solution was adjusted to the optimal pH (8.0) for ChABC activity
and was used at a final concentration of 0.025U/uL, containing 0.005% DNAse (Suzuki
et al., 2007; Singhal et al., 2008).

Recombinant Human ADAMTS-4 enzyme (Millipore, UK) was prepared and used
according to manufacturer’s instructions. Enzyme was kept at -80°C until the day of

experiment and used at a final concentration of 100 ng/uL per eye.

Prior the subretinal injections, enzymes were incubated in water bath at 37° C to allow
their activation. Eyes were harvested for immunohistochemistry and Western Blot
analysis after 24 - 48 hrs to assess the effectiveness of the enzymes in digesting CS
sugar chains. EBSS was used as a control solution that followed the same preparation

protocol as the enzymes.

2.5 RNA extraction, reverse transcription and quantitative

polymerase chain reaction

2.5.1 Laser extraction of retinal tissue

To determine levels of CRB1 in a wild-type retina, the tissue was extracted from the
superior and inferior regions using the laser capture technique. Frozen unfixed eyes
were sectioned at 10 ym and 5-6 cryosections were collected on PEN polymer coated
slides (Zeiss, Germany). Slides were fixed for 1 min with 70% ethanol, washed with
distilled water and dipped in 100% ethanol to remove any excess of water. Slides were
viewed on a Palm Zeiss laser microscope (Axiovert 200M, Zeiss, Germany) with
20X/0.4 objective using Palm Robo 3.1 computer software (Palm® Robo Software,
MicroLaser Systems, Germany). Regions of the superior and inferior retina adjacent to
optic nerve were cut with a laser (P.A.L.M MicroLaser Technologies AG, Germany) and
collected in silicone-coated eppendorfs (Adhesive Cap 500, Zeiss, Germany).
Captured tissue (5-6 sections) was homogenized with 300 pyL of RLT buffer before

being processed with RNeasy Micro Kit (Qiagen, UK) to extract RNA.

2.5.2 RNA extraction and quantitative polymerase chain reaction

Real-time quantitative polymerase chain reaction (QRT-PCR) was used to determine

the relative gene expression levels. RNeasy Mini or Micro Kit (Qiagen, UK) was used
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for RNA extraction of cultured cells, FACS sorted cells, laser-captured cells or whole
retinae according to the manufacturer’s instructions. RNA concentration and purity
were measured with a NanoDrop® ND-1000 spectrophotometer (Thermo Fisher
Scientific, USA). RNA was stored at -80°C.

For cDNA generation, the QuantiTect® Reverse or Whole Transcription kit (Qiagen,
UK) was used according to the manufacturer’s instructions. Standard qPCR reaction
consisted of cDNA (50 ng/uL) diluted 1:16, TagMan® Universal PCR Master Mix
(Roche, UK), 2 yM forward primer, 2 uyM reverse primer and 0.2 uyM probe (Universal
Probe Library; Roche, Germany). Primers for the target markers as well as
endogenous reference control (B-actin) were designed and appropriate hydrolysis
probes were chosen via the Universal Probe Library Design Centre (Roche, UK) (Table
2.2). QRT-PCR was run on an ABI Prism 7900HT Fast Real-time Sequence Detection
System (Applied Bioscience, USA). All samples were run in triplicates. The general
conditions used had an initial denaturation at 94°C of 2 min. Reactions followed by 40

cycles of:

(A) Denaturing step at 95°C for 30 sec.

(B) Annealing step at 42°C for 30 sec.

(C) Extension step at 72°C for 1 min.

(D) A final extension of 5 min at 72°C was performed to finish the reaction.

The relative expression between comparable samples in relation to the expression of
the genes was normalised using the following methodology: signal thresholds were first
manually determined and maintained for each individual experimental run on
Sequence Detection Systems software 2.2.2 (Applied Biosystems, USA). They were
chosen such that they laid in the middle of the linear part of log-based fluorescence
amplification curves on fluorescence intensity vs. cycle number plots. To normalise
target against B-actin control expression levels, cycle numbers at threshold (C;) were

used to calculate AC..
(A) AC; = Cq(target) - C,(B-actin)

To normalise sample (e.g. treated) against control levels of target expression (e.g. non-

treated), AAC; was calculated:
(B) AAC, = AC;(sample) - AC;(control)

Finally, to obtain normalised relative target expression levels in ‘% of control levels’, the

following formula was applied:

(C) Normalised expression levels (%) = (24°" x 100
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Forward primer | Reverse primer Probe
Gene Name sequence (5’- | sequence (5’- (Universal
3’) 3’) Probe Library)
_ GTGGTACGACC
Mouse B-actin AAGGCCAACCGT 56
AGAGGCATAC
GAAAAGAT
CCAGAGGCGTA
Human B-actin CCAACCGCGAGA 64
CAGGGATAG
AGATGA
Crb CAACTCAGCCC | AAAACAGCCTT 30
"
ATGTCCTC TGCGATACA
CAGGATTCTCT | CAGGCACTGCT
Crb2 34
GGCCAGTTC ACCTCCAG
Gfap GACAACTTTGCA | ATACGCAGCCAG 19
CAG GACCTC GTT GTTCT
Gs CATCGTGCAGGC | CCCTCACAGGGT 67
TCACTACC CCTATCTG
Rlbp CCCCTCGGATCT | TTTGAACCTGGCT 1
CAAGAAG GGGAAT
Sox9 GTACCCGCATCT | CTCCTCCACGAA 66
GCACAAC GGGTCTCT
5100 ACAACTGGGCC | CCACCAGGACA 17
AGGATCTTC ACAACTGC
Vimentin TGCGCCAGCAGT | GCCTCAGAGAGG 50
ATGAAA TCAGCAA

Table 2.1 Primer sequences.
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2.6 Histology and immunochemistry

2.6.1 Immunochemistry

Immunochemistry was performed on both cryosections and cell cultures. For
immunohistochemistry, mice were killed at various time points and their eyes were
dissected out. A small corneal burn was used to provide a landmark for the superior
retina. Eyes were embedded in optimal cutting temperature (OCT) embedding medium
(TissueTek, Thermo Fisher Scientific, UK) using isopentane and liquid nitrogen. Tissue
was left o/n at -20°C. Serial transverse sections were cut at 18 ym on a Reichert-Jung
2050 microtome and collected onto Superfrost Plus slides (VWR International, UK) and
air-dried for 30 min prior to staining. For immunocytochemistry on 293T and Mdiller glial
cell cultures, the medium was aspirated out of the wells and cells were washed with
phosphate buffer saline (PBS). Sections or cells were post-fixed in 1% (w/v)
paraformaldehyde (PFA) for 5 or 30 min, respectively, and washed with phosphate
buffer saline (PBS). Both slides and cells were blocked for 2 hrs at RT and then
incubated with appropriate primary antibody o/n at 4°C (see Table 2.3 for antibodies
and staining protocols). The following day, retinal sections were washed with PBS (3 x
5 min) and incubated with secondary antibody (mouse or rabbit, 1:500 dilution in
working solution) for 2 hrs at RT. After rinsing with PBS (3 x 5 min), slides were
counterstained with Hoechst 33342 (stock solution 5 mg/mL diluted in 1:1000 with PBS
for working solution) and cover-slipped with mounting medium. Negative controls were

processed as above and in parallel, except that the primary antibody was omitted.
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Primary

Primary o Blocking . Secondary
. Fixation - antibody .
antibody solution dilution antibody
1% PFA for 1% (W/V) Goat- anti-
Polyclonal rabbit | 30 min at RT NGS, 5% rabbit Alexa
anti-Aggrecan Pre-treated (wiv) milk, 1:200 in 488 (Thermo
(Millipore, for 3 hrs with | 0.1% (w/v) BS Fisher Scientific
#AB1031) Triton-X in
ChABC at 1:500 in BS
37°C PBS
0,
1% (wiv) Goat- anti-
Monoclonal NGS, 5%
1% PFA post- mouse Alexa
mouse anti- w/v) milk, 1:200 in
fixtor 30 min | ") 488 (Thermo
CRALBP (Abcam, at RT 0.05% (w/v) BS Fisher Scientific
#ab15051) Triton-X in
PBS 1:500 in BS
Goat- anti-
N 0
no fixation or 5% (w/v) rabbit Alexa
1% PFA post- NGS, 3%
Polyclonal rabbit | P _ ° _ 546 (Thermo
fix for 5 min (w/v) BSA, 1:300 in .
anti-CRB1 (gift _ Fisher
(or 30 min for | 0.05% (w/v) BS ientifi
from J. Wijnholds) _ _ Scientific, #A-
cell cultures) Triton-X in 21085)
at RT PBS
1:500 in BS
1% (Wiv) Goat- anti-
Monoclonal NGS, 5% mouse Alexa
mouse anti-CS56 w/v) milk, 1:200 in
No fixation ( 0) 546 (Thermo
(Sigma Aldrich 0.05% (w/v) BS _ o
Triton-X i Fisher Scientific
#C8035) riton-X in
PBS 1:500 in BS




Primary

Primary o Blocking . Secondary
antibody Fixation solution an.tlb.ody antibody
dilution
Purified mouse 1% (Wiv) Goat- anti-
anti-Glutamine 1% PFA post- NGS, 5% mouse Alexa
Synthetase (BD (w/v) milk, 1:200 in
Y CO 1 o for30 min | oo 488 (Thermo
Transduction 0.05% (wiv) BS . —
at RT Triton-X in Fisher Scientific
Laboratories, S
PB : '
#610517) 1:500 in BS
Goat- anti-
0,
No fixation 1% (whv) rabbit Alexa
NGS, 5%
Polyclonal rabbit | (19 PFA for ’ 488 (Thermo
i-GFAP (Dak (w/v) milk, 1:500 in Fisher
anti- ako, i
30minatRT 1 4 50, (wiv) BS o
#20334) only for cell Scientific,
Triton-X in #R37116)
cultures)
PBS
1:500 in BS
4% PFA for Goat- anti-
0,
Monoclonal 1h 3% (w/v) mouse Alexa
. o ) ,
mouse anti-GFAP Post. NGS, 0.3% 1:200 in 488 (Thermo
(Sigma Aldrich, (w/v) Triton-X BS . C
treatment in _ Fisher Scientific
#G3893) in PBS
30% sucrose 1:500 in BS
M | | 5%, (W/V) Goat- anti-
onoclona
) NGS, 3% mouse Alexa
mouse anti-
(wiv)BSA, | 1:200in 546
Laminin 1 A&B No fix _
0.05% (w/v) BS (Thermo Fisher
chains (Millipore,
Triton-X in Scientific
#MAB1904)
PBS 1:500 in BS
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Primary

Primary o Blocking . Secondary
. Fixation - antibody .
n e
antibody solution dilution antibody
Goat- anti-
5% (w/v) A
o mouse Alexa
Polyclonal rabbit NGS, 3% 633
f-LAR (Sant No fi (w/v) BSA, 1:200 in
anti- anta o fix
0.05% (w/v) BS (Thermo Fisher
Cruz, #SC25434) Triton-X in
Scientific
PBS
1:500 in BS
1% (wiv) Goat- anti-
M
onoclonal 1% PFA post- NGS, 5% mouse Alexa
mouse anti-S-100 (w/v) milk, 1:200 in
fix for 30 min 488 (Thermo
’ at RT Triton-X in Fisher Scientific
#ab7852-500) !
PBS 1:500 in BS
1% (wiv) Goat- anti-
P .
olyclonal rabbit 1% PFA post- NGS, 5% rabbit Alexa
i- / ilk, 1:200 i
anti-SOX9 fix for 30 min (w. \:) mi 00 in 488 (Thermo
(Millipore, 0.05% (w/v) BS _ o
at RT Tri . Fisher Scientific
PBS 1:500 in BS
Monoclonal 5% (wiv) Goat- anti-
mouse anti- no fixation or NGS, 3% mouse Alexa
1% PFA post- w/v) BSA, 1:200 in
Vimentin (Sigma ° P ( 0) 488 (Thermo
fix for 5 min | 0.05% (w/iv) BS . o
Aldrich Tri : Fisher Scientific
at RT riton-X in
#099K4753) PBS 1:500 in BS
Monoclonal 5% (wiv) Goat- anti-
o
chicken anti- 1% PFA for NGS, 3% chicken Alexa
i /v) BSA, 1:200 i
Vimentin 30 min at RT (w/v) BS 00 in 488 (Thermo
o for cell 0.05% (w/v) BS . e
(Millipore, cultures Triton-X in Fisher Scientific
#AB5733) PBS 1:500 in BS
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Primary

Primary o Blocking . Secondary
. Fixation - antibody .
antibody solution dilution antibody
Goat- anti-
Polyclonal rabbit - 5% (whv) rabbit Alexa
o
anti-ZO-1 no fixation or NGS, 3% 546 (Thermo
_ 1% PFA post- | (w/v) BSA, 1:250 in Fisher
(Thermo Fisher fix for 5 min | 0.05% (w/iv) BSA N
Scientific, #40- Triton-X in Scientific, #A-
at RT
2300) PBS 21085)
1:500 in BS

Table 2.2 Immunochemistry staining protocol.
(ChABC, chondrotinase ABC (Sigma Aldrich, UK); NGS, Normal Goat Serum (Abd serotec, UK); BSA,

Bovine Serum Albumin (Sigma Aldrich, UK); PBS - 1X Phosphate Buffer Saline)).
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Figure 2.9 Inmunohistochemistry controls.

A) Negative (no primary antibody) and positive controls for each of the antibodies used in this study.
Scale bar, 25 pm.

103



2.6.2 Preparation of retinal flatmounts

Mice were killed using an approved Schedule 1 method and the eyes enucleated. The
globe of the eye was punctured at the posterior pole using a 25-gauge needle and the
eye was placed in a petri dish containing 4% PFA. The retina was dissected away from
the rest of the globe with an orbital cut just posterior to the limbus. Any non-retinal
tissue that came away attached to the retina was carefully removed. Once dissection
was complete, four radial cuts were made in the 3, 6, 9 and 12 o’clock positions using
a scalpel (No.15 Swann-Morton) to allow the retina to be flattened. Individual retinas
were then fixed for a further 30 min. After fixation, the retina was placed on a
microscope slide to allow its positioning for imaging with the layer of interest positioned
upper most. The retina was then flattened on the slide using a pair of forceps before a
20-50 pL drop of fluorescent mounting medium (DAKO Ltd., Denmark) was placed
upon the sample. A coverslip was then carefully placed upon the tissue and flattened
on to the retina by a combination of capillary action and gentle pressure. The slide was
then incubated left at RT for 30 min to allow the mounting medium to harden. All the

flatmounts were imaged on the day of an experiment (Figure 2.10).
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Figure 2.10 Retinal flatmount.
A) Schematic of the retina that was injected with AAV.shH10.RFP vector processed for a flatmount. B)
Examples of the orthogonal confocal projections that were used for image analysis and 3D reconstruction

of the Miiller glial cells.
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2.7 Microscopy

2.7.1 Confocal Microscopy

Leica TCS confocal microscope with 10x/0.30 and 40x/1.15 oil immersion objectives
was used to capture fluorescence images of the retinal sections. (Leica TCS SPE,
Leica Microsystems, UK). Images of the retinae were captured with Leica DFC360FX
microscope camera and saved on the computer by using LAS AF software (Leica
Microsystems, UK). Single confocal sections or merged projection images of a x-y-z
stack are presented. Confocal stacks were approximately 15 pym thick with a step size
of approximately 1 ym. Hoechst 33342 was excited by the 405 nm laser, Alexa-488
fluorophore using the 488 nm laser and the Alexa-546 fluorophore using the 543 nm.
Images were taken at a resolution of 1024x1024. The images were taken using the
same laser intensity, gain and offset settings wherever possible. For figures, digital
images were adjusted for contrast using Adobe Photoshop CS4. All qualitative

comparisons between conditions/models were made on the raw image files.

2.7.2 Electron Microscopy

Mice were sacrificed and the eyes were fixed in 3% glutaraldehyde/ 1% PFA (w/v)
buffered to pH 7.4 with 0.08 sodium cacodylate HCI and left for one week at 4°C. The
cornea and lens were removed and a nasal stitch was made to orientate the eyecups,
as previously described (West et al., 2008). Following a washing step (2.5%
glutaraldehyde and 0.1M cacodylate buffered to pH 7.4 for 15 min), the eyes were
osmicated for 2.5 hrs in a 1% aqueous solution of osmium tetroxide in the dark,
followed by dehydration steps though ascending ethanol series (50-100%, 10 min per
step with rotation). After three submersions in 1,2-epoxypropane (10 min each), the
samples were left in a 50:50 mixture of 1,2-epoxypropane and araldite resin for a
minimum of 3 hrs at RT with rotation. The submersion solution was changed to fresh
araldite resin and specimens were left o/n with rotation at RT. The following day, the
eyecups were embedded in fresh araldite resin and cured for 48 hrs at 60°C. Semithin
(0.7 ym) and ultrathin (0.07 ym) sections were taken using Leica ultracut S microtome
(Diatome histoknife Jumbo or Diatome Ultrathin, respectively). Semithin sections were
collected on Super Frost slides and stained with 1% toluidine blue and analysed using
a Leitz Diaplan microscope with 100x/1.32 oil objective fitted with a Leica digital
camera DC500 (Leica Microsystems, UK). Images were captured using Q-Capture Pro
5.1 software (Qlmaging Ltd., Canada). Ultrathin sections were collected on the copper
grids and contrast-stained with lead citrate and evaluated using a JEOL1010
Transmission Electron Microscopy (80 kV). Images were taken using a digital camera
and DigitView 1.82.366 software (Gatan Inc., USA).
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2.8 Histology assessment

2.8.1 Degeneration assessments

The outer nuclear layer (ONL) thickness (from outer to inner edge of the ONL) and
ONL density were measured using single section confocal images (Leica TCS SPE,
Leica Microsystems, UK) taken at x80 magnification. Images were acquired from three
standardised regions of the superior retina immediately adjacent to the optic nerve
(here in termed superior-posterior) from at least three independent animals, for each
model per time point. The rate of degeneration was calculated using the ONL thickness
measurements: the total loss of ONL thickness between early and late stage
degeneration was divided by the number of days over which the degeneration had
taken place. In parallel, the number of photoreceptor rows was counted at each
examined stage of disease. ONL density was calculated by counting the number of cell
nuclei and normalised to the area of the ONL, and expressed as the number of nuclei
per 100 um?. Measurements were taken using ImageJ software and analysed in a fully

blinded manner.

2.8.2 Assessment of photoreceptor transplantation

+/+

Recent findings showed that transplantation of door labelled Nrl.GFP™" cells leads to
both ‘true integration’ and so-called material transfer/cytoplasmic fusion (Pearson et al.,
2016; Santos-Ferreira et al., 2016; Singh et al., 2016). At the time when this study was
designed and implemented, cell integration was genuinely thought to be the only
biological mechanism that led to detection of GFP** cells within the host ONL. Due to
the length of each experiment with the viral vectors, it was not possible to repeat the
cell tranplantation experiments. Although, the presented findings do not enable to
distinguish between true integration and material transfer/cytoplasmic fusion, they can
indicate whether knockdown of IF proteins has any impact on the cell transplantation

outcome.

Counts of GFP” cells were taken using a fluorescence microscope (Axio Observer Z.1,
Zeiss, UK) and were performed by Prof. Rachael Pearson according to previously
established protocol (MacLaren et al., 2006; Pearson et al., 2012). The donor labelled
cells were only counted if the whole cell body was correctly located within the recipient
outer ONL, above the outer limiting membrane (OLM). Eyes were fixed in 4% PFA,

+/+

cryopreserved and serially sectioned across three slides. The Nrl.GFP™" cells were
counted in every third section throughout the whole eye and multiplied by three to give
a total number per retina. Eyes were omitted from analysis if there was a clear

evidence of an injection having been inadvertently administrated into the vitreal cavity,
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instead of subretinally, or if there was an absence of the cell mass in the subretinal
space (defined as less than 200 cells in the SRS), which is an indication either of the
reflux at the time of a cell transplant, or of acute inflammatory response (this occurs in
approximately 20% of injections; (see (West et al., 2010)). For the experiments with the
viral vectors additional condition, the transduction efficiency was also taken into
account where eyes with poor transduction were omitted from the study. All counts

were done in a fully blinded manner.

2.9 Western Blot Assessment

Neuronal retinae were dissected from 3-5 mice per time point, snap frozen in liquid
nitrogen and stored in -80°C. Retinal tissue was then lysed in 100 ul of RIPA buffer
(Sigma Aldrich, UK) with 1 pl protease inhibitor (Sigma Aldrich, UK). Cell membranes
were disrupted using a sonicator (Soniprep 150, MSE London, UK). Protein
concentrations were determined with a BCA assay (Bio-Rad, UK). Equal amounts of
protein (20 pg) were resuspended in Laemmli’s loading buffer or non-reducing loading
buffer (see Table 2.2 and 2.3). The samples were then run on a sodium
dodecylsulphate-polyacrymalide gel for 90 min 120 mV. The separated proteins were
electrotransfered to PVDF membranes (Millipore, UK) for 30 min 25 mV using Transfer
System machine (Bio-Rad, UK) and then separated into two blots at 25 kDa.
Membranes were incubated in an appropriate blocking solution for 1 hr at RT and
incubated with primary antibody o/n at 4°C (Table 2.3). The following day the
membranes were washed with PBST (0.05% Tween in PBS) and incubated for 2 hrs
with secondary antibody. Chemiluminescence detection was performed using a Fuijifilm
LAS-1000 Luminescence Image Analyser (Fujifilm Corp., Japan) after incubation with
enhanced luminescence reagent (ECL Plus, GE Healthcare, UK). Band intensities

were quantified using Image J software and normalized to Histone 2B (H2B) levels.
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) Laemmli’s| Blocking Primary Secondary
Antibody ] _ _
Buffer solution antibody antibody
1:10000 in Goat-anti-mouse
Monoclonal mouse conjugated to
0, [¢) R H
anti-Histone-2B . 5% BSA 5% Non-fat milk HRP,
(Cell Signalling Reducing (ThermoFisher
’ 0.05% PBST 1% BSA -
#2934) Scientific, #31430)
0.05% PBST | 4:10000 in BS
Goat anti-rabbit
conjugated to
Polyclonal rabbit HRP,
: , 5% BSA 5% BSA
anti-Neurofilament (ThermoFisher
) ) Reducing
L (Cell Signalling, 0.05% PBST | 0.05% PBST | Scientific, #G-
#2837) 21234)
1:5000 in BS
Goat anti-rabbit
conjugated to
Polyclonal rabbit HRP,
. . 5% BSA
anti-Brain 3B (Brn- .
( Reducing 1.2500inBs | (ThermoFisher
3, Santa-Cruz, #sc- 0.05% PBST Scientific, #G-
6026) 21234)
1:5000 in BS
Goat anti-rabbit
conjugated to
5% Non-fat milk
Polyclonal rabbit HRP,
anti-GFAP (DAKO,| Reducing 1% BSA 1:2500inBs | (ThermoFisher
#20334) Scientific, #G-
0.05% PBST 21234)
1:5000 in BS
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i Laemmli’s| Blocking Primary Secondary
Antibody . . .
Buffer solution antibody antibody
Goat-anti-mouse
Monoclonal mouse 5% Non-fat milk conjugated to
i Vimenti HRP,
anti- Vimentin Reduci 1% BSA 113000 in BS
educin : in .
(Sigma Aldrich, 9 ° (ThermoFisher
Scientific, #31430)
#V5259) 0.05% PBST
1:10000 in BS
Goat-anti-mouse
1:1500 in conjugated to
Monoclonal mouse 10% Non-fat milk HRP,
anti-CS56 (Sigma | Non-reducing 5% Non-fat milk (ThermoFisher
Aldrich, #C8035) 0.05% PBST Scientific, #31430)
0.05% PBST
1:10000 in BS
Goat anti-rabbit
i conjugated to
Non-reducin .
Polyclonal anti- 9| 5% Non-fat milk HRP
A duced (pre-treatment .
recan produce .
.99 o (ISI.”. with ChABC 1% BSA 1-3000 in BS (ThermoFisher
in rabbit (Millipore, I )
8 for 3 hrs at 37 Scientific, #G
#AB1031) o) 0.05% PBST 21234)
1:5000 in BS

Table 2.3 Antibodies and protocols used for Western Blot analysis.
PBST, PBS-Tween-20; HRP, Horseradish peroxide; BS, blocking solution; BSA, Bovine Serum Albumin;
ChABC, Chondroitinase ABC.
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2.10 Image analysis and 3D reconstruction

2.10.1 Assessment and quantification of the adherens junctions

Nature and number of adherens junctions across different degenerative models at
early and late ages were assessed using electronmicrograph images taken at x1000
using ImageJ software. Two grids with two independent regions taken at the optic
nerve area from both middle inferior and superior retina were assessed. All the
measurements were averaged and expressed as a total number of junctions counted

over a distance of 100 pm.

2.10.2 Quantification of the Miiller glia end-feet

Mdller glia end feet were measured using a sub-stack projection that was created in
Image J (from the confocal z-stack of a flatmount; (imagej.nih.gov/ij/), see Figure 2.6
B). The created image was then converted to RGB image and opened in GNU Image
Manipulation Program (GIMP; Open Source; https://www.gimp.org/). Orthogonal views
of the individual sub-stacks were used to track individual cells to their end-foot
processes. Only those endfeet that could be clearly traced down to cell bodies that
occupied an appropriate position in the inner nuclear layer were used for assessment.
Sub-stack xy projections encompassing the first 15-20 ym at the apical margin of the
retina were generated from the flatmount confocal xyz stacks described above. The
resulting image was then opened using GIMP software and converted to grayscale.
Threshold Alpha tool was used to separate signal from background and the same
threshold was applied to all analysed images. Regions of interest (ROI) were selected
using the free selection tool. The perimeter of each individual end-foot process was
manually delineated and the histogram dialogue was used to quantify the total number
of pixels within the selected area. The measured values for the total area were then
converted to um?. All quantifications were performed in a fully blinded manner by an

independent assessor.

2.10.2 3D reconstruction of Muller glial cells

Leica confocal xyz images (in tif format) were directly opened in Amira 5.5.0 (FEl.com).
Data series were filtered using a noise reduction median filter and then individual cells
were semi-automatically segmented using a Wacom drawing tablet. The segmentation
data was smoothed with voxels smaller than or equal to the size value specified being
removed. 3D surfaces were generated and shown using vertex normals. Three to five
cells were reconstructed per file. All data were treated in the same way. An

independent assessor performed all reconstructions in a blinded manner.
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2.11 Statistics

All means are = standard deviation, unless otherwise stated. N corresponds to a
number of eyes examined where appropriate (one eye per animal was used for any
given method of assessment) or independent cell cultures used per study. All
experiments concerning RNAi/viral injections were conducted as paired experiments,
whereby the contralateral eye served as a within- animal control. Pearson’s test was
used to determine normal distribution of data sets. Where appropriate, statistical
significance was assessed using a Student’s t-test with Holm-Sidak corrections or
ANOVA test with Tukey’s correction applied for multiple comparisons, using Graphpad
Prism 5.0 software (Graphpad Inc., USA). P values are presented as *P < 0.05, **P <
0.01, ***P < 0.001 and ****P < 0.0001.
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CHAPTER 3

Characterisation of the retinal
environment in different murine
models of retinopathy
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3.1 Overview

The vast majority of degenerative retinal diseases lead either directly or indirectly to
dysfunction and/or loss of photoreceptor cells. As degeneration progresses the
microenvironment of the retina undergoes a number of significant changes. The loss of
photoreceptors causes the cytoarchitecture of the nuclear layers together with the
outer limiting membrane (OLM), a network of adherens junctions (AJs) formed between
photoreceptors and Mdller glia, to remodel. In addition, Muller glial cells undergo
reactive gliosis, leading to the formation of a glial scar that can envelope the entire
retina at later stages of degeneration (Jones et al., 2003a). This scar can act as a
reservoir for the accumulation of extracellular matrix (ECM) molecules including
chondroitin sulphate proteoglycans (CSPGs), which are known to be inhibitory to
axonal growth and regeneration (Inatani et al., 2001; Jones et al., 2003b; Escher et al.,
2008). Each of these processes is likely to have a significant impact upon the retina, its
health and physiology. Previously, retinal gliosis has been shown to negatively impact
on the efficiency of viral transduction in gene therapy (Griter et al., 2005),
photoreceptor transplantation outcome (reviewed in (Pearson et al., 2014; Hippert et
al., 2016) and the ability of retinal grafts (reviewed in (Zhang et al., 2004)) and
electronic implants (Pardue et al., 2001) to contact the underlying retina. Elsewhere in
the CNS, reactive gliosis has long been considered as the major impediment to axonal
regrowth after an injury (Fawcett and Asher, 1999; Busch and Silver, 2007).
Nonetheless, the formation of a glial barrier around a lesion site is also an advantage,
because it isolates the still intact CNS tissue from secondary lesions. In addition, there
are reports to suggest that in certain conditions reactive astrocytes could even provide
a permissive substrate for neurite extension (reviewed in (Ridet et al., 1997)). For
these reasons, understanding the process of glial scar formation, how this process
differs in different models of degeneration, and finding strategies to circumvent these

barriers, represent major challenges to the advancement of many ocular therapies.

Typically, gliosis in the eye is characterized by a dramatic increase in intermediate
filament (IF) expression and a pronounced activation of Miller cells (Fisher and Lewis,
2003). In addition to the upregulation of the IF proteins, Glial Fibrillary Acidic Protein
(GFAP) and Vimentin, reactive Muller cells may undergo hypertrophy, presenting a
proliferation of fibrous processes and deposition of proteoglycans, particularly CSPGs,
at the outer edge of the retina (Lewis and Fisher, 2003; Jones et al., 2003b; Fisher et
al., 2005; Jones and Marc, 2005; Inman and Horner, 2007). This process of gliosis is
characteristic of many retinal disease models (Ekstrém et al., 1988; Sheedlo et al.,
1995; Fan et al., 1996; Inatani et al., 2001; Escher et al., 2008), although the temporal

relationship between the onset of gliosis and degeneration may vary between disease
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models. Given the apparent complexities of the gliotic process, more precise
dissections of the links between the onset of glial reactivity and progressive

neurodegeneration are needed.

Over the past decade, progress in creating genetically engineered animal models that
more accurately model human retinopathies has allowed scientists to advance our
understanding of the mechanisms underlying disease pathology. As different biological
causes may lead to changes in different physiological pathways, the assessment of the
retinal microenvironment across a number of different murine models of retinal
degeneration is needed. In this chapter, seven clinically relevant mouse models (three
carrying a spontaneous gene mutation and four having been genetically modified) have
been compared against wild-type controls across different time points in a course of

disease progression.
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3.2 Results

3.2.1 Assessment of retinal cytoarchitecture

Each of the studied murine models undergoes a progressive loss of photoreceptors
over time ranging from a normal cell loss due to ageing to near complete reduction of
all the cells in ONL. For the purpose of this thesis, the examined mouse models were
divided into naturally occurring (spontaneous mutations) or genetically modified
mutants (targeted genetic mutations) of inherited retinal degeneration (Table 3.1). The
time points examined were chosen to encompass a range of degeneration stages
within each model. These can be described broadly as early, mid, and late
degeneration. These were further characterised in terms of ONL cell nuclei density,

thickness and number of photoreceptor cell rows.
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Model Early time Mid time Late time

Phenotype . . .
point point point
Spontaneous genetic mutations
Focal retinal degeneration;
Crb17/d8 ‘rosette’ formation; cones 3 weeks 6 weeks 12 weeks

and rods present

Mild retinal degeneration;
Prph2"?"2 9 4 weeks 8 weeks 12 weeks
rods die first

1/ Early onset; severe retinal
Pdeb6b 10 days 3 weeks 6-8 weeks
degeneration; rods die first

Targeted genetic mutations

Moderate retinal
Rho™” degeneration; rods die 4 weeks 6 weeks 10 weeks
first; lack of OS

N Very slow progressive
Prph2*4%%7 ry 9 ) 2 months 4 months 6 months
retinal degeneration

. Cone-like retina; ‘rosette’
NrT ] 3 weeks 6 weeks 12 weeks
formation

R9191- NiT" Cone-like retina 3 weeks 6 weeks 12 weeks
; INTI

Table 3.1 Summary of the different murine models with retinal phenotype and the stages of

retinal degeneration studied.
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3.2.1.1 Rate of photoreceptor degeneration

An indication of the rate of degeneration can be obtained by dividing the overall loss of
ONL thickness by the number of days between early and late stage. In wild-type mice,
ONL thickness is approximately 58 um (x 7.8) at the early stage examined and stays
stable over time (Table 3.2). Of the seven examined retinal phenotypes, the Pde6b™""’
mouse demonstrates the most dramatic phenotype with photoreceptor degeneration
starting as early as postnatal day (P) 10 (Carter-Dawson et al., 1978). Even though
neurogenesis is not fully completed by this time, the number of cells is already reduced
by ~20% in comparison to wild-type (Figure 3.1). By 3 weeks, the thickness of the ONL
is lessened to only 15% of wild-type. At the latest examined stage, only sporadic cone
nuclei are observed indicating that this model experiences an average loss of 3.4 ym
per day from the ONL thickness (Table 3.2). In the Rho” mouse, by 6 weeks of age,
the retina is already reduced to 50% of a wild-type and decreases to 20% by the age of
10 weeks (Figure 3.1) meaning that on average 0.5 ym of the ONL is lost per day
(Table 3.2). The Prph2¥“ model manifests a mild retinal phenotype of retinitis
pigmentosa (RP), with the initial 36% loss in the ONL thickness to ~53% later on
(Figure 3.1) which corresponds to an average loss of 0.44 ym per day (Table 3.2).
Interestingly, two models that exhibit undulations of the ONL, commonly known as
rosettes, the Crb1"%%“ and the Nri” mouse, undergo a relatively small decrease in the
ONL thickness of about 20% and 10% respectively (Figure 3.1) with an average loss
between 0.016 and 0.12 ym per day respectively (Table 3.2). The cone-like retina of
the R91W: Nrl” mutant shows little sign of photoreceptor degeneration with no major
changes in the ONL thickness over time (Figure 3.1). Prph2"**%” mouse manifests a
slow rate of degeneration with an initial reduction in the ONL thickness of ~20-25%,

followed by almost 80% loss at 6 month of age (Figure 3.1).
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Early time

Model point Mid time point | Late time point
Wild-type 58.1+7.8 59.6+2.5 58.2+5.0
Crb 1'% 48.1+14.2 46.93.0 47.916.5

Prph2®"# 52.4+3.5 38.0+4.5 27.6+1.1
Pde6b™""" 43.5+2.7 12.34¢3.5 4.9+1.2
Rho™ 44 5451 30.147.4 11.63.5
Prph2*43%7 46.2+5.0 32.3+1.6 12.5+1.9
NrT" 54.2+5.8 +47.8+8.4 53.3%8.2
R9191; Nr”" 64.5+6.9+ 56.2+2.5 56.7+2.4

Table 3.2 The ONL thickness for each of the examined murine model at early, middle and

late stage of retinal degeneration.

All the measurements are expressed in ym (xSD); n=3 animals examined per time

point.
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Figure 3.1 Rate of photoreceptor degeneration for each of the examined murine model
expressed as a percentage of the wild-type ONL thickness.

Error bars, SD; n=3 animals examined per time point.
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3.2.1.2 Impact of retinal degeneration on ONL cell density

Next, we sought to determine the impact of photoreceptor cell loss on cell density
within the ONL. The comparison of the average cell density within the ONL showed
that each of the examined models, including wild-type, undergoes some nuclei loss
over time (Figure 3.2A). In Prph2®?"* animals, changes in cell density were small and
resembled that observed in the control mice. A marked reduction in nuclei density was
observed in several mutants, including Pde6b™"" and Prph2"***" animals. This was
particularly evident at the latest examined stage. Nrf” and R91W:Nrl” models, which
are notable for their cone-like retinae, exhibited a very similar and statistically
significant reduction in ONL cell density over time for both mid and late stages.
Interestingly, a small initial increase in cell density with degeneration was observed in
Crb1¥% and Rho” mutants, which then followed a predicted decrease. These
differences seen in the cell density may reflect the alterations in cell morphology and
size of the photoreceptor nuclei as the course of a disease progresses. As the
photoreceptors fail to function normally and start to die, their nuclei undergo significant

changes that may lead to their shrinkage or bulging.

In the next instance, changes to the number of photoreceptor rows were assessed. In
the adult wild-type retina there are on average 12.9 (+0.9) cell rows in the ONL, which
then decreases to 11.6 (£0.5) with time (Figure 3.2B). This loss is associated with a
normal ageing process as the oldest animals that we examined were 1 year of age. A
similar decrease was observed in Crb1™ mutants, where the number of
photoreceptor rows dropped from 13 (x0.9) at the early stage to 11.4 (£0.5) at the late
stage. In the Nri” and R91W:Nr” mice there were, on average, 9.4 (+2.1) and 10.8
(20.7) cell rows, respectively; each was further reduced by approximately two rows
over the time frame examined. The animal models that displayed mild and moderate
rate of degeneration, including the Rho™, Prph2?"*and Prph2***" have a decreased
number of cell rows, about 10, compared to wild-type, even at the earliest stages
examined here, which then decrease markedly as photoreceptors die leaving between

2-5 rows by the latest stage examined. The Pde6b™"

mutant, which undergoes a
very rapid cell loss, already shows a noticeable reduction in row numbers (8.6 (+0.7)
cell rows) even at P10. These reduced rapidly, to about 1.6 (x0.5) at 3 weeks of age

and 0.8 (x0.4) at the latest examined age.
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Figure 3.2 Changes in ONL cell density and photoreceptor row numbers at the early (dark
purple), mid (purple) and late (pink) stages of a disease for all examined models.

A) ONL nuclear cell density expressed as a number of nuclei per 100 um, and B) number of
photoreceptor rows counted per each of the examined model per every time point. Statistical significance
was assessed using one-way ANOVA with Tukey’s corrections for multiple comparisons; *P < 0.05, **P <

0.01, **P < 0.001, ****P < 0.0001. Error bars: SEM; n=3 animals examined per time point.
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3.2.2 Development of a glial scar in different models over disease

progression

3.2.2.1 Alterations in IF protein levels

As mentioned before, progressive retinal degeneration is frequently associated with
development of gliosis. Here, immunohistochemistry (IHC) and Western Blot (WB)
analysis were used to perform qualitative and semi-quantitative assessments of
regional changes in the levels of IF proteins GFAP and Vimentin. There are reports
showing that a given disease type may lead to some geographical differences; for
example, the inferior region may manifest a faster rate of photoreceptor degeneration
(LaVail and Battelle, 1975; LaVail et al., 1992; Garcia-Fernandez et al., 1995; LaVail et
al., 1997; Lin et al., 2009). Therefore, in each model, both the superior and inferior
retina were examined at the anterior margin, equatorial region and the posterior retina
immediately adjacent to the optic nerve (positions indicated in schematics on each
figure). Main figures show representative examples of staining at the equatorial region
for each model at early, mid and late-stage degeneration. Full representation of all
regions examined in each of the models is shown in Appendix A-Y. Changes in global

protein levels were assessed with WB of whole neural retina.

A primary objective of studying protein expression is to define the patterns that could
allow the distinction between normal and pathological conditions. In many studies,
especially those involving WB analysis, the protein of interest is usually compared
against the levels of ‘housekeeping’ proteins. However, there is a growing body of
evidence to illustrate the variability in the expression of commonly used internal
standards between different tissues and diseased states (Blanquicett et al., 2002;
Ferguson et al., 2005). For example, in models such as Pde6b™" the death of
photoreceptors occurs very rapidly, which may lead to significant changes in gene
expression, including housekeeping genes; therefore, an appropriate control marker for
WB analysis is needed. To address this issue, three independent markers were
examined to determine which is least affected by retinal degeneration. They were
Histone2-B (H2B) and two markers of the (largely unaffected) ganglion cells,
Neurofilament 68 (NF-68) and Brain-3b (Brn3b). These markers were tested in the
Pde6b™"™" model at different disease stages, as well as in age-matched wild-type
controls. Previous reports showed that despite the axonal arborisation during the
period of rod and cone death, cells within the inner nuclear layer (INL) and ganglion
cell layer (GCL) survive in significant numbers (Griter et al., 2005; Punzo and Cepko,
2007; Mazzoni et al., 2008). Although, no major changes to these cell types were
observed, the levels of Brn3b and NL-68 proteins did vary between different ages even

in wild-type (Figure 3.3). These inconsistencies in the protein expression could be
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explained by the fact that both Brn3b and NL-68 are markedly up-regulated during
axonal growth and stabilisation of the neuronal connections respectively. Moreover,
photoreceptor death causes alterations in the dendritic arbors of the neuronal cells. A
study by Punzo and Cepko (2007) argued that retinal remodelling, especially in the
Pde6b™"™" mutant, may lead to changes in gene expression in all retinal cell types as
the retina tries to adapt to the new environment (Punzo and Cepko, 2007). These
findings could explain the significant variations in Brn3b and NF-68 levels between

different disease stages in the Pde6b™"’

samples (Figure 3.3B). Interestingly, H2B
levels remained broadly constant across all examined time points in both animal

models in comparison to NF-68 and Brn3b (Figure 3.3).
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Figure 3.3 Comparisons of the three protein markers for semi-quantitative WB analysis in

a wild-type and Pde6b'’rd® mutant across four different time points.
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Ai-iii) Protein levels in a wild-type (Ai NL-68, Aii Brn3b and Aiii H2B). Bi-iii) Protein levels in Pde6br"!
retinae (Bi NL-68, Bii Brn3b and Biii H2B). All the samples were normalised to H2B levels at 3 weeks as a
reference point for protein expression. Statistical significance was assessed using one-way ANOVA with
Tukey’s corrections for multiple comparisons. No statistical differences were assessed. Error bars, SEM;

n=3 animals examined per time point.
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C57Bl/6J wild-type mice were used as background-matched (either wholly or partially)
non-degenerating controls. As expected, there was little evidence of GFAP expression
in either the inferior or superior wild-type retina at 6 weeks of age and this did not
change significantly with time (Figure 3.4A i-vi; Appendix A). GFAP™® processes within
the retina were largely restricted to astrocytes at the inner retinal margin, adjacent to
the ganglion cell layer (GCL). Some GFAP™ basal processes of Miller glia were also
observed; these were mostly restricted within the anterior margin of the retina and
there were no appreciable differences between the inferior and superior retina. WB
analysis revealed no significant change in global GFAP across the three ages
examined (Figure 3.4A vii). In contrast, robust levels of Vimentin were observed in both

+ve

the superior and inferior retina (Figure 3.6A i-vi; Appendix B). Vimentin™™ Mdller glial
fibres could be seen extending up into the inner nuclear layer (INL) as far as the outer
plexiform layer (OPL) at all ages examined. Interestingly, this appeared to increase
with age. Similarly, WB analysis also indicated a trend of increasing global levels of

Vimentin over time, although this was not statistically significant (Figure 3.6A vii).

Degeneration occurs in a focal manner in the Crb1®® mouse (Mehalow et al., 2003;
van de Pavert et al., 2004; Barber et al., 2013). Interestingly, the undulations of the
ONL that have been previously reported in the inferior nasal quadrant of the fundus in
these mice were also seen in the superior posterior part of the retina (Appendix D).

+ve

Similar to the wild-type mouse, only very few GFAP™ processes were observed in the
retina at early and mid-stage disease with the majority restricted to the anterior margins
of the retina (Figure 3.4B i, ii, iv, v). However, at the latest stage examined, many more
Mdller glial fibres contained GFAP and GFAP**® filaments extended into the apical
processes within the ONL (Figure 3.4B iii, vi). Such patterns of GFAP localisation were
typical around sites of rosette formation, which were most numerous in the posterior
retina (Appendix D; arrows). These changes were mirrored by a statistically significant
increase in global GFAP (Figure 3.4B vii). In contrast, significant levels of Vimentin
were observed throughout the retina at the earliest stages examined and this was
maintained as degeneration progressed (Figure 3.6B i-vi; Appendix E). A qualitative

17988 retinae

assessment of Vimentin staining indicates that the level was higher in Crb
than in wild-type retinae at all stages examined. Analysis of global Vimentin by WB
also indicated a small increase in protein levels at the latest time point examined,

although this was not statistically significant (Figure 3.6B vii).

When assessing the microenvironment of Prph2™ mice using IHC, we observed
markedly higher levels of GFAP at all-time points examined, compared to wild-type
(Figure 3.4C i-vi; Appendix G). Even at the earliest stage examined (4 weeks), when
the ONL is of similar thickness to wild-type, GFAP™® processes were observed

+ve

extending throughout the retina towards the OPL. By 12 weeks, glial GFAP
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processes expanded throughout the ONL, with many extending beyond the limits of the
ONL and intertwining along the outer edge of the neuroretina. These changes were
confirmed using WB as a significant upregulation of GFAP over time was noted (Figure
3.4C vii). IHC analysis of Vimentin also showed an increase with time (Figure 3.6C i-vi;
Appendix H). A global increase in Vimentin levels was also observed at the later stages
of degeneration, in comparison to levels at the first assessed time point (Figure 3.6C
vii).

In the Pde6b™"“" mouse, IHC indicated a bimodal pattern for GFAP, with levels being
particularly strong at the middle stage, but decreasing thereafter. At the earliest time
point examined, P10, the retina is still undergoing neurogenesis. GFAP staining was
similar to that seen in adult wild-type retinae and was restricted to a few basal
processes only (Figure 3.4D i, iv; Appendix J). However, from as early as P15
(Appendix L) onwards the vast majority of Miller cells contained GFAP and protein
expression extended throughout the thickness of the retina into the apical processes
(Figure 3.4D ii, v). Notably, by very late stage degeneration, when the ONL is reduced
to a single layer of cone photoreceptors (6 weeks), GFAP was much reduced,
particularly around the remaining ONL (Figure 3.4D iii, vi; Appendix J). WB analysis
also revealed a statistically significant upregulation of global GFAP levels between
early and mid-degeneration although the decrease seen by IHC in very late
degeneration was not reflected at the global level (Figure 3.4D vii). Surprisingly, and in
contrast to the other models of degeneration, Vimentin levels appeared to remain fairly
low in the Pde6b™"" mouse throughout degeneration with Vimentin*"® processes
largely being restricted to the inner retina. As degeneration Vimentin™® processes
started to project into the remaining ONL (Figure 3.6D i-vi; Appendix K). A statistically
significant increase in global Vimentin levels was observed between the early and

latest time points examined.
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Figure 3.4 GFAP expression in the animal models carrying a spontaneous mutation.
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Ai-vii) C57BI/6J wild-type; Bi-vii) Crb1r8, Ci-vii) Prph22rd2; Di-vii) Pde6bd! Cryosections were
immunostained for GFAP (green) and counterstained with nuclei marker Hoechst 33342 (blue). Semi-
quantitative assessments of GFAP levels in whole neural retina were determined by Western blot. GFAP
was normalized against H2B. Statistical significance was assessed with a one-way ANOVA test with
Tukey’s correction for multiple comparisons; *P < 0.05, **P < 0.01, and ***P < 0.001. Error bars, SEM; n=3
animals examined per time point.

GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer;

ONL, outer nuclear layer; IS/OS, photoreceptor inner/outer segment region. Scale bar, 25 pym.
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Figure 3.5 GFAP expression in animals carrying a targeted genetic mutation.
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Ai-vii) Rho”; Bi-vii) Prph2+307; Ci-vii) Nrl* Di-vii) R91W;Nrl*. Cryosections were immunostained for
GFAP (green) and counterstained with nuclei marker Hoechst 33342 (blue). Semi-quantitative
assessments of GFAP levels in whole neural retina were determined by Western blot. GFAP was
normalized against H2B. Statistical significance was assessed with a one-way ANOVA test with Tukey’s
correction for multiple comparisons; **P < 0.01, and ***P < 0.001. Error bars, SEM; n= animals examined
per time point.

GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer;

ONL, outer nuclear layer; IS/OS, photoreceptor inner/outer segment region. Scale bar, 25 pym.
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Figure. 3.6 Vimentin expression in the animal models carrying a spontaneous mutation.
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Ai-vii) C57BI/6J wild-type; Bi-vii) Crb18; Ci-vii) Prph2922 Di-vii) Pde6b". Cryosections were
immunostained for Vimentin (green) and counterstained with nuclei marker Hoechst 33342 (blue). Semi-
quantitative assessments of Vimentin levels in whole neural retina were determined by Western blot.
Vimentin was normalized against H2B. Statistical significance was assessed with a one-way ANOVA test
with Tukey's correction for multiple comparisons; *P < 0.05. Error bars, SEM; n= animals examined per
time point.

GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer;

ONL, outer nuclear layer; IS/OS, photoreceptor inner/outer segment region. Scale bar, 25 pym.
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Figure 3.7 Vimentin expression in animals carrying a targeted genetic mutation.
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Ai-vii) Rho”; Bi-vii) Prph2+307; Ci-vii) Nrl* Di-vii) R91W;Nrl*. Cryosections were immunostained for
Vimentin (green) and counterstained with nuclei marker Hoechst 33342 (blue). Semi-quantitative
assessments of Vimentin levels in whole neural retina were determined by Western blot. Vimentin was
normalized against H2B. Statistical significance was assessed with a one-way ANOVA test with Tukey’s
correction for multiple comparisons. Error bars, SEM; n=3 animals examined per time point.

GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer;

ONL, outer nuclear layer; IS/OS, photoreceptor inner/outer segment region. Scale bar, 25 pym.
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Of all the models examined, the Rho” mouse presented the most marked upregulation
of expression of IFs. IHC for GFAP showed a significant increase in protein levels as
degeneration progressed. Even at the earliest stage examined, the vast majority of
Mdller glia contained GFAP throughout both basal and apical processes. Moreover,
GFAP™ apical processes were observed extending to the outer edges of the retina
and there was evidence of hypertrophy, with processes extending along the outer edge
of the retina (Figure 3.5A i). This pattern of GFAP localisation was seen at all stages
Muller glial processes appeared thicker compared to other models, although further
histological analysis would be required to confirm whether this reflects a true
morphological change or simply reflects the high levels of GFAP within any given
process. WB revealed a statistically significant increase in global GFAP levels between
early and late stage disease (Figure 3.5A vii). Vimentin levels also increased with age
and degeneration, although staining of the apical processes was not as strong as that
of GFAP, at least at the earlier time points. As for GFAP, Vimentin™® processes
appeared thicker compared to wild-type (Figure 3.7A i-vi; Appendix O). A trend of
global Vimentin levels increasing with disease progression was noted, although this
was not statistically significant (Figure 3.7A vii).

When assessing the microenvironment of Prph2"%7

mice using IHC, markedly higher
levels of GFAP were noticed at all time points examined, compared to wild-type (Figure
3.5B i-vi). Even at the earliest stage examined (2 months), when the ONL is of similar
thickness to wild-type, GFAP*™® processes were observed extending throughout the
retina to the outer edges of the ONL. Strikingly, however, although there was no
significant decrease in global GFAP levels with degeneration as assessed by WB
(Figure 3.5B vii), IHC revealed that while the basal processes of the Muller glia
continue to stain for GFAP, there was a consistent and marked reduction of GFAP in
the apical processes over time (Figure 3.5B i-vi; Appendix Q). IHC analysis of Vimentin
showed a pattern similar to wild-type with time, although overall levels were
qualitatively higher at all stages examined, particularly in the basal processes (Figure
3.7B i-vi; Appendix R). WB revealed a slight increase in global Vimentin levels at the
latest stages examined compared to early stage of degeneration (Figure 3.5B vii).

The NrI” mutant presented a marked upregulation in IFs from the earliest examined

+tve

time-point with a gradual progression in a thickening of GFAP™" processes over time
(Figure 3.5C i-vi). Even at the earliest stage examined, the vast majority of Muller glia
stained for GFAP with many of them extending throughout the apical surface.
Surprisingly, the GFAP™® glial processes were absent around sites of rosette
formation, which were present in both superior and inferior regions of a retina

(Appendix T; arrows). Upregulation in GFAP was also evident, as assessed by WB
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analysis, with much higher protein levels in comparison to wild-type (Figure 3.5C vii).
No striking differences in Vimentin staining were observed between the examined ages

+ve

(Figure 3.7C i-vi); however a noticeable band of Vimentin™™ processes was noticed at
the outer edge of the photoreceptor layer especially at the the latest examined time
point compared to wild-type or any other examined phenotype (Figure 3.7C v-vi;
Appendix U). A small trend of global Vimentin levels increasing with disease

progression was noted, although this was not statistically significant (Figure 3.7C vii).

The R91W:NrI” mouse is a relatively new genetically engineered murine model
designed for the study of the mechanisms of cone specific degenerations (Samardzija
et al.,, 2014). As there is only one study that used this mutant, a comprehensive
assessment of these animals was carried out as part of this project. The R9TW:Nrl"-
phenotype has a functioning all-cone retina, which manifests with a very slow rate of
degeneration. In comparison to the Nrf” model, it expresses a hypomorphic Rpe65
allele (R91W), which appears to prevent the development of rosettes (Samardzija et
al., 2014). Although the maximum retinal thickness is similar to the wild-type and the
rate of photoreceptor loss is minimal, this model presents with a significant Muller glia
cell reactivity, as shown with GFAP staining (Figure 3.5D; Appendix W). IHC indicated
that GFAP™ processes were seen as early as 3 weeks of age, with a gradual increase
in their number over time. Interestingly, with time more GFAP™® processes extended
towards the ONL (Figure 3.5D iii-vi). Global levels of GFAP also increased over time,
as assessed by WB, although these changes were not statistically significant (Figure
3.6D vii). This is in contrast to previously reported findings, which showed no GFAP™®
glial processes other than those observed in astrocytes at the GCL level (Samardzija et
al., 2014). To examine these apparently contradictory results, a further analysis was
performed using the same IHC protocol, including GFAP antibody, as that reported in
the Samardzija et al. study. In parallel, the antibody was tested with antigen retrieval
pre-treatment, as suggested by the manufacturer (Sigma Aldrich, UK). Using the same
IHC protocol, no GFAP staining was observed at 6 weeks of age in R9TW:Nrl” apart
from a thin layer at the GCL (Figure 3.8A). In comparison, a section from the same
eye, but pre-treated with antigen retrieval, revealed a positive GFAP staining of the
Muller glia processes (Figure 3.8B) similar to those presented in Figure 3.5D. Although
Grimm’s group did report an upregulation in Gfap mRNA levels with progressive
degeneration, which corresponds with our WB analysis, they did not show this data in
the paper (Samardzija et al., 2014). As for Vimentin, a qualitative assessment using
IHC showed no major differences between the R91W:Nr”" mutant and wild-type
controls (Figure 3.7D i-vi; Appendix X). Although, a gradual upregulation in global
protein levels was noticed, no significant differences between the examined ages were

observed (Figure 3.7D vii).
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Figure 3.8 Differences in the GFAP staining in R91W;Nrl”- mutant.

Hoechst

Images of the R91W;Nrt retina (6 week old) stained with GFAP antibody (Sigma Aldrich, UK) A) without
and B) with antigen retrieval treatment. Cryosections were immunostained for GFAP (green) and

counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 um.
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3.2.2.2 Changes in CSPG levels with degeneration

In the CNS, glial cell reactivity is accompanied by changes in the deposition of CSPGs
(reviewed in (Sharma et al., 2012a)). In this study, the CS-56 antibody was used for
both IHC and WB to assess whether there were any global alterations in these proteins
with degeneration. This is a well-characterised antibody, which targets a large panel of
CSPGs (Inatani and Tanihara, 2002; Escher et al., 2008; Bringmann et al., 2009a),
providing an overview of CSPG deposition. In wild-type retinae, CSPGs were sparsely
distributed throughout the photoreceptor inner/outer segment (IS/OS) region and inner
plexiform layer (IPL), with much higher levels, exhibited as dense staining, in the OPL
and in the GCL at all-time points examined (Figure 3.9A i-vi; Appendix C). No
consistent differences were observed in the pattern of CSPG level between the
superior and inferior retina. A gradual increase in CS-56 staining was observed with
age and was particularly noticeable within the IS/OS region. This was mirrored by a
statistically significant increase in global CSPG levels with age, as assessed by WB
(Figure 3.9A vii).

A qualitative assessment of IHC in the Crb1“®® mouse indicated that CSPG
deposition, as assessed by CS-56 staining, appeared to be reduced compared to that
seen in the wild-type retina. Protein was most noticeable at the outer edge of the ONL
in the IS/OS region (Figure 3.9B i-vi), and around sites of presumptive rosette
formation (see posterior retina in Appendix F; arrows). Notably, and in contrast to the
wild-type retina, staining for CSPG in the GCL was largely restricted to the posterior
retina with very little labelling in equatorial and anterior regions of the retina (Appendix
F). There were no noticeable differences in the CSPG levels between superior and
inferior regions of the retina. WB analysis revealed a trend for increasing global CSPG
with age, which correlates with the increase in GFAP and Vimentin (Figure 3.4B and

Figure 3.6B), although this was not statistically significant.

In Prph2?? mutants, CS-56 staining was evident in the 1S/OS region and the GCL
(Figure 3.9C i-vi, Appendix I), although appeared more intense in the IS/OS region.
Staining presented as a thin band abutting the ONL indicating a more dense deposition
of CSPGs, compared to wild-type, at 3 weeks, the earliest examined time point (Figure
3.9C i-ii). As degeneration progressed, the intensity and size of the CS-56 band at the
IS/OS region gradually decreased. These reductions were also reflected in the global
levels of CSPGs, as examined by WB, with a marked reduction by 12 weeks (Figure
3.9C vii).

In the Pde6b™"" mice at P10, a thin band of CSPGs was observed at the outer margin
of the ONL with some sating at the GCL level (Figure 3.9D i, iv; Appendix M). By mid-

stage degeneration, CSPGs were seen throughout the remaining ONL, extending into
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the OPL and IPL, before decreasing at very late stages of degeneration (Figure 3.9D ii,
iii, v, vi; Appendix M). Notably, CSPG deposition was also significantly reduced in the
inner retina, with little CS-56 staining in the astrocyte layer. These changes were

mirrored by a significant reduction in global CSPG levels over time (Figure 3.9D vii).
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Ai-vii) C57BI/6J wild-type; Bi-vii) Crb1r8, Ci-vii) Prph22rd2; Di-vii) Pde6bd! Cryosections were
immunostained for CS-56 (red) and counterstained with nuclei marker Hoechst 33342 (blue). Semi-
quantitative assessments of CSPGs levels in whole neural retina were determined by Western blot.
CSPGs were normalized against H2B. Statistical significance was assessed with a one-way ANOVA test
with Tukey’s correction for multiple comparisons; *P < 0.05. Error bars, SEM; n=3 animals examined per
time point.

GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer;

ONL, outer nuclear layer; IS/OS, photoreceptor inner/outer segment region. Scale bar, 25 pym.
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When assessing the microenvironment of Rho” mice by IHC, we found that the
distribution of CSPGs was largely restricted to the IS/OS, IPL, OPL and GCL at all-time
points examined (Figure 3.10A i-vi). However, staining was particularly noticeable in
the 1S/OS region and even extended into the ONL in the later time points (Figure 3.10A
v-vi; Appendix P). Surprisingly, and in contrast to the other models examined, CSPG
levels appeared to be reduced in the inferior part of the retina in the late time point,
particularly around the equatorial region (Figure 3.10A vi; Appendix P), which could
suggest that the inferior retina degenerates faster than the superior. Interestingly, for
each stage studied, CSPG staining seemed stronger in the GCL, compared to the
same region in the wild-type. WB analysis revealed a significant increase in global

CSPG levels between early and mid/late degeneration (Figure 3.10A vii).

In Prph2"*%%" mice, the overall distribution of CSPGs was broadly similar to that seen
for wild-type mice and this did not change significantly with degeneration. CS-56
staining was evident in the IS/OS region, the OPL, the IPL and the GCL (Figure 3.10B
i-vi) although appeared to be more intense in the IS/OS region, compared to wild-type,
and formed a thin band abutting the ONL, indicating a denser deposition of CSPGs.
Interestingly, qualitative assessments of IHC indicated some regional differences
between the superior and the inferior retina (Appendix S); CSPG levels appeared to be
higher within the inferior, compared to the superior retina. When examining global
amounts of CSPGs by WB, the Prph2"”** animals showed a significant increase in
CSPG levels with disease progression between early and late time-points (Figure
3.10B vii).

Although Nrf” mutant retinae showed high levels of glial reactivity, as indicated by a
significant upregulation in GFAP, the levels of CSPGs stayed relatively low at all
examined time points (Figure 3.10C i-vi; Appendix V). CS-56 staining was only
observed within the 1S/OS region and within presumptive rosettes, as also seen in the
Crb1®® animals. No noticeable differences between any of the analysed retinal
regions were observed. Further, WB analysis showed no changes in global levels of
CSPGs over time (Figure 3.10C vii).

As shown in Figure 3.5D, Miiller glia become reactive in the R91W:NrI” model as early
as 3 weeks of age, which might suggest that the levels of CSPGs may be also altered.
IHC analysis with CS-56 antibody showed that these proteins were restricted to the
IS/OS region (Figure 3.10D i-vi; Appendix Y). Further WB assessment revealed no
significant changes at the global protein levels with disease progression (Figure 3.10C
vii) indicating that levels of CSPGs do not change over a course of retinal degeneration

in this model.
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Figure 3.10 CSPG deposition in the genetically engineered mutant mice.
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Ai-vii) Rho”; Bi-vii) Prph2*/2307; Ci-vii) Nrl Di-vii) R91W;Nrt". Cryosections were immunostained for CS-
56 (red) and counterstained with nuclei marker Hoechst 33342 (blue). Semi-quantitative assessments of
CSPGs levels in whole neural retina were determined by Western blot. CSPGs were normalised against
H2B. Statistical significance was assessed with a one-way ANOVA test with Tukey’s correction for multiple
comparisons; *P < 0.05. Error bars, SEM; n=3 independent eyes examined.

GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer;

ONL, outer nuclear layer; IS/OS, photoreceptor inner/outer segment region. Scale bar, 25 pym.
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3.3 Discussion

The degenerating retina represents a complex environment, which undergoes constant
changes over the course of disease. While variations in the timing and magnitude of
response have been reported by various studies looking at different initiating insults,
there have been no within-study comparative assessments of gliosis across time in
multiple models of retinal degeneration. The results presented in this chapter show that
each of the seven examined mouse models of inherited retinal degeneration manifests
a unique pattern of alteration to the retinal microenvironment. Moreover, they show that
the nature of the Muller glial response and its magnitude are not correlated with
disease severity. These observations emphasise that the aetiology of a given retinal
degenerative disease, including age, retinal cytoarchitecture and disease stage, is
likely to represent an important factor that must be considered when developing any

clinical intervention.

Gliosis in the retina can be induced by retinal degeneration (Kinouchi et al., 2003;
Zhang et al., 2003b), mechanical insult (Lewis et al., 2010), inflammation (Dinet et al.,
2012) and/or ageing (Kim et al., 2004). Reactive gliosis encompasses a wide range of
molecular, biochemical, and morphologic events and is easily demonstrated by IHC
due to the overproduction of the IF proteins, GFAP and Vimentin, and hypertrophy of
the terminal processes of Miuiller glial cells. Despite numerous studies, to date there is
no clear answer for the function and purpose of the glial scarring. Previous reports
have shown that gliosis has both protective and detrimental effects, potentially
determined by whether it is initiated by an acute insult or by a prolonged chronic
condition ((Sofroniew, 2005), reviewed in (Ridet et al., 1997)).

Initially, upregulation of IFs is thought to stabilise the processes of Miller glia, which
attempt to undergo hypertrophy in order to limit the extent of a lesion (Lundkvist et al.,
2004). As the retina starts to remodel, these glial cells help to maintain the integrity of
the tissue and provide a protection from a further mechanical damage (Verardo et al.,
2008). On the other hand, chronic reactivity of the glial cells may interfere with
neuronal survival and regeneration. Following extensive loss of the photoreceptors
within the ONL, the hypertrophied side branches of Miiller cells may grow into the OPL
in an attempt to protect the inner retina from further degeneration. However, this action
may also limit synaptic remodelling by the remaining neurons (Coulombe and Wong,
2004; Vazquez-Chona et al., 2011). On the other hand, glial scarring has been linked
to severity of the retinal detachment and the loss of photoreceptor OS (Linberg et al.,
2002).

As anticipated, in this study we found that the levels of GFAP and Vimentin typically

increased with disease progression (and age) in the majority of examined models,
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including wild-type animals. This upregulation was particularly striking in the Rho™ and
Prph2?2 models of RP, where GFAP*® Miiller glial fibres extended beyond the ONL
and along the outer margins of the retina, similar to the glial scars formed in the brain
(Myer et al., 2006). The two mutants, Nri” and Crb1®® which suffer from rosette
formation in the ONL, exhibited high levels of IFs around these presumptive rosettes,
which could be linked to the changes associated with retinal structural remodelling.
Interestingly, in the cone-only retina of R91W:Nr” mice, a marked upregulation of
GFAP and Vimentin was also observed despite the fact that this model is
comparatively normal, lacks rosette formation and does not undergo significant
photoreceptor degeneration over time (Samardzija et al., 2014). More surprising,
however, was the observation that the levels of both GFAP and Vimentin, although
increasing initially, undergo a regional decrease in the outer retina in both Prph2*4%7
and Pde6b™" animals at the later stages of degeneration. This is striking, when one
considers that these models represent very different rates of degeneration (slow and
fast, respectively). Conversely, the same phenomenon was not seen in the Rho” or

Prph2¥®2 models that fall in between these two in terms of degeneration rate.

Cepko and colleagues performed a microarray data analysis on single Miller cells
isolated from Rho” and Pde6b™"" neural retinae where they examined expression of
Gfap (Roesch et al., 2012). In the Rho”” mutant, at 8 weeks of age, which corresponds
with a peak of rod degeneration, four out of five examined Muller cells were positive for
GFAP expression. However, at the peak of cone death at 22 weeks, only one cell
showed significant levels of GFAP. In contrast, our study reported that in 22 weeks old
mice, immunostaining for GFAP was still robust, with no evidence of a decrease

bfd1/l’d1 mOde|,

(Hippert et al., 2015). Similarly, when Roesch et al. looked at the Pde6
they found a robust expression of Gfap in four of five of the Pde6b™"" Miiller cells at
early postnatal age (P12). In this study, litle GFAP at the slightly earlier time point of
P10 was found, but robust levels by P15 were observed (Appendix L). However, at 5
weeks, Cepko and colleagues reported a significant expression of Gfap in five out of
five cells (Roesch et al., 2008). This is in contrast to the findings here and those of
Strettoi et al. where a reduction in GFAP protein was reported (Strettoi et al., 2002).
The apparent discrepancies almost certainly lie in the different techniques used. In the
Roesch et al. study, they used a powerful, single cell profiling approach, which reflects
RNA levels at a given point in time while most studies, including this one, examined
GFAP protein, which may undergo changes on a different timescale. In addition, there
are many studies, which report a significant heterogeneity among Mdiller cells in levels
of different proteins that could provide a valid explanation for the discrepancies found
between this, and Roesch et al. study. Since cell death in the RP retina typically

spreads from the centre to the periphery of the mouse retina, cells originating from the
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centre can differ significantly from those at the periphery. The data in the study by
Cepko and colleagues come from only a very small number of cells (5 in each
condition) and thus may not reflect the overall changes occurring in the diseased retina

as a tissue.

Another reported feature of reactive gliosis associated with disease and injury is an
increase in a deposition of CSPGs. CSPGs belong to a large family of glycoproteins
that are found both on the cell surface and in the extracellular space and are the major
proteoglycans found in the retina. They consist of a core protein covalently attached to
long carbohydrate chains known as glycosaminoglycans (GAGs). These GAG chains
can vary markedly in length, number and sulphation pattern, which in turn influences
the unique functions of different proteoglycans within and between classes (Properzi et
al., 2003; Wang et al., 2008). By interacting with other components of the ECM,
proteoglycans play an important role in many biological processes, including cell
development, migration and regulation of synaptic plasticity (Fawcett and Asher, 1999).
In the spinal cord and brain, CSPGs are upregulated by reactive astrocytes in
response to injury and disease and participate in the inhibition of axon regeneration,
mainly through their GAG side chains ((McKeon et al.,, 1991; Crespo et al., 2007),
reviewed in (Busch and Silver, 2007)). However, our understanding of CSPG
biosynthesis and the role of these molecules in retinal degeneration is very limited.
Here, CSPGs were found in several regions of the healthy neural retina including the
GCL, IPL, OPL, and the IS/OS region. Taylor et al. reported alterations in the
biosynthesis and turnover of proteoglycans with age (Taylor, 2006), which is supported
by the observations from this study of an increase in CS-56 staining in aged (1 year),
compared to young (6 weeks), wild-type mice. Importantly, others have linked age-
related changes in the glycomatrix to the development of AMD pathogenesis (Clark,
2006; Day et al., 2011). Here, we report that in the degenerating retina CSPG levels
usually, but not always, followed the trends in IF expression, becoming highly
expressed in the Rho” model, but decreasing in the Prphr2®?® and Pde6b™" !
mutants. Interestingly, in models such as Nrf”, the expression of CSPGs was relatively
low despite major alterations to retinal architecture and high levels of GFAP and

Vimentin.

Having identified marked, but contrasting, changes in the expression of CSPGs as
assessed with the broad-spectrum CSPG marker, CS-56, further work is required to
examine changes in specific CSPGs within the diseased retina. While a number of
different proteoglycans have been identified, only a few have been studied in any detail
in the eye. One that has received attention is Neurocan (Ncan). Ncan gene expression
is increased in retinae injured by transient ischemia, Rho” and Pde6b™""" mutants, and

the Royal College of Surgeons (RCS) rat model of inherited retinal degeneration
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(Inatani et al., 2001; Zhang et al., 2003b; Singhal et al., 2008). Interestingly, it has also
been shown that Neurocan inhibits the outgrowth of RGCs in vitro (Inatani et al., 2001).
This inhibition persists even after removal of chondroitin sulphate sugar chains from
the core protein, suggesting that the Neurocan core protein itself is inhibitory. Similarly,
Acan, one of the major CSPGs expressed in nervous tissue (Oakley and Tosney,
1991; Schwartz et al., 1996), is expressed in the optic nerve and the inner retinal layers
from embryonic day 16 (rat) and 18 (mouse) (Popp et al., 2004; Ali et al., 2011). In
development, Aggrecan is produced by glial precursor cells and plays a significant role
in neurite outgrowth (Domowicz et al., 2008; Afshari et al., 2010a) and astrocyte
differentiation (Smith and Strunz, 2005), amongst other roles. IHC analysis of the adult
wild-type retina showed Aggrecan in the GCL, INL, ONL and weak staining in the
plexiform layers, which is similar to what has been shown in human retina (Keenan et
al., 2012). Several groups have also identified glial scarring, and, more specifically the
accumulation of CSPGs, as a potential factor involved in transplantation success both
in the retina and the CNS (Moon et al., 2001; Bradbury et al., 2002; Kim et al., 2006;
Suzuki et al., 2007; Bull et al., 2008; Bradbury and Carter, 2011). Findings from many
studies corroborate the findings presented by other groups where the number of
GFP"** cells was increased following enzymatic degradation of subretinal CSPGs using
chondrotinase ABC (ChABC) (Suzuki et al., 2007; Bull et al., 2008; Singhal et al.,
2008). The role of CSPGs in axon regeneration inhibition is well documented (Dou and
Levine, 1994; Friedlander et al., 1994; Emerling and Lander, 1996; Mitashov, 2001;
Bradbury et al., 2002; Jones et al., 2002; Kim et al., 2006; Bradbury and Carter, 2011),
however, there are several subtypes of CSPG, including Neurocan and Versican, and
ChABC has a different enzymatic affinity for each subtype. The exact expression
profile in each model maybe different and further profiling may facilitate a more
targeted enzymatic approach to degrade these specific subtypes and produce a
greater improvement in transplanted cell integration. Indeed, a variety of different
CSPGs, including Neurocan, Versican, Aggrecan, Phosphacan and NG2, are
upregulated in the brain at varying rate after injury (Dou and Levine, 1994; Lemons et
al., 1999; Asher et al., 2000) and this is likely to be the case in the retina. Furthermore,
degradation of extracellular matrix proteins via induction of matrix metalloproteinase-2
(MMP-2) has been shown to increase neurite outgrowth in retinal explants (Suzuki et
al., 2006) and in vivo in the PDE6b™"™ mouse (Zhang et al., 2007). Further, when co-
injected with RPCs, polymer scaffolds that deliver MMP2 were shown to degrade the
ECM proteins, CD44 and Neurocan, in the degenerating retina and enhance donor cell

integration (Tucker et al., 2008).

Gliosis has also been reported to have a detrimental effect on the application of viral

vectors. Lentiviral vector is known to have better transduction efficiency in newborn
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photoreceptors and immature retinae than in adult mice after either intravitreal or
subretinal injection (Miyoshi et al., 1997; Takahashi et al., 1999; Kostic et al., 2003).
Arsenijevic and colleagues hypothesised that this might be because in adult mice the
CSPG-rich interphotoreceptor matrix acts as a physical barrier (Griter et al., 2005). By
applying CSPG-digesting enzymes to the subretinal space in conjunction with lentiviral
vector delivery, they obtained an improvement of viral diffusion and transduction of
photoreceptors. It is interesting to note, however, that the transduction efficiency of
lentivirus is still markedly lower than that achieved by adeno-associated virus (AAV)
vectors without any treatment. One of the major differences between these two vectors
is their viral particle size, ~20 nm for AAV vectors compare to ~80-100 nm for the
lentiviral vector. The smaller particle size may facilitate the diffusion of the AAV vector
through barriers, such as the OLM, and so enhance its access to the photoreceptor

layer.

This study shows that gliosis, as assessed by IF expression, and the associated
changes in CSPG deposition do not change in an equivalent manner between different
degenerations and, importantly, are unrelated to disease severity. Here we examine
only inherited causes of retinal degeneration and further studies are required to directly
compare these with age-related pathology and injury-induced changes. It is also
important to remember that the changes in GFAP, Vimentin and CSPGs deposition
represent just a few changes in what is an incredibly complex event. Nonetheless, the
presented findings underlie the need to study these processes and how they differ in
various disease models. Such knowledge will be crucial to designing therapeutic
strategies that will be required to circumvent these obstacles in the diseased retina by

either preventing the formation of the glial scar or breaking aspects of the scar down.
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Chapter 4

Modulation of intermediate filament
proteins in a murine model of
retinitis pigmentosa
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4.1 Overview

Muller glia are very sensitive to any type of environmental change and can therefore
serve as an early indicator of the retinal stress. In response to virtually any pathological
condition, these cells undergo gliosis, a cellular hypertrophy that includes (but is not
limited to) an elevation in expression of the intermediate filament (IF) proteins glial
fibrillary acidic protein (GFAP) and Vimentin. Following their activation, reactive Muller
glia undergo changes in their biomechanical properties, enlarging their cell bodies and
becoming stiffer, especially in the inner stem processes and the apical terminal region,
due to an increase in the density of IFs (Lu et al., 2011). The upregulation of IFs in
Mdller glia is also associated with hypertrophy of the glial processes, which contributes
to the formation of a glial scar at the outer edge of the neuroretina (Fisher and Lewis,
2003), similar to that observed elsewhere in the CNS (Eng and Ghirnikar, 1994). This
subretinal scar formed at the outer surface of the photoreceptors may impede tissue
regeneration, including the outgrowth of photoreceptor outer segments (OS) following
retinal detachment (Fisher and Lewis, 2003), or interactions between grafted tissues or
cells and the underlying recipient retina (Zhang et al., 2003a). Modulating these
changes in reactive Miller glia may therefore be important for the development of new

therapeutical strategies.

Despite numerous studies, to date the purpose of IF upregulation in the process of
gliosis remains a matter of considerable debate. Researchers propose that it can have
both protective and detrimental effects, depending upon whether there is an acute
insult or prolonged chronic condition (reviewed in (Ridet et al., 1997; Sofroniew, 2005)).
In particular, the role of GFAP in the retina has been the subject of many apparently
contradictory findings. In the degenerative retina, it has been suggested that the
increased production of GFAP and Vimentin helps Miller glia stabilise the retinal
architecture, which necessarily undergoes cellular remodelling after pathological insult
(Fisher and Lewis, 2003). Moreover, it has been proposed that the hypertrophied apical
terminals help to seal the neuroretina, by building a glial barrier at the outer edge of the
ONL, to prevent neurovascularisation and any potential increase in monocyte

infiltration (Nakazawa et al., 2007).

Alterations in glial reactivity have been suggested to present challenges for therapeutic
interventions, such as gene therapy (Calame et al., 2011) or cell transplantation
(Barber et al., 2013). One prominent study used the Gfap”/Vim” double knockout
mouse and reported significantly improved integration of early postnatal retinal cells
compared to wild-type control recipients (Kinouchi et al., 2003). However, the Gfap™
/Vim” model does not degenerate and it may not, therefore, accurately reflect the role

of these two IF proteins in the diseased environment. Indeed, GFAP positive glial cells
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have been proposed to provide a permissive substrate for retinal axonal regrowth and
neural stem cells transplanted into the mechanically injured retina preferentially
integrated in regions that coincided with increased Gfap expression (Nishida et al.,
2000). Here, we sought to examine the role of IF proteins in a model of chronic retinal
degeneration and the effect of suppressing their expression on photoreceptor cell

transplantation outcome.
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4.2 Results

In this study shRNA-containing AAVShH10-Y445F viral vectors (Klimczak et al., 2009)
were developed to selectively knockdown the expression of Gfap and Vimentin and
applied to the degenerating murine retina. The initial design and characterisation of the
vectors to knockdown GFAP and Vimentin proteins was performed by Dr Claire Hippert
(Hippert, Graca et al., in review) and only the most pertinent data is presented here.
The three most effective plasmids (pshGfap2, pshVim4 and plh) of those designed
were used to generate AAVShH10-Y445F viral particles that were titre matched before
use. Each shRNA plasmid construct also contained an RFP reporter gene under the
control of a CMV promoter. This reporter allowed viral transduction efficiency to be
quickly and easily assessed. Herein, these will be referred to as AAV.shGfap,
AAV.shVim and AAV.Lh, respectively. AAV.shCon vector was used as a control for

transduction efficiency.

4.2.1 Miiller glia primary culture to study the RNAi vectors

To assess whether knockdown of GFAP or Vimentin has any effect upon the
development of gliosis, the effectiveness of the designed vectors was first tested in
vitro by transducing primary Miiller glia cultures. A full description of the methods
employed to establish purified Muller glial cultures is provided in Chapter 2, Section
2.2. Briefly, retinae of RIbp1.GFP™* mice, in which GFP expression is restricted to
Mdller glia by the RIbp1 promoter (Vazquez-Chona et al., 2009), were dissociated
enzymatically using a papain-based kit, then FACS sorted and left in culture for 2
weeks before being used in the study. As this cell system was a relatively new method
within our lab, a full characterisation of the cultured Mdaller glia using
immunocytochemistry (ICC) and quantitative RT-PCR analysis was performed to
confirm their glial identity (Figure 4.1). Five glial markers were chosen including
CRALBP (RLBP1), Vimentin, GFAP, SOX9 and Glutamine Synthetase (GS).

ICC analysis confirmed that all the markers detailed above were expressed in the
cultured cells (Figure 4.1A), and this was confirmed with QRT-PCR (Figure 4.1 B).
Surprisingly, the GFP fluorescence that was used for FACS purification (Figure 4.2B ii)
was not retained by these cells in vitro (Figure 4.2B iii-vii), despite CRALBP being
detectable both by ICC (Figure 4.1A i) and QRT-PCR (Figure 4.1B).

In this study, GFAP staining of the glial cells was found to be quite variable between
individual cells, even within the same well (Figure 4.1A v and Figure 4.3B i) similar to
that reported by Abrahan et al. (Abrahan et al., 2009). In contrast, Vimentin was highly,
and quite uniformly, expressed by cells in the same culture, as confirmed by ICC

(Figure 4.1A iv). QRT-PCR confirmed a robust expression in all wells examined
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(Figure 4.1B). Having shown the expression of Gfap and Vimentin mRNA in cultured
Muller glia, we then used this system to examine the effectiveness of the designed

vectors in reducing the levels of both IFs within this cell type.
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Figure 4.1 Typical glial markers are expressed by primary Muller glial cells in culture.

Ai-v) Muller glia showed a positive staining for Ai) CRALBP; Aii) GS; Aiii) SOX9; Aiv) Vimentin and Av)
GFAP (white). Images of the negative controls with no primary antibodies added (I"”-v"”). Cells were
counter-stained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 pm. B) QRT-PCR analysis
confirmed the RNA expression of all the examined glial markers. Error bars: SD, n=3 independent cultures

examined.
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4.2.2 Endogenous Gfap and Vimentin are effectively knockdown with
AAV.shGfap and AAV.shVim vectors in Miiller glia cells in vitro

As shown in Section 4.2.1, Miller glia express Vimentin and Gfap, among other glial
markers, in vitro. Having established that AAV.shGfap, AAV.shVim and AAV.lh are
able to silence exogenous expression of Gfap and Vimentin in HEK-273T cells in vitro
(see Appendix Z; Hippert, Graca et al., in review), in the next instance the efficiency of
the designed plasmids was tested in cultured Muller glia. After 2 weeks in culture,
Muller glial cells were transduced with each of the four vectors (AAV.shGfap,
AAV.shVim, AAV.Ih and AAV.shCon) and assessed against non-transduced control
cultures (Figure 4.2B ii) after 1 week post-transduction. RFP expression was used as a
read-out for viral transduction efficiency and assessed by fluorescence microscopy
(Figure 4.2A i-v) and FACS analysis (Figure 4.2B i-vii). Each of the four used vectors
robustly transduced Mdller glia in vitro and the RFP signal was detectable as early as 2
days after infection with the virus (Figure 4.2A i). FACS analysis showed that after 1
week post-transduction more than 95% of cells subject to AAV.shCon (Figure 4.2A ii, B
iv), AAV.shGfap (Figure 4.2A iv, B v) and AAV.shVim (Figure 4.2A iii, B vi), treatment,
and 75% of cells transduced with AAV.lh (Figure 4.2A v, B vii) expressed RFP in vitro.
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Figure 4.2 AAVShH10-Y445F vectors successfully transduce Miiller cells in vitro.

Ai-v) After 2 weeks in culture, Miller cells were treated with AAV.SHh10 RNAi vectors. Ai) Robust
expression of RFP (red) was seen within 2 days after treatment with AAV.shCon and Aii) almost all cells
expressed RFP by 1 week post-transduction. Cells transduced with Aiii) AAV.shVim; Aiv) AAV.shGfap or
Av) AAV.Ih. Cells were counterstained with nuclei marker Hoechst 33342 (blue). Scale bar: 25 pm. Bi-vii)
AAV-RNAI vectors rapidly and robustly transduced Miller glial cells in vitro. Representative FACs plots
taken at 1 week post-transduction of Mller glial primary cultures showing Bi) viable cells only; Bii) the
GFP (y axis) and RFP (x axis) expression in non-transduced cells; the GFP (y axis) and RFP (x axis)
expression in Miller cells transduced with Biii) AAV.CBA.RFP; Biv) AAV.shCon; Bv) AAV.shGfap; Bvi)
AAV.shVim or Bvii) AAV.Ih. More than 97% of Miiller glial cells expressed the RFP reporter following

159



transduction with AAV.shCon, AAV.shGfap, or AAV.shVim and more than 78% did so following
transduction with AAV.CBA.RFP or AAV.Ih.
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Next, ICC and QRT-PCR were used to assess the efficiency with which these vectors
knockdown endogenous GFAP and Vimentin in cultured Mdaller glia. As mentioned
previously (Section 5.2.1), the endogenous levels of GFAP protein are not uniform
between Mdller glia as observed in non-transduced Mdller glia cultures (Figure 4.3A i).
A similar pattern was observed in the wells transduced with AAV.shCon, where GFAP
was expressed to varying extents, both in transduced (RFP™°) cells and non-
transduced (RFP™) cells in the same well (Figure 4.3A ii). In contrast, GFAP
expression was much lower in wells subject to AAV.shGfap treatment and was
restricted to non-transduced, RFP™ cells (Figure 4.3A iii). GFAP staining was also

+ve

much lower in the RFP™™ cells in cultures transduced with AAV.Ih (Figure 4.3A iv).
Further, QRT-PCR analysis showed that Gfap RNA levels were significantly reduced,
both by AAV.shGfap and by AAV.lh, to 2.4% +1.9 and 13.6% £5.4 of the AAV.shCon
levels, respectively (Figure 4.3B).

In Section 4.2.1, it was shown that Vimentin is highly expressed in the vast majority of

+ve

Mdller glia in vitro. This expression was visibly reduced in the RFP™™ cells transduced
with AAV.shVim (Figure 4.3C iii), in comparison to RFP**® cells treated with the control
vector (Figure 4.3C ii) and non-transduced controls (Figure 4.3C i). Reduction in
Vimentin staining was also noted in AAV.lIh transduced cells, although some of the
RFP™® cells retained a degree of Vimentin expression (Figure 4.3C iv). QRT-PCR
results revealed a significant knockdown of endogenous Vimentin RNA levels after
AAV.shVim treatment, to 1.4 % 10.4 of the AAV.shCon (Figure 4.3D; n = 3
independent culture plates for each experimental condition). Application of AAV.Ih also
led to a statistically significant, but much smaller, decrease in Vimentin mRNA (to

57.1% 6.8 of the control vector levels).

Interestingly, a closer examination of the morphology of the transduced cells revealed
changes associated with a treatment with different viral vectors. Those transduced with
AAV.shVim (Figure 4.3C iii) showed an enlarged, flattened morphology, compared to
cells transduced with AAV.shCon (Figure 4.3A ii or 5.3C ii), while those transduced
with AAV.shGfap (Figure 4.3A iii) or AAV.lh (Figure 4.3A iv or 5.3C iv) became thinner
and with a more elongated profile. No obvious differences in cell number were

apparent, although this was not quantified.

Having confirmed the efficacy of AAV.shGfap and AAV.shVim to silence Gfap and
Vimentin expression in vitro, in the next instance, the effectiveness of these vectors

was tested in the mouse retina.
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Figure 4.3 RNAI targeting vectors mediate robust knockdown of GFAP and Vimentin in
cultured Miiller glia in vitro.

Ai-iv) Immunocytochemistry shows that GFAP expression (green) is highly variable between cells both in
Ai untreated and Aii AAV.shCon treated (red) cultures. However, GFAP was significantly reduced in cells
transduced with Aiii AAV.shGfap (red) or Aiv AAV.Ih (red), compared to controls. (Ai’-iv’ show ROIs
outlined in Ai-iv). B) Histogram shows RNA levels, assessed by QRT-PCR one week post-transduction,
for Gfap following transduction of Mller glial cultures with AAV.shGfap or AAV.Ih. Both vectors mediated
a significant reduction in Gfap mRNA, compared to AAV.shCon. Ci-iv) Immunocytochemistry shows

robust expression of Vimentin (green) in the majority of Ci untreated and Cii AAV.shCon treated (red)
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cells. Expression was markedly reduced in cells transduced with Ciii AAV.shVim (red) or Civ AAV.lh (red),
compared to controls. D) Histogram shows RNA levels, assessed by QRT-PCR one week post-
transduction, for Vimentin following transduction of Mller glial cultures with AAV.shVim or AAV.Ih. Both
vectors mediated a significant reduction in Vimentin mRNA, compared to AAV.shCon, albeit that AAV.lh
mediated a smaller reduction here than seen in 293T cells (Hippert, Graca et al., MS in prep). Cells were
counterstained with nuclei marker Hoechst 33342 (blue). *P < 0.05, **P < 0.01 and ***P < 0.001 with a

one-way ANOVA. Error bars: SEM; n=3 independent cultures examined. Scale bar: 25 ym.
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4.2.3 AAV.shGfap and AAV.shVim mediate effective knockdown of
endogenous GFAP and Vimentin in Rho” mice

An increase in IF protein levels is considered the hallmark of reactive gliosis and
occurs in response to various pathologies, including retinal degeneration (Okada et al.,
1990a; Hippert et al., 2015), but the functional changes associated with this increase
are not fully understood. The Rho” mouse model was chosen as it manifests a marked
upregulation of both GFAP and Vimentin and a moderate rate of degeneration of
photoreceptors (see Chapter 3, Section 3.2). Since majority of the retinogenesis is
complete by P10 (Young, 1985; Close et al., 2005) and Mdiller cells become reactive by
three weeks of age in the Rho” mouse (Humphries et al., 1997), P10 was picked as an
appropriate time to administer the vectors. First, to confirm reports that AAV.ShH10-
Y445F preferentially transduces Muller glia following intravitreal injection (Klimczak et
al., 2009), recipient wild-type mice received AAV.shCon at P10 and were assessed 3
weeks later by IHC. A widespread transduction of about 70% of Miller glial cells was
observed (Figure 4.4). Next, recipient P10 Rho” mice received intravitreal
administration of either AAV.shCon, AAV.shGfap, AAV.shVim and were initially
assessed 3 weeks later by QRT-PCR and IHC.
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Figure 4.4 Robust transduction of Miiller glia in vivo by AAV.SHh10 vector.
Representative confocal projection image of a mouse wild-type retina injected with AAV.shCon postnatal
day 10. A) At 3 weeks post-transduction, widespread expression of RFP (red) was observed and B) this

was predominantly restricted to Mdiller glial cells, as assessed by morphology. Scale bars: A, main panel =

100 um; B, insert = 20 um.
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In the first instance, the generated vectors were tested for their ability to prevent Gfap
upregulation during chronic degeneration. In the untreated P10 Rho” mouse, GFAP
expression is very low (Figure 4.5A i and 5.5B i), but is markedly upregulated during
the course of degeneration (Figure 4.5A i and 5.5B ii; (Hippert et al., 2015)). As
assessed with IHC, at P10 GFAP staining is largely restricted to astrocytes that reside
at the vitreal side of the inner retina, with some additional labelling around the OPL
(Figure 4.5B i). Three weeks later, GFAP expression is widespread and demarcates
the full extent of both apical and basal Miller glial processes, which also appeared
thickened and with increased branching from the central process (Figure 4.5B ii). Close
inspection of the apical margin of the neural retina revealed the lateral extension of

GFAP™® terminal processes along the outer edge of the ONL (Figure 4.5B iii).

QRT-PCR analysis showed that administration of AAV.shCon alone led to a small
decrease in Gfap mRNA when compared to untreated controls (Figure 4.5A ).
Although statistically significant, this did not translate to a visible reduction in GFAP
staining, as assessed by IHC (Figure 4.5C i-ii). Nonetheless, given this small effect of
viral administration, the effects of AAV.shGfap, AAV.shVim and AAV.lh were compared

against the control vector rather than untreated controls.

Levels of Gfap RNA were significantly decreased by both AAV.shGfap and AAV.lh, to
31.5% +23.2 and 44.9% £13.8 of AAV.shCon, respectively (Figure 4.5A ii). Further
analysis with IHC showed that GFAP staining was absent in those Mdller glia
transduced with AAV.shGfap (Figure 4.5C iii-iv). Similarly, a noticeable reduction in
GFAP protein levels was also observable in the retinae transduced with AAV.lh (Figure
4.5C v-vi) compared to those transduced with AAV.shCon (Figure 4.5Ci-ii).

As it was reported that Vimentin indirectly affects GFAP expression (Galou, 1996), we
also assessed whether AAV.shVim had any indirect effects on the expression of
endogenous Gfap, but no significant changes in Gfap mMRNA levels were observed
(Figure 4.5Aii).
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Figure 4.5 RNAi targeting vectors mediate knockdown of GFAP in Miiller glia in vivo in the
degenerating Rho™- retina.
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Ai) Histograms show that Gfap mRNA levels, as assessed by QRT-PCR, are low at the time of
administration (P10), but increase significantly during the course of degeneration. Administration of
AAV.shCon vector led to a small but significant reduction in Gfap mRNA. Aii) Transduction with both
AAV.shGfap or AAV.Ih mediated significant reductions in Gfap mRNA, compared to AAV.shCon, while
AAV.shVim had no significant effect. *P < 0.05, **P < 0.01 and ***P < 0.001 with a one-way ANOVA. Error
bars: SEM; n=3 animals examined per time point. Bi) Immunohistochemistry shows that in the P10 Rho”
retina, GFAP expression (green) appears largely restricted to astrocytes that reside at the vitreal surface of
the ganglion cell layer (GCL), with some additional expression around the outer plexiform layer (OPL). Bii)
By 4.5 weeks of age, in Rho retina, GFAP is expressed by the majority of Miiller glia cells and throughout
the entire length of their processes. Biii) Close inspection of the outer retina reveals the extension of
apical Miller glia GFAP*¢ processes along the outer edge of the outer nuclear layer (ONL), which led to
development of a ‘glial scar’. Ci-ii) GFAP expression was unchanged in the eyes injected with AAV.shCon
vector at 3 weeks post-transduction (4.5 weeks of age). Ciii-iv In those eyes receiving AAV.shGfap, GFAP
expression was largely absent in transduced cells (red) and only seen in non-transduced cells. Dv-vi)
GFAP expression was also reduced in cells transduced with AAV.Ih, albeit to a lesser extent. Retinal
cryosections were counterstained with nuclei marker Hoechst 33342 (blue). GCL, ganglion cell layer; INL,

inner nuclear layer; ONL, outer nuclear layer. Scale bar; 25 um.
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It is worth noting that both AAV.shGfap and AAV.lh failed to transduce the astrocytes
located at the inner edge of the retina, as GFAP labelling remained in this region
unchanged (Figure 4.5C iii-vi). This is surprising, as a previous study reported a robust
transduction of brain astrocytes in vitro with an AAV.ShH10-Y445F vector (Klimczak et
al., 2009). To test this, mouse astrocyte primary glial cultures derived from P7-8 brains
were established and were subject to AAV.shCon vector treatment. In parallel, P10
wild-type animals were injected with the same vector, as GFAP expression in the
uninjured wild-type is largely restricted to astrocytes. After 1 week, cultured astrocytes
stained for GFAP, but as with Muller glial cells GFAP expression varied between the
individual cells (Figure 4.6A i). When transduced with AAV.shCon, cultured astrocytes
showed robust RFP expression (Figure 4.6A ii) similar to that observed in cultured
Muller glial cells (Figure 4.2A ii). In contrast, the transduction efficiency of retinal
astrocytes in vivo was extremely low and GFAP protein levels in these cells remained
unchanged (Figure 4.6B). Based on our findings, it appears that AAV.ShH10-Y445F

does not effectively transduce retinal astrocytes in vivo.

This result likely explains the smaller magnitude of the Gfap mRNA reduction following
the AAV.shGfap transduction in vivo, which encompasses the whole neural retina, as
compared to the in vitro examination of the pure population of Miller glial cells. No
gross morphological changes in retinal architecture were observed following the
reduction in GFAP levels following AAV.shGfap or AAV.Ih administration. Together,
these data show that injection of AAV.shGfap and AAV.Ih prevent effectively the
upregulation of GFAP protein in Rho” mouse Miiller glial cells that normally occurs with

retinal degeneration.
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A Untreated AAV.shCon.RFP

Figure 4.6 AAV.SHh10 vector can transduce astrocytes in vitro but not in vivo.

Ai-ii) Transduction of astrocytes with AAV.shCon resulted in these cells expressing RFP (red) as early as
2 days post-administration. As with Mdiller glia, the expression of GFAP (green) is not homogeneous in the
astrocyte cultures. Bi-ii) Using the same vector in vivo, RFP was robustly expressed by inner retinal
neurons, but not by GFAP* astrocytes, when examined in retinal flat-mounts. Cultured cells and retinal
flat-mounts were immunostained with GFAP (green) and counterstained with nuclei marker Hoechst
33342 (blue). Scale bars: 25 pym.
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Next, the effects of administration of AAV.shVim on Vimentin levels were assessed in
vivo. In the untreated P10 Rho” mouse, Vimentin is expressed throughout the retina
and its levels increase over the course of degeneration (Figure 4.7A i and 5.7B ii-iv;
(Hippert et al., 2015)). Administration of AAV.shCon did not lead to any indirect effect
on Vimentin mRNA levels (Figure 4.7A i) or Vimentin protein levels (Figure 4.7C i-ii),
compared to untreated eyes at 3 weeks post-transduction (Figure 4.7B iii). Although no
significant differences were found between AAV.shCon transduced and untreated
controls, all presented data is normalised against the control vector for consistency
with the analysis for AAV.shGFAP. As expected based on the in vitro results,
AAV.shVim significantly reduced Vimentin RNA levels, to 57.5 £14.5% of AAV.shCon
levels (Figure 4.7A ii). Surprisingly, this knockdown was not reflected in a decrease in
Vimentin staining (Figure 4.7C ii-iv) at this age. However, Vimentin expression is
widespread, even in the normal wild-type P10 retina (Figure 4.7B i). Moreover, Privat
and colleagues reported a significant delay in the time between RNAi-mediated knock
down of the Vimentin mRNA and reduction in Vimentin protein in the injured spinal cord
(Desclaux et al., 2015). Based on this report, it was reasoned that it might take longer
for the knockdown in retinal Vimentin RNA to be reflected in a change at the levels of
Vimentin protein. To test this hypothesis, Rho” eyes were transduced with AAV.shCon
or AAV.shVim and compared against untreated controls at 6 weeks post-transduction
(7.5 weeks of age). IHC analysis showed that there were no major differences in
Vimentin protein levels between the untreated controls (Figure 4.7B iv) and AAV.shCon
transduced retinae (Figure 4.7D i-ii). In contrast, Vimentin expression, while not
completely abolished, was markedly reduced in transduced Muller glial cells following
AAV.shVim administration (Figure 4.7D iii-iv). No gross changes in retinal architecture
were observed following the knockdown of Vimentin. AAV.shGfap had no indirect

effects on Vimentin mRNA expression (Figure 4.7A ii).

171



shCy

AAY

n“’f""\'f".".ﬁn‘ﬁ oot

» -
o

o 4
R B e s
'

AAV Ih

Figure 4.7 RNAI targeting vectors mediate knockdown of Vimentin in Miiller glia in vivo in
the degenerating Rho™ retina.
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Ai) Histograms show that Vimentin mRNA levels, as assessed by QRT-PCR, are already abundant at the
time of injection (P10) and increase significantly during the course of degeneration. Administration of
AAV.shCon vector had no effect on this increase. Aii) Administration of AAV.shVim led to a significant
decrease in Vimentin mRNA at 3 weeks post-transduction (4.5 weeks of age), compared to AAV.shCon
while AAV.shGfap had no effect. In contrast to the results in vitro, AAV.Ih did not significantly reduce
Vimentin mRNA in vivo. *P < 0.05, **P < 0.01 and ***P < 0.001 with a one-way ANOVA. Error bars: SEM;
n=3 animals examined per time point. Bi-iv) Immunohistochemistry shows that Vimentin (green)
expression is widespread in Miiller glia in both P10 Bi wild-type and Bii Rho” animals, and Biii-iv
increases throughout the course of degeneration. Ci-iv) Examination of the retinae transduced with RNAi
targeting vectors (red) showed that at 3 weeks post-transduction there were no notable changes in
Vimentin expression in any of the four conditions, compared to untreated age-matched eyes. Di-iv)
Examination at a later time point (6 weeks post-transduction) showed that Vimentin expression remained
robust in Di-ii AAV.shControl treated eyes. However, in those eyes that received Diii-iv AAV.shVim,
Vimentin expression was reduced in transduced cells (red). Dv-vi No marked differences in Vimentin
expression were observed in eyes receiving AAV.Ih. Retinal cryosections were counterstained with nuclei
marker Hoechst 33342 (blue). GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.

Scale bar: 25 pm.
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Disappointingly, despite introducing a moderately robust knockdown of Vimentin in
vitro, AAV.lh failed to reduce either Vimentin mRNA (Figure 4.7A ii) or protein in vivo to
any significant degree at either time point examined (Figure 4.7C v-vi and 5.7D v-vi).
The reasons for this are not fully understood, but we hypothesise that this may relate to
in vivo differences in the processing of the In RNA sequences. As an alternative, we
combined AAV.shGfap and AAV.shVim together in a 1:1 ratio and injected the mix into
the same eye. This application of AAV.shGfap/AAV.shVim together led to a notable
reduction in GFAP protein levels at 3 and 6 weeks post-transduction (Figure 4.8A i-ii
and 5.8B i-ii) and in Vimentin levels at 6 but not 3 weeks post-transduction, as
assessed by IHC (Figure 4.8B iii-iv). However, this was also often (6/9 eyes)
associated with exacerbated retinal degeneration including the ONL thinning and
retinal detachment as well as other ocular complications. Conversely, retinae receiving
titre-matched AAV.shCon showed no such changes, suggesting that the absence of
two principal IF proteins may have a detrimental effect on a degenerating retina. In
summary, these data show that administration of AAV.shGfap is effective in preventing
the upregulation of GFAP, while transduction with AAV.shVim may reverse the
upregulation of Vimentin; however targeting both IFs simultaneously may be

associated with ocular pathologies in the Rho” mouse.
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Figure 4.8 Co-transduction with AAV.shGfap and AAV.shVim resulted in marked changes
to retinal architecture in the Rho’- mouse.

Confocal projection images of GFAP and Vimentin expression following co-transduction with AAV.shGfap
and AAV.shVim (1:1 ratio) into the same eye. At both Ai-ii) 3 (4.5 weeks of age) and Bi-ii) 6 weeks post-
transduction (7.5 weeks of age), a mark decrease in GFAP levels (green) was observed in transduced
Mdller glia cells (red). Aiii-iv) As before, there was little change in Vimentin expression (grey) at 3 weeks
post-transduction. Biii-iv) At 7.5 weeks of age, Vimentin expression was reduced in transduced Mller
glia. Retinal cryosections were counterstained with nuclei marker Hoechst 33342 (blue). GCL, ganglion

cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bar: 25 um.
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4.2.4 Photoreceptor number is not affected by a knockdown of IF proteins

Previous studies indicated that absence of the IF proteins, GFAP and Vimentin, may
attenuate photoreceptor apoptosis due to increase in monocyte infiltration (Nakazawa
et al., 2007). In order to test whether the absence of GFAP or Vimentin has any effect
on photoreceptor survival, we examined ONL thickness and the number of
photoreceptor rows across all experimental conditions and compared the results

against the uninjected eyes.

Following the administration of AAV.shCon, the ONL was slightly thicker in comparison
to untreated controls (60.4 (£7.5) ym vs 51.0 (¥4.0) ym), AAV.shGFAP and the animals
that received AAV.shGfap/AAV.shVim combined injection (50.6 (£6.1) ym at 3 weeks
post-transduction (Figure 4.9A i). This difference between AAV.shCon and untreated
eyes had resolved by 6 weeks (AAV.shCon treated, 36.0 (£8.6) um; uninjected
controls, 29.1 (£7.1) pum) (Figure 4.9A ii). Conversely, the ONL of
AAV.shGfap/AAV.shVim co-transduced mutants appeared thinner than in any other
condition, although this was not statistically significant (27.4 (+5.8) ym; Figure 4.9A ii).
The assessment of the eyes transduced with AAV.shGFAP at 3 (55.9 (+4.2) ym) and 6
(33.4 (x4.2) ym) weeks post-transduction or AAV.shVim at 3 (58.6 (+4.6) um) and 6
(42.1 (£8.8) ym) weeks post-transduction showed no major differences in the ONL
thickness at any of the examined ages and was similar to that of the uninjected
mutants (Figure 4.9A i-ii). When assessing the number of photoreceptor rows no
significant changes between the untreated controls and the eyes transduced with
different AAV vectors were observed apart from the ones that were co-transduced with
AAV.shGfap and AAV.shVim (Figure 4.9B i-ii). This suggests that only the
simultaneous downregulation of GFAP and Vimentin exacerbates the rate of

photoreceptor degeneration.
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Figure 4.9 Knockdown of GFAP and Vimentin does affect photoreceptor cell number in

degeneration.

Ai) Administration of AAV RNAI vectors by intravitreal injection results in some subtle changes to ONL
thickness, compared to untreated age-matched controls. At 3 weeks post-transduction, AAV.shCon
resulted in a small but statistically significant increase to ONL thickness. Aii) No significant differences
were observed at 6 weeks post-transduction in any of the cohorts examined. Bi-ii) No significant
differences were observed when examining the number of photoreceptor rows at either 3 or 6 weeks post-
transduction, with the exception of a small, but significant, decrease in those eyes co-transduced with
AAV.shGfap and AAV.shVim, compared to AAV.shCon transduced eyes. Bii) This decrease was
maintained at 6 weeks post-transduction, although no longer statistically significant. *P < 0.05 and ***P <
0.001, with a one-way ANOVA with Tukey’s correction for multiple comparisons. Error bars: SD; n=5

independent eyes examined.
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4.2.5 Hypertrophy of the Miller cells apical terminals is reduced in
mutants treated with AAV.shVim

One of the hallmarks of reactive gliosis in the retina is hypertrophy of the Miller glia
apical processes (reviewed in (Bringmann et al.,, 2006)). Having shown that the
generated AAV.shVim and AAV.shGFAP vectors can successfully reduce Vimentin
levels and prevent the upregulation of GFAP in Miiller glia cells, respectively, we next
sought to determine their impact on hypertrophy at the outer margin of the retina. By

+ve

using serial reconstructions of individual RFP™™ Muller glial cells, the morphology of
these cells and the extent of lateral spread of their terminal processes at the apical
margin of the retina was exmained (Figure 4.10). As previously shown, intravitreal
injection of AAV.shCon vector at P10 results in widespread transduction of the whole
Muller glia cell, which allows for identification of individual cells throughout the depth of
the retina (see Figure 4.4). Following the injection of AAV, Rho™ retinae were fixed and
flat-mounted at 3 (AAV.shGfap) or 6 (AAV.shVim) weeks post-transduction,
respectively, and high-resolution xyz confocal stacks were taken throughout the
thickness of the retina and individual Miller glial cells were 3D reconstructed using
Amira software. All assessments were compared to the appropriate age-matched
AAV.shCon injected controls. As the size of the Mdller glia apical terminals has not
been assessed before, we also injected wild-type mice with AAV.shCon in parallel to

Rho” animals to determine the normal size of the glial processes at the ONL margin.

In the wild-type retina, the average lateral spread achieved by Mdller glial apical
terminal processes was 73.4 (+19.7) ym? in AAV.shCon treated animals at 3 weeks of
age and did not significantly change over time; the lateral spread achieved at 6 weeks
was 85.8 (+22.6) ym? (Figure 4.10A i). In Rho™ retinae receiving the same control
vector, we noticed a marked enlargement of the apical terminal region at 3 weeks post-
transduction, compared to age-matched wild-type controls (Figure 4.10A i). The
average lateral spread of the glial terminals at 3 weeks of age was 93.4 (£25.8) ym?
and this increased significantly, to 135.4 (+42.6) ym? by 6 weeks post-transduction
(Figure 4.10A i-ii). Further analysis of the overall morphology of 3-D reconstructed glia
cells showed that wild-type Mduller glia possess a single thin, apically-directed central
process, which projects from the cell body and branches out into a number of fine
processes at the level of the apical margin (Figure 4.10B i-ii). In contrast, in the Rho™
mutant, the central process was much thicker and often bore many smaller lateral
processes (Figure 4.10 i-ii). These results demonstrate that marked changes occur in
Mdller glial cell hypertrophy at the apical margin of the retina during chronic retinal

degeneration.
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We next examined the impact of GFAP or Vimentin removal on Madaller glial
hypertrophy. Gfap mRNA was robustly suppressed and GFAP protein was largely
absent in transduced Miiller glial cells at 3 weeks post-transduction with AAV.shGfap
(see Figure 4.5). However, this had little or no effect on the lateral spread achieved by
Miiller glial apical terminal processes in AAV.shGfap injected eyes (88.5 (+23.3) um?),
compared to age-matched AAV.shCon injected Rho” mutants (Figure 4.10A ii). In
contrast, when compared against AAV.shCon transduced wild-type eyes, the lateral
spread of the Miulller glial apical terminal processes transduced with AAV.shGfap vector
was significantly higher. There were no major differences in the morphology of
reconstructed glial cells transduced with AAV.shGfap (Figure 4.10C v), compared to
AAV.shCon ones.

As noted above, AAV.shVim vector successfully reduced Vimentin mRNA in vivo at 3
weeks post-transduction, although this did not translate into a robust reduction at the
protein level until 6 weeks post-transduction (see Figure 4.7). In keeping with the
delayed timecourse of Vimentin knockdown, AAV.shVim treated glial cells presented a
gross morphology (Figure 4.10C iii) and lateral spread of the apical terminal processes
(92.4 (+20.9) um?; Figure 4.10A ii) very similar to that of Miller glia transduced with
AAV.shCon in the Rho” mutants. As noted above, by 6 weeks post-transduction,
Mdller glia transduced with AAV.shCon showed marked changes in morphology and
increased lateral spread of the apical terminal region. In contrast, we did not observe
any increase in the lateral spread of the apical terminals of Miiller glia transduced with
AAV.shVim (62.1 (£16.3) ym? Figure 4.10A ii). In addition, 3D reconstructions revealed
that at 6 weeks post-transduction Muller glia transduced with AAV.shVim more closely
resembled those seen at 3 weeks post-injection (both AAV.shCon and AAV.shVim)
(Figure 4.10C iv). These findings indicate that Vimentin is required for the development
of degeneration-associated Miller glia hypertrophy at the outer edge of the

neuroretina.
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Figure 4.10 Vimentin plays a role in hypertrophy of Miiller glial apical processes.
Ai) Scatter plots show the area occupied by the apical terminal processes of Miiller glia in Rho”- and wild-
type animals transduced with AAV.shCon. At 3 weeks post-transduction (4.5 weeks of age) there were no

significant differences between the two strains, but at 6 weeks post-transduction (7.5 weeks of age) Rho”
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Mdiller glial apical terminal processes were hypertrophic and occupied a significantly larger area,
compared to Miller glia in both 4.5 week old Rho” and 7.5 week old wild-type controls. Aii) Comparison of
the four RNAI vectors across two examined time points showed that AAV.shVim, but not AAV.shGfap,
prevents the increase in area occupied by Miller glial apical terminal processes. *P < 0.05 with a one-way
ANOVA with Dunett's post-test for multiple comparisons. Error bars: SEM; n=3 i animals examined per
time point. Bi-ii) Representative confocal images of analysed apical surface areas and Bi’,ii’) typical
examples of 3D reconstructed wild-type Miiller glia at 3 and 6 weeks post-transduction with AAV.shCon.
Ci-v) Representative confocal images of analysed apical surface areas and Ci’-v’) typical examples of 3D
reconstructed Rho” Miller glia at 3 and 6 weeks post-transduction with Ci-ii) AAV.shCon; Ciii-iv);
AAV.shVim and Cv) AAV.shGfap. At 3 weeks post-transduction (4.5 weeks of age), Rho” Miller glia
apical processes already contain many more branching points than wild-type, a feature that increased with
degeneration, and (inserts) the area occupied by the terminal processes at the apical surface expanded.
In contrast, in eyes transduced with AAV.shVim, Miller glia retained a more normal morphology

throughout the time period examined. Scale bar: 20 pm.
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4.2.6 CSPG deposition is not affected by reduction in IF protein levels

Upregulation of GFAP during gliosis in the CNS is typically associated with an increase
in the expression of CSPGs and other related ECM molecules (reviewed in (Busch and
Silver, 2007)). As described in Chapter 3, Rho” animals manifest high levels of
CSPGs, therefore, we assessed whether reducing GFAP and Vimentin levels had any
effect on CSPG deposition (Figure 4.11). In the untreated Rho” controls, staining for
CS-56, a broad-spectrum marker of CSPGs, showed a modest increase in expression
between 4.5 (Figure 4.11A i) and 7.5 weeks of age (Figure 4.11Aii), similar to previous
observation for this model (Chapter 3, Section 3.2.2.2). Injecting AAV.shCon (Figure
4.11B/C i-ii), AAV.shGFAP (Figure 4.11B/C iii-iv) or AAV.shVim (Figure 4.11B/C v-vi) at
P10 had no effect on thie increase of CSPGs deposition at either 3 weeks post-
transduction (4.5 weeks of age) (Figure 4.11B) or 6 weeks post-transduction (7.5
weeks of age) (Figure 4.11C), compared to the relevant controls. This suggests that
downregulation of GFAP or Vimentin, alone, has no indirect effect on CSPG production

by Muller glial cells.
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Figure 4.11 Knockdown of the IF proteins GFAP and Vimentin has no discernible effect on
CSPG deposition in the degenerating Rho” retina.

Reactive gliosis is typically associated with upregulation of CSPG molecules within the extracellular
environment. Ai-ii) Staining for CS-56 (grey), a broad-spectrum marker of CSPGs, showed that CSPGs
are robustly expressed within the photoreceptor segment region of Rho” retinae at both Ai 4.5 and Aii 7.5
weeks of age in untreated mutants, increasing moderately with age. Administration of RNAi targeting
vectors (red) had no effect on CSPGs deposition within the photoreceptor segment region and no visible
differences between any of the four examined vectors were observed at either Bi-vi) 3 (4.5 weeks of age)
Ci-vi) 6 weeks post-transduction (7.5 weeks of age). Retinal cryosections were counterstained with nuclei
marker Hoechst 33342 (blue). GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer;

IS/OS - inner/outer segment region. Scale bars: 20 pym.
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4.2.7 Downregulation of IF protein levels has no effect on the number of
integrating cells following photoreceptor transplantation

Previous studies have indicated that reactive gliosis and increased levels of IFs are
associated with a poor photoreceptor transplantation outcome (Barber et al., 2013),
and the impaired ability of retinal grafts (Zhang et al., 2004) and electronic implants
(Pardue et al., 2001) to contact the host retina. However, it is not clear if these are
causative, or simply correlative. Having shown that Gfap and Vimentin can be
effectively suppressed in the degenerating retina, we next sought to assess whether or
not these changes influence photoreceptor transplantation outcome. First, P10 Rho™
recipient mice received AAV.shCon in one eye and either AAV.shGfap or AAV.shVim
in the contralateral one. After 3 (for AAV.shGfap) or 6 (for AAV.shVim) weeks, both

+/+

eyes received a single injection of P8 donor Nrl. GFP™" cells into the subretinal space,
between the host neural retina and the RPE, as previously described (Pearson et al.,
2012). The number of GFP**® labelled cells within the host ONL was assessed 3 weeks

post-cell transplantation.

All recipient retinae, receiving AAV.shCon, AAV.shGfap or AAV.shVim followed by cell
transplantation, tolerated the double surgery well and presented normal retinal
structure with little or no signs of inflammation. Since transduction efficiency could only
be determined post-hoc, only those retinae presenting robust expression of RFP in the
same region as the donor cell mass were included in the assessments of
transplantation outcome; in this instance, RFP expression serves as an indirect
indicator of GFAP/Vimentin knockdown, as shown earlier. Each of the cohorts

+ve

receiving the control vector presented low numbers of GFP™™ cells within the host
ONL, similar to those seen in untreated 4 week old Rho” recipients (Barber et al.,
2013). Despite widespread viral transduction, we observed no significant differences in
the number of GFP™ cells within the host ONL in the eyes transduced with either
AAV.shGfap (Figure 4.11A) or AAV.shVim (Figure 4.11B), compared to the
contralateral ones treated with AAV.shCon (Figure 4.11). Others have reported
significantly increased numbers of reporter labelled donor cells in the host retina
following transplantation into retinae where both GFAP and Vimentin proteins are
abolished (Kinouchi et al., 2003). To test this hypothesis, donor cells were transplanted
into eyes injected with a combination of AAV.shGfap and AAV.shVim at 6 weeks post-
viral transduction and assessed transplantation outcome 3 weeks after that. As
mentioned in Section 4.2.4, combining the two vectors is associated with a high
incidence of ocular abnormalities; however, in the three eyes that retained reasonable

+ve

retinal architecture, we observed numbers of GFP cells similar to that seen in

AAV.shCon treated retinae (Figure 4.11C). Taken together, these results indicate that
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manipulating GFAP and Vimentin and the subsequent prevention of Mduller glial
hypertrophy at the apical margin of the degenerating retina does not affect
photoreceptor transplantation outcome. The observed discrepancy between this and
other studies could be explained by the fact that the majority of previous findings come
from studies of the Gfap or Vimentin knowckout animals or where animal model
suffered from an acute injury, rather than a chronically diseased state. Howver, findings
presented int this chatpter are in line with previous reports where reporter labelled cells
were observed in the retinae of other degenerative mutants including rds that showed
elevated levels of IFs (Barber et al.,, 2013; Santos-Ferreira et al., 2014). In light of
recent publications on cell transplantation (Pearson et al., 2016; Santos-Ferreira et al.,
2016; Singh et al., 2016), it is not possible to give any indication on whether the
reporter labelled cells observed in the recipient retina were the truly integrated cells or
whether they were a result of a material transfer/cytoplasmic fusion. Future studies
should investigate this issue further as it would be interesting to see whether the
removal of IFs and/or decreased glial hypertrophy have any direct impact on cell

integration or material transfer/cytoplasmic fusion.
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Figure 4.12 Knockdown of Gfap or Vimentin and inhibition of Miiller Glial hypertrophy
does not affect photoreceptor transplantation outcome in the degenerating retina.

Ai) Scatter plots show number of GFP*¢ photoreceptors in the host ONL following transplantation into 4.5
week old Rho” at 3 weeks post-transduction with AAV.shCon or AAV.shGfap. No difference between
these two groups was observed. Aii-iii) Representative confocal projection images of GFP+*v cells (green)
in Aii) AAV.shCon- and Aiii) AAV.shGfap-transduced (red) retinae. Bi) Scatter plots show number of
GFP*e photoreceptors in the host ONL following transplantation into 7.5 week old Rho”- mice, at 6 weeks
post-transduction with AAV.shCon or AAV.shVim. No difference between either two groups was observed.
Representative confocal projection images of transplanted Nrl.GFP** cells (green) in Bii) AAV.shCon- and
Biii) AAV.shVim-transduced (red) retinae. Ci) A higher-than-average failure rate was observed in

AAV.shGfap/shVim co-transduced eyes (5) eyes injected showed number of surviving donor cells (12
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eyes in total received the combined injection). In those eyes treated with AAV.shGfap/shVim that retained
donor cell masses (n = 3/8), the number of GFP* cells in the host ONL was unchanged, compared to
eyes treated with AAV.shCon. Representative images of GFP*¢ cells in Cii) AAV.shCon and Ciii)
AAV.shGfap/shVim dual-treated retinae. Unpaired Student’s ¢ - test. Error bars: SEM; n23 independent
eyes examined. Retinal cryosections were counterstained with nuclei marker Hoechst 33342 (blue). INL,

inner nuclear layer; ONL, outer nuclear layer. Scale bars: 20 ym.
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4.3 Discussion

Reactive gliosis is a complex process that is considered to represent a cellular
response to protect the retina from further damage and to promote its repair following
pathological insult. It includes morphological, biochemical, and physiological changes,
which may vary depending on a type and degree of the initial injury. Given the
contradicting evidence on the role of IF proteins in this process, we sought to assess
GFAP and Vimentin in a mouse model of chronic retinopathy. This study showed that
levels of GFAP and Vimentin in the Rho” mutant could be effectively reduced using
AAV vectors. Interestingly, reducing levels of Vimentin prevented Miller glial cells from
undergoing degeneration-associated hypertrophy at their apical terminal processes.
With regard to therapeutic application, neither AAV.shGfap nor AAV.shVim had any

significant effect on photoreceptor transplantation outcome.

In the vertebrate retina, Mdiller cells account for approximately 90% of the glial
population and exhibit a complex structural architecture spanning its entire thickness.
Together, with astrocytes, these cells perform a variety of physiological roles, including
supplying metabolic support by means of glutamine and taurine in the normal retina,
maintaining K*, H", and water balance, protecting against oxidative stress, recycling
cone photopigments, releasing neuro- and vasoactive substances, and serving as
scaffolds for neurovascular guidance (reviewed in (Bringmann et al., 2006)). Under
normal conditions, retinal Miller cells are quite flexible and they predominately express
Vimentin. After injury, however, they undergo a rapid change in the composition of their
cytoskeleton, including the increase in the density of the IFs (Lu et al., 2011) and
sprouting of their processes that grow widely throughout the retina (Lewis et al., 1989;
Lewis and Fisher, 2003). Over the years, researchers have tried to identify the role that
IF proteins may have in the development of gliosis, but there remains significant

debate and little consensus, especially with reference to GFAP.

In contrast to actin filaments, IF proteins are cell-specific, meaning they are found in a
limited number of cell types and their expression may differ between developmental
stages and adulthood as well as different pathological conditions. Interestingly, the
filaments themselves may be composed of different IF proteins that co-depend on each
other to assemble into a typical 10-nm IF bundle (Lewis and Fisher, 2003). Most cells
retain relatively small amounts of soluble tetrameric oligomers of Vimentin and GFAP
compared with their polymerized filamentous forms. Under normal conditions, Miller
glial cells maintain high levels of flamentous Vimentin but GFAP is expressed only
minimally. GFAP is, however, abundantly expressed in the retinal ganglion layer (GCL)
astrocytes (Fernandez-Sanchez et al., 2015). Although, Vimentin is the main IF protein

expressed by both immature retinal progenitors and adult Mdller glial cells, it is GFAP
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that has received the most attention for study as it has been perceived as an indicator

of retinal ‘stress’.

In the uninjured retina, GFAP is normally found in astrocytes and inner half of the
retinal Muller cells and their end feet terminals; however basal levels of GFAP in Miller
glia may vary between different species, as well as between individual cells within the
same retina (Dreher et al., 1992; Sarthy and Ripps, 2001; Lewis and Fisher, 2003).
This likely explains why we found the levels of GFAP in cultured Miller glia fluctuating
between individual cells even within the same well (Figure 4.3). In contrast, GFAP was
reported to be uniformly distributed within the cytoplasm of astrocytes. Following
trauma to the retina, such as retinal detachment, GFAP undergoes rapid upregulation
in the Mdller glia (Guérin et al., 1990; Fisher and Lewis, 2003). Elevated levels of
GFAP have also been found after the introduction of retinal ischemia (Kim et al., 1998)
or hypoxia (Kaur et al., 2007). In studies on experimental glaucoma, increases in the
expression of Gfap and another IF, Nestin were reported as early as 2h after induction
of elevated intraocular pressure (Xue et al., 2006). Although, the Gfap mRNA levels
rapidly increase in Miller cells following the initial retinal insult, they do revert to normal
levels a few days later (Sarthy and Egal, 1995); however, the newly formed filaments
may remain in the glial cells for many months after injury (Seoane et al., 1999). Cao et
al. reported that the magnitude of the GFAP response to mechanical insult is age-
dependent, meaning that the older the retina, the more marked the response (Cao et
al., 2001). In contrast, in the models of inherited retinopathies, the increase in GFAP
levels is a gradual process and it may take weeks or months depending on the type of
retinal condition (Ekstrom et al., 1988; Hippert et al., 2015). In this study, AAV.shGfap
successfully prevented upregulation of GFAP in the transduced Miiller glia of the Rho™
mutant (Figure 4.5); however, it did not lower the levels of GFAP in astrocytes (Figure
4.5). One possible explanation for this discrepancy is the inability of the designed
vector to transduce astrocytes in vivo (Figure 4.6). Another possibility is that although
the vector may have been able to lower Gfap mRNA levels, but no observable effects
at the protein level were observed in astrocytes as it takes time to remove the formed
IF bundles (Lewis et al., 1989; Humphrey et al., 1997; Seoane et al., 1999). Future
experiments to look at a later time point should be able to rule out this possibility.
Another explanation is the difference in the GFAP response that could be cell specific.
It is well known that in Muller glia, Gfap transcription is triggered by a variety of
regulatory elements that differ from those that control Gfap expression in astrocytes
(Brenner, 1994; Brenner et al., 1994; Verderber et al., 1995).

Vimentin is present during development and its expression is maintained throughout
adulthood (Cochard and Paulin, 1984). As one of the major IFs in the glial cells,

Vimentin has multiple functions, including the regulation of cell cytoskeleton via its
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intimate relationship with microtubules (Goldman et al., 1996). Ilvaska et al. reported
that Vimentin takes part in the regulation of proteins that are associated with cell
migration, cell adhesion and signalling (lvaska et al., 2007). They suggested that in the
absence of Vimentin, or its malfunction, some processes become compromised, which
could lead to abnormal protein expression or perturbations in normal signalling
pathways. For example, it was reported that wounded mice that lack the Vimentin gene

heal slower than their wild-type counterparts (Eckes et al., 2000).

Although the precise role of GFAP and Vimentin is yet to be determined, studies with
the use of transgenic animals helped to shed some light on the topic. Under normal
conditions, Miiller glia are much softer than neurons, which helps them to maintain
structural integrity within the retina and protect neuronal cells in case of a mechanical
insult. Following retinal damage and development of reactive gliosis, Muller glia lose
this flexibility and become more rigid (Lundkvist et al., 2004), most likely due to an
increase in the density of IFs (Lui et al., 2011; Lu et al.,, 2013). This increase in
stiffness is a major factor that contributes to viscoelastic properties of the glial cells and
is coupled with a remodelling of the glial network and is associated with changes in the
retinal architecture, such as folding and shrinkage (Lu et al., 2011). Interestingly, in
mutant mice lacking both GFAP and Vimentin, Muller glia show similar biomechanical
properties as Muller glia in the uninjured wild-type retina, even when exposed to
mechanical damage (Lu et al., 2011). Although, the exact purpose of this increased
stiffness is not known, it has been suggested that it may serve as a regulatory
mechanism that helps to stabilise the delicate neuronal network and compensate for
any loss of mechanical tension caused by the loss of photoreceptors (or other retinal
cells). This stiffness could also have a negative impact on regeneration and therapeutic
interventions, as rigid scars may impair neurite outgrowth and may contribute to poorer
regenerative abilities of the mammalian retina. Therefore, inhibition of the upregulation
of IF proteins in Miller glia may ease neuronal plasticity and axonal sprouting after the
retinal injury (Cho et al., 2005).

In pathological conditions associated with photoreceptor degeneration, the
upregulation of IFs in Miiller glia is associated with their hypertrophy, which contributes
to the formation of a glial scar at the outer edge of the neuroretina (Fan et al., 1996;
Lewis and Fisher, 2000). For example, any trauma to a retina result in dramatic
changes in Miller glia morphology which are mirrored by the alterations in IFs levels in
the majority of the vertebrates. There are striking exceptions, however; Muller glial cells
in the ground squirrel retina do not become activated and do not show any
upregulation of IF proteins in response to retinal injury (Linberg et al., 2002). Studies
on Gfap”/Vim” knockout mice have reported that, following retinal detachment, the

absence of IFs results in fewer morphological alterations in the glial cells and a marked
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reduction in reactive gliosis (Kinouchi et al., 2003; Lundkvist et al., 2004). On the other
hand, in single Gfap” mutant mice, Tatzelt et al. reported that following scrape-induced
neurodegeneration, the glial response was similar to that of wild-type animals (Tatzelt
et al., 1996). This could be explained by the fact that formation of the ‘functional’ IFs
depends on copolymerisation of different IF proteins and that in the absence of GFAP,
IF can still be formed due to the presence of other IFs proteins, such as Vimentin. In a
study by Pekny et al., the authors reported that in the ‘uninjured’ brain of the Gfap™
mutant, Vimentin is enable to self-polymerise in the absence of GFAP to form IFs in
astrocytes (Pekny et al., 1995). In contrast, following the mechanical insult and
activation of astrocytes, IFs were formed due to an increase in Nestin expression and
its copolymerisation with Vimentin, which also led to development of the glial scar. In
the current study of a model of RP, despite successful prevention of GFAP
upregulation, Muller glial cells still underwent morphological changes associated with
glial hypertrophy (Figure 4.5 and Figure 4.10). In line with these findings, Cuenca et al.
also demonstrated that knockdown of Gfap gene in Xenopus does not prevent Miller
glia from a formation of a glial scar (Martinez-De Luna et al., 2016). Interestingly, our
study indicates that Vimentin may play a previously underappreciated role in
establishing Muller glial cell hypertrophy; reducing Vimentin in a model of chronic
retinal degeneration results in changes in glial hypertrophy and a reduction in the
extent of the glial scar, compared to (degenerating) control retinae (Figure 4.10). This
finding is in accordance with Lewis and Fisher study in the feline retina, where only the
Vimentin™® Mdiller glial processes grew into the subretinal space and formed the glial
scar following the retinal detachment (Fisher and Lewis, 2003; Lewis and Fisher,
2003). Further evidence for the role of Vimentin in the extension of Mdller glia
processes may come from the studies on the retina of ground squirrels. As mentioned
previously, following retinal detachment Mdller glia do not become reactive, proliferate
or migrate in this species and show no upregulation of GFAP protein (Linberg et al.,
2002; Merriman et al.,, 2016). Interestingly, Linberg et al. reported an increase in
Vimentin levels in the Mdller glia end feet and around surviving photoreceptors
(Linberg et al., 2002). They also reported that despite the lack of Miller glia reactivity,
the glial processes were still able to fill the empty spaces left by dead photoreceptors,
preserving the general retinal structure. Moreover, it has been found that in Vimentin
knockout mice, reactive brain astrocytes are able to form some IF that consist mainly of
GFAP, but the filaments instead of assembling into loose bundles, form abnormal
packed ones (Eliasson et al., 1999). This is perhaps not surprising as Vimentin has an
intimate relationship with microtubules and it has been suggested that it serves as a
facilitator in the assembly of other IF proteins, including GFAP (Galou, 1996). In this

study following downregulation of Vimentin with AAV.shVim we did not observe any
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major structural abnormalities. Muller glia apical terminals did not increase over time as
in the AAV.shCon transduced eyes, but the knockdown effect was only visible at the
later time point (Figure 4.7 and Figure 4.10). Moreover, studies of Vimentin knockout
mice showed that in the injured brain, astrocytes may be able to form some GFAP-only
IFs, as alterations of Vimentin significantly decrease Nestin and Synemin protein
expression (Eliasson et al., 1999). Of the latter, Jing et al. reported that accumulation
of Synemin at the protein level requires functional Vimentin (Jing et al., 2007). Further
support for the intimate relationship between IF proteins comes from our study, as
targeting both GFAP and Vimentin resulted in more prominent structural abnormalities
in chronic retinal degeneration (Figure 4.8). These findings could indicate that the
formation of IFs in Miuller glia requires at least one of the two IFs studied, but when
both of them are removed, functional IFs may not be able to form efficiently, if at all.
Although, the lateral spread of Miller glia processes was not inhibited in the
AAV.shGfap injected eyes at 3 weeks post-transduction, future experiments should
look into the 6 weeks time-point to confirm this result. It would also be interesting to
examine the impact of Vimentin removal from Miuller glia in the non-degenerating
retina, as in the non-activated state, Vimentin is the primary IF protein expressed in this
cell type. Further experiments should also look into the expression of different IF
proteins, such as Nestin and Synemin, in those retinae treated with AAV.shGfap and
AAV.shVim, as well as examining the assembly of IFs following the removal of the

Vimentin using electron microscopy.

Retinal glial cells are responsible for the maintenance of the inner and outer blood-
retinal barrier integrity, which consists of densely-packed tight junctions between
endothelial cells (Kaur et al., 2007). Disruptions to it and abnormal migration of
microglial and vascular cells into the vitreous are common to a variety of retinal
pathologies, including diabetic retinopathy and retinal detachment (reviewed in
(Bringmann et al., 2009a)). These migrated cells exert traction on the retina, which can
lead to retinal detachment. The formation of the glial scar has been proposed to protect
the neuroretina from further damage, especially pathogenic factors present in the
vitreous and/or injured RPE. In order to increase the neuronal cell survival, activated
Mdller glia start to produce a number of neurotrophic, and other, growth factors
including FGF, as well as several antioxidants, molecules that are not normally
secreted in the healthy retina (reviewed in (Bringmann and Wiedemann, 2012)).
Studies with Gfap”/Vim™ animals showed that genetic removal of GFAP and Vimentin
leads to accelerated monocyte infiltration and faster degeneration of photoreceptors
following retinal trauma (Nakazawa et al., 2007). In the genetic absence of both GFAP
and Vimentin together, the end terminals of Muller glia become thinner, which leads to

abnormal morphology of the glial cells and shearing of the glial end feet. As a result,
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the glial terminals may separate from the rest of the cell body and eventually detach
from the neuroretina (Lundkvist et al., 2004; Verardo et al., 2008). Moreover, it was
reported that mortality rate is much higher in Gfap”/Vim” animals following a brain
trauma, in comparison to controls (Lundkvist et al., 2004). In this study, the combined
injection of AAV.shGfap and AAV.shVim resulted in major structural defects including
collapse of the neuroretina, retinal detachment or the failure of the eye to develop in
the majority of injected eyes, which further supports the importance of IFs in
maintaining the retinal architecture under degenerative conditions. However, others
have reported that neural regeneration increased and CNS functions improved
following pathological insult to Gfap”/Vim™ retina (Kinouchi et al., 2003; Verardo et al.,
2008) or spinal cord (Menet et al., 2011). Moreover, it has been illustrated that in the
injured spinal cord, silencing of GFAP and Vimentin mediated by RNAi-containing
lentiviral vectors (under the PGK promoter and pseudotyped with the Mokola envelope
for glial specificity) leads to a significant reduction in the extent of astrogliosis, increase
in axonal sprouting and improvement in functional motor recovery (Desclaux et al.,
2015). However, the majority of these reports come from studies using an acute injury
or induced pathological condition, rather than a chronically diseased state. In this
study, we assessed the impact of GFAP and Vimentin removal paired with
photoreceptor cell transplant in a mouse model of degenerative retinopathy, which is
caused by a knockout of Rhodopsin gene that leads to photoreceptor loss. We found
that reduction of GFAP and/or Vimentin had no effect on the outcome of the cell
transplantation, which is in line with previous findings where donor cells successfully
integrated in the retinae of other degenerative mutants that showed elevated levels of
IFs (Barber et al., 2013; Santos-Ferreira et al., 2014).

Taking into account contradicting reports from numerous studies, it is reasonable to
conclude that the absence or malfunction of IF proteins has different effects on
vulnerability of the retina based on both the type of the pathological insult and the
species. This is supported by findings from a variety of studies examining signalling
pathways that are proposed to inhibit the up-regulation of IFs. For example,
upregulation of GFAP and glial scarring following retinal detachment were reduced by
introducing exogenous brain derived neuronal factor (BDNF) (Lewis et al., 1999). The
same approach, however, did not affect the GFAP up-regulation induced by optic nerve
crush (Chen and Weber, 2002), which further supports the complexity of the IF

responses.

The complexity of retinal glial reactivity to pathological insult is further complicated by
the heterogeneity of Miller cells, which may lead to different responses among
individual cells and between Miiller cells in different species. As mentioned before,

there are species-specific differences in the distribution of IF proteins even in non-
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reactive Muller glial cells. For example, in mouse, squirrel and rabbit Vimentin is found
in high levels across the entire Muiller cell, whereas in feline and human cells Vimentin
is only expressed in their outer glial terminals (Okada et al., 1990b). In most
mammalian species, retinal detachment results in Muller cell proliferation, hypertrophy,
and an increase in the expression of GFAP. However, these alterations were not
observed after detachment of the cone-dominant ground squirrel retina (Linberg et al.,
2002; Merriman et al., 2016). In the chick retina, NMDA-induced retinal damage
caused heterogeneity of glial response even within the same region of the retina (Lewis
and Fisher, 2003). In the injured regions, around 65% of the Miller cells re-entered the
cell cycle, while the remaining 35% did not. Luna et al. showed that following retinal
injury Muller cells started to upregulate GFAP, Vimentin and Nestin on individual basis
rather than across all the cells in a uniform manner (Luna et al., 2010). Moreover, it
was suggested that GFAP plays a role in regulating glial proliferation as only cells that
failed to increase GFAP expression re-entered cell cycle (Fisher and Lewis, 2003).
This heterogeneity of glial responses has also been reported following spinal cord
injury. In recent study by Wanner et al. reactive astrogliosis was noted to be very
heterogeneous and it can be graded with respect to distance from the injury and the
type of activated astrocytes found around the lesion site (Wanner et al., 2013).
Additionally, as in the retina, neighbouring astroglial cells have also been reported to
present a unique pattern of molecular expression that further contributes to complexity
of glial responses. Such observations raise some fundamental questions about the
heterogeneity of signalling pathways that activate the glia cells, a diversity of glia
participating in the cellular response, and the signalling mechanisms that are activated
in response to different types of injury. The above examples only highlight the
complexity of gliosis, indicating that it is not a simple all or nothing response, but rather
a variable process with respect to alterations in cell morphology, proliferation and
molecular expression, all of which are tuned in a situation-specific manner to different

pathological stimuli.

In the retina of warm-blooded vertebrates, development of the glial scar within and at
the margin of the injured tissue is one reason for the failure of the system to
regenerate. In contrast, cold-blooded vertebrates such as fish and amphibians retain
the capability of full retinal regeneration into adulthood. It is tempting to ask what the
relationship between the development of gliosis and regeneration is, and whether
gliosis is just a failed regenerative programme in the mammalian retina. Numerous
studies showed that activation of Muller cells causes upregulation of Vimentin and
Nestin, which are the markers of progenitor cells. The re-expression of Nestin by
reactive glia in the injured mature retina may reflect the differentiation of the cells

toward becoming neurogenic progenitors (Goel and Dhingra, 2012). It was reported
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that after retinal detachment, Nestin is localised to the foremost processes of the glial
cells that grew into the subretinal space, as well as in proliferating Miller glia (Luna et
al., 2010). Lewis et al. demonstrated that following the detachment the nuclei of Muller
cells migrate towards the outer retina using Vimentin filaments, where they proliferate
and re-enter the cell cycle (Lewis et al., 2010). Future studies should look into this idea
to see how GFAP and Vimentin knockdown affects other IFs and whether this may

have any impact on cell proliferation.

To conclude, in this study we showed that two IFs, Vimentin and GFAP, could
successfully be decreased in a mouse model of chronic retinal degeneration using AAV
vectors. We showed that, in this context, knockdown of Vimentin alone is sufficient to
largely prevent Miuller cell hypertrophy indicating that the role of Vimentin in glial
scarring may have been largely overlooked. Although we did not see any significant
impact on the outcome of cell transplantation, decreasing levels of IF proteins may be
still of therapeutical interest. For example, reactive Miller cells contribute to two
causes of blindness: subretinal fibrosis and proliferative vitreoretinopathy. In this study,
the hypertrophy of the Miiller processes was shown to be minimised following RNA..
This strategy may help to regenerate the photoreceptor OS following retinal
reattachment. Moreover, the designed vectors may be of potential use when
considering the implantation of retinal prosthetics or retinal sheets as glial remodelling
may be a major limiting factor with these therapeutic approaches. It has been
suggested that development of the glial scar impedes the contact between the
implants/grafts and the host neuroretina by creating a physical barrier between the two.
For example, transplantation of the whole retinal sheets was proved to be feasible with
the establishment of proper neuronal connections between the graft and host retina;
however in many cases the transplanted retina and the host were not well integrated
(Radtke et al., 1999; Peng et al., 2008; Seiler et al., 2009). The same applies to electric
retinal implants such as Angus Il as the glial scarring may have a significant impact on
these devices especially when implanted subretinally limiting their contact with the host
neuroretina (Stingl et al., 2013). This study may therefore help to optimise or even

ease some of the therapies for patients suffering from advanced retinopathies.
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Chapter 5

CSPGs modulation in the mouse
model of retinitis pigmentosa
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5.1 Overview

In the central nervous system (CNS), the majority of damaged axons fail to regenerate
following injury. This failure is due in part to the response by glial cells, including the
upregulation of inhibitory molecules in the extracellular matrix (ECM), which may

present a potent barrier to neuronal regeneration (Yiu and He, 2006).

An important class of inhibitory ECM molecules are the chondroitin sulphate
proteoglycans (CSPGs), a diverse group of glycoproteins, which also represent one of
the most abundant groups of ECM proteins. The inhibitory action of CSPGs has been
attributed to the abundance of negatively charged glycosaminoglycan (GAG) chains
that decorate the core protein (Galtrey and Fawcett, 2007). These GAG chains vary in
length, number and sulphation pattern and were shown to determine the unique
functions of different proteoglycans (PGs). Several types of CSPGs, including
Aggrecan, Versican, Neurocan, Brevican and Phosphacan, are found in adult CNS
tissue and are variously expressed throughout the brain, spinal cord and eye, where
they are condensed into perineuronal nets surrounding CNS neurons (Bruckner et al.,
2000). By interacting with other components of the ECM environment, these PGs
regulate a wide range of different cellular processes including cell adhesion and
growth, receptor binding, cell migration and synaptic plasticity. Following CNS injury,
CSPGs are upregulated (McKeon et al., 1995; Fitch et al., 1999; Jones et al., 2002;
Morgenstern et al., 2002; Jones et al., 2003a) and appear to inhibit neurite outgrowth
from adult neurons (Snow et al., 1990; Davies et al., 1999). Digestion of the GAG side
chains using a bacterial chondroitinase ABC (ChABC) enzyme abrogates CSPG-
dependent neurite outgrowth inhibition in vitro and improves neurite sprouting and
functional recovery after spinal cord injury (SCI) (McKeon et al., 1995; Zuo et al., 1998;
Bradbury et al., 2002; Grimpe et al., 2005). Interestingly, the upregulation of CSPGs
has also been linked to some psychiatric conditions including bipolar disorder,
schizophrenia and ADHD (reviewed in (De Luca and Papa, 2016)). In recent years,
Protein tyrosine phosphatase sigma (PTPsigma), Leukocyte common antigen related
phosphatase (LAR) and Nogo R have been identified as neuronal receptors that
functionally interact with and mediate CSPG-dependent inhibition of axonal growth
(Shen et al., 2009; Fisher et al., 2011; Dickendesher et al., 2012).

In adult retina, CSPGs are found in several regions including the optic nerve, inner
(IPL) and outer plexiform layer (OPL) and the photoreceptor inner/outer segment
(IS/OS) region (Zhang et al., 2003b; 2007; Hippert et al., 2015). Numerous studies
have reported that CSPG levels are increased in a wide spectrum of retinopathies,
including optic nerve damage and transient retinal ischemia (Inatani et al., 2000; 2001;

Zhang et al., 2007; Singhal et al., 2008). Recently, a comprehensive assessment by
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our group showed spatio-temporal differences in the expression of CSPGs between
different models of inherited retinopathy (see Chapter 3; (Hippert et al., 2015)). Such
changes have also been linked to poorer therapeutic outcome. Findings from studies of
cell replacement strategies have indicated that increased CSPGs deposition in the
diseased retina is correlated with poor cell transplantation outcome, while enzymatic
reduction of CS GAGs results in increased numbers of donor-labelled cells in the host
retinae (Suzuki et al., 2007; Singhal et al., 2008; Barber et al., 2013). For example,
Rho” animals, where the number of GFP* cells in the recipient retina after
transplantation was very low (Barber et al., 2013) presented high levels of CSPGs from
the onset of degeneration, and this continued to rise throughout the course of disease
(see Chapter 3, and (Barber et al., 2013; Hippert et al., 2015)). In contrast, in
PDEG6b™"" recipients, where the number of observable donor-labelled cells in the host
retina was higher (Barber et al., 2013), there was a marked decrease in global CSPGs

expression over time (see Chapter 3 and (Hippert et al., 2015)).

While it has been generally accepted that CSPGs exert a largely inhibitory impact to
the regenerative process, this may be an oversimplification. For example, growth-
promoting features have been attributed to several CSPGs in their soluble (Brittis and
Silver, 1994; Greenfield et al., 1999) and over-sulphated form (Bicknese et al., 1994;
Nakanishi et al., 2006; Sato et al., 2008). Moreover, CSPG distribution may not be
uniform at the lesion site, with different CSPGs having unique patterns of expression
(Tang et al., 2003). This suggests that different PGs may have different roles in
modulating the spread of the injury. In keeping with this idea, a reduction in Neurocan
and Versican have both been reported to be beneficial to cell transplantation outcome
(Zhang et al., 2007; Singhal et al., 2008); however as both PGs were shown to be
expressed in the wild-type retina in the IS/OS region (Zhang et al., 2003b), it is
possible that upregulation of other PGs may be detrimental to therapeutic

interventions.

Aggrecan is one of the major CSPGs expressed in the central and peripheral nervous
system of embryos and adults (Oakley and Tosney, 1991; Schwartz et al., 1996). In the
normal CNS, this PG is produced by glial precursor cells and strongly influences
neurite outgrowth (Domowicz et al., 2008; Afshari et al., 2010a). It is also required for
normal astrocyte differentiation (Smith and Strunz, 2005). In the eye, Aggrecan has
been proposed to be involved in the maintenance of the normal laminar structure of the
adult retina (Lemons et al., 1999; Ali et al., 2011; Chen et al., 2012a). Findings from the
injured CNS showed that Aggrecan has a negative impact on Schwan cell migration
following transplantation after SCI by inhibiting integrin mediated cell adhesion (Afshari
et al., 2010b). Later, Chen et al. reported that Aggrecan is markedly upregulated in a
rat model of retinal dystrophy, particularly around the IPL (Chen et al., 2012b). To date,
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no reports on Aggrecan expression in mouse models of retinitis pigmentosa (RP) have
been published. Given the negative role of Aggrecan on neuronal regeneration in other
systems, this study sought to establish whether changes in the levels of Aggrecan
could, either wholly or partially, account for the reported differences in cell
transplantation outcome by Barber et al. (Barber et al., 2013). In this chapter, two
models of RP, Rho” and Pde6b™"" were chosen to study the expression patterns of
Aggrecan as disease progressed, compared against wild-type controls. The expression
pattern of the CSPG receptor LAR in the wild-type and diseased mouse retina was also
assessed. Finally, an alternative enzymatic treatment to ChABC was also made and

tested in vivo.
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5.2 Results

5.2.1 Miiller glia primary culture to study effects of elevated CSPGs

Following CNS injury, there is a marked upregulation of CSPGs, which are believed to
contribute to reactivity of the glial cells and development of the glial scar (reviewed in
(Properzi et al., 2003)). To test whether CSPGs can directly influence Miuiller glial cell
reactivity, RIbp.GFP*"* cells were cultured on CSPGs substrate and compared against

untreated controls.

Two different concentrations (10 and 20 pg/ml of a commercially prepared mix of
CSPGs (Millipore, UK) were chosen to coat cell plates, according to previously
published reports (Siebert and Osterhout, 2011; Tan et al., 2011), before adding FACS
sorted RIbp.GFP** cells. A full description of the protocol is provided in Chapter 2,
Section 2.2. Cells that grew on laminin-only substrate were used as a negative control.
After 2 weeks in culture, ICC analysis was performed to look for changes in Mller glia

reactivity, resulting from the presence of high levels of CSPGs.

Cultured Mdller glial express a variety of typical glial markers, including the
intermediate filament (IF) proteins, Vimentin and Glial fibrillary acidic protein (GFAP)
(see Chapter 3). These two IFs have been shown to be markedly upregulated by
activated Mdller glial cells in both injured and diseased retina models (Ekstrém et al.,
1988; Sheedlo et al., 1995; Fan et al., 1996; Inatani et al., 2001; Escher et al., 2008;
Hippert et al., 2015). As already demonstrated in Chapter 4, Vimentin is highly
expressed by Miller glial cells in vitro with no major differences between individual
cells (Figure 5.1A"). In contrast, GFAP staining was found to be very sparse in Miller
glia grown in the absence of CSPGs (Figure 5.1A'), which is in line with previous
reports (Chapter 4; Abrahan et al., 2009). Interestingly, there was a notable increase in
the number of cells expressing GFAP in the wells coated with CSPG mix (Figure 5.1B'-
C'), compared to untreated controls. A closer examination of the morphology of the
cells grown on CSPGs substrate revealed changes that were concentration dependent.
Those that were cultured on CSPGs had smaller nuclei and were thinner, with a more
elongated profile, compared to cells grown on laminin only coated plates. Interestingly,
in the presence of high concentrations of CSPGs, the glial processes appeared
increasingly tangled and formed aggregates, which were not observed in the control
cultures. These morphologies were particularly evident in the wells with higher
concentration of CSPGs (Figure 5.1A).
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Control 20 pg/mL of CSPGs

Figure 5.1 Muller glia morphology is altered in the presence of high CSPGs levels in vitro

A) After 2 weeks in culture on laminin-coated plates, Miiller cells showed a robust expression of A)
Vimentin (red), but only a very sparse staining for A') GFAP (green), with no visible changes to cell
morphology. B - C) Cells that grew in the presence of high levels of CSPGs visibly changed appearance,
with smaller nuclei and a more condensed morphology, in a concentration-dependant manner. Moreover,
high levels of CSPGs resulted in Miiller glial cells forming aggregates 20 pg/mL of CSPGs substrate. All of
these morphological changes were accompanied by a visible upregulation in GFAP. Cells were

counterstained with nuclei marker Hoechst 33342 (blue). Scale bar: 50 um.

201



To test whether the observed changes in Miiller glia were caused by high levels of
CSPGs, rather than a lack of adhesion, Muller glial were first cultured for 2 weeks on
laminin-only coated plates, and pre-assessed under a white-light microscope before
the addition of CSPGs mix. Two concentrations were used and added to cultures at
intervals of 2 days for one week to account for any intrinsic degradation mechanisms
(Figure 5.2). Cells were assessed for morphological changes 1 week post-treatment

with ICC analysis.

In the absence of CSPGs (Figure 5.2A), cultured Mdller glia showed flattened
morphology similar to that observed in the control wells presented in Figure 5.1A.
Following the addition of the CSPG mix at 2 weeks in culture, there were visible
changes in glial morphology, although these were not as marked as when the cells had
been grown on the CSPG substrate from the start of culturing (Figure 5.1B-C).
Although cells appeared to be more sparsely distributed at first, closer examination
showed that, in the presence of CSPGs, Miller glia were more likely to form numerous
cell clusters. These aggregates were very prominent in the wells with the highest
concentration of CSPGs (Figure 5.2C). The nuclei of the cells also appeared to be
smaller in comparison to the nuclei in the control wells with the glial processes being
thinner and more elongated. Together, these findings suggest that CSPGs may have
an impact on Mdller glia behaviour, which could be linked to development of the glial

Scar.

CSPGs have been reported to have an inhibitory role on neurite extension after SCI
(reviewed in (Fawcett and Asher, 1999; Sharma et al., 2012a)). In other work carried
out in the lab, Nr.GFP** photoreceptor precursor cells were shown to extend their
processes as early as few hours after being added to cultured Muller glial cells (Warre-
Cornish, PhD thesis, 2013). To test whether the presence of CSPGs has any inhibitory

+/+

effect on the outgrowth of Nrl.GFP** processes, on average 10,000 Nrl.GFP** cells
were added per well 24 hours after the first dose of CSPGs mix and cultured for 7 days

before plates were fixed and analysed.

+ve

Qualitative assessment showed no observable differences in the number of GFP
cells between the three (control, low CSPG and high CSPG addition) experimental
conditions, suggesting that the presence of CSPGs does not have any significant
impact on photoreceptor precursor survival in vitro (Figure 5.2B i-iii). Closer inspection

+ve

of the cells revealed that in the control wells, numerous GFP™" cells were observed
extending long processes out from the cell body (on average 2.7+0.77 processes with
the average length of 15.84+1.42 um) and apparently forming contacts with other cells
(Figure 5.2B i). The presence of high levels of CSPGs did not have a significant impact

+/+

on the measurable length of extended Nrl.GFP™" processes (11.48+2.97 in 50 pg/mL
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of CSPGs; and 12.05+3.1 ym in 100 pg/mL of CSPGs respectively; Figure 5.3C i,
P=0.083), but the average number of outgrown processes was markedly decreased
(1.49+0.61 in 50 pg/mL of CSPGs; and 1.33+0.26 pm in 100 pg/mL of CSPGs
respectively; Figure 5.3C ii, P<0.05). This suggests that in the presence of high
concentrations of CSPGs, Nrl.GFP*"* cells are less likely to extend a process, which
may be of particular importance for cell transplantation where cells are expected to

grow their processes to make a contact with the host retina.

Of note, a similar experiment was also performed with Mdller glial cells cultured on
CSPG substrate from the outset (as opposed to adding CSPGs after 2 weeks in
culture). Unfortunately, no Nr.GFP** cells were observed at 2 days post-addition in
any of the wells that had the CSPGs mix used as a substrate (n = 4 independent
cultures examined; data not shown). This may indicate an unfavourable environment,
preventing the survival of these cells. Although the composition of the medium that
cells grew in was not tested, post-culturing, it is possible that in such conditions
reactive Muller glia release cytokines, which are detrimental to photoreceptor precursor

cell survival (Fernandez-Sanchez et al., 2015).
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Figure 5.2 CSPGs alter Miiller glia morphology and inhibit extension of Nrl.GFP**
processes in vitro.
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Ai-iii) ICC analysis of Miiller glia stained with Vimentin antibody (grey). Ai) After 3 weeks in culture, Miiller
glia in control wells typically showed a flattened morphology with cell processes covering majority of the
area. Aii). Cells that grew in the presence of 50 ug CSPGs demonstrated visible changes in their
appearance with smaller nuclei with Miiller glia aggregating into small clumps, Aiii) with more clusters
being formed at higher levels of CSPGs.

Bi-iii) Low magnification images showing a good number of Nrl.GFP** (green) after 1 week in culture in
both control and CSPGs treated wells. Bi’-I”) In control wells, Nr.GFP** extended long processes to
establish a contact with other Nrl.GFP** cells and Mller glia (white arrows). Bii’-ii”’) The length of
with more clusters being formed at higher levels of CSPGs. Cells were counterstained with nuclei marker
Hoechst 33342 (blue). Scale bars: Ai-iii) and Bi-iii); 50 um; Ai-iii), 25 ym. Ci-ii) Quantitative analysis of the
extended Nrl.GFP** processes showed that Ci) although there was no significant decrease in the length
of the processes in the presence of CSPGs, Cii) the number of extended processes was. *P < 0.05 with a

one-way ANOVA. Error bars: SD; n=3 independent cultures examined. Scale bar: 25 ym.
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5.2.2 Aggrecan expression undergoes disease-specific changes in
different models of retinal degeneration

As shown in Chapter 3, the Rho” mutant exhibits marked upregulation in CSPGs levels

b mice CSPGs were found to decrease

with degeneration, whereas in the Pde6
(Hippert et al., 2015). These differences between these two models may explain why
cell transplantation outcome differed between the two models, with very low numbers
of donor-labelled cells reported in the Rho” recipients (Barber et al., 2013). Above, it
has been demonstrated that photoreceptor process outgrowth is altered in the
presence of CSPGs in vitro. One of the main components of the CSPG mix used in
section 5.2.1 is Aggrecan, which has been shown to similarly influence process
outgrowth of brain-derived neuronal cells (Snow and Letourneau, 1992; Challacombe
et al.,, 1997). To examine whether there are any differences in Aggrecan expression
between the two models of inherited retinal degeneration, semi-quantitative Western
blot (WB) analysis was performed and results were compared to age-matched wild-

type controls.

As previously reported, in a mouse retina, levels of Aggrecan are elevated during
development but decrease during adulthood (Ali et al., 2011). In wild-type retina,
Aggrecan was detectable as early as P10 (Figure 5.3A) with levels decreasing with
age. In the P10 Rho” mutant, levels of Aggrecan were high, but decreased by 3 weeks
of age, after this time they have started to increase again (Figure 5.3B). Statistical
analysis showed that there was a marked difference between 3 weeks and 10 weeks of
age, indicating that there is a significant upregulation of Aggrecan in this model of RP
(P<0.05; Figure 5.3B). Interestingly, in the Pde6b™"" mice, the pattern of Aggrecan
expression was reversed, with global levels of Aggrecan significantly decreasing with
disease progression (between P10 and 6-8 weeks of age; P<0.05; Figure 5.3C). These
findings are in line with the findings presented in Chapter 3, where global levels of
CSPGs, as assessed with CS-56, were shown to decrease between early and late

stages of disease progression in the same model.
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Figure 5.3 Aggrecan levels are elevated in Rho mice.

Semi-quantitative assessments of Aggrecan levels in whole neural retina of A) a wild-type; B) Rho” and
C) Pde6b?! mutants. Semi-quantitative assessments of CSPG levels in whole neural retina were
determined by Western blot. Aggrecan levels were normalized against H2B. Statistical significance was
assessed with a one-way ANOVA test with Tukey’s correction for multiple comparisons; *P < 0.05. Error

bars: SEM, n=3 animals examined per time point.
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5.2.3 Injection of ADAMTS-4 enzyme into subretinal space digests some
but not all CSPG sugar chains

Application of ChABC is the predominant strategy used to digest CSPGs. Although
ChABC has been shown to effectively remove GAG chains and resulted in an increase
in axonal sprouting following CNS insult in rodents ((Bradbury et al., 2002; Caggiano et
al., 2005), also reviewed in (Bradbury and Carter, 2011)), there are several
disadvantages of using it clinically, including a potential risk of immune response due
to ChABC's bacterial origin. Moreover, given the complexities of the roles of CSPGs in
promoting and inhibiting regeneration, it may be of greater benefit to target specific
CSPGs, rather than relying on broad spectrum digestion. Upregulation of the proteases
that are involved in the turnover of the proteoglycans could be an alternative method to
reduce levels of CSPGs in the ECM environment. For example, treatment with
naturally occurring catabolic protein, Aggrecanase, also known as ADAMTS-4 (‘A
Disintegrin and Metalloproteinase with ThromboSpondin Motifs’), could be one
alternative (Lemke et al., 2010). In humans, this protease is naturally expressed in the
CNS, including the brain and retina (Tortorella, 1999; Tang, 2001) and was found to be
capable of cleaving all the large CSPGs, including Aggrecan. As Aggrecan levels
increase in the Rho” mutants with degeneration, the aim of this experiment was to

determine whether ADAMTS-4 enzyme is capable of reducing its levels in vivo.

To assess the effectiveness of Aggrecanase in removing CSPGs in the in vivo retina,
Rho” mutants and wild-type animals received a subretinal injection of a recommended
dose (100 ng/uL per eye) of ADMATS-4 enzyme to either superior or inferior retina at 6
weeks of age and were analysed 48 hrs later. In parallel, some animals were injected
with ChABC and were used as a positive control for CSPG degradation. Earle's
Balanced Salt Solution (EBSS) injected eyes were used as a negative control, to
control for the injection itself. All the retinae were analysed with IHC using CS-56
antibody, which binds to sulphated sugar chains, to assess any alterations in the levels

of CSPG GAG chains following the enzymatic treatment.

In wild-type retina, CSPGs are abundant in the IS/OS region (see Chapter 3). Figure
5.4 shows that subretinal injection of EBSS had little or no effect on CSPG deposition
within the IS/OS region (Figure 5.4A); CS-56 staining was robust even around the site
of retinal detachment (Figure 5.4A i'; arrow). Similarly, no differences were observed
between the injected and uninjected regions (Figure 5.4A i"). A similar pattern of CS-56
staining was observed in Rho” animals injected with EBBS (Figure 5.4B i). Although,
the extent of the retinal detachment following injection in the Rho™ retina was greater,
the intensity of CS-56 staining intensity was comparable between the injected (Figure
5.4B i') and uninjected sites (Figure 5.4B i").
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In contrast, injection of ChABC into wild-type led to a marked reduction in CS-56
staining (Figure 5.4A ii'), compared to the uninjected region (Figure 5.4A ii"). A similar
pattern was observed in Rho” animals, where CS-56 staining was strong in uninjected
regions (Figure 5.4B ii'), but almost absent in the region injected with ChABC. Injection
of ADAMTS-4 enzyme into wild-type retinae led to a slight reduction in CS-56 staining,
in comparison with the uninjected region (Figure 5.4A iii"), and those retinae receiving
EBSS, although robust staining was still detectable in the IS/OS region (Figure 5.4A
iii'). In the retina of the Rho” mutant, ADAMTS-4 led to a visible reduction in detectable
CSPGs in the subretinal region (Figure 5.4B iii'), compared to uninjected and EBSS
treated controls (Figure 5.4B iii"). These results suggest that the enzymatic treatment
with ADAMTS-4 leads to removal of CSPGs around the segment region that may not

be present in a healthy retina.
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Figure 5.4 ADAMTS-4 reduces CSPGs in the photoreceptor segment region of the

degenerating retina.

A-B) IHC analysis of CSPGs levels (red) following subretinal injection into a wild-type and Rho™ retinae at
6 weeks of age. Ai') In a wild-type retina that was injected with EBBS control solution, CS-56 staining was
very similar to that observed Ai") in the uninjected region, even at the site of retinal detachment (arrows).
Aii') In contrast, treatment with ChABC resulted in almost complete abolishment of CS-56 staining Aii") in
comparison to uninjected site of a retina. Aiii') Injection of ADAMTS-4 enzyme into a healthy retina led to
a visible reduction in CS-56 staining in comparison to Aiii") the uninjected retina, with some staining still
being detectable in the IS/OS region.
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Bi') EBSS injection did not reduce CS-56 staining (red) in the Rho” mutants; although the retinal
detachment was bigger to that seen in a wild-type. Bii') As in a healthy retina, ChABC injection led to
complete absence of CS-56 staining detectable in the IS/OS region in comparison to Bii") the uninjected
region. Biii') ADAMTS-4 enzyme treatment resulted in a noticeable decrease in CS-56 staining (red) Biii")
in comparison to uninjected region. n=4 animals examined per each experimental condition.

Cryosections were counterstained with nuclei marker Hoechst 33342 (blue). GCL, ganglion cell layer; INL,
inner nuclear layer; ONL, outer nuclear layer; IS/OS, photoreceptor inner/outer segment region. Scale bar,
25 pm.
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To test whether enzymatic treatment with ADAMTS-4 altered global protein expression
of CSPGs, and Aggrecan in particular, WB analyses were performed. In the ADAMTS-
4 treated retina, immunoblotting with CS-56 antibody, which detects the GAG portion of
native CSPGs, showed a small but not significant decrease in wild-type retina eyes
(P=0.8741; Figure 5.5A). In contrast, a marked decrease in detectable CSPGs in the
Rho” mutant, in comparison to EBSS-injected eyes (P<0.05; Figure 5.5B).
Surprisingly, despite the observed reduction in CS-56 staining (Figure 5.4A), no
difference in the global protein levels of Aggrecan was observed in a wild-type controls
(P=0.9191; Figure 5.5A) or the Rho” mutants (P=0.9681; Figure 5.5B), indicating that
while ADAMTS-4 enzyme cleaves some CSPGs present in the segment region when
injected into the subretinal space (Figure 5.4B), this may not include Aggrecan. Taken
together, these results indicate that ADAMTS-4 can robustly digest CSPGs that are
specific to the IS/OS region and that are abundant in the diseased retina (Figure 5.5A).
However, it also suggests that Aggrecan, whilst expressed in the retina, is unlikely to

be present at significant levels in the segment region.
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Figure 5.5 Global Aggrecan expression was not affected by subretinal administration of
ADAMTS-4.

Semi-quantitative assessments of CSPGs and Aggrecan levels in A) a wild-type retina and B) the Rho”
mutant. Semi-quantitative assessments of CSPGs and Aggrecan levels in whole neural retina were
determined by Western blot. Protein levels were normalized against H2B. Statistical significance was
assessed with a Student’s t-test. P <0.5; Error bars: SEM, n=4 animals examined per each experimental

condition.
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5.2.4 Aggrecan is not a major component of CSPG deposits in the

photoreceptor segment region

Given the lack of reduction in global levels of Aggrecan protein following the enzymatic
treatment, the spatio-temporal distribution of Aggrecan was examined in two models of
RP and compared to healthy wild-type controls. Ali et al. reported Aggrecan to be
present throughout all neuronal layers, including the ONL, in the adult wild-type mouse
retina (Ali et al., 2011). Having developed a working IHC protocol for Aggrecan (using
the same antibody as the one used for WB analysis), the pattern of Aggrecan

brd 1/rd1

distribution was examined in the wild-type, Rho” and Pde6 retina.

In the P10 wild-type retina, Aggrecan was robustly expressed in the IPL and GCL, with
some weak staining observed in the OPL (Figure 5.6A i). This pattern of distribution
was maintained throughout adulthood, although the expression in the IPL appeared to
decrease with age (Figure 5.6A ii-iv). No Aggrecan expression was observed in the
ONL or segment region, but positive staining was detectable in the choroid (Figure
5.6A ii-iv).

In the P10 Rho™ retina, the distribution of Aggrecan was similar to that observed in a
wild-type, but staining appeared stronger in the OPL and weak expression was also
detectable in the IS/OS region (Figure 5.6B i). As degeneration progressed, the
12 weeks, Aggrecan staining was restricted to the ONL and INL with an increased
deposition within the GCL. These increases are in line with the WB findings presented
in Figure 5.3B, where Aggrecan expression was significantly higher at 10 weeks of

age, in comparison to P10 retina.

In the P10 Pde6b™"™" retina, the expression of Aggrecan was quite similar to wild-type
control (Figure 5.6C i). As degeneration progressed, Aggrecan staining in the IPL
gradually decreased (Figure 5.6C ii-iv), being quite sparse at the latest examined time

point (7-8 week old) even within the plexiform layers and the GCL (Figure 5.6C iv).

Taken together, these data suggest that while Aggrecan is present in the normal wild-
type retina and its expression is increased in degeneration, it is predominantly found in

the plexiform layers and not at the I1S/OS.
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Figure 5.6 Aggrecan staining is absent from the photoreceptor segment region.

Ai-iv) C57BI/6J wild-type; Bi-iv) Rho” and Ci-iv) Pde6b™"!. Cryosections were immunostained for
Aggrecan (green) and counterstained with nuclei marker Hoechst 33342 (blue).

GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer;

ONL, outer nuclear layer; IS/OS, photoreceptor inner/outer segment region. Scale bar, 25 ym.
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5.2.5 The CSPG receptor LAR is expressed in the murine retina and
undergoes disease specific changes in expression

The potent inhibition of neuronal regeneration by CSPGs has been known for more
than two decades, with the sulphated GAG chains understood to play the major role in
this inhibition (Snow et al., 1990; McKeon et al., 1995).However, the CSPG binding
receptors have only been discovered recently (Shen et al., 2009; Fisher et al., 2011;
Dickendesher et al., 2012). In particular, two members of the LAR subfamily were
shown to bind CSPGs with high affinity and mediate their suppression of axon
elongation (Fisher et al., 2011). To date there have been no published reports on their
expression in a mouse retina. As a first step to examine the potential roles, IHC
analysis was performed on wild-type and the same two models of RP as described

above, to assess spatial distribution of LAR in a retina.

In P10 wild-type retinae, LAR staining was detectable in the IS/OS region with sparser
distribution in the OPL and in the GCL (Figure 5.7A i). In 3 week old adult retina, LAR
staining was additionally prominent within the INL and IPL (Figure 5.7A ii-iv), which
probably reflects maturation of the synaptic processes (Dunah et al., 2005).
Interestingly, LAR distribution largely mirrored the pattern of CS-56 staining reported in
Chapter 3. Unfortunately, both antibodies were raised in mouse, so it was not possible

to perform co-localisation studies of LAR and CPSG expression.

When assessing the P10 retina of Rho” mice by IHC, LAR was located broadly
throughout the IS/OS, OPL, IPL and GCL regions (Figure 5.7B i). Surprisingly, as the
retina matured, LAR expression became reduced in the IPL and the GCL regions, but
was very prominently expressed in the photoreceptor segment region (Figure 5.7B ii-
iv). At the latest examined stage (10 weeks of age), LAR staining was also detectable
in the ONL (Figure 5.7B iv).

In P10 Pde6b™"™ retina, LAR expression within the neural retina was initially quite
similar to wild-type, although levels in the OPL appeared lower (Figure 5.7C i). Staining
within the segment region was initially high and presented as a thick band. This
reduced markedly with (Figure 5.7C ii) and by the latest examined stage (6-8 weeks of

brd 1/rd1

age), LAR became almost undetectable in the Pde6 retina (Figure 5.7C iv).

To date, this is the first study that demonstrated the expression of LAR within the
mouse retina, particularly within the segment region, and the first to examine changes
in LAR expression in two models of RP. These findings suggest that LAR should be
considered as a potential candidate for combined therapeutic interventions with cell

transplants or retinal implants.
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LAR Hoechst

Figure 5.7 CSPGs receptor LAR is detectable in a mouse retina of a wild-type and two
models of RP.

Ai-iv) C57BI/6J wild-type; Bi-iv) Rho”- and Ci-iv) Pde6b "', Cryosections were immunostained for LAR
(red) and counterstained with nuclei marker Hoechst 33342 (blue).

GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer;

ONL, outer nuclear layer; IS/OS, photoreceptor inner/outer segment region. Scale bar, 25 pym.
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5.2.6 Laminin expression in the diseased retina

Recent studies have shown that CSPGs form non-permissive perineuronal nets, which
cause attenuation of adhesion molecules such as laminins that also bind to CSPGs
and LAR (Tan et al.,, 2011). Laminins are large glycoproteins consisting of a, B, y
chains that are found in at least three different genetic variants resulting in a formation
of a diverse group of heterodimers. These molecules have been reported to be
differentially expressed, both temporally and spatially, which likely reflects the variety of
functions these molecules may have. To test whether the expression of Laminins is
altered in the diseased retina, IHC analysis of the Rho” and Pde6b™"" retinae was

performed.

In wild-type retinae, at P10, staining for Laminin a8 chains was detectable in the 1IS/OS
region, the OPL, the INL and in the GCL (Figure 5.8A i), which is in line with previously
published reports (Libby et al., 2000). This pattern of expression continued throughout

adulthood with no major changes in levels or localisation over time (Figure 5.8A ii-iv).

At P10 and 3 weeks of age, Rho” mutant retinae presented a very similar distribution
of Laminin a8 chains to that observed in age-matched wild-type retinae, with Laminin
staining detectable in the I1S/OS region, the OPL, the INL and in the GCL (Figure 5.8B
i-ii). As degeneration progressed, Laminin staining became more prominent in the
photoreceptor layer (Figure 5.7B iii-iv), especially at 10 weeks of age, the latest

examined time point (Figure 5.7B iv).

In the P10 retina of Pde6b™"" mice, the expression of Laminin ap chains in the IS/OS
region differed from that observed in wild-type and Rho” mutant (Figure 5.8C i). In a
wild-type retina, Laminins formed a band at the edge of the ONL, whereas in the
Pde6b™"™" retina this band appeared more diffuse, extending into the photoreceptor
layer. As degeneration progressed, Laminins were found throughout almost all retinal
blood vessels in the two models of RP, which is in line with previously published report
showing that Laminins are associated with neovascularisation and growth of new blood

vessels in the diabetic retina (reviewed in (Edwards and Lefebvre, 2013)).
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Figure 5.8 Expression of Laminin a chains is altered in the mouse model of RP.
Ai-iv) C57BI/6J wild-type; Bi-iv) Rho” and Ci-iv) Pde6b™". Cryosections were immunostained for

Laminin af chains (red) and counterstained with nuclei marker Hoechst 33342 (blue).

GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer;

ONL, outer nuclear layer; IS/OS, photoreceptor inner/outer segment region. Scale bar, 25 ym.
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5.3 Discussion

For the past three decades, CSPGs have earned a negative reputation as being one of
the main driving forces that impede axonal regeneration following CNS injury (Properzi
et al.,, 2003; Matsui and Oohira, 2004; Galtrey and Fawcett, 2007). In the retina,
CSPGs were found to be markedly upregulated in different models of inherited retinal
degenerations, glaucoma, optic nerve injury or diabetic retinopathy (Inatani et al., 2000;
Zhang et al., 2003b; Hippert et al., 2015), which has led to the notion of CSPGs being
potentially detrimental to therapeutic approaches, including electronic grafts, gene
therapy and cell transplants ((Gruter et al., 2005; Singhal et al., 2008; Tucker et al.,
2008; Barber et al., 2013)). For example, subretinal implant devices and cell
transplants are typically administered into the subretinal space, but must make
contacts with the host neuroretina. This may be impeded by CSPGs located within the
segment region (reviewed in (Johnson et al., 2010; Pearson, 2014; Pearson et al.,
2014; Zarbin, 2016)). It is important to note too, however, that compelling evidence has
been gathered suggesting that not all CSPGs are inhibitory, with some of them actually
promoting CNS recovery (Akita et al., 2004). As CSPGs represent a large family of
proteins and there are a limited number of studies that have looked at their role in the
injured and/or diseased retina, the assessment for specific CSPGs is needed to better
understand the underlying pathological mechanisms. As a first step towards this goal,
the current study examined the expression pattern of one of the major CSPGs,
Aggrecan, and the CSPG receptor LAR in the murine wild-type and diseased retina as
both proteins have both been reported to have negative roles in axon regeneration
(Kuboyama et al., 2010; Afshari et al., 2010b; Fisher et al., 2011; Tan et al., 2011;
2012; Sharma et al., 2012b). Here, two models of RP were chosen to investigate
possible alterations in their expression in the diseased retina. Although CS-56 staining
is robust in the segment region and the administration of Aggrecanase to the subretinal
space led to a reduction in CS-56 staining, expression of Aggrecan itself appears to be
largely restricted to the inner retina and the choroid. In contrast, the expression of
newly discovered CSPG receptor, LAR, was found to be mainly restricted to the IS/OS

region, suggesting that LAR may be of potential use for future therapeutic strategies.

During CNS development, CSPGs are expressed in a highly organised manner
creating gradients and boundaries that help to navigate growing neurons towards their
correct locations (Letourneau et al., 1994; Laabs et al., 2005). In the injured CNS,
including the retina, CSPGs were thought to be upregulated by the reactive glia
(Inatani et al., 2000; Inatani and Tanihara, 2002), which makes them one of the major
contributors to formation of a barrier for regenerating neurons (McGraw et al., 2001;
Massey et al., 2008; Fawcett, 2009). Recent research findings suggest that CSPGs

play a role in the pathology of diseases such as Alzheimer's disease, stroke and
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epilepsy (reviewed in (Siebert et al., 2014)). Higher expression of Aggrecan,
Neurocan and Versican was also reported in human brain of patients with multiple
sclerosis (Sobel and Ahmed, 2001). Several approaches to remove CSPGs after
injury have been made including the well characterised use of enzymatic treatment
with locally applied bacterial ChABC. Although very effective, ChABC has many
disadvantages making it less suitable for therapeutic use in patients (Lee et al., 2010;
Sharma et al., 2012a). Broad spectrum removal of all CSPGs may not be beneficial to
the tissue, as CSPGs are important for the maintenance of synaptic plasticity and
other cellular processes (reviewed in (Vecino et al., 2016)), thus an alternative is
needed. Here, a naturally occurring enzyme, ADAMTS-4 (Lemke et al., 2010), was
tested in the retina of wild-type and Rho” mutants and found to be effective in
digesting CSPGs deposited within the subretinal space. This suggests that
ADAMTS-4 could be of potential interest in the studies on therapeutic interventions
as the removal of CSPGs has been shown to enhance viral diffusion and transduction

of photoreceptors, and transplantation (Zhang et al., 2007; Barber et al., 2013).

CSPGs represent a diverse group of molecules with some undergoing significant
changes in their expression in the injured and diseased retinae of rodents (Chaitin and
Brun-Zinkernagel, 1998; Inatani et al., 2000; Zhang et al., 2003b). Microarray analysis
of individual Muller glial cells from a mouse model of RP identified a significant
increase in Neuroglycan (Roesch et al.,, 2012). Zhang and colleagues reported that
global levels of Neurocan appeared to be increased in the retina of S334ter-line-3 rat,
which represents a transgenic model of retinal degeneration (Zhang et al., 2003b).
They also reported that removal of Neurocan using ChABC enzyme from a diseased
retina of Rho” mutant results in a higher number of observable donor-labelled cells in
the recipient eye (Zhang et al., 2007). Another study demonstrated the presence of
Neurocan and Versican in the dystrophic retina of the Royal College of Surgeons
(RCS) rats by comparing it to normal retina of the Lister Hooded rat strain (Singhal et
al., 2008). The same study reported that treatment with ChABC at the time of
transplantation of Mdlller stem cells leads to a dramatic increase in the number of
reporter-labelled cells in the host retina and these appeared to invade all layers of the
retina (Singhal et al., 2008). These findings suggested that both Neurocan and
Versican may be inhibitory to transplanted donor cells. However, despite a reported
upregulation in the global protein levels of Neurocan, IHC analysis showed that
Neurocan was abundant in the segment region in wild-type retinae and the overall
distribution of Neurocan in the S334ter mutant appeared similar to that seen in control
retinae (Zhang et al., 2003b). Interestingly, the same study showed that as
degeneration progressed and photoreceptor cells died, the staining for Neurocan

disappeared from the subretinal space, but increased at the level of the GCL in the
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S334ter mutant (Zhang et al., 2003b). As mentioned before, Singhal et al. also
identified Neurocan as having an inhibitory role in the retina, reporting Neurocan
deposition in the dystrophic rats but not in the control retina (Singhal et al., 2008).
However, in their study there was no age-matched comparison, with the neonate wild-
type retina being compared to 5 week-old RCS eyes. This age mismatch may over-
represent the actual changes in Neurocan and Versican at the segment region
between control and diseased eyes. Moreover, in the study by Singhal et al., no cell
transplants were performed in the control retinae following ChABC treatment. In the
future, it would be interesting to see whether the treatment with ChABC of the healthy
retina also leads to a similar increase in a number of observable transplanted cells

within the recipient retina.

To the best of my knowledge, the expression of Aggrecan has never been studied in
models of retinal degenerations, despite clear evidence that Aggrecan has an inhibitory
role in the CNS on neuronal extension. In the brain, Aggrecan is the main constituent
of the perineuronal nets (PNN) (Giamanco et al., 2010). In vitro, axonal attachment and
growth were reported to be blocked in the presence of purified Aggrecan (Domowicz et
al., 2008; Afshari and Fawcett, 2011). Chen and colleagues reported that Aggrecan is
upregulated in a rat model of diabetic retinopathy (Chen et al., 2012a). In the data
reported here, the WB assessments showed an upregulation of Aggrecan over time in

b mutants. However, no

the Rho” animals and marked decrease in the Pde6
deposition in the segment region was found in any of the examined models, including
wild-type, as assessed by IHC. The observed upregulation in the retina of Rho” mice
could be linked to an increase of Aggrecan expression in the IPL, potentially due to
synaptic remodelling between the remaining retinal neuronal cells. As Pde6b™""" is a
very fast degenerative model, it is possible that there is insufficient time for this PG to
become aggregated in this mutant retina or there is redundancy in the system and a
compensatory increase in a different CSPG. These results suggest that, at least in the
models of inherited retinal degeneration used here, Aggrecan is not a primary
component of the CSPGs deposited in and around the segment region of the
neuroretina, where Mduller glia build a glial seal. In keeping with this, subretinal
administration of ADAMTS-4 enzyme did decrease the overall expression of CSPGs,
but Aggrecan levels remained unchanged. Interestingly, a very recent study by
Anderson et al. demonstrated that despite previous evidence for an inhibitory role of
Aggrecan in CNS regeneration, no deposition of this PG was observed at the lesion
site weeks after SCI in a mouse (Anderson et al., 2016). Moreover, the same study
reported that scar-forming astrocytes produce two growth-supportive CSPGs, CSPG4
and CSPG5, and that both astrocytes and non-astrocyte cells in SCI lesions express

multiple axon-growth-supportive molecules such as Laminins. Surprisingly, Anderson
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et al. found that CSPGs are upregulated in the absence of the astrocytes, suggesting
that other cells including neurons may contribute to CSPG deposition following injury. It
is tempting to speculate whether, in the retina, photoreceptors are involved in CSPG
production, and if this might explain why in the very rapidly degenerating Pde6b™"""
model, CSPG reduction correlates with photoreceptor depletion (Landers and
Hollyfield, 1992; Hippert et al., 2015). Although not examined in this study, future
studies should investigate in more detail the role of microglia in the upregulation of
CSPGs in a diseased retina. Activated microglia cells are an important part of the CNS
response to injury and infection because of the various products they secrete, including
cytotoxic molecules (free radicals, i.e., superoxides), neurotrophic molecules (nerve
growth factor, e.g.), and a variety of pro- and anti-inflammatory cytokines and
chemokines (reviewed in (Rock et al., 2004)). The release of cytokineses is particularly
important as these molecules can stimulate the expression of CSPGs in a variety of
cells in and around the lesion side. Most important are the astrocytes, which also
undergo a reactive gliosis and in response to various cytokines they become
hypertrophic and begin secreting CSPGs, leading to the formation of a glial scar at the

vitreous side (reviewed in (Siebert et al., 2014)).

Although the potent negative role of CSPGs on neuronal regeneration has been
studied for decades, only in recent years have the CSPG binding receptors been
discovered (Shen et al., 2009; Fisher et al., 2011; Dickendesher et al., 2012)
increasing our understanding of CSPG-mediated inhibition. Using a CSPG gradient
crossing assay, Shen et al. provided evidence that PTPsigma-dependent interactions
with CSPGs maintain growth cones in a dystrophic state (Shen et al., 2009). A
regrowth of sensory axons into scar tissues was enhanced in PTPo deficient adult
mice (Shen et al., 2009; Dickendesher et al., 2012). Fisher et al. reported that LAR
receptor can be blocked pharmacologically with small peptides and stimulated
regrowth of serotonergic axons (Fisher et al., 2011), while a more recent study showed
that locomotor functional recovery is significantly better in mice deficient in LAR in
comparison to normal controls following caudal SCI (Xu et al., 2015). However, many
critical issues regarding CSPG receptor function remain unknown, including their
expression in the retina. A better understanding of CSPG receptor function may
facilitate our ability to modulate scar-mediated growth inhibition and developing more
effective therapies. Here, for the first time, the assessment of LAR receptor in the
healthy mouse retina was performed and compared to two models of inherited retinal
degenerations. LAR was found to be highly abundant in the IS/OS region, the IPL and
the GCL in all three examined models, but its expression gradually decreased in the
Pde6b™"™" mutant over time. Knowing that LAR is being expressed in a retina,

pharmacological targeting of this CSPG receptor could be used as a potential
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intervention as it does not present the risk of undigested GAG chains, as in case of the
enzymatic treatment. Lemons et al. reported that these partially digested carbohydrate
sugar chains left on the molecules may still exhibit their inhibitory effects on the
neuronal outgrowth (Lemons et al., 2003). Secondly, in the injured CNS, the CSPGs
are constantly released by the cells; therefore single injection of the enzyme would not
be sufficient to override the CSPGs inhibition. A course of several ChABC injections
could potentially induce an immune response that could lead to further damage of the
injured area. Moreover, as CSPGs represent a large family of proteins, which may be
differentially expressed at the lesion site, targeting CSPGs receptors may be an easier

way to override CSPG-mediated inhibition.

In conclusion, understanding the changes in the expression of CSPGs and their
receptors in the injured or diseased retina may be crucial in designing effective
therapeutic strategies. In this study, for the first time, the spatio-temporal expression of
the CSPG, Aggrecan, and the CSPG receptor LAR were assessed in the degenerating
mouse retina, which opens a door for future experimental work on how to manipulate
the inhibitory role of CSPGs.
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CHAPTER 6

Remodelling of the outer limiting
membrane in retinal degeneration
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6.1 Overview

The retina is a laminar tissue that can be divided into two distinct compartments. Each
compartment is composed of a monostratified cell layer in which neuronal elements are
embedded and each is supplied by a different blood supply (Mestrinerr and Haddad,
1994). The inner compartment extends from inner blood-retina barrier until the outer
edge of the outer nuclear layer (ONL), and it is sometimes referred to as a glial
compartment since it lays between the Mduller glia basal and apical processes. The
outer compartment, also referred to as retinal pigmented epithelium (RPE), extends
from the edge of the neuroretina and Brunch’s membrane. These two compartments
are separated from each other by a structure comprised of specialised adherens
junctions (AJs), the outer limiting membrane (OLM). The OLM is considered to play a
role in the maintenance of photoreceptor orientation through mechanical strength,
especially in the retinae of birds and teleosts, where photoreceptors are motile (Ali,
1971; Burnside, 1978; Burnside and Nagle, 1983; Drenckhahn and Wagner, 1985).
However, the emerging evidence points to the OLM being part of the retinal barrier due
to its permeability properties. The AJs, mainly formed between photoreceptor inner
segments (IS) and the Mdiller glia apical processes, appear to provide a
semipermeable diffusion for extracellular components with Stokes radii greater than
30-36A (Bunt-Milam et al., 1985). In recent years, the OLM has also been identified as
a possible obstacle to transplanted cells, as the number of GFP™ cells within the
recipient retina is higher in animal models where OLM integrity is compromised (West
et al., 2008; Pearson et al., 2010; Barber et al., 2013).

The OLM is an unusual structure for a number of different reasons. First, the AJs are
usually formed between only one cell type, whereas in the OLM the junctions are
heterotypic, with three different cell types being involved (Bunt-Milam et al., 1985).
Secondly, these junctions are referred to as specialised Ads as they consists of a
mixture of proteins that are usually associated with tight junctions (TJ) and proteins
found in a typical AJ (Randlett et al., 2011). OLM junctions contain typical TJ proteins,
such as claudins, occludin and junction adhesion molecules (JAMs), and typical AJ
markers, including E-cadherins, B-catenin and a-catenin (Tsukita and Furuse, 1999;
Tsukita et al., 1999; Omri et al., 2010). Cadherin adhesion molecules are the core of
the OLM junctional component (Takeichi, 1991). All cadherins contain two or more
extracellular cadherin domains and a highly conserved cytoplasmic tail that interacts
with a defined set of cytoplasmic proteins, the catenins. P120-catenin and B-catenin
bind the cytoplasmic tail of cadherins, and B-catenin binds to a-catenin to form the
cadherin—catenin complex (Perez-Moreno and Fuchs, 2006; Pokutta and Weis, 2007;

Nishimura and Takeichi, 2009). These catenins in turn associate with a variety of other
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molecules, including cytoskeletal proteins and their regulators. As in the ear hair cells,
the junctional plaques are linked to cell’s cytoskeleton via the actin filaments through
zonule occludens 1 (ZO-1) (Fanning et al., 2002). Within the OLM, there is also a
specialised apical region (SAR) that contributes to localisation and organisation of the
AJs. The SAR, which apically localises to the AJs, is comprised of two protein
complexes, portioning defective (PAR) and the Crumbs homologue (CRB) (Figure 6.1).
In the mammalian retina, the PAR complex consists of PARG, PAR3, atypical protein C
(aPKC) and cell division control 42 (CD42) (reviewed in (Martin-Belmonte and Perez-
Moreno, 2012)). The core CRB complex is composed of CRB family members, which
interact with the associated cytoplasmic proteins Protein Associated with Lin Seven 1
(PALS1) also known as Membrane Protein Palmitoylated 5 (MPP5), and PALS1-
associated tight junction protein (PATJ), or the Multi-PDZ Domain Protein 1 (MUPP1)
(Bulgakova et al., 2008; Assémat et al., 2013). Both of these structures are very
dynamic as many of their components undergo changes depending on the
developmental stage. This apical junctional region is especially important in
establishing proper cell polarity during retinal development, as loss-of-function or a
defect in any of these complexes leads to detachment of the progenitor cells and
perturbations in retinal laminations. These spatio-temporal alterations in retinogenesis
can result in mild to severe impairment of retinal function and retinal degeneration
(Pujic and Malicki, 2004; van Rossum et al., 2006; Alves et al., 2012; Pellissier et al.,
2013). For example, during retinogenesis, AJs are important for the anchorage of
newborn progenitor cells to the apical surface of the epithelium (reviewed in (Alves et
al., 2014b)). These retinal progenitor cells elongate along the apico—basal axis forming
long processes, which are important for interkinetic cell migration (Baye and Link,
2007). Later studies showed that the migration of retinal progenitors is strictly
dependant on the expression of OLM proteins (Pujic and Malicki, 2004; van Rossum et
al., 2006; Alves et al., 2012; Pellissier et al., 2013). Moreover, it has been shown that
AJ proteins take part in the regulation of cell proliferation and disruptions in levels of
any of these molecules cause loss of cell polarity and epithelial adhesion, and
concomitant detachment from the apical lamina (reviewed in (Alves et al., 2014b)). In
the mouse retina, B-catenin links AJs to the cytoskeleton as well as acting as an
effector of canonical wingless (Wnt) signalling pathway, which regulates cell
differentiation during neurogenesis (Logan and Nusse, 2004). Removal of B-catenin
during development results in loss of the typical radial spanning of retinal progenitor
cells, together with loss of cell adhesion, OLM disruption, and a decrease in cell
survival (Fu et al., 2006). Studies of the chick eye demonstrated that constitutively
active B-catenin or Wnt2b signalling pathway have an impact on the identity of retinal

progenitor cells, pushing progenitors towards the peripheral cell fate of the ciliary body
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or iris (Cho and Cepko, 2006). The removal of another AJ protein, aPKC, from
postmitotic photoreceptors results in abnormal lamination and photoreceptor cell
morphology as well as the defects in establishment of proper neuronal connections
(Koike et al.,, 2005). Moreover, in the absence of aPKC the photoreceptor
differentiation is impaired and takes place at different regions in the retina. In 2012,
Alves et al. study demonstrated that CRB2 protein restricts proliferation of retinal
progenitors in mouse and that deletion of it leads to severe retinal disorganisation and
progressive degeneration with concomitant loss of vision (Alves et al., 2012).
Furthermore, their study demonstrated that CRB2 removal results in reduction of loss
of other SAR and AJs proteins suggesting destabilisation of the entire junctional
complexes. Later studies that used different Cre mouse lines and AAV expressing
vectors targeting Crb2 expression revealed that CRB2 has a cell specific role (Alves et
al., 2014a). The deletion of CRB2 from photoreceptor cells during retinal development
leads to loss of cell adhesion, OLM disintegrity, progressive morphological
deterioration and loss of retinal lamination. In contrast, when CRB2 is removed from
Mdller cells, the phenotype is milder with moderate disruptions to OLM continuity and
nuclei mislocalisation, mainly observed at the peripheral retina (Alves et al., 2014a).
Surprisingly, silencing of CRB2 with AAV vectors in adult retinae results in no changes
to retinal morphology or function suggesting that CRB2 plays no part in the
maintenance of AJs in the adulthood (Alves et al., 2014a). Interestingly, the developed
mouse mutant strikingly resembled a human phenotype observed in RP patients linked
to CRB1 mutation.

Finally, the junctional proteins have been found to be asymmetrically distributed
between photoreceptors and Muller cells, with the junctional plaques being much larger
in Mdller cells than in photoreceptors (Williams et al., 1990). The expression of
junctional proteins also varies between different cell types or different species. For
example, in a mouse retina CRB1 is restricted to apical processes of Miller glial cells,
whereas CRB2 is expressed in both Miuiller cells and photoreceptor inner segments.
Interestingly this pattern of expression was found to be reversed in humans (reviewed
in (Alves et al.,, 2014b). These discrepancies between the typical epithelial AJs and
OLM are thought to reflect an adaptation of the OLM for the specialised roles it has to

perform in the retina.

Given the importance of the OLM in the retina, we sought to determine whether and
how this structure changes in a diseased state. Previous reports have shown that in
chronic pathological conditions, including diabetic retinopathy (DR), the OLM is
compromised with a loss of the typical honeycomb pattern (Omri et al., 2013). Any
breach to this barrier between photoreceptor segments and the neuroretina may play

an important role in development of further pathological changes or acceleration of the
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degeneration. Better understanding of these alterations should provide insight into a
pathological environment and help to design more efficient therapeutic approaches for

patients whose retinae deteriorate.
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Figure 6.1 Schematic representation of the OLM in the mouse retina.

OLM junctions comprise of the tight junction (TJ) proteins, Claudin, Occludin and JAM, as well as proteins
associated with typical adherens junctions (AJs), such as B-catenin, a-catenin and E-cadherin (reviewed
in (Alves et al., 2014b)). Cytoplasmic protein ZO-1 links the AJ proteins to the cell's cytoskeleton. The
CRB complexes are located at the subapical region above the adherens junctions at the OLM. The core of
the CRB complex is formed by CRB1 and CRB2 that connect to PALS1, which links with PATJ and
MUPP1. The CRB proteins and PALS1 are also able to bind to the PAR complex member PARG, which
associates with aPKC, PAR3 and CDC42. In a mouse retina, CRB1 is restricted to Mller glia. The fact
that OLM shares similar proteins with the TJs within the RPE suggests that it can function as a retinal
barrier. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform
layer; ONL, outer nuclear layer; OLM, outer limiting membrane; AJs, adherens junctions; SAR, subapical

region.
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6.2 Results

Here, the OLM integrity was examined at the early and late time points in all models of
retinal degeneration introduced in Chapter 3. A global overview of OLM contiguity in
superior and inferior regions was performed using immunohistochemistry (IHC) for ZO-
1 expression, which is associated with AJs. In parallel, IHC analysis for CRB1 was
performed, to assess possible alterations to the core complex of SAR. To determine
possible changes in a number and/or types of AJs in a diseased retina, electron
micrographs (EM) of each mutant model were examined and compared to healthy age-

matched wild-type retinae.

6.2.1 OLM integrity is largely maintained in the majority of the retinal

degenerations

Although, a systematic assessment of both superior and inferior retina was conducted,
no visible differences between the two regions were found. For the purpose of this
thesis, representative images of both superior and inferior regions of the retina are
included in the figures presented, but the qualitative description applies globally with no

distinction between the two regions.

In the wild-type inferior and superior retina at 6 weeks of age (early) ZO-1 staining
formed a continuous line at the edge of the ONL with no nuclei intruding into the
subretinal space, indicating that the OLM was intact (Figure 6.2A i-ii). This pattern was
preserved over time, with no differences observed in 6 month-old animals, compared to
6 week-old mice (Figure 6.2A iii-iv). CRB1 staining followed the same pattern as ZO-1
with no noticeable dissimilarities between superior and inferior regions (Figure 6.2A v-
viii).

In the next instance the retina of Crb1®® mouse was assessed. This naturally
occurring mutant has a 1bp deletion in Crb1 gene, which truncates the transmembrane
and cytoplasmic domain of CRB1 (Mehalow et al., 2003). As a result, focal
disorganisation in retinal lamination can be observed with characteristic undulations of
the ONL. Mehalow et al. reported that the OLM disintegrity starts as early as 2 weeks
after birth, accompanied by the structural alterations in both photoreceptors and Miller
glial cells (Mehalow et al., 2003). At 6 weeks of age, the staining for ZO-1 appeared
fragmented across the entire retina indicating that the integrity of the OLM was already
compromised (Figure 6.2B i-ii) and became even more prominent at later stage
examined (Figure 6.2B iii-iv). CRB1 staining was, as expected for this model, mostly

absent or diffused (Figure 6.2B v-viii). A displacement of photoreceptor cells into the
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subretinal space was also observed (Figure 6.2B i-viii, arrows), providing a further

evidence for the breakdown of the OLM barrier.

The Rds™"mutant lacks photoreceptor OSs and undergoes a mild progressive retinal
degeneration. At 4 weeks of age, some occasional absences of ZO-1 expression at the
level of the OLM were observed (Figure 6.2C i-ii, white arrows) with more breaks in
Z0-1 staining as degeneration progressed (Figure 6.2C iii-iv, white arrows). Further
IHC assessment showed that CRB1, although not absent, seemed to be more diffused
into the segment region (Figure 6.2C v-viii) in comparison to wild-type retina. Sporadic
nuclei intrusions into the subretinal space were also noticeable. These OLM alterations

were prominent in both superior and inferior regions.

In the Pde6b™™ mouse, which is a very fast degenerative model, the majority of rod
photoreceptor cells are lost by the 4™ week of age. At the earliest time point examined,
staining for ZO-1 formed a uniform line at the edge of the outer retina but some small
breaches to its continuity were apparent (Figure 6.2D i-ii). These disruptions became
more noticeable in mid (3 weeks of age) and late ages (Figure 6.D iii-iv) with a marked
increase in the breaks in ZO-1 staining over time, indicating significant disruptions of
the OLM in this model. The ectopic presence of ZO-1 at the level of the outer plexiform
layer (OPL) was also noticeable between the inner nuclear layer (INL) and the
remaining ONL from 3 weeks onwards, which is probably associated with the growth of
new blood vessels. Similar to ZO-1, CRB1 expression was preserved at the early time
point (Figure 6.2D v-vi), but as degeneration progressed the staining was either

rd2/rd2

fragmented or as in the Rds mutant diffused into the segment region (Figure 6.2D

vii-viii).
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Figure 6.2 IHC assessment of OLM integrity in animal models carrying a spontaneous

mutation.
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Ai-viii) C57BI/6J wild-type; Bi-viii) Crb17¢"d; Ci-viii) Prph292/92 and Di-viii) Pde6brt. Cryosections were
immunostained for ZO-1 and CRB1 (red) and counterstained with nuclei marker Hoechst 33342 (blue);
arrows, indicate displaced photoreceptors. Scale bar, 25 um. INL, inner nuclear layer; OPL, outer

plexiform layer; ONL, outer nuclear layer; OLM, outer limiting membrane.
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Rho™ mice do not develop rod photoreceptor OSs and lose their photoreceptor cells
within the first 3 months (Humphries et al., 1997). In contrast to previous reports
(Campbell et al., 2007), we found that the OLM appears to be maintained throughout
the course of photoreceptor degeneration: IHC for ZO-1 staining was strong and
formed a single continuous line at the edge of the outer neuroretina (Figure 6.3A i-ii)
with some evidence of disruption at the later stage of degeneration (Figure 6.3A iii-iv).
Surprisingly, however, despite the OLM preservation, staining for CRB1 appeared to

be very weak in this model (Figure 6.3A v-viii).

In Prph2**%” mice that are heterozygous for the codon 307 mutation of the Peripherin
gene (McNally et al., 2002) there is a marked, but fairly slow, reduction in rod cell
number, in comparison to wild-type retina. In this mutant, the remaining photoreceptor
cells have shorter OSs that are severely disrupted in number and configuration. The
OLM in both the inferior and superior retina appeared disrupted even at the beginning
of degeneration (Figure 6.3B i-ii), but became progressively more disrupted with
disease, as indicated by marked disruptions in ZO-1 (Figure 6.3B iii-iv) and CRB1

expression (Figure 6.3B v-viii).

Nrf” retina lacks rod cells; therefore, the AJ formation involves only two cell types,
Miiller glia and so—called 'cods' (Mears et al., 2001). Similar to the Crb1® mutant,
Nrl” retina develops numerous ONL undulations in both superior and inferior regions,
with the appearance of the first rosettes as early as P8 (Stuck et al., 2012). Stuck et al.
showed that the formation of AJs is not uniform in the Nrf” retina, which leads to
protrusion of a population of photoreceptors into the subretinal space during retinal
development. Recently, the rosette morphogenesis was suggested to be linked to the
presence of functional RPE65 protein as rosette development was prevented only in
mutants with reduced RPEG5 levels (Samardzija et al., 2014). In keeping with these
results, and similar to Rho”, we founded that ZO-1 expression was very robust in this
model at both early (Figure 6.3C i-ii) and late time points (Figure 6.3C i-ii) examined,
but with clear signs of OLM discontinuity and nuclei mislocalisation (Figure 6.3C i-iv;
white arrows). The CRB1 staining followed the ZO-1 pattern with no visible signs of

protein diffusion into the segment region (Figure 6.3C v-viii).

As discussed in Chapter 3, the cytoarchitecture of the retina in the R97W; NrI” mouse
is well preserved, despite the lack of rods. Moreover, unlike the Nr”" mutant,
the R91W;:Nrl”~ model lacks rosettes, which was suggested to be due to a reduction
in levels of visual chromophore (Samardzija et al., 2014). IHC analysis showed that
Z0-1 expression is strong, with no clear signs of disruption in the OLM at either of the
examined time points (Figure 6.3D i-iv), and comparable to ZO-1 labelling in the wild-

type. CRB1 expression was also preserved in this model, with clear and strong staining
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at the apical margin of the retina (Figure 6.3D v-viii), indicating that OLM may be intact
in this double mutant. The IHC data presented above indicates that the OLM may be

disturbed to varying degrees in different models of retinal degeneration.

Although not relevant to this study, it is worth mentioning, that a punctate ZO-1 staining
was also present in the OPL of all examined models examined but it was most
prominent in the Nrl”~ and R91W;Nrl”~ mutants. ZO-1 is a well known intracellular
component of tight and adherens junctions, which also localises to gap junctions
formed between horizontal and photoreceptor cells (Puller et al., 2009). It has been
demonstrated that ZO-1 co-localises with connexins at rod spherules and at the cone
pedicle base (Puller et al., 2009). As both mutants are cone-dominant retinae, it would
be interesting to investigate in a future whether this increased expression in the OPL is

linked to a formation of different types of gap junctions.
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mutation.
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Ai-viii) Rho”; Bi-viii) Prph2+/2307; Ci-viii) Nrl* and Di-viii) R91W;Nrl*. Cryosections were immunostained
for ZO-1 and CRB1 (red) and counterstained with nuclei marker Hoechst 33342 (blue); arrows, indicate
displaced photoreceptors. Scale bar, 25 um. INL, inner nuclear layer; OPL, outer plexiform layer; ONL,

outer nuclear layer; OLM, outer limiting membrane.

238



6.2.2 Adherens junctions undergo significant remodelling during retinal
degeneration in order to maintain OLM integrity

As retinal degeneration progresses, the OLM starts to remodel, a phenomenon that
has been previously reported, individually, for some of the examined mutants
(Mehalow et al., 2003; Campbell et al., 2006; 2007). Here, qualitative and quantitative
analysis of the AJs was performed in different models of retinal degenerations using
EM. Similar to IHC results, EM demonstrated that, in wild-type retinae, the OLM
appears as a series of highly ordered, regularly spaced AJs at the outer edge of the
ONL and this appearance remains unbroken throughout the time frame examined
(Figure 6.4A i-ii, v-vi). Assessment at the ultra-structural level confirmed previous
reports (reviewed in (Alves et al., 2014b)) that the vast majority of these AJs are
formed between rod/cone photoreceptor IS and Miiller glia apical processes, creating a

neatly aligned OLM structure (Figure 6.4A iii-iv, vii-viii; red boxes).

As expected, in the Crb1®“ model the OLM did not present a straight line, as seen in
a wild-type, but instead exhibited visible undulations of the ONL and displacement of
the photoreceptor nuclei beyond the limits of the AJs, into the segment region (Figure
6.4B iii-iv; arrows), providing further evidence for a loss of OLM integrity (Figure 6.4B i-
i, v-vi; arrows). Interestingly, upon closer inspection at the ultrastructural level, the AJs
were still numerous. Moreover, the IS seemed also abnormal in their length and
comparatively thinner than those of the wild-type.

rd2/d2 wouse confirmed the OLM

Analysis of semithin retinal sections of the Rds
disruption seen with IHC. This was particularly evident at the late stage, as the OLM
appeared uneven at the outer edge of the retina (Figure 6.4B i-ii, v-vi). Ultra-structural
EM revealed that AJs were well-maintained at the early stage of degeneration (Figure
6.4C iii-iv), but as diseased progressed the junctions seemed to become more
elongated (Figure 6.4C vii-viii), which could indicate AJ protein mislocalisation or
diffusion, which has been previously suggested by Williams et al. (Williams et al.,
1990). Moreover, there were also visible signs in the alterations to ONL lamination,
with photoreceptor nuclei become sparser over time and clear signs of Miiller glia
hypertrophy.

rd1/rd1

As might be expected, Pde6b retina showed significant changes in the laminar
organisation within both the ONL itself and the OLM between early (Figure 6.4D i-ii)
and late stages of degeneration (Figure 6.4D v-vi). Analysis at the ultra-structural level
revealed that the alignment of the AJs at the outer margin of the ONL was relatively
normal at the early stage examined (Figure 6.4D iii-iv) but was lost by the latest stage
(Figure 6.4D vii-viii). At P10 (early stage), most junctions were still formed between

Mdller glia end feet and nascent photoreceptor segments. However, as degeneration
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progressed, and unsurprisingly in the absence of photoreceptors, the vast majority of
AJs formed were between the apical processes of two Muller glial cells or Mdller glia
and other retinal cells whose identity could not be confirmed with certainty on the basis
of location and morphology, due to the extensive degeneration. Together, these results
indicate that the OLM undergoes significant remodelling, including changes in the type
of junctions formed, in this model in the face of almost complete loss of the

photoreceptor layer.
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Figure 6.4 Ultratructural assessment of the adherens junctions in animal models carrying

a spontaneous mutation.
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Ai-viii) C57BI/6J wild-type; Bi-viii) Crb19¢, Ci-viii) Prph29292 and Di-viii) Pde6b"!. OLM integrity was
assessed at early and late stage of retinal degeneration using semithin sections (Scale bar: 25 ym) and
ultrathin electron microscopy (Scale bar: 1 um). Red boxes: AJs; PR, photoreceptor; MG, Miiller glia;
arrows indicate displaced photoreceptors. ONL, outer nuclear layer; OLM, outer limiting membrane; IS,

inner segment; OS, outer segment.
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Examination of semithin sections of Rho” mouse showed that at early stage of retinal
degeneration (Figure 6.5A i-ii), the laminar structure is comparable to a wild-type retina
(Figure 6.5A i-ii). As degeneration progresses, the photoreceptor morphology changes
with the nuclei becoming smaller and the ISs becoming shorter (Figure 6.5A v-vi).
Further EM analysis revealed the presence of numerous AJs at the early time point
(Figure 6.5A iii-iv), but as photoreceptor death progressed, the distance between
junctions increased (Figure 6.5A vii-viii). By the latest stage examined, when the vast
majority of photoreceptors have died, much of the space at the outer retinal margin
appeared to be occupied by the terminal processes of the Miiller glia. This is reflected
in a shift in the type of AJs; at the ultra-structural level, many more Muller-to-Muller cell

AJs were observed in the late stage, in comparison with the early stage.

In the Prph2**3"" retina, there was a moderate disorganization at the margin of the ONL
including the mislocalisation of photoreceptor cell bodies into the segment region at
both early (Figure 6.5B i-ii) and late time points (Figure 6.5B v-vi). Ultra-structural
analysis confirmed that while junctions remained quite neatly aligned at both stages
examined, they were less numerous in the late stage (Figure 6.5B vii-viii) in
comparison to 2 months old retina (Figure 6.5B iii-iv). Additional morphological
changes in the Muller cells were observed at the late stages of degeneration, including

hypertrophy of the end feet and an increase in a number of Muller to Miller junctions.

As in the Crb1®¥% model, the OLM of the NrI” mutant undergoes significant
fragmentation and displacement of photoreceptor nuclei into the segment region is
apparent (Figure 6.5C i-ii, v-vi; arrows). Surprisingly though, inspection at the ultra-
structural level showed that the Ads were still numerous, including in the regions where
rosettes were formed (Figure 6.5C iii-iv; arrows). The photoreceptor segments also
appeared to be shorter than those of a wild-type. No major alterations were observed

between early and late stages.

Similar to wild-type retinae, the OLM is well preserved in the R91W:Nrl” retina
throughout the time frame examined (Figure 6.5D i-ii, v-vi). Assessment at the
ultrastructural level showed the AJs were neatly aligned with the majority of junctions
being formed between photoreceptor segments and Miiller apical terminals (Figure
6.5D iii-iv, vii-viii; red boxes). As in the wild-type, no observable changes in the

alignment of the AJs were observed between early and late time points examined.
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Figure 6.5 Ultrastructural assessment of the adherens junctions in animal models carrying
a targeted mutation.
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Ai-viii) Rho”; Bi-viii) Prph2+/4307; Ci-viii) Nri- and Di-viii) R91W;Nrl-. OLM integrity was assessed at early
and late stage of retinal degeneration using semithin sections (Scale bar: 25 ym) and ultrathin electron
microscopy (Scale bar: 1 pm). Red boxes: AJs; PR, photoreceptor; MG, Miller glia; arrows indicate
displaced photoreceptors. ONL, outer nuclear layer; OLM, outer limiting membrane; IS, inner segment;

0OS, outer segment.
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Having noted clear differences in the appearance of the AJs between early and late
stages of retinal degeneration in some of the examined mutants, a quantitative
assessment of the AJs was performed (Figure 6.6). Using EM micrographs, a number
of data analyses was performed including the total number of AJs, and a proportion of
i) Ads formed between photoreceptor IS and Miller glia apical terminals, ii) AJs
between two Miller glial cells, iii) AdJs between two photoreceptor cells and iv) atypical
AJs that formed between cellular structures whose identity could not be fully defined
due to advanced retinal degeneration. Unfortunately, the Crb1®? and Prph2*43’
mutants had to be excluded from these data analysis as the two lines were lost prior to
sufficient number of samples being collected for each time point. The number of
junctions counted in the middle superior and inferior regions was combined, and
expressed as an average number of AJs per retina per 100 um. Early and late stages
of degeneration were compared using an unpaired Student’s f-test with Holm-Sidak

corrections.

In wild-type retinae, we did not observe any major changes in absolute number of Ads
between early and late stages examined (early, 158+12; late, 132114 junctions per 100
pum; Figure 6.6A). The majority of the AJs counted were formed between photoreceptor
IS and Miiller glia apical processes. There was a small, but non-significant drop in this
number with age (Figure 6.6B) (early, 141£13; late, 110£17). As predicted, only a very
small number of the AJs were formed between two Muller glia cells (early, 1814, late,
15+2; Figure 6.6C). A few junctions forming directly between two photoreceptor cells
were also observed at early stages but this did not change with time (early, 7t4; late,
714; Figure 6.6C). No atypical AJs were found in a wild-type.

In the slowly degenerating Rds™"*

mutant, the total number of junctions per 100 ym
fell markedly, from 107+4 at the early stage to 7617 at the late age (P<0.002; Figure
6.6A). A small, but non-significant, drop in a number of AJs between photoreceptors
and Miller glia was seen between early (70£20) and late (5319) time points (Figure
6.6B) and there was a concomitant increase in the number of AJs formed between two
Mdller glial cells (early, 10+4; late, 16+1; P<0.05; Figure 6.6C). No other significant

rd2/rd2

changes were found in the Rds model.

The most dramatic changes to AJ number and type were seen in the rapidly

degenerating Pde6b™@"!

mutant. In this model, the total number of AJs per 100 um
dropped from 111£12 in the early stage of disease to 52+4 by the late age (P<0.001;
Figure 6.6A). There was a dramatic decrease in a number of photoreceptor IS to Miller
glial type AJs, with 97+9 AJs counted at the early stage but almost none in the late
stage (P<0.001; Figure 6.6B). As degeneration progressed, the Miiller glial processes

extended along the outer edge of the neuroretina and there was a marked increase in
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the number of AJs formed between two glial cells (early, 10+1; late, 38+9; P<0.01;
Figure 6.6C). At the late stages of retinal degeneration, and most likely due to the
extensive degeneration and morphological reorganisation of the retina, we also
observed a significant number of AJs that were formed between cellular structures
whose identities were difficult to define (12+1; P<0.001; Figure 6.6E).

The rod OSs of Rho” mutants do not develop and these animals lose their
photoreceptor cells within the first 3 months of age (Humphries et al., 1997).
Nonetheless, as shown by the IHC and ultrastructural analyses, the OLM integrity
appears largely preserved. Interestingly, the total number of AJs did decrease
significantly over the course of degeneration, falling from 116+5 counted per 100 ym at
the early stage to 61+6 at the late time point (P<0.001; Figure 6.6A). The number of
AJs formed between photoreceptors and Mdller glia dropped markedly, between the
early (9841) and late (3319) time points (P<0.001; Figure 6.6B). Surprisingly, despite
the progressive loss of photoreceptors, there was no significant increase in the number
of AJs formed between two glial processes (early, 17t4; late, 2015; Figure 6.6C),
although a small number of atypical AJs was also observed in the late time point
examined (412; Figure 6.6E), which could be a result of the extended retinal

remodelling.

Nrf” retina lacks rod cells; therefore the AJ formation involves only two cell types,
Miller glia and so—called 'cods' (Mears et al., 2001). Moreover, Nri” mice develop
numerous rosettes, with many photoreceptor cells being mislocalised in the segment
region (Stuck et al., 2012). Analysis of the EM micrographs revealed that although the
total number of Ads was typically lower than that seen in wild-type retina, this did not
change with age; an average of 70+2 AJs per 100 um were observed at the early,
compared to 80130 at the late, time point (Figure 6.6A). No obvious changes in the
type of AJs were observed with age, although the number of Ads formed between
photoreceptors and Mdaller glia cells was notably lower than that seen in wild-type
(early, 46%2; late, 52+21; Figure 6.6B). Despite extensive gliosis throughout these
retinae, no major changes in the number of Miiller glia to Miller glia AJs was observed
over time (early, 23+2; late, 28+12; Figure 6.6C).

The all-cone retina of the R97W: Nrl” mouse had a similar number of AJs to the Nri”"
mutant, with no significant changes over time (early, 86+7; late, 83+8 AJs per 100 ym
Figure 6.6A). Although the total number of AJs was again lower in comparison to wild-
type, including the number of Ads formed directly between photoreceptor IS and Miiller
glia terminals (early, 57+7; late, 56+7; Figure 6.6B), this does not appear to result in

any obvious breaks to OLM integrity, and the lamination of the ONL remains intact. No
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change in a number of junctions formed between two Mdller glial cells was observed,

which was expected given the fact that this model does not really degenerate.
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Figure 6.6 Assessment of the number of adherens junctions between early and late stages

of retinal degeneration.

A) Total number of AJs; B) Number of AJs formed between photoreceptors and Miller glial cells; C)

Number of AJs formed between two Mller glial cells; D) Number of AJs formed between two

photoreceptor cells and E) Number of the atypical AJs formed. All the counts are expressed per 100 pm.

Statistical significance was assessed using unpaired Student's t-test with Holm-Sidak corrections. **P <
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0.01 and ***P < 0.001. Error bars: SD, n=3 animals examined per time point (with =2 retinal sections

assessed per animal in at least two independent ROI).
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6.3 Discussion

The OLM is considered by many to be the third retinal barrier. In this study, it has been
shown that in a number of murine models of inherited retinal degenerations, this barrier
undergoes significant remodelling during degeneration. As the photoreceptor cells die,
both the number and the composition of those AJs between the remaining cells
changes, with a significant shift in favour of junctions formed between two Mdller glia
cells, rather than between Mdller glia and photoreceptor cells. Both in the current
study, and previous reports (Barber et al., 2013; Hippert et al., 2015), these changes
can be correlated with the rate of photoreceptor death, with the most striking OLM

brd1/rd1

remodelling seen in the Pdeb mutant, which undergoes a very rapid loss of

photoreceptors.

In the retina, Mlller glia are arranged in a regular pattern. Each individual glial cell
constitutes the core of a column of retinal neurons, which represents the smallest
functional unit in the retina. It has been illustrated that for each Miller cell there is one
cone and a variable number of rods and inner neurons (reviewed in (Bringmann et al.,
2006)). It is possible then that the AJ connections between Miller cells could represent
the borders of such units. It is tempting to speculate that the protein expression may be
different at the ‘unit border enabling the junctions to specialise and perform some
specific function or lead to some differences in permeability to ECM molecules. This
could be of particular importance in diseased conditions where these individual units
become rearranged due to loss of cell contacts, leading to an increase in OLM
permeability and/or decrease in the strength of AJs and susceptibility to retinal
detachment. Various clinical studies have demonstrated that eyes with a continuous IS/
OS junctions have a better visual acuity than those in which IS/OS line is disrupted
prior the surgery making them more prone to increased vascular leakage upon
mechanical stress (Mitamura et al.,, 2013). In the majority of the mouse models of
inherited retinal degeneration examined in the current study, there were clear signs of
OLM remodelling, although the nature and extent this remodelling varied markedly
between different mutants. In addition to these changes, a mislocalisation of
photoreceptor cells into the segment region was observed, particularly in the areas
where the OLM was clearly compromised. Interestingly, despite severe loss of
photoreceptor cells, the retina’s attempt to maintain OLM integrity is remarkable. This
is evident in the increased number of AJs formed between Miiller glia processes in a
number of different models, demonstrating the importance of this structure in the

maintenance of retinal architecture.

During retinal development, the SAR complex localises apically in the neuroepithelium,

where it helps to form an adhesive OLM belt and plays an important role in the
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maintenance of the AJs (Mehalow et al., 2003; Alves et al., 2014b). These proteins
have also been implicated in photoreceptor survival and maintenance. For example,
mutations in CRB1, which is part of the SAR complex, have been associated with a
variety of autosomal recessive retinal dystrophies, including Leber's congenital
amaurosis, retinitis pigmentosa type 12, retinitis pigmentosa with Coats-like exudative
vasculopathy and other early-onset forms of retinitis pigmentosa (Bujakowska et al.,
2011; Pellissier et al., 2014; Zhao et al., 2015). In mouse, the loss of CRB1 protein
leads to displaced photoreceptors and focal degeneration of all neural layers. This is
attributed to loss of adhesion between photoreceptors and Miller cells (Mehalow et al.,
2003; van de Pavert et al.,, 2004), although more recent reports have indicated this
phenomenon is background-specific (Luhmann et al., 2015). As described by others, in
this study the OLM integrity was found to be increasingly compromised with

179898 mouse mutant. This manifests as ONL undulations,

degeneration in the Crb
commonly known as ‘rosettes’. Moreover, expression of ZO-1 appears reduced in
comparison to wild-type. In contrast, in the Nrf” mouse, another model that also
develops ONL 'rosettes', both ZO-1 and CRB1 were robustly expressed despite
numerous OLM breaks and visible displacement of photoreceptors into the segment
region. Interestingly, in this model, the retinal cells still managed to form AJs within the
'rosettes'; however, these appeared to be abnormal and did not form a continuous line.
Previous reports have shown that mutations in the Nrl gene results in a number of
pathological functions, including aberrant photoreceptor packing, abnormal association
between photoreceptors and RPE, retinal detachment, changed dendritic fields and
axon terminals in horizontal cells, vascular leakage, and ganglion cell death (Mears et
al., 2001; DeAngelis et al., 2002). The exact cause of the OLM disruption in the Nr”"
retina still remains unclear, although recent study by Feathers et al. pointed towards
the involvement of retinoid intermediates, since Nri”” mutants with no functional RPE65
protein failed to develop rosettes (Feathers et al., 2008). Moreover, it still remains
unclear why disruptions in the OLM in both Nr” and Crb1™® mutants appear as
localized disruptions, resulting in focal rosettes, instead of a uniform failure of OLM
formation across the retina. One possible explanation is that there are differences in
the protein expression between different AJ types, making some of the junctions
weaker or more susceptible to disruption. For example, Daniele and colleagues
reported that in the Nrf” retina, which is 'cone' dominant, JAM-C protein, a part of the
AJs complex, is significantly overexpressed compared to wild-type retina. The authors
propose that JAM proteins play a specific role in cone polarisation and function
(Daniele et al.,, 2007), but these could also lead to functional differences in AJs
between cone photoreceptors, rod photoreceptors and Mduller glia. A previous study in

diabetic patients reported that S-cones, which are absent from the fovea, are the most
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prone to retinal degeneration (Hollyfield et al., 1999; Cho et al., 2000). Omri et al.
reported that in a rat animal model of diabetic retinopathy there was a marked drop of
S-cone photoreceptors (Omri et al., 2013). They also showed that this mutant
manifests clear signs of OLM discontinuity with both Occludin, which is mainly found in
the AJs between Miiller glia and cones (Omri et al., 2010), and aPKC protein (Omri et
al., 2013), to be visibly decreased. Of note, the current study shows that there are
observable differences in the expression of ZO-1 and CRB1 between different models
of retinal degenerations, as well as differences in the number and type of the remaining
AJs. These discrepancies may be related to the fact that there are regional differences
in both quantity and density of surviving photoreceptors (LaVail and Battelle, 1975;
Carter-Dawson et al., 1978; LaVail et al., 1992; Garcia-Fernandez et al., 1995; LaVail
et al., 1997; Lin et al., 2009), which may depend on preservation of the OLM. In normal
mice, the majority of the AJs form between photoreceptor ISs and Mdller glia apical
terminals. However, in the Pde6b™"" mouse model of RP, for example, where the
majority of rod photoreceptors are gone by P21, there is extensive junctional
remodelling and the majority of AJs form between two Miller glial apical terminals. At
this stage, only the cone photoreceptors remain and wrapped tightly by the gliotic
processes of Miller cells. These findings suggest a robust attempt by the retina to
preserve the OLM and retinal architecture. Moreover, qualitative analysis at the
ultrastructural level showed that the newly AJs seem to extend further than the
junctions observable in a wild-type, which may suggest that the junctions enlarge or the
junctional proteins mislocalise or diffuse along the junction. The same phenomenon
was observed in Rho” mice especially at the later examined time-point. This
corresponds with the results presented in Williams et al. study that showed that the
cytoplasmic plaques of the OLM junctions are larger in Miller cells than the ones in
photoreceptors (Williams et al., 1990). They speculated that these large aggregates of
junctional proteins may control the extracellular pore size of the AJ and thus the
permeability of the OLM. Although the described changes may be due to sectioning
artefact, it is possible that in reactive glia the expression of the junctional proteins is

altered which could lead to abnormities in the newly formed AJs.

Interestingly, in the Rho” model where the loss of the ONL occurs moderately quickly,
the OLM seemed to stay linear and uninterrupted until at least 6 weeks, by which time
only 2-3 rows of PRs remain (see Chapter 3). It was only at the latest time point
examined that some disruption in the OLM was evident, and significant preservation
even as late as 22 weeks of age (Appendix AA; (Hippert et al., 2015)). These
observations contrast those of Campbell et al. who reported reduced levels of ZO-1
and catenin proteins in Rho™ mice as early as 3 weeks of age and no staining of the

same AJ proteins after 5 weeks (Campbell et al., 2007). In this study, ZO-1 staining
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was very visible and even appeared stronger than in a wild-type retina. The reasons for
these discrepancies are unclear. EM analysis showed that the total number of AJs
significantly drops in Rho”™ mutant between early and late ages; however, IHC analysis
did not indicate any major changes to OLM continuity. As mentioned before, the AJs
especially those formed between two glial cells appeared to be elongated as shown at
the ultrastructural level. This could explain why ZO-1 staining appeared to be
unbroken. Interestingly, we did not observe any ring formation of cones as has been
previously reported in rat model of RP, where a mutation in Rhodopsin gene led to the
loss of rod photoreceptors triggering a reorganisation of cones into an array of rings
(Lee et al., 2011; Yu et al., 2016). Lee et al. reported that these rings formed around
the zones of rod cell death, which were then enwrapped by Miller glia processes and
formed junctional connections with the cones' IS (Lee et al.,, 2011). IHC analysis
showed that OLM was also compromised with an alteration in ZO-1 expression and
clear remodelling of Miuller glia processes, but strong ZO-1 expression was observed
at the ring boundaries. Interestingly, these Muller glia-cone interactions were disrupted
following the injection of DL- aminoadipic acid (AAA), which is commonly used to
disrupt Muller glial cell metabolism (Lee et al., 2011), indicating that Mdller glia compel
cones to migrate to specific areas of rod death to form rings. Another study, by Xia et
al. showed that this ring formation can be prevented by injection of Oncostatin M
(OSM), which is a member of the IL-6 cytokine family (Xia et al., 2011). In the past,
cytokinesis have been reported to alter tight junctions (Abe et al., 2003; Villarroel et al.,
2009; Aveleira et al., 2010); hence it has been suggested that OSM may modulate the
formation or the strength of the cone-glia AJs. This hypothesis was further tested by Yu
et al. who showed that treatment of the same mutant with high concentrations of siRNA
against Zo-1 mRNA leads to the homogenous spread of cones within the ONL without
any reduction in their number (Yu et al., 2016). These findings suggest that AJs
represent at least one critical component for cone rearrangement in RP retina. ZO-1 is
known to act as a molecular scaffold that organizes, assembles, and links the TJ
complexes to the cytoskeleton through a number of protein-protein interactions
providing structural integrity to the cells (Wittchen et al., 1999; Van ltallie et al., 2009);
hence any breakages can result in the loss of the cellular structure. Moreover, any
inhibition of the ZO-1 expression may result in weakening of the bundles of filament by
affecting the AJ complexes and, as a consequence, have an impact on the glial scar
that forms in many diseased conditions at the outer edge of the neuroretina (reviewed
in (Hippert et al., 2016)). Equally, it is possible that any intervention that inhibits the
formation of the glial seal, including downregulation of the intermediate filament

proteins (e.g. Chapter 5), may lead to a disruption of OLM remodelling.
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Understanding the composition of retinal barriers, including the specific differences that
may exist between the AJs in normal and diseased conditions, is a prerequisite for
understanding why certain pathological events are region specific such as oedema that
localises to the macula. The macula is the only place in the retina where cones out-
number rods. In this region, the AJs between Mdller cells and cone photoreceptors
were reported to be shorter, in comparison to Ads elsewhere within the retina, and to
have a structure typical of desmosomes, with dense intermediate filament extensions
(Omri et al., 2010). At this region, Muller glial cell apices are almost in contact with the
cone OS leading to a decrease in the glial free SAR that surrounds the fovea.
Moreover, although it has generally been accepted that the OLM is continuous
throughout the entire retina, one observation reported that in the centre of the fovea of
the rabbit retina, there might be areas in which the OLM becomes discontinuous, as
there is a lack of AJs between some cone IS and Miller glial apical terminals (Bunt-
Milam et al., 1985). These findings could explain why this region is more susceptible to
pathologies, such as the macular oedema that is associated with AMD disease.
Macular oedema in humans is a result of diffuse capillary leakage and micro-
aneurysms in the macular region. Geiger et al. showed that exposure to toxic levels of
blue-light of the all-cone retina of the R971W;Nrl”~ mutant leads to vascular leakage,
retinal swelling and the appearance of cystoid spaces in both INL and ONL indicating
oedema (Geiger et al., 2015). In AMD, like RP is a collection of defects where the
macular area and fovea become compromised leading to retinal remodelling including
the remodelling of the AJs. Geiger and colleagues reported that the expression levels
of ZO-1 were markedly reduced in R97W;:Nrl”~ in comparison to wild-type controls
(Geiger et al., 2015). Interestingly, in the current study, | found ZO-1 expression to be
robust, as assessed by IHC, however ZO-1 expression was not quantified, either by
PCR or WB. Nonetheless, in keeping with Geiger et al. study, here the total number of
AJs was shown to be much lower, in comparison to wild-type controls, including the
number of AJs formed directly between photoreceptor IS and Miiller cell processes,
although retinal lamination remained normal. Together, these findings suggest that the
susceptibility of the R97W:Nrl”~ mutant to develop vascular leakage may be linked to
the more sparse distribution of AJs. Recent studies in humans showed that OLM
integrity is viewed as an important prognostic factor in treatment of the epiretinal
membrane (Cobos et al., 2013). It has been reported that the presence of an intact
IS/OS junction on the preoperative spectral-domain optical coherence tomography
scan was an important predictor of better visual recovery after epiretinal membrane
surgery. Mitamura et al. demonstrated that the IS/OS junction is important in predicting
postoperative visual acuity and that the improvement of retinal microstructure after

surgery is better in patients with fewer OLM discontinuities (Mitamura et al., 2013).

255



It is increasingly evident that understanding the diseased retinal environment is of
paramount importance when designing effective therapeutic strategies for the
treatment of retinal degeneration. In the past few years, great progress has been made
in the development of novel ocular therapies such as electronic implants (Stingl and
Zrenner, 2013) and in the field of both cell (MacLaren et al., 2006; Gonzalez-Cordero
et al., 2013; Santos-Ferreira et al., 2014) and gene (Bainbridge et al., 2008; Maguire et
al., 2008; Jacobson, 2012) therapy. A compromised OLM may promote gene delivery
or cell transplantation efficiency by increasing accessibility of the virus or the donor cell
into the target tissue. A number of different studies demonstrated that combining a
reversible disruption of the OLM with photoreceptor transplantation increases the
number of donor-reporter labelled cells observable within the recipient retina (West et
al., 2008; Pearson et al.,, 2010; Barber et al., 2013). Previously, transplantation of
donor cells was thought to lead to their migration from the site of transplantation in the
sub-retinal space, across the OLM and into the recipient retina. Real-time imaging of
explants of transplanted retina have confirmed these findings (Pearson et al., 2016).
However, in the same study, Ali and colleagues found that this process accounts for
only a minority of apparently integrated cells within the host ONL. Instead, donor and
host photoreceptor cells engage in the exchange of RNA and/or protein, in a process
termed material transfer. The precise cellular mechanism underlying this process
remains unclear. What is known is that it does not involve uptake of free protein, RNA
or DNA nor does it involve classic cell-cell fusion mechanisms or nuclear transfer. At
the time of writing, the release by donor photoreceptor cells and subsequent uptake by
host photoreceptors (and to a lesser extent vice versa) of microvesicles is a working
hypothesis. Whatever the underlying process, material transfer is surprisingly robust,
resulting in host cells be able to express a wide variety of photoreceptor specific
proteins with high fidelity; for example, around 85% of GFP'" cells in the ONL of
Gnat1” hosts also express rod o-transducin, the protein missing for host
photoreceptors. A number of reports have demonstrated improvements in visual
function following photoreceptor transplantation (Lamba et al., 2009; Pearson et al.,
2012; Santos-Ferreira et al., 2014; Barnea-Cramer et al., 2016).

Intriguingly, the number of GFP'®" cells in the host ONL is markedly higher in models
that show a disrupted OLM than in models where the OLM remained intact. Moreover,
disruption of OLM in a wild-type mice using pharmacological (West et al., 2008) and
siRNA techniques (Pearson et al., 2010) led to a significant increase in the number of
GFP" cells within the host retina. It is not clear at present whether these improvements
are due to improving the number of real integration events or the frequency of material
transfer events, although the frequency of material transfer events versus true

integration events seen in the normal retina would make the latter more likely. These
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findings may help us in elucidating the mechanisms underlying material transfer.
Previous studies have shown that after the lamination of the retina is complete, the
OLM creates as barrier to limit the diffusion of macromolecules including Retinoid-
binding protein into the neuroretina from the IS/OS region depending on their molecular
weight (Carter-Dawson and Burroughs, 1992). Although the recent studies on
photoreceptor transplantation showed that material transfer does not result from the
uptake of free proteins from the extracellular milieu(Pearson et al., 2016; Santos-
Ferreira et al., 2016), if the OLM is a semipermeable barrier (Bunt-Milam et al., 1985),
it may restrict the passage of microvesicles from donor to host and/or access to the
uptake mechanisms. This could explain why in the retina with a compromised OLM, the
number of GFP* cells is higher in comparison to healthy retinae. If the underlying
biological mechanisms of material transfer can be revealed, they may represent a new
therapeutic strategy for a broad-spectrum of inherited retinal diseases by introducing

functional proteins into otherwise diseased photoreceptors.

In conclusion, disruption to the OLM is an expected outcome of photoreceptor loss and
is predicted to have significant consequences for the overall homeostasis of the retina
(Omri et al.,, 2010). Remarkably, however, our data show that while there is
undoubtedly significant junctional remodelling, depending upon the model, the OLM
very often remains intact even at advanced stages of degeneration, suggesting a
significant attempt by the retina to protect itself from further damage. A better
understanding of the OLM is needed for our understanding of disease progression.
This is particularly important when designing therapeutic interventions, as any
disruption to it, particularly in a diseased condition, may result in acceleration of retinal

degeneration.
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CHAPTER 7

Disruption of OLM integrity
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7.1 Overview

In the vertebrate retina, the apical processes of Miller cells are attached to each other
and to the inner segments (IS) of the photoreceptors by continuous heterotypic
adherens junctions (AJs) that collectively form the outer limiting membrane (OLM). This
continuous belt of Ads helps to maintain the integrity of the retinal lamination as it
creates a barrier which seals off the neuroretina from the retinal pigmented epithelium
(RPE) and choroid. In recent years, a number of different proteins that contribute to
localisation and organisation of the AJ 'building blocks' have been studied, including
proteins of the SAR region. The SAR region, which is located apically to the AJs, is
comprised of the two complexes, PAR and Crumbs, which directly interact with each
other. The core of the Crumbs/CRB complex (formed by the CRB proteins, PALS1,
PATJ and MUPP1 (Richard et al., 2006) has received particular attention from the
scientific and clinical community because thus far only the Crumbs complex member,

CRB1, has been associated directly with human disease.

CRB1 is a large (153 kDa) transmembrane protein, which is one of the three homologs
to Drosophila protein Crumbs found in human genome (Tepass et al., 1990; Pellikka et
al., 2002). In the mouse retina, CRB1 is expressed from embryonic (E) day 12.5
onwards at the SAR adjacent to AJs in retinal progenitor cells (Hollander et al., 2002).
As the retina matures, the CRB1 expression becomes restricted to Miuller cells
(Pellikka et al., 2002; van de Pavert et al., 2004), where it acts as an anchor between
Mdiller glia microvilli and photoreceptor IS, ensuring the integrity of the OLM (Gosens et
al., 2008). In 1999, the CRB1 gene was found to be mutated in a specific group of
patients with RP (Hollander et al., 1999) and shortly after, mutations in the human
CRB1 gene were found to be associated with autosomal recessive RP and autosomal
Leber's congenital amaurosis (LCA) retinopathy (Jacobson et al., 2003; Hollander et
al., 2004; Bujakowska et al., 2011). To date, several animal models have been studied

17898 mouse is

that provided some insight into the pathology of CRB defects. The Crb
a naturally occurring mutant, where a single base deletion in the Crb1 gene causes
discontinuity and fragmentation of the AJ complexes (van de Pavert et al., 2004;
Hippert et al., 2015; Figure 7.1 B, white arrows), as well as defects in the photoreceptor
IS and outer segment (OS) (Mehalow et al., 2003). Moreover, it has been reported that
mutations of Crb1 lead to retinal folding and the formation of so-called rosettes (see
Chapter 3 and 6), and subsequent photoreceptor cell death (van de Pavert et al.,
2004). Two studies have demonstrated that the number of GFP cells following

+/+

transplantation of Nrl. GFP™" photoreceptor precursors was significantly higher in the
Crb1™¥ animals compared with co-transplanted wild-type animals (Pearson et al.,

2010; Barber et al.,, 2013). This contrasts with the very low numbers of GFP cells
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typically observed in the recipient retina following cell transplantation into other models
of retinal degeneration, including the Rho™ mutant (Barber et al., 2013), where the
OLM integrity is preserved (see Chapter 6). To test the hypothesis that the OLM may
represent a barrier to cell transplantation, two molecular approaches were developed
and tested to downregulate Crb1 expression in a C57BL/6J wild-type retina to assess

whether CRB1 is a suitable target for OLM disruption.

In 2010, a study by Pearson et al. showed that using siRNAs against a junctional
adaptor (ZO-1) leads to a discontinuity in OLM integrity. Moreover, when combined
with photoreceptor precursor cell transplantation, they reported significantly more
integrated cells within the recipient retina in both wild-type mice and, importantly, in a
model of retinal degeneration (Pearson et al., 2010). However, ZO-1 is not exclusively
expressed in the OLM. It has been shown that ZO-1 is also part of the junctional
complex within the RPE; thus it is possible that a subretinal injection of siRNA against
Zo-1 will also interfere with junctions in the RPE. Interestingly, recent work by Daniele
et al. demonstrated that there are some differences in the expression of tight junction
proteins in the OLM compared with the Ads of the RPE, which may help to find an
alternative target for OLM disruption (Daniele et al., 2011). One such possible target for
an RNAI strategy is Crb1, because its expression in the eye is restricted to the OLM
(Hollander et al., 2002). It is therefore possible that knocking down mouse CRB1 might
lead to a more specific disruption of the OLM without the risk of associated damage to
the RPE.
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Figure 7.1 The OLM integrity in a wild-type and Crb1r9¢d8 mouse retina.

Ai) In a wild-type ZO-1 (red) staining forms a uniform, unfragmented line. Aii) Semithin sections
demonstrate OLM continuity, as indicated by black dashed line. Aiii) Ultrastructural images show the
continuous formation of AJs at the OLM level (dashed boxes). Bi) In Crb19¢®@model a clear disruption of
the OLM can be seen (arrows) as ZO-1 staining (red) appears to be fragmented. Bii) Semithin sections
show ONL nuclei being displaced as the OLM continuity is being compromised (black dashed line). Biii)
Assessment of OLM integrity at the ultrastructural level shows missing AJs in the Crb1r/8 mutant
(asterisk). Retinal cryosections were co-stained with the nuclear marker Hoechst 33342 (blue). INL, inner
nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segment; OS, outer segment;
RPE, retinal pigmented epithelium (see also Hippert et al., 2015). Scale bars: Ai and Bii, 25 pym; Aii and
Bii, 10 ym; Aiiii and Biii, 0.5 um.
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7.2 Results

7.2.1 CRB1 in a C57BL/6J wild-type retina

It has been previously suggested that CRB1 levels might vary between different retinal
regions, based on the fact that the inferior quadrant of the retina is structurally more
impaired in the Crb1 mouse mutant (Mehalow et al., 2003). To assess whether there is
any variation in the distribution of CRB1 in a wild-type retina, IHC and QRT-PCR

analysis were performed on the samples from superior and inferior regions.

A confocal montage of immunostained wild-type retina (Figure 7.2A i) indicates that
CRB1 expression is uniform across the whole retina, with no noticeable differences
between the superior (Figure 7.2A ii) and inferior (Figure 7.2A iii) regions. As expected,
there were no signs of OLM fragmentation or nuclei displacement into the subretinal

space.

Further QRT-PCR analysis on laser-captured samples from orientated retinae showed
that the levels of Crb7 mMRNA were similar between the superior (119.9436.5%) and
inferior (118.6x44.5%) parts of the retina (P=0.447; Figure 7.2B). In contrary to
previous reports (Mehalow et al., 2003), no significant variations between the wild-type
superior and inferior retinae were detected; however the inter-sample variations in
detected mRNA levels were high in both regions assessed. Having shown that CRB1 is
homogenously present in the wild-type retina and can be detected using ICH and QRT-

PCR, | then moved to designing tools to knockdown its expression.

262



Optic nerve

Inferior

L J
> o0 » 0

Figure 7.2 CRB1 expression in the superior and inferior regions of a wild-type retina.

Ai-iii) Representative images of the CRB1 staining (red) in a wild-type retina. Ai) A montage image

magnification images of the superior and inferior OLM regions. Retinal cryosections were counterstained
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with the nuclei marker, Hoechst 33342 (blue). B) QRT-PCR analysis on the laser captured samples
revealed no marked differences in the Crb7 mRNA levels between superior and inferior quadrants
(P<0.447, two-tailed paired Student’s t-test. Error bars: SEM; n=6 independent retinal samples examined).

INL, inner nuclear layer; OLM, outer limiting membrane; ONL, outer nuclear layer. Scale bars: Bi, 500 pym;
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7.2.2 pCMV6.Crb1.GFP vector expression is effectively silenced in
cultured HEK-293T cells by RNA.I

Two sequences, starting at base pair 672 and 718 (courtesy of Dr Jan Wijnholds,
Netherlands) were used to generate the RNAI arrays (Thermofisher, UK). Herein, these
will be referred to as siCrb1.672 and siCrb1.718, respectively. A non-targeting stealth
RNAIi was used as a control (siCon). The effectiveness of silencing the mouse Crb1
MRNA expression was first tested in vifro using HEK-293T cells that were co-
transfected with commercially available pCMV6.Crb1.GFP vector (OriGene
Technologies Inc., USA) to induce exogenous mouse Crb1 cDNA. The efficiency of
transfection and the effectiveness of siRNA in silencing the Crb1 mRNA transcript were
assessed 72 hrs post-transfection by ICC and QRT-PCR analysis. Cells transfected
with pCMV6.Crb1.GFP only were used as a positive control.

To assess the efficiency of RNAI transfection, a non-targeting RNAi control sequence
with an attached AlexaFluor was used as a positive reporter (Thermo Fisher Scientific,
UK). First, the RNAI transfection protocol was optimised in HEK-293T cells by testing
different concentrations of siCon (20, 40, and 100 pM). Transfected cells were
analysed with IHC for AlexaFluor expression (Appendix AB). The untreated cells were
used as a negative control. All three concentrations successfully transfected HEK-293T
cells and little or no cell death was observed at any of the transfected wells. Among the
three tested concentrations, the 40 pM dose of siCon was determined to be the most
effective in transfecting HEK-293T cells, thus this dose was used in further

experiments.

As HEK-293T cells do not endogenously express CRB1, the cells were first transfected
with pCMV6.Crb1.GFP vector, to drive expression of CRB1 and GFP reporter.
Fluorescent microscopy of the transfected cells showed that in wells transfected with
pCMV6.Crb1.GFP vector ~80% of the cells were GFP™ (Figure 7.3A i') and that they
stained for CRB1 protein (Figure 7.3A i"). Having confirmed a successful expression of
CRB1 in vitro, HEK-293T cells were transfected with pCMV6.Crb1.GFP plasmid in

conjunction with the generated RNAi sequences.

As expected, no noticeable differences in CRB1 expression were observed in the wells
co-transfected with a non-targeting RNAi (Figure 7.3A ii). All the examined siCon wells
demonstrated a robust expression of GFP (Figure 7.3A ii') and staining for CRB1
protein (Figure 7.3A ii"). Further QRT-PCR analysis confirmed the ICC results showing
that the Crb7 mRNA levels were comparable between the RNAi-untreated cells and
those co-transfected with siCon (Figure 7.3B). In contrast, the expression of both
CRB1 and GFP from pCMV6.Crb1.GFP was visibly decreased in the cells co-
transfected with siCrb1.672 (Figure 7.3A iii) and siCrb1.718 (Figure 7.3A iv). This
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silencing of CRB1 was confirmed by further QRT-PCR results which showed a
significant drop in the expression of Crb7 mRNA transcript in the cells that were
transfected with pCMV6.Crb1.GFP vector in conjunction with either siCrb1.672
(33.3+10.0% of the levels in untreated cells, P<0.01) or siCrb1.718 (6.8£2.3% of the
levels in untreated cells, P<0.001) with the latter producing a more dramatic effect in
comparison with siCon treated cells (104.4+9.5% of the levels in untreated cells,
P=0.9999) or untreated controls (Figure 7.3B). Together this data shows that the two

generated RNAI sequences are capable of silencing CRB1 expression in vitro.
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Figure 7.3 RNAi targeting sequences mediate robust silencing of exogenous mouse CRB1
expression in cultured HEK-293T cells.

Ai-iv) Transfection with pCMV6.Crb1.GFP vector induced CRB1 expression in HEK-293T cells (red), Ai)
which was preserved in Aii) siCon treated wells. This robust CRB1 expression co-localised with the GFP
reporter. In contrast, wells treated with either Aiii) siCrb1.672 or Aiv) siCrb1.718 showed a marked

reduction in both GFP and CRB1 expression with siCrb1.718 leading to a more effective knockdown. Cells
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were counterstained with the nuclei marker, Hoechst 33342 (blue). Scale bar, 25 um. B) Histogram shows
mRNA levels, assessed by QRT-PCR 72hrs post-transfection, for Crb1, following treatment with siCon,
siCrb1.672 and siCrb1.718. Both targeting RNAi sequences mediated a significant reduction in Crb1
mRNA expression, compared to siCon transfected cells or RNAi-untreated controls. *P<0.05, **P<0.01,
***P<0.001 and ****P<0.0001 with a one-way ANOVA and Tukey’s correction for multiple comparisons.
Error bars: SEM; n=3 independent cultures examined.
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7.2.3 Endogenous CRB1 is effectively decreased in cultured Miuller glia by
RNAI

Having established that Crb7 mRNA expression can be silenced in HEK-293T cells in
vitro, the designed RNAi sequences were next tested to determine if they can also
effectively reduce endogenous CRB1 in cultured Miller glial cells.

+/+

As shown in Chapter 4, Mdller glia can be isolated from P7-8 RIbp.GFP™" mouse using
FACS and subsequently grown in vitro. After two weeks in culture, Crb7 mRNA was
detectable in untreated Miller cells (Figure 7.4A) and a robust positive staining for
CRB1 was observed (Figure 7.4B i"). A similar pattern of CRB1 expression was
manifested by the cells treated with siCon with the attached Alexa Fluor488 that served
as a reporter for successful transfection (Figure 7.4Bii"). Further ICC analysis showed
that staining for CRB1 was not affected by RNAI in the wells transfected with siCon
(Figure 7.4B ii") with no detectable changes in Crb7 mRNA levels (100.1+6.2 % of the
untreated cells; P=0.993; Figure 7.4A). In contrast, cells that received Crb7 RNAi
targeting sequences, siCrb1.672 and siCrb1.718, showed a significant reduction in the
MRNA expression (to 13.31£2.1% and 5.9+3.3% of the levels seen in untreated cells;
P<0.001 and P<0.0001, respectively; Figure 7.4A). The application of either siCrb1.672
in CRB1 staining in comparison with the untreated cells or cells that were transfected
with a non-targeting RNA.. In line with the experiments in HEK-293T cells, siCrb1.718
was found to be more effective in silencing Crb1 expression in Miller glia than si672.
No changes in the overall morphology of the treated cells were noticed in any of the
experimental conditions. These results further confirmed the effectiveness of the

designed RNAI sequences in decreasing CRB1 expression.
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Figure 7.4 RNAi targeting sequences successfully knockdown endogenous CRB1 in
cultured Miiller cells.

270



A) Histogram shows that Crb1T mRNA levels, as assessed by QRT-PCR, are robust in untreated Mdller
glia in vitro, and are not affected by siCon RNAi treatment. In contrast, administration of siCrb1.672 or
siCrb1.718 both mediated a marked reduction in mRNA expression with the latter producing a more
dramatic effect, compared to siCon treated cells. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 with a
one-way ANOVA and Tukey's correction for multiple comparisons. Error bars: SEM; n= 3 independent
cultures examined. Bi-iv) CRB1 protein can be detected in vitro. Bi) ICC analysis show that untreated
cells stained uniformly for CRB1. Bii) RNAI transfection itself (as assessed by the AlexaFluor signal
(green)) had no visible effect on Miiller glia morphology or CRB1 levels as shown in siCon treated wells. In
contrast, administration of the two RNAI targeting sequences (Biv) siCrb1.672 and Biv) siCrb1.718) led to
noticeable reduction in CRB1 staining, which was almost marked in the wells treated with siCrb1.718.

Cells were counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 pym.
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7.2.4 RNAi sequences are unsuccessful in downregulating CRB1 in the

wild-type retina

Previous reports showed that in the mouse retina, CRB1 is normally localised at the
apical process of the Miiller glia where it is part of the AJ complex at the OLM
(Mehalow et al., 2003). Loss of CRB1 or its mislocalisation during development leads
to impairment of OLM integrity, delamination of the photoreceptor layer and eventual
retinal degeneration in both the mouse and humans (van de Pavert et al., 2004); hence
any knockdown of CRB1 should only be temporary. Previous studies have shown that
it is possible to introduce a transient silencing of ZO-1 (also an AJ protein) using RNA,
which resulted in a temporary fragmentation of the OLM that resolved itself within one
week post-injection (Pearson et al., 2010). Having established that the two RNAI
sequences designed here successfully decrease levels of CRB1 in vitro, their
effectiveness was then tested in an adult retina of a wild-type mouse. Both eyes
received a single injection of 2 yL into the subretinal space (see Chapter 2, Section
2.3.4 for the details on the specific RNAi concentrations), between the neural retina
and the underlying RPE in the superior hemisphere, as previously described (Pearson
et al., 2010). This route of injection was favoured over the intravitreal one due to close
proximity of the injection side to the OLM, which should lower the risk of siRNA

degradation. Eyes were examined between 48 hrs to 1 week post-injection.

All the recipient retinae receiving the subretinal injection tolerated the surgery well and
presented normal retinal structure with no signs of retinal damage at any time point
examined. PBS injected eyes were used as a control for any unspecific effect of the
injection itself. The uninjected region (the inferior quadrant) was used as an internal
control. As predicted, no direct effect on CRB1 localisation was noticed in PBS injected
eyes (Figure 7.5A i'-i"). Also administration of non-targeting RNAI resulted in no
alterations to Crb7 mRNA levels (107.0 £19.3% of the PBS injected, P=0.7821; Figure
7.5B i) or any visible changes in CRB1 staining (Figure 7.5A ii-ii"). Unfortunately,
despite robust knockdown of CRB1 in vitro, no significant modifications were observed
in the levels of Crb1 mMRNA (152.2+33.6% for siCrb1.672 (P=0.074) and 108.7£12.4%
for siCrb1.718 injected eyes (P=0.998), respectively; Figure 7.5A i) nor any detectable
disruptions within OLM integrity following siCrb1.672 (Figure 7.5A v-vi) or siCrb1.718
administration (Figure 7.5A vii-viii). The CRB1 staining looked comparable across all
experimental conditions, forming a distinct continuous belt with no observable
fragmentation nor any nuclei drop. Given the close interaction of CRB1 with CRB2, the
impact of the RNAI injection on Crb2 mRNA levels was also assessed. As shown in

Figure 7.5B ii, the levels of Crb2 mRNA remained unchanged and were very similar to
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the levels detected in the PBS treated retinae (102+24.7% for siCon; 111.7+29.16% for
siCrb1.672 and 147.2+65% for siCrb1.718.
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Figure 7.5 RNAi does not mediate a successful knockdown of CRB1 in vivo in a wild-type

adult retina.
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Ai-viii) IHC analysis showed that injection of RNAi against Crb1 causes no disruption to OLM integrity or
CRB1 staining, both look comparable across all the experimental conditions. No visible changes were
detected between Ai-ii) PBS; Aiii-iv) siCont; Av-vi) siCrb1.672 or Avii-viii) siCrb1.718 treated retinae in
CRB1 staining (red) which formed a nice uniform line at the OLM level. Retinal cryosections were
counterstained with nuclei marker Hoechst 33342 (blue). INL, inner nuclear layer; ONL, outer nuclear
layer; OLM, outer limiting membrane. Scale bar, 25 ym. Bi) QRT-PCR histogram shows that Crb7 mRNA
expression does not change following the administration of RNAI. Bii) Also levels of Crb2 mRNA remained
unchanged in the RNAI injected retinae. Statistical significance was assessed with one-way ANOVA and
Tukey’s correction for multiple comparisons. Error bars: SEM; n=3 animals examined per experimental

condition.
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As it has been previously shown that RNAi targeting Zo-1 successfully caused
disruption of the OLM (Pearson et al., 2010) the absence of CRB1 knockdown was
surprising. To confirm the effectiveness of RNAI in silencing an OLM protein in a wild-
type retina, the ZO-1 experiment was repeated according to previously published
protocol (Pearson et al.,, 2010). The wild-type animals received the same doses of
siRNA against Zo-1 into the adult superior retina and the eyes were examined 72 hrs
post-injection. The inferior region was used as an internal control. No visible
differences in ZO-1 staining were detected between uninjected (Figure 7.6A i-ii) and
PBS-treated retinae (Figure 7.6B i-ii). Unexpectedly, no visible changes in the OLM
integrity, or ZO-1 expression following the injection of RNAI targeting Zo-1 were found
at any of the two experimental concentrations, 15 uyM (Figure 7.6B iii-iv) and 30 uM
(Figure 7.6B v-vi). A clear explanation for these discrepancies is not known. Despite
using the same concentrations of siRNA, carrier agents as well as the same time-
points for the post-injection assessment, it was not possible to replicate the findings
published by Pearson et al. study. Having failed to successfully decrease CRB1 or ZO-
1 using siRNA method in vivo, an alternative experimental approach to knockdown
CRB1 was adopted.
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Figure 7.6 Administration of RNAi targeting Zo-1does not cause any disruption to OLM
integrity.
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Ai-ii) In the uninjected retina, ZO-1 forms a continuous band at the OLM level (red). Bi-ii) Administration
of PBS did not lead to any fragmentation in the ZO-1 staining. Biii-vi) Injection of RNAI to silence ZO-1
had no effect on the OLM integrity. Neither Biii-iv) 15 uM nor Bv-vi) 30 uM caused any visible differences
in ZO-1 levels or led to any dislocation of the cell nuclei as previously reported. Retinal cryosections were
counterstained with nuclei marker Hoechst 33342 (blue). INL, inner nuclear layer; ONL, outer nuclear
layer; OLM, outer limiting membrane. Scale bar, 25 pym; n=3 animals examined per experimental

condition.

278



7.3.5 AAV.shCrb1 successfully reduces p.CMV6.Crb1.GFP plasmid

expression in vitro

As the aim of this study was to assess whether post-developmental knockdown of
CRB1 causes any disruption to OLM integrity, an AAV vector was developed to silence
CRB1 expression in vivo. Having established that the two RNAi sequences are
successful in knocking down CRB1 in vitro, the more effective one (siCrb1.718) was
used as the basis of a short hairpin construct to be packaged into and expressed by an
AAVShH10-Y445F vector. As mentioned in Chapter 4, this AAV serotype exhibits a
specific tropism for Muller glia (Klimczak et al., 2009; Alves et al., 2014a) and since
CRB1 is normally expressed at the apical terminals of Mdiller glia (van Rossum et al.,
2006) it represents a good tool for use in the current study. A non-targeting sequence
was used as a control. The two generated vectors will be referred to as AAV.shCon
and AAV.shCrb1.

First, the two designed vectors were tested in vitro in HEK-293T cells that were
additionally transfected with pCMV6.Crb1.GFP plasmid, expressing GFP. As both
AAV.shCon and AAV.Crb1 vectors included RFP as a reporter protein, AAVShH10-
Y445F transduction efficiency was followed by fluorescence microscopy. As in the
siRNA experiments described earlier, HEK-293T cells were first transfected with
pCMV6.Crb1.GFP plasmid and checked for GFP expression after 72 hours and then
cells were infected with the generated viral vectors (Figure 7.7B i', ii', iii'). The
transduction efficiency was assessed after one week by ICC and QRT-PCR analysis
(Figure 7.7). As expected, viral transduction with AAV.shCon and AAV.shCrb1 was
very efficient with more than 90% of the cells expressing RFP (Figure 7.7A ii" and
Figure 7.7Aiii", respectively). No RFP signal was observed in the non-transduced wells
(Figure 7.7A i"). No noticeable differences in GFP signal were noticed between the
non-transduced wells (Figure 7.7A i"") and wells treated with AAV.shCon (Figure 7.7A
ii""). Further QRT-PCR analysis confirmed the ICC results showing that the Crb1
MmRNA levels were comparable between the control cells and that infected with
AAV.shCon (78.9+14.1% of the levels in non-transduced cells; P=0.287; Figure 7.7B).
In contrast, the expression of pCMV6.Crb1.GFP vector was visibly decreased in the
cells that received AAV.shCrb1 vector (Figure 7.7A iii""). This silencing of CRB1 was
confirmed by further QRT-PCR results, which showed a significant drop in the
expression of Crb1 mRNA transcript in the cells that were transduced with AAV.shCrb1
in comparison to untreated cells (18.1£8.6% of the levels in untreated cells; P<0.001)
or cells treated with AAV.shCon (P=0.001; Figure 7.7B). Together, these results

showed that the designed AAV vector is capable of silencing CRB1 in vitro.
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Figure 7.7 AAV.shCrb1 mediate robust silencing of Crb1 mRNA expression in cultured

HEK-293T cells.

Transfection with pCMV6.Crb1.GFP vector induced Crb1 expression in HEK-293T cells (green) Ai) which
was preserved in Aii) AAV.shCon treated wells. In contrary, wells treated with Aiii) AAV.shCrb1 had a
visible reduction in GFP expression. Cells were counterstained with nuclei marker Hoechst 33342 (blue).
Scale bar, 25 ym. B) Histogram shows mRNA levels, assessed by QRT-PCR 72hrs post-transfection, for
Crb1, following treatment with AAV.shCon and AAV.shCrb1. Only AAV.shCrb1 mediated a significant
reduction in Crb7 mRNA expression, compared to RNAi-untreated controls. ***P<0.001 and ****P<0.0001
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with a one-way ANOVA and Tukey's correction for multiple comparisons. Error bars: SEM; n=3

independent cultures examined.
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7.3.6 AAV.shCrb1 mediates effective knockdown of endogenous Crb17 in a
C57BL/6J wild-type retina

Having confirmed the efficacy of AAV.shCrb1 in vitro, the ability of this vector to
suppress Crb1 expression was then tested in vivo. As shown in Chapter 4, intravitreal
delivery of AAVShH10-Y445F robustly transduces Miller glial cells at an early
postnatal age and the surgery itself does not have any major impact on the
neuroretina. Here, recipient C57BL/6J wild-type mice received titre matched
AAV.shCon and AAV.shCrb1 in contralateral eyes, and were assessed three weeks
later by QRT-PCR and IHC.

In a wild-type retina, CRB1 staining forms a uniform line at the outer edge of the ONL
(Figure 7.8A). A global view of the AAV.shCon injected retina showed a widespread
RFP expression in Mduller glial with no visible alterations to the retinal architecture
(Figure 7.8B i). Surprisingly, intravitreal delivery of AAV.shCon at P8 led to significant
reduction in Crb1 at the RNA level in comparison to uninjected eyes (5912.9% of the
levels in untreated retina; P<0.001; Figure 7.8C i), but this did not translate into any
visible decrease in CRB1 protein as assessed by IHC (Figure 7.8B ii’-ii”’), similar to that
described for GFAP in Chapter 4 following the administration of AAV.shCon into Rho™
retina. No observable differences in CRB1 staining were noted between transduced
and non-transduced regions (Figure 7.8B ii’) or between AAV.shCon treated eyes and
uninjected controls (Figure 7.8A), with the OLM remaining intact and no visible signs of
nuclei drop into the subretinal space. In contrast, robust transduction of AAV.shCrb1
resulted in major changes to retinal architecture including retinal folding (asterisks;
Figure 7.8B iv-v) and nuclei displacement (arrows; Figure 7.8B v”). These
morphological changes are typical characteristics reported in Crb1™® mutant
(Mehalow et al., 2003). Closer inspection of the outer edge of the neuroretina
demonstrated a marked reduction in CRB1 staining, when compared to transduced
region (Figure 7.8B V') or when compared to AAV.shCon injected retina (Figure 7.8B
ii"). The observed alterations within the AJ 'belt' were also confirmed with staining for
Z0-1, which showed clear breaks to OLM especially around the rosettes formed in the
ONL in the retina treated with AAV.shCrb1 (arrows; Figure 7.8 B vi’-vi”’). The reduction
of CRB1 immunoreactivity was further confirmed by QRT-PCR analysis which showed
a statistically significant knockdown of Crb7 mRNA when compared to untreated or
AAV.shCon injected eyes (9.49+2.1% of the levels in untreated retina; P<0.0001;
Figure 7.8C i).

Given an intimate relationship between CRB1 and CRB2 in a mouse retina (Pellissier
et al.,, 2014) the impact of Crb7 silencing on the Crb2 mRNA expression was also

examined (Figure 7.8C ii). A small, but non-significant, drop in RNA levels were
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observed in the eyes treated with AAV.shCon (89.819.4% of the levels in untreated
retina; P=0.186; Figure 7.8C ii) in comparison to untreated controls. Interestingly,
AAV.shCrb1 administration and Crb1 silencing had an effect on Crb2 expression
causing a marked decrease (23.3+5.8% of the levels in untreated retina; P<0.001;
Figure 7.8C ii). Taken together, these results show that it is possible to knockdown
CRB1 in vivo via this methodology, but also that global removal of CRB1 leads to

unwanted pathological changes in retinal architecture.
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Figure 7.8 Knockdown of CRB1 in Miiller glia of C57BL/6J wild-type mouse following a
delivery of AAV.shCrb1 led to OLM disruption and prominent undulations of the ONL.
Ai) Immuoreactivity for CRB1 (green) in 4.5 week old C57BL/6J wild-type retina shows a continuous,

uniform line at the OLM level. Bi-ii) The observed knockdown in Crb7 mRNA AAV.shCon eyes was not
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translated at the protein level as CRB1 immunoreactivity was comparable to that seen in untreated
for ZO-1 (grey). Biv-v) In contrast, AAV.shCrb1 injection led to a visible reduction in CRB1
immunoreactivity, formation of so-called rosettes (asterisks), and nuclei drop into the subretinal space
(arrows). Bvi’-vi”) The OLM disruption was further confirmed with IHC analysis for ZO-1, which was
especially compromised in the areas of the retinal folds. Retinal sections were counterstained with nuclei
marker Hoechst 33342 (blue). Scale bar = 25 pm, all other images at the same magnification except Bi
and Biv, Scale bar = 100 um. Ci) Histogram shows mRNA levels for Crb1, assessed by QRT-PCR 3
weeks after intravitreal injection at P8 of either AAV.shCon or AAV.shCrb1. Both AAV.shCon and
AAV.shCrb1 mediated a marked reduction in Crb7 mRNA expression, compared to untreated controls.
Cii) Delivery of AAV.shCrb1 also resulted in a significant drop in Crb2 mRNA levels which was not
observed in the retinae treated with AAV.shCon. ***P<0.001 and ****P<0.0001 with a one-way ANOVA
and Tukey's correction for multiple comparisons. Error bars; SEM; n23 animals examined per

experimental condition.

285



In order to avoid the introduction of pathological changes to a wild-type retina, |
decided to test whether a sparse knockdown of CRB1 was possible. Recent findings
demonstrated that AAVShH10-Y445F is not very effective in transducing adult retina,
with only patches of Miller glial cells being infected with the virus (Klimczak et al.,
2009; Alves et al., 2014a). As morphogenesis is complete by P16 (Xu and Tian, 2007),
the generated vectors were delivered at P18 and assessed the injected eyes 3 weeks

later against uninjected controls.

At six weeks of age, a continuous line at the level of the OLM can be seen following a
staining with CRB1 antibody in the uninjected wild-type retina (Figure 7.9A). No
changes in CRB1 staining were observed. In agreement with previous reports, the
transduction of the more mature retina with AAVShH10-Y445F was not as effective in
comparison with transduction at P8-P10. A sparse expression of RFP in Miiller glial
cells was observed in both AAV.shCon (Figure 7.9B i) and AAV.shCrb1 (Figure 7.9v iv)
treated eyes. QRT-PCR analysis demonstrated that Crb? mRNA levels were
unaffected by AAV.shCon administration and where similar to those seen in the
uninjected animals (91.51+£17.8% of the levels in untreated retina; P=0.12; Figure 7.9C
i). Similarly, IHC labeling of CRB1 showed no visible differences between AAV.shCon
treated (Figure 7.9B ii’) and untreated retinae (Figure 7.9A) which was further
confirmed with staining for ZO-1 (Figure 7.9B iii’). In contrast, Crb1 expression, while
not completely abolished, was markedly reduced in the eyes treated with AAV.shCrb1
(61.2+22.9% of the levels in untreated retina; P<0.05; Figure 7.9C i). Additionally, a
decrease in the level of CRB1 staining was notable in areas transduced by
AAV.shCrb1 (Figure 7.9B Vv’). No major abnormalities ether within the integrity of the
OLM or immunoreactivity for ZO-1 (Figure 7.9B vi’) were observed. Although there was
a clear reduction in CRB1 levels, no marked changes to cytoarchitecture were detected
with the gross retinal lamination being preserved.

Interestingly, delivery of AAVShH10-Y445F vectors at P18 had no indirect effect on
levels of Crb2 as assessed at the RNA levels by QRT-PCR (123.2+8.4% and
87.4112.0% of the levels in untreated retina for AAV.shCon and AAV.shCrb1,
respectively; P=0.698; Figure 7.9C ii). The injection of AAV.shCrb1 at P18 did not lead
to a drop in Crb2 expression, as was observed in the eyes injected at P8; this most

likely explains the concomitant reduction in the occurrence of ONL undulations.

286



Figure 7.9 Delivery of AAV.shCrb1 at P18 results in a reduction of CRB1 in Miiller glia of
C57BL/6J wild-type mouse but no prominent undulations of the ONL.
Ai-ii) Immuoreactivity for CRB1 (green) in 6 week old C57BL/6J wild-type retina shows a continuous and

uniform line at the OLM level. Bi-ii0 The CRB1 immunoreactivity in AAV.shCon injected retinae was

which was also confirmed with staining for ZO-1 (grey). Biv-v) Administration of AAV.shCrb1 led to
reduction in the signal of CRB1 staining in transduced areas (red); however no visible abnormalities within

the integrity of the OLM were observed. Bvi’-vi”’) IHC analysis of ZO-1 immunoreactivity confirmed the
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continuity of OLM and preservation of retinal. Retinal sections were counterstained with nuclei marker
Hoechst 33342 (blue). Scale bar = 25 um, all other images at the same magnification except Bi and Biv,
Scale bar = 100 uym. Ci) Histogram shows mRNA levels, assessed by QRT-PCR 3 weeks after intravitreal
injection at P18, for Crb1, following treatment with AAV.shCon and AAV.shCrb1. Only AAV.shCrb1
mediated a marked statistically significant reduction in Crb7 mRNA levels, compared to AAV.shCon
injected eyes or shRNA untreated controls. Cii) Delivery of AAV.shCrb1 did not alter Crb2 mRNA
expression. *P<0.05 with a one-way ANOVA and Tukey's correction for multiple comparisons. Error bars:

SEM; n=3 animals examined per experimental condition.

288



As illustrated in Chapter 3, the Crb1™® mouse manifests clear signs of reactive
gliosis; therefore it was hypothesised that the ablation of CRB1 in Miiller glia may lead
to their activation. One of the best markers for reactive glia is GFAP upregulation, as in
a healthy wild-type retina GFAP immunoreactivity is restricted to astrocytes (see Figure
7.10A and Chapter 3).

+ve

The delivery of AAV.shCrb1 resulted in marked upregulation in IF with visible GFAP
processes spanning the entire thickness of a retina even after 3 weeks post-injection,
both in retinae injected at P8 (Figure 7.10i-ii) or at P18 (Figure 7.10iii-iv). The GFAP
immunoreactivity was especially prominent around the rosettes, which is in agreement
with the observations reported in Crb1 mutant (reviewed in (Hippert et al., 2016)).
Moreover, the processes of the Mdller glia in the retina injected at P8 appeared (on
average) to be much thicker than the processes of the glia cells examined in the eyes
injected at P18. A possible explanation for this could be that reduction of CRB1 in a
retina that is not fully developed at P8 has greater consequences on retinal
morphology and homeostasis than its removal when fully formed. It has been shown
that AJ proteins, including CRB1 and CRB2, take part in the regulation of cell
proliferation and any mutation or disruption in their levels may lead to loss of cell
polarity and epithelial adhesion, and concomitant detachment from the apical lamina
(reviewed in (Alves et al., 2014b)). It is worth noting that upregulation in GFAP levels
was also observed after administration of AAV.shCon, albeit smaller than that following
administration of AAV.sCrb1, which may indicate the extreme sensitivity of Miller glia
to any change within the retinal environment, particularly during development. These
changes further illustrate the effectiveness of the generated vector in silencing Crb1
but also demonstrate the risk to, and possible consequences for, retinal health when

manipulating the expression of a junctional protein.
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Figure 7.10 AAV.shCrb1 administration and reduction in CRB1 levels leads to activation of
Miiller glia in C57BL/6J wild-type.

Ai-ii) In a normal retina, there are no signs of activated Muller glia when assessed with IHC for GFAP
immunoreactivity. Bi-iv) After administration of the generated AAVShH10-Y445F vectors at P8 and P18,
the injected eyes were assessed after 3 weeks. Bii*ii") Targeted ablation of CRB1 in postnatal retina
results in visible upregulation of GFAP especially in areas close to retinal folds which develop after
AAV.shCrb1 injection at P8. Biv'-iv") Although delivery of AAV.shCrb1 at P18 did not lead to any visible
abnormalities within the retina, decrease in Crb1 levels still resulted in activation of Miller cells. Bi'-i");
Biii-iii') Surprisingly, the delivery of AAV.shCon also resulted in glial activation which demonstrates the
sensitivity of a retina to any retinal insult including the intravitreal surgery. Retinal sections were

counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 um.
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7.3 Discussion

Consistent with the idea of the OLM as a barrier to therapeutic interventions, a
molecular tool to silence Crb1, one of the key regulators of AJs in the mouse retina
was developed. In this study, the designed AAV-ShH10-Y445F.shCrb1 vector was
shown to be capable of silencing the expression of Crb7 mRNA in wild-type C57BL/6J
Muller glia cells when injected into early postnatal eye. The removal of CRB1 led to
defects in retinal lamination and development of gliosis, which is in line with previous

findings from studies of Crb1 mutants.

In adult murine retina, CRB1 has been shown to be involved in retinal lamination and
the maintenance of AJs between Miller glial cells and photoreceptors ensuring the
integrity of the OLM (van de Pavert et al., 2004). Loss of CRB1 or its mislocalisation
leads to impairment of OLM integrity, delamination of the photoreceptor layer and
eventual retinal degeneration in both mice and humans (van de Pavert et al., 2004). In
affected retinal areas, staining for typical AJ or SAR markers is usually reduced or lost,
which indicates disruptions to OLM continuity (van de Pavert et al., 2004; van Rossum
et al., 2006). This focal loss of adhesion between photoreceptors and Miller glia can
then result in ONL undulation and formation of so-called rosettes (Mehalow et al.,
2003). Findings from a study on the Crb71 mutant demonstrated that the rosettes
become bigger with age and in some areas the retinal lamination was completely lost
(van de Pavert et al., 2004). It has also been reported that loss of Crb1 in Miuller glia
results in irregularities in the number and size of their apical villi (van de Pavert et al.,
2007). However, all these changes were usually more prominent in the inferior
quadrant with significantly more signs of retinal disorganization in this region. These
changes were proposed to be due to differing levels of CRB1 expression between
superior and inferior retina (Mehalow et al., 2003; van de Pavert et al., 2004; van
Rossum et al.,, 2006). A recent study by Krol et al. showed that CRB1 is post-
transcriptionally regulated by miR-183/96/182. Moreover, they demonstrated that the
photoreceptors and not Miller cells represent the main source of CRB1 in the OLM of
the early postnatal retina (Krol et al., 2015). In early post-mitotic photoreceptors, when
mature miR-183/96/182 is not present, CRB1 was found to be expressed at a high
level to ensure the formation of a strong adhesion between Miller glia and
photoreceptors. During retinogenesis, this adhesion was proposed to help confine
retinal progenitors within the tight borders created by the inner and outer limiting
membranes. After the lamination of the retina is complete, these barriers limit the
diffusion of important molecules including Retinoid-binding protein into the neuroretina
(Carter-Dawson and Burroughs, 1992). As the retina matures, it has been

demonstrated that CRB1 expression becomes suppressed by miR-183/96/182, which
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may lead to a weakening of the OLM barrier. In terms of this hypothesis, one could
explain the formation of the retinal folds in Crb71 mutants as regions where retinal
progenitor migration pushes against these flimsy margins, which may result in a breech

in the AJs and subsequent cellular protrusions into the subretinal space.

Given the importance of CRB1 in the maintenance of AJs in the mouse retina and the
fact it was shown be restricted only to OLM region, this study aimed to develop a
molecular tool to temporarily silence its expression and potentially open a window for
therapeutic intervention. Despite encouraging results from initial in vitro studies,
designed siRNA sequences failed to reduce CRB1 levels or cause any transient
disruption in OLM integrity in a C57BL/6J wild-type retina. Surprisingly, this RNAi
technique was also unsuccessful in decreasing levels of ZO-1 in vivo, even though the
group has previously found it to be effective (Pearson et al.,, 2010). The reason for
these discrepancies is not fully understood but one could speculate that they result
from the lack of an efficient system for siRNA delivery in vivo to Muller glia, degradation
of the siRNA by endogenous RNAses, or instability of the designed siRNAs. Another
possibility is that 72 hrs post-injection was too late to assess any more rapid effects of
the RNAI. A recent study by Yu at al. examined the effects of siRNA targeting ZO-1 at
24 hrs post-injection in a rat model of RP (Yu et al., 2016). In contrast to previously
published reports (Pearson et al., 2010); Yu, Eom et al. did not observe any changes
within the OLM after administration of 15 uM siRNA targeting ZO-1. A clear explanation
for these discrepancies is not known, but RNAi technology has a number of limiting

factors that could lead to different experimental results.

As the primary interest was in knowing whether it is possible to knockdown CRB1 in
the mouse retina, an AAVShH10-Y445F vector was designed to deliver a shRNA
sequence to Mdller glial cells. Here, AAVShH10-Y445F vector was injected intravitrally
into the eyes of P8 and P18 C57BL/6J mice and the retinae were assessed after 3
weeks and compared against uninjected and shCon injected controls. Preliminary
findings showed that AAV.shCrb1 effectively ablated Crb7 mRNA expression which
then led to a reduction of CRB1 protein level as assessed by ICH analysis. It has been
demonstrated that following delivery of AAV.shCrb1 at early time-point (P8), these
reduced levels of CRB1 in Muller glia result in lamination defects giving rise to many
retinal folds and rosettes suggesting a severe lack of adhesion between these cells
and photoreceptor IS. The ONL undulations were present in both superior and interior
regions of the retina, which is contrasts with the previously published reports on
different mouse Crb7 mutants (Crb1”, Crb1°****" and Crb1"¥) which suggested that
the phenotype is restricted to the inferior quadrant of a retina (Mehalow et al., 2003;
van de Pavert et al., 2004; van Rossum et al., 2006). This inferior phenotype has been

explained in terms of differing levels of CRB1 between the superior and inferior areas;
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however this study on the laser captured tissue showed no such difference. Recently,
examination of the BN-J rat strain demonstrated that mislocalisation of CRB1 from the
SAR of Miller glial cells leads to a retinopathy similar to that observed in Crb1 mutant
mice except that the observed phenotype manifests itself throughout the entire rat
retina (Zhao et al.,, 2015). Given that the phenotypic severity of Crb71 mutations
depends upon the genetic background, different mutations may lead to various retinal
phenotypes in different species, including humans (Bujakowska et al., 2011). The lack
of a clear genotype—phenotype correlation suggests that either other Crumbs proteins
like CRB2 are able to compensate for the loss of CRB1 function or that interactions

between the members of the CRB complex vary between different species.

In a mouse retina, CRB1 and CRB2 display an intimate relationship (Alves et al.,
2014b). A delivery of the shRNA vector and consequent downregulation of CRB1 had a
negative impact upon Crb2 expression, with levels being markedly decreased in
comparison to AAV.shCon treated retinae. This decrease may have contributed to
development of the severe phenotype, as CRB2 has roles in restricting proliferation of
progenitor cells, the number of rod photoreceptor and Miiller glia cells (Alves et al.,
2012; 2014a). It has been shown that targeted ablation of CRB2 from retinal progenitor
cells leads to abnormalities in retinal lamination, which results in a severe and
progressive retinal degeneration with concomitant loss of retinal function (Alves et al.,
2012; 2014a). Moreover, it has been demonstrated that in Crb7Crb2 conditional
knockout retinae, silencing of both CRB1 and CRB2 results in an abnormal and
thickened retina without a proper and separated photoreceptor cell layer due to
overproliferation of the retinal progenitor cells (Pellissier et al., 2013). Pelissier et al.
also reported that the Crumbs proteins manifest a dose-dependent effect, as different
levels of CRB proteins give rise to different phenotypes. CRB1 retinal dystrophies have
no clear genotype-phenotype correlation in humans (Bujakowska et al., 2011) nor is
any such correlation apparent in different models of Crb knockout mice (Luhmann et
al., 2015). This led some researchers to speculate that variation in CRB2
downregulation may be responsible for creating the range of different phenotypes
observed in patients with CRB1 mutations such as CRB1-RP and CRB1- LCA (Alves et
al., 2014a). In this study, the administration of AAVShH10-Y445F vector at P18 was
demonstrated to lead to very sparse transduction of the mouse wild-type retina as
assessed by RFP expression, in comparison to injection at P8. Following treatment
with AAV.shCrb1 vector, only a small knockdown of CRB1 was observed with no
significant change in Crb2 mRNA levels. No observable pathological changes to retinal
architecture including ONL undulations or any major breaks in OLM integrity were
found at 3 weeks post-injection. These results are in line with previously published

reports where it has been shown that short-term ablation of CRB2 using AAVShH10-
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Y445F-shCrb2 vector in the adult retinae has no major consequences on the
maintenance of the retinal structure. In contrast, ablation of CRB2 in early
photoreceptors using the same vector is essential for proper retinal lamination and

function (Alves et al., 2014a).

Recent studies of the AJs within the OLM demonstrate that there is emerging evidence
for heterogeneity of junctional protein expression in different cell types. This
heterogeneity could explain the appearance of focal disruptions to OLM integrity
following the knockdown of junctional proteins (Omri et al., 2010). Indeed, retinal folds
and rosettes were only formed following the loss of CRB2 from photoreceptor cells and
not Muller glia, suggesting that CRB2 is critical for the maintenance of AJs between
rods and cones (Alves et al., 2014a). This is of particular importance as in pathological
conditions AJs undergo significant re-arrangements that may have a substantial impact
upon retinal function or cell survival. As it was mentioned previously, numerous studies
reported that some visual function can be reported following cell transplantation
(Pearson et al., 2012; Santos-Ferreira et al., 2014). It has also been demonstrated that
there is a significant increase in a number of observable GFP™ cells in a recipient retina
with a compromised OLM integrity (West et al., 2008; Pearson et al., 2010; Barber et
al., 2013); although in mice this is mainly due to a novel phenomenon referred to as
material transfer (Pearson et al., 2016) or cytoplasmic fusion (Singh et al., 2016). If
OLM acts as a semipermeable barrier (Bunt-Milam et al., 1985), any discontinuity
within it may help GFP particles to diffuse through the retina and be uptaken by the
host cells making OLM a gate for macromolecule transport. If the underlying biological
mechanisms of material transfer can be revealed, they may represent a new
therapeutic strategy for a broad-spectrum of inherited retinal diseases by introducing
functional proteins into otherwise diseased photoreceptors. Moreover, increased
understanding of the changes to AJs and the expression of junctional proteins in
different retinopathies may be crucial to developing successful therapeutic strategies
as it is possible that these changes may influence the outcome of any medical
intervention. Here, the reduction of CRB1 protein in Miiller glia resulted in detrimental
effects upon retinal structure. As demonstrated in previous chapters, Miiller glia
undergo significant changes in different retinal degenerations, having an important role
in the remodelling of the retina following the death of photoreceptors. Upregulation of
IF proteins in Muller cells allows for the extension of their glial processes to fill in the
gaps left by photoreceptor loss and to create a gliotic seal at the outer edge of the
neuroretina (Lee et al., 2011). These changes also result in alterations of the AJs,
which has been illustrated very well in models such as the Pde6b™"”', where during
the course of degeneration the majority of the AJs were formed between Muller glial

terminals (Hippert et al., 2015). Removal of the junctional proteins may then lead to
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impairment in the formation of this glial seal and subsequent consequences upon the
glial fibres and the retinal architecture itself. Indeed, in a recent study by Yu et al. it has
been demonstrated that in the S334ter-line 3 rat model of RP, inhibition of ZO-1
expression results in a disruption of a distal glial seal as assessed by GFAP staining
(Yu et al., 2016). This may create a potential risk of increasing the speed of retinal

degeneration in models such as Pde6b™"™

, Where glial scarring is perceived as an
attempt to preserve the retinal architecture. Additionally, decreased expression of ZO-1
was also found in the all-cone retina of the R91W:Nrl”~ mutant where exposure to toxic
levels of blue light led to vascular leakage, retinal swelling and the appearance of
cystoid spaces in both INL and ONL indicating edema (Geiger et al., 2015). Together
this could suggest that a retina with compromised levels of junctional proteins has a

weaker OLM which as a result may be more prone to any retinal damage.

In summary, these results show that | have developed a tool for successful CRB1
knockdown, which may be prove to be useful in future when combined with potential
therapeutic approaches. However, a thorough assessment of the long-term impact of
CRB1 silencing upon the OLM function, especially in regard to permeability and the
overall retinal structure must be done before proceeding with any such therapeutic

strategy especially in severely degenerated models like Rho” mutant.
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Chapter 8

Final conclusions
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8.1 Summary

The degenerating retina is a complex and ever changing environment, which
undergoes constant remodelling in order to adapt to the loss of photoreceptor cells. As
in the CNS, upon a pathological stimuli, the glial cells become activated as a form of
neuroprotective response (Sahel et al., 1990; Humphrey et al., 1993; Jones et al,,
2003a)(Sahel et al., 1990; Humphrey et al., 1993). This activation leads to proliferation
of Miller glia, changes in their morphology, alternations in ion transport and secretion
of extracellular molecules, leading to the formation of a glial scar as the final outcome.
Although gliosis has been extensively characterised, there is still no uniform view of its
role and function and the field is beginning to recognise it as a complex system of
interacting cells and biological processes. Moreover, rather than being a single process
initiated by injury or disease, it is becoming increasingly clear that gliosis can present in
many forms, depending upon the initiating insult (Seoane et al., 1999; Hippert et al.,
2015; Martinez-De Luna et al., 2016); also reviewed in (Bringmann and Wiedemann,
2012)). The overarching aims of this thesis were firstly to characterise a number of
different aspects of gliosis and provide a comprehensive spatio-temporal comparison
of this process in different models of inherited retinal degenerations. Secondly, | sought
to assess ways of modulating these factors with the aim of improving therapeutic
outcomes, with particular reference to photoreceptor transplantation therapy. The
results presented in Chapter 3 show marked variations both in the timing and the
magnitude of the gliotic response in different mouse models of inherited retinal
degeneration; these result in a unique, disease-specific pattern of alterations in the
retinal microenvironment. Here, it has been demonstrated that the classic hallmarks of
gliosis - the upregulation of intermediate filament (IF) proteins and increases in
chondroitin sulphate proteoglycans (CSPGs) deposition — need not be positively
correlated with disease severity. A prevailing hypothesis in the regeneration field is that
the upregulation of IF proteins and the associated glial cell hypertrophy is inhibitory to
therapeutic interventions, particularly those involving host-graft or host-device
interactions. In Chapter 4, | sought to modulate this process by using RNAI to reduce
the levels of GFAP and Vimentin in a mouse model of chronic. Levels of both GFAP
and Vimentin in the Rho” mutant could be effectively reduced using AAV vectors and
reducing Vimentin led to a marked decrease in degeneration-associated hypertrophy of
the glial apical terminal processes. However, neither GFAP nor Vimentin
downregulation had any significant effect on photoreceptor transplantation outcome, in
contrast to previous reports (Kinouchi et al., 2003). A wide array of extracellular
signalling molecules that variously support or inhibit neuronal regeneration are present
at the site of CNS lesions, with CSPGs playing a major inhibitory role. In Chapter 3, |

described the broad patterns of CSPG distribution in different models of retinal
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degeneration and again found significant variations between models. In Chapter 5, the
spatio-temporal expression of a specific CSPG, Aggrecan, together with the CSPG
receptor LAR were assessed in two mouse models of RP. This showed that, despite
the ability of exogenously applied Aggrecanase to reduce CSPGs deposited within the
photoreceptor segment region of the retina, Aggrecan was only found in the inner
retina. In contrast, a high abundance of LAR was found in the segment region.
Although the role of LAR in the developing and mature normal and diseased retina are
yet to be determined, its presence in the photoreceptor segment region offers a
potential opportunity for future experimental work to manipulate the inhibitory role of

CSPGs prior any therapeutic interventions.

Significant loss of photoreceptors and development of gliosis was predicted to have a
significant impact on the integrity of the outer limiting membrane (OLM), a series of
adherens junctions that have previously been shown to impair transplantation outcome
(West et al., 2008; Pearson et al., 2010; Barber et al., 2013). A comprehensive
examination of a number of different murine models of inherited retinal degenerations
was performed; findings presented in Chapter 6 suggest that as the photoreceptors
die, both the number and the nature of adherens junctions between the remaining cells
undergo significant changes, with a shift in favour of junctions formed between two
Mdaller glia cells, rather than between Muller glia and photoreceptor cells, as typically
seen in the normal retina. These changes can probably be correlated with the rate of
photoreceptor death and the extent of retinal remodelling, particularly glial hypertrophy
(Omri et al., 2010; Hippert et al., 2015; Yu et al., 2016). As noted above, the OLM is
often regarded as a barrier to therapeutic interventions. For this reason, a molecular
tool to disrupt the connections between AJs was developed. Here, a
AAV.ShH10.shCrb1 vector was designed and shown to effectively silence the
expression of Crb7 mRNA in a wild-type retina. Interestingly, findings from these study
indicated that the removal of CRB1 from Mdller glia cells, and the resulting disruption to
OLM integrity in early postnatal retina, leads to defects in retinal lamination and the
development of gliosis. In addition to underlying the importance of this protein in
normal retinal development, it is of particular importance in considering the utility of
targeted disruptions of the OLM in severely degenerated mutants; removing the

remaining junctions may result in development of further pathological changes.

Overall, findings presented in this thesis increase our knowledge of the remodelling
that happens within the diseased retina, but also challenge some of the commonly held
views on the impact that these alterations may have on therapeutic strategies,

including photoreceptor cell transplantation.
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8.2 The glial scar and neuroregeneration

In the adult mammalian CNS, many damaged axons are unable to regrow across the
site of injury. Potential mechanisms for this failure include: a reduction in the intrinsic
growth capacity of mature neurons; absence of external growth promoting factors and
the presence of external inhibitory factors associated with glial scarring. The last of
these has received the greatest attention, with the common belief that the glial scar
acts as the main impediment to regenerative strategies following CNS injury. However,
there is increasing evidence, including a number of the findings presented in this study
that challenge this prevailing dogma. As discussed in this thesis, one of the hallmarks
of the glial scar in a retina is the upregulation of the IFs, particularly GFAP, and an
increase in the hypertrophy of Muller glial cell (Jones et al., 2003a). Both factors have
been argued to represent a major obstacle to retinal grafts and/or cell transplants and
breaking down the scar has been viewed as a necessary requirement for good graft-
host interactions (reviewed in (Seiler and Aramant, 2012; Veleri et al., 2015)). Here, no
improvement in photoreceptor transplantation outcome was found following the
removal of IF proteins. Moreover, removing of both GFAP and Vimentin resulted in
exacerbated retinal degeneration including the ONL thinning and retinal detachment as
well as other ocular complications in the model of chronic retinal degeneration,
indicating that the diseased retina needs the glial hypertrophy to preserve its
architecture. These findings are in line with a recent paper published by Anderson and
colleagues who reported that ablation of scar-forming astrocytes or the removal of
chronic astrocytic scars after severe spinal cord injury (SCI) in adult mice failed to
result in spontaneous axonal regrowth (Anderson et al., 2016). So what is the role of
this scar in the system? Previous reports demonstrated that immediately after injury
reactive astrocytes seal the lesion site with their processes, which helps to modulate
the immune response and protect the healthy tissue (Panickar and Norenberg, 2005;
Pekny and Nilsson, 2005; Wilhelmsson, 2008; Anderson et al., 2016). Moreover, as
also shown in the current study, in chronic diseases, the hypertrophied glial processes
may be critical for sustaining tissue integrity as the removal of the IFs had detrimental
effects on the retinal lamination in the Rho” mutant. In the damaged retina, activated
Muller glia produce a number of neurotrophic growth factors (amongst others) including
FGF, as well as several antioxidants, molecules that are not normally secreted in the
healthy retina (reviewed in (Bringmann and Wiedemann, 2012)). To further support this
argument, studies on transgenic Gfap”/Vim” mice showed that removal of GFAP and
Vimentin accelerates monocyte infiltration and faster degeneration of photoreceptors
following retinal trauma (Lundkvist et al., 2004). In the genetic absence of both GFAP
and Vimentin together, mortality rate drastically increased among Gfap”/Vim” mice

following a brain trauma, in comparison to controls (Lundkvist et al., 2004). Rather than
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being the major impediment to axonal regrowth, as is often assumed, Anderson and
colleagues reported that ablating chronic glial scars following SCI in mice does not help
with axonal sprouting, and they argue that this scar is essential for preserving tissue
integrity a(Anderson et al., 2016). Therefore, the development of the glial scar may be
viewed as an attempt to restore homeostasis, which is needed for future axonal

regrowth and re-establishing of the lost connections.

Further support for reactive glia acting as a ‘sealing tape’ is presented in this thesis,
where removal of one of the junctional proteins, CRB1, led to disruption of OLM
integrity and exacerbated gliosis. The OLM mainly forms between photoreceptor inner
segments (IS) and the Miller glia apical processes, acts as a semipermeable diffusion
barrier for extracellular components (Bunt-Milam et al., 1985). Removing CRB1 led to
the activation of Muller glia cells, seen as an increase in the expression of the IFs and
hypertrophy, possibly in an attempt to minimise the diffusion of extracellular proteins
from the segment region. In the current study, the OLM was shown to significantly
remodel over the course of degeneration, with many more junctions being formed
among Miiller glia apical processes. The heterogeneity of the junctions must be taken
into account while considering any therapeutic strategy to reversibly disrupt OLM
integrity. Conversely, it is possible that any intervention that inhibits the formation of the
glial seal, including downregulation of the intermediate filament proteins, may lead to a
disruption of the OLM remodelling and increased in OLM permeability to ECM

molecules.

How is our understanding of the role of proteoglycans in retinal degeneration affected
in the light of these changing roles for glial hypertrophy? Proteoglycans, especially
CSPGs, are known for their immune-related activity as proteoglycans increase in order
to target the immune response to the damaged area (Nandini and Sugahara, 2006).
However, it has been suggested that the upregulation of CSPGs at the injury site
may also help to create a diffusion barrier for molecules that are potentially harmful to
the undamaged neurons (Roitbak and Sykova, 1999). Although the digestion of
CSPGs several weeks after the injury can be beneficial to axonal regeneration, their
removal immediately after the lesion does not help axons to regrow. This could indicate
that CSPG-mediated growth inhibition might be beneficial, as it can help to minimise
the spread of neurotoxicity as well as stopping the neuronal death mediated by the

immediate inflammatory response (Vorisek et al., 2002).

As it was already mentioned, any type of insult to the CNS leads to an immune
response with macrophages and activated microglia starting to infiltrate the lesion site
and secreting many different proinflammatory cytokine and chemokine molecules
(Giulian et al., 1988; Balasingam et al., 1994; Liu et al., 2011; Shechter et al., 2011;
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Smith et al., 2012). CNS-resident microglia cells are directly activated by CSPGs via
the CD44 receptor (Rolls et al., 2008). Moreover, the elevated expression of
cytokineses can stimulate the production of CSPGs including the expression of
chondroitin 6-sulphate proteoglycan in neighbouring cells (Properzi et al., 2005).
Recent studies demonstrated an important link between the microglia activation and
the reactivity of astrocytes, where the two cell types are involved in a direct cross-talk
with each other and modulates each other’s activity and post-injury response (Liu et al.,
2011; Schechter et al., 2011). For example, microglia can regulate the astrocytes
expression of CSPGs such as Brevican, Neurocan, and Phosphacan which are
believed to have a negative impact on axonal growth. Interestingly, macrophages
themselves can also secrete CSPGs and may be a potentially significant source of
CSPGs in the post-injury environment (Uhlin-Hansen et al., 1993). Overall, these
studies indicate that different components of the glial scar are essential for regulating

of the immune response and allowing the system to restore its homeostatic balance.

Despite the common acceptance of CSPGs being the ‘bad guys’, recent findings
suggest that not all CSPGs are detrimental to neuronal growth. As already described in
Chapter 5, there is some inconsistency in the evidence of CSPG-mediated inhibition.
Although there is no doubt that removal of CSPGs a few weeks after the injury is
beneficial to CNS regeneration, not all of these molecules may be detrimental to this
process. For example, Versican, was found not to exhibit the same inhibitory effect,
with axons not only being able to grow through deposits of Versican but also showed
no signs of inhibition in the presence of the purified proteoglycan (Braunewell et al.,
1995; Fidler et al.,, 1999). In a healthy retina, both Neurocan and Versican were
reported to be expressed in the photoreceptor segment region (Singhal et al., 2008),
which is a common site used for cell transplants and grafting of the retinal implants.
Following cell transplantation, a robust number of donor-labelled cells are seen in the
healthy recipient retina, despite the presence of CSPGs in the subretinal space
(Singhal et al., 2008; Pearson et al., 2012; Barber et al., 2013; Santos-Ferreira et al.,
2014). Although, the increase in a number of observable donor labelled cell was
reported after ChABC treatment. Moreover, in non-mammalian species such as
zebrafish, CSPGs were shown to guide rather than inhibit axon growth and
regeneration following optic nerve injury (Becker and Becker, 2002). Wang and
colleagues reported that CSPGs’ receptor LAR helps to guide somatosensory nerves
towards their location in the skin and its deletion leads to a disruption of the skin

innervation (Wang et al., 2012).

The roles that glial scarring may have in the injured or damaged CNS are complex.
However, despite some seeming contradictions in these roles, as shown in this thesis it

is important remember that each disease is different and that the underlying
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pathological mechanisms may result in a very different cellular response. With this in
mind, only by understanding these changes and cellular processes can we expect to

develop more effective and safer therapeutic strategies.
8.3 Future of cell transplantation

Cell transplantation has been viewed as a potentially powerful therapeutic strategy for
tissue regeneration and a broad-spectrum treatment for many pathological eye
conditions. A remarkable effort has been made in order to find the best method to
replace lost photoreceptor and RPE cells, including transplantation of whole retinal
sheets, microaggregates of developing neural retina and suspensions of stem cells and
donor-derived progenitor cells (reviewed in (Pearson, 2014; Pearson et al., 2014). The
past decade has seen the generation of retinal cells from renewable sources, including
embryonic (ES) (Meyer et al., 2009) and induced pluripotent stem (IPS) cells (Lamba et
al., 2006; Osakada et al., 2008). The use of 3D culture systems has further improved
our ability to generate retinal neuroepithelial-like structures in vitro (Eiraku and Sasai,
2012; Zhong et al.,, 2014), and adaptations of these protocols has yielded
transplantable populations of donor photoreceptor cells (Gonzalez-Cordero et al.,
2013). Importantly, there are now many reports describing improvements in visual
function following the transplantation of healthy photoreceptors into models of retinal
degeneration (Lamba et al., 2006; 2009; Tucker et al., 2011; Pearson et al., 2012;
Santos-Ferreira et al., 2014; Barnea-Cramer et al., 2016). Although undoubtedly
exciting, recent work from our group (Pearson et al., 2016), the group of Marius Ader
(Santos-Ferreira et al., 2016) and the lab of Robert MacLaren (Singh et al., 2016) has
questioned our previously held assumptions about the ability of the transplanted cells
to migrate into the correct places within the recipient retina from the injection site.
Previously, it has been hypothesised that donor cells following transplantation extend a
process towards the neuroretina in order to establish a contact with the host cells
which then led to their migration from the subretinal space (Warre-Cornish et al., 2014).
Recently, real-time imaging of explants of transplanted retina have confirmed these
findings (Pearson et al., 2016). However, in the same study, Pearson and colleagues
found that this process accounts for only a minority of apparently integrated cells within
the host ONL.

The independent studies by Pearson and Ader ruled out the classic process of cell
fusion, instead suggesting that, following transplantation, donor photoreceptor cells
engage in the exchange of RNA and/or protein with host photoreceptor cells in a
process they have termed ‘material transfer’. The precise cellular mechanism
underlying this process remains unclear. What is known is that it does not involve

uptake of free protein, RNA or DNA nor does it involve classic nuclear transfer.
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Pearson et al. proposed that the transplanted cells release material in a form of
microvesicles, which are subsequently taken up by host cells (and to a lesser extent
vice versa). If true, this mechanism could explain why the number of reported donor-
labelled cells was increased in the animals with a compromised OLM integrity (West et
al., 2008; Pearson et al., 2010; Barber et al., 2013). If the OLM is a semipermeable
barrier (Bunt-Milam et al., 1985), it may restrict the passage of microvesicles from
donor to host and/or access to the uptake mechanisms. Another working hypothesis
discusses the possibility of the cytoplasmic transfer similar to the one that occurs
between photoreceptor outer discs and underlying RPE (Singh et al., 2016). Singh et
al. argued that because host and donor cells are in a direct contact with each other,
this could allow for the merger of the two lipid bilayer plasma membranes resulting in a
cytoplasmic fusion. Interestingly, this novel biological phenomenon is specific to
photoreceptor precursor donor cells, as previous studies reported rather poor
outcomes of cell transplantation with more mature cells (MacLaren et al., 2006;
Gonzalez-Cordero et al., 2013). Whatever the underlying process, material transfer is
surprisingly robust, resulting in host cells be able to express a wide variety of
photoreceptor specific proteins with high fidelity; for example, around 85% of GFP*
cells in the ONL of Gnat1” hosts also express rod a-transducin, the protein missing
from host photoreceptors (Pearson et al., 2016). Given that material transfer or
cytoplasmic fusion appears to account for between 70-90% of the reporter-labelled
cells seen in the host retina, it seems likely that this new mechanism is responsible for
the observed improvements in visual function (Lamba et al., 2009; Tucker et al., 2011;
Pearson et al., 2012; Santos-Ferreira et al., 2014). Thus, material transfer may still

represent a potential therapeutic approach for the treatment of many retinopathies.

Whatever the mechanisms behind material transfer are, they must account for a
number of intriguing observations. Previous studies indicated IFs as an obstacle to cell
integration (Kinouchi et al., 2003), whereas in this study no increase in the observable
donor cells was observed following the removal of GFAP or Vimentin. If Miller glia
hypertrophy was a barrier to material transfer, one would have expected to see an
improvement in the Rho” mutant after RNAi treatment. As discussed previously,
CSPGs help to create a diffusion barrier for molecules (Roitbak and Sykova, 1999). It
is therefore interesting to ask whether material transfer is also impeded by it, and if so,
which CSPGs are involved. Several studies have reported marked increases in the
number of visible donor-labelled cells in the host retina after enzymatic treatment with
ChABC, compared to controls, (Zhang et al., 2007; Singhal et al., 2008; Barber et al.,
2013) which must now be considered likely arising from material transfer (although an
improvement in true integration, again, cannot be ruled out at this time). At the same

time, in a healthy recipient retina the number of donor-labelled cells is fairly high
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despite the presence of CSPGs at the site of cell transplantation (Barber et al., 2013).
Also, it will be important to determine whether material transfer is species-specific or
whether it is a universal phenomenon and can be also observed in humans.
Preliminary data from the group indicates that human photoreceptors can undergo true
integration into the murine recipient retina, although some evidence of material transfer
was also observed (Gonzalez-Cordero, personal communication). Despite this novel
biological event, cell therapy is still of potential use especially when gene therapy is not
possible and when all the photoreceptors are already being lost in severely

degenerated retina.
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Appendix

Appendix A. Assessment of intermediate filament protein GFAP at early (6 weeks), middle (6 months)
and late (12 months) time points in wild-type mice. Cryosections were immunostained for glial cell marker

GFAP (green) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 um.
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Appendix B. Assessment of intermediate filament protein Vimentin at early (6 weeks), middle (6 months)
and late (12 months) time points in wild-type mice. Cryosections were immunostained for glial cell marker

Vimentin (green) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 um.
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Appendix C. Assessment of CSPGs deposition at early (6 weeks), middle (6 months) and late (12

months) time points in wild-type mice. Cryosections were immunostained for CSPGs marker (CS-56; red)

and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 ym.
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Appendix D. Assessment of intermediate filament protein GFAP at early (3 weeks), middle (6 weeks) and
late (12 weeks) time points in the Crb19¢¢ mice. Cryosections were immunostained for glial cell marker

GFAP (green) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 um.
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Appendix E. Assessment of intermediate filament protein Vimentin at early (3 weeks), middle (6 weeks)
and late (12 weeks) time points in the Crb149€ mice. Cryosections were immunostained for glial cell

marker Vimentin (green) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 um.
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Appendix F. Assessment of CSPGs deposition at early (3 weeks), middle (6 weeks) and late (12 weeks)
time points in the Crb1 mjce. Cryosections were immunostained for CSPGs marker (CS-56; red) and

counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 pm.
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Appendix G. Assessment of intermediate filament protein GFAP at early (4 weeks), middle (6 weeks) and

late (12 weeks) time points in the Rds "' mice. Cryosections were immunostained for glial cell marker

GFAP (green) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 um.
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Appendix H. Assessment of intermediate filament protein Vimentin at early (4 weeks), middle (6 weeks)
and late (12 weeks) time points in the Rds™"@" mice. Cryosections were immunostained for glial cell

marker Vimentin (green) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 pm.

Prph2’ Glal scarring

‘: ) Posterior ‘ L Equatonal Antenor

-
o
-
(=%
=
WV
-
(= <
«
s
.
-
C
b
[
.
-
=
[*%
B
o
- |
~
-
’-“
=
-
-
-
Q
-
<
e
C
-
o
-
>
=3
-
WV
W
,
L4
-
.
(o
c
>
[

362



Appendix J. Assessment of intermediate filament protein GFAP at early(P10), middle (3 weeks) and late
(6-7 weeks) time points in the Pde6b"d mice. Cryosections were immunostained for glial cell marker

GFAP (green) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 um.
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Appendix K. Assessment of intermediate filament protein Vimentin at early(P10), middle (3 weeks) and
late (6-7 weeks) time points in the Pde6b™""@ mice. Cryosections were immunostained for glial cell marker

Vimentin (green) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 um.
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Appendix L. Assessment of gliosis at P15 in the Pde6b " mice. Cryosections were immunostained for
glial cell marker GFAP (green) or Vimentin (green) or CSPGs (red) and co-stained with nuclei marker
Hoechst 33342 (blue). Scale bar, 25 pm.

7 - PDEGS P15
‘D Posterior Equatorial
[=
= 3 p—
c
.
S
c a
v o
= v,
v
e
-
c
3
f"
|
-
8 =
<
[+
¥
&
=

365



Appendix M. Assessment of CSPGs deposition at early (P10), middle (3 weeks) and late (6-7 weeks)
time points in the Pde6b@" mice. Cryosections were immunostained for CSPGs marker (CS-56; red) and

counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 pm.
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Appendix N. Assessment of intermediate filament protein GFAP at early (4 weeks), middle (6 weeks) and
late (10 weeks) time points in the Rho” mice. Cryosections were immunostained for glial cell marker

GFAP (green) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 um.
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Appendix O. Assessment of intermediate filament protein Vimentin at early (4 weeks), middle (6 weeks)
and late (10 weeks) time points in the Rho” mice. Cryosections were immunostained for glial cell marker

Vimentin (green) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 um.

i } Fostenos

L SCamng

EARLY

MIDDLE

LATE

EQuatoria

ANLErOr

368



Appendix P. Assessment of CSPGs deposition at early (4 weeks), middle (6 weeks) and late (10 weeks)
time points in the Rho”- mice. Cryosections were immunostained for CSPGs marker (CS-56; red) and

counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 pm.
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Appendix Q. Assessment of intermediate filament protein GFAP at early (2 months), middle (4 months)

and late (6 months) time points in the Prph2*2 37 mice. Cryosections were immunostained for glial cell

marker GFAP (green) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 pum.
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Appendix R. Assessment of intermediate filament protein Vimentin at early (2 months), middle (4 months)
and late (6 months) time points in the Prph2+2 307 mice. Cryosections were immunostained for glial cell

marker Vimentin (green) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 pm.
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Appendix S. Assessment of CSPGs deposition at early (2 months), middle (4 months) and late (6
months) time points in the Prph2+/2 307 mice. Cryosections were immunostained for CSPGs marker (CS-56;

red) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 um.
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Appendix T. Assessment of intermediate filament protein GFAP at early (3 weeks), middle (6 weeks) and
late (12 weeks) time points in the Nrl- mice. Cryosections were immunostained for glial cell marker GFAP

(green) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 pum.

B S Nel - Glial scarring

\ ) Pasterior Equatonal Antenos

-
o
-
&
=
W
-
[« 4
«
>
.
-
<
-
[
.
-
=
[*%
A
-
pa—
~
—
Hw
-
S
-
-
o
-
&
e
[
-
o
-
&
o
=)
v
-
-
L4
-
5
(&
c
N
c

373



Appendix U. Assessment of intermediate filament protein Vimentin at early (3 weeks), middle (6 weeks)
and late (12 weeks) time points in the Nrl* mice. Cryosections were immunostained for glial cell marker

Vimentin (green) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 um.
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Appendix V. Assessment of CSPGs deposition at early (3 weeks), middle (6 weeks) and late (12 weeks)
time points in the Nrl* mice. Cryosections were immunostained for CSPGs marker (CS-56; red) and

counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 pm.
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Appendix W. Assessment of intermediate filament protein GFAP at early (3 weeks), middle (6 weeks) and
late (12 weeks) time points in the RW1;Nrt"- mice. Cryosections were immunostained for glial cell marker

GFAP (green) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 um.
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Appendix X. Assessment of intermediate filament protein Vimentin at early (3 weeks), middle (6 weeks)
and late (12 weeks) time points in the RW1;Nrl- mice. Cryosections were immunostained for glial cell

marker Vimentin (green) and counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 pm.
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Appendix Y. Assessment of CSPGs deposition at early (3 weeks), middle (6 weeks) and late (12 weeks)
time points in the RW1;Nri- mice. Cryosections were immunostained for CSPGs marker (CS-56; red) and

counterstained with nuclei marker Hoechst 33342 (blue). Scale bar, 25 pm.
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Appendix Z. RNAi-mediated knockdown of Gfap and Vimentin mRNA in vitro. (A, C) Histograms show
RNA levels, assessed by qRT-PCR, for Gfap and (B, D) Vimentin following co-transfection of the
respective expression cassettes, together with (A) pshGfap, (C) pshVimentin or (C, D) pLsh in 293T cells.
Results are shown normalised against average values obtained following co-transfection with pshCont. *P
<0.05,**P <0.01 and ***P < 0.001 with a one-way ANOVA (n=3 independent cultures). Error bars: SEM.
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Appendix AA. Assessment of OLM integrity at 22 weeks old in Rho”. Cryosections were immunostained

for ZO-1 (red) and co-stained with nuclei marker Hoechst 33342 (blue). Scale bar, 50 um.
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Appendix AB. Transfection of HEK-293T cells with different concentrations (20, 40, and 100 pM) of a
non-targeting RNAI control sequence with an attached AlexaFluor633. Cells were co-stained with nuclei
marker Hoechst 33342 (blue). Scale bar, 25 um.
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