
 

1 

GENERATION OF A MOUSE MODEL OF AGE - RELATED MACULAR 
DEGENERATION BY INDUCTION OF OXIDATIVE STRESS IN THE RETINAL 

PIGMENT EPITHELIUM  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

SOO JUNG SEO  
 
 
 
 
 

 
 
 
 
 
 
 
 
 

A DISSERTATION PRESENTED TO THE GRADUATE SCHOOL 
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 

 
UNIVERSITY OF FLORIDA 

 
2011 



 

2 

 

 

 

 

 
© Soo Jung Seo 

 
 

  



 

3 

 

 

 

 

To my two Daniels, My husband Daniel James Gibson and my son Daniel Eunseo 
Gibson  

 
 

 



 

4 

ACKNOWLEDGMENTS 

I would like to give my appreciation to Dr. Alfred Lewin, for the understanding, 

patience, support and encouragement for my personal life and science.  I would also 

like to thank all of my committee members, Drs. William Hauswirth, Maria Grant and 

Peggy Wallace, for their great guidance and advices. I‟ve had lots of love, patience and 

guidance from all Lewin lab members. I would like to give special thanks to Mandy 

Conners and Kyle Jones who greatly helped me to finish my experiments. And to Mark 

Krebs, who helped me to interpret my data and gave me scientific advices. In addition, I 

thank Dr. Marina Gorbatyuk from whom I have learned a great deal about science and 

life. I‟ve also got great friendship in the Lewin‟s lab. James, Alison, Paulette, Diego, Li 

and Haoyu, they are very good friend and coworker.  For my work, I‟ve great help from 

Dr. Issam McDoom with OCT, Doug Smith with electron and fluorescent microscopy, 

and Dr. Jian-Wen Liu for his help with sub-retinal injections.  

I would like to give great appreciation to my husband, Daniel James Gibson for 

sharing tough time together while we raise our son during our Ph.D. work. He constantly 

encouraged and supported me to finish my dissertation and also gave me good 

scientific  advices and ideas doing my project. And to my 3 year old, biggest son, Daniel 

Eunseo Gibson for tolerating difficult situations for his own and growing very well. My 

son gave me mental strength and energy to finish my Ph.D. work.  Finally, I would like 

to thank to my parents, my mom and dad, for helping me raise my son and always pray 

for me and my family.  

  



 

5 

TABLE OF CONTENTS 
 
 page 

ACKNOWLEDGMENTS .................................................................................................. 4 

LIST OF TABLES ............................................................................................................ 8 

LIST OF FIGURES .......................................................................................................... 9 

LIST OF ABBREVIATIONS ........................................................................................... 12 

ABSTRACT ................................................................................................................... 15 

CHAPTER 

1 INTRODUCTION .................................................................................................... 17 

Age-Related Macular Degeneration ........................................................................ 17 

Pathological Characteristics of AMD ....................................................................... 19 

Drusen .............................................................................................................. 19 

Lipofuscin and Subretinal Auto-Fluorescence .................................................. 20 

Risk Factors Leading to AMD ................................................................................. 21 

RPE–The Primary Site of AMD Pathology .............................................................. 24 

Reactive Oxygen Species (ROS) ............................................................................ 26 

Oxidative Stress and AMD ...................................................................................... 27 

Animal Models for AMD .......................................................................................... 31 

Antioxidants ............................................................................................................ 35 

Cre-Induced Recombination for Generating an Animal Model ................................ 36 

Adeno-Associated Virus as a Gene Delivery Tool .................................................. 38 

Ribozymes .............................................................................................................. 40 

Projects ................................................................................................................... 42 

2 REDUCTION OF SOD2 IN THE RPE VIA SUBRETINAL INJECTION OF AAV1-
VMD2-CRE INTO SOD2F/F MICE ......................................................................... 53 

Opening Remarks ................................................................................................... 53 

Materials and Methods ............................................................................................ 56 

Experimental Animals ....................................................................................... 56 

Injection of AAV Vectors ................................................................................... 56 

Detection of Cre Expression ............................................................................. 57 

Detection of Cre-Mediated Recombination ....................................................... 58 

Electroretinographic Analysis ........................................................................... 58 

Electron Microscopy ......................................................................................... 59 

Optical Coherence Topomology ....................................................................... 59 

Results .................................................................................................................... 60 

Expression of Cre Recombinase in the RPE .................................................... 60 



 

6 

Subretinal Injection of VMD2-Cre-AAV1 Leads to Recombination in the 
RPE ............................................................................................................... 60 

Reduction of Electrophysiological Responses .................................................. 61 

Measurement of ONL Thickness ...................................................................... 61 

Assessment of Histological Changes ............................................................... 62 

Ultrastructural Analysis of the Retina ............................................................... 62 

Concluding Statements ........................................................................................... 63 

3 REDUCTION OF SOD2 IN THE RPE BY USING TET-ON SYSTEM FOR CRE-
MEDIATED RECOMBINATION .............................................................................. 76 

Opening Remarks ................................................................................................... 76 

Materials and Methods ............................................................................................ 76 

Animals ............................................................................................................. 76 

Introduction with Doxycycline ........................................................................... 77 

Screening for the Rd Allele ............................................................................... 78 

Expression of Cre by Doxycycline .................................................................... 78 

Immunohistochemical Analysis of Cre-Mediated Recombination by 
Doxycycline ................................................................................................... 79 

Genomic DNA Analysis of SOD2 Recombination by Cre ................................. 80 

Measurement of MnSOD Levels ...................................................................... 80 

Autofluorescence Analysis ............................................................................... 81 

DHE Staining .................................................................................................... 81 

RPE Flat Mount Morphological Analysis........................................................... 82 

Other Methods .................................................................................................. 82 

Results .................................................................................................................... 82 

Testing Doxycycline‟s Retinal Toxicity by ERG and Fundus Imaging ............... 82 

MnSOD Level After Inducing Cre at Adult Stage .............................................. 83 

Detection of -Galactosidase Expression ......................................................... 84 

Expression of Cre in VMD2-Cre Mice After Doxycycline Induction ................... 85 

SOD2 Recombination Analysis by PCR Using Genomic DNA ......................... 85 

Examination of Reduced Levels of SOD2 Protein by RPE Flat Mount ............. 86 

Increased Levels of Oxidative Stress in VMD2-CreTg SOD2fl/fl Mice in the 
RPE ............................................................................................................... 86 

Morphological Changes of RPE ....................................................................... 87 

OCT Measurement of ONL Thickness ............................................................. 87 

Reduction of Electrophysiological Responses .................................................. 88 

Increased Autofluorescence of RPE ................................................................. 88 

Examination of the Fundus ............................................................................... 89 

Histological Examination .................................................................................. 90 

Ultrastructural Analysis of the Retina ............................................................... 90 

Concluding Statements ........................................................................................... 90 

4 REDUCTION OF MnSOD IN THE RPE BY SUBRETINAL INJECTION OF 
VMD2-RZ432-AAV1.............................................................................................. 110 

Opening Remarks ................................................................................................. 110 



 

7 

Materials and Methods .......................................................................................... 111 

Fluorescein Angiography ................................................................................ 111 

AAV Injections ................................................................................................ 111 

Fundus Analysis ............................................................................................. 112 

Other Methods ................................................................................................ 112 

Results .................................................................................................................. 112 

Expression of Rz432 in the RPE .................................................................... 112 

Reduction of Electrophysiological Responses ................................................ 113 

Fundus Analysis ............................................................................................. 114 

Examination of Retinal Vascular Changes ..................................................... 114 

Examination of Retinas by OCT ..................................................................... 115 

RPE Morphological Analysis .......................................................................... 115 

Identification of Increased Expression of Complement Factors ...................... 116 

Examination of Histological Damage of the Outer Retina ............................... 116 

Ultrastructural Analysis of the Outer Retina .................................................... 117 

Concluding Statements ......................................................................................... 117 

5 CONCLUSIONS ................................................................................................... 135 

Summary .............................................................................................................. 135 

Comparison to Other Animal Models of AMD ....................................................... 136 

Future Studies ...................................................................................................... 137 

Closing Remarks .................................................................................................. 140 

LIST OF REFERENCES ............................................................................................. 142 

BIOGRAPHICAL SKETCH .......................................................................................... 164 

 
 



 

8 

LIST OF TABLES 

Table  page 
 
2-1 The deoxyribonucleic acid (DNA) oligonucleotides used for genotyping. ........... 66 

2-2 The polymerase chain reaction (PCR) conditions used for genotyping. ............. 66 

2-3 The DNA oligonucleotides used for genomic DNA PCR. .................................... 66 

2-4 The PCR conditions for analyzing recombination of manganese superoxided 
dismutase (MnSOD). .......................................................................................... 66 

 
 



 

9 

LIST OF FIGURES 

Figure  page 
 
1-1 The macula and fovea. ....................................................................................... 45 

1-2 Changes in the retina in dry and wet age-related macular degeneration 
(AMD). ................................................................................................................ 46 

1-3 Drusen formation ................................................................................................ 47 

1-4 Development of a drusen map............................................................................ 47 

1-5 Loss of central vision in AMD. ............................................................................ 48 

1-6 A representation of disease prevalence with age ............................................... 49 

1-7 Tetracycline-mediated regulation of gene expression ........................................ 49 

1-8 The unique microenvironment of the photoreceptor/retinal pigment epithelium 
(RPE) complex. .................................................................................................. 50 

1-9 Visual cycle......................................................................................................... 51 

1-10 The structure of the hammerhead ribozyme. ...................................................... 52 

2-1 Genotyping results of superoxide dismutase-2 (SOD2)fl/+ and SOD2fl/fl .............. 67 

2-2 The recombinant adeno-associated virus (AAV) cassettes used........................ 67 

2-3 Localization of vitelliform macular degeneration-2 (VMD2)-Cre-green 
fluorescent protein (GFP) expression at 6 weeks post injection. ........................ 68 

2-4 Validation of VMD-2 Cre tissue specificity .......................................................... 69 

2-5 Scotopic full-field electroretinograms (ERGs) of SOD2 fl/fl mice injected with 
Cre or GFP control vector ................................................................................... 70 

2-6 Measurement of the thickness of the outer nuclear layer (ONL). ........................ 71 

2-7 Optical coherence tomography (OCT) measurement of ONL thickness. ............ 72 

2-8 Retinal morphology of SOD2fl/fl mice injected with VMD2-Cre. ........................... 72 

2-9 Electron microscopic analysis of SOD2fl/fl injected with VMD2-Cre-AAV1 or 
VMD2-GFP-AAV1 as a control. .......................................................................... 73 

2-10 RPE light micrographs. ....................................................................................... 74 



 

10 

2-11 Ultrastructure changes in the RPE and Bruch‟s membrane at 15 months after 
Cre injection. ....................................................................................................... 75 

3-1 Regulated deletion of SOD2 ............................................................................... 96 

3-2 Breeding scheme of VMD CreTg mice with SOD2fl/fl mice .................................. 96 

3-3 Screening for retinal degeneration (rd) mutant. .................................................. 97 

3-4 Doxycycline toxicity was tested in 2 month old SOD2fl/fl mice by 
administrating doxycycline .................................................................................. 97 

3-5 Induction of Cre at 3 month does not lead to efficient reduction of SOD2. ......... 98 

3-6 Cre mediated recombination was showed by immunostaining of β-
galactosidase in the ROSA26:LacZ-Cre mice .................................................... 98 

3-7 Detection of β-galactosidase expression in the ROSA26-Cre mice .................... 99 

3-8 Expression of Cre in VMD2-Cre mice after doxycycline induction .................... 100 

3-9 SOD2 recombination analysis by polymerase chain reaction (PCR) using 
genomic deoxyribonucleic acid (DNA). ............................................................. 101 

3-10 Cre mediated recombination in the SOD2fl/fl-VMD2Cre+ mice lead to 
reduction of manganse superoxide dismutase (MnSOD) protein levels in the 
RPE. ................................................................................................................. 102 

3-11 Increased levels of dihydroethidium (DHE) in VMD2-CreTg SOD2fl/fl  mouse. .. 102 

3-12 Increased levels of 8-hydroxy-2-deoxyguanosine (8-OHdg) in 2 month old 
VMD2-CreTg SOD2fl/fl  mice. ............................................................................. 103 

3-13 Change of RPE morphologies .......................................................................... 104 

3-14 As SOD2 knockout mice age, the ONL thickness was progressively 
decreased ......................................................................................................... 104 

3-15 Scotopic full-field ERGs of VMD2-CreTg SOD2fl/fl  mice with and without 
doxycycline administration ................................................................................ 105 

3-16 Increased auto-fluorescence in RPE of VMD2-CreTg SOD2fl/fl ........................ 106 

3-17 Funduscopic examination of 6 week old VMD2-CreTg SOD2fl/fl  mice. ............. 107 

3-18 Light micrographs of retinas of VMD2-CreTg SOD2fl/fl  mice ............................. 108 

3-19 Ultrastructure changes in the outer retina at 7 months after doxycycline 
treatment .......................................................................................................... 109 



 

11 

4-2 Expression of VMD2-ribozyme 432 (Rz432)-GFP in the RPE .......................... 123 

4-3 Scotopic full-field ERGs of C57BL/6 mice injected with AAV1-VMD2-Rz432 
or GFP control vector ....................................................................................... 124 

4-4 Funduscopic changes of Rz432-injected eyes ................................................. 125 

4-5 To visualize the retinal vasculature, fluorescein was injected intravenously 
into mice ........................................................................................................... 126 

4-6 Foci of hyperfluorescence indicate RPE cell loss and retinal degeneration in 
scarring and atropic retinal lesions ................................................................... 127 

4-7 By fundus microscope, atrophy-like damaged retinal region was examined in 
Rz432 injected eye 15 months post injection ................................................... 128 

4-8 Quantization of the thickness of the ONL ......................................................... 129 

4-9 Thinning of ONL thickness as mice age measured by OCT. ............................ 130 

4-10 RPE flat mount was examined for their morphology with zonula occludins- 1 
(ZO-1) staining .................................................................................................. 131 

4-11 Cryosections of Rz432-treatment were used for Immunostaining to examine 
levels of complement factors.. .......................................................................... 132 

4-12 Light microscopic analysis of retinas treated with VMD2-Rz432-AAV1 ............ 133 

4-13 Ultrastructure changes in the retina at 8months after Rz432 treatment ............ 134 

 
 



 

12 

LIST OF ABBREVIATIONS 

8-OHdG  8-hydroxy-2-deoxyguanosine 

A2E  Pyridinium bis-retinoid  

AAV  Adeno-associated virus  

AMD  Age related macular degeneration 

APOE  Apolipoprotein E 

AREDS Age-Related Eye Diseases Study 

ARMS2 Age-related maculopathy susceptibility 2 

BEST1 Bestrophin-1 

BF  Factor B  

BSA  Bovine serum albumin  

C2  Complement component 2 

Ccl-2  Chemokine ligand 2 

CEP  Carboxyethylpyrrole 

CFH  Complement factor H 

CMV   Cytomegalovirus 

Ccr-2  Chemokine receptor 2Cc2– complement component 2 

CNV              Choroidal neovascularization  

DAPI  4'-6-Diamidino-2-phenylindole 

DHA  Docosahexanoic acid  

DHE  Dihydroethidium 

DTT  Dithiothreitol 

DUOX  Dual oxidase  

EDCCS Eye Disease Case Control Study  



 

13 

EGFP  Enhanced green fluorescent protein 

EGTA           Ethylene glycol tetraacetic acid 

eYFP  Enhanced yellow fluorescent protein  

ELOVL4 Elongation of very long chain fatty acids-4 

ERG  Electroretinogram 

GA  Geographic atrophy 

GFP  Green fluorescent protein  

H2O2  Hydrogen peroxide  

HNE  4-hydroxy-2-nonenal 

INL  Inner nuclear layer 

IS  Inner segments 

ITRs  Inverted terminal repeats 

MDA  Malondialdehyde  

MSA  Mouse Serum Albumin 

NO  Nitric oxide 

NADPH Nicotinamide adenine dinucleotide phosphate  

OCT  Optical coherence tomography 

ONL  Outer nuclear layer 

OH.  Hydroxyl radical 

ONOO  Peroxynitrite anion 

ORF  Open reading frame 

OS  Outer segments 

PBS  Phosphate buffered saline 



 

14 

PBST            Phosphate buffered saline Tween 20    

PFA  Paraformaldehyde  

POD  Horseradish peroxidase 

PR  Photoreceptor  

PRSS11 High-temperature requirement factor A1 

PUFA  Polyunsaturated fatty acid 

rtTA  Reverse tetracycline controlled transactivator  

TGF-  Transforming growth factor- 

RAP  Retinal angiomatous proliferation 

RNS  Reactive nitrogen species  

ROS  Reactive oxygen species 

RPE  Retinal pigment epithelium 

SDS  Sodium dodecyl sulfate 

SNP  Genome single nucleotide polymorphism  

SOD1  Cytoplasmic copper/zinc superoxide dismutase 

SOD2  Mitochondrial manganese superoxide dismutase 

SOD3  Extracellular iron superoxide dismutase 

tetO  Tetracycline operon 

TetR  Tetracycline repressor  

TIMP3  Tissue inhibitor of metalloproteinase 3 

VEGF  Vascular endothelial growth factor 

VMD2  Vitelliform macular dystrophy 2 

VLDLR Very low density lipoprotein receptor  



 

15 

Abstract of Dissertation Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 
Requirements for the Degree of Doctor of Philosophy 

 
GENERATION OF A MOUSE MODEL OF AGE - RELATED MACULAR 

DEGENERATION BY INDUCTION OF OXIDATIVE STRESS IN THE RETINAL 
PIGMENT EPITHELIUM  

By 

Soo Jung Seo  
 

August 2011  
Chair:  Alfred S. Lewin 
Major:  Medical Sciences-Genetics 

Age-related macular degeneration (AMD) is one of the most common irreversible 

causes of severe loss of vision in all developed countries. It gradually destroys the 

macula, which is the small portion of the central retina needed for seeing objects clearly 

for common daily tasks such as reading and driving.  The pathophysiology of AMD is 

complex and includes genetic, environmental and immunological factors.  

Oxidative stress in the retinal pigment epithelium (RPE) is hypothesized to be a 

major contributor to the development of age-related macular degeneration (AMD).  

Mitochondrial manganese superoxide dismutase (MnSOD) is a critical antioxidant 

protein that scavenges the highly reactive superoxide radical.  I propose that specific 

reduction of MnSOD in the RPE will increase the level of reactive oxygen species in the 

retina/RPE/choroid complex leading to pathogenesis of the early signs of AMD.  Three 

different strategies for reducing MnSOD in the RPE were pursued.  First, mice in which 

a critical exon of the SOD2 gene, which encodes MnSOD, was flanked by loxP sites,  

floxed-SOD2 mice, were subjected to a subretinal injection of adeno-associated virus  

(AAV) expressing  the Cre recombinase gene using the RPE-specific vitelliform macular 

degeneration 2 (VMD2) promoter  in order to stimulate recombination resulting in loss of 
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functional MnSOD by deletion of exon 3.  In the second approach, I sought disruptive 

recombination by breeding a tetracycline-on (Tet-On) VMD2Cre mice with floxed-SOD2 

mice allowing induction of Cre expression, and thereby recombination, by the 

introduction of doxycycline to food.  In the third approach, an SOD2 specific 

hammerhead ribozyme (Rz), again delivered by AAV and driven by the VMD2 promoter 

was injected subretinally into wild-type C57Bl/6 mice.  In all three approaches, reduction 

of MnSOD led to increased oxidative stress and significant changes in the histology of 

outer retina.  These changes include thickening of Bruch‟s membrane, shortening of 

outer nuclear layer, mitochondrial abnormality and an increased level of lipofuscin.  

Retinal function, as measure by electroretinography (ERG), was gradually diminished in 

the eyes in which SOD2 was deleted.  In the Rz432-treated mice, leaking blood vessels, 

subretinal spots similar to drusen, and retinal atrophy were observed by fundus 

microscopy.  

The specific reduction of MnSOD in the RPE led to increased oxidative stress in 

the RPE and histological changes of retina similar to those seen in AMD.  This is an 

RPE-directed approach to model a disease that has been associated with oxidative 

stress in people.  We plan to use these models to test both pharmacological and gene-

based treatments for dry AMD. 
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CHAPTER 1 
INTRODUCTION 

Age-Related Macular Degeneration 

Age-related macular degeneration (AMD) is the leading cause of legal blindness in 

the developed countries, affecting 10-20% of people over the age of sixty-five1,2.  The 

prevalence of AMD is approximately 1.5% in individuals of European descent over the 

age of 50, and increases progressively with age, reaching approximately 10% in 

individuals aged 75 years or older1,3.  Because the percentage of older people is 

increasing in developed countries, vision loss associated with AMD is expected to 

become a major public health issue.  AMD affects the macula, which is the region of the 

retina where the fovea resides.  The fovea is responsible for the sharp, central, field of 

vision needed to read or to drive (Figure 1-1).  Early AMD is characterized by the 

presence of light colored spots in the retina known as drusen.  Drusen are thought to 

indicate dysfunction of a monolayer of cells located behind the neural retina known as 

the retinal pigment epithelium (RPE).  RPE cells progressively accumulate remnants of 

lysosomal bodies which give rise to highly autofluorescent lipofuscin.  Increasing 

numbers of large drusen predispose to the development of two different pathways; 

atrophic or “dry” AMD and neovascular or “wet” AMD (Figure 1-2).  The number and 

density of RPE cells in the macula also decrease and there is thickening and loss of the 

normal architecture of Bruch's membrane.  Symptoms of early AMD start with blurred 

vision, decreased contrast sensitivity,  abnormal dark adaptation and the need for 

brighter light or additional magnification to read.  

As dry AMD progresses, it enters a state of disease, known as geographic 

atrophy. Geographic atrophy is characterized by RPE cell death accompanied by 
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overlying photoreceptor atrophy.  During geographic atrophy, the retina becomes hyper-

pigmented and RPE hypertrophy and multinucleated giant cells are observed4.  

Geographic atrophy leads to gradual loss of vision because photoreceptors overlying 

areas of RPE atrophy are metabolically dependent on RPE cells.  In dry AMD, intense 

autofluorescence is seen at the border of geographic atrophy5.  Geographic atrophy is 

responsible for 20% of the legal blindness from AMD6. 

Although development to neovascular AMD is not common (representing 10-15% 

of the overall prevalence of AMD), it is responsible for the majority of blindness resulting 

from AMD7,8.  In advanced non-neovascular AMD patients, a gradual vision loss 

develops over months to years.  However, in neovascular AMD patients, sudden vision 

loss within days to weeks occurs as a result of subretinal hemorrhage or fluid 

accumulation.  Neovascular AMD begins with damage to the outer retina and RPE, 

which recruits inflammatory and angiogenic responses leading to neovascularization.  

There are two distinct types of neovascular AMD, choroidal neovascularization (CNV) 

and retinal angiomatous proliferation (RAP).  In CNV, there is an abnormal proliferation 

of choroidal vessels underneath the retina.  CNV is associated with increased levels of 

vascular endothelium growth factor (VEGF) which stimulate endothelial cell proliferation 

and migration9.  During neovascular AMD, the subretinal RPE space is invaded by new 

blood vessels growing from the choriocapillaris, can cause hemorrhages, eventually 

forms a disciform scar.  In RAP, the vascular process originates within the neurosensory 

retina and form intraretinal neovascularization and retinal-retinal anastomoses.  With 

time, RAP merges with the choroidal circulation to form retinal-choroidal anastomosis10.  
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RAP is present in approximately 12% to 15% of patients with newly diagnosed 

neovascular AMD11. 

It remains unanswered why some patients develop atrophic AMD while others 

develop the neovascular form of the disease.  Several studies suggested that 

differences in the microenvironment created by senescent RPE cells, which secrete a 

number of cytokines and growth factors, might lead to choroidal neovacularization. 

VEGF has been shown to play a pivotal role in the growth of the abnormal blood 

vessels characterizing the “wet” form of AMD11.  Increased VEGF gene expression 

stimulates angiogenesis and is sufficient for CNV development12,13.  Clinical studies 

showed that RPE cells in CNV membranes isolated from AMD patients had positive 

staining for VEGF14,15.  Therapeutic agents that block VEGF levels have proven to be 

successful in the inhibition of CNV and restoration of visual function, which indicate the 

association of VEGF in the pathogenesis of CNV in wet AMD16.  Recently, Hinton, et al. 

suggested that bone morphogenetic protein-4 (BMP4), via oxidative stress-induced 

RPE senescence, may be a molecular switch participating in the pathway decision that 

determines which form of late AMD develop17. 

Pathological Characteristics of AMD 

Drusen 

Drusen are the extra-cellular accumulation of lipoproteinaceous material between 

RPE and Bruch‟s membrane (Figure 1-3).  Bruch's membrane is comprised of the 

basement membrane of the RPE and the inner most layer of the choroid.  The presence 

of drusen on the fundus is a hallmark of the early stages of AMD.  As the number and 

size of the drusen deposits increase, they can result in damage to the RPE, 

inflammation and the expression and release of angiogenic cytokines such as VEGF18.  
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Therefore, the presence of drusen is considered a significant risk factor for the 

development AMD and visual deficit. 

Investigations into the composition of drusen deposits have revealed the presence 

of proteins with roles in immune modulation, such as vitronectin and apolipoprotein-

E19,20.  Other components of drusen include acute phase proteins (C-reactive protein, 

vitronectin, -antichymotrypsin, amyloid P component, and fibrinogen), complement 

pathway components (C3, C5 and C5b-9 complex), complement inhibitor (clusterin), 

apolipoprotein B and E, mucopolysaccarides, lipids, mannose, and sialic acid21,22.  The 

composition of drusen suggest that the deposits are formed by and immune - mediated 

process.  The immune response is believed to be triggered when cellular debris derived 

from compromised RPE cells becomes sequestered between the RPE and Bruch‟s 

membrane.  Failure to eliminate the entrapped material generates a local pro-

inflammatory signal that triggers subsequent cascades including local upregulation of 

cytokines, acute phase reactants, pro-inflammatory mediators and activation of the 

complement cascade.  These stimulatory processes constitute “nucleation” site for 

drusen formation.  And accumulation of these molecules may induce VEGF production 

by RPE cells, thus possibly mediating the development of CNV23.  

Lipofuscin and Subretinal Auto-Fluorescence  

An essential function of RPE is the phagocytosis of constantly shed photoreceptor 

outer segment (OS) disks, followed by the degradation and release of the completely 

degraded material at the basal cell side.  Lipofuscin found within the RPE is composed 

of the incompletely digested photoreceptor OS waste materials.  These waste materials 

consist of lipid peroxides, proteins and a mixture of autofluorescent materials.  The 
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materials comprising lipofuscin have been shown to be capable of generating a series 

of reactive oxygen species (ROS), including singlet oxygen, hydrogen peroxide, and 

superoxide anions24,25.  With age, lipofuscin accumulates in the lysosomal 

compartment, and oxidative stress has been postulated in this process26,27.  Various 

toxic molecules, such as malondialdehyde (MDA), 4-hydroxynonenal (HNE) and 

advanced glycation end-products (AGEs),have been found within lipofuscin28.  One 

component of the autofluorescent material found in lipofuscin is the pyridinium bis-

retinoid N-retinylidene-N-retinylethanolamine (A2E).  A2E is a lipophilic quaternary 

amine that forms from two molecules of all-trans-retinal and one molecule of 

phosphatidylethanolamine, both of which are components of the outer segment 

membrane of photoreceptor.  The accumulation of A2E slows phagolysosomal digestion 

of the OS and decreases the capacity of RPE to resist oxidative stress.  Moreover, A2E 

levels affect mitochondrial oxidative phosphorylation and membrane potential and 

reduce intracellular antioxidant enzymes like superoxide dismutase (SOD) and catalase.  

A2E self regenerates singlet oxygen, forming A2E epoxide which damages 

deoxyribonucleic acid (DNA).  The accumulation of lipofuscin has been shown to 

precede the death of photoreceptor cells and the deterioration of the RPE.  Although no 

there is no direct evidence of causality, lipofuscin levels in RPE cells are correlated with 

histopathologic characteristics of macular AMD29,30 and loss of photoreceptor cells31.  

Risk Factors Leading to AMD 

AMD is a multifactorial disease in which both environmental and genetic factors 

contribute to disease initiation and progression.  As the name implies, AMD is closely 

associated with advanced age (Figure 1-6).  The prevalence of the early stage of AMD 

in people aged 43-54 years of age is 8% and increases dramatically to 30% among 
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people 75 years or order.  Similarly, the prevalence of the advanced stages of AMD 

increases from 0.1% among people 43 to 54 years old up to 7.1% among people 75 

years or order32.  The incidence of AMD is more common in people with light 

pigmentation (Caucasians) than among darkly pigmented people (black Africans).  

Differences in iris pigmentation and macular pigment are thought to contribute to the 

increased susceptibility among whites33.  Other risk factors include obesity, high dietary 

intake of vegetable fat and low dietary intake of antioxidants and zinc34.  

Epidemiological studies found that smoking and lifetime exposure to sunlight are also 

risk factors for AMD, and that both are related to oxidative stress35.   

Although the etiology of AMD is complex, the genetic risk factors are indicated by 

twin and family studies36-39.  Recent investigations sought to identify genetic risk factors 

related with the incidence of AMD.  Among these, genes associated with the 

complement system have been reported to substantially increase the risk of AMD.  The 

key finding was that a single nucleotide polymorphism (SNP) variation in complement 

factor H (CFH) was correlated with the risk of developing AMD40-42.  Microarray-based 

whole genome single nucleotide polymorphism (SNP) genotyping technology using 

cases of individuals of northern European descent from the Age-Related Eye Disease 

Study (AREDS) population revealed a polymorphism in CFH located within the 

chromosomal region 1q3243,44.  The polymorphism resulted in a change in CFH‟s codon 

402, encoding a tyrosine to a histidine (Y402H).  This SNP codon change was found to 

increase the risk of AMD by a factor of 2.1 to 4.6 with one copy of the polymorphism.  

Complement factor H is a key inhibitor of the alternative complement pathway which 

acts both by increasing the decay of the alternative pathway C3 convertase and by 
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serving as a co-factor for the proteolysis of C3b45.  Of additional interest is that 

environmental risk factors for AMD, such as smoking and influence the level of 

complement factors in serum.  

In addition to the CFH polymorphism, other gene loci have also been linked to 

modified risk for AMD.  Variants encoding other regulatory proteins of the alternative 

pathway include factor B (BF) and complement component 2 (C2) genes.  Factor B and 

C2 are activators of the classical complement pathway and are located 500 base-pairs 

apart on human chromosome 6q21.  Two variants of BF include a lysine 9 to histidine 

(L9H) and arginine 32 to glutamate (R32Q).  C2 also has two identified variants, 

encoding a glutamic acid 318 to aspartic acid (E318D) variant and a variant found in 

intron 10.  The R32Q variant of BF and the variant in intron 10 of C2 have both been 

found to inactivate their gene‟s activities and thus contribute to reduce risk of AMD.  

This evidence of decreased risk of AMD concurrent with reduced activity of proteins with 

roles in the immune response further support the theory of AMD being immune 

mediated.  

Other polymorphisms localized within a region of 10q26 have been demonstrated 

to account for a large part of the risk for AMD46,47.  There are at least three genes 

associated within the 10q26 region which are known to be related with risk for AMD : 

Pleckstrin Homology Domain-containing Protein Family A member 1 (PLEKHA1), age-

related maculopathy susceptibility 2 (LOC387715/ARMS2), and high-temperature 

requirement factor A1 (HTRA1/PRSS11).  LOC387715/ARMS2 encodes a hypothetical 

protein of unknown function.  Rivera et al. found that the A69S single-nucleotide 



 

24 

polymorphism (rs10490924) in exon 1 of the LOC387715/ARMS2 gene was the 

susceptibility allele of AMD48. 

HTRA1 encodes a member of a family of serine proteases expressed in both 

mouse and human retinas49-51.  It regulates the degradation of extracellular matrix 

proteoglycans and overexpression of HTRA1 may play a role in altering the integrity of 

Bruch‟s membrane, allowing the invasion of choroid capillaries across the extracellular 

matrix, as seen in wet AMD.  HTRA1 also binds and inhibits transforming growth factor-

 (TGF-), an important regulator of extracellular matrix deposition and angiogenesis52.  

Immunohistochemistry analysis of Caucasian patients with wet AMD showed positive 

staining for HtrA1 in the drusen 53.  A single-nucleotide polymorphism (rs11200638) in 

the promoter region of the HTRA1 gene was found to be significantly associated with 

susceptibility to AMD53-55.  

RPE–The Primary Site of AMD Pathology 

Several lines of evidence suggest that progressive dysfunction of the retinal 

pigment epithelium (RPE) is central to the pathogenesis of age-related macular 

degeneration (AMD)56,57.  The RPE is a monolayer of pigmented cells surrounded 

apically by the photoreceptors and basally by Bruch‟s membrane, which separates the 

retina from the choriocapillaris.  The RPE plays an important role in maintaining the 

health of the retina by controlling fluid, nutrient, and waste transport between the 

choroid and the retina.  RPE cells make extensive contacts with the outer segments of 

the photoreceptors.  Through these associations, the RPE cells exchange 

photopigments with, uptake metabolic wastes from, and transfer nutrients to the 

photoreceptors.  A key exchange between the RPE cells and the photoreceptors is a 

http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=10490924
http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=11200638
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specialized form of phagocytosis in which the distal ends of photoreceptor outer 

segments are pinched off, engulfed, and metabolized on a daily basis.  This daily 

exchange is essential to the renewal and continued health and function of the 

photoreceptors.  Furthermore, RPE plays key roles in maintaining the integrity of the 

retina which include absorption of light and protection against photo-oxidation, re-

isomerization of all-trans-retinal into 11-cis-retinal (Figure1-9), and secretion of various 

essential factors for the structure of the retina.  RPE also stabilizes ion composition in 

the subretinal space, which is important for the maintenance of photoreceptor 

excitability.  With these different complex functions, the RPE is essential for visual 

function of photoreceptor.  

Since the function and metabolism of photoreceptors closely depend on the 

integrity of the retinal pigment epithelium, dysfunction of the retinal pigment epithelium 

can lead to photoreceptor degeneration and can contribute to the loss of vision, as is 

also seen in the age-related macular degeneration58.  Age-related alterations in retinal 

pigment epithelial (RPE) pigmentation59 may result in increased photo-oxidative stress 

and subsequent loss of both RPE and photoreceptor cells60.  Reduction in the density of 

RPE cells, accumulation of lipofuscin in the retinal pigment epithelium, and the failure of 

outer segment phagocytosis by the RPE may contribute to inherited retinal 

degenerations and are suggested to be involved in the pathogenesis of age-related 

macular degeneration.  Recently, clinical data suggested linear relationship between 

RPE atrophy and loss of choriocapillaris in geographic atrophy (GA) form of AMD 

patients.  An inbred rat strain with known sensitivity to oxidative stress (OXYS rats) has 

been demonstrated to have a dysfunctional RPE with several AMD-like phenotypes 
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including accumulation of lipofuscin, reduction of electroretinography (ERG) and 

ultrastructural changes61.  There is increasing evidence to support a role for 

mitochondrial damage and dysfunction in AMD62.  Pathological changes of mitochondria 

including great mitochondrial DNA (mtDNA) damage and reduced repair capacity was 

found in the AMD patient‟s RPE cells suggesting the relationship between impairment of 

RPE and AMD63,64. 

Reactive Oxygen Species (ROS)  

ROS are highly reactive molecules which can lead to oxidative damage of 

proteins, nucleic acids and lipids.  ROS includes free radicals such as the superoxide 

anion (O2.), the hydroxyl radical (OH.), peroxynitrite anion (ONOO.), hydroperoxyl radical 

(HO), peroxyl radical (ROO.) and alkoxyl radical (RO.), as well as oxygen species such 

as singlet oxygen (1O2), and strong oxdizing agents like hydrogen peroxide (H2O2)
65.  

ROS within the body are formed as normal byproducts of the body‟s normal metabolic 

processes, including glycolysis and the Krebs cycle.  ROS are generated in multiple 

compartments and by multiple enzymes which includes proteins within the plasma 

membrane, such as nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, 

and dual oxidase (DUOX)66, oxygen metabolism in peroxisomes by various of 

enzymes67, and endoplasmic reticular enzymes such as cyclooxygenases.  ROS are 

also formed by the immune system such as phagocyte NADPH oxidase (NOX2) 

complex to defend against invading pathogens.  However, mitochondria contribute to 

the vast majority of cellular ROS (at approximately 90%).  Mitochondrial ROS 

generation is a consequence of oxidative phosphorylation, which electrons leak from 

complexes I and III resulting the formation of O2.68.  The O2- acts as a precursor to 

several other ROS.  For example, O2- reacts with NO to generate ONOO- that can cause 



 

27 

lipid peroxidation 69.  Superoxide (O2-) can also be converted into H2O2 by SOD via 

dismutation reaction.  Hydrogen peroxide can generate highly reactive OH- via the 

Fenton reaction.  Hydrogen peroxide and ONOO− are highly diffusible through the 

mitochondrial membrane, which allows further oxidative reactions with other cellular 

compartments70.  Superoxide (O2
·−) damage to Fe–S centers of mitochondrial subunits 

of complexes I, II and III as well as aconitase which initiate a mitochondrial 

bioenergetics crisis.  Furthermore, mtDNA is highly susceptible to oxidative damage, as 

it is not protected by histones, and is more prone to errors in replication owing to a less-

effective repair system than that for nuclear DNA71.  Reactive oxygen damage results in 

point mutations and deletions to mtDNA.  

Reactive oxygen species can also damage lipids by a lipid peroxidation process.  

Most of cell membranes are composed of polyunsaturated fatty acids (PUFAs).  Since 

they carry highly reactive hydrogen atoms, these oxidized lipids can cause further 

damage by combining with other molecules, leading to modification of their function72,73.  

Other sources of ROS include environmental factors such as sun light exposure, 

pollution and tobacco.  Particularly, the eye is exposed to the damaging effects of light.  

Oxidative Stress and AMD 

Several experimental and clinical findings have indicated that oxidative 

mechanisms contribute to the initiation and progression of AMD21,74 .  The Age-Related 

Eye Disease Study (AREDS) confirmed that antioxidants (plus zinc) can reduce the risk 

of developing advanced AMD.  The retina and pigmented epithelium are tissue that are 

unique in the body in that they are constantly exposed to both light energy and to high 

oxygen concentrations, both of which are potent source of free radicals (Figure1-8).  

Additionally, the retina contains high levels of polyunsaturated fats (PUFAs) such as 
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docosahexaenoate (DHA).  Under conditions of high oxidative stress, PUFAs are 

susceptible to oxidation and the resulting lipid peroxidation products are toxic to the 

retina.  Carboxyethylpyrrole (CEP) is an example of toxic lipid peroxidation product that 

is produced by the oxidation of DHA-containing phospholipids.  CEP has its toxic effect 

by forming adducts with proteins which then accumulate in the outer retina and in the 

drusen from AMD-affected patients21.  Further evidence for the presence of CEP-

adducted proteins in the retina is provided by the Hollyfield group, which has found that 

mice immunized with CEP-adducted albumin accumulate complement C3 in Bruch‟s 

membrane, develop drusenoid changes under the RPE and also develop RPE atrophic-

like changes75,76.  Another reactive oxygen protein modification includes carboxymethyl 

lysine, which is a product of lipoprotein peroxidation or sequential oxidation and 

glycation.  Carboxymethly lysine has also been found in drusen deposits 21,77.  Oxidative 

stress-related modifications have been found in specific proteins as well, including 

modifications to tissue inhibitor of metalloproteinases-3 (TIMP-3) and vitronectin, both of  

which have also been found within drusen deposits21. 

The high oxidative stress within the retina can create toxic oxidative modifications 

to macromolecules found in the retina.  Healthy retinas appear to be able to handle the 

oxidative stress without disease.  However, as people get older, there is a reduction in 

antioxidative enzymes and macular pigment density in the RPE both of which are key 

mechanisms for coping with oxidative stress.  Of primary importance is the decrease in 

RPE pigment, which functions both as a filter for ROS generating short-wavelength light 

and as a direct antioxidant through its two major carotenoids, lutein and zeaxanthin78.  

The carotenoids have their antioxidant effect primarily by scavenging singlet oxygen 
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and to a lesser extent by quenching the triplet state of photosensitizers and by delaying 

the peroxidation of membrane phospholipids79,80.  Results from the Age-Related Eye 

Disease Study demonstrate an advantageous effect of high doses of antioxidants 

(vitamin C, vitamin E, β-carotene) in preventing the progression from early-stage to late-

stage AMD81. 

Phagocytic process of the RPE generates reactive oxygen species through the 

NADPH oxidase system.  Reduction in levels of  the NADPH oxidase subunit p22phox, 

reduces choroidal neovascularization in the laser-induced model of CNV82.  Increased 

levels of ROS induces RPE apoptosis through loss of mitochondrial membrane 

potential, cytochrome-c release and caspase activation.  Reactive oxygen species 

damage have been implicated to increase the expression of connective tissue growth 

factor, plasminogen activator inhibitor-1, collagen type IV and fibronectin in RPE cells 

which might lead to the thickening of Bruch‟s membrane and subretinal deposits seen in 

AMD83.  Systemic levels of protein carbonyl, 8-hydroxyl-2-deoxyguanosine and total 

oxidation state were found to be increased in the wet AMD-affected patients compared 

with health controls.  Several clinical studies have shown that mitochondrial dysfunction 

is associated with pathogenesis of AMD.  In the eyes of AMD patients, a significant 

decrease in the number and area of RPE mitochondria was found84.  In addition, 

changes of several mitochondrial proteins involved in mitochondrial translation, import 

of nuclear-encoded proteins, and adenosine triphosphate (ATP) synthase activity have 

been identified in AMD patients85.  By the fact that mitochondria produce the majority of 

endogenously formed ROS in most cells and consistent with these data that the 

mitochondria contribute to cellular degeneration leading to AMD, oxidative damage 
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could be the main factor in pathogenesis of AMD.  Iron, which is a generator of oxidative 

damage, has been suggested as a potent factor for exacerbating AMD86.  Mice with 

retinal iron overload resulting from knockout of ceruloplasmin and its homologue 

hephaestin exhibit retinal degeneration with some features of AMD 87. 

Smoking, a common mechanism for generating oxidative stress, has been 

implicated as a major risk factor for AMD such that smoking nearly triples AMD 

incidence88,89.  Cigarette smoke is a complex mixture of more than 5,000 chemicals, in 

which individual components of cigarette smoke have been shown to induce oxidative 

stress in RPE90,91.  Smoking is an important chronic contributor to nitric oxide (NO) 

exposure89,92.  Patients with AMD have significantly higher plasma NO levels than 

control subjects93.  Nitric oxide itself is a relatively unreactive radical.  However, it is able 

to form other reactive intermediates including nitrite (NO2_), peroxynitrite (ONOO_), 

NO2, and N2O3, that can modify proteins, lipids and other compounds.  Nitrite is one of 

the major NO metabolic products and has been used as a marker of NO production94,95.  

In addition to ROS generation, smoking depletes plasma antioxidant levels and macular 

pigment96.  Loss of RPE cells due to oxidative damage caused by cigarette smoke 

exposure contributes to AMD pathogenesis97,98.  Fujihara et al, has shown that in a 

mouse model with cigarette smoke exposure, there were increased oxidative damage 

with ultrastructural degeneration to the RPE and Bruch membrane, and RPE cell 

apoptosis99. 

The role of oxidative stress in AMD pathogenesis has been examined by 

generating transgenic mice targeting superoxide dismutase enzymes.  Imamura et al. 

showed that Sod1-/- mice have accelerated age-related pathologic changes in the retina 
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including drusen, thickening of Bruch's membrane, and CNV100.  These pathological 

changes were seen after 7 months of age and it progressed as mice got older.  Justilien 

et al. utilized AAV-ribozyme-mediated knockdown of Sod2 in the RPE of wild-type mice.  

The Sod2 knockdown mice had RPE and Bruch's membrane changes and accumulated 

A2E and lipofuscin granules in the RPE101. 

Animal Models for AMD 

Although mouse does not have a macula, mouse models for AMD provide vast 

amounts of information which helps with the understanding of human AMD.  The genes 

relevant to disease found in AMD mouse model have provided genetic information 

about corresponding human disease, and the physiological processes of mouse model 

has been found in human disease.  A number of candidate genes that are suspected to 

be involved in AMD pathogenesis have been manipulated and showed pathological 

phenotypes relevant to AMD.  These mouse models show some of the key pathological 

events seen in human AMD such as drusen formation, lipofuscin and thickened Bruch‟s 

membrane.  For example in mice with a mutation in the elongation of very long chain 

fatty acids 4 (ELOVL4) protein, increased lipofuscin accumulation has been found102.  

ELOVL4 is involved in the elongation of very long chain fatty acids, and mutations in 

ELOVL4 were shown to be associated with Stargardt-like macular degeneration (STGD) 

and autosomal dominant macular degeneration103.  Transgenic mice expressing mutant 

form of human ELOVL4 develop vacuolization in the RPE, undigested outer segments 

in the subretinal space and pigment granule deposits formation at two months of age.  

In the tissue inhibitor of metalloproteinase-3 knock-in mouse (Timp3S156C/S156C) and 

the apolipoprotein E knock-out mouse (ApoE-/-), the presence of basal laminar deposits 

was observed104.  Tissue inhibitor of metalloproteinase-3 was observed in the outer 
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aspect of basal lamina and linear deposits (BLD) in CNV patients105.   A point mutation 

in TIMP3 was found in Sorsby fundus dystrophy (SFD) patients.  In the Timp3+/S156C 

mice, local disorientation of the RPE apical processes and reduced thickness of basal 

microvilli has been reported.  

Apolipoprotein E (apoE) is the major apolipoprotein of the central nervous system 

(CNS) and liver and an important regulator of cholesterol and lipid transport.  

Epidemiological studies have addressed the association between variants of APOE 

gene and AMD.  There have been reported a protective effect for AMD in APOE*4 

carriers and a detrimental effect in APOE*2 carriers106,107.  The AMD animal model, 

which was created by combining three established AMD risk factors (advanced age, a 

high fat cholesterol-rich diet and apoE knock-in), showed retinal degeneration with the 

hallmarks of AMD108.  The AMD-associated pathologies documented in this animal 

model include sub-RPE deposits, thickened Bruch‟s membrane, RPE atrophy and 

retinal and choroidal neovascularization.  

Based on the evidence indicating the involvement of immunological processes in 

AMD pathology, several studies have demonstrated the association between single 

nucleotide polymorphisms (SNPs) in genes encoding immunologic molecules and AMD.  

In particular, CX3CR1, the specific receptor for Cx3CL1 chemokine, was decreased in 

the AMD macula compared with the macula of normal eyes, and the SNPs in CX3CR1 

gene are associated with AMD109.  The other important factor involved in immunologic 

response leading to AMD pathogenesis is CCL2 (MCP-1, a CC chemokine).  It plays a 

role in homeostatic, immunoregulatory pathway in AMD pathogenesis110.  AMD mouse 

model deficient in both Cx3Cr1 and Ccl2 showed typical pathologic features of AMD, 
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including choroidal neovascularization, elevations of A2E in the RPE, enhanced 

expression of CD46 and microglia and degeneration of retina111.  However, 

Ccl2−/−/Cx3cr1−/− mice were generated by systemic deletion of two important factors 

involved in immune response.  The phenotypes seen in Ccl2−/−/Cx3cr1−/− mice might be 

generic consequences of dysregulation of immune system.  AMD is closely related with 

advance age.  In Ccl2−/−/Cx3cr1−/− mice, the AMD-like phenotypes were seen early in 

their life span.  Therefore, Ccl2−/−/Cx3cr1−/− mice might be not a good AMD model.    

Some animal models have been made by environmental stimulation such as high 

fat diet, exposure of smoking, and intensive light.  Mice which were exposed to cigarette 

smoke showed drusen-like material on Bruch‟s membrane112.  The APO B100 mouse, 

when combined with a high fat diet and blue/green light exposure, showed the presence 

of basal linear deposits113.  As shown above, some animals present one or more of the 

features of early AMD, but do not progress to the advanced stages of dry or wet AMD.  

The animal models which progress to dry form of AMD includes mcd/mcd transgenic 

mouse114 and C57BL/6J mice with mouse serum albumin (MSA) adducted with CEP76.  

There are several mouse models which exhibit the wet form of AMD including:  

Ccd2-/- 23,115, Cp-/-Heph-/y 116, rho/rt-TRE/VEGF and IRBP/rtTA-TRE/VEGF117 mouse 

models.  

As mentioned above, dysregulation of complement pathway has been implicated 

in the pathogenesis of AMD.  Based on this fact, AMD mouse models with manipulated 

complement factors have been generated.  For example, chimeric complement factor H 

(Cfh) transgenic mouse lines which utilize human CFH sequence (with either 402Y or 

402H) led to AMD-like characteristics such as subretinal drusen-like deposits, increased 
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numbers of lipofuscin granules and C3d stainig in sub-RPE region118.  The role of CFH 

in relation to AMD has also been analyzed by generating CFH deficient mice119.  

Complement factor H deficient mice exhibited reduced visual acuity, an increase in 

autofluorescent subretinal deposits, and accumulation of complement C3 in the retina; 

all of which suggests that CFH dysfunction might lead to retinal changes such 

consistent with the symptoms of AMD.  

In addition to the genetic models, there are also well-established physical methods 

for creating exudative AMD animal models, including the use of light or lasers to induce 

choroidal neovascularization (CNV).  In human AMD, exposure to light is reported in 

epidemiological studies to be a risk factor. Excessive amounts of light energy produces 

photochemical damage to retinal neurosensory cells by generating ROS which 

consequently leads to oxidative damage to the cells in the retina.  Long-term light-

induced ROS damage to Bruch‟s membrane can stimulate CNV by fostering a 

proangiogenic environment in the retina.  As a model for exudative AMD, light damage 

was induced by exposing albino mice to 1000 lux of white light120.  Laser 

photocoagulation ablates the photoreceptor outer segments, RPE, choriocapillaris and 

portions of the anterior choroid. Following laser induced damage, fibroblasts proliferate 

and the RPE and vascular endothelial cells form a neovascular lesion.  To induce 

choroidal neovascularization, a laser is used to burn a region between retinal vessels 

around the optic nerve head121,122.  Because newly formed vessels are more permeable, 

neovascular development can be monitored with fluorescein angiography to assess 

vessel leakage.  By this criteria, choroidal neovascularization peaks at approximately 2 

to 4 weeks after laser burn. 
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Antioxidants 

Oxidative stress (OS) results when production of reactive oxidative species 

exceeds the capacity of cellular antioxidant defenses to remove these toxic species. 

Mitochondria are the primary site of oxygen consumption and the major source of 

reactive oxygen species, most of them originating from the mitochondrial respiratory 

chain.  While uncontrolled ROS can damage many cellular process and functions, there 

exists a protective systems of antioxidants which can neutralize the damaging effects of 

ROS.  This system includes a wide range of enzymes such as superoxide dismutases 

(SODs), glutathione peroxidase (GPX), catalase, peroxiredoxin and thioredoxin, as well 

as non-enzymatic compounds, such as vitamin C,vitamin E and the carotenoids123-126. 

The superoxide dismutases are the primary ROS scavenging enzymes of the 

cell127.  The SODs catalyze the dismutation of superoxide radicals to hydrogen peroxide 

and molecular oxygen.  There are three forms of SODs; copper/zinc-dependent-SOD 

(SOD1) in the cytosol, manganese-dependent-SOD (MnSOD or SOD2) in the 

mitochondrial matrix, and extracellular SOD (SOD3). Among the three SOD isoforms, 

MnSOD is the only SOD that has been demonstrated to be essential for the survival of 

aerobic organisms128.  

Glutathione peroxidase is other key enzymes engaged in the detoxification of 

ROS.  The GPX peroxidase activity is responsible for reducing lipid hydroperoxides and 

hydrogen peroxide.  Glutathione peroxidase exist in two forms.  Glutathione peroxidase-

1 (GPX1) is the major isoform and localized primarily in the cytosol, with small fraction 

also present in the mitochondrial matrix.  The other form is known as phospholipid-

hydroperoxide GPX (PHGPx), and it is localized primarily in the inner membrane of 
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mitochondria129,130.   These enzymes use reduced glutathione (GSH) to reduce 

hydrogen peroxide to water with the formation of glutathione disulfide (GSSG).   

Another enzyme which detoxifies hydrogen peroxide is peroxiredoxin (PRX) which 

catalyzes the reduction of hydrogen peroxide to water using thioredoxin as a reducing 

agent.  Two forms of PRX are found in mitochondria (PRX III and PRX V),131 and both 

forms of PRX are found in the mitochondrial matrix.   Catalases are heme-containing 

enzymes that convert hydrogen peroxide (H2O2) to water and O2, and they are mostly 

localized in peroxisomes, mitochondria and the endoplasmic reticulum. 

Non-enzymatic antioxidants such as -carotene, vitamin C and vitamin E come 

from the diet or from dietary supplements.  Vitamin C is water-soluble molecule and 

potent scavenging agents in the aqueous phase of the cytoplasm.  Beta-carotene and 

vitamin E are lipid-soluble molecules and act as antioxidants within lipid environments.  

In the eye, the macula accumulates unusual carotenoids, zeaxanthin and lutein.  These 

compounds give the macula it characteristic yellow color and provide antioxidant 

defense as well as shielding from blue light132.  

Cre-Induced Recombination for Generating an Animal Model 

Transgenic mice which harbor altered genomic loci or foreign transgenes have 

provided important information about many biological processes.  However, not all 

biological processes can be studied by gene-knock out or transgene expression 

strategies due to the embryonic-lethal phenotypes.  To overcome these problems, 

mouse genetics were developed to manipulate specific genes so that genes can be 

switched in time and tissue-specific manner.  The earliest attempts to develop such 

genetic systems used a single transgenes with inducible promoters.  However, this 
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approach gave rise to undesirable results such as leakiness and pleiotropic effect133.  

To improve these problems, binary transgenic system, in which gene expression is 

controlled by the interaction of effector and target transgene, was developed.   

The most widely used binary transcription transactivation systems are the 

tetracycline-dependent regulatory systems (Figure1-7).  The effector is a fusion of 

sequences that encode the VP16 transactivation domain and the E.coli tetracycline 

repressor (TetR) protein.  VP16 is known to be an exceptionally strong transcriptional 

activator that functions in many cellular environments.  These fusion proteins bind to the 

operator sequences (tetO) of the tet operon in a tetracycline-dependent manner.  There 

are two versions of this system; tetracycline-off (tet-off) and tetracycline-on (tet-on) 

systems. In the tet-off system, the tetracycline-controlled transactivator cannot bind 

DNA when tetracycline (or an analog like doxycycline) is present, whereas in a tet-on 

system, reverse tTA (rtTA) binds DNA only when tetracycline is present.  The usage of 

the rtTA system results in tighter control of cre expression when compared with the tTA 

system134.  The inducer currently used in transgenic mice is doxycycline (Dox), which 

penetrates various tissues, crosses the placenta and the blood-brain barrier, and can be 

found in the milk of feeding mothers.  Various routes by which Dox can be administered 

are used such as injection, food and drinking water.   

There are two commonly used site-specific recombinases, Cre from bacteriophage 

P1135 and Flp from saccharomyces cerevisiae136.  Both recombinases catalyse a 

recombination event between two 34 base pair recognition sites (loxP and FRT, 

respectively) which have different DNA sequences but the secondary structure.  To 

manipulate an endogenous gene in a temporally and spatially controlled manner, an 
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essential region of a target gene is flanked by loxP site (floxed), so that tissue-specific 

Cre expression results in the inactivation of this allele.  By crossing a mouse line which 

has a floxed gene of interest to an effector mouse line that expresses cre in a tissue-

specific manner results in the specific gene being inactivated in the desired tissue.  To 

prove the tissue-specific Cre-mediated gene inactivation, reporter mice in which a 

histological marker can be activated by Cre-mediated recombination, are used.  The 

reporter mice have genes which can be activated following Cre-mediated recombination 

to remove a pre-mature stop codon.  The reporter mouse constructs can employ 

reporter enzymes such as -galactosidase 137 or fluorescent proteins such as enhanced 

yellow fluorescent protein (eYFP) or enhanced green fluorescent protein (eGFP)138.     

Another approach for achieving temporal control of Cre-mediated recombination is 

the use of viral vectors, such as adenovirus139,140 or herpes simplex to deliver Cre141.  

By virus-mediated transfer of Cre, targeted gene inactivation can be achieved without 

the need for crossbreeding the loxP gene-altered mice with transgenic mouse 

expressing Cre recombinase.  Furthermore, for inactivating genes specifically in the eye 

regions, one eye can serve as a control as the other eye can be injected with Cre so 

that genetic variations can be avoided.  

Adeno-Associated Virus as a Gene Delivery Tool 

Adeno-associated virus (AAV) is a small, non-enveloped virus that packages a 

single-stranded DNA genome.  It is a member of the Parvoviradae family142, and is 

classified as the genus Dependovirus, because infection by AAV requires a helper virus. 

In the presence of a helper virus, AAV  integrates into the chromosome, preferentially at 

locus19q13.4143. The AAV genome has 145-kb inverted terminal repeats (ITRs) that 
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flank two open reading frames (ORFs). Inverted terminal repeats are cis-acting 

sequences which are the origin of replication and serve as primers for second-strand 

synthesis by DNA polymerase.  The ITRs are also essential for AAV genome 

packaging, transcription and site-specific integration.  The first ORF contains the Rep 

gene, which encodes for Rep proteins (Rep78, Rep68, Rep52 and Rep40).  These 

proteins regulate AAV gene expression, DNA replication, accumulation of viral DNA 

used for packaging within AAV capsids.  The second ORF contains the Cap gene, 

which encodes three viral capsid proteins (VP1, VP2, and VP3).  The capsid proteins 

are assembled at a molar ratio of 1:1:10 to form an icosahedral structure.  

Adeno-associated virus has been used as a gene therapy vector due to its ability 

to enter the target cell, transfer to the nucleus and be expressed for a long period of 

time144,145.  Furthermore, wild type AAV, a tiny ssDNA parvovirus, is not associated with 

any pathology in humans.  To improve the efficiency of AAVs for gene therapy, several 

modifications has been applied to enhance their utility. Recombinant AAVs are 

generated by deleting the entire wild-type viral coding regions (rep and cap), so that 

they are replication deficient and lack immunogenecity, and by inserting the gene of 

interest flanked by viral ITRs.  A second plasmid that encodes rep and cap proteins and 

the adenoviral helper genes is co-transfected with the ITR containing plasmid in order to 

produce recombinant the virus.  To achieve tissue tropism, it is possible to exchange 

capsid types among  the common AAV serotypes.  In addition capsid shuffling and 

novel sequence variants have increased the number of AAV type available for gene 

therapy146-148.  Tissue specific gene expression can also be achieved by the use of cell-

type specific promoters.  For this reason, recombinant AAV has been widely used for 



 

40 

gene transfer to animals and to human patients149.  Specifically, AAV-mediated gene 

delivery into the eye has been used successfully to treat a wide range of eye-related 

disorders and in animals and in human patients150-156.   

There are different AAV serotypes which target different tissues depending on the 

cell surface receptors, intracellular processing, and capsid structure157.  For example, 

following subretinal injection, AAV serotype 1 infects primarily the RPE, while AAV5 

infects both photoreceptors and the RPE.  Subretinal injections of AAV2 in mice 

consistently transduced retinal pigmented epithelium (RPE) cells and some 

photoreceptor cells158-160.  And subretinal injection of AAV5 and AAV2/5 transduces 

both RPE and photoreceptor cells, with higher levels of gene expression in the RPE 

layer159.  AAV2/1 (similar to AAV2/6) was found to transduce mostly RPE, with limited 

gene transfer to photoreceptor cells, Müller cells, and cells in the inner nuclear layer.  

Procedures for delivery of AAV to the retina have been well established161, and the 

effect of gene delivery can be evaluated by noninvasive methods such as 

electroretinography (ERG), ophthalmoscopy, and optical coherence tomography (OCT).    

Ribozymes 

Ribonucleic acid-dependent gene silencing is the most widely used gene 

knockdown approach and is based on cell administration of antisense, ribozyme or 

RNA-interfering short.  Ribozymes are catalytic RNAs that mediate the cleavage or 

ligation of specific RNA molecules by transesterification or hydrolysis of phosphate 

groups162.  They have also been found to catalyze the aminotransferase activity of the 

ribosome163.  Several naturally occurring classes of ribozymes have been identified. 

These include the hammerhead, hepatitis delta virus (HDV), hairpin and Neurospora 

Varkud satellite (Vs)164-169, and group I intron170-172 ribozymes. These are small RNA 
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structures of ~40-160 nucleotides that catalyze site-specific self-cleavage.  They act 

only at specific phosphodiester bonds by using base-pairing and other interactions to 

align the cleavage site within the ribozyme active site.  

The hammerhead ribozyme, smallest of the catalytic ribozymes at approximately 

35-nucleotides long, is the most efficient self-cleaving sequence that has been isolated 

from randomized pools of RNA173.  Hammerhead RNA self-cleavage motifs consist of 

three helices (called Stems I, II and III) flanking a junction comprised of 15 conserved 

nucleotides that form the catalytic core174.  Two of the three helices (typically Stem II 

and Stem I) are capped by connecting loops, giving this self-cleaving RNA sequence a 

secondary structure that resembles the shape of a hammer head.  The trans-acting 

hammerhead is composed of a catalytic core stabilized by a hairpin structure (stem II) 

and two flanking arms that are used to hybridize to its target to form stems I and III 

(targeting domain)175.  The catalytic domain is a highly conserved, single stranded 

structure that connects stem I to stem II and stem II to stem III, respectively176.  The 

ribozyme sequence in the targeting domain represents the “antisense” moiety of a 

hammerhead ribozyme and confers the target specificity.  Because the trans-acting 

ribozymes can specifically cleave other RNA molecules by modification of the substrate 

recognition domains, such ribozymes have been extensively studied as potential 

therapeutics177.  Recently, the crystal structure of a hammerhead ribozyme derived from 

schistosoma mansoni, contains the rate-enhancing peripheral domain, has a catalytic 

core that is very different from the catalytic core present in the structure of the „„minimal‟‟ 

hammerhead, which lacks a peripheral domain178.  The RNA secondary structure of the 

schistosoma hammerhead consists of the three helices and catalytic core that define 
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the minimal hammerhead as well as a hairpin loop at the end of stem II and a bulged 

loop in an extended stem I (Figure1-10).  

The hammerhead can be designed to cleave any target harboring the consensus 

NUX cleavage triplet (N= any nucleotide; U= uridine; X= any nucleotide except 

guanine).  Its specificity and efficiency is determined by the two binding arms that base 

pair with the sequences flanking the X in the target.  Cleavage of a target takes place 3‟ 

of X in a transesterification reaction, resulting in two products, a 2‟,3‟ cyclic 

phosphodiester and a 5‟ hydroxyl terminus on the 3‟ fragment179.  Following the 

cleavage of the RNA backbone, the reaction products diffuse away from the active site 

leaving the ribozyme free to complete another reaction cycle.  Because of their 

sequence specificity and multiple turnover or catalytic properties, ribozyme has been 

wildly used towards the better understanding180-184 and therapy of diseases such as 

suppression of viral infection185-187, therapy of muscle and brain diseases188. 

Projects 

RPE oxidative stress is hypothesized to be a major contributor to the development 

of age-related macular degeneration (AMD).  In this project, I hypothesize that 

increased oxidative damage to the RPE will lead to the pathogenesis of the early signs 

of AMD such as atrophy of the RPE, as well as to the late stage of AMD which involves 

neovascularization.  To prove it, I chose to specifically down-regulate SOD2 in the RPE. 

The superoxide dismutase-2 gene (SOD2), codes for a mitochondrial manganese 

superoxide dismutase; which is an enzyme that catalyzes the dismutation of superoxide 

anions to molecular oxygen and hydrogen peroxide in the mitochondrial matrix.  This 

enzyme is the first step in the metabolic defense against cellular oxidative stress.  

Oxidative stress-induced AMD animal models have been emerging such as SOD1 
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knock-out mice100.  However, it took almost 12 month for this animal model to present 

with an AMD-like phenotype, and due to the systemic deficiency of SOD1 from 

fertilization, the source of oxidative stress cannot be explained in this model.  Recently, 

another oxidative stress-induced AMD animal model, utilizing an SOD2 specific 

ribozyme was developed101.  This model showed an AMD-like phenotype earlier than 

the SOD1 knockout mice did, with significant histological changes presented within the 

retina after only 4 months.  

Based on these reports, I expected that my animal model would recapitulate the 

human AMD pathology.  I hypothesized that specific reduction of MnSOD in the RPE 

would increase the level of reactive oxygen species in the retina/RPE/choroid complex 

and lead to pathogenesis of the early signs of AMD.  To achieve MnSOD2 reduction, I 

used three methods.  The first was to use a floxed allele of SOD2 but to deliver the Cre 

gene to the RPE using AAV and a VMD2 promoter.  The second approach was to use 

the Cre-lox system to delete SOD2 in the RPE at the DNA level following the induction 

of Cre expression with doxycycline.  The third approach was an AAV-delivered 

ribozyme, similar to the approach used previously, but this time using an RPE-specific 

promoter derived from the VMD2 gene.  After generating RPE-specific knock down of 

MnSOD, the mice were observed for their retinal phenotypes.  RPE damage created by 

knock-down of MnSOD led to the loss of photoreceptor cells and reduction of dark 

adapted full field electroretinogram (ERG) response.  Light and electron microscopic 

analysis indicated several histological changes in the retina/RPE complex such as 

increased thickness of RPE, accumulation of lipofuscin, and vacuole formation.  
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Funduscopy and fluorescein angiography showed retinal lesions including presence of 

several white spots and abnormal blood vessels.   
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A   B 

Figure 1-1.  The macula and fovea. A) The macula contains the xanthophylic pigments, 
zeaxanthin and lutein that gives it a hyperpigmentated yellowish appearance. 
B) The retinal cells in the center of the macula are highly concentrated in 
cone cells so that it maximize the amount of light captured by it 
photoreceptors (fovea). 
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A 

B 

C 
 
Figure 1-2.  Changes in the retina in dry and wet AMD.  A) a normal retina. B) Dry AMD 

is characterized by the presence of drusen, thickened BM, RPE atrophy and 
hypertrophy. C) In wet AMD, there is abnormal growth of vasculature through 
choroid to retinal space. (Lotery, 2010).   
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 A  B 
 
Figure 1-3.  Drusen formation. A) fundus microscopy of drusen B) schematic diagram of 

drusen formation underneath the RPE. Drusen inhibits the transfer of oxygen 
and nutrients from choroid and waste materials from photoreceptors 
(http://convergence.ucsb.edu/article/vision-thing). 

 

 
 
Figure 1-4.  Development of a drusen map. A) Fundus photograph of a 74-year-old 

man, showing the area mapped in a 3DOCT-scan. On each B-scan B), the 
beginning,end, and height of each drusen was documented and plotted on a 
corresponding line in the map C).  (Invest Ophthalmol Vis Sci. 2010 
Dec;51(12):6715-21). 
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A B 
 
Figure 1-5.  Loss of central vision in AMD. A) Normal vision, B) vision as seen by an 

AMD patient due to the injuries in the macula. 
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Figure 1-6.  A representation of disease prevalence with age. The incidence of both 

early and late AMD greatly increases in all individuals at a late age (age 80 
and above).  Individuals with genetic susceptibility variants and those who 
have been exposed to environmental risk factors exhibit the disease at much 
earlier age (age 60 and above). (Annu. Rev. Genomics Hum. Genet. 2009.) 

 

 
 
Figure 1-7.  Tetracycline-mediated regulation of gene expression.  Doxycycline binds to 

inactive rtTA which convert into active rtTA. Active rtRA binds to tetO 
promoter which induces expression of cre.  
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Figure 1-8.  The unique microenvironment of the photoreceptor/RPE complex.  Due to 

its location between the sensory retina and the choroid, the 
RPE/photoreceptor complex exists in a highly oxidative micro-environment.  
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Figure 1-9.  Visual cycle. Light transduction starts with photon absorption by rhodopsin. 

The process of light absorption underlies the stereochemical change of 11-
cis-retinal into all-trans-retinal. All-trans-retinal is metabolized into all-trans-
retinol and transported to the RPE. In the RPE retinol reisomerized to 11-cis-
retinal and then redelivered to the photoreceptors.  
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A B 

C D 
 
Figure 1-10.  The structure of the hammerhead ribozyme. A) shows schematic diagrams 

of the secondary structures of the minimal and full-length hammerheads B) 
shows an all-atom representation of the tertiary structure of the full-length 
hammerhead. A distal contact between Stems I and II in the full-length 
hammerhead, shown schematically in A), stabilizes the active site structure, 
the details of which are shown in C). D) shows a proposed transition state 
structure extrapolated from C). (Molecular Cell 23, 447–450, August 18, 
2006). 
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CHAPTER 2 
REDUCTION OF SOD2 IN THE RPE VIA SUBRETINAL INJECTION OF AAV1-VMD2-

CRE INTO SOD2F/F MICE 

Opening Remarks 

The superoxide dismutases (SOD) catalyze the conversion of O2
- to H2O2 and thus 

help prevent the buildup of toxic O2
- levels.  Three SOD isoforms are expressed in 

mammalian cells: (i) copper/zinc SOD (encoded by the SOD1 gene), which is located in 

the cytoplasm; (ii) manganese SOD (SOD2 gene), which is localized in the 

mitochondrial matrix; (iii) extracellular SOD (SOD3 gene).  A small fraction of CuZn-

SOD is also reported to be present in the intermembrane space of mitochondria189,190.  

Mitochondria are both a major source of ROS production from the respiratory chain as 

well as a major target of ROS-induced cellular injury.  Thus, mitochondrial MnSOD is 

thought to play an important role in cellular defense against oxidative damage by ROS.  

Loss of MnSOD in SOD2 knockout mice results in embryonic or early postnatal lethality 

that varies with genetic background128,191.  The phenotypes of these mice include 

severe dilated cardiomyopathy within several weeks after birth and exhibited striking 

lipid deposits in the liver.  And significant reduction in the activity of mitochondrial 

respiratory enzymes including complex I, complex II, or complex III, as well as the citric 

acid cycle (TCA) enzyme aconitase were reported.  

Sandbach et al. used an antioxidant compound to keep SOD2 knockout mice alive 

for 20-21 days, and these mice exhibited thinning of both the inner and outer retina and 

pale swollen mitochondria in the RPE192.  However, since MnSOD-deficient mice died 

within several weeks after birth, the investigation of the pathological consequences of 

increased superoxide in  the adult retina or the impact of  increased oxidative stress 

physiological ageing process was not possible.  Therefore, the control of SOD2 
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knockout in a spatiotemporal manner might help in understanding the role of MnSOD in 

animal model.  

For this purpose, the cre-loxP system was used to induce site-specific DNA 

recombination in specific tissue (RPE).  The bacteriophage P1 recombinase Cre 

catalyzes reciprocal recombination at a specific locus of loxP.  The lox sequence is 

composed of two 13 base-pair (bp) inverted repeats separated by an 8 bp spacer 

region.  Upon binding to the inverted repeats, Cre synapses with a second lox site and 

then cleaves the DNA in the spacer region to initiate strand exchange with the synapsed 

lox partner. No additional factors are required in the recombination reaction.  

The SOD2f/f mice we used contained loxP sites flanking exon 3 of SOD2193
.  Exon 

3 encodes 39 amino acids which are involved in homodimerization, tetramer formation, 

and manganese binding.  Li, et al. showed that deletion of exon 3 of SOD2 leads to 

complete inactivation of the enzyme128. For the introduction of Cre into SOD2f/f mice 

specifically in the RPE, we employed two methods: subretinal injection of VMD2-Cre 

packaged into AAV1 and induction of Cre by crossing of SOD2f/f mice with mice that 

express Cre only in the RPE under control of the tetracycline reverse transactivator.  

Since Cre protein has been shown to carry determinants that allow it to target the 

eukaryotic nucleus, an exogenous nuclear localization signal (NLS) is not necessary194.  

The advantage of using AAV vector to deliver Cre is that we can use the other eye of 

same mouse as a control.   

The gene VMD2 encodes the protein bestrophin-1(Best1) which has been 

hypothesized to be a member of a family of calcium ion (Ca2+) activated chloride (Cl-) 

channels and regulators of ion transport195-198.  The mutations in the BEST1 gene cause 
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a variety of degenerative eye diseases in human that exhibits some histopathologic 

similarities to age-related macular degeneration199.  Both Petrukhin et al.200 and 

Marquardt et al.201 examined the distribution of BEST1 mRNA in humans.  Petrukhin et 

al. examined the distribution of BEST1 mRNA by Northern blot and found expression in 

retina/RPE, brain, spinal cord, and testis, while Marquardt et al identified VMD2 mRNA 

only in retina/RPE and the human RPE-derived cell line ARPE-19.  However, high 

levels of mRNA expression cannot be taken as evidence of protein expression. Later 

on, several groups demonstrated that Best1 protein is expressed by and localized to the 

basolateral plasma membrane of the RPE in macaque and porcine eyes202, in 

humans203, canine204, and mouse eyes205.  Bestrophin mRNA expression has been 

found to be high during the late phase of embryonic development and early postnatal 

stages.  Also, the bestrophin protein was first detected in the RPE on postnatal day 10 

and was more pronounced at P11205. 

In this chapter, I will present the phenotypes of mice observed after subretinal 

injection of AAV1-VMD2-Cre into the SOD2fl/fl mouse.  To visualize the successful 

transduction of the RPE, an AAV virus expressing both Cre and GFP was used for 

subretinal injection.  The Cre-mediated recombination was confirmed by using reporter 

mouse strain which contains a floxed PGK-neomycin resistance cassette and an 

enhanced yellow fluorescent protein (eYFP) gene inserted into the Gt(ROSA)26Sor 

locus.  To examine the phenotypes of Cre-injected mice, dark-adapted full field 

electroretinogrphy (ERG), light and electron microscopy, SD-OCT and fundus analysis 

were performed.  
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Materials and Methods 

Experimental Animals  

For this experiment, we used SOD2 floxed mice which were generously provided 

to us by Professor Scharffetter-Kochanek (University of Ulm).  The mice were 

maintained in a 12h:12h light/dark regime.  To detect the presence of the floxed gene, 

genotyping using tail biopsies was performed.  DNA was extracted by adding 100l 

Extraction Solution and 25l Tissue Prep Solution (RED Extract & Amp kit, Sigma).  The 

tail in the solution was incubated at room temperature for 15 minutes and then at 95 oC 

for 5 minutes.  The reaction was stopped by adding 100l Neutralization Solution.  By 

using the primers for detecting floxed gene (Table 2-1), The PCR product of SOD2fl/fl 

showed 1090 bp and SOD2fl/+ showed 1090 bp and 900 bp (Figure 2-1).   PCR was 

performed using the PCR condition as described in Table 2-2.   

Injection of AAV Vectors 

 Adeno-associated virus serotype 1 was selected for these experiments because it 

preferentially infects RPE cells following subretinal injections206.  All viruses used in 

these experiments were prepared in the Hauswirth laboratory as pseudotypes.  That is, 

AAV2 ITR sequences flanked the VMD2-CRE and VMD2-GFP genes, but the helper 

plasmids provided the capsid proteins of AAV1207.  Before injections of AAV, 1% 

atropine sulfate solution (Bausch and Lomb, Tampa, FL) was placed topically on the 

eyes of the mice.  Prior to injections, the mice were anesthetized using a 

ketamine/xylazine mixture and their eyes further dilated with 2.5% phenylephrine HCl.   

The eyes then received a drop of 2.5% hypromellose opthalmic demulcent solution 

(Gonak™) to keep the eye hydrated during injections.  Groups of mice were injected 
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subretinally with 1μl of 2.5x1012 particles per ml of AAV1-VMD2-Cre or a GFP-only 

(AAV1-VMD2-GFP) construct.  Briefly, under direct observation with a Nikon SM2800 

operating microscope (Nikon, Melville, NY), a 28 gauge hypodermic needle was used to 

puncture the cornea to create an aperture.  A blunt 32 gauge needle on a Hamilton 

syringe was then inserted through the opening, and vector injected slowly into the 

subretinal space in the posterior retina.  VPP antibiotic ointment (Akorn, Buffalo Grove, 

IL) was placed on the eyes of the mice following injection to prevent infection.  Injections 

for this experiment were performed by Dr. Jian-wen Liu. 

Detection of Cre Expression  

At 6 weeks post injection, mice treated with AAV-Cre or AAV-GFP were 

euthanized by an overdose ketamine/xylazine mixture followed by cervical dislocation.  

Their eyes were quickly removed and rinsed briefly in PBS.  The eyes were fixed in 

freshly made 4% paraformaldehyde solution at 4ºC overnight.  Following fixation, the 

eyes were incubated in 30% sucrose for overnight.  Eyes were embedded in Tissue Tek 

OCT compound embedding medium (Sakura Finetek, Torrance, CA) and frozen by 

storing in -20 oC followed by -80oC.  Frozen serial sections (12 µm) were cut with a 

Microm H550 cryostat (Microm, Walldorf, Germany) through the entire eye and mounted 

on Superfrost/Plus microscope slides (Fisher Scientific, Pittsburgh, PA).  The sections 

were air dried for 30 minutes and mounted using Vectashield mounting medium with 

DAPI (Vector Laboratories, Burlingame, CA).  The extent to which the retinas were 

transduced was determined by native GFP fluorescence. Green fluorescent protein 

expression in the retinal sections was documented using a Leica TCS SP2 AOBS 

Spectral Confocal Microscope with Leica Confocal Software Version 2.61, Build 1537. 
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Detection of Cre-Mediated Recombination  

To confirm that the subretinally injected VMD2-Cre (AAV1) could induce 

recombination in the RPE, the virus was subretinally injected into a reporter strain which 

contains a floxed PGK-neo cassette and an eYFP gene inserted into the 

Gt(ROSA)26Sor locus.  The eYFP gene is preceded by stop codon flanked by loxP 

sites.  As a control, VMD2-GFP (AAV1) was injected into the left eye.  Deletion of stop 

codon by Cre will lead to the expression of eYFP gene using the ubiquitous ROSA26 

promoter.  One month post injection, the mice were sacrificed, and the eyes were 

removed.  The eyes were processed for frozen sections as described above. The 

sections were examined for the eYFP signal using the Leica TCS SP2 AOBS laser 

scanning spectral confocal microscope.  

Electroretinographic Analysis 

The full-field or flash ERG (ffERG) consists of a negative deflection, called the a-

wave, which is associated with the photoreceptors and a positive b-wave, thought to be 

produced by ON bipolar cell depolarization.  Scotopic ffERG elicit rod–dominated 

photoreceptor function responses and photopic conditions elicit cone-function 

responses.  Electroretinograms (ERG) were recorded using a UTAS-ER 2000 Visual 

Electrodiagnostic System (LKC Systems Inc., Gaithersburg, MD).  For dark-adapted 

ERGs, animals were dark adapted overnight prior to analysis, and all procedures were 

performed under dim red light.  The mice were anesthetized by IP injection of a mixture 

of ketamine and xylazine, and eyes were dilated with 1.0% atropine.  Gold contact lens 

electrodes were placed on the eyes with 1% methylcellulose, a reference electrode was 

placed subcutaneously between the shoulder blades and a ground electrode 

subcutaneously in a hind leg.  The mice were placed on a platform and their heads 
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completely inside a Ganzfeld illumination dome.  Full-field ERGs were obtained in the 

dark adapted state by flashing increasing intensities of light (0.02, 0.18 and 2.68 cd-

s/m2) into the eyes of the mice.  The electrical responses of the retinas were recorded 

simultaneously from both eyes using the UTAS-E 2000 Visual Electrodiagnostic 

System.  Intervals between flashes (15 to 60 seconds) were increased with increasing 

flash intensities. Five recordings were taken and averaged per flash intensity. 

Electron Microscopy 

For electron microscopy, at 15 months after treatment, 4 mice from each treatment 

group were given an overdose of sodium pentobarbital and then immediately perfused 

with 4% paraformaldehyde and 2% glutaraldehyde in 0.1 M PBS buffer (pH 7.4).  The 

eyes were removed and immersed in 4% paraformaldehyde and 2% glutaraldehyde for 

further fixation overnight.  Eyes were postfixed with 1% osmium tetroxide, 0.1 M sodium 

cacodylate-HCl buffer (pH 7.4), and dehydrated through a series of increasing ethanol 

concentrations leading up to propylene oxide.  Eyes were embedded in epoxy resin 

which was polymerized at 60o C.  For morphometric measurements, 1 µm thick sections 

were cut along a vertical meridian containing the optic nerve. Sections of 80 to 100 nm 

were cut and examined by transmission electron microscopy (H-7000; Hitachi). 

Optical Coherence Topomology 

Spectral domain OCT systems (SD OCT) provides high resolution analysis of 

retinal architecture previously achieved only through histology.  It uses light waves 

backscattered from within a sample and processed to develop a high-resolution, depth-

resolbed image for analyzing internal microstructure.  Spectral domain OCT is able to 

acquire hgh-speed, high-resolution, high-density 3-dimensional images.  Using a 

Bioptigen SD-OCT (Bioptigen, Research Triangle Park, NC), we measured thickness of 
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the outer nuclear layer (ONL) between the outer plexiform layer (OPL) and the external 

limiting membrane (ELM).  The OPL appeared as a light stripe and the ELM as a very 

thin light stripe.  Mice were anesthetized by IP injection of ketamine/xylazine mixture 

dose (0.1l/20g) and eyes were dilated with 1.0% atropine.  The mouse was held on the 

OCT platform and image acquisition is processed by utilizing the live video fundus 

image on the system‟s monitor.   

Results 

Expression of Cre Recombinase in the RPE 

To confirm that the subretinal injection of VMD2-Cre expresses in the RPE, we 

utilized the expression of GFP (Figure 2-2). Six weeks after injection of the virus, the 

mice were euthanized and their eyes were processed for cryosectioning. The extent of 

virus transduction into the retinas of the mice was determined by native GFP 

fluorescence.  In the VMD2-Cre-GFP injected eyes, GFP signal was detected only in 

the RPE (Figure 2-3), confirming the specificity of this promoter and route of injection.  

Subretinal Injection of VMD2-Cre-AAV1 Leads to Recombination in the RPE  

To determine if transduction with AAV1 expressing Cre recombinase led to 

recombination specifically in the RPE region, we utilized reporter mouse strain which 

contains a floxed PGK-neo cassette and an eYFP gene inserted into the 

Gt(ROSA)26Sor locus. The floxed neo cassette contains a strong stop sequence which 

prevents the transcription of eYFP.  Removal of the PGK-neo cassette allows 

expression of the marker protein.  One month post injection of the virus into the right 

eye of the reporter mouse, eYFP signal was examined. As a control, left eyes were 

injected with AAV1-VMD2-GFP.  The eYFP signal was detected specifically in the RPE 

region of the right eye only indicating recombination had occurred (Figure 2-4).  Green 
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fluorescent protein was not detected in the control eye because of the spectral 

selectivity used with the scanning confocal microscope.   

Reduction of Electrophysiological Responses 

Although early AMD is not characterized by loss of ERG response, a growing body 

of research has shown retinal dysfunction with macular RPE changes or soft drusen 

using  multifocal ERG, and the ERG changes correlated with the extent and severity of 

fundus changes208.  Scotopic ffERGs elicit rod–dominated photoreceptor function 

responses and photopic conditions elicit cone-function responses.  Holopigian et al. 

demonstrated reduction of amplitude of the ffERG with increasing ages for normal 

subjects, as well as those with AMD under photopic and scotopic conditions209.  

Therefore, we measured both scotopic, and photopic ERG response of VMD2-Cre 

injected SOD2fl/fl mice.  First, scotopic electroretinography was performed1, 3, and 6 

months post injection of VMD2-Cre into SOD2fl/fl mice to measure the response of the 

impact of SOD2 deletion on the response to different intensities of light stimuli.  Figure 

2-5 shows the ratio of a-and b-wave response of VMD2-Cre to GFP control eyes 

following 0.18 cd-s/m2 intensity flashes of light.  A progressive loss of the a- and b-

response ratio was observed between 1 and 6 months post injection.  No significant 

changes were observed in a- or b-wave response at the 1 or 3 months post injection 

time point.  However, by 6 months post injection, VMD2-Cre treated eyes of SOD2fl/fl 

showed significant loss of ERG response, with an average of 35% and 30% decrease in 

a- and b-waves respectively compared to control treated eyes (Figure 2-5).  

Measurement of ONL Thickness 

To examine the histological changes after deleting SOD2 in the RPE, light 

microscopic analysis was performed and ONL thickness was measured.  The ONL of 
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the retinal contains the cells bodies of the photoreceptors, and death of photoreceptors 

results in thinning of the ONL.  The progressive thinning of the ONL in Cre-treated 

retinas was quantitated by measuring the thickness of the ONL.  Measurements were 

taken at 400 micron increments from the optic nerve to the peripheral retinal on the 

inferior and superior portions of the retina.  By 9 months after injection, there was a 30-

50% reduction in ONL thickness across retinas treated with Cre versus GFP control 

(Figure 2-6). This result was also confirmed using SD-OCT to measure ONL thickness 

at 1 year post injection (Figure 2-7), at which point an average 30% reduction in 

thickness was measured.   

Assessment of Histological Changes 

Histological damage in the retinas of treated mice was assessed by light 

microscopic analysis.  One year post injection of VMD2-Cre, thickening of RPE and 

thicker subretinal debris were observed (Figure 2-8).  In addition to this, RPE 

hyperpigmentation which is a hall mark of age-related changes of RPE and changes of 

outer rod segments (OS) such as disorganization and vacuole formation were observed 

by 15 months post injection by low magnification electron microscopy (Figure 2-9).  

Interestingly, 1 year after injecting VMD2-Cre, drusen-like sub-RPE deposits were 

detected (Figure 2-10).  To examine the source of thickening of RPE, we decided to do 

electron microscopic analysis of retina.  

Ultrastructural Analysis of the Retina  

Electron microscopic analysis revealed that by 15 months, our mouse model 

accumulated sub-RPE deposit associated with degenerating membranous folds.  The 

content of the deposits appeared to be homogenous and the deposits were located 

between the plasma membrane and basement membrane of the RPE which is basal 
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laminar deposit (Figure 2-11).  These deposit formations were similar to those observed 

in Efemp1 knock-in mice 210.  Mitochondrial changes were also noticeable; in Cre-

treated mice, mitochondria were more fragmented and less dense, possibly by loss of 

cristae.  The thickness of Bruch‟s membrane was increased compared to control (Figure 

2-11).  

Concluding Statements 

The purpose of this study was to test the hypothesis that oxidative stress in the 

RPE could contribute to the development of AMD. To increase oxidative stress, I 

knocked down MnSOD which is cell‟s primary defense for reactive oxygen species 

arising from oxidative phosphorylation in the mitochondria. Based on the observation 

that the primary lesion of AMD lies in the RPE 211,212, MnSOD was deleted specifically in 

the RPE.   

This study was the follow-up research of testing AAV1-CBA-Rz432 which targets 

the mRNA of MnSOD101.  Instead of knocking down the MnSOD at the mRNA level, we 

devised method to knock down the MnSOD in the DNA level.  To achieve this, we used 

subretinal injection of AAV1-VMD2-Cre into SOD2fl/fl mice.  Recently, Kaneko, et al. 

showed the result of subretinal injection of AAV1-VMD2-Cre into Dicerf/f mice to knock 

down the level of Dicer in the RPE213.  AAV1 serotype specifically targets RPE layer 

following subretinal injection214.  To assess the extent of successful transduction of 

VMD2-Cre, we constructed a vector which also expresses CBA-GFP, which showed 

over 90% transduction of Cre in the RPE.  The induction of recombination was 

confirmed by using reporter strain which express eYFP upon expression of Cre.  

I attempted to measure the reduction of MnSOD by standard western blot.  

However, the extent of reduction was not able to be calculated because several 
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nonspecific bands.  To examine the levels of SOD2 reduction by cre introduction, 

measurement of the level of SOD2 reduction at the RNA and protein need to be done.  

However, given evidence of recombination and presence of eye changes, it is 

reasonable to conclude that the SOD2 protein is likely reduced or at least nonfunctional.  

Full-field ERG measurement showed reduction of both scotopic a- and b-wave 

starting by 6 month post injection.  It is unlikely this ERG response is due to injection 

damage which is usually indicated by a rapid loss of ERG response due to massive cell 

loss in the injured retina.  By using OCT analysis, we eliminated mice in which retinas 

were detached which might have been caused by injection damage.  

Histological analysis showed in VMD2-Cre injected SOD2fl/fl mice, thickness of 

RPE was increased and thicker subretinal debris was examined.  In the Cre-injected 

eyes, the histological analysis indicated reduced cytoplasmic density and presence of 

multigiant nuclei which might lead to the increased thickness of RPE.  Occasionally, 

sub-RPE deposit was examined which might have been drusen-like deposits.  

Furthermore, in VMD2-Cre injected SOD2fl/fl mice, lipid droplet, vacuole formation in 

RPE region was examined by ultrastructural analysis.  Changes in Bruch‟s membrane 

were also prominent.  These include increased thickness of Bruch‟s membrane and 

deposit formation between RPE and Bruch‟s membrane possibly basal laminar deposit 

and basal linear deposit.  Our mouse model in which MnSOD is depleted in the RPE 

indicates that increased oxidative burden to the RPE lead to pathological features seen 

in AMD.  In particular, we observed progressive loss of retinal electrophysiological 

function, drusen-like deposit formation and accumulation of basal laminar deposits.  

Measurement of the thickness of the ONL showed loss of photoreceptor cells.  
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Morphological changes of ONL were speculated as microglial invasion.  To verify the 

activation of microglial cell, immunostaining using microglial cell specific markers is 

needed.   

Although we detected some of the characteristics of AMD in this mouse model, the 

subretinal injection is not ideal method to deliver Cre.  The facts that the inection limits 

the viral transduction to a focal region at the injection sites and that the injection can 

affect the retina by detaching it from the RPE.  To better refine this mouse model, we 

used genetic methods which will be the subject of Chapter 3.  
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Table 2-1.  The DNA oligonucleotides used for genotyping. 

Primer name Primer Sequence 

MnF 5‟-GTGACATCTGGCTGACGAGGG-3‟ 
MnR 5‟-AGAAAGTCACCTCCACACACAGA-3‟ 

-PDE sense 5'-CATCCCACCTGAGCTCACAGAAAG-3' 

-PDE anti-sense 5'-GCCTACAACAGAGGAGCTTCTAGC-3' 

creF2 5'-TGACGGTGGGAGAATGTTAAT-3' 
creR1 5'-GCCGTAAATCAATCGATGAGT-3' 

 
Table 2-2.  The PCR conditions used for genotyping. 

Gene PCR Timeline Cycles 

SOD2fl/fl Temp (C) 95 95 68 68 68 
30 

 Time 1 min 30 sec 30 sec 2.5 min 10 min 

-PDE Temp (C) 95 95 52 68 68 
35 

 Time 1 min 30 sec 30 sec 1.5 min 10 min 
Cre Temp (C) 94 94 55 72 72 

30 
 Time 2 min 1 min 2 min 2 min 10 min 

 
Table 2-3.  The DNA oligonucleotides used for genomic DNA PCR. 

Primer name Primer Sequence 

Cre-F 5‟-GTGACATCTGGCTGACGAGGG-3‟ 
Cre-R 5‟-AGAAAGTCACCTCCACACACAGA-3‟ 
SOD2 exon 3-F 5'-CATCCCACCTGAGCTCACAGAAAG-3' 
SOD2 exon 3-R 5'-GCCTACAACAGAGGAGCTTCTAGC-3' 

 
Table 2-4.  The PCR conditions for analyzing recombination of MnSOD. 

Gene PCR Timeline Cycles 

MnSOD2 Temp (C) 95 95 63 63 63 
30 

 Time 1 min 30 sec 30 sec 2.5 min 10 min 
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Figure 2-1.  Genotyping results of SOD2fl/+ and SOD2fl/fl.  PCR was performed to detect 

floxed exon 3 of SOD2. (#1:-pst marker, #2-16:SOD2fl/+ , #17:SOD2fl/fl, #18 : 
water control).   

 

A B 

C 
 
Figure 2-2.  The recombinant AAV cassettes used to produce A) VMD2-Cre B) VMD2-

Cre-GFP C) VMD2-GFP viral vectors. Constructs were packaged in AAV 
serotype 1 capsids.  TR, inverted terminal repeats; VMD2, vitelliform macular 
dystrophy 2 ; SD/SA, splice donor/acceptor site 
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A B 
 
Figure 2-3.  Localization of VMD2-Cre-GFP expression at 6 weeks post injection. 

Picture on the left shows DAPI counter staining for cell nuclei (blue),and the 
picture on the right is a retinal section from an eye treated with AAV VMD2-
Cre-GFP.  
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A 

B C 
 
 Figure 2-4.  Validation of VMD-2 Cre tissue specificity.  A) Diagram of reporter strain 

which contains a floxed PGK-neo cassette and an enhanced yellow 
fluorescent protein (eYFP) gene inserted into the Gt(ROSA)26Sor locus. 
Upon subretinal injection of VMD2-Cre(AAV1), the stop codon flanked by loxP 
site is deleted and eYFP signal is present. B) VMD2-Cre-GFP. C) VMD2-GFP 
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A 

B C 
 
Figure 2-5.  Scotopic full-field ERGs of SOD2 fl/fl mice injected with Cre or GFP control 

vector. ERGs were measured at 1, 3and 6 months post injection. Right eyes 
were injected by VMD2-Cre(AAV1) and left eyes were injected by VMD2-GFP 
(AAV1). Mice treated with cre show progressive loss of ERG response that is 
significant by 6 months. A) representative graph of ERG measured at 6 month 
post injection. B & C) Graphs showing the ratio of the maximum B) a-wave 
and C) b-wave amplitudes of cre to GFP control treated. (p value for a wave 
=0.001, p value for b wave = 0.007, n=7).  Error bars represent standard error 
of the mean. Statistical analysis was performed by paired t-test.  
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A B 
 
Figure 2-6.  Measurement of the thickness of the outer nuclear layer.  Using the optic 

nerve head as a landmark, measurements were taken at 400 µm increments 
from the optic nerve on both the superior and inferior portions of the retina. 
Error bars represent standard error of the mean (*=p<0.005 , A : control 
treated, B : VMD2-Cre treated, 9 months post injection). 

 
  



 

72 

A B 

C 
 
Figure 2-7.  OCT measurement of ONL thickness.  1 year post injection of VMD2-Cre, 

ONL thickness was measured. About 30% reduction of ONL thickness was 
observed (n = 7, p=0.02).  

 

 A  B 
 
Figure 2-8.  Retinal morphology of SOD2fl/fl mice injected with VMD2-Cre. 1 Year after 

injecting VMD2-Cre, affected retinas showed increased thickness of RPE and 
areas of thicker subretinal debris.   
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A B 

C D 
 

Figure 2-9.  Electron microscopic analysis of SOD2fl/fl injected with VMD2-Cre-
AAV1 or VMD2-GFP-AAV1 as a control. Retinal sections at 15 month 
after Cre injection are shown. A) and C) are from the control eyes, 
while B) and D) are from the VMD2-Cre injected eyes.  VMD2-Cre 
injected retinas show changes of outer segment such as 
disorganization and vacuole formation (blue arrow in B). 
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A 

B C 
 
Figure 2-10.  RPE light micrographs.  A) The retina of a control mouse, B) and C) The 

retinas of SOD2fl/fl mice treated with VMD2-Cre. One year after injecting 
VMD2-Cre into SOD2fl/fl mice, light microscopic analysis showed “drusen-like” 
deposits forming under the RPE (red arrows). 
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A B 

C D 
 
Figure 2-11.  Ultrastructure changes in the RPE and Bruch‟s membrane at 15 months  

after Cre injection. Retinal sections at 15 month after treatment of Cre 
injection or GFP control are shown. Cre treated retinas show accumulated 
basal laminar deposits (arrow) associated with degenerating membranous 
folds as well as disorganized Bruch‟s membrane  (A: control, B,C,D: Cre-
injected eyes). 
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CHAPTER 3 
REDUCTION OF SOD2 IN THE RPE BY USING TET-ON SYSTEM FOR CRE-

MEDIATED RECOMBINATION   

Opening Remarks 

While the delivery of Cre recombinase using AAV led to deletion of SOD2 and 

reduction of MnSOD in infected cells, this approach was subject to variability associated 

with subretinal injection of virus.  Therefore we used a second approach for generation 

of RPE-specific MnSOD knockout utilizing Tet-On VMD2-Cre mice.  Previously, Dr. Yun 

Zhang Le at the University of Oklahoma generated tetracycline inducible RPE-specific 

Cre mice using 3 kb promoter of the human VMD2 gene215.  The human VMD2 gene 

(also known as BEST1) is known to be expressed preferentially in the RPE.  The VMD2 

promoter was used to direct the expression of the tetracycline-inducible transactivator 

gene rtTA.  The rtTA gene drives the expression of the tetO controlled Cre gene in the 

presence of doxycycline (Figure 3-1).  These transgenic mice were normal in size, 

histological morphology of the retina and ERG215.  We sought disruptive recombination 

by breeding a Tet-On VMD2Cre mice with floxed-SOD2 mice allowing induction of Cre 

expression, by the feeding doxycylcine food to nursing dams.  This method of induction 

led to increased oxidative stress in the retina and to many of the features of atrophic 

AMD, including damaged RPE cells and disorganization of Bruch‟s membrane.  It was 

also associated with death of the overlying photoreceptors, which is similar to advanced 

atrophic AMD or geographic atrophy. 

Materials and Methods 

Animals 

The inducible RPE-specific Cre transgenic mice (VMD2-CreTg(+/-)) were kindly 

provided by Dr. Yun-Zheng Le (University of Oklahoma Health Sciences Center).  
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These transgenic mice express the Cre recombinase in the retinal pigment epithelium 

under the control of the reverse tetracycline transactivator (Figure 3-1).  The PVMD2-rtTA 

and tetO-PhCMV-cre DNA fragments were co-injected into zygotes permitting the co-

integration of both transgenes into a single chromosome.  To generate SOD2fl/fl Cre 

transgenic mice, SOD2fl/fl mice (on the C57BL/6 background) were bred with Tet-On 

VMD2-CreTg(+/-)(FVB/N background mice ).  The resulting VMD2-creTg(+/-)-SOD2 fl/+ 

pups were inbred to generate VMD2-CreTg(+/-)-SOD2fl/fl. VMD2-creTg(+/-)-SOD2flfl were 

inbred again to have VMD2-CreTg(+/-)-SOD2fl/fl or VMD2-CreTg(+/+)-SOD2fl/fl(Figure 3-2).  

The resulting mice showed variable genetic background and exhibited inconsistent 

morphological and phenotypic results.  To obtain a homogenous genetic background, 

the transgenic, VMD2-CreTg(+/-) and  the SOD2fl/fl mice were separately bred with 

C57BL/6 mice for 6 generations, and the resulting strains were crossed to provide 

VMD2-creTg(+/-)-SOD2fl/fl on the C57BL/6J background (Figure 3-2).  

Introduction with Doxycycline  

We tried several methods for delivery of doxycycline. At first, as suggested by Dr. 

Le, doxycycline was given by gavage feeding at a dosage of 0.4mg per gram 

bodyweight for two days from postnatal day 4 or 5 (P4 or P5).  Gavage feeding of such 

young pups was associated with high mortality (50%).  Therefore, we introduced 

doxycycline at a dosage of 5 mg/ml in 5% sucrose drinking water from pregnancy to 3 

weeks old.  The mice showed variable phenotypes possibly due to the inconsistent 

induction in utero.  However, the genetic background of mice was non-uniform at this 

stage also (see above).  We therefore modified our induction of Cre expression by 

providing female mice with doxycycline chow from Bioserv (at a dosage of 200 mg/kg) 
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for two weeks starting on the day of delivery.  This method had worked well for the 

Mandel group216.  

Screening for the Rd Allele 

 For generating the VMD2-Cre transgenic mice, FVB/N background mice were 

used.  Since the FVB/N background mice are homozygous for the retinal degeneration 

allele Pde6brd, rd mutant screening was performed.  Rd mouse has nonsense mutation 

in exon 7 of the Pde6b gene encoding the beta subunit of cyclic guanosine 

monophosphate-phosphodiesterase (β-PDE).  Digestion with restriction enzyme DdelI 

facilitates the identification of the genetic background with respect to -PDE as (+/+), 

(rd/+) or (rd/rd).  Mice wild type at the -PDE loci do not contain the DdeI restriction site, 

mice with heterozygous (rd/+) at the -PDE loci contain one DdeI site in the rd allele, 

and mice homozygous for the rd mutation (rd/rd) contain one DdeI site in each rd allele.  

Screening was performed genotype with PCR and DdeI digestion which shows 300 bp 

band for +/+ mice, 300 bp as well as 170 bp bands for rd/+ mice and 170 bp and 130 bp 

bands for rd/rd mice (Figure 3-3).  

Expression of Cre by Doxycycline  

To analyze and localize Cre expression, immunostaining, western blotting and 

RPE flat mount staining were performed using rabbit anti-Cre polyclonal antibody 

(Novus Biologicals).  VMD2-CreTg(+/-) and SOD2fl/fl mice were introduced doxycycline in 

drinking water from P1 to P14.  After that, their eyes were enucleated, and some were 

processed for cryosectioning.  Immunohistochemistry using anti-Cre antibody was 

performed.  RPE lysates were isolated from other induced eyes, and western blots were 

performed using rabbit anti-Cre polyclonal antibody at a ratio of 1:1000 in phosphate 
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buffered saline tween-20 (PBS-T) buffer.  For RPE flat mount staining, VMD2-CreTg(+/+)-

SOD2fl/fl and VMD2-CreTg(+/+)-SOD2fl/+ mice with administration of doxycycline in food 

were used.  For Cre staining, rabbit anti-Cre polyclonal antibody was used followed by 

488 anti-rabbit secondary antibody (Jackson immunoresearch).  

Immunohistochemical Analysis of Cre-Mediated Recombination by Doxycycline  

To show doxycycline could induce expression of Cre in the RPE, ROSA26-VMD2-

Cre mice were generated by crossing the VMD2-CreTg(+/-) mice with ROSA26-lacZ 

mice137.  In this reporter strain, a loxP-flanked cassette that normally prevents the 

expression of lacZ, but once cre is activated via systemic doxycycline delivery, the 

inhibitory sequence is removed and lacZ is expressed, reporting Cre recombination 

activity.  We used two methods to detect -galactosidase expression.  First, using anti-

goat antibody for -galactosidase (Santa Cruz), immunostaining were used for 

examining the expression of -galactosidase.  Immunostaining was useful for identifying 

-galactosidase in the pigmented mice.  As a control, ROSA26-VMD2-Cre mice without 

doxycycline induction were used.  

Second, we used direct measurement of -galactosidase activity using 

bromochloro-indolyl-galactopyranoside (X-gal) staining.  For X-gal staining, eyes were 

enucleated and fixed in 0.2% glutaraldehyde, 2mM MgCl, 5mM ethylene glycol 

tetraacetic acid (EGTA) in phosphate buffered saline (PBS) for 30 min at room 

temperature.  After dissection of RPE, tissues were incubated in wash buffer (PBS 

containing 5mM EGTA, 0.01% sodium deoxycholate and 0.02% Nonidet P-40) for 30 

min at room temperature.  And then, tissue was incubated in wash buffer containing 

5mM K3Fe(CN)6, 5mM K4Fe(CN)6 and 1mg/mL X-gal overnight at 37oC. To visualize X-
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gal staining in the RPE, pigment was bleached by incubation in KMnO4 (0.25% in water) 

for 5 min at room temperature.  Subsequently, tissue was incubated in oxalic acid (1% 

in water) for 20 min at room temperature.  RPE flat mount was prepared and X-gal 

staining was visualized using bright field microscope.  

Genomic DNA Analysis of SOD2 Recombination by Cre  

To examine if doxycycline administration was able to mediate deletion of exon3 of 

SOD2, primers for exon3 of the SOD2flox allele were designed and used for genomic 

DNA PCR.  Genomic DNA from the RPE of a mouse following doxycycline induction 

and from a mouse without doxycycline induction were isolated and used for PCR 

reaction (DNeasy blood &tissue kit, Qiagen).  The PCR condition for this analysis was 

described in Table 2-4.  

Measurement of MnSOD Levels  

To detect levels of MnSOD, I euthanized 6 VMD2-CreTg(+/+)-SOD2fl/fl mice 4 

weeks after doxycycline induction.  Their eyes were quickly removed, and rinsed briefly 

in PBS.  The anterior chamber and excess tissue was also discarded.  The neural retina 

containing the RPE/choroid was dissected using a dissecting microscope.  Posterior 

eye cups containing the RPE/choroid were placed in 100μl of protein lysis buffer.  

Quantification of total retinal proteins was accomplished by the Lowry method217 using a 

RC protein detection kit (Bio-Rad; Hercules, CA). 

Twenty micrograms of retinal lysates and posterior eye cup lysates were 

separated on 12% SDS polyacrylamide gels (Bio-Rad Laboratories, Hercules, CA).  

Proteins were electrotransferred to a nitrocellulose membrane.  The membrane was 

blocked for 1 hr at room temperature in blocking buffer (Li-Cor Biosciences, Lincoln, 

NE) followed by incubation with a 1:2000 dilution of polyclonal rabbit anti-MnSOD 
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antibody (Alpha Diagnostic International Inc., San Antonio, TX) or 1:5000 of monoclonal 

mouse anti- β-actin in blocking buffer at 4º C overnight.  Membranes were washed 3 

times for 5 min each in Phosphate Buffered Saline Tween-20 (PBS-T) and incubated 

with an infrared dye-labeled anti-rabbit IgG (1:10,000 for detection of MnSOD) and anti-

mouse (1:10,000 for detection of β -actin) at room temperature in PBS-T for 1 hour.  

Bands were detected using an imaging system (Odyssey imaging system; Li-Cor 

Biosciences).  Each MnSOD signal was normalized to the β-actin signal from the same 

sample, and the normalized values were expressed as a percentage of the MnSOD/ β-

actin ratio.  

Autofluorescence Analysis 

Four month old VMD2-CreTg(+/+)-SOD2fl/fl and SOD2fl/fl mice were sacrificed and 

their eyes were enucleated.  Frozen serial sections (12 µm) were prepared as described 

in Chapter 2.  Cryosections were air dried on slides for 30 to 40 minutes.  Sections were 

washed in dH2O to eliminate OCT.  Samples were again air dried for 30 minutes and 

then mounted in fluorescent mounting medium (Fluormount; Electron Microscopy 

Sciences, Fort Washington, PA).  Wavelength scans were performed using 405 and 

488nm laser lines of laser scanning confocal microscope (Leica TCS SP2 AOBS).  

DHE Staining  

To detect intracellular ROS, we used DHE probe (Molecular Probes, Eugene, OR).  

Dihydroethidium (DHE) was used to detect intracellular superoxide (O2
-).  Superoxide 

oxidizes DHE to ethidium, which generates a red fluorescent signal.  Fluorescence 

emission occurs at around 600nm.DHE was dissolved in DMSO at the concentration of 

10g/ml.  Mice were given intraperitoneal injections (5g/mg) of freshly prepared DHE 

(hydroethidine, Invitrogen,Carlsbad,CA) and euthanized after 18 hours.  Eyes were 
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rapidly removed and frozen in OCT compound.  Tissues were processed for 

cryomicroscopy, and observed under a fluorescence microscope. 

RPE Flat Mount Morphological Analysis 

Mice were euthanized by overdose injection of ketamine/xylene mixture and eyes 

were enucleated, cornea, lens and neural retina were removed.  Then eyes were fixed 

with 4% paraformaldehyde for 1 hour at RT followed by immersion in ice-cold methanol 

for 1 hr.  Eye cups were then rinsed in PBS, preincubated in 10% normal goat serum for 

1 hour.  The eye cups were incubated in rabbit anti-ZO-1 antibody at 1:500 (Invitrogen), 

then 2 hours in fluorophore-conjugated secondary antibody at 1:500 (invitrogen).  After 

rinses in PBS, four radial cuts were made and the eye cups were flattened and mounted 

on glass slides with Vectashield mounting medium (Vector Laboratories).  The images 

were taken with a confocal microscope.  

Other Methods 

Electroretinography was used to measure changes in the ability of the retina to 

respond to light.  Spectral domain OCT and light and electron microscopy were used to 

measure changes in the retinal cell layers.  All of the details about these methods are 

described in Chapter 2. 

Results 

Testing Doxycycline’s Retinal Toxicity by ERG and Fundus Imaging 

Doxycycline is a member of the tetracycline group of antibiotics that is clinically 

useful due to its broad antimicrobial properties218.  It has a much longer half-life in the 

human body than tetracycline itself.  Doxycycline has been used not only as antibiotic 

agents but also as regulator of transgene expression of “Tet-on” and “Tet-off” 

tetracycline controlled transcriptional activation.  Tetracycline derivatives have good 
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penetration of the blood-brain barrier, are anti-inflammatory 219, and possess anti-

apoptotic activities.  Due to these properties, it has been considered as a therapeutic 

agent for retinal disease such as AMD and diabetic retinopathy220.  Although it is a 

neuroprotective agent, it has also been shown to have variable or even contradictory 

results in different animal models of neurodegeneration221.  Tetracycline impairs 

mitochondrial function and interrupts the microglial activation in higher doses222, serious 

adverse effects such as visual loss were described during long-term or high-dose 

systemic minocycline therapy223.  The effects of various doses of minocycline were 

tested in RPE cell line.  At low concentrations of minocycline, the drug stimulated the 

chemotaxis and inhibited the proliferation of RPE cells, and at higher concentrations it 

decreased the viability of RPE cells through the induction of cell necrosis224. 

To confirm that our usage of doxycyline is within the non-toxic levels, we analyzed 

scotopic ERG amplitudes and recorded fundus images for 2 months after giving 

doxycycline to SOD2f/f mice.  Without the Cre transgene, the SOD2 gene should be 

expressed normally in these mice.  As indicated in the Materials and Methods, these 

mice received the drug for 2 weeks after birth via their mother‟s milk.  We detected no 

differences of ERG response and on in retinal presentation in SOD2fl/fl mice given with 

doxycycline compared to control mice which were not given doxycycline (Figure 3-4).  

MnSOD Level After Inducing Cre at Adult Stage 

Since AMD is the disease of later stages of life, we wanted to test if we could 

delete the SOD2 at adult stage by inducing Cre at 3 months of age.  After inducing 

providing doxycycline in the drinking water for 2 weeks, starting at P90, mice were 

euthanized two weeks later and western blot analysis was performed to measure the 

level of MnSOD.  Unlike the result of inducing cre from P1, induction of Cre at 3 month 
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did not lead to significant reduction of MnSOD levels (Figure 3-5).  This result can be 

explained by the fact that the VMD2 mRNAs are reported to be expressed 

predominantly during neonatal stages and their proteins are mostly expressed from P1 

to P15205.  Therefore, VMD2 promoter-mediated expression of Cre should be expressed 

effectively before the adult stage.  

Detection of -Galactosidase Expression  

To verify that the induction of Cre by doxycycline is capable of inducing 

recombination, we used a reporter strain, Rosa26-lacZ mice.  In this strain, -

galactosidase gene is preceded by a splice acceptor and polyadenylation sites which 

are flanked by two loxp sites.  By inducing Cre, the stop codon is deleted by loxP-

mediated recombination, and therefore, -galactosidase gene is expressed.  By mating 

the reporter strain with Cre-expressing transgenic mice, we generated Rosa26-lacZ cre 

VMD2-Cre Tg mice.  After inducing Cre by doxycycline administration for two weeks, 

the mice were euthanized and processed for cryosectioning.  Immunostaining with anti- 

-galactosidase antibody showed that in the Rosa26-lacZ / VMD2-Cre Tg, -

galactosidase was expressed in the RPE region  but not in the Rosa26-lacZ mice 

lacking the VMD2-Cre transgene (Figure 3-6).  

Induction of cre gene was also proved by X-gal staining.  The chromogenic agent 

used, X-gal, is cleaved by -galactosidase and it produces galactose and 5-bromo-4-

chloro-3-hydroxyindole.  The latter is then oxidized into 5,5'-dibromo-4,4'-dichloro-

indigo, an insoluble blue product. Thus by X-gal staining, expression of  galactosidase 

can be detected indirectly.  One month after delivering doxycycline, lacZ expression 

was assessed in RPE whole mounts.  Since ROSA26cre mice had black background, 
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the pigmentation of the RPE was bleached to visualize the blue product.  We found 

strong staining in a subpopulation of RPE cells in mice containing the Cre transgene but 

not in cre-negative littermates (Figure 3-7).  And no staining was observed in whole 

mounts of the neural retina indicating that the Cre expression is specific to the RPE as 

expected using this promoter.   

Expression of Cre in VMD2-Cre Mice After Doxycycline Induction 

To confirm that administration of doxycycline by food could lead to induce 

expression of cre recombinase, immunohistochemistry,western blot and RPE flat mount 

staining for Cre were performed.  One month after introducing doxycycline into SOD2f/f 

and VMD2-CreTg mice Cre expression was assessed by immunohistochemistry and 

western blotting.  However, no positively stained RPE cells in retinal sections were 

detected, although western blotting result showed the presence of Cre positive band in 

the VMD2-CreTg lysate. Since Cre recombinase is a nuclear protein, Cre localization 

was examined by co-staining with DAPI using RPE flat mount.  Figure 3-8 showed in 

VMD2-CreTg(+/+)-SOD2fl/fl mice, Cre recombinase(green) was expressed but no in the 

control.  However, due to the failure of DAPI staining, detection of Cre recombinase in 

the nucleus was not able to be observed.  

SOD2 Recombination Analysis by PCR Using Genomic DNA  

The VMD2-CreTg SOD2fl/fl mouse was designed to Cre-mediated recombination of 

exon 3 of SOD2 gene.  To verify doxycycline-induced Cre was able to delete the exon 3 

of SOD2 by Cre in vivo, genomic DNA was analyzed by PCR.  Genomic DNA of RPE-

choroid complex from both doxycycline-induced and non-induced VMD2-CreTg(+/+)-

SOD2fl/fl were extracted.  Using specific primers for detecting exon 3 deletion, PCR 

analysis was performed.  In the doxycycline-induced VMD2-CreTg(+/+)-SOD2fl/fl mice, the 
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exon 3 was deleted, resulting in a 1.4 kb PCR product  but not in control mice which 

showed wild type allele of 2.2 kb (Figure 3-9).  

Examination of Reduced Levels of SOD2 Protein by RPE Flat Mount  

Manganese superoxide dismutase levels were observed by RPE flat mount 

staining with anti-SOD2.  Six week old VMD2-CreTg(+/+)-SOD2fl/fl and VMD2-CreTg(+/+)-

SOD2fl/+ mice which were given doxycycline were used.  To visualize the hexagonal 

morphology of RPE, zonula occuldins-1 (ZO-1) staining was performed.  The staining 

result indicated that the level of MnSOD in the VMD2-CreTg(+/+)SOD2fl/fl mice were 

reduced compared with the level of MnSOD in the VMD2-CreTg(+/+) SOD2fl/+ mice 

(Figure 3-10A&B).  The staining result showed there is not complete loss of MnSOD in 

the VMD2-CreTg(+/+)SOD2fl/fl mice.  LacZ staining also indicated that Cre expression did 

not occur throughout the RPE, indicating that we should not expect a complete loss of 

MnSOD protein.  

Increased Levels of Oxidative Stress in VMD2-CreTg SOD2fl/fl Mice in the RPE  

To test deletion of SOD2 in the RPE can lead to increased levels of oxidative 

stress, we used two markers for detecting ROS, DHE and 8-hydroy-2‟-deoyguanosine 

(8-OHdG).  8-hydroy-2‟-deoyguanosine is biomarker of oxidative damage to DNA. 

Dihydroethidium specifically reacts with intracellular superoxide, and is converted to the 

red fluorescent compound ethidium in nuclei.  In the RPE and retinas of VMD2-

CreTg(+/+)SOD2fl/fl, DHE fluorescence was increased compared with non-transgenic 

SOD2fl/fl mice (Figure 3-11).  Of note, the increase in DHE staining was observed both 

in the RPE and in the photoreceptor layer of SOD2-deleted mice.  

To compare the level of 8-OHdG in VMD2-CreTg(+/+)SOD2fl/fl and SOD2fl/fl mice, 

RPE flat mount staining with an antibody recognizing 8-OHdG was performed.  The 
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distribution of 8-OHdG staining pattern was around nucleus, possibly within 

mitochondria.  The overall labeling intensity was higher in the VMD2-CreTg(+/+)SOD2fl/fl 

compared with control mice although relative intensity of 8-OHdG staining was not 

homogeneous among cells (Figure 3-12).  Interestingly, cells that were larger and more 

irregular in shape had more 8-OHdG immune reactivity.  

Morphological Changes of RPE  

To assess changes in the RPE related with SOD2 knockout in the RPE, RPE flat 

mount staining with ZO-1 antibody was performed.  RPE tight junctions consist of a 

complex of proteins including claudins, occludin, and ZO-1.  Occludin is a 

transmembrane protein and ZO-1 is a peripheral adaptor protein, linking occludin with 

the actin cytoskeleton.  Therefore, occludin and ZO-1 are considered as markers of tight 

junction structure between RPE cells 225.  

VMD2-CreTg(+/+)SOD2fl/fl mice induced with doxycycline were used for whole 

mounts of RPE to examine geometric changes of RPE.  Among the regular hexagonal 

RPE cells, irregularly shaped cells such as „purse-string closure or shedding of RPE‟ 

were examined.  One distinguishing feature of RPE morphology was the increased 

numbers of binucleated and larger RPE cells (Figure 3-13).  The mechanism for forming 

these features is unknown,but bi-nucleation and enlargement of RPE were shown to be 

associated with the drusen in human AMD samples18.  These results suggest that 

VMD2-CreTg(+/+)SOD2fl/fl mice might recapitulate this feature of the RPE response in 

human AMD.  

OCT Measurement of ONL Thickness  

Spectral domain optical coherence tomography (SD-OCT) was used for 

measurement of ONL thickness.  By 2 months after induction of Cre, there was no 
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statistically significant differences of ONL thickness between SOD2fl/fl  with C57BL/6J 

background control and VMD2-CreTg(+/+)SOD2fl/fl  mice.  The ONL thickness was also 

observed at 3 and 10 months post induction.  As mice age, there was progressive 

decrease of ONL thickness in VMD2-CreTg(+/+)SOD2fl/fl  mice as opposed to SOD2fl/fl 

control mice (Figure 3-14).  However, we have not had produced a sufficient number of 

mice on the C57Bl/6 background to test the reproducibility of this finding.  These 

experiments are still in progress, as more mice become available. 

Reduction of Electrophysiological Responses 

Historically, ERG has not been used as a diagnostic method for AMD.  However, 

some research groups have found the significant differences between AMD patients 

and normal controls not only in the cone-mediated ERG but also in the rod-mediated 

ERG226-228.  Brunner described the scotopic b-wave as a diagnostic tool in macular 

disease229.  To see if there is rod-mediated ERG change in our animal model, we 

performed ERG measurement of VMD2-CreTg(+/+)SOD2fl/fl  mice with and without 

doxycycline introduction by 2 and 3 month post doxycycline treatment.  Unlike the ERG 

results of Cre-injected and ribozyme-injected mice, only b-wave of ERG was reduced at 

2 and 3 months post doxycycline treatment (Figure 3-15).  These results are now being 

repeated with VMD2-CreTg(+/+)SOD2fl/fl mice bred to a C57Bl/6 background. 

Increased Autofluorescence of RPE  

It has been suggested that increased lipofuscin content of the RPE is associated 

with AMD phenotypes230.  Recently, Hollyfiled‟s group has characterized the spectra of 

sub-RPE deposits, Bruch‟s membrane and RPE lipofuscin using AMD-affected eyes 

and age-matched control eyes231.  Recent data of fundus autofluorescence suggested 

that the spectrum in regions with drusen is shifted toward shorter wavelegnths232.  
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Hollyfiled‟s group found that Bruch‟s membrane and sub-RPE deposits contribute to the 

autofluorescent spectrum of the fundus when excited with 364- or 488-nm light.  Using 

the spectra 408 and 488-nm, we examined the autofluorescence spectra of choroid and 

RPE of our mouse model.  With both wavelengths, approximately 10 times increased 

spectra of RPE and choroid were observed in 4 month old VMD2-CreTg(+/+)SOD2fl/fl 

mice as compared with control mice (Figure 3-16).   

Examination of the Fundus  

Earlier in this study, examination of fundus was difficult due to the FVB/N 

background of VMD2-Cre mice.  In addition to this, the fundus of VMD2-CreTg SOD2fl/fl 

mice showed variable phenotypes in which some pups from same mom showed normal 

fundus image and some showed abnormal blood vessel formations.  The exact 

mechanism leading to this variable fundus images was unclear, but I speculate that 

inconsistent genetic background of pups from VMD2-CreTg x SOD2fl/fl breeding might 

be the reason.  Therefore, we started to breed VMD2-CreTg and SOD2fl/fl mice to 

C57BL/6 respectively to have consistent genetic background.  Using back crossed 

VMD2-CreTg SOD2fl/fl  mice, we performed fundus analysis.  At 6 weeks of age, the 

fundus microscopy of these mice showed several white deposit formations distributed in 

focal regions (Figure 3-17).  Moreover increased tortuosity of retinal blood vessels were 

seen in the area surrounding white deposits.  These results imply that complete deletion 

of MnSOD in the mouse RPE may lead to pathological phenotypes associated with 

retinal degenerative disease as early as 6 weeks old.  However, histological analysis of 

these eyes has not been performed to identify the cause of the pigmentary 

abnormalities in these young mice.  Consequently,whether these spots correspond to 

drusen or to reticular pseudodrusen remains to be established. 
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Histological Examination  

After establishing the VMD2-CreTg SOD2fl/fl  mice on a C57Bl/6 background, 

histological analysis was performed from age 6 weeks old.  Retinal pigment epithelium 

thickness was increased and the retina melanin granules tend to occupy more apical 

portions of the cytoplasm (Figure 3-18).  Also observed was the tips of the 

photoreceptors are dissociated from the RPE in these sections implying a defect in the 

function of the RPE or in the apical microvilli of the cells.  The length of photoreceptor 

outer segments is also reduced, suggesting defects in maintenance of the structure of 

these cells.  

Ultrastructural Analysis of the Retina  

Ultrastructural analysis of retinas treated with and without doxycycline was 

performed after the 7 month time point.  Several changes were observed in the RPE 

region of retina treated with doxycycline including disorganization of rod photoreceptor 

outer segments, altered infoldings of basement membrane of RPE, disorganized 

Bruch‟s membrane and cytoplasmic alteration in RPE (Figure 3-19).  Altered 

mitochondrial morphology such as increased size was also observed (Figure 3-19D).  

Again, at that time point, the mice with consistent genetic background were not enough 

to make conclusions about the EM analysis.  

Concluding Statements 

Oxidative stress in the RPE has long been hypothesized to play a major role in the 

development of AMD due to the high oxidative environment of the retina fundus.  

Numerous studies have described the responses of oxidative damage-induced RPE 

cell233-235.  However, cell culture studies are limited by differences in the environment of 

RPE cells in culture and in the intact eyes.  For example, cell culture does not model 
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RPE interactions with Bruch‟s membrane and choroidal endothelium on the basal side 

and the association of RPE microvilli and photoreceptor outer segments on the apical 

side.  Oxidative damage-induced AMD mouse model would facilitate the better 

understanding of the mechanism of AMD pathogenesis.  Several studies were pursued 

to generate and characterize the oxidative damage-induced AMD mouse models such 

as the SOD1-/- mouse100, mice with iron overload87 , mice exposed to cigarette smoke99 

and oxidative damage-induced inflammation model after immunization with mouse 

serum albumin adducted with carboxyethylpyrrole75. 

These animal models were generated by systemic manipulation of genes or 

environments, so there are limitations in terms of interpreting the data.  To improve the 

strategies of generating AMD mouse models with oxidative damage, specific targeting 

of RPE cells would be a better strategy.  In our approach, we choose to knock out 

MnSOD in the RPE due to its vital role in protecting oxidative stress.  Previously, 

Justilien et al used a ribozyme to block the expression of MnSOD and showed 

morphological and phenotypical characteristics similar to dry AMD101.  This approach 

led to approximately 60% reduction of MnSOD level.  To further knock down the level of 

MnSOD, we chose Cre-mediated recombination of SOD2.  

Conditional Cre/loxP system is a powerful tool to regulate specific genes in spatial 

and temporal manner.  This approach has been used extensively by several groups to 

achieve specific gene knock-out in particular cell types236.  To characterize the in vivo 

response of the RPE to a reduction in MnSOD, we generated mice with an RPE-

selective knock out of SOD2 by using Cre-mediated recombination system.  We 

reasoned that complete loss of RPE MnSOD might mimic changes associated with 
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AMD patient.  Intriguingly, we found that our mouse model lacking MnSOD in RPE 

region undergoes a series of morphological changes, many of which are reminiscent of 

those documented in human retinal degenerative disease.  We validated our moue 

model system by: (1) verifying the recombination event, (2) demonstrating the reduction 

of MnSOD level, and (3) documenting increased oxidative damage.  To confirm that the 

method of doxycycline administration works in mediating RPE-specific Cre induction 

and recombination, we used ROSA26-LacZ / VMD2-Cre mouse and examined -

galactosidase activity by immunostaining and X-gal staining after inducing Cre.  When 

these mice were treated with doxycycline, lacZ was expressed in RPE where Cre was 

expressed.  The staining results revealed that in ROSA26 / VMD2-Cre mice, lacZ was 

expressed only in RPE not in retina, demonstrating RPE-specific Cre induction of our 

mouse model.  The SOD2 gene was evaluated with genomic DNA PCR using specific 

primers for the flanking region of exon 3.  The PCR result showed doxycycline-induced 

Cre expression in the RPE mediated recombination of exon 3 of SOD2.  The expression 

of MnSOD2 was measured by staining RPE flat mounts using anti-SOD2 antibody.  The 

result showed a reduction in levels of MnSOD.  The level of oxidative stress was 

examined by using dihydroethidium (DHE) and 8-hydroxy-2‟-deoyguanosine (8-OHdG) 

staining.  In the VMD2-CreTg SOD2fl/fl  mice, increased levels of DHE indicated a high 

level of superoxide production in the RPE and photoreceptors.  Liang et al. revealed 

that in old rodents, there are increased levels of DNA damage marker, 8-OHdG in the 

RPE, preferentially in the mitochondrial DNA237.  Elevated 8-OHdG levels were also 

found in donor eyes from AMD patients compared to age matched controls238.  Our 

result showed the level of 8-OHdG staining was increased in RPE of VMD2-CreTg 
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SOD2fl/fl  compared to control.  The pattern of 8-OHdG staining using RPE flat mount 

seems to be mitochondrial pattern.  To verify this distribution, staining with mitochondrial 

markers, such as 3-hydroxyacyl-CoA Dehydrogenase Type-2 (ERAB) or cytochrome c 

oxidase subunit I (MTCOI) will be needed.  

Distribution of hypopigmentation of RPE as early as 6 weeks after Cre induction 

seen in fundus analysis indicated that increased oxidative burden to the RPE may lead 

to some of the pathologies observed in dry AMD.  In particular, we observed histological 

changes including disorganization of outer segments, altered infoldings of the basement 

membrane of RPE, impaired Bruch‟s membrane, increased mitochondrial size and 

decreased cytoplasmic density in RPE.  Decreased ONL thickness in Cre-induced mice 

indicated chronic oxidative damage in the RPE leads to loss of photoreceptors.  Loss of 

PR has been reported to be a key player in GA progression239.  Recently, Bearelly et al. 

analyzed photoreceptor(PR) layer loss at the margins of GA using a spectral-domain 

OCT and found that PR loss occurred in 65% of GA cases240.  When C57BL/6J 

background VMD2-CreTg SOD2fl/fl mice were examined for their histology, melanin 

granules appeared shifted toward apical side of RPE, which is typical phenomenon after 

injury or disease.  Shifting of melanin granules may be a general indication of RPE 

stress, and this phenotype was seen in p27kip1 knockout mice241.  Retinal pigment 

epithelium morphology was examined by preparing flat-mounts of RPE.  In wild-type 

RPE, the normal epithelium consists of relatively uniform polygonal cells.  In our RPE 

specific SOD2 knockout, by contrast, RPE cells were often larger in diameter and less 

regular in outline were examined.  This alteration might be an epithelial-mesenchymal 

transition (EMT)-like phenotype in which their cuboidal morphology changed to a 
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flattened structure lacking the clear morphological hallmarks of RPE cells236.  These 

observations must be confirmed by examining EMT morphological markers such as 

GFAP, vimentin and N-cadherin242.  The sporadic distribution of larger cells could also 

be due to spreading of adjacent cells toward dead cells in the absence of cell 

proliferation.  Some of the RPE cells seem to be elevated in flat mount preparation.  

Since RPE cells are highly phagocytic, the dead RPE cells are likely to be 

phagocytosed by the adjacent RPE cells, which result in the extrusion of the dead cell 

into the subretinal space.  Similar phagocytic RPE response to damaged cells has been 

reported during healing of small wounds induced by laser photocoagulation in rabbit 

RPE243.  

Electroretinogram measurements showed only b-wave ERG response was 

reduced but not a-wave.  However, these findings were made at early stages following 

induction (2 and 3 months) and in mice of heterogeneous genetic background.  This 

may reflect the case of patients with early AMD, for which inconsistent ERG results 

have been reported.  We will repeat the long-term ERG analysis using the mice with 

C57BL/6J background.  Results with our other methods of MnSOD depletion (see 

chapters 2 and 4) indicate a loss of both a-wave and b-wave response. 

 Clinical autofluorescence techniques have been used to monitor the two major 

pigments of the RPE: lipofuscin and melanin.   Their distribution is detected by short-

wavelength fundus autofluorescence (SW-FAF, excitation 488 nm) and near-infrared 

fundus autofluorescence (NIR-FAF, excitation 787 ) respectively244.  It is believed that 

lipofuscin accumulation precedes photoreceptor degeneration, and is responsible for 

visual deficits, abnormal retinal sensitivity measurements in the central visual field, and 
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slower rates of dark adaptation associated with age-related maculopathy245-247.  

Therefore, lipofuscin accumulation represents a common downstream pathogenic 

mechanism in macular and retinal degeneration.  Using a lambda scan at excitation 

wave 405 and 488, the intensity of autofluorescence in the RPE and choroid showed 

increased autofluorescence levels in our SOD2 knockout mouse model.  

Despite the variability of genetic background of our transgenic VMD2-CreTg 

SOD2fl/fl  mice, their phenotypic characteristics of our mouse model recapitulate the 

pathology of human AMD.  To have a better idea of our mouse model, further 

characterization of C57BL/6J background VMD2-CreTg SOD2fl/fl  mouse needs to be 

done.  Additionally, validating that the phenotype is arising due to the loss of MnSOD, 

additional models of MnSOD reduction will be described. 
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Figure 3-1.  Regulated deletion of SOD2. (1) targeting vector for generating SOD2fl/fl 

mice. Exon 3 of SOD2 was floxed by two loxp site. (2) Cre expression system 
is based on the tet-on system which rtTA binding to CMV promoter induce cre 
transcription. (A: upon doxycycline introduction, rtTA-doxycycline complex 
binds to CMV promoter which induces transcription of cre, B:transgenic 
constructs, rtTA expression is driven by RPE specific VMD2 promoter). Invest 
Ophthalmol Vis Sci. 2008 Mar;49(3):1248-53 

 
 

 
 
Figure 3-2.  Breeding scheme of VMD-CreTg mice with SOD2fl/fl mice. After genotyping,    

mice without Cre gene were discarded and only mice with Cre gene were 
used further breeding.  

javascript:AL_get(this,%20'jour',%20'Invest%20Ophthalmol%20Vis%20Sci.');
javascript:AL_get(this,%20'jour',%20'Invest%20Ophthalmol%20Vis%20Sci.');
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Figure 3-3.  Screening for rd mutant. DNA was extracted from tail sample and 

performed PCR using primer for detecting rd mutant. 300 bp band for +/+ 
mice, 300 bp as well as 170 bp bands for rd/+ mice and 170 bp and 130 bp 
bands for rd/rd mice. “hom” indicate rd mutant and “het” for rd/+.  

 
 
Figure 3-4.  Doxycycline toxicity was tested in 2 month old SOD2fl/fl mice by 

administrating doxycycline. Fundus analysis and ERG recordings results 
showed there were no significant differences between mice with and without 
doxycycline induction. (n = 4) 
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A B 
 
Figure 3-5.  Induction of Cre at 3 month does not lead to efficient reduction of SOD2. 

SOD2 protein levels from the RPE of SOD2fl/fl-VMD2Cre+ with doxycycline (at 
3 month) and without doxycycline were analyzed. A) The Western blot and B) 
the quantification of SOD2 protein.  There was no statistical significant 
reduction of SOD2 in the SOD2fl/fl-VMD2Cre+ mice which were given 
doxycycline.  

 

A B 
 
Figure 3-6.  Cre mediated recombination was showed by immunostaining of β-

galactosidase in the ROSA26 / LacZ-Cre mice (red: anti-β-gal, blue: DAPI) 
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D E F 
 
Figure 3-7.  Detection of β-galactosidase expression(blue) in the ROSA26-Cre mice 

with induction of doxycycline by x-gal staining. A-C) ROSA26 / LacZ-
VMD2CreTg mice, D-E) ROSA26 / LacZ mice, (A-C and D,E ; 10x, D:4x)  
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A 
 

B  C 
 
Figure 3-8.  Expression of Cre in VMD2-Cre mice after doxycycline induction. After 

administration of doxycycline into VMD2-CreTg and SOD2fl/fl mice, A) 
Western blot was performed using anti-cre antibody. Cre was detected only in 
VMD2-Cre mouse (Cre +/-) not SOD2fl/fl mouse (Cre -/-).  B) & C) Expression 
of Cre was also analyzed by RPE flat mount staining with anti-Cre B) VMD2-
CreTg SOD2fl/fl with doxycycline, C)VMD2-CreTg SOD2fl/fl w/o doxycycline. 
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Figure 3-9.  SOD2 recombination analysis by PCR using genomic DNA,RPE genomic 

DNA was extracted from VMD2-CreTg SOD2fl/fl and SOD2fl/fl mice. After 
deletion of exon3, 1.4kb of PCR product was detected in genomic DNA of 
VMD2-CreTg SOD2fl/fl mouse.  
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A B 
 
Figure 3-10.  Cre mediated recombination in the SOD2fl/fl-VMD2Cre+ mice lead to 

reduction of MnSOD protein levels in the RPE. A) & B) Reduction of SOD2 in 
VMD2-CreTg SOD2fl/fl  mice was verified by RPE flat mount stained with 
SOD2 and ZO-1. A) VMD2-CreTg SOD2fl/fl ,B) Non-transgenic SOD2fl/fl  (red: 
anti-SOD2, green: anti-ZO1).   

A B 
 
Figure 3-11.  Increased levels of DHE in VMD2-CreTg SOD2fl/fl  mouse. Mice were given 

intraperitoneal injections of DHE and euthanized after 18 hours. Tissues were 
prepared for cryosection and observed under a fluorescence microscope 
(blue: DAPI, red: DHE). A) SOD2fl/fl, B) VMD2-CreTg SOD2fl/fl . 
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Figure 3-12.  Increased levels of 8-OHdg in 2 month old VMD2-CreTg SOD2fl/fl  mice. 

RPE flat mount was stained with anti-ZO1 and anti-8-ohdg to measure the 
level of oxidative damage in DNA (green: anti-ZO1, red: anti-8-ohdg).  A) 
VMD2-CreTg SOD2fl/+ , B) VMD2-CreTg SOD2fl/fl . 
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A B 
 
Figure 3-13.  Change of RPE morphologies. RPE flat mount was prepared from 4 month 

old mice and stained with anti-ZO-1. In VMD2-CreTg SOD2fl/fl  mice treated 
with B) doxycycline, the RPE seems to be larger than A) the control (SOD2fl/fl  

mice treated with doxycycline)  

 

A 

B 
 
Figure 3-14.  As SOD2 knockout mice age, the ONL thickness was progressively 

decreased. A) 3 months, B)10 months. Left panel: control, right panel: VMD2-
CreTg SOD2fl/fl. 

 

 

  



 

105 

A B 

C 
 
Figure 3-15.  Scotopic full-field ERGs of VMD2-CreTg SOD2fl/fl  mice with and without 

doxycycline administration. ERGs were measured at 2 and 3 month post 
doxycycline treatment. VMD2-CreTg SOD2fl/fl  mice given doxycycline shows 
30% reduction of b-wave of ERG (P < 0.05). 
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A B 

C D 

Figure 3-16.  Increased auto-fluorescence in RPE of VMD2-CreTg SOD2fl/fl.  4 month 
old VMD2-CreTg SOD2fl/fl  mice together with SOD2fl/fl  mice as a control 
were used for cryosection. Wavelength scans were performed using 405 and 
488nm laser lines of laser scanning confocal microscope (Leica TCS SP2 
AOBS). 

 
 
 
 
 
 
 
 
 
 



 

107 

 
 
 
 
 

A B 

C D 
 
Figure 3-17.  Funduscopic examination of 6 week old VMD2-CreTg SOD2fl/fl  mice. 

Subretinal deposit formation and tortuosity of retinal blood vessel was 
examined in the VMD2-CreTg SOD2fl/fl mice 6 weeks after inducing Cre.  
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C D 
 
Figure 3-18.  Light micrographs of retinas of VMD2-CreTg SOD2fl/fl mice. Retinas at 4 

month after doxycycline treatment or control are shown (60x). B) In the 
doxycycline treated retinas, the RPE thickness was increased and the 
photoreceptor outer segment was detached from the RPE. In the doxycycline 
treated VMD2-CreTg SOD2fl/fl  mice, subretinal deposits were occasionally 
observed (white arrow). 
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C D 
 
Figure 3-19.  Ultrastructure changes in the outer retina at 7 months after doxycycline 

treatment. In B) and D) doxycycline treated group compared to A) and C) 
control, the RPE melanin granule moved to the apical portions and RPE 
appeared damaged with loss of cytoplasmic space. The outer segments of 
the photoreceptors are disorganized and Bruch‟s membrane thickness was 
increased. A) and C) SOD2fl/fl  , B) and D) VMD2-CreTg SOD2fl/fl  with 
doxycycline induction. A) and B) x5000, C) and D) x20,000. 
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CHAPTER 4 
REDUCTION OF MnSOD IN THE RPE BY SUBRETINAL INJECTION OF VMD2-

RZ432-AAV1  

Opening Remarks 

Our last strategy to increase oxidative stress in the RPE was to utilize ribozyme-

mediated knockdown of MnSOD in the RPE of wild-type mice.  Previously Qi et al. 

designed a hammerhead ribozyme against SOD2 to cleave the murine SOD2 mRNA.  

This ribozyme cleaves after nucleotide 432 (Rz432) of the mouse SOD2 transcript and 

was tested for its catalytic activity in vitro248.  Justilien et al. tested the subretinal 

injection of AAV1 expressing Rz432 under the control of the hybrid CMV enhancer and 

beta-actin proximal promoter into C57BL/6J mice and DBA-1J mice.  They followed 

these mice for 4 months and observed phenotypes related to those seen in people with 

atrophic AMD including reduction of electroretinograph response, degeneration of the 

RPE, thickening of Bruch's membrane, shortening and disorganization of the 

photoreceptor outer and inner segments, and increased autofluorescence and elevated 

levels of A2E101.  To improve this strategy, we used RPE-specific VMD2 promoter for 

expressing Rz432 in the RPE via an AAV vector and examined long-term phenotypes 

(up to 15 months). 

 After subretinal delivery of VMD2-Rz432 using AAV1, I investigated the age-

related phenotypic and morphological changes of the outer retina through  

electroretinogram, light and electron microscopic analysis, fundus analysis and SD-OCT 

measurement of ONL thickness.  Dark-adapted full field electroretinogram (ERG) 

detected a time-dependent decrease in the response to light.  Light and electron 

microscopy documented damage to the RPE, to Bruch‟s membrane and to 

photoreceptor cells in ribozyme treated eyes. Retinal pigment epithelium morphological 
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assays featured with abnormal distribution of RPE nuclei implicating the process of 

epithelial-to-mesenchymal transition (EMT).  Fundus microscopic examination showed 

drusen-like deposit formations which increased in number by age, and geographic 

atrophy was predominately seen in the inferior region.  These results suggest Rz432 

treated mice shows many of the key element of human AMD and demonstrate a critical 

role of MnSOD in preventing age-related macular degeneration.  

Materials and Methods 

Fluorescein Angiography  

Fluorescein angiography is a technique for visualizing the blood vessels in the 

retina, which utilizing the fluorescence emission of fluorescein dye.  Fluorescein (0.02 

ml of 25% fluorescein, Hub Pharmaceuticals, Rancho Cucamonga, CA) delivered once 

through intraperitoneal injection.  One minute after injection, we began taking images 

every minute which continued until the fluorescein was clearly visible.  Choroidal 

neovascularization was evaluated based on the fluorescence leakage.  

AAV Injections  

Four weeks old C57BL/6J mice were injected with VMD2-Rz432-GFP expressing 

AAV1.  Ten minutes before the injections, 1% atropine sulfate solution was placed 

topically on the eyes of the mice.  The mice were anesthetized using ketamine/xylazine 

solution as previously described.  Groups of mice were injected subretinally with 1l of 

2.5x1012 particles per ml of ribozyme or CBA-GFP as a control.  Using a Nikon SM2800 

operating microscope (Nikon, Melville, NY), a 28 gauge hypodermic needle was used to 

puncture the cornea to create an aperture.  A blunt 32 gauge needle on a Hamilton 

syringe was inserted through the hole and vector was injected into the subretinal space. 

Ribozyme expressing vector and control vector were described in Figure 4-1.  The mice 
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injected with ribozyme and control were subjected to analyzing ERG (3 and 6 months 

post injection), fluorescein angiography (7 and 15 months post injection), fundus 

(7,12,15 months post injection ), SD-OCT(9,14,15,17 month post injection) and 

eventually euthanized for light and electron microscopic analysis (7 and 8 months post 

injection).  

Fundus Analysis  

We use a Micron III retinal imaging microscope from Phoenix Research 

Laboratories to monitor pathological changes in the RPE.  Mice were anesthetized by –

intraperitoneal (IP) injection of ketamine/xylazine mixture (0.1l/20g mouse) and eyes 

were dilated with 1.0% atropine.  The vibrissae were trimmed with fine scissors to 

prevent them from obscuring the photograph.  The mouse was held on its side on the 

microscope platform.  Focusing was achieved by moving the mouse.  The mouse 

position and angle were altered to study different parts of the fundus. 

Other Methods 

Electroretinography was used to measure changes in the ability of the retina to 

respond to light.  Spectral domain OCT and light and electron microscopy were used to 

measure changes in the retinal cell layers.  All of the details about these and other 

methods used are described in chapters 2 and 3. 

Results 

Expression of Rz432 in the RPE 

To target RPE for expressing Rz432, VMD2-Rz432 plasmids were packaged into 

AAV1. After subretinal injection, the expression of VMD2-Rz432-GFP was confirmed by 

fundus analysis.  By 4 months post injection, GFP fluorescent signal was clearly seen in 

the Rz432 injected eye by digital fundus imaging using the Micron III fundus microscope 



 

113 

(Figure 4-2).  However, control eyes which were injected with AAV-CBA-GFP  did not 

show strong GFP fluorescence in the fundus image.  There are two likely explanations 

for the difference in fluorescence intensity: (1) The VMD2 promoter likely drive more 

GFP production in the RPE than the CBA promoter, or (2) the absorption spectrum of 

rhodopsin overlaps almost completely with excitation spectrum of GFP, and 

photoreceptors are intact in the eyes treated with the control virus.  To test the long term 

expression of Rz432, we examined the GFP signal of 15 month old mice injected with 

Rz432.  Cryosections of Rz432-treated mice were used to see GFP.  Strong GFP signal 

were seen in the RPE area of Rz432-treated mice (Figure 4-2).    

Reduction of Electrophysiological Responses 

To assay the effect of Rz432 on the ability of the retinas of mice to respond to 

light, 3 weeks old C57BL/6 mice were injected subretinally with AAV1 expressing 

VMD2-Rz432 in the right eyes.  As a control left eyes were injected with AAV1 

expressing CBA-GFP (n = 7).  At 3 and 6 months post injection, full-field, scotopic 

electroretinography were performed to measure the response of Rz432 and GFP 

treated retinas to different intensities of light stimuli.  Progressive loss of a-wave and b-

wave response was observed between 3 and 6 months post injection (Figure 4-3).  By 3 

months post injection, an average 50% decrease in a-wave amplitude and a 40% 

decrease in b-wave amplitude were observed.  And by 6 month post injection, about 

61% and 51% decrease of a-and b-wave were observed respectively (Figure 4-3).  This 

reduction in ERG amplitude was greater than that reported by Justilien et al. used the 

same ribozyme but a different promoter to drive its synthesis (CMV-beta-actin).  Thus 

this phenotype is consistent with AMD.  
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Fundus Analysis  

Geographic atrophy (GA) is characterized by the development of areas of outer 

retinal atrophy that slowly enlarge over time.  Atrophic areas of retina are associated 

with retinal sensitivity resulting in a loss of vision.  By 4 months post injection, areas of 

retinal lesion resembling atrophy were observed in the fundus microscope.  These 

areas were coincident with the area in which GFP signals were seen.  The number and 

size of retinal lesion regions were increased by 15 month post injection. 

A cardinal pathological feature of age-related macular degeneration (AMD) is the 

deposition of extracellular material between the retinal pigment epithelium (RPE) and 

Bruch's membrane, pathologically described as sub-RPE deposits.  By 7 month post 

injection, a pattern of white spots were detected throughout the inferior pole.  By 9 

month post injection, mice fundus examination showed increased numbers of spots 

extending beyond the vascular arcades along with atrophic region (Figure 4-4).  To see 

if these deposits were “drusen-like” subretinal deposit, which reside in between the RPE 

and BM, OCT examination was performed as described below.  

Examination of Retinal Vascular Changes 

The tortuosity of retinal blood vessels is a typical diagnostic indicator for a number 

of retinal pathologies249.  It is one of the most important prognostic indicators in 

retinopathy of prematurity (ROP).  It has been known that upregulation of vascular 

endothelial growth factor (VEGF) in a diabetic retinopathy induces retinal vascular 

damage such as microaneurysms, hemorrhage, venous beading and tortuosity and 

loops in the arteries and veins250.  Fluorescein angiography of my treated mice showed 

that the control eye had radially arranged arteries and veins which did not leak.  

However, tortuosity of retinal blood vessels were seen in 7 month old Rz432 treated 
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mice by examining the blood vessels using angiography.  Around the tortuous retinal 

blood vessels, blood leakage was also seen.  One of the retinal blood vessels close to 

the optic nerve was discontinuous.  Retinal hemorrhage in the inferior region of optic 

nerve was also seen by 1 year post injection.  By 15 months, not only tortuosity of blood 

vessels, but aneurysms in areas of geographic atrophy with thinned retinal vasculature 

and venous beading were detected by angiography (Figure 4-5).   

Foci of subretinal hemorrhage in RPE scarring and atrophic retinal lesions were 

observed by 17 month post injection (Figure 4-6).  These pathological changes of 

vessels are very similar to those in vldlr-/- mice which shows retinal angiomatous 

proliferation phenotype30,31,34.  As the new retinal vessels anastomose with the choroidal 

vasculature as mice age, it was unclear if the phenotypes seen in our mouse model is 

either retinal angiomatous proliferation10 or choroidal neovascularization.   

Examination of Retinas by OCT  

Since we observed several white spots in the fundus image, SD-OCT analysis of 

areas with white spots was performed to see if these spots are drusen.  In mice 7 and 

17 month post injection, SD-OCT images revealed several drusen-like elevations 

beneath the RPE (Figure 4-7).  This resembles SD-OCT images seen in AMD 

patients251.  Fourteen months after injecting the AAV-ribozyme, ONL thickness was 

measured by OCT.  Similar to the result of Cre-injected mice, 30% reduction of ONL 

thickness was observed in Rz432-treated eyes compared to control eyes (Figure 4-8). 

As the mice aged, the thickness of ONL was gradually decreased (Figure 4-9).  

RPE Morphological Analysis  

Four months post injection of VMD2-Rz432, flat mount staining using antibody 

against ZO-1 was performed for visualizing RPE tight junctions and the outline of RPE 
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cells.  Compared with control eye, the ZO-1 staining in the VMD2-Rz432 injected mice 

showed that individual RPE cells became enlarged and irregular in shape with clumps 

of several RPE cells (Figure 4-10).  Their nuclei were moved to the edge of the RPE 

cells. Another interesting observation was binucleation of RPE which was shown to be 

associated with equatorial drusen18.  

Identification of Increased Expression of Complement Factors  

Recent studies suggested that complement activation is related with an early 

event in drusen biogenesis.  Numerous complement factors like C3, C5, CD46 and 

MAC were found to be molecular constituents of drusen252, suggesting involvement of 

disordered immune system in AMD.  In the SOD1 knockout mouse which recapitulates 

some feature of the AMD phenotype, increased levels of vitronectin, C3 and cluster of 

differentiation 64 (CD46) were observed in the subretinal region100.  Complement factor 

C3 plays a central role in the activation of complement pathway.  Cluster of 

differentiation 64 is a ligand of complement factors C3b and C4b and inactivates these 

components, thus protecting the host cells from damage by complement.  To examine if 

complement factor expression was increased in our mouse model, we performed the 

immunohistochemistry for markers of drusen, including vitronectin, C3 and CD46. 

Increased levels of CD46 throughout the RPE area of Rz432-treated eye were detected 

but not in control eye, indicating possible enhanced complement activation (Figure 4-

11).  Levels of C3 were also increased under the RPE region in Rz432-treated eye.  

However, no vitronectin accumulation was observed. 

Examination of Histological Damage of the Outer Retina  

Degenerative changes of the RPE and retina has been reported in human eyes 

donated by AMD patients.  Previously, we have observed the histology of early time 
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points (up to 4 months) after injecting the Rz432.  The analysis revealed depigmentation 

and atrophy of the RPE, shortened outer (OS) and inner segments (IS) of 

photoreceptors and the thinning of the outer nuclear layer (ONL)101.  To look at the long-

term effects of Rz432, we examined the histology after 7 months of Rz432 treatment.  

By 7 months after injecting VMD2-Rz432, RPE thickness was shown to be increased 

possibly due to the accumulation of extracellular materials and undigested waste 

materials,and decreased thickness of outer segments (OS), inner segments (IS), and 

outer nuclear layer (ONL) were observed.  In addition to these, subretinal deposits and 

detached OS were observed in Rz432-treated mice (Figure 4-12).  

Ultrastructural Analysis of the Outer Retina 

Degeneration of retinas and RPE was also examined by electron microscopy by 8 

months post injection.  Several changes were observed in the RPE of retinas treated 

with ribozyme, including increased thickening in the layers of Bruch‟s membrane and 

increased subretinal folding.  Mitochondrial changes were also distinct such as 

fragmentation and loss of cristae (Figure 4-13).  

Concluding Statements 

The purpose of this study was to improve the methods and examine for longer 

period of time of the impact of an AAV-delivered, SOD2 specific ribozyme101.  We 

employed RPE-specific VMD2 promoter instead of cytomegalovirus beta-actin (CBA) 

promoter in the Rz432 vector and examined the phenotype and morphology of retinas 

for over 1 year.  Unlike other oxidative damage-mediated AMD mouse models in which 

these mice changes are observed after 1 year76,100,253, the AMD-like changes in our 

ribozyme-induced oxidative stress model resembling AMD lesions began early.  At 3 

months, dark adapted rod ERG measurements showed reduced a-wave and b-wave 
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response in which the extent of reduction was increased by 6 month.  A linear decline in 

amplitude of the ERG response with age was reported in AMD patients254.  However, 

previously reported AMD mouse models showed varying impact on the ERG response.  

For example, knock-out mouse of both Ccl2 and Ccr2 showed no significant changes in 

the ERG response23 and in mice with an Efemp1 mutation, the ERG response was not 

altered even if mice exhibited structural abnormalities255.  Our mouse model showed 

alteration in ERG response consistent with the phenotype of AMD patients.   

At 7 months post injection, fundus microscopic analysis showed, a pattern of small 

white spots in inferior region, which increased in number by 9 months.  This pattern of 

spots were similar to that seen in rd mutant mice256.  In addition, atrophic retinal lesions 

were shown by 4 months post injection, and these lesions were increased in size by 15 

months.  We found more spots and retinal lesions in the inferior region of the retina.  

The inferior portion of the retina is exposed to more environmental light than the 

superior hemisphere.  Therefore, the more severe changes that we observed in the 

inferior may be due to increased susceptibility to light-mediated retinal damage resulting 

from a lack of MnSOD. 

Several ultrastructural changes of outer retina including thickened BM and RPE, 

loss of PR and increased folding of RPE are casually seen in human AMD patients.  

Thickening of BM is thought to be caused by incomplete clearance of waste material 

discharged outward by the RPE, causing deposit buildup.  Subsequently, this causes 

inhibition of metabolic exchange and fluid movement which is important in the 

pathogenesis of AMD.  The histopathology of Rz432-injected mice mimics the 

phenotypes described above including increased thickening in the layers of Bruch‟s 



 

119 

membrane and increased subretinal folding.  Mitochondrial changes such as 

fragmentation and loss of cristae were also apparent.  From histological studies, it has 

been suggested that loss of photoreceptor cells occurs progressively in early-stage 

AMD257,258.  Optical coherence tomography measurements of ONL thickness of the 

Rz432-treated mice were shown that there was progressive loss of photoreceptors, 

possibly as a consequence of RPE dysfunction.  

RPE morphological studies by staining the RPE flat mounts with ZO-1 showed that 

nuclei of RPE cells were concentrated along the RPE tight junctions away from the 

center.  Also, some of the cells had fragmented nuclei which might be interpreted as the 

cells were either dead or dying.  Interestingly, this RPE change of nucleus is very similar 

to be seen in Ccl2-/-/Cx3cr1-/- mouse (by Dr. Mark Krebs).  From the perspective that the 

injury occurring in Ccl2-/-/Cx3cr1-/- mouse is related to microglial activation 259, this RPE 

change might be a consequence of microglial movement.  

Increased activation of complement factors, C3 and CD46 were detected in the 

Rz-432 treated eye. CD46 staining was seen in entire RPE of Rz432-treated eyes but 

not in control eyes. These findings are compatible with human AMD eyes in which 

CD46 localizes on RPE cells adjacent to and overlying drusen 260. 

Complement factor C3 activation was examined in the subretinal area in which 

drusen is found in AMD patients.  This result is correlated with the fact that drusen 

possess substructural domains that contain activation specific fragments of complement 

component C3.  Bioactive fragments of C3 (C3a) and C5 (C5a) has been shown to 

induce vascular endothelial growth factor expression in RPE cells which can explain the 

presence of soft drusen are a risk factor for CNV in AMD eyes261.  Since our 
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immunostaining results of C3 and CD46 does not show high differences between 

Rz432-treated and control, we need to confirm this result with further experiments 

probably using RPE flat mount staining of complement factors.  Immunostaining using 

cryosection has limitations such that it is hard to get sections of damaged-RPE region.  

Therefore, instead of using good sections for staining, examining the whole RPE area 

might be better to see the overall increased levels of complement factors.   

To observe the retinal vascular changes of Rz432-treated eyes, fluorescein 

angiography was performed.  By 7 months post injection of Rz432, pathological features 

such as readily identifiable, isolated leaky lesions were examined.  By 15 months post 

injection, vascular tortuosity of blood vessels was also observed.  These characteristics 

are similar to be seen in the human diabetic retinopathy which shows retinal pathology 

including microaneurysms, vessel leakage, and tortuosity.  In diabetic complications, 

oxidative stress plays a pivotal role in which metabolic abnormalities of diabetes cause 

mitochondrial superoxide overproduction262.  Considering Rz432 treatment was to 

increase superoxide production, these vascular changes could be due to the oxidative 

stress response.  Because VEGF is involved in vascular changes in diabetic 

retinopathy, it will be worth wihle to examine VEGF levels in mouse model.  The 

hyperfluorescence seen in fluorescein angiography can be due to either choroidal 

neovasculation or retinal angiomatous proliferation (RAP) in which retinal capillaries 

proliferate originating from the retina and extending posteriorly into the subretinal space, 

eventually communicating with choroidal new vessels.  This condition is present in 

approximately 12% to 15% of patients with newly diagnosed neovascular AMD263 46,47.  
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Further work will be needed to distinguish if these vascular changes are either CNV or 

RAP.  

The region with hyperfluorescence corresponded to the region of damaged RPE.  

Since a confluent RPE monolayer normally masks choroidal hyperfluorescence 

whereas loss of RPE function exposes it, it might just the consequence of geographic 

RPE atropy.  Fundus microscopic examination showed hyperfluorescent spots were 

distributed in Rz432-treated mice.  To verify it these spots are subretinal- or sub-RPE 

deposit, we observed these particular areas with OCT. Optical coherence tomography 

examination of 9 month old Rz432-treated mouse with hyperfluorescent spots showed 

elevation of materials underneath retinal space indicating subretinal deposits formation.  

In 15 month old mouse with atropic-like lesion, a sub-RPE deposit, presumably a 

“drusen” was examined.  Although these results need to be confirmed by 

immunostaining for drusen markers or histology for the presence of deposits 

underneath RPE, it suggests that Rz432-treated mouse mimic “dry”-form of AMD. 

Overall, our system models chronic oxidative stress in the RPE which led to progressive 

functional and histological changes to the retina recapitulating phenotypes of AMD.  
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A    

 B 
 
Figure.4-1.  Maps of recombinant AAV vector. A) VMD2-SOD2Rz432-GFP B) CBA-GFP 

viral vectors. Constructs were packaged in AAV serotype 1 capsids.  TR, 
inverted terminal repeats; VMD2, vitelliform macular dystrophy-2 ; SD/SA, 
splice donor/acceptor site 
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A B 
 
Figure 4-2.  Expression of VMD2-Rz432-GFP in the RPE.  A) A representative 

funduscopic examination of GFP expression at 4 months post injection.  B) A 
retinal section from an eye treated with VMD2-Rz432-GFP 15 months post 
injection. Cells expressing the vector are shown in green.  
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Figure 4-3.  Scotopic full-field ERGs of C57BL/6 mice injected with AAV1-VMD2-Rz432 

(right eye) or GFP control vector (left eye). ERGs were measured at 3 and 6 
months post injection. Mice treated with Rz432 show progressive loss of ERG 
response that is significant by 3 months post injection. The graph shows the 
ratio of the maximum a-wave and b-wave amplitudes of Rz432 to GFP control 
treated (p<0.05, n = 7). Error bars represent standard error of the mean. 
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A B 

C D 
 
Figure 4-4.  Funduscopic changes of Rz432-injected eyes. Increased numbers of white 

spots were observed as mice age. A) and B) 7 months post injection. C) and 
D) 15 months post injection. These are same eyes at different time points.   
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Figure 4-5.  To visualize the retinal vasculature, fluorescein was injected (I.V.) into mice. 

Fluorescein angiography was performed 10 min post injection of fluorescein. 
Increased tortuosity of retinal blood vessels was observed by 7 months and 
thinned retinal vasculature and venous beading were examined by 15 months 
post injection.  (Arrows indicate venous beading).  A) and B) are from the 
same mouse as are C) and D).  
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Figure 4-6.  Foci of hyperfluorescence indicate RPE cell loss and retinal degeneration in 
scarring and atropic retinal lesions.  The damaged area increased in size as the mice 
aged.  
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A B

C  D             
                                                        
Figure 4-7.  By fundus microscope, atrophy-like damaged retinal region was examined 

in Rz432 injected eye 15 months post injection. The particular region of retina 
was observed by OCT.  Several deposits were examined such as subretinal 
deposit and sub-RPE deposit. A) Funduscopy of Rz432 injected eye, 15 
months post injection. B) Subretinal deposit formation in the affected area. C) 
and D) drusen-like formation in the affected area.  
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Figure 4-8.  Quantization of the thickness of the outer nuclear layer OCT measurement 

of ONL thickness. 14 months post injecting Rz432, ONL thickness was 
examined by OCT. 30% reduction of ONL thickness was observed compared 
to control (p=0.003). 
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                        Control                                                    Rz432       

 

                            
Figure 4-9.  Thinning of ONL thickness as mice age measured by OCT. Compared to 

ONL thickness by 9 month old age, decreased thickness of ONL was 
examined by 17 month old age, (upper panel: 9month old, lower panel: 17 
month old).   
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A B 
 
Figure 4-10.  RPE flat mount was examined for their morphology with ZO-1 staining. 

Morphological changes of RPE derived from Rz432 treated mouse showed 
displacement of nucleus to peripheral region and larger RPE cells. (blue: 
DAPI, green: ZO1) 
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 A  B 
 

 C D 
 
Figure 4-11.  Cryosections of Rz432-treatment were used for Immunostaining A) & B) 

with anti C3 and C) & D) with anti-CD46 antibodies to examine levels of 
complement factors.  Increased levels of complement factors (C3 and CD46) 
were detected in Rz432-treated mice  (C3: Red, CD46: Green). A) and C) are 
controls, B) and D) Rz432-treated mice.   
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A B 
 
Figure 4-12.  Light microscopic analysis of retinas treated with VMD2-Rz432-AAV1. A) 

control, B) VMD2-Rz432-AAV1 injected.  Decreased ONL length and 
increased RPE thickness was examined in the VMD2-Rz432-AAV1 treated 
(7M).  
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A B 

C D 
 
Figure 4-13.  Ultrastructure changes in the retina at 8months after Rz432 treatment. A) 

and C) control, B) and D) VMD2-Rz432-AAV1 injected.  In Rz432 treated 
retinas compared to control injected retinas, there is increased thickening in 
the layers of Bruch‟s membrane and subretinal folding. In the RPE, vacuole 
(blue arrow) and lipid droplet formation (red arrows) were observed. In B) 
distended Bruch‟s membrane was observed.   

 
 

 
 
 
 
 



 

135 

CHAPTER 5 
CONCLUSIONS  

Summary 

Age-related macular degeneration is a common ocular disease characterized by 

loss of vision in the center of the visual field.  The prevalence of AMD is increasing, and 

it is recognized as one of the major blinding disease in the world8,264.  Although 

treatment for CNV exists, no effective therapy is available for GA.  Hence, knowing the 

molecular pathway that leads to AMD development might help to find therapeutic 

targets.  From this perspective, animal models modifying specific pathway may help to 

find proper targets.      

In this study, I showed in mice that excessive oxidative burden on the RPE 

contribute to the development of AMD.  Specifically, I used three different approaches to 

achieve RPE specific reduction of MnSOD.  Subretinal injection of VMD2-Cre-AAV1 to 

SOD2fl/fl mice, induction of Cre by doxycycline administration to VMD2-CreTg SOD2fl/fl 

mice and an AAV-ribozyme-mediated knockdown the mRNA of MnSOD in the RPE of 

wild-type mice.  Although these different methods did not show exactly the same 

results, my overall conclusion was that knocking down MnSOD in the RPE led to the 

AMD-like retinal lesions.  We observed a progressive loss of ERG response, histological 

changes including vacuolization, increased thickness of RPE and Bruch‟s membrane 

and reduction of ONL thickness.  Funduscopic changes include increased numbers of 

white spots as mice age which might be subretinal or sub-RPE deposits.  With 

fluorescein angiography, vascular changes such as venous beading and vascular 

tortuosity were observed.  Furthermore, changes of RPE morphology such as shedding 
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of RPE and displacement of RPE nuclei to peripheral regions were phenomena that 

appear in other animal models of AMD.  

Comparison to Other Animal Models of AMD 

Animal models of AMD could contribute to understanding the pathogenic 

mechanism and to finding therapeutic targets for AMD.  For these reasons, there have 

been intensive efforts to generate mouse models of AMD by manipulating candidate 

genes and by using physical methods.  Mostly, mice have been used as models of age 

related macular degeneration because of their genetic malleability, despite the fact that 

they do not have a macula.  For the genetic method, systemic deletion of candidate 

genes or over expressions of specific genes in mice has been used to generate AMD-

like pathology.  These include Ccl-2/Ccr-2, Abcr, Vldlr, and ceruloplasmin (Cp) / 

hephaestin (Hp) knock-out mice and transgenic mice with over expression of VEGF122.  

There are many hypotheses explaining how AMD develops including complement 

activation, macrophage chemotaxis, altered lipid metabolism and increased the role of 

oxidative damage.  As oxidative stress has been proposed as a main mechanism 

leading the pathogenesis of AMD, several genetic models has been created by 

increasing the levels of oxidative stress such as Cp/Hp double knock out mouse116 and 

SOD1 knock out mouse100.  

Compared to the animal models of AMD mentioned above, our mouse model was 

generated combining three factors which were shown to be involved in pathogenesis of 

AMD.  They include, (1) targeting RPE as a main pathological tissue, (2) generating 

increased oxidative stress, and (3) mitochondrial source of oxidative stress.  The 

advantage of our mouse model is that we can delete MnSOD at a specific time point 

either early or later in life time by administrating doxycycline or injecting VMD2-Cre.  
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Therefore, we can examine the pathological phenotypes depending on the timing of 

oxidative damage.  In addition to being able to control the site and timing of oxidative 

stress, our mouse model also creates a more relevant disease phenotype.  As was 

seen from the various experiments in RPE flat mounts, the pathological effects were not 

distributed homogeneously throughout the RPE.  Instead, the effects were distributed 

throughtout the retina in a “patch work-like” pattern reminiscent of the mosaicism seen 

in the AMD patients. 

While the oxidative models of AMD presented here have benefits over current 

AMD mouse models, there are different advantages and disadvantages amongst the 

models.  The primary advantage of the models using Cre-mediated recombination is 

that the recombination is irreversible leading to the permanent down-regulation of 

MnSOD, whereas the ribozyme-based strategy requires constant metabolic activity (i.e. 

ribozyme transcription and activity) for MnSOD suppression.  Another distinguishing 

factor is whether a subretinal injection is required or not.  The transgenic mouse model 

using doxycycline induction does not require an injection and therefore does not cause 

any damage to the retina.  However, while the doxycycline induced, Cre-mediated, 

recombination has two key advantages over the other two models, it sacrifices the 

ability to use the contralateral eye as a control.  Since the models present with similar 

phenotypes and the key differences have been noted, a rational choice of which model 

to use can be made on a case-by-case basis. 

Future Studies 

Due to the variability our genetic mice background and consequently, variability of 

phenotype, we had to breed VMD2Cre Tg- SOD2fl/fl mice with C57BL/6 for 6 

generations.  Since these newest version of VMD2Cre Tg- SOD2fl/fl on the C57BL/6 
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background mice are only now available, further characterization of these mice using 

similar method is necessary.  In addition, the SOD2fl/fl mice for injection of AAV1-VMD2-

Cre have been breeding with C57BL/6 to have consistent genetic background and 

recently we have obtained pups from this breeding.  We will use the methods described 

in this dissertation to observe their phenotypes as the mice age using fundus, OCT and 

histology.  

In the VMD2-Rz432 injected eyes, I examined the abnormal RPE morphology 

such as purse-string and movement of nuclei to the peripheral regions of RPE cells.  

These phenotypes are very similar to those observed in the RPE of Ccl2-/- Cx3cr1-/- 

mice.  The mechanism behind these changes is unclear.  However, by the fact that the 

phenotypes found in Ccl2-/- Cx3cr1-/- mice are related with microglial activation, this 

might be the consequence of an immune response stimulated by RPE damage.  To 

have better understanding the mechanism behind this, staining with microglial markers 

such as CD11b might be helpful, since microglial activation in the subretinal space is 

reported to evoke some features of AMD29.  To better understand the mechanism of 

vascular changes observed in Rz432-injected mice, retinal and RPE flat mount will be 

used for staining with isolectin B4 to examine  the vasculature and to analyze the 

location of retinal vasculature using a multiphoton microscope.  If the growth of 

vasculature is originated from retinal, it could be retinal angiomatous proliferation (RAP) 

otherwise, it might be choroidal neovascularization (CNV).  

For the Rz-432 injected mice, we have been testing drugs to treat the retinal 

degeneration (see below).  However, having subretinal injection without damage is 

sometimes challenging.  Therefore, noninvasive methods such as using VMD2Cre Tg- 
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SOD2fl/fl mice for testing drugs or gene therapy might be better.  Once we set our 

breeding and have enough pups with C57BL/6 background, we will use these mice for 

testing drugs and gene therapy for antioxidant genes.      

In my mouse model, knocking down MnSOD seems to lead the cardinal features 

of AMD such as drusen, CNV, autofluorescence and histological changes of retina-

RPE.  To better characterize my mouse model in biochemical perspective, protein 

oxidative marker like protein carbonyl and lipid peroxidation marker like 

malondialdehyde will be necessary to assess the levels of oxidative stress.  Although 

MnSOD is essential for defending cellular superoxide production and deficiency of 

MnSOD might trigger high oxidative stress levels, there are other components to 

overcome oxidative stress, such as glutathione peroxidase and cytoplasmic CuZnSOD.  

So examining other oxidative stress-response molecules will lead us to better 

understand the mechanisms of our mouse model.  As we created an in vivo model of 

chronic oxidative stress in the RPE layer of the retina, the next step is to test antioxidant 

drug or perform gene therapy using this model.  

Currently, our lab has begun testing several therapeutic genes and compounds 

using our mouse model.  First, we will test subretinal injection of therapeutic genes.  

These include siRNA against p22phox, one of subunits of NADPH oxidase which is one 

of the main generator of superoxide in the RPE 265 and sequestosome 1 (SQSTM1), an 

activator of antioxidant response element (ARE).  The ARE is a cis-acting element 

found in the promoters of genes encoding the two major detoxication enzymes, 

glutathione S-transferase A2 (GSTA2) and NADPH: quinone oxidoreductase 1 

(NQO1)266,267.  Several elements are found to be upregulated by ARE, such as NF-E2-
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related factor 2 (NRF2)268 and sequestosome 1 (SQSTM1)269.  Among those genes, we 

will test overexpression of AAV1-SQSTM1 in the RPE to defend against oxidative stress 

in our SOD2 deletion model.  Another approach is to test newly discovered compound 

Al-1, the inducer of ARE that activates Nrf2 by covalently modifying Keap1, the negative 

regulator of Nrf2270.  By administrating this compound through gavage feeding or 

subcutaneous injection, we will examine the extent of protection of this compound 

against oxidative stress in the RPE and retinal damage.   

Finally, we have tested subcutaneous injection of 5-HT1A agonist N,N-dipropyl-2-

aminotetralin (8-OH-DPAT) in our mouse model. The 5-HT1A agonist protects RPE cells 

from 7-ketocholesterol-induced oxidative stress and topical application of 5-HT1A agonist 

protected the rat retina from blue light damage. Our results showed that daily 

subcutaneous injection of 8-HO-DPAT reduced the rate of ERG decline, reduced the 

accumulation of autofluorescent material and preserved the thickness of the ONL in 

mice treated with the SOD2 specific Rz432.      

Closing Remarks 

In last 5 years, there has been considerable research to develop treatment for 

AMD.  Although the treatment for CNV exists, none exist for dry AMD which may also 

lead to blindness if the disease progresses to geographic atrophy.  Numerous studies  

have been pursuing the pathogenesis of AMD, and these studies may ultimately lead to 

the identification of new therapeutic targets.  Biochemical and histological studies of 

AMD have implicated oxidative stress as a main factor to leading to AMD.  Mouse 

model with chronic oxidative damage in the RPE will be useful to test various 

antioxidant chemicals and efficacy of gene therapy for AMD.  
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In closing, we have generated an in vivo model of chronic oxidative stress in the 

RPE layer of the retina.  The oxidative damage-mediated changes in the retina-RPE-

choroid complex of these mice lead to AMD-like lesions.  Using our mouse model, 

several therapeutic approaches have been tested.  Our AMD model should help to 

understand the disease mechanism and to test various therapeutic approaches. 
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