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Age-related macular degeneration (AMD) is a degenerative eye disease that accounts for 

the majority of irreversible severe visual loss in the elderly population of industrialized countries. 

Some of the risk factors for AMD such as older age, smoking, nutrition, and light exposure have 

increased oxidative stress as a common denominator. Therefore, it is my hypothesis that some of 

the initial biochemical processes involved in AMD pathogenesis converge to a common 

pathway, oxidative tissue injury, to contribute to the formation of AMD lesions. 

To test this hypothesis, I have employed small catalytic RNA molecules (ribozymes) to 

inhibit the expression of the antioxidant enzymes, manganese superoxide dismutase (MnSOD) 

and Glutathione Peroxidase-1 (GPX-1), to increase oxidative damage of the retinal pigment 

epithelium which is thought to be the site of the primary lesion of AMD. MnSOD and GPX-1 

ribozymes were first tested in vitro in tissue cultured cells. Those ribozymes found to be active 

were packaged in type1 recombinant Adeno-Associated Virus and injected subretinally into the 

eyes of adult wild-type C57Bl/6 mice. Treatment with the MnSOD ribozyme led to increased 

oxidative stress in the RPE and significant changes in the outer retina associated with AMD, 

such as atrophy and pigmentary changes of the RPE, accumulation of lipofuscin-like debris in 
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the RPE, significant increase in the thickness of Bruch’s membrane, progressive loss of retinal 

electrophysiological function, and apoptotic cell death of the photoreceptors. No significant 

pathological changes in the retina associated with AMD were observed in mice treated with the 

GPX-1 ribozyme. 

The results obtained from ribozyme-mediated knockdown of MnSOD suggest oxidative 

damage to the RPE may contribute to early pathogenesis similar to that occurring in AMD. 

Additional time or other contributing factors may be needed to observe other hallmarks of AMD 

such as drusen and choroidal neovascularization. The lack of significant pathology associated 

with ribozyme-mediated knockdown of GPX-1 may be explained by a redundancy of the 

function of GPX-1 with other peroxidases in vivo. 
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CHAPTER 1 
INTRODUCTION 

Vision is perhaps the most important of our senses based on the relatively large proportion 

of the human cortex devoted to visual processing compared to the other senses. Our vision is 

impaired at older age by a number of age-related eye diseases such as Age-Related Macular 

Degeneration (AMD), cataract, glaucoma, and diabetic retinopathy. Of these, AMD is the most 

common cause of visual loss in the elderly population of developed countries1-5 and has the least 

number of effective therapies to prevent or reduce its progression. AMD affects the macula, a 

yellow-pigmented region of the central retina that is rich in cone photoreceptors and is 

responsible for central vision. Individuals impaired by AMD lose their central vision which is 

required for reading, driving, and performing other activities where fine and sharp vision is 

needed. Because central but not peripheral vision is usually affected, total blindness rarely 

occurs. The loss of clear vision that occurs in late AMD, however, results in decreased mobility, 

impaired reading ability, and dramatically impacts occupational and recreational activities. With 

the population living much longer, AMD is becoming a great problem with major economic and 

social consequences. Currently, AMD is thought to be a complex disease caused by a 

combination of environmental factors and the influence of susceptibility genes.6-8 A large part of 

the disease’s etiology is still unknown, and it is not clear what roles the exogenous factors may 

be playing in combination with the genetic factors to lead to the development of AMD. This 

makes it difficult to discover new preventive measures for the disease. 

Retinal Anatomy and Function 

The retina is a transparent layer of tissue found in the posterior of the eye. It is composed 

of ten distinct layers (Figure 1-1): from the outside of the eye inward (1) the retinal pigment 

epithelium (RPE); (2) the photoreceptor cell outer and inner segments; (3) the external limiting 
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membrane; (4) the outer nuclear layer containing the photoreceptor nuclei; (5) the outer 

plexiform layer; (6) the inner nuclear layer containing the nuclei of the horizontal, bipolar, 

amacrine, and Muller cells; (7) the inner plexiform layer; (8) the ganglion cell layer; (9) the 

nerve fiber layer; and (10) the inner limiting membrane. In AMD, injuries to the macular 

region’s outer neural retina (i.e. the photoreceptors), the RPE, Bruch’s membrane and the 

choroid seem to cause the progressive loss of central vision.9-11  Therefore, their functions will be 

discussed in more detail below. 

The photoreceptors (Figure 1-1) are specialized neuroepithelial cells derived from the 

neuroectoderm. There are two types of photoreceptors cones and rods which capture light via G-

protein coupled receptors called opsins found in their outer segments to begin the vision cascade 

that eventually leads to our ability to see an image. Rods mediate dim light vision, while cones 

function in bright light and are responsible for color vision and pattern recognition.  The rod to 

cone ratio in the peripheral retina is approximately 20:1,12 but this ratio decreases in the macular 

portion of the retina. The foveal region of the macula is cone-dominated whereas all other parts 

of the retina are dominated by rods.13 

Separating the photoreceptors from the choroid layer of the eye is the RPE, a monolayer of 

regularly arranged hexagonal cells (Figure 1-1). Under normal physiological conditions, cells of 

the RPE do not divide and persist for the life of an individual. The RPE is one of the most 

actively metabolic cellular layers in the body, and its proper function is vital to the maintenance 

of the photoreceptors. It participates in the regeneration visual pigments,14 maintains the blood-

retinal barrier,15 phagocytize shed photoreceptor outer segments,16 synthesizes extracelullar 

matrix, and actively transports materials to and from the interphotoreceptor matrix.17 RPE cells 

also contain melanin molecules that absorb light throughout the visible spectrum to increase 
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visual acuity. Many investigators hypothesize that the primary lesion responsible for AMD 

occurs in the RPE.13,18-20 These multiple functions may be very taxing for the RPE, a single layer 

of cells with minimal regenerative properties. In addition, these functions may become less 

efficient with age, particularly in the macula which is the most visually and, presumably, 

metabolically active region of the primate retina. 

Lying between the RPE and the choriocapillaris is Bruch’s membrane, a 5-layer connective 

tissue made in part by the RPE and the choriocapillaris (Figure 1-2). Moving outward from the 

RPE, these layers are the RPE basal lamina, the inner collagenous layer, the elastic layer, the 

outer collagenous layer and the basal lamina of the choriocapillaris.  Debris from the RPE is 

passed through Bruch’s membrane to be emptied into the choriocapillaris just as nutrients are 

filtered through to be delivered to the RPE and the cells of the outer neural retina. There are 

several changes that occur in Bruch’s membrane with age, including an increase in its thickness 

due to increased collagen deposition,21,22 an exponential increase in lipid content23 and a decrease 

in its hydraulic conductivity.24,25 All the aforementioned age related changes in Bruch’s 

membrane may cause a hindrance in the exchange of material between the choroid and the RPE. 

The choroid (Figure 1-2) contains a network of blood vessels, nerves, immune cells, and 

fibroblasts. The vital function of the choroid and its associated network of capillaries 

(choriocapillaries) is to supply the RPE and outer retina with all of their nutritional needs. The 

choroid is also responsible for clearance of waste products from the photoreceptors and RPE. 

The blood flow through the choroid is one of the highest in the body, largely to support the high 

metabolic demands of the outer retina.26 The partial pressure of oxygen (pO2) in the 

choriocapillaris is maintained at a level higher than any other perfused tissue, which causes the 

pO2 levels of the RPE to also be very high, due to its close proximity to the choriocappilaris.27  
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The photoreceptor/RPE/Bruch’s membrane/choroid complex acts as a unit and its proper 

function is vital for vision. Damage to one of the components of this unit may disrupt its flow of 

activities and lead to the manifestation of diseases such as AMD. 

The macula is a specialized region of the primate retina upon which light passing through 

the eye is focused to give sharp, fine or central vision (Figure 1-3A). The term macula is derived 

from the presence of the xanthophyllic pigments (zeaxanthin and lutein) that give this structure 

its hyperpigmentated yellowish appearance on a fundus photograph (Figure 1-3B). Several 

functions have been hypothesized for the macular pigments, including protecting the macula 

against retinal damage by filtering out phototoxic short wavelength visible light thereby sparing 

the photoreceptor outer segments from oxidative stress.28 In addition, the pigments may limit the 

effects of light scatter and chromatic aberration on visual performance.29 The unique 

arrangement and composition of cells in the macula separate it from the rest of the retina as well 

as maximize the amount of light that is focused on its photoreceptors (Figure 1-3C). The foveal 

region of the macula contains the greatest concentration of cones as well as inner retinal neurons 

and ganglion cells that carry visual signals to the brain. In the fovea, synaptic junctions made 

between the photoreceptor cells, inner retinal neurons( bipolar cells) and ganglion cells approach 

a ratio of 1:1:1 to enhance resolution of images.30 The center of the macula is also free of retinal 

blood vessels (the capillary-free zone) to further enhance visual acuity. The macula is also 

distinguished from the peripheral retina because of its increased metabolic activity, elevated 

blood flow in the choroid, and exposure to focused light.9 The differences in anatomy and 

physiology between these two regions of the retina may explain the increased susceptibility of 

the macula versus the peripheral retina to degeneration. 
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Age-Related Macular Degeneration 

Histopathological Characteristics  

The histopathological hallmark of AMD is the occurrence of drusen, deposits of debris that 

form between the RPE cell plasma membrane and its basement membrane (basal laminar 

deposits or BlamD) or between the basement membrane of the RPE and Bruch’s membrane 

(basal linear deposits or BlinD)31,32 (Figure 1-4). Basal linear deposits are the most frequent 

histopathological correlates of soft drusen.33-35The origin of the membranous debris is still 

debated but is thought to be undigested membranes of the photoreceptor outer segments, 

delivered by the RPE in the form of vacuoles or vesicles.36 Drusen are generally classified into 

three main categories: small hard drusen, soft drusen, and confluent drusen. Soft and confluent 

drusen are thought to be specific to AMD.37 

Defining AMD is complicated because the disease is clinically heterogeneous.  In this 

dissertation, I will classify AMD as early or late as well as “dry” or “wet.” Early lesions which 

include soft or large drusen and pigmentary abnormalities even in the absence of vision loss are 

classified as early AMD. Late AMD has two alternative lesions: geographic atrophy (GA), which 

is the end stage of dry AMD, and wet AMD (Figure 1-5). GA is clinically observed by 

funduscopy as a well demarcated area of decreased retinal thickness with relative pigmentary 

changes that allow for increased visualization of the underlying choroidal vessel compared to the 

surrounding retina.38 Histologically, the features of GA include thickening of Bruch’s membrane, 

disturbances to RPE pigmentation, atrophy, migration, and degeneration of the RPE as well as 

secondary degeneration and loss of the photoreceptors that overlie the degenerating RPE cells. 

11,31,38,39 The result of these retinal damages is the gradual, progressive loss of central vision. 

Although more than 80 % of those with the disease have the dry form, 90 % of all severe vision 

loss from AMD occurs in the fewer than 20 % of patients affected by the wet form.3 In wet 
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AMD, new vessels are formed from the choroid (choroidal neovascularization) and they grow 

into the sub RPE or sub retinal areas (Figure 1-5). These new vessels are very delicate and break 

easily, leading to subretinal fluid, subretinal hemorrhage and RPE detachment. The late 

manifestation of wet AMD is a disciform scar. All of these changes that occur in the macular 

region of the retina are responsible for the lost of central vision in AMD (Figure 1-6).  

In addition to accumulating debris beneath its membranes, over time the RPE also 

accumulates waste in its cytoplasm within secondary lysosomes or residual bodies. This waste is 

referred to as lipofuscin, a lipid-protein aggregate that autofluoresces when excited by short 

wavelength light (Figure 1-7).40,41  The bulk of lipofuscin is derived from partially degraded 

outer segment disks and autophagocytic processes.42-44  Several components of lipofuscin have 

been identified including A2E, the major chromophore of lipofuscin, and components derived 

from free radical induced oxidation of macromolecules.45 In particular, lipids and proteins have 

been detected with subsequent molecular rearrangement and crosslinking to themselves and 

other macromolecules.  The components of lipofuscin are thought to inhibit lysosomal protein 

degradation,46-48 to produce a variety of ROS through photoreactions 49,50 and to have detergent 

properties.51 All these characteristics of lipofuscin may lead to induction of apoptosis in the 

RPE.52 Accumulation of lipofuscin in the RPE is observed to be greatest in the posterior pole, 

especially in the macula.53 Lipofuscin also serves as the major source of fundus 

autofluorescence.54 It is hypothesized that accumulation of autofluorescent lipofuscin granules in 

the lysosomal compartment of postmitotic RPE cells plays an important role in AMD 

pathogenesis.55 

Epidemiology and Risk Factors 

AMD is the leading cause of irreversible severe visual loss in those 50 or older in 

industrialized countries.2,3,56,57  Several population based studies have been conducted to 
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determine the prevalence of AMD in different parts of the world. Based on the results of these 

studies, an approximate overall prevalence for early AMD among whites aged 65-74 years is 

15%, 75-84 years 25%, and 85+, 30% (Figure 1-8A).  The overall prevalence for late AMD 

among whites drops to 1% in those aged 65-74 years, 5% for age 75-84 years, and 13% for 85 

years and over (Figure 1-8B). In the US, the five year cumulative number of new cases 

(incidence) of early AMD is 4% for patients younger than 75 years and 18% for those aged 75 

and above. These frequencies are 0.15% and 2.6% respectively for late AMD (Figure 1-9). 

Macular degeneration is a genetically complex disease probably involving numerous 

susceptibility genes. In addition, a number of environmental factors may be interacting with the 

genetic components to confer risk for the development of AMD in any given individual. The 

factors that have thus far been proposed and acknowledged to increase one’s risk for developing 

AMD can be divided into modifiable and non-modifiable factors. Nonmodifiable risks factors 

include age, race/ethnicity, heredity or family history of AMD, female gender and iris color.58-63 

Modifiable factors for AMD include smoking, sunlight exposure, intake of antioxidants and 

micronutrients, macular pigment density, cardiovascular disease, hypertension, serum lipid levels 

and its dietary intake, body mass index, hyperopia, as well as cataract and its surgery.58,59,64-67 

Genetics and nonmodifiable risk factors 

Population, family, and twin studies have made the inheritance of AMD increasingly 

evident, demonstrating a strong familial prevalence for the disease.7,8,61,68 Klaver et al,61 Hyman 

et al,7 Seddon et al,8 and the Blue Mountains Eye Study 68 have all reported a significantly higher 

prevalence of AMD in relatives of subjects with AMD compared to relatives of non AMD 

controls. Twin studies have also consistently shown higher levels of concordance of the disease 

among mono and dizygotic twins compared to unrelated individuals.69-74 
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Contribution of genetic factors in AMD development is further supported by reports of 

polymorphisms in various genes found to be associated with the disease. Recently, 3 independent 

groups using single nucleotide polymorphism screening identified a DNA sequence change in 

the gene for the regulator of complement activation, complement factor H (CFH), which causes 

the amino acid tyrosine at position 402 to be replaced by the amino acid histidine.75-77 The results 

from these 3 studies indicate that the complement factor Y402H variant increases the chance of 

developing macular degeneration by at least 5 fold. Additional studies evaluating the 

complement factor H variant in AMD patients and controls have confirmed these results.78-81
 

Another recent study has reported an association between the genes for complement component 

2 and factor B with developing AMD.82 A polymorphism in the Toll-like receptor 4 gene has 

also been found to confer increased risk for developing AMD.83 Because the CFH, CC2, Factor 

B and TLR4 genes act along the same biological pathway, these findings suggest that the 

inflammatory process plays a significant role in AMD development. Two recent reports have 

highlighted the PLEKHA1/LOC387715 locus on chromosome 10 as another possible major 

locus contributing to AMD development.84,85  The PLEKHA1 gene encodes the protein 

TAPP1which plays a role in lymphocyte activation. There is a lack of functional information 

currently available for the LOC387715 gene, therefore, a detailed physiological hypothesis for 

LOC387715 is not possible at this time. 

A number of genes known to be involved in inherited maculopathies, which function 

specifically in the outer retina, have been investigated for association with AMD. Allikmets et al 

has reported a statistically significant association between AMD and the photoreceptor ATP-

binding transporter gene (ABCR) that is responsible for autosomal recessive Stargardt disease.86 

These findings remain controversial because contradictory reports have been published that 
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refute the association between the ABCR gene and AMD.87-89 The ELOVL4 gene, which 

encodes a retinal photoreceptor-specific factor involved in the elongation of fatty acids is the 

causal gene for STGD3 (autosomal dominant Stargardt-like macular degeneration) and adMD 

(autosomal dominant atrophic macular degeneration).90 Conley et al have found evidence of an 

association between AMD and the ELOVL4 gene,78 while Ayyagari and colleagues did not find 

a statistically significant association between variants in the ELOVL4 gene sequence and 

findings of AMD.91 Other genes that have been investigated include the VMD2 gene implicated 

in Best’s disease,92 the TIMP3 gene involved in Sorby’s dystrophy, 93 the EFMP1 gene 

associated with Doyne’s honeycomb and Mallatia Leventinese,94 and the RDS gene linked to 

Sorsby’s fundus dystrophy, butterfly dystrophy, and Stargardt’s disease. Although variations in 

these genes were shown to occur more frequently in AMD cases, none of these associations were 

statistically significant. Other candidate genes that have been linked to AMD although with 

mixed results, include APOE,95,96 HEMICENTIN-1, 97-99VLDLR,97 ACE,78,100 SOD1,101 and 

SOD2.102  

To date, age remains the strongest risk factor associated with AMD. The prevalence, 

incidence, and progression of all forms of AMD increase with advancing age in all studies 

conducted.1,103,104 AMD has been reported to be more prevalent among women compared to 

men.5,59,105 However, gender has not been consistently found to be a risk factor for AMD.103,106-

108 If women do have an increased risk for developing AMD, some hypothesize it may be due to 

the effect of estrogen-related variables. The Eye Disease Case Control Study found that the 

postmenopausal use of estrogen was protective against development of wet AMD.109 Several 

studies have reported the overall prevalence of any AMD was lower in blacks than 

whites.60,108,110-112 In addition, a higher incidence of AMD has been reported in people with blue 
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or light iris color.7,113-115 These findings may be explained in part by differences in genetic 

susceptibility, as well as protective effects of greater melanin content in the eyes of darker 

skinned individuals. This increased pigmentation may provide some protection to the retina from 

exposure to sunlight, reducing direct photooxidative damage thereby reducing the risk of AMD. 

Environmental and modifiable risk factors 

Of the environmental influences, smoking has most consistently been associated with 

increased risk of AMD. Data from several large population based studies,116-119 case control 

studies,7,109,110 and two large prospective cohort studies120,121 provide convincing evidence that 

cigarette smoking is a risk factor for AMD. Several mechanisms could explain the link between 

AMD and smoking. Some have suggested that the effect of smoking on the development of 

AMD may be related to its effect on antioxidants in the body.122 Studies have shown that 

smokers have much lower plasma levels of beta-carotene than do nonsmokers.123,124 It is possible 

that by reducing serum antioxidants,124-126 smoking decreases retinal antioxidant enzymes as 

well. In addition, a study conducted by Hammond et al found that smokers have significantly 

lower macular pigment density compared to non- smoking age-matched controls.127 Another 

pathway that could be involved is alteration of the choroidal blood flow by the components of 

tobacco.128 

Exposure to sunlight has long been suggested to be a risk factor for AMD.129-131 Short term 

exposure to longer wavelength ultraviolet and blue light can cause retinal damage in animals.132 

There are some similarities between long-term changes seen in laboratory animals exposed to 

shorter wavelength visible light and changes seen in patients with AMD.133-137 It is theorized that 

light may lead to the generation of reactive oxygen species in the outer retina and/or choroid and 

cause injury.137 
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Given the putative protective role of macular pigments, there has recently been heightened 

interest in the potential role of the macular pigments in protecting against AMD. The density of 

macular pigments has been found to be significantly higher in men than women.138 This finding 

may explain the higher prevalence of AMD in women. Hammond et al have reported a strong 

inverse relationship between smoking and macular pigment density and this may explain in part 

how smoking increases the risk of AMD.127 The density of macular pigments can be altered by 

diet,139 and The Eye Disease Case Control Study reported that a higher dietary intake of macular 

pigments from leafy green vegetables was associated with reduced risk of developing wet 

AMD.140 

Antioxidants, such as vitamin C, vitamin E, beta-carotene, and glutathione, and antioxidant 

enzymes, in theory could act as free radical scavengers and thereby prevent cellular damage. 

Although there are conflicting reports, the overall balance of evidence does support that there is 

an inverse relationship between antioxidants and AMD.141,142 The most compelling evidence 

comes from the Eye Diseases Case Control Study (EDCCS) and the Age-Related Eye Diseases 

Study (AREDS). The EDCCS reported a progressive decrease in the risk of wet AMD with 

increasing serum levels of carotenoids and increasing antioxidant index (a composite score based 

on serum carotenoids, selenium, vitamins C and E).143 In addition, higher levels of lutein and 

zeaxanthin, were associated with statistically significant reductions in risk of wet AMD. In the 

AREDS study participants were randomly assigned to receive an oral supplement of (1) 

antioxidant combination (vitamin C, Vitamin E, and beta carotene); (2) zinc; (3) antioxidant 

combination plus zinc; or (4) placebo. Both antioxidant combination plus zinc and zinc alone 

significantly reduced the progression to advanced AMD.144 
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A possible association between AMD and cataract is being debated. Several investigators 

have noted deterioration of AMD following cataract surgery.145-149 In the Beaver Dam Eye 

Study, eyes having undergone cataract surgery before baseline, compared with eyes that were 

phakic (contain corrective lens implanted into the eye without removing the eye's natural lens) at 

baseline, were more likely to have progression of AMD and to develop signs of late AMD.150 It 

is possible that retardation of transmission of light to the retina by cataracts may decrease the 

extent of light damage.150 

A number of documented risk factors for cardiovascular disease such as hypertension, 

hypercholesterolemia, diabetes, high dietary intake of fats, and a high body mass index have 

been associated with AMD.113,151-153 The results from these studies are not very consistent. 

Several studies did not find a significant relationship between a history of cardiovascular disease 

and early or late AMD.143,154-157 

Reactive Oxygen/Nitrogen Species and Antioxidant Enzymes 

Reactive oxygen and nitrogen species (ROS/RNS) include chemically active molecules 

such as the superoxide anion (O2.), the hydroxyl radical (OH.), peroxynitrite anion (ONOO.), 

hydroperoxyl radical (HO2), peroxyl radical (ROO.) and alkoxyl radical (RO.), as well as non-

radicals, namely hydrogen peroxide (H2O2), singlet oxygen (1O2), hypochlorous acid (HOCl), 

and nitric oxide (NO)158 (Figure 1-10). Under normal physiological conditions, mitochondria are 

the major intracellular source of ROS, producing superoxide anion as a normal byproduct of 

oxidative metabolism.159 Mitochondria produce approximately 90% of cell’s ROS.160 Between 

1% and 4% of oxygen used by normal mitochondria is converted to superoxide.161,162 In older 

subjects the proportion is higher.163,164  Superoxide acts as a precursor to several other ROS. For 

example, reduction of superoxide with the addition of two hydrogen ions produces H2O2 which 

can decompose to generate the highly reactive OH radical by the Haber-Weiss reaction, 
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catalyzed by a transition metal such as iron (Fe)2+ or copper (Cu)2+ and by the Fenton reaction. 

Superoxide can also react with NO to produce ONOO. This reaction is highly favorable such that 

NO efficiently competes with superoxide dismutase (SOD) for O2
..165 Some free radicals can 

leak from the confines of the mitochondrial matrix and cause damage in the cytoplasm and 

nucleus.166 

There are several other sources of ROS production in organisms besides the electron 

transport chain of the mitochondria. Macrophages and neutrophils use the NADPH oxidase 

system to produce singlet oxygen and hydrogen peroxide as part of the respiratory burst used to 

kill pathogens. ROS may also be produced by xanthine oxidase, nitric oxide synthase167 or as 

byproduct in the production of prostaglandins, from exposure to light, ionizing radiation, 

pollution, cigarette smoke, and even ischaemia.168 ROS are generated as a second messenger for 

some cytokines and hormones.169,170 ROS/RNS seek a source of electrons and can abstract them 

in cells from lipids, proteins, nucleic acids and carbohydrates. These reactions usually lead to 

damage of these macromolecules and may lead to cell death and disease. 

Lipids are peroxidized when a reactive oxygen species comes in contact with a 

polyunsaturated fatty acid (PUFA) such as docosahexanoic acid (DHA), the predominant fatty 

acid found in the cell membrane the photoreceptor outer segments.171 Lipid peroxyls and lipid 

peroxides stabilize themselves by stealing electrons from other PUFA, causing a free radical 

chain reaction.172 Lipid-derived molecules irreversibly altered by oxidative effects are known as 

advanced lipoxation end products or ALEs.  Lipid peroxides may cross-link with molecules they 

react with, to produce abnormal conjugates, increase cell membrane rigidity, and contribute to 

the aging of the membranes.173-175  Lipid peroxidation generates a variety of relatively stable 

decomposition end products that can be used as markers for lipid peroxidation. These include 
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alpha and beta unsaturated reactive aldehydes, such as malondialdehyde (MDA), 4-hydroxy-2-

nonenal (HNE),176 2-propenal (acrolein),177,178 and isoprostanes.179,180 

Proteins may be oxidized by ROS and result in the production of protein carbonyls, protein 

thiols and nitrotyrosine to render the proteins nonfunctional. ROS attack on proteins directly alter 

the chemical composition of the protein, may secondarily affect protein configuration, and can 

also lead to protein cross-linking. The biological turnover of these altered proteins is more 

difficult and can inhibit normal proteosomal function. Histidine, proline, arginine, and lysine 

have been identified as major targets for oxidation resulting in the formation of protein 

carbonyls. Cysteine residues are also susceptible to metal-catalyzed oxidation resulting in 

reversible disulfide cross-linking.181,182 

ROS induce all forms of DNA damage, including base modifications, strand breakage, and 

DNA-protein crosslinks.  The most prevalent product of DNA oxidation that is detected in 

genomic DNA in mammalian cells is 8-hydroxy-2-deoxyguanosine (8-OHdG). This modification 

is a major product of hydroxyl radical attack on DNA, and is often used in assessing oxidative 

damage.183 Carbohydrates may also be modified by ROS. End products derived from 

carbohydrates and ROS reactions are known as advanced glycation end products or AGEs.  

Cells are equipped with a number of antioxidant defenses to maintain homeostasis between 

the production and removal of ROS. When ROS overwhelm the antioxidant defense mechanisms 

a state of oxidative stress may occur. Cells use both enzymatic (Figure 1-10) and nonenzymatic 

antioxidants systems to counterbalance free-radical generation. In humans, there are three forms 

of the antioxidant enzyme that detoxifies the cell of superoxide anion; cytosolic or copper/zinc 

superoxide dismutase (SOD1), mitochondrial or manganese superoxide dismutase (SOD2), and 

extracellular superoxide dismutase (SOD3) which all catalyze the conversion of the superoxide 
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anion to molecular oxygen and hydrogen peroxide.184 SOD2 serves as the cell’s primary defense 

against ROS since the mitochondria generate the majority of the ROS in the cell.185 In addition, 

the fact that SOD2 knockouts only live for approximately three weeks of age, while SOD1 

knockouts are viable, demonstrates how critical this enzyme is to the cell. The hydrogen 

peroxide produced by the reactions of the SOD enzymes is converted to water by catalase and 

glutathione peroxidase (Figure 1-10). Nonenzymatic antioxidants involved in cellular defense 

include vitamins A, C, and E, which all scavenge and react with O2 and OH, as well as beta-

carotene, lutein, lycopene, vitamin B2 and coenzyme Q10. Other antioxidant systems include 

thioredoxin, peroxiredoxins, hemeoxygenase and methionine suldfoxide.186,187,166 

Current Animal Models of AMD 

The current animal models of AMD use both spontaneous and stimulated conditions to 

study the disease. For example, with age, rhesus macaques develop drusen similar to humans.9 

Some models use laser burns in Bruch’s membrane or over expression of angiogenic factors such 

as VEGF to induce choroidal neovascularization.188-191  Other models attempt to stimulate AMD 

through senescence acceleration such as the Senescence-Accelerated Mouse.192 A number of 

candidate genes that are suspected to be involved in AMD pathogenesis have been manipulated 

in mice. These include the Ccl-2/Ccr-2,193 Abcr,194 Vldlr,195 Sod1, 101and the Cp (ceruloplasmin) 

knockout mice196 which show varying degree of AMD-like features. Several transgenic lines of 

mice such as the APO*E3-Leiden,197 ELOVL4198 and mcd/mcd199 also recapitulate aspects of 

AMD. Finally AMD like features are also stimulated by high fat diets, phototoxicity, and smoke 

inhalation.200-202 

Ribozymes 

Gene interference strategies using antisense oligonucleotides, ribozymes, DNAzymes 

RNA interference (RNAi), and zinc finger proteins have emerged as not only powerful tools to 

http://www.vitacost.com/science/hn/Supp/Beta_Carotene.htm
http://www.vitacost.com/science/hn/Supp/Beta_Carotene.htm
http://www.vitacost.com/science/hn/Supp/Lutein.htm
http://www.vitacost.com/science/hn/Supp/Lycopene.htm
http://www.vitacost.com/science/hn/Supp/Vitamin_B2.htm
http://www.vitacost.com/science/hn/Supp/Coenzyme_Q10.htm
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study gene function, but as potential therapeutic agents for human diseases. The choice of which 

of the above technologies to use depends on the specific circumstances of the application. From 

these tools, ribozymes have been shown to be promising gene targeting reagents to specifically 

knockdown gene expression.  

Ribozymes are catalytic RNAs that mediate the cleavage or ligation of specific RNA 

molecules by transesterification or hydrolysis of phosphate groups. They have also been found to 

catalyze the aminotransferase activity of the ribosome.203 The ability of some RNA sequences to 

possess catalytic properties was first demonstrated for the group I intron ribozyme of 

Tetrahymena thermophil.204 and the RNA moiety of RNAse P.205 Since then, several more 

naturally occurring classes of ribozyme have been identified. These include the hammerhead, 

hepatitis delta virus (HDV), hairpin, Neurospora Varkud satellite (Vs) and group II intron 

ribozymes.206-215 In addition, two totally new RNA cleavage activities have recently emerged. 

The first is called riboswitches, a group of control elements mainly found in prokaryotic mRNA. 

Riboswitches regulate gene expression by selectively binding a metabolite related to the function 

of the gene to sequester or release sequences required for transcriptional termination or initiation 

of translation.216,217 The second may be an important new class of functional cellular catalytic 

RNA species, first shown to exist in the human β-globin gene. This element lies within a 200 

nucleotide sequence in the 3’end of the β-globin mRNA, and undergoes self-cleavage at a 

particular site.218 

To date, the hammerhead ribozyme is the most commonly used ribozyme to study gene 

function and for disease therapy because of its simplicity, relatively small size and its ability to 

be inserted into a variety of flanking sequences without changing its ability to cleave its 

target.219-223 In addition, design of a hammerhead is also less stringent than other ribozymes such 
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as the hairpin. The hammerhead ribozymes are the smallest of the endonucleolytic cis-acting 

ribozymes at approximately 30-nucleotides long. This motif was discovered in the RNA genome 

of different plant viroids and virusoids where they exist as self cleaving domains in the RNA 

genomes to process the products of rolling circle replication into single genome length strands.224 

Although in nature these ribozymes function in cis, Uhlenbeck and others later developed them 

to work in trans against other RNA targets.225,226 

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 227-229 (Figure 1-11). In theory, 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’ fragment.230 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 (Figure 1-12). 

The multiple turnover characteristic of the hammerhead ribozyme makes it advantageous 

over other technologies such as antisense oligonucleotides, which only act in a 1:1 stoichiometric 

relationship with the target RNA. Unlike siRNAs, ribozymes do not require endogenous cellular 

pathways and proteins to carry out cleavage of their targets. There are also concerns of off-target 

effects with antisense oligonucleotides,231 DNAzymes and siRNAs232. Hammerhead ribozymes 

appear to be more sensitive to base changes near the cleavage site than other antisense 

approaches, and therefore can be used to discriminate between single nucleotide 
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polymorphisms.233,234 It has been reported that the CpG motifs of antisense oligonucleotides can 

elicit immune responses in vivo,235 and siRNAs are capable of activitating the interferon response 

pathway.236 These and other cellular toxicities have not been reported for ribozymes. The 

hammerhead ribozyme has already been successfully used to down-regulate cancer causing 

genes,237,238 and suppression of viral infections.239,240 Others have used ribozymes to knockdown 

specific targets to model disease phenotypes.241-244 

Adeno-Associated Virus 

Adeno-Associated Virus (AAV) is a member of the small single-stranded DNA viruses of 

the Parvoviradae family.245,246 The virus is classified under the genus Dependovirus which 

requires a helper virus such as Adenovirus or Herpes virus for a productive infection. In the 

absence of helper virus, it’s been shown in human cells that AAV intergrates in a specific locus 

of chromosome 19,19q13.3-qter (AAVS1).247 AAV may also establish a latent infection within 

the cell by persisting in episomal forms. The capsid of AAV is approximately 20 nm in diameter 

and encapsidates its 4.7 kb genome consisting of two large open reading frames (ORF). The first 

ORF, rep, encodes four replication proteins (Rep78, Rep68, Rep52 and Rep40) responsible for 

site-specific integration, nicking, and helicase activity, as well as regulation of promoters within 

the AAV genome. The second ORF, cap, encodes the capsid structural proteins VP1, VP2, and 

VP3. These three proteins are assembled at a ratio of 1:1:10 to form the icosahedral virion 

composed of 60 units. The genome of AAV is flanked by inverted terminal repeats (ITR) which 

are the only cis-acting elements required for genome replication and packaging.245 

To date, 11 different cloned AAV serotypes (AAV1-5, AAV7-11) and over 100 AAV 

variants have been isolated from adenovirus stocks or from human and nonhuman primate 

tissues.247-255 AAV2 was the first serotype isolated and developed into recombinant vectors for 

transgene delivery, and is therefore the most widely studied. The genome of AAV vectors used 
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for gene therapy is deleted of the entire wild-type viral coding regions (rep and cap). The 

production of rAAV vectors is based on the molecular cloning of the various AAV components 

into separate plasmids. A plasmid containing the transgene of interest flanked by the viral ITRs, 

and a second plasmid that encodes rep and cap proteins and the helper plasmid for the adenoviral 

helper genes (E2A, E4orf6 and VA RNA from human Adenovirus 5) are transiently co-

transfected into 293 cells.256 AAV is purified by harvesting the cells after 72 hours. The cells are 

resuspended in 0.5% sodium deoxycholate, 20 mM Tris HCl, pH 8.0 and 150mM NaCl, and 

treated with benzonase.  The cellular membranes are disrupted by three cycles of repeated 

freeze-thaws. Crude lysates are purified using affinity chromatography, followed by cation 

exchange chromatography.  The final product is usually concentrated to a final titer of 1-2x10
12-

13 vector genome/ml. 

It has been observed that the majority of the general population contain circulating 

antibodies for AAV capsid. This is a problem if re-administration of the vector is required. Due 

to this fact, many researchers have sought to use the different serotypes of AAV. The cap genes 

used to assemble the capsids of the different AAV serotypes are interchangeable. Consequently, 

hybrid AAV vectors containing the ITRs of one AAV serotype can be packaged in the capsid of 

another. Hybrid AAV vectors are now produced using a pseudotyping strategy in which the 

AAV genome is flanked by AAV2 ITRs and the capsids are from AAV 1-9. These vectors are 

typically designated AAV2/1-9.257  The differences in the capsid proteins of the different AAV 

serotypes are probably the key element to their distinct cell and tissue affinities. 

AAV has become one of the most efficient vehicles for gene delivery to the retina. AAV 

has a number of features that makes it an attractive vector for the retinal gene delivery. 1) 

Vectors are deleted of both rep and cap genes, limiting their natural spread because both wild 
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type AAV and a helper virus would be required for its propagation.258 2) AAV does not invoke 

an inflammatory immune response and has not been associated with any disease in humans or 

animals. 3) The virus has been shown to transduce a wide range of tissues including both 

dividing and nondividing cells. In the case of the retina, this is very important because the 

majority of the cell types in the retina do not divide. 4) Transgenes delivered via AAV establish 

long-term expression. Le Meur et al have demonstrated that subretinal injection of AAV2 vector 

into dogs or primates can sustain constitutive transgene expression in the retina for at least 36 

months.259 5) Methods are currently in place for the production and purification of AAV in high 

titers, which allows a high fraction of the cells being targeted to become exposed to the vector.  

The tropisms and transduction patterns of the AAV vectors lead to efficient and stable gene 

transfer in RPE, photoreceptor, and ganglion cells.260-263 Various studies have shown that there 

are distinct differences in retinal cell tropism (Table 1-1), speed of onset and intensity of gene 

expression among the serotypes of AAV. In rodents, subretinal injection of AAV-2/1, -2/2, -2/3, 

-2/4 and -2/5 resulted in a hierarchy in the levels of green fluorescent protein transgene 

expression. AAV-2/1 shows early onset of eGFP expression (3–4 days) restricted to the RPE and 

is more efficient than AAV2/2.260,263,264  Subretinal delivered AAV-2/2 and AAV-2/ 5 vectors are 

able to transduce both RPE and photoreceptor cells, but do so in a slower onset with transgene 

expression occurring at 2–4 weeks.260 The level of gene expression of AAV5 appears to be 

greater than that of AAV2 in both the RPE and photoreceptors.263 AAV2/3 does not appear to 

have an affinity for retinal cells and AAV2/4 exhibits exclusive and stable transduction of the 

RPE.263,265 Similar to AAV1, AAV6 transduces primarily the RPE.263 Intravitreal injection of 

AAV2/2 results in the transduction of ganglion cells and various cells of the inner nuclear 

layer.260,266-270 No transduced cells are detected following intravitreal injection of AAV-2/5.271 
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AAV serotype studies conducted in the retinas of larger animals such as non human primates, 

dogs, and cats have generally confirmed the results obtained in rodent studies.268,272-274 

Project 

The events that lead to the injury of the macula in AMD are not all known. However, it is 

postulated that several risk factors including both genetic and environmental, determine one’s 

susceptibility to developing AMD. The number and variety of risk factors acknowledged or 

proposed for AMD suggest that there may be several different initiating events that contribute to 

the formation of the lesions that are recognized as AMD. The initiating events that lead to AMD 

may share a common mechanism by which they cause injury to the RPE. In this dissertation, I 

propose that oxidative tissue injury may be a unifying mechanism because it serves a common 

denominator between a number of the risk factors for AMD. 

To test this, I report the use of a ribozyme targeting MnSOD to induce oxidative damage to 

the RPE of wild type mice to model changes in the RPE/retina that may occur in the early stages 

AMD.  The ability of the SOD2 ribozymes to efficiently target MnSOD transcripts was first 

assayed in an RPE cell line followed by in vivo testing.  After ribozyme treatment of the outer 

retina, we assayed for levels of MnSOD protein and increased markers of oxidative stress in the 

RPE/Choroid.  Dark adapted full field electroretinogram (ERG) measurements were performed 

to look for changes in retinal electrophysiology. Light and electron microscopy were also used to 

observe histological changes in the retinas. 
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Figure 1-1. The layers of the retina.  Left photo is a schematic diagram of the ten layers of the 

retina and the right photo is a corresponding micrograph. 
http://www.mc.vanderbilt.edu/histology/labmanual2002/labsection2/Eye03.html 

http://www.mc.vanderbilt.edu/histology/labmanual2002/labsection2/Eye03.htm
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Figure 1-2. Layers of the retina affected by AMD. A) Electron micrograph of the 

photoreceptor/RPE/BrM/Choroid complex (Majji IOVS 2000). B) A corresponding 
schematic diagram of the complex. Note the inner and outermost layers of BrM are 
the basal laminas of the RPE and choriocapillaris respectively. 
(http://content.nejm.org/content /vol351/ issue4/ images/large/04f2.jpeg)  

http://content.nejm.org/content /vol351/ issue4/
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Figure 1-3. The macula. A) The macula contains the xanthophylic pigments, zeaxanthin and 

lutein that gives it a hyperpigmentated yellowish appearance. B) Light passing 
through the eye is focused on the macula to give us our sharpest vision. C) The retinal 
cells in the center of the macula are uniquely arranged to maximize the amount of 
light captured by it photoreceptors.  
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Figure 1-4. SubRPE deposits. Debris can accumulate between the plasma and basement 

membranes of the RPE (BlamD) or between the basement membrane of the RPE and 
Bruch’s membrane (BlinD) (Curcio CA, 1999). 
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Figure 1-5. Schematic diagram of Dry and Wet AMD. A and B) Dry AMD is characterized by 

drusen as well as degenerated RPE and photoreceptor cells. In wet AMD there is 
abnormal growth and leakage of choroidal vessels into the subretinal space. 
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Figure 1-6. Injuries that occur in the macula due to AMD results in lost of central vision. The 

picture on the left represents normal vision. The picture on the right is the same scene 
as viewed by a person with AMD. 
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Figure 1-7. Lipofuscin. The bright yellow fluorescence in the RPE is produced by lipofuscin 

autofluorescence generated when excited by short wavenlengths of light. 
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Figure 1-8. A. Prevalence of early AMD among whites. B. Prevalence of late AMD among 

whites (Klaver CCW, 2004). US, United States; AUS, Australia; NL, Netherlands 
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Figure 1-9. Geographic differences in incidence of AMD. Comparison of 5 year cumulative 

incidence of late AMD in individuals 55 and older in three population based studies 
(Klaver CCW, 2004). 
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Figure 1-10. Reactive oxygen species (ROS) commonly generated in the cell (Red), and the 

mechanisms by which they are generated (black). ROS are removed by antioxidant 
enzymes (green) to prevent oxidation of cellular components (Temple, 2005). 
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Figure 1-11. Structure of the trans-acting hammerhead ribozyme. Cleavage by the ribozyme 

occurs after an NUX triplet shown in red.  The green nucleotides make up the 
conserved catalytic core that is necessary for catalysis. The ribozyme hybridizes to its 
target mRNA through complementary base pairing to form helices I and III. 
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Figure 1-12. Schematic diagram of cleavage by the hammerhead ribozyme. The hammerhead 

ribozyme in black binds to its target in red through complementary base pairing. 
Upon cleavage of the target, a 5’ and 3’ products are released and the ribozyme is free 
to catalyze successive cleavage reactions 
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Table1-1. Tropism of rAAV serotypes following subretinal injection in different animal species. 
RPE, retinal pigment epithelium; PR, photoreceptors; N/A, not available. Adapted 
from Rolling F, 2004. 

  rAAV vector             Mouse                       Rat                       Dog                        Primate. 
 

rAAV2/1 
 

RPE 
 

 
N/A 

 
N/A 

 
N/A 

 
 

rAAV2/2 

 
RPE 

+ 
PR 

 
RPE 

+ 
PR 

 
RPE 

+ 
PR 

 
RPE 

+ 
PR 

 
rAAV2/3 

 
_____ 

 
N/A 

 
N/A 

 
N/A 

 
rAAV2/4 

 
N/A 

 
RPE 

 

 
RPE 

 

 
RPE 

 

 
 

rAAV2/5 

 
RPE 

+ 
PR 

 
RPE 

+ 
PR 

 
RPE 

+ 
PR 

 
RPE 

+ 
PR 

 
 

rAAV5/5 

 
RPE 

+ 
PR 

 
 

N/A 

 
 

N/A 

 
RPE 

+ 
PR 

 
rAAV2/6 

 
RPE 

 
N/A 

 
N/A 

 
N/A 
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CHAPTER 2 
REDUCTION OF SOD2 EXPRESSION IN THE RPE OF WILD-TYPE MICE  

Introduction 

As a result of endogenous oxidative processes and exposure to environmental oxidants, 

over time we accumulate irreversible tissue damage.  These pathologic changes may lead to the 

development of age-related diseases such as amyotrophic lateral sclerosis, Parkinson Disease, 

Alzheimer’ Disease, atherosclerosis, and cancer.  Similarly, it has been hypothesized that 

oxidative damage is an integral component in the occurrence of AMD.  This interpretation is 

supported by numerous observations that suggest that the retina/RPE/choroid complex is 

particularly susceptible to damage by oxidants.  The RPE is very metabolically active, 

consuming a great deal of oxygen, and resides in an environment with high oxygen tension.275  

The retina/RPE/choroid complex is highly susceptible to photooxidative stress due to its 

continuous exposure to high levels of irradiation, and its numerous chromophores such as 

lipofuscin, rhodopsin, cytochrome c oxidase, and protoporphyrin IX that are able to generate 

ROS.50,276-279  There is also a high concentration of the polyunsaturated fatty acid (PUFA), 

docosahexaenoate (DHA), within lipids in the membranes of the photoreceptor outer segments 

thus making the retina inherently susceptible to lipid peroxidation (PUFA are readily oxidized by 

ROS).280  The RPE is subjected to a variety of metabolic stresses, one of which is the 

phagocytosis of photoreceptor disks, which has been shown to generate ROS.281  Other 

supportive evidence that oxidative damage plays a role in AMD pathogenesis include results 

from a study conducted by Kimura et al that found a significant association between a 

polymorphism in the gene encoding the protective enzyme manganese superoxide dismutase and 

wet AMD.102  In addition, high plasma levels of the antioxidants lutein and zeaxanthin are 

associated with reduced risk of developing AMD.116  SOD1 deficient mice which develop AMD 
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like drusen deposits develop an increased number of drusen after prolonged exposure to light.101  

Taking high levels of antioxidants and zinc are shown to slow the progression of early AMD to 

wet AMD.144  Smoking, which has been reported to deplete antioxidant levels is positively 

correlated to developing later stages of AMD.116-119,124-126  Espinosa-Heidmann et al. showed that 

exposure of mice to cigarette smoke resulted in AMD like features such as the formation of sub-

RPE deposits, thickening of Bruch’s membrane, and accumulation of deposits within Bruch’s 

membrane.282  Finally, Crabb and colleagues have shown that AMD retinas have increased 

oxidatively modified proteins compared to non-AMD retinas.283  The production of ROS in the 

retina/RPE/choroid complex by mitochondrial metabolism, rod outer segment phagocytosis, and 

chromophore photoxicity sets the stage for damaging reactions that can alter structures of 

macromolecules to yield peroxides, oxidized proteins and DNA strand breaks which are all 

precursors to cell death and disease.  

To protect itself from the oxidants generated by the various processes described above, the 

photoreceptor/RPE/choroid complex contains both enzymatic and nonenzymatic antioxidants 

such as Mn and Cu/Zn SOD, catalase, the glutathione (GSH) system, thioredoxins, 

peroxiredoxins as well as the vitamins C and E.284-288  MnSOD is considered to be one of the 

most important antioxidant components of a cell.  It is a homotetrameric enzyme with monomers 

of 25 kDa and requires manganese at the active center of each subunit.184  Mice completely 

depleted of the MnSOD gene die within 10–21 days after birth from cardiomyopathy, metabolic 

acidosis and neurodegeneration , further demonstrating the importance of the MnSOD 

enzyme.160,289-291  The ability to monitor progressive changes to the retina of MnSOD deficient 

mice is greatly limited because the mice do not live into adulthood.  Sandbach et al. 

characterized the pathologic features in the retinas of SOD2 deficient mice,292 however the 
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increased oxidative burden was not limited to the RPE where the primary lesion of AMD is 

thought to lie.  In an attempt to study the effects of oxidative damage to the RPE on the retina, I 

used a rAAV-ribozyme–mediated approach to knockdown the mRNA of MnSOD in the RPE of 

wild-type mice.  The AAV ribozyme approach allows somatic knockdown of SOD2 expression 

in normal adult tissue, thus circumventing the problem of the lethality of the SOD2 knockout.  

This approach has been successfully used to model other eye diseases such as retinitis 

pigmentosa and Leber Hereditary Optic Neuropathy.241-244 

In this chapter, I report the use of ribozymes targeting MnSOD to induce oxidative damage 

to the RPE of wild- type mice to model changes in the RPE/retina that may occur in the early 

stages of AMD.  The ability of the SOD2 ribozymes to efficiently target MnSOD transcripts was 

first assayed in a RPE cell line followed by in vivo testing.  After ribozyme treatment of the outer 

retina, we assayed for levels of MnSOD protein and increased markers of oxidative stress in the 

RPE/choroid.  Dark-adapted full field electroretinogram (ERG) detected 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. 

Materials and Methods 

In this study I used a ribozyme that cleaves after nucleotide 432 of the mouse SOD2 

transcript. Ribozyme 432 (Rz432) was previously designed and found to be catalytically active 

in vivo by Qi et al243.  The ribozyme and its mRNA targeting sequence are pictured in Figure 2-

1.  The cleavage triplet is shown in red. 

Ribozyme Cloning and rAAV 

DNA oligonucleotides coding for active and inactive Rz432 were ordered from Invitrogen 

(Carlsbad, California).  The sequences are listed in Table 2.1. The inactive ribozyme contains a 

G to C mutation (highlighted in red in Table 2.1) at a conserved position in the catalytic core that 
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abolishes activity of the ribozyme.  In addition to the ribozyme sequence, these oligonucleotides 

contained sequences (bold letters in Table 2.1) appended to their 5’ and 3’ ends so that when 

annealed they formed the sticky overhangs corresponding to HindIII at the 5’ end and SpeI at the 

3’ end.  Prior to use in vivo, Rz432 was tested in tissue culture cells.  For this purpose, the Rz432 

was cloned into an AAV packaging plasmid using the HindIII/SpeI sites under the control of the 

ubiquitous chicken beta-actin promoter (CBA) coupled to the cytomegalovirus enhancer.  

Immediately downstream of the Rz432 is a self cleaving hairpin ribozyme that releases it from 

downstream sequences, thereby making the ribozyme available to cleave its target. Within the 

same AAV packaging plasmid is a CMV-green fluorescent protein (GFP) cassette to enable 

visualization of which cells are expressing the ribozyme. The Rz432 plasmid is depicted in 

Figure 2-2. 

Preliminary experiments were performed to determine whether inducing oxidative stress in 

photoreceptor cells or in the RPE would have the greatest impact on the 

photoreceptor/RPE/choroid complex.  Rz432 was cloned into three rAAV2 packaging plasmids 

under the control of: (1) ubiquitous CBA promoter that leads to transduction in both the RPE and 

photoreceptors; (2) an 800 bp fragment of the RPE65 promoter which limits expression to the 

RPE; and (3) the 472 bp segment of the mouse opsin promoter (Mops 500) which limits 

expression to the photoreceptors.  The constructs are illustrated in Figure 2-3.  Large scale 

preparations of Rz432 plasmids were made using an alkaline lysis with SDS method to extract 

DNA from 1L of E. coli “sure cells” (Strategene, La Jolla, CA) transformed with the plasmids.  

The resulting plasmid preparations were further purified by cesium chloride-ethidium bromide 

gradient ultracentrifugation. 
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The packaging of Rz432 into AAV2 vectors was performed by the UF Ophthalmology 

Packaging Core.  Briefly, Human Embryonic Kidney 293 cells were co-transfected by CaPO4 

precipitation with the AAV packaging plasmid encoding the hammerhead ribozyme and a helper 

plasmid containing the AAV rep and cap genes as well as the adenovirus early genes needed to 

propagate AAV.  After 72 hours, cells were harvested and resuspended in 0.5% sodium 

deoxycholate in 20 mM Tris HCl, pH 8.0 and 150mM NaCl, and treated with benzonase.  The 

cellular membranes were disrupted by three cycles of repeated freeze-thaws. Crude lysates were 

purified using affinity chromatography, followed by cation exchange chromatography.  The final 

product was concentrated to a final titer of 1-2x10
12-13 

genome copies per ml of Balanced Salt 

Solution/0.014%Tween (Alcon, Fort Worth, TX). 

Cell Culture Studies with SOD2 Rz432 

RPE-J cells 

RPE-J cells were obtained from the American Type Culture Collection (ATCC, Rockville, 

MD). The cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM; Cellgro 

Mediatech, Inc., Herdon, VA) supplemented with 4% fetal bovine serum (FBS) (ATCC, 

Rockville, MD), non-essential amino acids (Cellgro Mediatech, Inc., Herdon, VA), and 

penicillin/ streptomycin (Cellgro Mediatech, Inc , Herndon, VA) at 32.5○C with 5%CO2.  To 

detach cells, they were treated with 0.5% trypsin EDTA (Cellgro Mediatech, Inc. (Herndon, VA) 

in phosphate buffered saline (PBS).  PBS is composed of 130mM NaCl and 10mM sodium 

phosphate, monobasic and dibasic mixed to pH 7.4  

SOD2 ribozyme delivery to RPE-J Cells  

The ability of Rz432 to function in RPE-J cells were determined by delivery of the 

ribozyme cloned in a plasmid under the control of the CBA promoter.  To serve as a control, 
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RPE-J cells were also treated with a plasmid containing only the GFP marker gene (Figure 2-2).  

The day before the transfections, the cells were trypsinized and counted using a 

hematocytometer.  3.5x106 cells were plated on 10cm dishes (Corning, Corning, NY). The next 

day 24 µg of Rz432 or GFP control plasmid DNA and 60µL of Lipofectamine 2000 (Invitrogen 

Corporation, Carlsbad, CA) were used per transfection.  The efficiency of the transfections was 

determined by using Fluorescence Activated Cell Sorting (FACScan; BD Biosciences, Lincoln 

Park, NJ) based on the fraction of cells expressing the GFP marker. 

RNA and protein isolation from RPE-J Cells 

At 1, 2, and 4 days post transfection, the RPE-J cells were harvested with the addition of 

trysin to the cells followed by centrifugation. The resulting cell pellets were divided in two.  Half 

of the pellet was used to isolate RNA using a Sigma GenElute Mammalian Total RNA Miniprep 

Kit (Sigma- Aldrich, St. Louis, MO) according to the manufacturer’s protocols.  The RNA 

samples were eluted in 50µl of elution buffer and treated with DNAse I (Ambion, Inc. Austin, 

TX) according to the manufacturer’s protocol.  The concentrations of the RNA samples were 

determined by measuring the OD260.  The other half of the pellet was used to extract protein. The 

cell pellet was resuspended in 150µl 1X Laemlli sample buffer (100mM Tris-HCl pH 6.8, 4% 

SDS, 20% glycerol) followed by sonication for 30s.  A 10µl aliquot was removed from each 

protein sample to measure protein concentrations at OD750 using the Bio-Rad Laboratories 

(Hercules,CA) DC Protein Assay Kit according to the manufacturer’s protocol.  DTT (200 mM) 

and protease inhibitor cocktail (1X) from Roche Applied Science (Indianapolis, IN) was added to 

the remaining volume of protein.  

Reverse transcriptase (RT-PCR) mRNA analysis in RPEJ cells 

MnSOD mRNA levels after treatment with Rz432 was determined by RT-PCR using β-

actin as an internal control. Reverse transcription (RT) reactions were performed using the 
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Amersham (Piscataway, NJ) First-Strand cDNA Synthesis Kit in 15 µl reaction volumes (7µl 

total RNA (2µg), 5 µl bulk mix, 1 µl 200 mM DTT, 1μl 30pmol SOD2 and 1μl 30pmol β  actin 

antisense primers. PCR reactions contained 2 µl of the RT reaction, 15 pmol each of β actin and 

MnSOD primers listed in Table 2-2, 0.2 mM dNTPs, Promega Buffer, 2.5 mM MgCl2, and 2.5U 

Promega Taq Polymerase in a 50 µl volume. The primers used for RT-PCR reactions are listed in 

Table 2-2.  To determine the linear range of amplification for MnSOD and β-actin, increasing 

number of PCR cycles were carried out consisting of 30s each at 95° C, 55°C and 72°C.  3µl of 

β-actin and 5µl of MnSOD and PCR products were resolved on a 7% polyacrylamide gel.  The 

gels were stained with a 10,000 fold dilution of SYBR Green (Invitrogen Molecular Probes, 

Carlsbad, CA ), in TBE (10mM EDTA, 0.45M Tris base, and 0.45M Boric Acid) for 15 minutes.  

The stained PCR products were visualized and quantitated using a Storm Phosphoimager and 

Imagequant software (GE Healthcare, NJ). MnSOD mRNA levels were expressed as a ratio of 

MnSOD to β-actin.  

MnSOD protein analysis in RPEJ cells 

Protein analysis was performed using western blotting.  The proteins from total cellular 

lysates were separated on a 12% SDS polyacrylamide gel (Bio-Rad Laboratories, Hercules, CA). 

10µg and 20µg of lysate were loaded for β-actin and MnSOD analysis respectively.  Proteins 

were electrotransferred to a nitrocellulose membrane.  The membrane was blocked for 1 hr at 

room temperature in 5% (w/v) skim milk powder (Carnation) diluted in PBS with 0.1% Tween-

20 (PBS-T) followed by incubation with a 1:2000 dilution of affinity-purified polyclonal rabbit 

anti-MnSOD antibody (Stressgen) or 1:5000 of monoclonal mouse anti- β-actin in 5% (w/v) 

skim milk powder/PBS-T at 4º C overnight.  Membranes were washed 3 times 5 min each in 

PBS-T and incubated with an anti-rabbit IgG (1:5000 for detection of MnSOD) and anti-mouse 

(1:5000 for detection of β -actin) alkaline phosphatase –conjugated secondary antibodies in 5% 
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skim/PBS-T for 1 hr at room temperature.  For detection of MnSOD and β-actin, the membranes 

were incubated with a BCIP/NBT substrate kit (Zymed Laboratories, Carlsbad, CA).  The 

immunostained bands were quantified by densitometry, using the Bio-Rad Quantity One 

software (Bio-Rad Laboratories, Hercules, CA).  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 from the control cells. 

Detection of superoxide anion in RPE-J cells 

To detect intracellular superoxide generation, I used the probe dihydroethidium (DHE) 

(Invitrogen, Molecular Probes, Carlsbad, CA) that is specifically oxidized by superoxide.  Upon 

binding of the oxidized DHE to nucleic acids a red fluorescent signal is produced. RPE-J cells 

seeded on a 96 well plate were transfected with Rz432 or GFP control plasmid.  At 2 days post 

transfection, treated and untreated cells were incubated with 5 µM DHE for 15 minutes at 37°C.  

The cells were washed and then observed with a Zeiss fluorescence microscope using the 

Axiovision 4.4 software (Zeiss International). A spectrofluorometer microplate reader 

(Molecular Devices, Corp., Sunnydale, CA) was used to quantitate the red fluorescence.  

Measurements obtained from the untreated cells were used as background and subtracted from 

levels obtained from treated cells.  

Apoptosis in RPE-J cells 

104 RPE-J cells were plated per well on a 96 well plate.  The next day the cells were 

transfected in triplicate with 0.2µg of Rz432 plasmid or GFP control plasmid and 0.6µl 

lipofectamine 2000 according to the manufacturer’s protocol.  At 48 hours post transfection, the 

cells were examined for apoptotic cell death.  A Cell Death Detection Elisa kit (Roche Applied 

Science, Indianapolis, IN) was used to measure nucleosome release, one of the hallmarks of 

apoptosis.  The assay was performed according to the methods outlined by the manufacturer. 
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Briefly, the cell lysates from the different samples were loaded onto the streptavidin coated plate.  

A mixture of anti-histone-biotin and anti-DNA-POD antibodies was added and incubated.  The 

anti-histone antibody binds to the histone component of the nucleosome while simulateneously 

attaching to the streptavidin coated plate via biotin.  In addition, the anti-DNA-POD antibody 

binds to the DNA component of the nucleosome.  The unbound antibodies were removed by 

washing, and ABTS )which serves as a substrate for POD) was added.  The absorbance of the 

color reaction produced by POD and ABTS was measured with a microplate reader (Biotek 

Instruments, Inc., Winoski, VT05404) at 405nm. 

In Vivo Studies with SOD2 Rz432 

Experimental animals and injection of AAV vectors 

Experimental animals which consisted of 4-7 weeks old wild type C57BL/6J and DBAJ/1 

mice were maintained in 12h:12h light/dark regime.  Before the injections, 1% atropine sulfate 

solution (Bausch and Lomb, Tampa, FL) was placed topically on the eyes of the mice 3 times at 

1 hour intervals.  Prior to injections, the mice were anesthetized using a ketamine/xylazine 

mixture and their eyes further dilated with 2.5% phenylephrine HCl.  Proparacaine HCl was also 

applied topically to the cornea as a local anesthetic.  The eyes then received a drop of 2.5% 

methylcelullose to aid in retinal visualization and to help keep the eye hydrated during injections.  

Groups of mice were injected subretinally with 1μl of 2.5x1012 particles per ml of active 

ribozyme or a control of either inactive ribozyme or GFP-only construct.  The injections were 

performed as described by Timmers et al.293. 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 
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posterior retina (Figure 2-4). VPP antibiotic ointment (Akorn, Buffalo Grove, IL) was placed on 

the eyes of the mice following injection to prevent infection. 

Detection of SOD2 ribozyme expression in vivo  

At 6 weeks post injection, mice treated with Rz432 or GFP were euthanized by an 

overdose of isofluorane (Abbott Laboratories, North Chicago, IL) followed by cervical 

dislocation. Their eyes were quickly removed, rinsed briefly in PBS, and enucleated.  The eyes 

were fixed in freshly made 4% paraformaldehyde solution at 4ºC overnight.  Following fixation, 

the eyes were incubated in 10, 20 and 30% sucrose for 2 hours, 6 hours and overnight 

respectively.  Eyes were embedded in Tissue Tek OCT compound embedding medium (Sakura 

Finetek, Torrance, CA) and frozen by dipping into isopentane cooled with liquid nitrogen. 

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 

of which the retinas of the mice were transduced was determined by native GFP fluorescence. 

GFP 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. 

MnSOD protein levels in vivo 

To detect levels of MnSOD, at 6 weeks post injection, 6 mice treated with AAV-Rz432 or 

AAV-GFP were euthanized.  Their eyes were quickly removed, rinsed briefly in PBS, and 

enucleated. The anterior chamber and excess tissue was also discarded.  The neural retina was 

separated from the posterior eye cup containing the RPE/choriod using a dissecting microscope.  

Pools of 2 posterior eye cups containing the RPE/choroid were placed in 150μl of Laemlli 

sample buffer.  Protein was extracted as described above.  20 µg of total lysates were separated 
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on a 12% SDS polyacrylamide gel.  MnSOD and β- actin protein bands were detected using the 

same protocol outline in the methods for RNA and protein analysis in RPEJ cells. 

Detection of markers of oxidative damage 

At 4 months post treatment, groups of 3 mice treated with AAV-Rz432 or AAV-GFP were 

euthanized by overdose of isofluorane followed by cervical dislocation.  Their eyes were 

processed as described above. Indirect immunofluorescence staining was done to detect 4-HNE.  

Briefly, frozen sections of the eyes were dried at room temperature for 30 minutes.  The sections 

were blocked and permeabilised in 5% bovine serum albumin (BSA) (Roche Diagnostic, 

Indianapolis, IN)/ 0.05% TritonX100 (Sigma, St Louis, MO) at room temperature while shaking 

for 1h.  The sections were incubated overnight at 4o C, with a 1:100 dilution of rabbit anti-HNE 

(Alpha Diagnostics International, Inc., San Antonio, TX) in 1% BSA/0.05% TritonX100.  The 

slides were washed with PBS and then incubated with 1:1000 dilution of CY3 fluorescently 

labeled secondary antibody, for 1h at room temperature.  The sections were visualized and 

photographed using a Leica TCS SP2 AOBS Spectral Confocal Microscope with Leica Confocal 

Software Version 2.61, Build 1537. 

Western blotting was also used to analyze levels of nitrotyrosine and CEP 

(carboxyethylpyrrole) in the posterior eye cup.  To prepare tissues for detection of nitrotyrosine 

and CEP, the lipid content was first extracted.  Briefly, 750 µl of 0.9% NaCl was added to tissues 

followed by 750 µl methanol (both containing 100 µM BHT, 2 mM EDTA).  5 µl of 0.5 M HCL 

was added to the tissues and purged with argon.  The tissues were homogenized with a white 

Teflon pestle. After homogenization, 750 µl of chloroform (CHCl3) was added and vortexed for 

1 min.  The mixture was centrifuged to separate the CHCl3 layer and methanol.  The heavier 

CHCl3 layer was transferred to a brown tube without disturbing the lighter methanol/aqueous 

layer. CHCL3 extraction was performed for two more times.  The CHCl3 extractions were 
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combined and evaporated under argon in red light illumination.  The dried samples were purged 

with argon and were stored at -80ºC for possible mass spectrometric analysis.  The 

methanol/aqueous fraction was dried under speed vacuum to complete dryness. After drying, 300 

µl of extraction buffer [60 mM Tris HCl containing 2% SDS, 10 mM DTT, 2 mM EDTA and 

100 µM BHT] was added to each eye cup preparation and flushed with argon thoroughly.  The 

mixture was vortexed every 5 mins for 30 mins.  After vortexing, the mixture was transferred to 

a clean Beckman ultracentrifuge tube, and centrifuged at 60,000 g for 7 min. The clarified 

supernatant was transferred to another tube without disturbing the pellet.  Extraction was 

repeated two more times with 75 µl of extraction buffer for retina and 150 µl for eye cup added 

directly to the centrifuge tube, followed by vortexing every 5 min for 20 min. The supernatant 

were combined and flushed thoroughly with argon. Protein concentrations were approximated 

using the Bradford Assay.  Based on this determination, ~5 µg of each sample was loaded on an 

SDS-polyacrylmide gel. The proteins were partially electrotransfered from the gel to PVDF 

membranes.  The membranes were incubated with either 1 µg/ml of an anti-nitrotyrosine 

monoclonal antibody (mAb, Upstate Biotechnology, Lake Placid, NY), or anti-

Carboxyethylpyrrole mAb (from Dr. Koji Uchida, Cole Eye Institute) overnight at 4ºC.  The 

membranes were washed with (PBS-T) and incubated with a 1:10000 dilution of secondary 

antibody conjugated to horse-radish peroxidase for 1h at room temperature.  Detection of protein 

bands was performed with an enhanced chemiluminescence (ECL) detection kit (Amersham, 

Piscataway, NJ). The western blots presented in Figure 2-14 were prepared and analyzed by Mr. 

N Renganathan in the lab of Dr. John Crabb of the Cleveland Clinic Foundation. 

Electroretinography 

The full-field dark-adapted electroretinogram (ERG) is a record of an electrical response 

generated by the whole retina to light measured at the cornea.  The ERG is characterized by a 
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negative waveform called the a-wave (reflecting the response of the photoreceptors) followed by 

a positive waveform called the b-wave (reflecting the secondary response of the bipolar and 

Mueller cells) (Figure 2-5).  The dark-adaptated ERGs were performed as follows. Animals were 

dark adapted overnight prior to ERG analysis, and all procedures were performed under dim red 

light. The mice were anesthetized with 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 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. 

Light and electron microscopy 

For light microscopy, at 1, 2, and 4 months post treatment groups of 3 mice treated with 

AAV-Rz432 or AAV-GFP were euthanized.  Their eyes were quickly removed, rinsed briefly in 

PBS, then processed as described above.  The sections were stained with hematoxilin and eosin 

(Kalamazoo, MI) and their images captured with a video camera mounted on a light microscope. 

The outer nuclear layer thickness was quantitated using the Zeiss Axiovision 4.4 software. Three 

measurements were taken at 400 µm increments from the optic nerve a vertical meridian in both 

the superior and inferior retina.  For electron microscopy, at 4.5 months after treatment with 

active or inactive AAV-Rz432, 5 mice from each treatment group were given an overdose of 

sodium pentobarbital and then immediately perfused intracardially with freshly made fixative 
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consisting of 4% paraformaldehyde and 2% glutaraldehyde in 0.1M PBS buffer (pH 7.4).  The 

eyes were dissected from the mice and immersed in 4% paraformaldehyde and 2% 

glutaraldehyde for further fixation overnight.  The cornea, lens, and vitreous were removed.  The 

eyes were postfixed with 1% osmium tetraoxide, 0.1M sodium cacodylate-HCl buffer (pH 7.4) 

and dehydrated through a series of increasing ethanol concentrations leading up to propylene 

oxide.  Eyes were infiltrated using a propylene oxide and epoxy resin mixture followed by 

embedding into epoxy resin and polymerization at 60o C.  Sections of 80-100nm thick were cut 

and examined using an H-7000; Hitachi, transmission electron microscope. 

Retinal apoptotic cell death  

TUNEL staining was performed on frozen sections obtained as in the procedures outlined 

in the light microscopy section. An in situ cell death detection kit (Roche Applied Science, 

Indianapolis, IN) was used according to the manufacturer’s protocol.  Briefly, the retinal sections 

were air dried for 30 minutes.  The slides were rinsed twice for 10 minutes with PBS while 

shaking and then incubated in permeabilisation solution for 2 minutes on ice. The slides were 

rinsed twice for 10 minutes with PBS.  TUNEL labeling reaction mixture was added to the 

sections and the slides were covered with a coverslip.  The slides were incubated in a humid 

chamber in the dark at 37ºC for 1h.  The slides were rinsed three times with 1XPBS, air dried 

and mounted with Vectashield Mounting Medium with DAPI (Vector Laboratories, Burlingame, 

CA). The sections were visualized and photographed using a Leica TCS SP2 AOBS Spectral 

Confocal Microscope with Leica Confocal Software Version 2.61, Build 1537. To quantitate 

levels of apoptotic cell death, a kit for an ELISA based nucleosome release assay (Cell Death 

Detection Elisa kit; Roche Applied Science, Indianapolis, IN) was used as described above.  At 6 

weeks post injection, mice treated with AAV-Rz432 or AAV-GFP vector were euthanized.  The 

eyes were rinsed in PBS and the neural retina was separated from the eye cup using a dissecting 
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microscope.  The neural retinas were placed in 400uL of lysis buffer provided in the nucleosome 

release ELISA kit and homogenized.  The homogenates were centrifuged and a 1:10 dilution of 

the supernatant was used in the assay. 

Autofluorescence analysis 

At 4 months post injection, 3 AAV-Rz432 treated or control eyes were examined for 

autofluorescence in the RPE. Briefly, the eyes were removed from the mice, fixed for 1 hour in 

4% paraformaldehyde, and the cornea and lens were then removed. The entire retina was 

carefully dissected from the posterior RPE/choroid/sclera eye cup. Radial cuts were made from 

the edge of the eyecup towards the optic nerve head. Flatmounts were mounted in Vectashield 

mounting medium with DAPI (Vector Laboratories, Burlingame, CA) and examined for 

fluorescence using a Leica TCS SP2 AOBS Spectral Confocal Microscope with Leica Confocal 

Software Version 2.61, Build 1537. 

A2E and isoA2E levels in the posterior eye cups of 4 AAV-Rz432 treated or control eyes 

were quantitated by high performance liquid chromatography (HPLC) as described by Zhou et 

al.323  Briefly, a blade was used to make an incision at corneoscleral limbus (junction of cornea 

and sclera) and then the cornea and lens were removed by cutting circumferentially around the 

limbus. The posterior eyecups containing the sclera, choroid, RPE, neural retina and vitreous, 

were solubilized in 0.1% Triton X-100 and extracted three times with chloroform/methanol (2:1). 

The extract was dried under argon, redissolved in methanol, and analyzed by reverse-phase 

HPLC (Waters; 2695 HPLC, Model 2996 photodiode array detector) by using a dC18 column (4 

x 150 mm) and an acetonitrile and water gradient with 0.1% trifluoroacetic acid (gradient; 90–

100%, 0–10 min; 100% acetonitrile, 10–20 min; flow rate, 0.8 ml/min; monitoring at 430 nm). 

Integrated peak areas were determined by Empower software, and picomolar concentrations were 
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calculated by using external standards of A2E. Extraction and quantitation of A2E and isoA2E 

were performed in the laboratory of Dr. Janet Sparrow at Columbia University by Dr. S. R. Kim. 

 

Results 

Ribozyme Knockdown of MnSOD in RPE-J Cells 

As a precursor to testing SOD2 Rz432 in mice, its effectiveness was tested in a rat retinal 

pigment epithelial cell line (RPE-J).  A mouse RPE cell line is not currently available 

commercially.  In addition, I was not successful at making primary mouse RPE cells due to other 

contaminating cell types.  Fortuitously, the targeting sequence Rz432 is conserved in rat.  RPE-J 

cells were transfected with plasmids containing Rz432 driven by the hybrid CMV enhancer-

chicken β-actin promoter (CBA) and a Cytomegalovirus promoter (CMV)-GFP marker gene to 

allow us to monitor cells expressing the Rz432.  Cells were also transfected with a plasmid 

containing only CBA-GFP to serve as a control.  Transfection efficiencies of greater than 60% 

were typically achieved as measured by FACS.  Total RNA and protein were harvested from the 

RPE-J cells at 1, 2, and 4 days following transfections.  Levels of MnSOD mRNA and protein 

were analyzed by RT-PCR and western blotting respectively using β-actin as an internal control.  

Two days post transfection, RPE-J cells treated with Rz432 showed an approximately 32% 

(Figure. 2-6) and 60% (Figure. 2-7) reduction of SOD2 mRNA and protein levels respectively, 

compared to control transfected cells.  The return of SOD2 mRNA and protein towards control 

levels at 4 days post treatment is likely due to the transient expression of ribozyme following 

transfection. In addition, cells were split 1:2 after two days post transfection due to 

overcrowding. Therefore, by splitting the dishes, cells not expressing Rz432 may have outgrown 

those cells expressing the ribozyme. 
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SOD2-suppression Increases the Levels of Superoxide and Apoptosis in RPE-J Cells 

The suppression of MnSOD expression is expected to cause an increase in levels of 

superoxide anion.  The maximum knockdown of MnSOD was achieved at two days post 

treatment of the RPE-J cells with Rz432.  I therefore selected that time point to observe 

superoxide anion levels using the dye DHE.  RPE-J cells treated with Rz432 showed increased 

red signal of oxidized DHE generated by increased superoxide anion (Figure. 2-8A).  

Quantitation of the red fluorescent signal revealed a greater than 33% increase in the levels of 

reactive oxidants (p<0.03) (Figure. 2-8B) which can induce apoptosis.294 

One of the hallmark features of apoptosis is fragmentation of DNA and the release of 

nucleosomes into the cytoplasm.294,295  To investigate whether apoptosis mediated cell death was 

occurring after ribozyme treatment, an ELISA based nucleosome release assay was performed.  

At 2 days after transfection, RPE-J cells treated with Rz432 showed a modest but significant 

increase in nucleosome release (Figure 2-9). 

In vivo Comparison of AAV CBA, MOPS, and RPE65-Rz432 Constructs 

To determine how to best express the SOD ribozyme to induce oxidative stress, Rz432 was 

inserted into rAAV packaging plasmids under the control of the ubiquitous CBA promoter, the 

RPE 65 promoter or the mouse opsin promoter (Mops).  These constructs were packaged in 

AAV2 and injected subretinally into the eyes of wild type DBAJ/1 mice.  At 1.5 and 5 months 

post injection the mice were analyzed by electroretinography.  The graph in Figure 2-10 shows 

the ratio of the b-wave response of ribozyme treated eyes to control eyes following flashes of 

intensity of 0.18 cd-s/m2.  The CBA group showed the most reduction in ERG response with an 

average of 50 % reduction observed in b-wave amplitudes. This loss in response did not vary 

much between the 1.5 and 5.5 month measurements. Mice injected with the RPE65.8-Rz432 

virus did not show a decrease in ERG response at the 1.5 month time point but showed a 
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significant decline of 38% in b-wave amplitude by the 5.5 month measurement.  The Mops 

promoter vector showed a slight decrease in ERG response at 1.5 months, but no further 

significant decline in response was observed at the 5.5 month measurement.  This result suggests 

that delivery of the ribozyme using the RPE specific promoter leads to a progressive loss of 

visual function. 

I also looked at the histology of these mice after the 5.5 month time point to correlate with 

the ERG findings.  The CBA-Rz432 group showed the most significant changes in histology, 

with degeneration of the RPE, and loss of photoreceptor cells (Figure 2-11).  Degeneration was 

predominantly limited to the RPE layer in the RPE65-Rz432 group.  As observed with the ERG 

data, no consistent changes were observed in the histology of retinas in the Mops500 group.  

Because the most significant loss of ERG function and histological damage was seen in the 

CBA-Rz group, this construct was used for subsequent experiments. 

Ribozyme Expression in the Retina Reduces Levels of MnSOD  

Since the primary lesion in AMD is thought to reside in the RPE,11 we wanted to express 

Rz432 in the RPE to determine if we could induce changes in the retina that resemble AMD.  

Aurichio and others have shown that rAAV1 predominantly transduces the RPE when delivered 

subretinally.260,263,264 Based on our preliminary experiments with AAV2, we used the potent 

CBA promoter and packaged our construct in AAV1 capsids to constrain expression primarily to 

the RPE.  The construct also contained a GFP marker gene to visualize areas of the retina 

transduced by our vector.  The AAV1-Rz432-GFP vector was injected in the subretinal space of 

adult wild type C57Bl/6 mice.  To confirm expression of Rz432-GFP in the RPE, 

paraformaldehyde fixed cryostat sections were analyzed for GFP expression. Rz432-GFP 

expression was observed predominantly in the RPE layer and scattered expression in the 



 

68 

photoreceptor cells (Figure 2-12).  In addition, with a single injection we were able to transduce 

a significant portion of the RPE layer. 

To determine whether Rz432 could cause knockdown of MnSOD protein in vivo, I 

performed western immunobloting for MnSOD with total protein from RPE/choroid tissues of 

AAV-Rz432 and AAV-GFP control eyes.  β-actin was used as a loading control. At 6 weeks post 

injection, a greater than 40% reduction of MnSOD protein in Rz432 treated retinas was observed 

versus control treated retinas (Figure 2-13).  Because AAV1 transduced RPE cells almost 

exclusively, greater MnSOD knockdown may have been masked by cells of the choroid that did 

not express ribozyme and were still expressing MnSOD. 

SOD2-Suppression Increases Markers of Oxidative Injury 

Prolonged, increased levels of ROS can overwhelm the cell’s antioxidant defenses leading 

to oxidative modification of proteins, lipids and DNA. Nitrotyrosine, 4-HNE, and CEP are some 

of the markers that have been used to assess oxidative damage in the retina.283,296,297At 4 months 

post AAV-Rz432 treatment, we assayed for markers of oxidative stress.  Elevated concentrations 

of superoxide anion in the presence of nitric oxide can form peroxynitrite which is able to 

generate nitrotyrosine residues in proteins and lead to their inactivation.  Levels of nitrotyrosine 

residues in proteins of Rz432 versus GFP treated RPE/choroids were examined by western 

blotting. We found increased staining for numerous protein bands immunoreactive for 

nitrotyrosine across a large range of molecular weights in Rz432 treated versus GFP control 

RPE/Choroid (Figure 2-14.A). CEP protein adducts are generated from the oxidation of the 

polyunsaturated fatty acid (PUFA) docosahexaenoate (DHA) and are more abundant in the 

RPE/Bruch’s membrane/ choroid tissue of AMD eyes than in normal eyes.283  Western blotting 

was also used to assess levels of CEP after Rz432 treatment which showed moderately 

significant increase of staining for protein bands immunoreactive with CEP (Figure 2-14B).  
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Quantitation of the optical intensities of the immunoreactive bands showed a 2.5 and 2 fold 

increase in nitrotyrosine and CEP respectively.  The aldehyde, 4-HNE, is a specific and stable 

end product of lipid peroxidation that is generated as a consequence of oxidative stress.298 4-

HNE can readily react with nucleophilic sites of proteins (e.g., histidine residues), mainly via a 

Michael addition.178  Retinal sections from mice treated with AAV-Rz432 and AAV-GFP were 

incubated with an antibody that recognizes cysteine, histidine and lysine-4-HNE Michael 

adducts.  Rz432 treated retinas showed increased staining for 4-HNE reaction products in the 

RPE and photoreceptor outer/inner segments (Figure 2-14C). Increased levels of markers of 

oxidative damage result from chronic exposure to oxidants.  Therefore, our results indicate that, 

as a result of ribozyme- mediated decrease of MnSOD, we were able to establish a chronic 

environment of oxidative stress in the RPE. 

Loss of Electrophysiological Responses 

To assay the effect of Rz432 on the ability of the retinas of mice to respond to light, adult 

C57BL/6 mice were injected subretinally with AAV1 expressing active CBA-Rz 432.  Other 

groups of mice were injected with AAV1 expressing inactive CBA-Rz432 or CBA-GFP to serve 

as controls.  At 1, 2, 4 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.  Figure 2-15 shows the ratio of the a-and b-wave response of Rz432 to GFP control 

eyes following 0.18 cd-s/m2 intensity flashes of light. A progressive loss of a- and b-response 

was observed between 1 and 6 months post injection.  No significant changes were observed in 

a- or b-wave response at the 1 or 2 months post injection time point.  However, by 4 months post 

injection, C57BL/6 Rz432 treated eyes showed significant loss of ERG response, with an 

average of 33% and 41% decrease in a- and b-waves respectively compared to control treated 

eyes.  The a-wave response continued to decline from the 4 to 6 month time point, while the b 
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wave response appeared to plateau. To show that the effect observed was not specific for 

C57BL/6 mice and was due to the catalytic activity of Rz432, DBAJ/1 mice were also treated 

with active or an inactive Rz432.  DBAJ/1 mice showed a similar progressive lost of a- and b-

wave ERG amplitudes between 1 and 4 months post injection (Figure 2-16).  As was observed 

with the C57BL/6 mice, there was a significant loss of a- and b-wave response (average of 44% 

and 35% respectively) by the 4 month post injection time point.  This result indicates that long-

term suppression of MnSOD in the RPE was required to elicit functional changes in the retina. 

Suppression of MnSOD Leads to Histological Damage of the Outer Retina  

In addition to functional decay, treated retinas were also examined for histological damage 

at increasing intervals after injection.  By 1 month post injection with AAV-Rz432, retinas began 

to exhibit loss of pigmentation of the RPE, though the neural retina appeared normal at this time.  

From 2 to 4 months, there were more pronounced changes to the RPE such as vacuole formation 

and atrophy.  By 2 months after injection, the outer (OS) and inner segments (IS) of 

photoreceptors were shortened and disorganized, and the outer nuclear layer (ONL) was 

detectably thinner, indicating loss of photoreceptor cells (Figure 2-17).  The progressive thinning 

of the ONL in Rz432-treated retinas was quantitated by measuring the thickness of the ONL at 

various time points post treatment with Rz432 or GFP control.  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 4 months post treatment, there was a 30-50% reduction in ONL 

thickness across retinas treated with Rz432 versus GFP control (Figure 2-18).  This reduction 

was statistically significant (p<0.05-p<0.01) in both the inferior and superior hemispheres with 

more pronounced thinning observed in the inferior portion. 

Dunaief et al. have shown that in human AMD, the RPE and photoreceptors die by 

apoptosis.299  To determine if the progressive thinning of ONL observed histologically was a 
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result of apoptotic cell death of the photoreceptors, TUNEL staining was performed on 

paraformaldehyde fixed retinas from 4 mice at the 6 weeks post injection time.  Retinas treated 

with Rz 432 showed increased TUNEL positive staining specifically in the ONL (Figure 2-19A).  

A typical section (where the optic nerve is present) from a control retina has less than one 

TUNEL positive nucleus, while sections from eyes treated with Rz432 typically exhibits more 

than 6 positive nuclei.  To quantitate the level of apoptosis, an ELISA-based nucleosome release 

assay was used.  For this experiment, the anterior chamber, lens and vitreous were removed and 

only the posterior chamber was used in the analysis. A nearly 2-fold increase in nucleosome 

release in the ribozyme treated retinas was observed (p<0.003) (Figure 2-19B). 

 Ultrastructural Analysis of the Outer Retina 

Ultrastructural analysis of retinas injected with the active or inactive Rz432 was performed 

after the 4 month time point.  Several changes were observed in the RPE of retinas treated with 

active ribozyme, including deterioration of the basal lamina, formation of large vacuoles, and 

presence of irregular shaped nuclei (Figure 2-20.).  The vacuoles of the RPE were filled with 

debris (Figure 2-21). The photoreceptor outer and inner segments were significantly shortened 

and disorganized (Figure 2-20.). Significant thickening of Bruch’s membrane was also observed 

in the inner and outer collagenous zones as well as the middle elastin layer.  Some of the eyes 

showed debris deposition between the plasma and basement membrane as well as in between the 

basal laminar infoldings of the RPE that resembled basal laminar deposits observed in AMD 

eyes 32 (Figure 2-21).  Morphometric measurements revealed that Bruch’s membrane was an 

average of 40% thicker in eyes treated with AAV-Rz432 compared to eyes treated with inactive 

Rz432 control (Figure 2-22). 
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Increased Autofluorescent Aggregates after Rz432 Treatment 

EM analysis showed debris in vacuoles formed in the cytoplasm of RPE cells in eyes 

injected with active Rz432. To determine if the debris contained autofluorescent properties 

similar to lipofuscin, RPE/choroid/sclera flatmounts were analyzed by fluorescence microscopy 

at 4.5 months post injection. RPE cells of AAV-Rz432 eyes showed increased autofluorescent 

materials represented by the purple fluorescence in Figure 2-23A. The aggregates varied in sizes 

with some RPE cells presenting markedly larger granules. A2E and isoA2E, which are the major 

chromophores that contribute to lipofuscin autofluorescence, were measured by HPLC to 

confirm that the fluorescent aggregates in the RPE were lipofuscin-like. Chromatographic 

tracings of peak areas corresponding to A2E and isoA2E were elevated in AAV-Rz432 treated 

eyes. Quantitation of the amount of A2E and isoA2E content showed a greater than two-fold 

increase of these lipofuscin chromophores in AAV-Rz432 treated eyes. The average 

concentration of A2E plus isoA2E was 11.05 pmoles per retina in treated eyes and 5.03 pmole 

per retina in control eyes. 

Discussion 

The aim of this study was to test the hypothesis that cumulative oxidative tissue injury to 

the RPE could play an important role in AMD development.  Most of the current models used to 

study RPE oxidative stress use acute and high dose of either chemical treatments or light 

exposure300-302 to induce oxidative stress.  In addition, some studies use RPE cell lines, which 

may not reflect the behavior of the RPE in vivo.  Because AMD is an age-related disease, the 

changes that occur to the macula in the disease that may be mediated by oxidative damage are 

more likely due to a chronic state of oxidative stress. Therefore, we used the outer retina of wild-

type mice as an in vivo model to induce a chronic increase in oxidative stress. In our approach, 

we selectively blocked the expression of the antioxidant enzyme MnSOD by using a ribozyme.  
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We selected MnSOD as a target due to its vital role in the cell’s primary defense against 

reactive oxygen species, thereby maximizing our chances of inducing oxidative stress-mediated 

cell dysfunction.  In addition, a genetic polymorphism in the SOD2 gene has been associated 

with wet AMD.102  RPE cells from SOD2 heterozygous mice that have approximately 60% of the 

level of MnSOD compared to wild-type mice were significantly more susceptible to oxidative 

stress-mediated apoptotic cell death than wild type RPE cells.303 Although SOD2-/- mice die 

soon after birth, the study conducted by Sandbach et al showed significant histopathological 

changes in the RPE and photoreceptors at even three weeks post birth.292 This indicates that mice 

deficient in SOD2 display outer retinal changes in a shorter period of time than other antioxidant 

enzyme knockouts such as GPX-1 and SOD1 that do not show changes until after 1 year of 

age.101,304,305 Since, the SOD2-/- mice die before reaching full maturity, additional changes to the 

outer retina may not have had time to develop. 

There is an ongoing debate concerning the cell layer of the retina in which the primary 

lesion of AMD lies. The photoreceptors and RPE are both thought to be possible candidates. A 

preliminary study was performed to determine in which of these two cell types an increase in 

oxidative stress would have more of an impact on retinal function. In this study, Rz432 was 

delivered to the outer retina by using a photoreceptor-specific and an RPE-specific promoter, as 

well as the ubiquitous CBA promoter that expresses in both cell types. The Rz432 under the 

control of the RPE promoter led to significant decay of ERG response by 5.5 months post 

injection and morphological changes in the outer retina of these mice was predominantly 

observed in the RPE.  When the expression of Rz432 was limited to just the photoreceptors, we 

did not observe a significant loss of ERG response or changes in retinal morphology.  Treatment 

with the CBA promoter vector showed the most severe loss of ERG response as well as 
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pathology in the outer retina. From these results it would appear that oxidative mediated injury of 

the RPE has a greater impact on the health of the outer retina than approximately equivilant 

injury to the photoreceptors. 

It was a surprise that we did not observe more significant changes with the photoreceptor- 

specific promoter since we employed the highly active opsin promoter. In addition, 

photoreceptors should be very susceptible to oxidative damage due to their high polyunsaturated 

fatty acid content.  A possible explanation for the greater pathology observed with the RPE65-

Rz432 than MOPS500-Rz432 construct may be due to the fact that the photoreceptors far out 

number the monolayer of RPE cells. A single RPE cell is responsible for the phagocytosis of 

daily shed outer segment disc from 20 photoreceptor cells. Therefore, loss of a population of 

RPE cells may more severely impact the function of the outer retina. To date this has not been 

shown to be the case. Since the constructs did not contain a marker gene we cannot rule out the 

possibility of a difference in the success of the injection, although all injections were performed 

by the same trained injectionist. 

The expression of Rz432 by the CBA promoter which expresses in both the RPE and 

photoreceptors led to more significant pathology in the photoreceptor layer than was observed 

with the RPE65 or photoreceptor specific promoters.  One could speculate that the CBA 

promoter in this particular experiment may have lead to greater expression of Rz432 in the 

photoreceptor layer than the photoreceptor specific promoter. Similarly, the more severe changes 

that were observed with the CBA promoter than with the RPE65 promoter may be explained by 

the CBA being a more potent promoter than RPE65.  To date, no direct comparison has been 

made between the CBA, RPE65 and opsin promoter, either in the RPE or in photoreceptors.  

Therefore, to circumvent the question of promoter strength, we decided to package the CBA-
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Rz432 construct in AAV serotype 1 which has been shown to predominantly transduce RPE cells 

when delivered subretinally. Upon treating mice with this Rz432 vector (also expressing a GFP 

marker gene), we observed similar changes to the retina that were detected with the CBA-Rz432 

construct packaged in AAV serotype 2.  The changes induced by the ribozyme delivered by 

AAV1 were progressive, with pathology observed in the RPE preceding changes observed in the 

photoreceptors. Therefore, the results we observe from this study are more consistent with the 

hypothesis that the primary lesion in AMD lies in the RPE.306,307 

Our system models oxidative stress in the human retina because we established a chronic 

elevation of ROS that led to progressive functional and histological changes to the retina.  It was 

of no surprise that we did not observe any significant changes at one month after injection.  

AAV1 peak expression occurs 2 weeks after injection.260 In addition, the impact of oxidative 

stress may be cumulative: Cellular defense mechanisms may become overloaded resulting in 

histological and functional changes that we observed in the retina at approximately two months 

post injection. 

By 4 months post inject the outer retina of mice treated with active AAV-Rz432 showed 

marked shortening and disorganization of the outer and inner segments of the photoreceptors as 

well as significant thinning of the photoreceptor nuclear layer (Figures 2-18 and 2-20). Since, 

pathological changes to the RPE preceded the above changes to the photoreceptors; it indicates 

that the photoreceptor cell loss was due to injuries to the RPE. In particular, the disorganization 

and shortening of the outer segments may be due to phagocytic function of the RPE without 

elimination of waste to the choriocapilaris as indicated by the accumulation of autoflourescent 

aggregates in the cytoplasm of RPE cells in AAV-Rz432 treated eyes (Figure 2-23). The 

significant loss of scotopic ERG function at 4 months in mice injected with AAV-Rz432 



 

76 

(Figures 2-15 and 2-16) is attributed to a significant loss of rod photoreceptor cells due to the 

large portion of RPE cells transduced and affected by the AAV-Rz432 vector (Figure 2-12). In 

AMD, pathology is limited to the macula which makes up a small fraction of the retina and is 

enriched with cones. Therefore, the full-field scotopic ERG which is a measure of rod response 

in the entire retina may not show significant loss of ERG response in patients with early AMD. 

We found a more significant thinning of the inferior portion of the retina in mice injected 

with Rz432 (Figure 2-18). 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 photooxidative stress, and light-mediated 

retinal damage resulting from a lack of MnSOD. Our observations are consistent with the 

findings of others that light exposure to the retina may accelerate the progression and severity of 

age-related macular degeneration and certain forms of retinitis pigmentosa.130,308,309 Imamura et 

al showed that a lack of cytoplasmic SOD in conjunction with increased light exposure caused 

increased drusen formation in mice.101 In addition, retinitis pigmentosa patients with the T17M 

mutation in rhodopsin also show more severe degeneration of the inferior retina.310 

It is unlikely that the histological changes that we observed could have been due to 

mechanical damage done by the injection and not mediated by the ribozyme. We were able to 

show by both TUNEL and by measuring nucleosome release that loss of cell in the retina was 

due to apoptotic cell death (Figure 2-19). In addition, TUNEL stained retinal sections of AAV-

Rz432-treated eyes showed cell death was limited to the photoreceptor layer of the retina. 

Furthermore, AAV-Rz432 treated retinas contained a significantly greater number of TUNEL 

positive cells than AAV-GFP treated control retinas. Injection damage is usually indicated by a 

rapid loss of ERG response due to massive cell loss in the injured retina.293 At 1 month post 
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injection, the first set of ERGs that were measured were considered as baseline; only changes 

beyond that were considered as true loss of ERG response. In addition, mice found to have a 

greater than 20% loss of ERG compared to untreated eyes are eliminated from the analysis. 

Our ribozyme mediated depletion of MnSOD indicates that the RPE is particularly 

susceptible to oxidative stress, and increased oxidative burden to the RPE may lead to some of 

the pathologies observed in dry AMD. In particular, we observed atrophy, pigmentary changes 

and accumulation lipofuscin-like aggregates in the RPE, significant increase in the thickness of 

Bruch’s membrane, progressive loss of retinal electrophysiological function, and apoptotic cell 

death of the photoreceptors.  Measurement of the thickness of the ONL showed varying degree 

of loss of photoreceptor cells. Since the full field ERG is a measure of the global response of the 

entire retina to light, a complete loss of ERG response will not occur, since we did not transduce 

the entire retina.  In this study, we demonstrated that similar patterns of change in the retina 

could be observed in two different strains of pigmented mice, thus eliminating the idea that the 

changes we observe may be strain specific. To make a clearer association between AMD 

pathogenesis and oxidative tissue injury, we wanted to selectively target another important 

protein in the antioxidant defense system of the retina, which will be the subject of Chapter 3. 
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Figure 2-1.Secondary structure of hammerhead ribozyme targeting MnSOD.  Illustrated are 

Rz432 and its mRNA targeting sequence.  The cleavage site is shown by the short 
arrow, and nucleotide position change to produce the inactive by the long arrow.  
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Table 2.1 DNA oligonucleotides used for cloning mouse SOD2 Rz432. 
Rz432 Sense  5’AGCTTCAAAACTGATGAGCGCTTCGGCGCGAAACCCAA 3’ 
Rz432 Antisense   5’CTAGTTGGGTTTCGCGCCGAAGCGCTCATCAGTTTTGA 3’ 
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Figure 2-2. Plasmids used to deliver A) SOD2 Rz432-GFP and B) GFP control into RPE-J cells. 

These constructs were also packaged into AAV1 capsids for in vivo delivery into the 
subretinal space.  TR, inverted terminal repeats; CMV, cytomegalovirus; SD/SA, 
splice donor/acceptor site; hGFP, humanized green fluorescent protein; AMP-R, 
ampicillin resistance. 
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Figure 2-3 The recombinant AAV cassettes used to produce A) CBA-Rz432, B) RPE65-Rz432, 

and C) MOPS500-Rz432 viral vectors. Constructs were packaged in AAV serotype 2 
capsids.  TR, inverted terminal repeats; CMV, cytomegalovirus; SD/SA, splice 
donor/acceptor site; RPE, retinal pigment epithelium; neoR, neomycin resistance; 
AMP-R, ampicillin resistance 
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Table 2-2. DNA oligonucleotides used in RT-PCR reactions for SOD2 and Beta Actin. 
Primer Sequence Number of cycles 

SOD2 Sense      CGCCTCAGCAATGTTGTGTCGG 

SOD2 Antisense   AGGCGGCAATCTGTAAGCGACC 

 

20 

Beta Actin Sense  TGAGACCTTCAACACCCCAGCC 

Beta Actin Antisense  TGGCCATCTCCTGCTCGAAGTC 

 

              17 
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Figure 2-4. Subretinal injection. A blunt needle with attached syringe containing AAV vector is 

inserted through the retina. The AAV vector is delivered into the space between the 
photoreceptors and RPE, causing a temporary retinal detachment that resolves itself 
once the AAV vector spreads along the outer retina. Figure courtesy of Dr. Lynn C. 
Shaw. 
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Figure 2-5. Sample waveform from an ERG recording. The response is measured in µvolts on 

the y-axis and the time elapse since the initial flash is on the x-axis. Position of the a 
and b-waves are also shown. 
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Figure 2-6 Quantization of MnSOD transcript levels measured in triplicate with reverse 
transcription PCR. β-actin amplified in the same reactions was used as an internal 
control. PCR products were quantitated by SYBR green staining. A significant 
decrease in MnSOD transcripts was observed by 24hours post treatment with Rz432, 
(*p<0.05)  
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Figure 2-7 Representative western blot for MnSOD protein levels from Rz432 or GFP treated 

cells.  By day 2 after treatment, RPE-J cells that received Rz432 showed a 60% 
decrease in MnSOD protein. 
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Figure 2-8 Dihydroethidium staining for detection of superoxide anion.  A) At 2 days post 

treatment with Rz432 or GFP control, RPE-J cells were incubated with DHE probe.  
Red fluorescence represents oxidized ethidium bond DNA and green fluorescence 
indicates cells expressing Rz432-GFP or GFP control plasmid. B). Quantization of 
red fluorescence determined by spectroflourometry show significant increase in 
superoxide levels (p<0.03). 
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Figure 2-9 Quantification of apoptotic cell death measured by an ELISA that detects release of 

nucleosomes into the cytoplasm. Results are expressed as absorbance at 405nm of the 
product of the substrate reaction. RPE-J cells expressing RZ432 showed a modest 
increase in apoptotic cell death (p<0.05). 
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Figure 2-10. B wave scotopic full-field ERGs of DBAJ/1 mice treated with CBA, RPE65 or 

MOPS500-Rz vector at 1.5 and 5.5 months post injection. The graph shows the ratio 
of the response of ribozyme treated eyes to control eyes. The CBA-Rz432 group 
showed the most significant loss of ERG. The RPE 65-Rz group showed progressive 
loss and no significant changes were seen in ERG function in the Mops 500 group. 
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Figure 2-11. Retinal morphology of DBAJ/1 at 5.5 months after CBA, RPE65 or MOPS500-

Rz432 vector injection. CBA-Rz group showed the most significant changes in 
histology, with atrophy of the RPE, and loss of photoreceptor cells. 
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Figure 2-12. Localization of Rz432-GFP expression at 6 weeks post injection. Picture on the left 

shows an RPE/choroid/sclera flat mount and the picture on the right is a retinal 
section from an eye treated with AAV Rz432-GFP. Cells expressing the vector are 
shown in green. The section is counterstained with DAPI to show cell nuclei (blue).  
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Figure 2-13 Rz432 expression reduces MnSOD protein levels in the RPE/Choroid.  A) Groups of 

6 mice from Rz432 and GFP control treatment groups were analyzed by western blot 
for MnSOD levels at 6 weeks post injection.  Beta-actin was used as a loading 
control.  Graph shows the ratio of MnSOD to beta actin signal.  B) Representative 
immunoblot of MnSOD protein from RPE/Choroid of Rz432 and GFP treated eyes. 
Each sample contains pools of 2 RPE/choroids. 
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Figure 2-14. Western blots analysis of markers of oxidative damage. RPE/choroid tissue of 
Rz432 treated mice show significant increased staining of bands immunoreactive for 
A) nitrotyrosine and B) CEP, (left panels). Optical density measurents of 
nitrotyrosine and CEP immunoreactive bands are shown on right of panels.. 
Diamond= Rz432 treated, square= control. (p<0.03 for nitrotyrosine and p< 0.045 for 
CEP).  C) Rz432 and GFP treated retinal sections immunostained for 4-HNE. Rz432 
treated eyes show increased staining for 4-HNE in RPE and photoreceptor outer and 
inner segments. Panels 5 and 6 are magnified pictures of panels 1 and 3 respectively. 
Western blots are courtesy of Dr. John Crabb of the Cleveland Clinic Foundation. 
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Figure 2-14. Continued 
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Figure 2-15 Scotopic full-field ERGs of C57BL/6 mice injected with Rz432 or GFP control 

vector. ERGs were measured at 1, 2, 4 and 6 months post injection. Mice treated with 
Rz432 show progressive loss of ERG response that is significant by 4 months post 
injection. The graph shows the ratio of the maximum a- and b-wave amplitudes of 
Rz432 to GFP control treated. *, p<0.05; **, p<0.005. (n=6). Error bars represent 
standard error of the mean. 
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Figure 2-16 Scotopic full-field ERGs of DBAJ/1 mice injected with active Rz432 or control 

inactive Rz432. The graph shows the ratio of the maximum a- and b-wave amplitudes 
of active to inactive Rz432control.Treatment with active Rz432 lead to a similar 
pattern of ERG loss as observed in C57BL/6, (n-5). (* p<0.05; **, p<0.005). Error 
bars represent standard error of the mean. 
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Figure 2-17 Light micrographs of retinas of C57BL/6 injected with Rz432 or GFP control 

vector. Retinal sections at 1, 2, and 4 months after Rz432 treatment or 4 months after  
GFP control are shown. Rz432 treated retinas show pigmentary changes (arrow 
heads) and degeneration of the RPE (arrows) as well as progressive thinning of the 
photoreceptor nuclear layer. RPE, retinal pigmented epithelium; OS, photoreceptor 
outer segments; IS, photoreceptor inner segments; ONL, outer nuclear layer; INL, 
inner nuclear layer; GCL, ganglion cell layer. 
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Figure 2-18.Quantization of the thickness of the outer nuclear layer. Using the optic nerve head 

as a landmark, measurements were taken at 400µm increments from the optic nerve 
on both the superior and inferior portions of the retina (n=3 for each time point). Error 
bars represent standard error of the mean. *=p<0.05-p<0.01.  
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Figure 2-19. Progressive loss of photoreceptor cells is due to apoptotic cell death. A) TUNEL 

staining was used to detect apoptosis in the retina at 6 weeks post Rz432 treatment. 
Green, Rz432-GFP or GFP only expression; Red, Tunel positive nuclei; Blue, DAPI 
stained nuclei. B). Quantization of apoptotic cell death by nucleosome release assay 
at 6 weeks after injection (Right panel). n=6. * = p<0.003  
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Figure 2-20. Ultrastructure changes in the outer retina at 4months after Rz432 treatment. In 

active Rz432 treated retinas (panels 2 and 4) compared to control inactive Rz432 
injected retinas (panels 1 and 3), the RPE appeared diseased with loss of cytolasmic 
space to vacuoles, as well as massive degeneration of its basal lamina and irregular 
shaped nuclei. The outer and inner segments of the photoreceptors are shorten and 
disorganized.  
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Figure 2-21. Ultrastructure changes in Bruch’s membrane. Electron micrographs of Rz432 
treated retina showing increased deposits between the plasma and basement 
membrane of the RPE as well as disorganization and increased thickening in the 
layers of Bruch’s membrane. Scale bar=1µm  

 



 

102 

 
Figure 2-22. Quantization of the thickening of Bruch’s membrane. Morphometric measurements 

were taken on electron micrographs (20,000X ) at 6 locations across each retina and 
averaged. n=5, p<0.005 
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Figure 2-23 Accumulation of lipofuscin-like aggregates in RPE. A. Flatmounts of 
RPE/choroid/sclera from Rz432 treated or control eyes. Nuclei are stained with 
DAPI. Purple autoflourescence due to lipofuscin-like aggregates in RPE 
(Excitation=405, Emission=590-650) B. HPLC analysis of A2E and isoA2E in eye 
cups of Rz432 treated or control eyes, provided by Dr. Janet Sparrow of COmlumbia 
University. 
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CHAPTER 3 
RIBOZYME-MEDIATED REDUCTION OF GLUTATHIONE PEROXIDASE-1 

Introduction 

The retina/RPE/choroid complex of the eye is at increased risk for oxidative tissue injury 

due to its environment and high metabolic activity. To protect it from ROS generated both 

endogenously and exogenously, this complex contains a host of antioxidant defense 

mechanisms.284-286,288 Important ROS scavengers that have been localized to the 

retina/RPE/choroid include the glutathione peroxidases (GPX), a family of selenium dependent 

and independent antioxidant enzymes.  Humans have at least five different Se-dependent 

glutathione peroxidases.311  The first to be discovered and major isoform is glutathione 

peroxidase 1 (GPX-1). GPX-1 is ubiquitously expressed in tissues and can be found in both 

mitochondria and the cytosol.  The enzyme reduces hydrogen peroxide (H2O2) to H2O by 

oxidizing glutathione as shown in Figure 3-1A.  Reduction of the oxidized/disulfide form of 

glutathione (GSSG) is then catalyzed by glutathione reductase through the glutathione cycle 

(Figure 3-1B). H2O2 is a relatively stable molecule and does not have great oxidative potential. 

H2O2 is harmful, however, because it can freely cross cell membranes and be converted to the 

most active of the ROS, the hydroxyl radical through the Fenton or Haber–Weiss reactions.166  

Elimination of hydrogen peroxide is therefore critical in protecting cells against oxidative stress. 

To provide further evidence that oxidative damage in the RPE plays an important role in 

AMD pathogenesis, we wanted to reduce the levels of a different antioxidant enzyme than 

MnSOD.  GPX-1 is an attractive target because it is localized to the RPE and outer retina which 

would indicate that the enzyme is a key component in protecting the retina against oxidants. 

Since the retina has a high amount of polyunsaturated fatty acids, a lack of GPX-1 may increase 

the retina’s susceptibility to lipid peroxidation.  In addition, suppression of GPX-1 would reduce 
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the retina’s defense against H2O2 generated by the daily phagocytosis of the photoreceptor outer 

segments281 and environmental insults such as short wavelength light.312 Stone et al conducted a 

study in which selenium depletion induced reduction of GPX in rats, which led to reduced retinal 

function measured by ERG.313 The selenium-deficient rats also showed increased lipid peroxides 

in the RPE and photoreceptor outer segments.  Based on its important role in the enzymatic 

protection of cells from oxidants, we hypothesized that a reduction of GPX-1 in the RPE may 

lead to injuries and dysfunction in the outer retina. In this study, two ribozymes were designed 

that specifically cleave the GPX-1 transcript. The catalytic activity of the ribozymes was tested 

in vitro, followed by further testing in tissue culture cells. Finally, we assessed the ability of the 

ribozymes to lead to functional and histological changes associated with AMD in the outer retina 

of mice. 

Materials and Methods 

Ribozyme Design 

The first step in designing a ribozyme is to identify potential NUX cleavage sequences 

within the target mRNA, where N is any nucleotide, U is the base uridine and X is any 

nucleoside except for guanosine. The GUC triplet is preferred for it has been reported that 

ribozymes that cleave after this sequence have the highest catalytic efficiency.314 The two arms 

of the ribozyme that form helix I and III are designed to form Watson-Crick base pairs with the 

nucleotides surrounding the cleavage site (X) on the target. For highly active ribozymes it has 

been reported that the flanking arms should not exceed 12 nucleotides.315 In the case of the GPX-

1 ribozymes seen in Figure 3-2, the left arm was six nucleotides and the right arm was five 

nucleotides with the X remaining unpaired. The ribozyme sequence was then entered into a 

secondary prediction program called MFOLD. Only those ribozymes with secondary structures 

predicted to have no base pairing in the flanking arms, which should allow maximum binding 
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specificity were characterized in vitro.  MFOLD was also used to fold 100-200 nucleotides on 

either side of the NUX cleavage site to determine whether the ribozyme binding location was 

predicted to be accessible. A BLAST search was also conducted to ensure the absence of target 

sites on any other known human or mouse mRNA sequence. We selected three ribozymes that 

met the above criteria; Rz172, Rz275, and Rz480. The ribozymes are named according to the 

nucleotide number of the GPX-1 transcript 5’ to the cleavage site. 

Radioactive Labeling Of Short RNA Targets 

The GPX-1 ribozymes and their exact target sequences (Figure 3-2) were purchased as 

synthetic RNA oligonucleotides from Dharmacon, Inc. (Boulder, CO). The oligonucleotides 

contain an acid-labile orthoester protecting group on the 2’-hydroxyl that must be removed 

according to Dharmacon’s protocol prior to use. The targets were 5’-end labeled with [γ-32P]-

ATP (ICN, Irvine,CA) using T4 polynucleotide (Promega, Madison, WI). Labeling reactions 

were set up as follows: 2μl of the RNA target oligonucleotide (10pmol/μl), 1μl of 10X 

polynucleotide kinase buffer (Promega, Madison, WI), 1 μl RNAsin (Promega, Madison, WI), 1 

μl 0.1M DTT (Sigma, St. Louis, MO), 3μl water, 1μl [γ-32P]-ATP (150µci/µl) and 1μl of 

polynucleotide kinase (5 units). The reaction was incubated at 37°C for 30 minutes. 90μl of 

water was added to the reaction, which was then extracted with 100 μl of phenol/chloroform.  

The aqueous phase (labeled target) was purified by filtration through a pre-packed G-50 fine spin 

column (USA Scientific) according to the manufacturer’s protocols. The purified labeled target 

was stored at -20 °C for no more than one week.  

Time-Course Reaction 

To assess if the ribozymes were able to cleave their short 12 nucleotide targets, a time 

course reaction was used with the following conditions: 13μl of 400mM Tris-HCl, pH 7.4-7.5 

was added to 1 μl ribozyme (2pmol/ μl) and 88μl of water. This mixture was incubated for 2 
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minutes at 65°C followed by incubation for 10 minutes at room temperature to allow proper 

folding of the synthetic ribozyme RNAs. 13μl of a 1:10 ratio of RNasin: 0.1M DTT was added to 

the reaction mixture along with 13μl of 200mM MgCl2 (20mM final). The reaction was 

incubated at 37 °C for 10 minutes. 1μl of the γ-32P labeled and 1μl of unlabeled target (20pmol 

total) were premixed and added to the reaction mixture at 37ºC. At various time points ranging 

from one minute to 2 hours, 10 μl of the reaction mixture was removed and added to a tube 

containing 10μl of formamide dye mix (90% formamide, 50mM EDTA, 0.05% bromophenol 

blue, and 0.05% xylene cyanol) to stop the reaction. The samples were then placed on ice. The 

samples were heat denatured, placed on ice and 6 μl of each time point aliquot was loaded onto a 

10% polyacrylamide-8M urea gel to separate the products. The gel was run until the 

bromophenol blue migrated approximately 2/3 of the gel, and then fixed (10% methanol, 10% 

acetic). The gels were dried, exposed to a storage phosphor screen, and analyzed on a Molecular 

Dynamics Phosphoimager using the ImageQuant program (GE Healthcare). The percentage of 

substrate cleaved in each sample was determined from the ratio of radioactivity in the 5’-end 

labeled cleavage product (P) to the sum of the radioactivity in the 5’-end labeled cleavage 

product and the substrate band (S): % Cleavage = P/P+S.  Using Excel (Microsoft, Redmond, 

WA) the percentage of substrate cleaved was then plotted as a function of time. 

Multiturnover Kinetics Analysis. 

As in the timecourse reaction, the synthetic RNA oligonucleotides of the ribozymes and 

their exact target sequences were used. Initial rates were measured when the amount of cleavage 

was linear with time and before more than 10-15% of the substrate has been converted into 

product. These two parameters were determined from the graph of time versus percent cleaved 

based on the time-course reaction data.. The ribozyme (15nM) in 40mM Tris- HCl, pH 7.4 was 

heated for 2 minutes at 65˚C and then allowed to cool for 10 minutes at room temperature. A 
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final concentration of 5mM MgCl2, 4.5mM DTT and 0.5% RNasin were added to the ribozyme, 

and the mixture was incubated at 37˚C for 10 minutes.  Increased concentrations of cold target 

(0-15μM) plus trace amounts of γ -32P end-labeled target were added to the reaction mixture.  

Each reaction was run in a separate tube and done in duplicate. Figure 3-3 shows a summary of 

the experimental design for the multiturnover kinetics analysis. The reactions were stopped by 

adding an equal volume of formamide dye. The samples were then placed on ice, and heat 

denatured prior to being loaded on a 10% polyacrylamide-8M urea gel. The gels were then 

treated as described in the timecourse section. To quantify the amount of 5’-end labeled cleavage 

product, a calibration curve was constructed by preparing solutions containing known amounts 

of P 5’-end labeled GPX-1 targets (Figure 3-4), and filtering each onto a HybondN+ membrane 

(Amersham Pharmacia Biotech, Piscataway, NJ). The calibration blot was exposed on the same 

radioanalytic phosphorescent screen as the dried gel and analyzed using a Molecular Dynamics 

Phosphoimager system and ImageQuant software (GE Healthcare). The Vmax and Km for the 

ribozymes were obtained by graphing a Lineweaver-Burke plot (the double reciprocal of velocity 

versus substrate concentration). The kcat or turnover number was determined by dividing the Vmax 

by the ribozyme concentration used in the reaction. 

In Vitro Transcription of GPX-1 Full Length mRNA  

The full length GPX-1 sequence was obtained by RT-PCR using total RNA extracted from 

mouse NIH 3T3 cells. The primers that were used for RT-PCR of full length GPX-1 are listed in 

Table 3-1.  The GPX-1 PCR product was cloned into the TOPO TA vector following 

manufacturer’s protocol (Invitrogen, San Diego, CA).  The plasmid containing GPX-1 in the 

forward orientation with respect to the putative bacterial T7 promoter sequence (Figure 3-5) was 

linearized with SpeI. Radiolabeled transcripts of full length GPX-1 (801bases) were generated 

with T7 RNA polymerase and α [32 P]-UTP (MP Biochemicals, Irvine,CA). A typical reaction 
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was set up as follows: 1μl of linearized GPX-1 plasmid (about 100ng), 5μl 5X phosphate buffer 

(100mM sodium phosphate, pH 7.7), 5μl 5X magnesium/spermidine buffer(40mM MgCl2 and 

16mM spermidine (HCl3)), 2μl 20mM NTP (A,G,T), 1μl 5mM cold UTP, 1μl 1M DTT, 1μl 

Rnasin, 7μl H2O, 1μl α [32 P]-UTP (10μ Ci) and 1μl T7 RNA polymerase. The reaction was 

incubated for 2 hours at 37˚C. The resulting GPX-1 transcript was purified as performed for 

short targets. 

Ribozyme Cleavage of Full Length GPX-1 mRNA 

GPX-1 long target cleavage was examined with ribozyme to GPX-1 target ratios of 10:1, 

100:1 and 1000:1. Reaction conditions were similar to short target conditions. The reactions 

were incubated at 37˚C for 2 hours, followed by an addition of equal volume of formamide dye 

to stop the reaction. Six μl of cleavage products were run on a 5%polyacrylamide/ 8M urea gel. 

The gels were then processed as described in the time-course section. 

Ribozyme Cloning and Packaging.  

The GPX-1 ribozymes found to be the most catalytically active in vitro were selected for 

further testing in tissue culture cells. DNA oligonucleotides coding for active and inactive 

versions of Rz172 and 275 (Table 3-2) were ordered from Invitrogen (Carlsbad, California). The 

sequences of the inactive ribozymes contain a G to C mutation at a conserved position in the 

catalytic core that abolishes that catalytic activity of the ribozyme. Additional sequences were 

appended to the 5’ and 3’ ends of the ribozyme strands so that when the strands were annealed 

they formed the sticky overhangs corresponding to HindIII at the 5’ ends and SpeI at the 3’ ends. 

Rz172 and Rz275 sequences were ligated into the HindIII and SpeI sites of the p21NHP and UF-

12 AAV packaging plasmids. The ribozymes were cloned under the control of the ubiquitous 

chicken beta-actin promoter (CBA) coupled to the cytomegalovirus enhancer. The plasmids are 

illustrated in Figure 3-6.  Large scale preparations of the ribozyme plamids were made using an 
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alkaline SDS, cesium chloride purification method. The packaging of the GPX-1 ribozymes into 

rAAV was performed by the UF Ophthalmology Packaging Core using the same protocol 

outlined in Materials and Methods in chapter 2.  

GPX-1 Ribozyme Delivery to NIH 3T3 Cells  

Mouse NIH 3T3 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM; Cell 

gro) supplemented with 10% newborn calf serum (NCS; ATCC), and penicillin/ streptomycin at 

37 C with 5% CO2. Cells were plated on 10cm dishes and transfected with plasmids containing 

GPX-1 ribozymes according to the manufacturer’s protocol for Lipofectamine 2000 (Invitrogen 

Corporation, Carlsbad, CA). Transfection efficiency was determined using FACS based on the 

fraction of cells expressing a GFP marker gene. 

Assessment of GPX-1 mRNA and Protein in NIH3T3 Cells. 

GPX-1 mRNA and protein levels after GPX-1 ribozyme treatment of NIH 3T3 cells were 

analyzed by RT-PCR and western blotting respectively.  Analysis was performed as described in 

Materials and Methods for Chapter 2.  The primers used for RT-PCR reactions are listed in Table 

3-3. 

G418 Selection 

NIH3T3 cells were transfected with Rz172, Rz275 or p21NHP control plasmid containing 

the neomycin resistance gene. At two days post transfection, the cells were treated with G418 

(Sigma, St. Louis , MO) to obtain a uniform population of cells that were expressing the GPX-1 

ribozyme or control plasmid. 

Viability of NIH 3T3 Cells in H2O2 after Treatment with GPX-1 Ribozymes 

NIH 3T3 cells transfected and selected for expression of GPX-1 Rz172, Rz275 or empty 

plasmid, were seeded on 12 well plates at 40% confluency.  At 12 hours after seeding, increasing 

concentrations of H2O2 (0-750µM) were added to the cells in triplicate. 12 hours after addition of 
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H2O2, the cells were counted by trypan blue (0.4%) exclusion assay. Briefly, the cells were 

trypsinized and resuspended in 500µl of plating medium. 40µl of trypan blue was added to an 

equal volume of cells. 10µl of the cell/trypan blue mixture was counted using a hemocytometer. 

The cells from each well were counted three times. The cells retaining the blue dye were not 

counted. The results were graphed as a percentage of the cells at 0µM that were viable at each 

H2O2 concentration.  

Experimental Animals and Injection of AAV Vector 

4 week old wild type C57BL/6 mice were injected subretinally with 1μl of 2.5x1012 

particles per ml of active GPX-1 Rz172. A separate cohort of mice was injected with a GFP only 

control vector. The injections were performed as in Materials and Methods of Chapter 2. 

GFP Immunostaining  

Mice treated with AAV-Rz172 were euthanized at 4 weeks. Their eyes were processed for 

frozen sectioning as described in Materials and Methods of Chapter2.  For in situ detection of 

GPX-1 Rz-GFP, frozen retinal sections from injected eyes were first blocked and permeabilized 

with 5% BSA/0.05% TritonX-100. Sections were then treated overnight at 4 o C with a 1:500 

dilution of anti-GFP polyclonal antibody raised in rabbit (a gift of Dr. Paul Hargrave.). 

Following incubation, the sections were washed and incubated with a fluorescein labeled goat 

anti-rabbit secondary antibody to localize primary antibody bound GFP. 

Dark -adaptated ERG Analysis  

Dark adaptated electroretinography was performed at 3, 6 and 18 weeks post injection. 

ERG analyses were performed as described in Materials and Methods of Chapter 2. 

Histology  

After the 18 weeks (4 months) post injection time point, the mice were euthanized and 

their eyes processed for light microscopy as described in Materials and Methods of Chapter 2. 
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Results 

Multiple -turnover Kinetic Analysis of GPX-1 Ribozymes with Short Targets 

Two hammerhead ribozymes that cleave the mouse GPX-1 mRNA following nucleotides 

172 and 275 were selected for in vitro characterization because their predicted secondary 

structures contained no internal base pairing in the flanking arms (Figure3-2). Also, a BLAST 

search indicated that these two ribozymes should not target any other genes in the mouse 

genome. A time -course reaction was performed with the two ribozymes to determine their 

ability to cleave their respective 12 nucleotide targets in 5mM MgCl2. Autoradiograms of time 

course assays for Rz172 and 275 demonstrated that both ribozymes were very active in vitro as 

seen in Figure 3-7A.  Figure 3-7B shows a plot of the fraction of 12nt target cleaved over time. 

Based on this graph, it was determined that Rz172 achieved 15% cleavage of the target in the 

reaction at 25 seconds, and Rz275 reached this same point at 1.5 minutes. Multitple urnover 

kinetic analysis of Rz172 and 275 performed at the 15% cleavage times, yield a kcat of 6.3 min-1 

and a of Km 0.566uM for Rz172, and a kcat of 4 min-1 and Km of 3.22uM for Rz275.  Rz172 and 

275 are considered very efficient, since naturally occurring ribozymes have a kcat of 

approximately 1 min-1 in 10mM Mg2+ reactions.316 These GPX-1 ribozymes also have better 

kinetic parameters than others that have been shown to function well in vivo. 233,243,317 

In Vitro Analysis of GPX-1 Ribozyme Cleavage of Full Length Target 

While the timecourse analysis of ribozymes incubated with their targeting sequences tells 

whether a ribozyme is catalytically active, it does not reveal whether the cleavage site of the 

ribozyme is masked by the intrinsic secondary structure of the target mRNA. To determine the 

accessibility of the target sites for Rz172 and 275, an 800 bp fragment of the full length GPX-1 

coding sequence was cloned into the TOPO TA vector (Invitrogen, Carslbad, CA).  I generated 

in vitro transcripts of GPX-1 and performed cleavage reactions at different molar amounts of 
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ribozyme while maintaining a fixed molar amount of target. Figure 3-8 shows autoradiographs of 

the cleavage products generated by Rz172 and 275 after 2 hours of incubation with GPX-1 

transcript. The accumulation of products was observed at a 10:1 molar ratio of ribozyme to GPX-

1 target, and the amount of product formed increased proportionally to the molar amount of 

ribozyme used in the reaction. The accumulation of products of the expected sizes suggested that 

the target site of Rz172 and 275 are available for binding and cleavage. 

GPX-1 mRNA and Protein Knockdown in NIH 3T3 Cells 

I next examined the activity of Rz172 and 275 against GPX-1 mRNA and protein in 

cultured NIH 3T3 cells. Rz172 and 275 were cloned into rAAV vectors under the control of the 

potent ubiquitous CBA promoter coupled to the CMV enhancer. These plasmids also contain an 

IRES-GFP marker to help determine transfection efficiencies. NIH 3T3 cells transfected with 

Rz172 Rz275, or p21NHP control plasmids showed only a 20% transfection efficiency. Because 

such a small proportion of the cells were expressing the ribozymes, it might have been difficult 

to observe a significant change in GPX-1 mRNA and protein levels in the total cell population. 

To obtain a population of NIH 3T3 cells that are all expressing the ribozymes, the cells were 

sorted by FACS based on cells expressing the GFP marker.  Total RNA and protein were 

extracted from this cell population, and RT-PCR and western blotting were performed to 

examine GPX-1 levels. Beta-actin was used as an internal control in the assays. Rz172 and 

Rz275 treated cells showed a significant decrease (>40% of control) of GPX-1 mRNA levels 

versus control plasmid treated cells (Figure 3-9).  Although a significant decrease of GPX-1 

mRNA was observed, we were not able to detect a significant knockdown of GPX-1 protein by 

two days post treatment (Figure 3-10). 
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Viability of NIH 3T3 Cells in H2O2 after Treatment with Rz172 and 275 

To determine if the knockdown of the GPX-1 levels that was observed could lead to 

increased sensitivity to H2O2, I incubated NIH3T3 cells treated and selected for expression of 

Rz172 and 275 with increasing concentrations of H2O2. Compared to cells treated with p21NHP 

control plasmid, Rz275 treated cells showed a trend towards increased sensitivity to H2O2 

(Figure 3-11). Rz172 did not cause a significant increase in H2O2 sensitivity in treated NIH 3T3 

cells. NIH 3T3 cells did not transfect or infect readily (see above). Therefore, the lack of a 

significant phenotype in the NIH 3T3 cells may be due, in part, to the large fraction of cells not 

expressing ribozyme. Based on the observation that AAV vectors can readily transduce the cells 

of the retina, we decided to proceed with in vivo experiments with GPX-1 Rz172. 

In situ Detection of GPX-1 Ribozymes 

For in vivo experiments, 4 week old C57BL/6 mice were injected subretinally in the right 

eye with GPX-1 Rz172 packaged in AAV1 capsids. The left eyes were not treated. As an 

additional control, we injected a separate cohort of mice with a GFP control vector. At four 

weeks following injections, a few of the eyes treated with AAV were processed and 

cryosectioned to determine if AAV Rz172 efficiently transduced the RPE.  Figure 3-12 shows a 

section from a retina that was treated with active Rz172 immunostained for GFP.  Based on the 

GFP staining, the ribozyme appeared to express in the RPE. The expression of the vector, 

however, was scattered and covered less than 50% of the length of the RPE. 

ERG Analysis 

 At 3, 9, and 18 weeks post injection, dark-adapted electroretinography was performed to 

determine if Rz172 could lead to pathological changes that would result in diminished light 

response. Since peak expression of rAAV1 does not take place until approximately 2 weeks after 

infection of the retina, we eliminated any mice that had reduction of ERGs at 3 weeks post 
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injection that was greater than 20% of the uninjected eye. A rapid loss in ERG response is 

usually an indicator of damage that occurred during injection. The response of the retinas of the 

mice to light intensities of 0.02, 0.18, and 2.68 cd-s/m2 were measured. However, in Figure 3-13 

only the response to the 0.18 cd-s/m2 intensity is graphed, because the least variability in 

measurements at this intensity was detected. The graph in Figure 3-13 shows the ratio of the 

response of eyes treated with active Rz172 to eyes treated with GFP control vector. No 

significant loss of ERG response in either the a - or b-wave response was observed by the 18 

weeks (4 months) post injection. 

Histology 

The ERG is a global response of the retina to light. Therefore, a significant portion of the 

retina needs to be affected in order to see a reduction in ERG amplitudes. Since the AAV-Rz172 

vector did not appear to transduce the entire retina, I decided to look at the retinal histology of 

the mice after the 4 months injection time point to determine if there were any focal changes.  

The RPE of AAV-Rz172 treated retinas appeared hypopigmented compared to those treated with 

AAV-GFP vector. At this time point, however, no apparent atrophy of the RPE was observed, 

and the photoreceptors appeared normal (Figure 3-14). 

Conclusions 

The purpose of this study was to help support the findings of Chapter 2 that increased 

oxidative stress in the RPE leads to decreased function and morphological changes in the outer 

retina. I employed the same AAV-ribozyme approach to selectively reduce the expression levels 

of the protective antioxidant enzyme GPX-1. Catalase and GPX-1 both serve the purpose of 

eliminating H2O2.  GPX-1 is present in the cytosol and mitochondria, while catalase is localized 

mainly in peroxisomes.  Its more ubiquitous presence indicates GPX-1 may be the more 
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important enzyme in responding to increased H2O2  In addition, GPX-1 is able to metabolize 

both H2O2 and lipid peroxides, unlike catalase.318 

Two ribozymes that target GPX-1 were designed and tested in vitro. Cleavage analysis of 

the ribozyme with a full length transcript target showed that the cleavage sites of the ribozymes 

were not embedded into the secondary structure of the GPX-1 transcript. I was not able to detect 

a significant decrease in GPX-1 protein or a phenotype in the NIH3T3 cells associated with 

GPX-1 ribozyme treatment. However, I did observe significant loss of GPX-1 mRNA, indicating 

that the ribozymes could be active in an environment which closely resembles an in vivo 

scenario. I decided to test GPX-1 Rz172 in the mouse outer retina based on the observation that 

AAV vectors are better able to transduce murine cells in vivo than in tissue culture. In addition, a 

greater number of copies of the ribozyme may be delivered using AAV than via the transfection 

procedure that we used for the cultured murine cells. GPX-1 Rz172 under the control of the CBA 

promoter was packaged in AAV serotype 1 and delivered into the subretinal space of wild-type 

mice. Although I obtained expression of the AAV-Rz172 vector as visualized by GFP staining, I 

was not able to detect significant loss of ERG response in these mice even by 4 months post 

injection. At this stage, it was my hypothesis that the fraction of the RPE affected by the 

ribozyme may not have been enough to produce a significant change in ERG light response. 

Upon examination of the morphology of treated retinas I did not observe any significant 

pathology at even focal areas that would have perhaps corresponded to areas of Rz expression.  

The pigmentary changes however may be an early indicator of dysfunction in the RPE. The 

examination of the outer retina at later time points will need to be done in order to determine if 

the former hypothesis was correct. 
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There is currently a GPX-1 knockout mouse. These mice show no pathology unless 

challenged by oxidative stress.319 Gosbell et al conducted a recent study in which the retinas of 

mice depleted of GPX-1 were subjected to toxic levels of light.  The GPX-1 deficient mice used 

in this study were between of 8 to 14 weeks of age. At baseline (before light injury) the retinas 

showed a small but significant reduction in a-wave ERG response. Although the retinal 

morphology of these mice appeared normal, the photoreceptor outer segments were shorter 

compared to wild type mice. Since no dramatic changes were seen at even 3 months of age in the 

retinas of these mice that are completely deficient in GPX-1, one could speculate that reducing 

GPX-1 levels in just the RPE would also not have led to significant effects at 4 months post 

treatment. There are no current reports on the electrophysiology and histological findings in the 

retinas of aged GPX-1 deficient mice, but it will be interesting to see if they display similar 

retinal dysfunction as observed in aged SOD1 deficient mice. 

GPX-1 is not alone in the cell as a defender against H2O2. For example, catalase, another 

antioxidant enzyme, functions in the same capacity, although in a different compartment of the 

cell. In addition, cells contain another ubiquitously expressed isoform of glutathione peroxidase, 

GPX-4(PHGPX), that functions in the removal of lipid hydroperoxides in the nucleus, cytosol 

and the mitochondria.320 Unlike GPX-1 deficient mice, GPX-4 knockouts are embryonic 

lethal.321 The disposal of hydrogen peroxide is also closely associated with other proteins such as 

the thioredoxins, thioredoxin reductases , peroxiredoxins and glutaredoxins.318 Since mice 

lacking GPX1 do not display any obvious increase of basal levels of oxidative damage, it 

indicates that there may be redundancy with the above peroxidases for at least some of its 

biochemical function in vivo. 
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Figure 3-1 Chemical reaction catalyzed by Glutathione Peroxidase 1 
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Figure 3-2.  Secondary structure of hammerhead ribozymes targeting GPX-1.  Illustrated are Rzs 

172, 275 and their mRNA targeting sequence.  The cleavage site is shown by the 
short arrow, and nucleotide position change to produce the inactive by the long 
arrow.  
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Figure 3-3.  Summary of the experimental design for multiple-turnover kinetics analysis. 
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Figure 3-4.  Summary of experimental design used to prepare the calibration curve for multiple-

turnover kinetics analysis. 
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Table 3-1. DNA oligonucleotides used in RT-PCR of full length GPX-1. 
Primer Sequence Number of cycles 

GPX-1 Sense TACGGATTCCACGTTTGAGTCCC 
GPX-1 Antisense AGGTGGAAAGGCATCGGGAATGG 

 
30 
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Figure 3-5 Plasmid used to in vitro transcribe full length murine GPX-1. An 800 bp fragment of 

GPX-1 cDNA was inserted into the pCRII-Topo cloning vector downstream of the T7 
promoter. 
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Table 3-2. DNA oligonucleotides used for cloning mouse GPX-1 ribozymes. 
Rz172 Sense 5’AGCTTAGAGACTGATGAGCGCTTCGGCGCGAAACGCGAA 3’ 
Rz172 Antisense 5’CTAGTTCGCGTTTCGCGCCGAAGCGCTCATCAGTCTCTA 3’ 
Rz275 Sense  5’AGCTTTGTCCCTGATGAGCGCTTCGGCGCGAAAACTGAA 3’ 
Rz275 Antisense 5’CTAGTTCAGTTTTCGCGCCGAAGCGCTCATCAGGGACAA 3’ 
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Figure 3-6. Plasmids used to deliver GPX-1 Rz172 and 275 into NIH 3T3 cells and to package 
ribozymes into AAV. A) Plasmids containing IRES-GFP were used for cell sorting 
and packaging into AAV1 vectors. B) Plasmids containing the neomycin resistance 
gene were used to select for expression of GPX-1 ribozymes.  TR, inverted terminal 
repeats; CMV, cytomegalovirus; SD/SA, splice donor/acceptor site; hGFP, 
humanized green fluorescent protein; AMP-R, ampicillin resistance. 
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Table 3-3. DNA oligonucleotides used for RT-PCR analysis of GPX-1 mRNA. 
Primer Sequence Number of cycles 

Gpx-1 Sense      CACAGTCCACCGTGTATGCCTTCT 
Gpx-1 Antisense   ACTGGGTGTTGGCAAGGCATTC 

 
22 

Beta Actin Sense  TGAGACCTTCAACACCCCAGCC 
Beta Actin Antisense  TGGCCATCTCCTGCTCGAAGTC 

 
17 
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Figure 3-7.  Kinetic analysis of GPX-1 Rz 172 and 275. A) Autoradiographs of time course 
cleavage of RNA targets by Rz172 and 275 at 5mM MgCl2. B) Graphical 
representation of the reactions above showing the fraction of target cleaved over time. 
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Figure 3-8.  Rz172 and 275 cleavage of full length GPX-1 target. Autoradiograph of cleavage 
products at increasing molar ratios of ribozyme to target. Lane 1, uncut GPX-1 
transcript; Lane 2,3 and 4, 10:1, 100:1, and 1000:1 ratio of Rz172 to GPX1 
respectively; Lanes 5, 6, and 7, 10:1, 1000:1 and 100:1 of Rz275 to GPX-1 
respectively. 
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Figure 3-9.  Quantitation of GPX-1 transcript levels in NIH 3T3 cells after ribozyme treatment. 

mRNA levels were measured in triplicate with RT-PCR using β-actin amplified in the 
same reaction as an internal control. PCR products were quantitated by SYBR green 
staining. 
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Figure 3-10.  Representative western blot for GPX-1 protein at 2 days after treatment of NIH 
3T3 with Rz172, Rz275 or empty control plasmid. 
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Figure 3-11.  Viability of NIH 3T3 cells in H2O2 following GPX-1 ribozyme treatment. The 

graph shows the percent of cells at 0µM viable at increasing concentrations of H2O2 
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Figure 3-12.  Localization of Rz172-GFP expression in the retina at 4 weeks post injection. Cells 

expressing the ribozyme are shown in green. The sections are counterstained with 
DAPI to show cell nuclei (blue).  
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Figure 3- 13.  Scotopic full-field ERGs of C57BL/6 mice injected with Rz172 or GFP control 

vector. ERGs were measured at 3, 9,and 18 weeks post injection. The graph shows 
the ratio of the a and b-wave response of Rz172 treated eyes to GFP control vector 
treated. 
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Figure 3-14.  Light micrograph of retinas at 4 months post treatment with GFP control or GPX-1 
Rz172. The RPE of ribozyme treated retinas appear hypopigmented compared to 
control retinas. The photoreceptor layer appears normal. Original micrographs at 10X 
magnification  
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CHAPTER 4 
CONCLUSIONS 

Summary 

Modern medicine is enabling us to live longer, therefore the number of new AMD cases 

will continue to rise. AMD is a complex disease, with both modifiable and nonmodifiable factors 

contributing to its development. Understanding AMD is further complicated by its slow rate of 

progression and other confounding health issues that also present themselves in the later years of 

life. By understanding the molecular pathways that lead to AMD development, we can begin to 

develop new therapies to effectively halt the progression of the disease towards its end stages 

that cause blindness. In this study, I showed in mice that excessive oxidative burden on the RPE 

may contribute to the development of AMD. Specifically, I used an AAV-ribozyme–mediated 

approach to knockdown the mRNA of the protective antioxidant enzymes MnSOD and GPX-1 in 

the RPE of wild-type mice. I demonstrated that suppression of MnSOD led to significant 

increase of markers in the RPE that are indicators of oxidative damage. As a result of the 

oxidative injuries to the RPE, I was able to observe some features associated with early AMD. In 

particular, there was a progressive loss of light response (Figures 2-15 and 2-16), and 

histological changes (Figures 2-17 and 2-20) including vacuolization and atrophy of the RPE 

layer that preceded apoptotic cell death of the photoreceptors (Figure 2-19), accumulation of 

lipofuscin-like aggregates in the RPE (Figure 2-23) significant thickening of Bruch’s membrane 

and debris deposition between the plasma and basement membrane as well as in between the 

basal laminar infoldings of the RPE (Figure 2-21).  

General Discussion 

While mice have no macula, we reasoned that manipulation of their oxidative defense 

mechanisms might reveal damage to Bruch’s membrane and to the RPE that may contribute to 
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the accumulation of later manifestations of AMD, such as drusen, geographic atrophy and 

choroidal neovascularization. Specifically, reactive oxygen species-mediated damage of the 

protein, lipids and DNA of the RPE may impair its phagocytic and transport functions. Without 

proper support from the RPE, the photoreceptors may starve and accumulate waste products, 

leading to their apoptotic death. Similarly, the damaged RPE may send stress signals to the 

choroidal layer that lead to growth of new blood vessels from the choroid into the sub-RPE and 

sub-retinal spaces. Although our approach involved the targeted reduction of antioxidant 

enzymes in the RPE, I am not suggesting that specific reduction in the activity of these enzymes 

leads to AMD development, rather their absence leads to increased oxidative stress which I used 

to promote oxidative damage.  

Homozygous knockout mice for GPX-1 and SOD2 have been created and their retinas 

have been examined for consequences associated with the depletion of these antioxidant 

enzymes. While retinas of SOD2 depleted mice show significant changes by the time of their 

death at approximately 3 weeks of age, GPX-1 deficient mice, at least by 3 months of age, do not 

display dramatic pathology in the retina. Recently, a group from Tokyo examined age-related 

changes in the retinas of SOD1 knockout mice and found pathological features resembling 

AMD. At one year of age these mice demonstrate thickening of Bruch’s membrane, drusen-like 

deposits and choroidal neovascularization. Their findings help support our hypothesis of an 

important role for oxidative injury in AMD pathogenesis. Unlike SOD2, to date SOD1 has not 

been linked to AMD development, making SOD2 a more attractive target to examine the 

consequences of its absence. In these knockouts, SOD2, GPX-1, and SOD1 enzyme activity is 

ubiquitously depleted in all cell types of the retina, therefore I could not use these mice to study 

how the outer retina is affected by oxidative tissue injury to specifically the RPE.  
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Ribozyme mediated reduction of GPX-1 in the RPE did not cause significant pathology in 

the outer retina that resembled AMD by the 4 month post injection time point. My observations, 

however, do not necessarily refute my hypothesis that oxidative injury plays a role in AMD 

development.  GPX-1 knockout mice, though deficient of GPX-1 activity in all cell layers of the 

retina, also do not display severe changes in the retina by 3 months of age. Other members of the 

GPX enzymes are also expressed in the outer retina, including GPX-4, which is important for its 

protective role against peroxidation of lipid components of membranes. The outer segments of 

the photoreceptors contain an abundant amount of polyunsaturated fatty acid. Therefore, it is 

reasonable to hypothesize that GPX-4 may play a more important role in protecting the outer 

retina from peroxides than GPX-1, and GPX-4 may have been able to compensate for the 

ribozyme-mediated knockdown of GPX-1.  

While all people are subjected to macular oxidative stress, those at genetic risk because 

they carry the 402H variant of CFH, for example, may have a greater chance of AMD 

development and progression. Johnson et al showed at risk homozygotes for CFH 402H have 

increased deposition of C-reactive protein (a serum biomarker for chronic inflammation) in the 

choroid.322 Therefore individuals with the CFH 402H polymorphism may be less able to regulate 

the complement pathway and over time develop a chronic state of inflammation that over time 

leads to drusen formation, cell loss in the outer retina, and CNV. Findings from Zhou et al 

suggest that products resulting from the photooxidation of lipofuscin pigments in the RPE could 

serve as a factor that triggers the activation of the complement system323. Their findings offer 

some explanation of the role environmental factors may be playing in conjunction with genetic 

factors to lead to AMD development. Furthermore, this evidence demonstrates how an initial 



 

138 

insult on the RPE that is mediated by oxidative damage may lead to further events 

(inflammation) which has been shown to be directly associated with AMD development.  

There have been concerns with off-targeting effects associated with antisense technologies. 

Our results do not indicate that our observations were due to non-specific cleavage since we 

were able to show an increase in markers of oxidative damage as a consequence of expressing 

Rz432 that targets SOD2. Nonetheless, the best way to address this issue is to deliver a second 

ribozyme targeting a different section of SOD2 to the outer retina of mice.  Qi et al who 

previously showed that Rz432 was functional in vivo used a second ribozyme in their study that 

led to similar phenotypes observed with Rz432.243 We have designed another ribozyme (Rz309) 

that is catalytically active in vitro, but this ribozyme needs to be tested in the RPE culture cells 

before it can be used in vivo. 

 Heterozygous SOD2 knockout mice do not exhibit any severe phenotypes as a result of 

having a 50% reduction in MnSOD activity. To date, no one has examined the function and the 

histology of the outer retina of these mice. Because complete loss of MnSOD activity 

significantly reduces cell survival and leads to neonatal lethality in mice, we decided to conduct 

the MnSOD knockdown experiments using wild type mice. Suppressing the synthesis of 

MnSOD too much may lead to acute cell loss rather than a chronic state of oxidative injury that 

would over time overwhelm the antioxidant systems of the RPE. To bypass the problem of 

excessive knockdown of MnSOD, one could do a dose response experiment with Rz432 using 

mice heterozygous for SOD2 disruption. Perhaps a further knockdown of SOD2 expression 

might lessen the time in which changes to the retina are seen, as well as increase the severity of 

changes. 
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Future Studies 

Undoubtedly, one of the biggest challenges in this dissertation project was to obtain 

successful injections in which large portion of the retina was transduced with minimal injection 

damage. To circumvent the variability in injections, one could employ the powerful Cre/lox 

system. Using this system, an RPE specific knockout of the SOD2 gene could be made to 

examine the consequences of the lost of this key enzyme in this specific layer of the retina. In 

this approach, a mouse containing the Cre recombinase gene driven by an RPE specific promoter 

such as RPE 65 or VMD2 would be crossed to a mouse containing a floxed SOD2 gene. In the 

offspring of this mating the Cre would lead to recombination between the loxp sites surrounding 

the SOD2 gene sequences, thereby inhibiting the expression of SOD2 in only the RPE. The Cre 

recombinase gene may also be delivered by AAV into the subretinal space, thereby 

circumventing the need for a mouse that expresses Cre specifically in the RPE. Using the AAV 

approach, however, we would also run into the problem of variability in the injections. A GFP 

marker gene may be inserted into the same construct of the AAV-Cre to determine the area of 

cells expressing the Cre and if that particular area develops histological abnormalities resembling 

AMD. 

Another key aspect to consider is the amount of time it may take to see changes in the 

retinas of a particular mouse being used as a model of AMD and the age of the mouse at which 

these changes present themselves. The Ccr2/Ccl2 and SOD1 knockouts that exhibit a large a 

number of the features of AMD require more than a year before they begin to develop these 

characteristics.101, 193 In these models, the extremely slow progression of the development of 

lesions that resemble AMD is on the same time scale as humans. This produces the challenge of 

having to wait for long periods of time before one can determine if a particular therapy is 

working.  In this dissertation, the longest time point following treatment with the ribozymes that 
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was analyzed was 6 months. Thus, it may not be surprising that we did not observe some of the 

features such as CNV that occur in the late stages of AMD. A recommendation for future studies 

is to continue to monitor the mice for longer time points after treatment. 

The RPE layer of the retina does not regenerate, and it accumulates debris in the form of 

lipofuscin which in older age can take up as much as 19% of cytoplasmic space in the RPE. 324It 

is appropriate to assume that this accumulation would make the RPE less efficient in performing 

its functions. Therefore, the RPE in an aged person may be less efficient at dealing with 

oxidative stress. An alternative to treating young adult mice is to treat aged mice with AAV-

Rz432 or other agents to promote oxidative stress.  In this way the time lag between treatment 

and effect would be reduced.  

As mentioned above, AMD is a multifactorial disease. We did not observe thick drusen 

and choroidal neovascularization, indicating that additional factors, in conjunction with increased 

oxidative burden, may be needed for progression of the disease.  A possible future experiment is 

to combine treatment of SOD2 ribozymes with over-expression of VEGF, which has been shown 

to induce choroidal neovascularization. An alternative to treating wild-type mice is to treat the 

outer retinas of Ccr2/Ccl2 deficient mice with the SOD2 specific ribozymes. Ccr2/Ccl2 mice 

which show deficiencies in controlling the complement cascade that lead to chronic 

inflammation seem to predispose these mice to developing AMD like features. Perhaps loss of 

key antioxidants in these mice may increase the rate at which we observe changes in the retina 

related to AMD. Ribozyme-mediated depletion of some of the components of the antioxidant 

defense system in the RPE may cause the retinas of mice to become more susceptible to 

environmental stress such as blue light which has been shown to induce the production of ROS 

generated by the electron transport chain325 and cigarette smoke which contains ROS326. An 
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interesting experiment to perform may involve exposing ribozyme treated mice to increased 

amounts of light or cigarette smoke to determine if exogenous factors could further aggravate the 

changes induced by the ribozyme. 

The next logical step in testing our theory that oxidative injury to the RPE is important in 

the initiation of AMD development is to reverse the phenotype that I have created. Mice treated 

with ribozyme may be given compounds that protect against oxidants. The diet of mice treated 

with MnSOD ribozymes may easily be supplemented with antioxidants that are found in wild-

type mice, such as zinc, vitamin C, beta-carotene and vitamin E which have all been found to be 

able to protect the retina against oxidative injury. Iron can mediate the production of oxidants to 

lead to oxidative damage and is thought to be a key player in oxidative injury of the retina. The 

levels of iron increase with age and is also thought to play an important role in AMD.327 Another 

treatment option may be to give mice treated with the MnSOD ribozymes, compounds that act as 

iron-chelating agents.  

Closing Remarks 

 Most of the current treatments for AMD focus on the end stage wet form. Two of the 

treatment options are photocoagulation and photodynamic therapy. The former uses focused 

laser light to locally ablate new choroidal blood vessels and the latter uses photosensitizing 

agents such as verteporfin, which ,when activated by exposure to certain wavelengths of light 

results in the production of reactive oxygen species that cause selective closure of the abnormal 

blood vessels. Photocoagulation and photodynamic therapy, however, do not alter the underlying 

progression of AMD. A new alternative approach to treatment of wet AMD is the use of anti-

vascular endothelial growth factor (VEGF) directed therapies such as an anti-VEGF aptamer 

(Macugen), a humanized anti-VEGF monoclonal antibody (Avastin) and a high-affinity anti-

VEGF Fab (Lucentis). Although Lucentis and Avastin appear to effective at blocking choroidal 



 

142 

neovascularization, they also target the end stage of the disease. There is still a need for therapies 

for the end stage of dry AMD (geographic atrophy) which also leads to loss of vision. Therefore, 

more research is needed to understand the initial biochemical events that lead to AMD 

development, and these advances will set the stage for the development of more effective 

mechanism-based therapies. For these purposes, animal models will continue to be a key in the 

study of previously unknown pathophysiological mechanisms associated with AMD. 

In closing, we have created an in vivo model of chronic oxidative stress in the RPE layer of 

the retina.  The oxidative injury mediated changes in the retinas of these mice resembling AMD 

lesions occurred at a more rapid rate than other models in which these changes are observed after 

a year. Our approach may be used as a model to test the efficacy of antioxidant drugs for AMD. 
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