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Abstract 

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

elderly in the developed world. Current treatments are limited due to our inadequate 

understanding of the pathogenic events leading to AMD. Early clinical symptoms occur 

in the retinal pigment epithelium (RPE), suggesting RPE as the potential site of defect in 

AMD. This research evaluated the RPE proteome and mitochondrial DNA (mtDNA) to 

test the hypothesis that molecular changes in the RPE contributes to AMD. Human donor 

eyes categorized into four progressive stages of AMD were utilized in these 

investigations. 

Two proteomic analyses using 2D gel electrophoresis and mass spectrometry 

were performed to define changes in the RPE proteome. In the first proteomic study, 

analysis of the mitochondrial proteome revealed significant changes that suggested 

potential damage to mtDNA with AMD. These results prompted an analysis of mtDNA 

lesions associated with aging and AMD. These results suggest a potential link between 

mt dysfunction due to increased mtDNA damage and altered proteins and AMD 

pathology. In the second study, we tested the hypothesis that mt dysfunction is 

communicated to the nucleus via retrograde signaling and consequently alters the protein 

profile to reflect a major shift in metabolism and stress response. Our results suggest not 

only adjusted metabolism, response to stress and cellular redox regulation but also show 

major differences in the protein profile with AMD compared to aging.  

In summary, our investigations distinguished between normal and pathologic 

aging by identifying key macromolecules and pathways affected with each process. 
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Furthermore, our data indicate a potential link between mitochondrial dysfunction and 

AMD pathology, thus providing a point of intervention for the treatment of AMD.  
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Chapter 1 : Introduction  
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1.1 The Structure of the retina 
 
 The eye is a highly specialized organ in the body that has exclusively evolved for 

photoreception. The light energy from the environment is captured by the photoreceptors 

(rods and cones) in the neural retina and converted to nerve action impulses that are 

transmitted to the brain where they are transformed into visual images. A monolayer of 

cells in the posterior retina named the retinal pigment epithelial (RPE) cells provides 

many essential functions that are important for the survival of the photoreceptors. A 

description of the anatomy of the human eye, retina, and the RPE is presented next for 

full appreciation of the structural details that are responsible for vision.  

1.1.1  Anatomy of the human eye and the retina 

 
 The outer layer of the human eye (Fig.1.1A) consists of an anterior cornea and 

posterior sclera that protects the inner structures. The inner eye consists of three 

chambers: 

a. anterior chamber: cornea to iris filled with aqueous fluid 

b. posterior chamber: from iris to cilliary body that holds the lens, filled with aqueous 

fluid. 

c. vitreous chamber: between the lens and the retina holding a transparent, colorless 

gelatinous substance called the vitreous humour [1].  

The internal pressure of the eye must be higher than that of the atmosphere to 

maintain curvature of the cornea and the translucence of the ocular media. These 

properties are essential for the passage of light to the retina. 
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Figure 1.1: The structure of the human eye and the macula region.   
 
(A) A cross section of the eye showing the three major chambers (anterior, posterior, and 

vitreous), macula and the fovea at the center of the retina and optic nerve. (B) A detailed 

schematic of the macular region showing the indented cone-rich fovea. RPE = retinal 

pigment epithelium 

 

 
 
Figure 1.1A modified from [2], Figure 1.1B from [3]. 
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The cornea and lens focuses the outside light on the fovea (Fig.1.1B), which is 

located at the center of the macula. The macular region in the center of the retina is about 

5-6 mm in diameter. It contains a high concentration of carotenoid pigments (lutein and 

zeaxanthin) that act as protective filters by absorbing harmful blue light and short 

wavelength radiation. This region has a dense concentration of photoreceptors, and a 

cone to rod ratio that is twice as high as the surrounding retina. Rod photoreceptors are 

highly sensitive to light and allow night vision while cones provide color vision [1]. The 

fovea is in the central macula and is approximately 700 microns in diameter (Fig.1.1B). 

This region is devoid of rods and contains only cones. The fovea is thinner and provides 

less of a barrier for light to pass through (Fig. 1.1B). Thus, this region supplies the 

highest visual acuity and best color vision in the retina.  

A choroidal layer of blood vessels supply oxygen and nutrients to the outer 

photoreceptors, while intraretinal vasculature exclusively serves the inner layers of the 

retina. This dual blood supply is needed because the retina is one of the highest oxygen-

consuming tissues in the body [4]. Within the retina, most of the oxygen is consumed by 

the photoreceptors. 

The retina contains multiple cell types and is exclusively adapted to receive and 

process light energy (Fig.1.2). It consists of two primary layers: an inner neurosensory 

retina and an outer retinal pigment epithelium (RPE). The neural retina consists of many 

cell types but neurons predominate. The rod and cone photoreceptors are in the posterior 

retina and their nuclei make up the outer nuclear layer. The inner nuclear layer contains 

horizontal, amacrine, and bipolar cell nuclei. The ganglion cells 
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Figure 1.2: A light micrograph and an illustration depicting a retinal cross section. 
 
Many cell types exist in the retina. Light entering the inner retina initiates an impulse in 

the rod and cone photoreceptors, which travel through the horizontal (HC), bipolar (BC), 

and amacrine cell (AC) synaptic connections in the inner nuclear layer and through the 

ganglion cells to the optic nerve. The Mueller cells (MC) are glia that provide support 

and maintenance to the retina. The retinal pigment epithelial cells (RPE) and Bruch’s 

membrane are located adjacent to the photoreceptors in the outer retina. 

  
Figure modified from [5] 
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comprise the final layer of neurons that are directly connected to the optic nerve. The 

outer and inner plexiform layers contain the synaptic connections between the neural 

cells and are composed of the axonal processes of the neurons. The other cells in the 

retina are glial cells such as Muller cells, astrocytes, and microglia that provide support 

functions in the retina. The RPE and the Bruch’s membrane (BM) are located adjacent to 

the photoreceptors in the outer retina [6].  

Light stimuli are converted to neural impulses in the photoreceptors, which are 

transmitted to the brain via the synaptic connections of the secondary neurons 

(horizontal, amacrine and bipolar cells), the tertiary ganglion cells, and exit the retina 

through the optic nerve. The work described in this thesis focuses on age-related macular 

degeneration (AMD), a debilitating disease of the retina. The major cell types affected by 

AMD include RPE cells and the photoreceptors. The RPE cells have been the major 

focus of the work conducted in this thesis and will be discussed in detail next.  

1.1.2  Retinal Pigment Epithelium 

 
The RPE is a continuous, monolayer of pigmented cells that form a “blood-retina” 

barrier between the choroidal vasculature and the photoreceptors (PR). These cells 

provide a variety of essential functions for the maintenance of the retina, including 

nutrient and ion transport, secretion of growth factors, renewal of the retinal chromophore 

and most importantly turnover of the photoreceptor outer segments [7] (Fig.1.3). Each 

RPE cell exhibits a polarity, having differentiated apical and basolateral regions. The 

apical side has numerous microvilli that surround the PR outer segments. The basolateral 

region  
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Figure 1.3: Summary of Retinal Pigment Epithelium functions.  
 
(1) Melanin in the retinal pigment epithelium (RPE) is able to protect the photoreceptors 

from light-induced damage by absorbing the light energy; (2) epithelial transport through 

the RPE provides ions, nutrients and water to the photoreceptors; (3) RPE is able to act as 

a buffer for ions such as K+; (4) 11-cis-retinal reisomerization in the RPE is essential for 

visual signal transduction; (5) phagocytosis of the photoreceptor outer segments 

facilitates renewal and survival of PR; (6) secretion of growth factors, such as VEGF and 

PEDF, by the RPE helps maintain structural integrity of the retina. MV = microvilli, OS 

= outer segements 

 
 

 
 
 

Figure from [7] 
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 has small infoldings that increase the surface area for absorption and secretion.  Thus, 

RPE cells are strategically placed and evolutionarily adapted to provide significant 

support and maintenance to the PR. Indeed, RPE cell dysfunction and death are reported 

to precede PR loss in AMD, indicating the vital importance of these cells to PR survival 

[8]. 

Photoreceptors are continually exposed to light and high oxygen tension, which 

facilitates the production of free radicals that can damage membranes over time. Thus, 

the RPE-mediated daily renewal of the distal 10% of each photoreceptor outer segment 

(POS) is essential for the maintenance of the PR. Indeed, rats that are deficient in the 

POS phagocytosis exhibit a loss of photoreceptors suggesting the vitality of this function 

[9]. As each RPE cell is in contact with ~25-50 outer segments and each outer segment is 

approximately equivalent to an erythrocyte in biomass, the daily phagocytosis of a mass 

equal to ~5-10 erythrocytes is a remarkable feat considering that RPE are post-mitotic 

and performs this task over a person’s lifetime [11]. Ingested POS’s become encapsulated 

in “phagosomal” vesicles [10], which fuse with lysosomes so that spent material can be 

degraded. The inefficient degradation of POS’s lead to the formation of lipofuscin, a 

fluorescent aggregate that is known to accumulate with aging in the RPE [12]. The 

accumulation of lipofuscin has been implicated in AMD pathogenesis by A2E, a 

component of lipofuscin. A2E is reported to activate complement and impair the 

lysosomal degradation of POS’s [13, 14], thus contributing to inflammation and 

accumulation of undegraded material leading to RPE dysfunction and AMD pathology 

[15].  
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The RPE plays a significant role in the visual cycle in conjunction with the PR. 

The rod and cone PR in the retina utilize a vitamin A analog, 11-cis-retinal, to absorb 

photon energy and initiate a visual impulse. The 11-cis-retinal chromophore is 

transformed to all-trans-retinol in the PR and need to be reisomerized for a new visual 

signal to initiate. However, the PR lack the ‘cis-trans isomerase’ function for regenerating 

the choromphore and therefore, the reisomerization occurs in the RPE where stored 

retinyl-esters are hydrolyzed and isomerized to form the 11-cis-retinal. The regenerated 

11-cis-retinal is transported back to the PR and inserted into the opsin protein to recreate 

rhodopsin [16].  

The RPE is a highly active cell type and therefore contains a high volume of 

mitochondria [17]. Oxidative phosphorylation (OXPHOS) is the key pathway for energy 

generation in the RPE. The importance of OXPHOS for RPE function is demonstrated by 

the recent report where mitochondrial (mt) dysfunction and moderate A2E load resulted 

in impaired RPE function [13]. RPE is also capable of using glycolysis and beta-

oxidation for secondary energy generation [18, 19]. Maintaining the bioenergetic capacity 

of RPE cells is an essential activity because these cells are involved in a myriad of 

functions that maintain the retina as discussed in this section [7].  

RPE secretion of vascular endothelial growth factor (VEGF) and pigment 

epithelium-derived factor (PEDF) is important for structural homeostasis of the blood-

retina barrier. VEGF is secreted basolaterally into the choroidal region where it acts as a 

pro-angiogenic factor and induces new blood vessel formation. PEDF on the other hand, 

secreted apically, inhibits new vessel formation in the retina and stabilizes the retinal 
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endothelium. It is believed that an imbalance in the secretion of these two factors plays a 

significant role in end-stage AMD pathology [20] (i.e., choroidal neovascularisation, 

CNV). Anti-VEGF inhibitors and antibodies are the best form of therapy to-date for the 

treatment of patients exhibiting CNV [21].  

1.2 Age-related Macular Degeneration (AMD) 

1.2.1 Disease Overview 

 
 AMD is an age-onset, progressive, degenerative disease of the retina, that exhibits 

a range of clinical phenotypes, primarily leading to a loss of central vision. It is currently 

the leading cause of irreversible vision loss in the developed world [22] and affects nearly 

30% of individuals above 75 years of age [23]. The symptoms of macular degeneration 

range from subtle impairment of contrast sensitivity and night vision [24] to complete 

loss of central vision that leads to legal blindness (Fig.1.4). By affecting the central, high 

acuity vision, AMD destroys the ability to perform daily functions such as reading, 

writing, driving and face recognition. The impairment of these functions can significantly 

impact daily activities and quality of life. AMD currently has no cure and treatment 

options only benefit individuals exhibiting CNV, which accounts for approximately 15% 

of AMD patients. Despite recent advances in AMD therapy, the focus has been on 

treating end-stage symptoms (i.e. CNV), not disease pathogenesis or preventing 

progression to vision loss. Future therapeutic interventions that target early disease 

require a mechanistic understanding of AMD pathogenesis. Therefore, the goal of this 

thesis is to further examine the molecular alterations responsible for AMD progression  
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Figure 1.4: An example image demonstrating vision loss with Age-related macular 
degeneration. 
  
Compared to normal vision, macular degeneration results in severe distortion, blurriness 

and loss of central vision. 

 

Figure from [25] 
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that would lead to development of therapies that target the fundamental disease 

mechanism. 

1.2.2 Personal Impact and Quality of Life 

 
Vision loss resulting from AMD and its concomitant disabilities considerably 

diminishes the quality of life (QOL) of patients. Several studies have suggested that QOL 

associated with AMD is worse than that of chronic diseases, such as obstructive 

pulmonary disease and AIDS [26]. More recent data show that the decline in QOL 

associated with mild AMD is greater than that of cancer, mild stroke, gout or impotence. 

With severe AMD, the level of QOL was compared to a severe stroke victim that is 

bedridden and under constant nursing care [27]. Additionally, the social isolation that can 

result from the inability to be mobile may increase the susceptibility for conditions such 

as depression. In fact, ~30% of AMD patients have clinical depression [28, 29] and those 

with impaired vision are anticipated to be twice as likely to get depressed [30]. 

Furthermore, visual impairment in the elderly has been significantly associated with 

increased suicide rates [31]. These facts demonstrate the enormous personal strains that 

are associated with AMD and signify its impact beyond the realm of vision loss. 

Additionally, the financial costs associated with AMD are enormous, estimating up to 

$30 billion spent annually in the United States [32].  

1.2.3 Epidemiology of AMD 

 
Estimates from global data on visual impairment from 2002 signified AMD as the 

third leading cause of blindness after cataracts and glaucoma in adults over 65 years of 
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age in the world [33]. In developed countries, AMD is the leading cause of legal 

blindness in the elderly [23]. Currently, AMD is responsible for more than 54% of the 

visual impairment in the United States, with approximately 1.75 million people affected 

with advanced AMD and another 7.3 million with intermediate AMD [34]. As revealed 

by two population-based studies, an estimated annual incidence of 0.2% for advanced 

AMD in ages 55 to 64 increased to 13% in people older than 85 years [35] demonstrating 

the age-associated risk for development of AMD. Therefore, given the increased 

incidence and the changing demographic of the US population, which is projected to 

more than double the number of people >60 years of age by 2050 [36], a public health 

epidemic of significant proportions could ensue without the proper preventive care and 

early treatment strategies. 

1.2.4 Clinical Features of AMD 

 

Clinical manifestation of AMD typically does not take place before age 55 [37]. 

The earliest clinical features of AMD include ‘drusen’, focal depositions of acelullar 

debris that manifest between the RPE and the Bruch’s membrane (Fig.1.5A). 

Biochemical studies have shown that drusen contain immunoglobulins, activated 

complement components (C3a and C5a), complement regulators (vitronectin, clusterin 

and complement factor H), alpha-crystallin, apolipoprotein B and E, amyloid beta peptide 

[38, 39]. Most of these proteins are originating from the RPE while some arise from 

serum via the choroidal circulation. Drusen typically present as small (<63 μm in 

diameter) discrete nodules called ‘hard’ drusen or large (>124 μm) poorly demarcated 
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masses called ‘soft’ drusen. Hard drusen are common and not linked to AMD while soft 

drusen are associated with extensive damage [11] and predict severe AMD [40].  

Clinical classification of AMD based on the Age-related Eye Disease Study 

(AREDS) [41] defines early AMD by the presence of a few medium-sized (63 to 124 μm) 

drusen or RPE pigmentary abnormalities. The end stage can manifest as ‘dry’ AMD with 

geographic atrophy (GA) in the macula or ‘wet’ AMD with choroidal neovascularization 

(CNV) (Fig.1.5B). Wet AMD includes hemorrhagic detachment of the RPE or sensory 

retina, choroidal neovascularization, and eventual RPE atrophy. Geographic atrophy 

clinical manifestation includes retinal depigmentation of a central, discrete area in the 

absence of neovascularization in the same eye [41]. More severe vision loss is typically 

associated with the wet form that occurs in about 15% of all patients and accounts for 

over 90% of central vision loss [42]. However, up to 20% of blindness is also due to the 

atrophic form that is found in >80% of AMD patients [43].  
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Figure 1.5: Clinical features associated with stages of AMD.  
 
(A) An electron micrograph of a druse, the hallmark of early AMD. Drusen usually occur 

in between the RPE and the Bruch’s membrane. (B) A schematic representation of the 

outer retina showing histopathological features at early and late stages of AMD. The 

outer (OS) and inner segments (IS) of the photoreceptors are adjacent to the RPE 

followed by the Bruch’s membrane (BM), and the choroidal vasculature (CH), which is 

posterior to the retina. Early AMD is characterized by drusen. Late stages of AMD 

manifest as ‘dry’ AMD or ‘wet’ AMD. Dry AMD demonstrates geographic RPE atrophy 

(GA) and loss of overlying photoreceptors (PR). Wet AMD is characterized by choroidal 

neovascularization (CNV). Approximately 15% of AMD patients are diagnosed with 

CNV.  
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Figure 1.5A from [44], Figure 1.5B modified from [11] 
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1.2.5 Therapies for AMD 

 
A proven therapy that is capable of curing or impeding the vision loss associated with 

AMD is not currently available. The few therapeutic approaches developed over the past 

30 years have provided only limited benefits to most patients. Notably, the current 

interventions have focused exclusively on wet AMD, which accounts for about 15% of 

the AMD patient population [42]. This form is the most rapidly progressing, severe form 

of AMD and thus far has benefited from the moderate success provided by the current 

therapeutics, which include laser photocoagulation, photodynamic therapy, and inhibition 

of VEGF. Laser photocoagulation, which uses laser energy to seal off leaking blood 

vessels, has been mainly replaced by photodynamic therapy as the preferred treatment for 

CNV under the retina [45]. Photodynamic therapy uses Visudyne™ (also called 

verteporfin therapy), a drug that is administered intraveneously and is activated when 

irradiated by a laser that is focused on the retinal lesion. This drug treats CNV by 

initiating thrombosis through generation of free radicals damage the CNV.  Although 

photodynamic therapy was more beneficial than photocoagulation, it did not produce 

visual results that were optimal, with only 16% of treated patients gaining one or more 

lines of vision in the eye chart [46]. Even though still prescribed to wet AMD patients, 

this therapy is less frequently used.  

The current most popular treatment for CNV involves VEGF inhibitors. These drugs 

have demonstrated by far the best therapeutic success of all treatment strategies by not 

only preserving vision, but also improving vision in a significant proportion of patients. 

The anti-VEGF drug Lucentis™ improved or stablized vision in >30% of patients and 
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they gained an average of seven letters in the eye chart from baseline compared to sham 

treated group who lost an average of 10.5 letters [47]. Macugen is a newer treatment for 

AMD that uses a therapeutic agent, pegaptanib sodium, to inhibit VEGF in the eye. In 

clinical trials, 33% of patients receiving Macugen maintained or improved their vision 

compared with only 22% in the control group. Macugen also helped slow the rate of 

vision loss for many AMD patients [47, 48]. The significant negative aspects associated 

with VEGF inhibitors include the cost (ranging from $1000 to $25,000 per year [49]), 

and the requirement for frequent intravitreal injections. 

In addition to VEGF inhibitors, other phamarcological agents with antiangiogenic 

properties have been tested in pilot studies as treatments for CNV including Evizon™ 

(Squalamine) and Kenalog® (acetonide). Evizon™, an aminosterol, produced promising 

results with a majority of treated wet AMD patients gaining stable or improved vision 

[21]. However, none of these agents have been tested in large randomized clinical trials 

and more investigations are warranted before their efficacy can be determined.  

Antioxidant supplementation [50], radiation therapy [51], submacular surgery [52], 

and limited macular translocation [53] are other non-pharmacological approaches that 

have been evaluated as potential treatment strategies. Antioxidants (vitamins C and E, 

beta carotene) and zinc supplementation trial launched by AREDS evaluated individuals 

with intermediate (extensive drusen and/ or non central GA) or advanced (central GA and 

signs of CNV) AMD. This study showed a remarkable 25% decline in the progression of 

AMD and also significantly reduced the loss of visual acuity in these patients [50]. Based 

on other clinical trials that followed the AREDS trial, the current consensus is that 
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antioxidant supplementation will not prevent AMD but may benefit patients with late 

AMD. However, there is considerable interest in an ongoing trial that is testing leutein 

and zeaxanthin (carotenoid antioxidants in the macula) supplementation in AMD [54]. 

Out of the other non-pharmacologial interventions, radiation therapy and submacular 

surgery have had little success in alleviating vision loss [21]. Conversely, Macular 

translocation, surgically moving the macula to a healthier choroidal location, improved 

vision in 40-48% of patients [53, 55]. However, data from clinical trials on this surgical 

procedure have been inconclusive and currently macular translocation is only 

recommended for a limited number of patients who have RPE tears of recent onset [56]. 

An innovative therapy for the treatment of AMD that is currently under 

investigation includes RPE or photoreceptor transplantation by regeneration using stem 

cells [57]. Recent advances in pluripotent stem cell inducement have suggested a future 

therapy that uses stem cells from an AMD patient’s skin to transplant as a fully 

differentiated RPE monolayer [57]. Another proposal recommends surgical 

reconstruction of the macula in conjunction with RPE replacement via stem cells [58].  

As summarized above, treatment options for AMD only target a limited portion of 

the patient population and at best have achieved limited sucess. Additionally, most 

treatments are initiated after vision loss has started and designed only to treat the lesion, 

i.e., sealing off leaking blood vessels, but not the underlying cause. Ideally, the most 

efficacious therapy for AMD should target the pathogenesis, thus treating the cause rather 

than the consequential aberrations and completely eradicating the progression to vision 

loss. However, treatments that target the fundamental defect in AMD require defining the 
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disease mechanism. The goal of my thesis is to examine the disease process to help 

identify a site of intervention for AMD. 

1.2.6  Risk factors of AMD 

 
Based on epidemiologic and pathologic data, several major risk factors for AMD 

have been proposed. These include (a) environmental factors, such as smoking, diet, and 

sunlight exposure, (b) aging, and (c) genetic composition, including race and gender [59] 

(Fig.1.6).  

(a) Environmental factors 

The relationship between smoking and AMD has been investigated in numerous 

studies [35, 60, 61]. Smoking is attributed to a two-fold increased risk of developing 

advanced AMD [62]. Furthermore, current smokers appeared at higher risk for 

developing AMD compared to past or non-smokers [62]. A “dose-response” effect for 

AMD has also been established since increased cigarettes smoked conferred an enhanced 

risk for AMD [63].   

Risk factors relating to increased fat intake, subsequent obesity, and 

cardiovascular disease [64, 65] have been linked with AMD pathogenesis [66, 67]. 

Additionally, exposure to excess sunlight (visible spectrum) has been suggested as a risk 

factor for developing AMD as well [68, 69]. The most recent work on sunlight exposure 

has suggested that a combination of blue light and low plasma concentrations of 

antioxidants may confer risk to developing AMD [70]. Even though a causal mechanism  
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Figure 1.6: An integrated model of AMD pathogenesis:  
 
Normal cellular processes in the RPE with Aging (i.e. oxidative stress due to RPE 

phagocytosis, photosensitizers) and environmental factors and genetic background 

(ABCA4, ARMS2) unique to each individual can result in impaired protein and lipid 

metabolism, autophagy, and mitochondrial (mt) metabolism. Reactive oxygen species 

generation due to these processes and oxidative damage to molecules could lead to 

drusen formation. Drusen in conjunction with complement associated genetic 

susceptibility factors (CGH, CFB, C3) could lead to inflammation, mitochondrial 

dysfunction and energy crisis, and subsequence RPE dysfunction. These changes can 

result in the two forms of AMD via RPE/ photoreceptor apoptosis (i.e. geographic 

atrophy) or impaired stress signals (i.e. choroidal neovascularization).  
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Figure modified from [59] 
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due to these risk factors has not been established, oxidative injury has been proposed 

[59]. Additionally, the AREDS reported that daily supplements of zinc and antioxidants 

(beta-carotene, vitamins C and E) lead to a 25% reduction in the rate of progression to 

late AMD, which is consistent with a role for oxidative damage in AMD pathology [50].  

Diet can also have a positive effect on reducing the risk for AMD. For example, 

the intake of specific foods such as nuts, fish, and omega-3 fatty acids are protective 

against developing AMD [71]. 

(b) Advanced age 

Aging is considered to be the single, strongest risk factor for AMD. The incidence of 

AMD sharply increases with advancing aging [23]. As reported by large surveys such as 

the Beaver Dam Eye Study (Wisconsin, USA), the Rotterdam Study (Netherlands), and 

the Blue Mountain Eye Study (Australia), the incidence of late AMD increases 

progressively with age, from 1.5% in people over the age of 50 to ~10% for individuals 

aged 75 years or older [23, 72, 73].  

With aging, small, hard drusen commonly accumulate beneath the RPE. The 

composition of age-associated drusen is reportedly different from AMD-associated ‘soft’ 

drusen [39]. However, whether the proteins present in each type of drusen or the 

mechanism involved in their formation contribute differently to the disease process has 

not been established. Another hallmark of the aging eye is the accumulation of lipofuscin, 

a complex aggregate of fluorescent material, in the RPE [15]. Lipofuscin, often called an 

age pigment, mainly consists of oxidatively modified lipids and proteins. These 

components are proposed to have originated from the RPE phagocytosis of spent tips of 
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the photoreceptor outer segments that are not digested [15]. A2E, the prominent 

constituent of RPE lipofuscin, is reported to generate reactive oxygen species (ROS) in 

the presence of oxygen and light [74]. Thus, an accumulation of lipofuscin with aging 

may contribute to AMD pathology. 

(c) Genetic susceptibility 

The contribution of genetics to AMD has been established by reports showing 

familial aggregation [75], 100% concordance rates among twins [76], and ~2-fold 

elevated risk if there is an affected first-degree relative [77]. Genetic linkage studies 

conducted in the past 20 years have led to the discovery of two key genetic variants in the 

complement factor H (CFH) [78] and ARMS2/ HTRA1 [79, 80] gene regions that confer 

the strongest risk for the development of AMD. A tyrosine to histidine (Y402H) 

polymorphism found in the CFH gene, an inhibitor of innate complement activation, 

showed strong association with advanced AMD. The CFH variant identified was reported 

to enhance complement activity and lead to inflammation [81]. The ARMS 2/ HTRA1 

variants found in chromosome 10q26 have also shown strong AMD susceptibility [79, 

80]. Both genes found in the same chromosomal region, are expressed differently and 

have two distinct functions. ARMS2 variant have shown roles in inflammation and 

mitochondrial oxidative stress [82]. HTRA1, a serine protease involved in protein quality 

control, has been implicated in extracellular protein degradation and cell survival [66]. In 

addition to these major genetic variants, other complement genes, apolipoprotein E, 

ABCA4 (a protein in the retinoid cycle), and toll-like receptor 4 (role in innate immunity)  

have also been associated with increased AMD risk [59]. 
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1.2.7  Mechanisms of AMD 

 
AMD is a complex, multifactorial disease modulated by the convergence of multiple 

risk factors including age, environment, and genetic makeup (Fig.1.6). Several key 

mechanistic pathways have been proposed to play a role in AMD pathogenesis. These 

include inflammation [83], oxidative damage [84], mitochondrial dysfunction [85], 

lipofuscin formation [15], and lysosomal dysfunction [86]. It is important to note that 

these pathways share common features and likely work synergistically to initiate AMD. 

Oxidative stress and mitochondrial dysfunction are of relevance for this thesis and will be 

discussed in detail.  

     1.2.7. (a) Oxidative stress as a mechanism for AMD pathogenesis 

Oxidative damage to lipids, proteins, and DNA has been proposed as a causative 

factor for AMD and many age-onset diseases, such as Alzheimer’s, Parkinson’s and Type 

II diabetes [84]. The “free radical theory” proposed by Denham Harman in the 1950s 

articulated that endogenous free radical generation in cells could result in cumulative 

damage that could lead to aging [87]. Thus, an age-related accumulation of oxidative 

damage has been pursued by scientists as an etiology for age-onset diseases.  

The chemistry of oxygen in biological systems results in several highly reactive 

oxygen species (ROS) that can cause damage to macromolecules. These are hydrogen 

peroxide, superoxide anion (O2
·-), hydroxyl radical (OH.), singlet oxygen [84] and 

peroxynitrite (ONOO.) (Fig.1.7). Out of these molecules, the hydroxyl radical and 

superoxide anion are considered the most reactive with very short half-lives (10-9 and 10-

5s, respectively) [84].  
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 Sources of oxidative stress in cells 

 The photoreceptor and RPE microenvironment is subjected to an array of 

oxidative insults. There are numerous chromophores (e.g. retinoids, lipofuscin, and 

melanosomes) in the retina that are capable of generating free radicals in the presence of 

light [88, 89]. In addition, phagocytosis of photoreceptor outer segments rich in 

polyunsaturated fatty acids causes ROS formation as well [90]. A number of endogenous 

enzymes (e.g., NADPH oxidase, nitric oxide synthase), mitochondrial electron transport 

chain and the cytochrome p450 system also contribute to oxidant generation. Exogenous 

agents contributing to ROS include cigarette smoke, ultraviolet light, ionizing radiation, 

and inflammatory cytokines [91]. 

 Antioxidants and protective systems 

 Living in an oxygenated environment has required an armory of protectants to 

combat oxidative injury. Predominant ROS scavengers in the cell include superoxide 

dismutase (SOD), catalase, and glutathione peroxidase (GPx) (Fig.1.7). The SOD 

catalyzes the conversion of superoxide to H2O2, whereas catalase and GPx reduce H2O2 

to water and oxygen. In addition to these well-known antioxidants, a family of peroxide 

scavengers called peroxiredoxins can also reduce peroxides to water [92]. Other non-

enzymatic antioxidants available for ROS scavenging include vitamin C and E, 

carotenoids (β-carotene, leutein, zeaxanthin), uric acid, and ubiquinone [84](Fig.1.7). 

Vitamine E is a major lipid-soluble antioxidant in the membranes and plays a major role 

in minimizing effects associated with lipid peroxidation. This is particularly important for 

RPE where polyunsaturated fatty acids of the PR’s cause free radical damage via lipid  
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Figure 1.7. Antioxidants that eradicate free radicals in the cell. 
 
 Two types of antioxidants exist. Enzymatic antioxidants include superoxide dismutase, 

glutathione peroxidase, and catalase (shown in boxes). The non-enzymatic antioxidants 

are listed as well. The enzymatic reactions that remove free radicals (listed in circles) are 

shown. Glutathione (GSH) functions in conjunction with glutathione peroxidase and its 

oxidation product (GSSG) regenerate GSH via a NADPH-dependent pathway.  
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peroxidation. The macular carotenoids, leutein and zeaxanthin, are suggested to protect 

the retina from light-induced damage (i.e., blue light, UV radiation) by acting like a 

sunscreen for that critical region. 

 Oxidative damage  

As long as a balance exists between free radical generation and antioxidant 

response, oxidative damage can be kept at bay. However, if the cellular antioxidant 

system is overwhelmed, the consequences include modification of proteins, lipids, and 

DNA. 

 Protein damage via free radicals could manifest as fragmentation of the 

polypeptide chain, oxidation of amino acids, protein-protein cross links, or protein 

unfolding [93]. The most common form of protein oxidation is the formation of carbonyls 

[94]. In addition, oxidation of carbohydrates causes advanced glycation end products 

(AGE) adducts on proteins [95]. Possible physiological consequences of these types of 

modifications could be decreased stability and activity of proteins, aggregation, or a 

change in overall charge[96]. Collectively, these changes could have severe impact on 

protein content and function resulting in loss of cellular homeostasis. 

 Oxidative damage to lipids can occur through direct reactions with ROS. Lipid 

damage via oxidation, referred as ‘lipid peroxidation,’ leads to the formation of a broad 

range of reactive intermediates including malondialdehyde and 4-hydroxynonenal. These 

carbonyl compounds are highly unstable and can lead to modification of protein residues 

that may result in irreversible structural or possibly functional alterations[97].  
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 A number of studies have reported an accumulation of DNA damage with aging 

in a range of tissues, including brain, heart, liver, and kidney (reviewed by [98]). 

Oxidative damage to DNA is particularly harmful because if unrepaired, an aberrant 

message can be carried over to nascent DNA strands and daughter cells. Among the 

oxidative lesions of DNA, 8-oxoguanine, an oxidatively modified guanosine base, is the 

most common form found in aged tissues and is considered to be a biomarker of aging 

[99]. As shown in Figure 1.8, DNA damage could result in genomic instability, altered 

gene expression and especially in the case of mitochondrial DNA, an induction of free 

radicals that could lead to a self-perpetuating, vicious cycle of further damage.  

 Oxidative damage and AMD 

 As discussed in 7.1.a, RPE/ photoreceptor microenvironment is an ideal location 

for oxidative damage. Free radicals generated from phagocytosis [100] and lipid 

peroxidation [101, 102], constant light exposure [103], and high oxygen tension created 

by the rich blood supply to the retina [104] suggest intense oxidative stress in this 

localized region.  

 There is considerable evidence supporting a role for oxidative damage in the 

pathogenesis of AMD. A mouse model deficient in Cu/Zn superoxide dismutase (SOD 

1), a major antioxidant in the cytoplasm, exhibited pathology similar to AMD in the RPE 

and retina [105]. Decreased levels of antioxidants were observed in AMD-affected 

human RPE [106, 107]. Protein adducts formed due to oxidative stress, such as 

carboxyethylpyrrole (CEP) and advanced glycation end products, were increased in the 

AMD retina compared to age-matched controls [108, 109].  Finally, an AREDS clinical  
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Figure 1.8: Consequences of DNA damage.  
 
(A) Oxidatively-induced DNA aberrations, such as strand breaks, oxidized bases and 

inter- and intra-strand cross-links, could persist if DNA repair is inefficient. Damage 

could result in lesions, mutations, genomic instability and altered gene expression due to 

defective DNA template. Damage specifically to the Mitochondrial DNA (mtDNA) could 

indirectly impair the function of mtDNA-encoded subunits of the electron transport 

chain, leading to increased free radical generation and further mtDNA damage initiating a 

vicious cycle. (B) The predominant form of oxidative lesion found in DNA is 8-hydroxy-

2-deoxyguanosine, the oxidized guanine base.  
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Figure 1.8B from [110] 
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trial that supplemented antioxidants vitamins C, E and zinc, reduced the risk of 

progression to advanced AMD in 25% of patients [50]. 

1.2.7. (b) Mitochondrial dysfunction as a mechanism of AMD 

 Mitochondria: genome and damage 

 Mitochondria have a key role in energy generation in the cell but have many other 

functions, such as biosynthesis of heme, cholesterol, and phospholipids, regulation of 

apoptosis, and storage of Ca2+. Mitochondria contain their own genome (Fig.1.9), which 

is a 16.5-kb circular, intron-less molecule that codes for 13 proteins in the electron 

transport chain (ETC), and the required RNA machinery for their translation. The 

remaining ~2000 proteins [111], in the mitochondria are encoded in the nucleus and 

imported into the mitochondria. Thus, the majority of mt proteins are encoded by the 

nuclear DNA. However, the importance of mtDNA is demonstrated by the sheer number 

of diseases caused by mutations and deletions in the mt genome (Fig.1.10). Many of the 

diseases shown on Fig.1.10, have an ophthalmic phenotype, suggesting the sensitivity of 

ocular tissue to defective mitochondria.  

 Unlike the nuclear genome, which contains only two copies per cell, there are 

multiple copies of mtDNA in each cell. Depending on the energy needs of a cell, it can 

contain up to ~1000 mitochondria per cell, and each mitochondria has ~1-20 mtDNA 

copies per mitochondria. At any given time, a cell could contain a mixture of mtDNA 

subtypes containing both damaged and undamaged molecules. This condition, known as 

heteroplasmy, introduces a ‘threshold effect’ to cellular defects associated with 

mitochondrial dysfunction (Fig.1.11). The ratio of damaged to wildtype mtDNA 
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molecules determines the detrimental consequences for the cell and this critical level is 

tissue specific. For example, in mt myopathies, >30% of damaged mtDNA molecules 

were sufficient for disease phenotype to manifest [112]. In aged, substantia nigra 

neurons, the critical threshold for functional defects was between 48% and 67% [113].  

Mitochondrial DNA deletions are reported to be more abundant compared to 

somatic mutations in aged tissue [114]. Most mtDNA deletions occur between the two 

origins of replication (OH and OL, Fig.1.9) and are predominantly flanked by short direct 

repeats [115]. Two mechanisms have been proposed for the formation of mtDNA 

deletions. One model suggests deletion formation via a replication mechanism [116]. A 

second model suggests the generation of mtDNA deletions based on mtDNA repair 

[117](Fig.1.10). Based on this model increased mtDNA damage and subsequent repair 

could lead to increased formation of mtDNA deletions. In support of this idea, increased 

amount of mtDNA deletions have been found in cultured cells subjected to UV radiation 

[118], singlet oxygen [119], and ionizing radiation [120]. Since these conditions cause 

oxidative stress and oxidative stress is known to increase formation of double strand 

breaks, repair is likely the pathway involved in increased mtDNA deletions in these 

studies.  
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Figure 1.9: Map of the human mitochondrial genome.  
 
Mitochondrial DNA (mtDNA) encodes several subunits of complex I (ND1-6, ND4L), 

complex III (Cytb), compex IV (COI-III), and complex V (ATPase 6,8). Single letters 

refer to the tRNA’s coded by the mtDNA. The two rRNA’s necessary for mt translation 

are also coded for by the mtDNA (12S, 16SrRNA). The D-loop is a non-coding region in 

the mtDNA. The two origins of replication are shown, OH(heavy chain origin of 

replication), OL (light chain origin of replication).  

 

 

 

 

 

 

 

 

 

 

Figure modified from [121] 
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Figure 1.10: Morbidity map of human mt genome.  
 
Map of mt genome shows locations of point mutations and the associated disease. The 

arrows are pointing to the diseases that have an ophthalmic defect associated with them. 

FBSN, famililar bilateral striatal necrosis; KSS, Kearns-Sayre Syndromel; LHON, 

Leber’s hereditary optic neuropathy; MELAS, mitochondrial encephalomyopathy, lactic 

acidosis, stroke-like episodes. 

 

 

Figure modified from [122] 
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Figure 1.11: Mitochondrial DNA threshold effect. 
 
(A) Due to the polyploidy nature of the mt genome there could be up to ~1000 mtDNA 

per cell. Therefore, at any given time, based on conditions facing the cellular 

environment, there could be a mixture of damaged and wild type mtDNA. (B) If the ratio 

of damged: wild type mtDNA exceeds a “critical threshold”, the cellular bioenergetics 

could be compromised and disease can ensue. In age-onset diseases, mtDNA lesions may 

accumulate over time and when the critical threshold is surpassed, disease could 

manifest. However, with normal aging, the accumulated mtDNA lesions may never 

exceed the threshold, thus the disease is not initiated. 

 

 

Fig. 1.11 A modified from [121] 

A B 
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Figure 1.12: A model for generation of mtDNA deletions during mtDNA double 
strand break repair.  
 
(a) Wild type mtDNA molecules have short, direct repeat sequences that are 

complementary to each to other. (b) A double strand break (DSB) occurs due to oxidative 

damage. (c) Repair initiates with 3’ to 5’ exonuclease activity at the DSB. (d) The regions 

of direct repeats are exposed. (e) The homologous regions misanneal, resulting in the 

degradation of the unbound strands. (f) The ends are then re-ligated to produce a deleted 

mtDNA molecule.  

 

 

 

 

 

 

 

 

 

 

 

Figure modified from [117] 
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A 4977 bp deletion, also referred to as the ‘common deletion’, has raised 

enormous interest due to its frequent occurrence in many post-mitotic tissues as a 

function of age [123]. It has been suggested as a biomarker of aging due to its age-

dependancy in a number of tissues such as brain, heart and skeletal muscle [123], 

cochlear tissue [124] and RPE [125]. The amount of deletion load necessary for 

functional defects to occur is tissue specific. For example, a threshold of >75% mtDNA 

deletions in cultured cells and >90% in muscle fibers, was required for functional 

deficiency to occur [126]. In contrast, hippocampal neurons affected by Parkinson’s 

disease showed 17% mtDNA deletion loads compared to 14% in controls, showing the 

low tolerance for mtDNA damage in these cells [113].  

 Mt dysfunction and AMD pathology 

Several lines of evidence indicate a role for mitochondria in the pathogenesis of 

AMD. First, mitochondria are the major source of superoxide anion in the cell [127], 

which can generate highly toxic hydroxyl radicals and hydrogen peroxide that damage 

the cell by reacting with proteins, DNA, and lipids. Oxidative stress appears to play an 

important role in AMD, as decribed previously in 2.1. Second, mitochondrial DNA 

(mtDNA) is more susceptible than nuclear DNA to damage from oxidation and blue light 

[128-130] and mtDNA damage in the retina and RPE accumulates with age [125, 131, 

132]. Such damage may directly impair the function of mtDNA-encoded subunits of the 

electron transport chain (ETC), leading to decreased mitochondrial (mt) bioenergetics 

and increased superoxide anion production, causing further mtDNA damage and free 

radical generation in a self-perpetuating, destructive cycle [133] (Fig.1.13). Third, aging 
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and cigarette smoking are two strong risk factors for AMD that are also associated with 

mt dysfunction [134, 135], suggesting that these environmental factors may contribute to 

AMD through their effects upon mt function. Fourth, recent genetic evidence found a 

variant of mt protein ARMS2 (age-related maculopathy susceptibility 2) produced an 

unstable mRNA that was strongly associated with AMD [79, 82]. Finally, two recent 

studies found direct evidence of mt alterations in AMD [136, 137]. Morphological 

analysis of human donor eyes affected by AMD showed disruptions in mt architecture 

and display an accelerated loss of mt number and cross-sectional area relative to normal 

age-related changes [136]. Our previous proteomic analysis of human RPE affected by 

AMD identified changes in the level of several mt proteins, including decreased levels of 

mt heat shock proteins (HSP) 60 and 70, ATP synthase β, and proteins involved in 

apoptosis (voltage-dependent anion channel, GST-π) [138]. These changes suggest 

impaired mt bioenergetics and increased generation of ROS.  
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Figure 1.13: A self-perpetuating cycle of mitochondrial DNA (mtDNA) damage 
leading to mitochondrial (mt) dysfunction.  
 
Increased mtDNA damage in cells can lead to a loss of mtDNA-encoded electron 

transport chain (ETC) subunits. Impaired chain assembly can result in uncoupled ETC 

that will lead to a loss of bioenergetic capacity and increased reactive oxygen species. 

Since mtDNA are in close proximity to ETC in the mt inner membrane, mtDNA damage 

will continue leading to a self-perpetuating cycle that will act as a feed-forward 

mechanism resulting in continued mt damage.  

 

 

Mitochondria image modified from [139] 
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1.3 Methodology 

1.3.1 Donor Tissue  

 
1.3.1 (a)  Relevance to AMD 

 AMD is a multifaceted disease unique to the human condition. The macula, a 

highly evolved structure found only in primates, is the main site of degeneration in AMD. 

The use of human tissue for AMD research provides the only direct examination of 

biochemical and histopathological features associated with the disease that directly 

pertains to the human disease.  

 Studies of human donor tissue have provided significant insight into the 

mechanisms of AMD and have contributed immensely to our current knowledge about 

AMD pathogenesis. For example, proteomic studies done by J. Crabb and colleagues 

using human tissue provided the first evidence of a drusen-mediated inflammatory 

response for AMD pathology [39]. The role of the complement system in AMD 

originated from immunohistochemical studies that used human tissue [83]. The use of 

donor tissue provided significant insight into the role of mt dysfunction on AMD 

pathology from proteomic analyses from our laboratory [137, 138], morphometric and 

mtDNA analyses from others [125, 136].  Moreover, donor eyes provided key evidence 

that photoreceptor loss is secondary to RPE cell loss in AMD [8].  

1.3.1 (b)  Animal models 

Several animal models have been developed for AMD research. Most of these are 

rodent models that lack a macula region and have a considerably shorter life span 

compared to humans. Studies conducted using these models and cell culture is at a 
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disadvantage due to the absence of anatomical structures unique to humans and the 

inability to replicate human aging. However, use of laboratory animal models provides 

several advantages over human tissue. These include precise control of genetics, diet, 

environmental factors, time from death to tissue preservation, and elimination of factors 

such as hyperglycemia and hypertension that could complicate the analysis. 

 While not a perfect model for replicating the human condition, animal models 

have also provided information about the potential disease mechanism of AMD. For 

example, rodent models of oxidative stress, such as SOD1 knockout mouse [105] and the 

SOD2 knockdown mouse model that used siRNA [140], both exhibited features that are 

reminiscent of AMD and provided compelling evidence for oxidative stress as a key 

mechanism of AMD. The potential involvement of inflammation was implicated from 

knockout mice missing key complement receptors [141] and from a mouse injected with 

protein containing carboxyethylpyrrole adducts (a fragment of docosahexaenoic acid) 

[142]. 

1.3.1 (c)  Minnesota Grading System (MGS)  

The AREDS has described an AMD classification system for human eyes based 

on internationally recognized standards using stereoscopic color fundus images of the 

posterior retina [41, 143]. The AREDS system places individuals into four progressive 

stages of AMD where stage 1 is control and stage 4 is considered “advanced AMD”, i.e., 

exhibiting central geographic atrophy or choroidal neovascularization (CNV). The 

Minnesota Grading System (MGS), developed by our collaborator Dr. Timothy Olsen, 

uses the criteria and definitions from the AREDS study to categorize human postmortem 
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eye bank tissue into progressive stages of AMD [144]. All donor eye tissue used in the 

studies described in this thesis have been graded using the MGS (Fig.1.14).  

Many features of AMD are easy to distinguish in human postmortem eyes; these 

features include hard, small drusen, soft distinct or indistinct drusen, hyper- or hypo-

pigmentation, geographic atrophy and CNV. Therefore, the evaluation of donor tissue 

according to the criteria outlined in AREDS is reliable and reproducible. Some features 

associated with death, such as focal, subretinal, intraretinal or diffuse hemorrhages, are 

distinguishable from the hemorrhages originating from the choroid and does not interfere 

with MGS grading.  

Using MGS optimizes the molecular analyses of eye bank tissue by having 

samples categorized into precise stages of the disease. Using this classification system 

has provided significant advantage over previous research that only looked at end stage 

AMD. Examining the changes early in the disease optimizes the possibility of revealing 

the underlying mechanism. Currently, the MGS has been used by a growing number 

other research laboratories [145-147] thus further validating this system as a tool for 

studying AMD. 
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Figure 1.14: Minnesota Grading System (MGS) stages 1-4.  
 
Representative fundus images of the donor retina demonstrates clinical features 

associated with each stage of MGS. The grading system is based on the clinical 

classifications used in the Age-Related Eye Disease Study (AREDS). Top left (MGS1) 

represents a control, no disease retina. MGS 2 and 3 represent early and intermediate 

stages of AMD, with inset in the top right image demonstrating drusen in the macular 

region. MGS 4 (bottom right) exhibits pathology associated with ‘dry’ (geographic 

atrophy) and ‘wet’ (hemorrhaging) forms of AMD.  
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Figure modified from [148] 
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1.3.2 Proteomics 

1.3.2 (a) Overview 

Proteomics is the characterization of the protein complement of a cell and allows 

identification of protein changes due to disease, cellular activity or response to stimulus. 

Another strategy commonly used for studying disease mechanisms is to identify changes 

in mRNA using microarrays. In almost all instances, the mRNA abundance does not 

accurately predict the level of protein in a cell [149]. Furthermore, each gene gives rise to 

multiple proteins through alternative splicing or post-translational modifications. 

Therefore, the gene expression profile does not provide complete insight into the 

functional machinery (protein) of a cell.  The use of proteomics in our studies [137, 138, 

150] (Chapter 2, 4, appendix) to analyze the RPE and the retina provided insight into the 

molecular pathways that are altered with retinal diseases, such as AMD and diabetic 

retinopathy [151] (see appendix). The next sections will highlight the major steps in 

proteomics that were used in our studies. These include protein separation, protein 

identification using mass spectrometry, and database analysis. 

1.3.2 .(b) Protein separation using two-dimensional (2D) gel electrophoresis 

The technique of 2D gel electrophoresis provides the separation of proteins based on 

their charge and molecular weight (MW). Protein separation is important due to the 

complexities associated with biological samples and the shear number of proteins that 

are present in the cell. First dimension separation is based on the intrinsic charge of a 

protein. This separation has been highly reproducible and controlled due to the 

development of immobilized pH gradient (IPG) strips [152]. The second dimension 
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where proteins are separated based on MW is conducted using sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE).  

The most important properties for protein visualization using 2D gels are high 

sensitivity (low detection limit), wide linear dynamic range, reproducibility, and 

compatibility with mass spectrometry [153]. We used silver staining (chapter 2) and a 

sensitive fluorescent dye stain (chapter 3, appendix) for visualization of proteins in our 

studies.  The fluorescent stain (Flamingo stain, Bio Rad) is more sensitive compared to 

silver staining and provides a wide linear dynamic range extending over three orders of 

magnitude. To determine the amount of protein necessary to detect a signal within the 

linear response of the gel stain, we tested a range (25 - 150μg) of protein quantities 

resolved on SDS-PAGE gels. The protein quantity (125 μg) that produced intensities 

within the linear range of the stain for the greatest number of gel spots was used for our 

analyses.  

2D gels have many limitations that should be mentioned. Very low (<15 kDa) or 

very high (>150 kDa) MW proteins cannot be well-resolved in 2D gels and many 

proteins are excluded from 2D analyses because of this limitation. Membrane proteins 

are mostly excluded from 2D analyses due to the inability to use powerful ionic 

detergents in the first dimension that can lyse membranes and release membrane 

proteins. In our studies we have resorted to several non-ionic detergents (i.e., ASB-14) 

that have been developed specifically to solubilize membrane proteins to increase our 

resolving power. The physiological concentration of proteins varies between 6-7 orders 

of magnitude and no standard 2D system can achieve that breadth of range. Even with 
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these limitations, a 2D approach provided the best analytical capability and most 

economical approach for our system that included protein comparison across four stages 

(MGS) and multiple samples in each stage.   

Proteins resolved on 2D gels were analyzed for changes in spot density over the 

course of the disease (chapter 2,4) and across a range of ages (chapter 4). Protein spot 

identification, alignment and quantification of intensity were performed using a 2-D gel 

analysis software (PDQuest 7.1.1; Bio-Rad). Protein spots densities were analyzed for 

linear changes in content using linear regression and a one-way analysis of variance 

(ANOVA) to determine density changes with stages of AMD, respectively. Spots 

exhibiting significantly altered content were excised from gels and in-gel trypsin 

digestion performed prior to mass spectrometry.  

1.3.2. (c ) Protein identification using mass spectrometry 

Mass spectrometry (MS)-based proteomics has provided a gateway to high 

throughput analysis and identification of complex or simple protein preparations from 

biological samples. For analyses such as ours where there is a limited amount of 

peptides from individual spots, MS provides the best analytical power by being able to 

work with picogram amounts of material.  

MS measurements are carried out in the gas phase on ionized analytes. Our 

studies have used two mass spectrometers for protein identification: Matrix assisted 

laser desorption/ ionization (MALDI) – time of flight (TOF) and Orbitrap mass 

analyzer. MALDI refers to the mode of ionization where samples are sublimated out of 

a dry, crystalline matrix by laser pulses. Coupled to a TOF analyzer, MALDI measures 
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the mass of intact peptides based on their mass to charge (m/z) ratio in a method known 

as ‘peptide mass fingerprinting’. MALDI-TOF is also connected to ion-trap devices 

where the peptides are fragments for tandem sequencing using collision energy. Protein 

identification based on these collision-induced dissociation (CID) spectra is more 

accurate because in addition to the mass mapping, the fragment ion spectra provide 

information about the exact sequence of the peptides (MS/MS) [154].  

Orbitrap mass analyzers are the most recent innovation in MS. These instruments 

have an electrospray ionization (ESI) source that is coupled to two ion traps and two 

complete mass analyzers (Fig.1.15). The protein identification is based on the peptide 

mass identification by the Orbitrap and the fragmentation and detection of selected 

peptides (MS/MS) by the linear ion trap. Due to this parallel operation, a mass accuracy 

of less than 1 part per million (ppm) and high resolution power can be achieved [155]. 

Compared to MALDI-TOF, Orbitrap provides superior sensitivity because peptide 

ionization and time-of-flight are not limiting factors in this mass analyzer. Additionally, 

the high mass accuracy of <1 ppm in the Orbitrap in comparison to 10-50 ppm in 

MALDI-TOF allows high-confidence protein identifications.  

Using the data generated by the mass spectrometers, protein identification can be 

achieved by matching experimentally determined mass values to the peptide masses 

generated from theoretical digestion of proteins in a database. If relying only on this 

method, a high-confidence protein ID requires a considerable number of peptides 

matched and more accurate mass measurements for the matched peptides. This is due to  
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Figure 1.15: A schematic of the Orbitrap mass analyzer.  
 
Peptides are introduces via an electrospray source, which ionizes analytes out of solution. 

The front part is a linear ion trap capable of detecting precursor masses (MS) and 

fragmented ion masses (MS/MS). In the C-trap, ions are accumulated, stored, and higher 

energy collision is conducted. An internal calibrant is added at this step and ions are then 

injected into the orbitrap for signal detection.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure from [155] 
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growing number of protein entries in databases since the sequencing of the human 

genome. A second method of choice is CID spectra generated from MS/MS. In this 

approach, the database search compares experimentally observed fragment ions of each 

peptide with predicted fragments of all hypothetical peptides of the appropriate 

molecular mass. Eventhough this approach is fast replacing peptide mass fingerprinting 

as a method of choice for protein identification, it has limitations that require more 

stringent criteria for a high-probability match. These criteria include multiple peptide 

sequences matched with low error and high-quality spectra that provide greater 

statistical confidence for a protein match [156]. There are several search engines that 

are widely used for peptide matching that also provide other tools, such as predicting 

enzyme digestion patterns and calculating the MW and pI. These include ExPASy 

proteomic server maintained by the Swiss Institute of Biochemistry (www.expasy.org), 

Mascot by Matrix Science (London, UK; www.matrixscience.com), and Protein 

Prospector provided by the University of California (San Fransisco, CA; 

www.prospector.ucsf.edu). Software provided by instrument/ software manufacturer’s 

include SEQUEST from Thermo-Finnigan (San Jose, CA) and Scaffold by Proteome 

software (Portland, OR).  

1.3.2. (d) Database analysis of proteins 

 Due to the large amount of data generated by proteomic analyses, manual sorting 

of this data would be an arduous, often impractical task. Pathway analysis using large 

protein databases have made proteomic data analysis high throughput and relatively 

easy. There are several databases that are currently available for the mining of 
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proteomic and genomic data, including DAVID [157], Pathway Analysis based on 

Evolutionary Relationsips (PANTHER) [158], and Ingenutiy Pathway Analysis™ 

(IPA). Protein classification into pathways and biological processes are based on large 

knowledge databases that are constantly updated based on published literature. 

PANTHER classification system was used in our proteomic analysis of the cytosolic 

proteins (chapter 4) to categorize the identified proteins based on their biological roles. 

1.3.3 Polymerase Chain Reaction (PCR) 

 
PCR has revolutionized the field of molecular biology by its capability to amplify 

specific DNA fragments from a small amount of template. It used for a variety of 

applications including DNA cloning and sequencing, functional analyses of genes, 

diagnosis of hereditary disease, and the identification of genetic fingerprints in forensic 

sciences [159]. Kary Mullis, the inventor of PCR, was awarded the 1993 Nobel price in 

Chemistry for this remarkable accomplishment that forever changed the diagnostic 

capabilities of molecular biology.  

1.3.4 (a) Long extension PCR 
 

Our studies have used yet another innovation based on the PCR technique. Long-

extension PCR (LX-PCR) is an assay that is established on the principle that certain 

types of DNA lesions (strand breaks, abasic sites, base modifications, Fig.1.16) can 

slow down or block the progression of a thermostable DNA polymerase [160-163]. 

Therefore, if an experimental system has a higher DNA lesion frequency, this will lead 

to a decrease in amplification. LX-PCR has been utilized to measure the DNA integrity 

of both nuclear and mtDNA [161]. In this thesis, LX-PCR was used to examine 
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mtDNA damage with aging and AMD in the human RPE (chapter 3). To normalize the 

measured amplification of our samples to the steady-state levels of mtDNA molecules 

in each indivudal sample, a very small fragment (<250 bp) of the mtDNA was 

amplified. Novel results garnered by this method reported global mtDNA damage 

accumulation with AMD and also showed that levels of mtDNA damage was ~8-fold 

higher compared the nuclear DNA. 

Based on the relative amplification, a lesion frequency (lesions/ 10 kb) can be   

calculated according to the Poisson equation assuming a random distribution of lesions. 

Using the equation f(x) = e-λ λx/ x! for the zero class molecules (x = 0 for molecules 

exhibiting no damage), lesion frequency (λ) can be calculated per length of DNA 

amplified. The above equation can be re-defined for x = 0, λ = -ln AD/ AO, where AD is 

the amplification of damaged templates and AO is the amplification of undamaged 

templates [162].  

Analysis of mtDNA damage using LX-PCR has many advantages. First, this PCR 

strategy requires only a small amount of DNA. This is highly relevant for our study 

since the DNA was isolated from a 6 mm trephine punch of the macular RPE. Second, 

this method is quantitative because analysis is done within the exponential phase. This 

is where the amplification is directly proportional to the starting template amount. 

Third, there is no need to purify mitochondria or isolate mtDNA because of the use of 

sequence-specific primers. This is highly desirable because isolation procedures lead to 

an overestimation of damage acquired via the isolation procedure [164]. Finally, this 

method allows the amplification of large template fragments and is therefore 
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sufficiently sensitive to detect damage as low as 1 lesion/ 105 bp from 15ng of total 

DNA [165].  

Some limitations of this strategy include, (1) the inability to distinguish the type of 

damage (i.e. strand breaks, base modifications, abasic sites), (2) the failure of some 

oxidative damage to significantly stall a DNA polymerase, such as 8-hydroxy 

guanosine, (3) over or underestimation of damage in the nuclear genome if the target 

genes tested are preferentially affected or not affected with the study conditions. 

However, given the limited amount of DNA available from a pair of maculas, we feel 

LX-PCR provided the greatest information and established the presence of mtDNA 

damage in human RPE. This is a new and important finding for AMD research. 
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Figure 1.16: DNA lesions that can stop or slow down the progression of a 
thermostable polymerase.  
 

LX-PCR quantifies the amount of damage in a DNA template based on the above 

principal. Therefore, increased DNA lesions in a template should result in decreased 

amplification of the PCR product. 

 

 

 

 

 

Figure constructed from [166] 
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1.3.3. (b) Quantitative real-time PCR (qPCR) 
 

Quantitative real-time PCR gets its “real-time” ability by the use of fluorescent 

molecules that bind the synthesized DNA and give a measure of amplification as the 

reaction progresses. These fluorescent molecules provide superior sensitivity by only 

binding double-stranded DNA molecules and exhibiting an increase in fluorescence up 

to a 1000-fold. Therefore, only the formation of nascent DNA strands would increase 

the fluorescence. Since “real time” detection is possible in qPCR, there is no need to 

empirically determine the cycle conditions that give a signal in the exponential phase 

of the PCR profile. This phase provides the most quantitative information in PCR 

because the amount of amplicon approximately doubles in each cycle. Based on the 

information from this phase, the starting template amount for the sequence or gene of 

interest could be determined.  

In our studies we utilized qPCR to get an accurate measure of the deletion load 

in mtDNA and the total quantity of mtDNA in our donor samples. The strategy we 

used for calculating the percent of deleted molecules is outlined in Fig.1.17. The 

accuracy of this strategy was confirmed by measuring the percentage of deleted 

mtDNA molecules in ∆H2-1 cybrid cells, which contain a 7522 bp deletion in 80 ± 

13% [167] of their mt genomes. In agreement with reported data, our assay measured 

78 ± 5% deletions in this cell line. 
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Figure 1.17:Percent of common deletion calculation: generating a standard curve.  
 

(Clockwise) To calculate percentage of deleted mitochondrial (mt) molecules, an 

accurate measurement of total mtDNA copies and the number of deleted mt copies are 

required. (A) We utilized primer sets amplifying regions in the 16S rRNA (total copies, 

Total mtDNA) and ND5 (non-deleted copies, RIII-ND), that is within the common 

deletion region, to calculate deleted mtDNA molecules in our samples. To accurately 

quantify copies of total and non-deleted genomes, standard curves were constructed using 

qPCR as follows: template fragments for ‘Total mtDNA’ and ‘RIII-ND’ were generated 

by ‘template’ primer sets (primer information in chapter 3, Table 3.2). These fragments 

were amplified from ARPE-19 genomic DNA (undamaged template), run on agarose 

gels, excised, and purified. Subsequently, template fragments were quantified using 

Picogreen assay as described in chapter 4 and the number of copies were calculated based 

on the approximate molecular weight of a base pair (650 Da) and the length of our 

fragments. (B) Standard curves were constructed for both the ‘Total mtDNA’ and ‘RIII-

ND’ by serially diluting 103 – 107 template copies. 
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1.4 Thesis Goals 
 
 The goal of my thesis was to investigate molecular mechanisms, specifically mt 

dysfunction, in AMD pathogenesis. Since the singular, most important risk factor for 

AMD is aging, we also conducted parallel analyses on aging alongside AMD in two 

(chapters 3 and 4) studies described in this thesis. Our hypothesis was that increased 

mtDNA damage and altered mt proteins will be observed with AMD progression in the 

human RPE, thus supporting a role for mt dysfunction in AMD pathology. Our approach 

as indicated in Fig. 1.18, involved obtaining human donor eyes from the Minnesota Lions 

Eye Bank, classification of the donor tissue to stages of AMD based on the Minnesota 

Grading System, the use of proteomics to study changes in mt and cytosolic proteins, and 

the use of PCR technologies to examine damage accumulation in the mtDNA with AMD.  

 The proteomic study outlined in chapter 2 provided the rationale to focus on 

mtDNA damage with respect to AMD pathology based on the changes observed in 

several ETC proteins, a translation factor that increased ~4-fold compared to controls, 

and changes to a structural protein that is important in mtDNA stability. Our work on 

mtDNA damage with aging and AMD (Chapter 3) was the first comparison in the AMD 

field that demonstrated significant damage to mtDNA preceding vision loss and retinal 

degeneration. The work described in chapter 4, tests the hypothesis that mt dysfunction is 

communicated to the nucleus via retrograde signaling and consequently alters the protein 

profile to reflect a major shift in metabolic, stress response and cellular redox regulation 

proteins (Fig. 1.19). Indeed, our results suggest not only adjusted metabolism, response to  
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Figure 1.18: Overview of experimental procedure used in this thesis. 
 
Our work utilized human donor eyes obtained by the Minnesota Lions Eye Bank that 

were graded for AMD using the MGS (section 1.3.1). The proteins extracted from RPE 

cells were utilized in two proteomic comparisons of the mitochondria and cytosolic 

proteins. The data garnered by the mt proteomics study led us to pursue an analysis of 

mtDNA damage that was also conducted on graded human tissue. 
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Figure 1.19. Hypotheses pursued in the work described in this thesis. 
 
 Our work on mt proteomics (chapter 2) and mtDNA damage (chapter 3) suggest a feed-

forward mechanism of mt damage that would lead to impaired electron transport chain 

and reduced bioenergetics in the mitochondria. To compensate for mt dysfunction many 

cells up-regulate a defined set of nuclear genes in a phenomenon called ‘retrograde 

signaling’ [168]. The work described in chapter 4 tested the hypothesis that RPE cells 

will exhibit a protein profile consistent with mt dysfunction as observed from our 

previous work. Our data (chapter 4) indicate significant adjustments to pathways that 

were predicted to change with mt dysfunction such as metabolism, response to stress and 

toxins, redox regulation.  
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stress and cellular redox regulation but also show major differences in cytosolic protein 

profile with AMD compared to aging. In light of our work showing minimal mtDNA 

damage with aging compared to AMD, our proteomic data (chapter 4) suggest that 

observed cytosolic protein changes are due to mt dysfunction that is predominantly taking 

place in AMD.  
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Chapter 2  
 
 
Mitochondrial Proteomics of the Retinal Pigment Epithelium at Progressive Stages 

of Age-Related Macular Degeneration 

 

 

 

This chapter is essentially unmodified from the published article: 

Nordgaard C.L., Karunadharma P.P., Feng X, Olsen T.W., and Ferrington D.A. 

Mitochondrial Proteomics of the Retinal Pigment Epithelium at Progressive Stages of 

Age-related Macular Degeneration. Invest Ophthalmol Vis Sci, 2008; 49(7):2848-55.  

 

 

Copyright permission is granted by Investigative Ophthalmology and Visual Science. 
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Abstract  
 
Purpose: Age-related macular degeneration (AMD) is the leading cause of vision loss in 

individuals over the age of 65. Histopathological changes become evident in the retinal 

pigment epithelium (RPE), a monolayer that provides metabolic support for the overlying 

photoreceptors, even at the earliest stages of AMD that precede vision loss. In a previous 

global RPE proteome analysis, we identified changes in the content of several 

mitochondrial proteins associated with AMD. Herein, we analyzed the sub-proteome of 

mitochondria isolated from human donor RPE graded with the Minnesota Grading 

System (MGS). 

Methods: Human donor eye bank eyes were categorized into one of four progressive 

stages (MGS 1-4) based upon the clinical features of AMD. Following dissection of the 

RPE, mitochondrial proteins were isolated and separated based upon their charge and 

mass using two-dimensional gel electrophoresis. Protein spot densities were compared 

between the four MGS stages. Peptides from spots that changed significantly with MGS 

stage were extracted and analyzed using mass spectrometry to identify the protein. 

Results: Western blot analyses verified that mitochondria were consistently enriched 

between MGS stages. The densities of eight spots increased or decreased significantly as 

a function of MGS stage. These spots were identified as the alpha, beta, and delta ATP 

synthase subunits, subunit VIb of the cytochrome C oxidase complex, mitofilin, 

mtHsp70, and the mitochondrial translation factor Tu. 

Conclusions: Our results are consistent with the hypothesis that mitochondrial 

dysfunction is associated with AMD and further suggest specific pathophysiological 
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mechanisms involving altered mitochondrial translation, import of nuclear-encoded 

proteins, and ATP synthase activity. 

2.1 Introduction  
 
Age-related macular degeneration (AMD) is a leading cause of blindness among older 

adults in developed nations [169, 170]. Early clinical features of AMD include alterations 

in the retinal pigment epithelium (RPE), a monolayer between the photoreceptors and 

choroid that supports retinal function and homeostasis. The quantity and extent of 

lipoproteinaceous deposits (drusen) that form between the RPE and choroid correlate 

with progressive stages of AMD. A significant number of patients with the early features 

of AMD progress to advanced stages with impaired central visual acuity, characterized 

by either central geographic atrophy (aAMD) or subretinal choroidal neovascularization 

with exudation (eAMD) [171]. The personal and public costs of AMD coupled with 

aging of the U.S. population create an urgent need to improve AMD prevention and 

treatment strategies over the next decade [172, 173]. Further development of rational 

therapeutic interventions for AMD requires a greater understanding of basic AMD 

disease mechanisms. 

Several lines of evidence indicate a role for mitochondria in the pathogenesis of 

AMD.  First, mitochondria are the major source of superoxide anion in the cell [127], 

which can generate highly toxic hydroxyl radicals and hydrogen peroxide that damage 

the cell by reacting with proteins, DNA, and lipids. Oxidative stress appears to play an 

important role in AMD since human donor eyes affected by AMD contain increased 

levels of protein adducts resulting from the oxidative modification of carbohydrates and 
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lipids [39, 174] and higher levels of antioxidant enzymes [106, 148]. Second, 

mitochondrial DNA (mtDNA) is more susceptible than nuclear DNA to damage from 

oxidation and blue light [128-130], and mtDNA damage in the retina and RPE 

accumulates with age [125, 131]. Such damage may indirectly impair the function of 

mtDNA-encoded subunits of the electron transport chain and cause increased superoxide 

anion production, leading to further mtDNA damage and superoxide anion production in 

a self-perpetuating, destructive cycle [133, 175]. Third, aging and cigarette smoking are 

two strong risk factors for AMD that are also associated with mitochondrial 

dysfunction,[37, 134, 135] suggesting that aging and smoking may contribute to AMD 

through their effects upon mitochondrial function. Finally, two recent studies have found 

direct evidence of mitochondrial alterations in AMD [136, 138]. A morphological 

analysis of human donor eyes affected by AMD found an accelerated loss of 

mitochondria number and cross-sectional area relative to normal age-related changes 

[136]. Additionally, our previous proteomic analysis of the global human RPE proteome 

in AMD identified changes in the content of several mitochondrial proteins including 

mitochondrial heat shock proteins 60 and 70, ATP synthase β, and the voltage-dependent 

anion channel [138]. To better characterize the mitochondrial changes associated with 

AMD, we analyzed the RPE mitochondrial sub-proteome from human donor eyes 

categorized with the Minnesota grading system (MGS). 
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2.2 Methods 

2.2.1 Tissue procurement and grading 

 
Briefly, globes were cooled in situ and stored at 4˚ C following post-mortem enucleation 

until processed as in previous studies [144, 148]. Globes were processed according to the 

MGS, with the exception that both globes were photographed, dissected, and evaluated. 

After removing the vitreous, the neurosensory retina was gently peeled back and cut at 

the optic nerve head. The RPE was then carefully hydrodissected from Bruch’s 

membrane using balanced saline solution and gentle blunt mechanical debridement. 

Tissues used in the present study were dissected fresh and stored at -80º C. There was no 

evidence during the clinical examination that the observed changes were associated with 

the cause of death. All research procedures adhered to the Declaration of Helsinki and 

had Institutional Review Board exemption from the human subjects committee at the 

University of Minnesota. 

2.2.2 Mitochondrial enrichment:  

The RPE from each pair of globes was combined (for globes assigned the same MGS 

grade) and processed collectively. The protein yield from the macular RPE (central six 

millimeters) was insufficient for two-dimensional electrophoresis and therefore the 

peripheral RPE was used exclusively. Previous proteomic analyses have demonstrated 

that AMD is associated with biochemical changes in the peripheral RPE [138] and many 

biochemical changes detected in the macula are also detected in the periphery [150]. 

These results support the use of peripheral RPE in the present study.   
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RPE tissues were homogenized in a buffer containing 0.5% Nonidet P-40, 1 mM 

phenylmethylsulphonyl fluoride, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (pH 7.5), 10 mM KCl, 1.5 mM MgCl2, 250 mM sucrose, 1 mM ethylenediamine 

tetraacetic acid, and 1 mM ethylene glycol tetraacetic acid. After adding 150 μL of buffer 

to the RPE from a single pair of globes, the tissue was subjected to two freeze-thaw 

cycles before gently passing the tissue suspension six times through a 26-gauge needle. 

The lysate was cleared of nuclei and intact cells by centrifugation for 15 minutes at 600 X 

g. Supernatants were removed and an additional 75 μL of buffer was added to the pellet, 

followed by a second homogenization and centrifugation. The second supernatant was 

combined with the first, and a 20 μL aliquot (homogenate) was removed for subsequent 

analyses. Mitochondria were then pelleted from the cleared cell lysate by centrifugation 

for 15 minutes at 13,000 X g. The supernatant, containing less dense organelles, 

membrane fragments, and soluble proteins (cytosol), was reserved for analysis of the 

preparation. The mitochondria-enriched pellet was washed once with buffer before 

resuspension in 8 M urea, 2 % 3-[(3-Cholamidopropyl)dimethylammonio]-1-

propanesulfonate, and 0.5% amidosulfobetaine-14 (Calbiochem, San Diego, CA) to yield 

the mitochondrial fraction. To increase the solubility of membrane proteins, the 

mitochondrial fraction was subjected to two freeze-thaw cycles and incubated for 30 

minutes in a water bath sonicator. Protein content was determined using the bicinchoninic 

acid assay (Pierce, Rockford, IL). 
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2.2.3 2-dimensional (2D) gel electrophoresis 

 
 2D gel electrophoresis was performed as outlined [138] and followed by staining with 

silver (Biorad, Hercules, CA). Preliminary analyses determined that loading 100 μg of 

mitochondrial protein yielded the greatest number of spots with a linear response (data 

not shown), and this protein load was used to rehydrate 3-11 nonlinear IPG strips for 

first-dimension focusing. Samples in the same MGS stage were combined as necessary to 

yield 100 μg of mitochondrial protein.  

2.2.4 2D gel spot quantitation and analysis 

 
A power analysis was performed to determine the fold change detectable given the 

study’s sample size and variability. This analysis determined that with a sample size of 

seven gels, a 2.5-fold change could be detected on average with 90% power. Two 

statistical models, reflecting two possible patterns of disease-related change (linear and 

stage-specific), were used to test for significant spot quantity changes. The p value for 

each spot is indicated for a given model, with an uncorrected significance level of p < 

0.05 and p < 0.025 after the Bonferroni correction. 

2.2.5 Mass spectrometry (MS) 

 
Peptide extraction from polyacrylamide gels, peptide mass fingerprinting, and sequencing 

by tandem MSMS were performed as described [138] with the following modifications. 

Peptide masses were submitted to the Swiss-Prot database of human proteins using the 

Mascot (Matrix Science Inc., Boston, MA) search engine. The peptide mass 

fingerprinting searches used mass tolerance settings of 50 ppm, carbamidomethylation of 
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cysteine and oxidation of methionine (processing artifacts) as fixed and variable 

modifications, respectively, and 0 missed cleavages by trypsin. Protein identifications 

were considered verified by sequencing if the MS/MS spectra submitted to the Mascot 

Swiss-Prot human database yielded a significant (p < 0.05) match, with peptide and 

fragment mass tolerances set to 0.8 Da, carbamidomethyl as a fixed modification, and 

oxidation of methionine set as a variable modification.  

2.2.6 One-dimensional gel electrophoresis and Western blotting 

 
 RPE fractions were separated using 16 cm X 16 cm polyacrylamide gels (12%, 1.5 mm 

thickness or 10%, 1 mm thickness) by the method of Laemmli and transferred as 

described [176] except that for the 10% gels, the membrane was stained with Ponceau S 

Red before blocking, imaged, and destained with Tris-buffered saline (pH 11). Samples 

were also analyzed using 16 cm X 16 cm X 1.5 mm, 8-16 % gradient gels (Jule Inc., 

Milford, CT) and stained with Flamingo Pink fluorescent protein stain (Biorad). 

Fluorescent gels were excited with the DR88M transilluminator (Clare Chemical 

Research, Dolores, CO) and imaged with the Chemidoc system (Biorad). The density of 

individual bands was then quantified with the Quantity One software (Biorad) and tested 

by one-way ANOVA. 

For blotting, the linear response of each primary antibody was verified for the 

protein load used. Antibodies directed against ATP synthase α (1:500, A21350), ATP 

synthase β (1:5000, A21351) and mitochondrial NADH dehydrogenase 6 (1:1500, 

A31857) were purchased from Molecular Probes (Eugene, OR). Other antibodies were 

directed against Lamp-1 (1:250, 611042, BD Biosciences, San Jose CA), tyrosinase 
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(1:500, 35-6000) and CD34 (1:1500, 07-3403, Zymed Laboratories, South San Francisco 

CA), catalase (1:1000, ab16731, Abcam, Cambridge MA), heat shock protein 70 (1:5000, 

SPA-812) and manganese superoxide dismutase (1:2000, SOD-110, Assay Designs, Ann 

Arbor, MI), glial fibrillary acidic protein (1:2000, D097-3S, MBL, Woburn, MA), and 

the voltage dependent ion channel (1:1000, 529532, EMD Biosciences, San Diego, CA). 

Standards were loaded for comparisons between gels, and reaction densities were 

normalized to either the homogenate reaction density or to the total lane density of 

Ponceau staining. Alkaline phosphatase-conjugated secondary antibodies were used for 

colorimetric development as described [176] and imaged with a GS-800 densitometer 

(Biorad). Horseradish peroxidase-conjugated goat secondary antibodies were used in 

conjunction with the Supersignal West Dura chemiluminescence kit (Pierce) and imaged 

using a Chemidoc system (Biorad). The Quantity One software (version 4.6.1, Biorad) 

was used for densitometry. 

2.3 Results 
 Human donor globes were graded with the Minnesota Grading System (MGS). 

Donor demographics are presented in Table 2.1. The average time from death to 

enucleation and death to tissue cryopreservation for all donors was 4.5 ± 1.8 hours and 

16.9 ± 4.2 hours, respectively (mean ± SD). Age matching was not possible given the 

available donor tissues. However, the distribution of donor ages was similar for MGS 

stages 1-3, with an increase at stage 4 (Fig. 2.1). Stage 1 of the MGS represents the 

control group. Stage 2 is characterized by the presence of numerous small, hard drusen in 

the macula and/or RPE pigmentary abnormalities. Stage 3 globes contain one or more 
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large, soft drusen, numerous intermediate drusen, or nonmacular geographic atrophy. 

Globes categorized as MGS stage 4 contain central geographic atrophy or evidence of 

subfoveal choroidal neovascularization.  

 Since the yield from initial density gradient separations was insufficient for 

proteomic analysis, differential centrifugation was used to produce a fraction enriched for 

mitochondria (mitochondrial fraction) and a fraction depleted of mitochondria (cytosolic 

fraction). It was assumed that 1) the vast majority of protein in the mitochondrial fraction 

would normally be expressed in the mitochondria, and 2) the enrichment procedure 

would not be affected by MGS stage. Therefore, any content changes would be 

associated with AMD rather than differences in the enrichment of organelles between 

stages. We tested these assumptions by Western blot analysis of the fractions. First, 

increasing loads of protein from all three fractions were probed with organelle-specific 

antibodies (Figure 2.2A). All markers were detected in the homogenate. Lysosomal, 

peroxisomal, melanosomal, and cytosolic markers were clearly detected in the cytosolic 

but not mitochondrial fractions. Conversely, the outer (VDAC) and inner (ND6) 

membrane markers were clearly detected in the mitochondrial fraction but not the 

cytosolic fraction. The matrix protein MnSOD, however, could be readily detected in all 

three fractions and indicates some leakage from the mitochondrial matrix and 

intermembrane space.     

To determine whether the mitochondrial enrichment was effectively similar at 

each MGS stage, we probed a subset of samples using the same organelle markers. Since 

the mitochondrial fraction yield was not sufficient for both this analysis and the 
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proteomic analysis, any changes in the enrichment process were measured indirectly by 

analyzing the homogenate and cytosolic fractions. It was assumed that a change in the 

mitochondrial fraction would correspond to a change in the cytosolic fraction, since 

greater organelle enrichment in the mitochondrial fraction would be accompanied by 

decreased organelle enrichment in the cytosolic fraction (e.g., more lysosomes in the 

mitochondrial fraction would mean fewer lysosomes in the cytosolic fraction). Each 

cytosolic reaction was normalized to its homogenate reaction to account for differences in 

total content between samples. No difference was detected between the four stages by 

one-way ANOVA (all p > 0.12; see Fig. 2.2B) for any of the organelle markers or 

mitochondrial markers tested. These results indicate that the mitochondrial preparation 

selectively enriched for mitochondria and that enrichment effectiveness was not 

significantly different between MGS stages. 

Mitochondrial samples were also tested for retinal and choroidal protein 

contamination (data not shown) by probing for glial fibrillary acidic protein (GFAP), a 

retinal marker, and CD34, a choroidal marker expressed in the choriocapillaris [177]. 

Little or no reactivity was detected for either marker. The mean ratio of GFAP signal for 

the mitochondrial fraction compared to a human retina positive control was 2.8 ± 3.0 % 

(mean ± standard deviation), and the ratio of CD34 signal compared to a human 

choroidal positive control was 1.1 ± 0.55 %. The relationship between MGS stage and 

contaminant ratio was not significant for either GFAP or CD34 (p = 0.33 and p = 0.51, 

respectively). These results indicate that the levels of contaminating protein from the 

retina and choroid are nearly undetectable and do not change as a function of MGS stage. 
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 Having established that the preparation enriches for mitochondria and that the 

preparation effectiveness does not differ significantly between MGS stages, we analyzed 

the mitochondrial fraction using 2D gel electrophoresis (Fig. 2.3). Preliminary 

observations indicated that a protein load of 100 µg of protein would yield the greatest 

number of spots within the linear range of the silver stain dye (data not shown). 

Automated spot detection and matching were verified manually, and individual spot 

densities were normalized to the total protein density to account for staining or protein 

load differences. An average of 440 spots was resolved per gel and 222 consistently 

resolved spots were tested for two disease-related patterns of change: a linear, 

progressive change determined by linear regression and any difference between stages 

determined by one-way ANOVA. Eight spots changed significantly according to one or 

both of these models (Fig. 2.4, p < 0.05; after the Bonferroni correction, p < 0.025) and 

were excised for identification by mass spectrometry (MS) analysis. Initial protein 

identification by MALDI-TOF MS was verified by MS/MS sequencing (Table 2.2 and 

Fig. 2.4). We deviated from this protocol for one spot, ATP synthase δ, which initially 

produced a non-significant match of three peptides by MALDI-TOF MS. Due to its small 

size and low content of lysine and arginine residues (trypsin cleavage sites), a maximum 

of only six peptides would have been measured from ATP synthase δ under ideal 

conditions. Sequence data for the two most intense peptide peaks in the MALDI-TOF 

spectrum matched exclusively to ATP synthase δ. The match was considered valid since 

we detected three of six possible peptides, sequences from the two most intense peaks 
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matched to ATP synthase δ, and the observed mass and pI closely matched the predicted 

values. 

Since 2D gel electrophoresis does not efficiently resolve membrane-associated 

proteins or high molecular weight proteins, mitochondrial samples were also separated 

using 1D gradient gels (8-16%) and stained with Flamingo Pink fluorescent protein stain. 

No additional changes were found after comparing densities of individual protein bands, 

suggesting that there were no major protein changes beyond those detected by the 2D gel 

analysis (data not shown). 

A significant number of the affected proteins were subunits of the mitochondrial 

ATP synthase complex that is responsible for generating ATP and maintaining the 

mitochondrial membrane potential. Hence, we sought to verify our original results by 

probing RPE homogenates with antibodies specific for ATP synthase α and β. There was 

no significant change in ATP synthase content when tested by one-way ANOVA 

(although there was a strong trend for the ATP synthase β ANOVA, p = 0.058; data not 

shown). Since there was a poor correspondence between the results obtained by 2D gel 

analysis of the mitochondrial fraction versus 1D Western blot analysis of the 

homogenate, we re-evaluated the 2D gels to better understand the discrepancy. For 

example, it has been noted that 1D Western blot and 2D gel results are more likely to 

correlate for proteins that migrate as a single spot in 2D gels compared to those that 

migrate as multiple spots (e.g., as charge trains or isoelectric variants) [138]. The one 

ATP synthase β spot and two ATP synthase α spots that decreased at later MGS stages 

did appear to migrate as part of a charge train at the approximate theoretical pI for each 
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subunit. Both subunits contain predicted and/or experimentally verified phosphorylation 

and acetylation sites that could account for the observed charge trains [178, 179]. Peptide 

mass fingerprint analysis identified three additional ATP synthase α spots and three 

additional ATP synthase β spots from the charge trains, although those spots were not 

affected by MGS stage (Fig. 2.5A and data not shown). This suggests that the 1D 

Western blot measured both the ATP synthase spots that changed with MGS stage as well 

as those that did not. Consequently, 2D gel analysis may be more sensitive for detecting 

changes in specific post-translationally modified subsets of a total protein population. 

 To further understand the difference between ATP synthase content measured by 

1D Western blot and 2D gel, the sum of all identified spot densities for each subunit was 

compared across MGS stages (Fig. 2.5B). Unlike the 1D Western blot results, there was a 

significant effect of MGS stage on total ATP synthase α, β, and δ content (all p < 0.05). 

This difference may reflect technical differences between the two techniques or 

differences in mitochondrial and homogenate ATP synthase content. For example, ATP 

synthase spots migrating outside of the charge train would have contributed to the 

Western blot measurements but gone undetected by the 2D gel analysis. Additionally, the 

ATP synthase α and β subunits are imported from their site of translation in the cytosol. 

Any decrease in their import could have distinct effects upon measurement of the 

homogenate and mitochondrial ATP synthase content .It is also possible that components 

of the ATP synthase in RPE localize to the plasma membrane as noted for other cell types 

[180, 181]. If so, then extra-mitochondrial ATP synthase protein would be measured in 

the homogenate but not mitochondrial fraction. 
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2.4 Discussion 
 

We recently identified several mitochondrial protein changes in RPE isolated 

from donor eyes affected with AMD using a global proteomic analysis [138]. In the 

present study, we sought to specifically identify changes in the mitochondrial sub-

proteome by analyzing an enriched mitochondrial fraction from human donor RPE 

categorized using the Minnesota Grading System (MGS). Changes in the content of eight 

proteins crucial for mitochondrial translation, import of nuclear-encoded proteins, and 

metabolism were associated with AMD onset and progression. The use of proteomics to 

analyze human donor tissue has thus led to the identification of specific mitochondrial 

pathways affected by AMD. 

 Proteomic analysis of human tissue has many advantages, although there are some 

limitations. First, the post-mortem analysis of pathological human tissues is a highly valid 

approach to studying disease but may be limited by variations in the time interval from 

death to tissue collection and cryopreservation. Neither time interval, from death to 

enucleation nor death to the time of tissue freezing, varied significantly between the four 

MGS groups and consequently cannot account for any differences based upon MGS 

stage. Second, while we identified a number of novel mitochondrial protein changes by 

2D gel analysis, some changes likely went undiscovered since 2D gels are less efficient at 

resolving membrane proteins and high molecular weight proteins. Two approaches were 

used to address these limitations: the use of an additional zwitterionic detergent (ASB-14) 

to increase protein solubility prior to first dimension focusing and a separate 1D gel 

analysis to detect changes in SDS-soluble membrane proteins and high molecular weight 
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proteins. No additional changes were detected by the 1D gel analysis, suggesting that no 

major changes in protein content occurred beyond those detected by the 2D gel analysis. 

Every proteomic strategy has particular strengths and weaknesses, and despite the above 

limitations the present 2D gel analysis successfully compared the content of over 200 

protein spots across four stages of AMD. Given the restricted amount of RPE tissue 

provided by a single donor (and far less mitochondrial protein), our methodology was 

successful in identifying AMD-related mitochondrial protein changes. 

 Unlike other proteomic studies that seek to identify the proteins expressed in an 

organelle or subcellular structure, the present study sought to identify mitochondrial 

changes associated with AMD and hence did not require a perfectly pure mitochondrial 

preparation. The loss of some mitochondrial protein or retention of some non-

mitochondrial protein should not affect the measurement of AMD-related changes if the 

loss or contamination does not vary between MGS stages, which was found for every 

contaminant examined. Similarly, the loss of some matrix contents regrettably decreased 

the number of mitochondrial proteins measured by the 2D gel analysis but was not 

correlated with MGS stage and should not affect the validity of the results.  

 Converging evidence suggests that DNA damage occurs more readily in the 

mitochondrial than the nuclear genome, and that mtDNA damage could lead to RPE 

dysfunction. Blue light irradiation and treatment with hydrogen peroxide cause long-

lasting mtDNA but not nuclear DNA mutations in cultured RPE cells [128-130]. Several 

disorders caused by mtDNA deletions and mutations, such as maternally inherited 

deafness and diabetes (MIDD), MELAS (myopathy, encephalopathy, lactic acidosis, and 
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stroke-like episode syndrome), specific forms of retinitis pigmentosa, and Leber’s 

hereditary optic neuropathy, can lead to retinopathy [121, 182, 183]. Finally, mtDNA 

deletions in the RPE and retina increase with age and could contribute to the age-

dependent onset of AMD [125, 131]. Since most of the mitochondrial genome encodes 

either oxidative phosphorylation subunits (OXPHOS; 13 protein-encoding genes) or 

tRNAs required for mitochondrial translation [121] (22 tRNA genes), mtDNA mutations 

and deletions often affect these specific mitochondrial systems [184].  

Polypeptides encoded by mtDNA are synthesized by mitochondria-specific 

ribosomes, tRNAs, and translation factors. The mitochondrial translation factor Tu 

(Tufm) delivers aminoacylated tRNAs to the mitochondrial ribosome as part of a 

mitochondrial translation elongation complex [185]. Because of its central role in 

mitochondrial translation, increased or decreased levels of Tufm have direct 

consequences for the synthesis of mtDNA-encoded proteins. In a yeast model, 

overexpression of Tufm rescued a mitochondrial phenotype caused by the MELAS tRNA 

mutation [186]. Overxpression of Tufm in fibroblasts from patients with a mitochondrial 

translation deficiency also restored the translation of mtDNA-encoded OXPHOS subunits 

and the assembly of OXPHOS complexes [187]. On the other hand, a single point 

mutation in the Tufm tRNA binding site led to a dramatic loss of mitochondrial 

translation in patient-derived fibroblasts [188].  

While we did not measure mtDNA mutations or deletions directly, we did find a 

dramatic upregulation of Tufm at the earliest clinical stage of AMD (MGS stage 2). Tufm 

appears to be necessary for mitochondrial translation and is able to rescue translation 
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defects, including those caused by tRNA mutations. These data indicate that changes in 

mitochondrial translation pathways are associated with an early AMD phenotype, 

possibly as a consequence of increased mtDNA damage in early AMD. 

We also found AMD-related changes in the content of four OXPHOS subunits, 

including three from ATP synthase. The relatively consistent decrease in total ATP 

synthase α, β, and δ (Fig. 2.5B) suggests a concerted loss of the ATP synthase complex 

between MGS stages 2 and 3. A subsequent loss of ATP synthase activity and decreased 

cellular ATP levels could be detrimental for RPE function and viability. Alternatively, a 

fraction of ATP synthase complexes exist as oligomeric supercomplexes that maintain 

mitochondrial morphology and the mitochondrial membrane potential [189-191]. Since 

the F1 component of ATP synthase is believed to participate in its oligomerization [192], 

decreased content of the ATP synthase α, β, and δ subunits might also affect ATP 

synthase supercomplex oligomerization, mitochondrial morphology, and the 

mitochondrial membrane potential. Although the consequences are presently unknown, 

loss of the ATP synthase F1 subunits could be a pathological event occuring during early 

AMD. 

The present results also indicate an association between AMD and deficient 

mitochondrial import of nuclear-encoded proteins. In both a previous global proteomic 

analysis of the RPE [138] and the present mitochondrial sub-proteome analysis, we found 

a decrease in the content of the mitochondrial heat shock protein mtHsp70 associated 

with AMD. Decreased mtHsp70 content could be detrimental due to its pleiotropic 

functions in p53-mediated apoptosis, iron-sulfur cluster biogenesis, and mitochondrial 
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calcium regulation [193-195]. However, mtHsp70 is also required for the ATP-dependent 

import of nuclear-encoded proteins into the mitochondrial matrix [196]. Decreased 

mtHsp70-dependent import could consequently affect many matrix-localized functions 

(including the TCA cycle and β-oxidation).  

 In summary, we performed a mitochondrial sub-proteome analysis of RPE 

categorized using the Minnesota Grading System. We replicated our previous observation 

that decreased content of mtHsp70 is associated with AMD and identified novel 

associations between AMD and both the decreased content of three ATP synthase 

subunits and increased content of a mitochondrial translation factor. These results are 

consistent with the hypothesis that mtDNA damage and mitochondrial dysfunction 

contribute to the pathogenesis of AMD. The identification of mitochondrial translation, 

import, and ATP synthase protein changes using proteomic analysis of clinically staged 

human donor tissue represents a powerful approach for identifying putative AMD disease 

mechanisms.  
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Figure 2.1: Scatter plot comparison of human donor ages between MGS stages. 
 
 A horizontal bar indicates the mean age for each group. MGS 4 donors were 

significantly older than any other category of donors (one-way ANOVA, p < 0.005 and 

the Tukey-Kramer post-hoc test). The differences between stage 1-3 means were not 

significant. 

 

 
 
 
 
 
 

Figure 2.1 
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Figure 2.2: Verification of mitochondrial enrichment by Western blotting. 
 
 A) Western blots of RPE fractions (homogenate, cytosolic, and mitochondrial) probed 

with antibodies specific for organelle markers (Lyso – lysosomes, LAMP-1 antibody; 

Melan – melanosomes, tyrosinase antibody; Perox – peroxisomes, catalase antibody; 

Cyto – cytosol, Hsp70 antibody; OM – outer mitochondrial membrane, VDAC antibody; 

IM – inner mitochondrial membrane, Complex I subunit 6/ND6 antibody; Mtx – 

mitochondrial matrix, MnSOD antibody). Blots indicate that the fractionation procedure 

resulted in selective depletion of mitochondria from the cytosolic fraction and selective 

enrichment of mitochondria in the mitochondrial fraction. Protein loads ranged from 5 to 

35 µg of protein in 5 μg increments. The HeLa cell lysate positive control is indicated by 

‘+’. Note that only a faint Hsp70 (Cyto) reaction was detected in the mitochondrial 

fraction after considerably overexposing the blot, as determined by comparing the 

positive control reaction intensities. B) Semi-quantitative comparison of subfractionation 

efficacy between MGS stages. Western blot measurements of organelle markers were 

compared for multiple samples from each stage. Each cytosol immune reaction was 

normalized to its corresponding homogenate immune reaction to account for total content 

differences between samples. Bars represent mean ± standard error, n = 6 for each group. 

No significant differences were detected for any marker by one-way ANOVA, suggesting 

that the subfractionation of cellular contents into cytosolic (i.e., nonmitochondrial) and 

mitochondrial fractions was not affected by MGS stage. 
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Figure 2.2 
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Figure 2.3: Resolution of mitochondrial fraction proteins by 2D gel electrophoresis.  
 
Representative gel demonstrating the resolution of 100 μg of human donor RPE 

mitochondrial fraction protein. Proteins were separated in the first dimension using a 

nonlinear pH gradient from 3 to 11 and in the second dimension using 13% SDS-

polyacrylamide gel electrophoresis, then stained with silver. Spots that changed 

significantly by one-way ANOVA or linear regression analysis are boxed and numbered 

according to Table 2.2. 
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Figure 2.3 



 

88 

Figure 2.4: Protein spot densities and corresponding protein identity.  
 
Individual spot densities were normalized to the total spot density for each gel and 

compared by one-way ANOVA (A) and linear regression (L). The test that reached 

significance and its associated p value are indicated above the normalized spot densities, 

which are reported as the mean ± standard error for each MGS stage. The number of 

measurements for each stage is indicated below the x-axis. Protein identifications 

(numbered according to Table 2.2) were obtained by MALDI-TOF mass spectrometry 

and verified by tandem mass spectrometry peptide sequencing. Note the y-axis scale 

difference between the top and bottom panels. 
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Figure 2.4 
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Figure 2.5: 2D gel analysis of mitochondrial ATP synthase content.  
 
A) Mass spectrometry analysis identified multiple ATP synthase α and β protein spots 

with altered isoelectric focusing points (isoelectric variants, arrows). Only a subset of the 

isoelectric variants changed significantly with MGS stage (numbered according to Table 

2.2), based upon the initial 2D gel analysis. While the spots identified as ATP synthase α 

and β migrated as one of several ATP synthase isoelectric variants, ATP synthase δ 

appeared to migrate as a single spot. B) Total mitochondrial ATP synthase α, β, and δ 

content was estimated by summing the density of all identified spots (indicated by arrows 

in A). Mean density values and standard error of the mean were normalized to the 

greatest density value (MGS 2 for each subunit). The one-way ANOVA for each of the 

three ATP synthase subunits was significant (all p < 0.04). 

 

Figure 2.5 

 



 

91 

Table 2.1: Donor demographics and clinical information 

Table 1. Donor demographics and clinical information 

Sample size* MGS 
Grade Total F M 

Mean age 
(yrs±SD) 

Age 
Range 
(yrs) 

Enuc† 

(hrs±SD) 
Freeze‡ 

(hrs±SD) 
Cause of death§ 

1 7 10 5 67±10 49-86 4.2±2.0 16.0±3.9 
Cancer (5), Organ failure (4), Sepsis (2), Vascular accident 

or hemorrhage (4) 

2 7 6 6 70±10 58-93 4.9±1.7 17.4±4.9 
Cancer (4), Myocardial infarct (1), Organ failure (2), 

Pneumonia (2), Sepsis (1), Vascular accident or hemorrhage 
(2) 

3 7 8 6 73±14 40-96 4.4±1.7 18.2±3.7 
Cancer (3), Cardiomyopathy (1), Myocardial infarct (1), 
Organ failure (2), Pancreatitis (1), Sepsis (2), Surgical 

complications (1), Vascular accident or hemorrhage (3) 

4 5 8 3 86±10 76-98 4.4±1.9 16.0±4.5 
Asthma (1), Cancer (1), Myocardial infarct (1), Organ 

failure (5), Pneumonia (2), Vascular accident or 
hemorrhage (1) 

 
 

* Some protein samples from the same stage were combined. 
† Length of time interval from death to enucleation. 
‡ Length of time interval from death to freezing of dissected tissue. 
§ Number of donors is indicated in parantheses. Organ failure includes respiratory failure and cardiac failure. Vascular accident or 
hemorrhage includes cerebral vascular accident 
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Table 2.2: Protein Identification by Mass Spectrometry 

* Primary accession # from Swiss-Prot; † Molecular weight in kDa; ‡ Includes peptides sequenced by MALDI-TOF tandem MS/MS 
and ESI-tandem MS/MS. Number of significantly identical peptides are indicated. § Coverage of ATP synthase δ was 53% of the total 
peptides expected within the measured mass range but was not sufficient for a significant MOWSE score. The match to ATP synthase 
δ was significant after searching with the peptide sequences obtained by ESI-tandem MS/MS. 
 

 
 
 
 
 
 
 

  Accession MALDI-TOF MS/MS‡ 
Spot  

# 
Protein Number* Theoretical mass† 

/ pI 
# peptides % coverage Error 

(ppm) 
       # peptides 

1 mtHsp70 P38646 74 / 6.0 13 26 10 3 
2 ATP synthase α P25705 60 / 9.2 21 54 13 2 
3 ATP synthase α P25705 60 / 9.2 16 37 8 2 
4 ATP synthase δ§ P30049 17 / 5.4 3 17 6 2 
5 Cytochrome C 

oxidase subunit VIb 
P14854 10 / 6.5 7 74 7 2 

6 Mitofilin Q16891 84 / 6.2 9 17 11 1  
7 Mitochondrial 

translation factor Tu 
P49411 50 / 7.3 

 
13 38 12 1 

8 ATP synthase β P06576 57 / 5.3 13 41 2 1 
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Chapter 3  
 

Mitochondrial DNA Damage as a Potential Mechanism for Age-Related Macular 

Degeneration 
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Abstract  
 
Purpose: Increasing evidence suggests a central role for mitochondrial (mt) dysfunction 

in Age-related macular degeneration (AMD). Our previous proteomic data of the retinal 

pigment epithelium (RPE) revealed significant changes to mt proteins, suggesting 

potential functional defects and damage to mitochondrial DNA (mtDNA) with AMD 

progression. The current study tests the hypothesis that mtDNA damage increases with 

aging and AMD. 

Methods: Genomic DNA was isolated from the macular region of human donor RPE 

graded for stages of AMD (MGS 1-4). We evaluated region-specific mtDNA damage 

with normal aging in 45 control subjects (34-88 yrs, MGS 1) and AMD-associated 

damage in disease subjects (n = 46) compared to age-matched controls (n = 26). Lesions 

per 10kb per genome in the mtDNA and nuclear DNA were measured using long 

extension polymerase chain reaction (LX PCR). The level of deleted mtDNA in each 

donor was measured using quantitative real-time PCR (qPCR).  

Results: With aging, an increase in mtDNA damage was only observed in the ‘common 

deletion’ region of the mt genome. In contrast, with AMD, mtDNA lesions increased 

significantly in all regions of the mt genome beyond levels found in age-matched 

controls. Mitochondrial DNA accumulated more lesions as compared to two nuclear 

genes, with total damage of the mt genome estimated to be ~8-fold higher.  

Conclusion: Collectively our data indicates that mtDNA is preferentially damaged with 

AMD progression. These results suggest a potential link between mt dysfunction due to 

increased mtDNA lesions and AMD pathology.  
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3.1 Introduction  
 

Age-related macular degeneration (AMD) is a progressive eye condition that is 

the leading cause of legal blindness in individuals over the age of 65 in the developed 

world [34]. By affecting the central (macular) region of the human retina, AMD degrades 

central visual function that subserves reading, driving, writing, and face recognition. The 

loss of these abilities significantly impacts daily function and quality of life [27]. 

Currently approved treatment options for AMD are available to a limited number of 

patients with advanced ‘wet-type’ AMD where the treatments limit vision loss by 

inhibition of vascular leakage [197, 198] but do not address disease pathogenesis.  In 

addition, the inconvenience, cost, and quality of life that result from monthly injections 

increase the burden on patients as well as the healthcare system. Despite recent 

improvements, many patients still develop advanced stages of AMD and the next major 

steps at sight preservation includes strategies centered on early detection, treatment of 

early stages, and prevention. By studying the early disease process, new treatments could 

be achieved.  

Many investigators believe that the pathogenesis of AMD begins in the retinal 

pigment epithelium (RPE), a monolayer of cells between the neural retina and the retinal 

basement membrane (Bruch’s membrane). The RPE maintains retinal health and 

homeostasis by photoreceptor phagocytosis, nutrient transport, and secretion of growth 

factors [7]. The earliest clinical sign of AMD, drusen, appear beneath the RPE as yellow, 

lipoproteinaceous deposits. Drusen features (size, character, quantity, shape, etc.) provide 

the basis for the grading system used in this study (Minnesota Grading System, MGS 
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[144]). This system replicates a widely used clinical research classification system [41] 

by linking common definitions from clinics to eye bank tissue (ex-vivo). Thus, the use of 

MGS provides a methodology to directly link biochemical changes in human donor eyes 

at distinct stages of AMD to clinical phenotypes in patients [144].   

Converging evidence from several recent studies implicate mt damage in the 

AMD disease process [85]. Severe disruptions to mt cristae structure and decreased 

number of mitochondria were reported in a morphologic analysis of AMD donor RPE 

[136]. Our first proteomic analysis of the RPE identified altered mt proteins with AMD 

progression [138], thus prompting an in-depth investigation of the mt proteome. The 

second proteomic analysis suggested potential damage to mtDNA with AMD [137]. 

Since aging is a strong risk factor for AMD, the current study evaluated the extent of 

mtDNA damage in human RPE with both aging and AMD progression. To our 

knowledge, this is the first study to distinguish damage associated with normal from 

pathologic aging (i.e., AMD). Our data revealed low mtDNA damage with normal aging 

compared to AMD and elevated damage preceding significant macular degeneration and 

vision loss. Collectively, these results suggest a role for mtDNA damage in AMD 

pathology.  

3.2 Methods 

3.2.1 Tissue Procurement and Grading 

 
Human donor eyes were obtained from the Minnesota Lions Eye Bank (Minneapolis, 

MN) in accordance with the criteria outlined in the Declaration of Helsinki and as 

approved by the Institutional Review Board at the University of Minnesota. Globes were 
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stored at 4 ºC in a moist chamber after enucleation until photographing and processing 

for evaluation of ocular pathology. Tissue dissection was done as previously outlined 

[151]. Macular RPE cells were isolated using a 6 mm trephine punch positioned over the 

macula. Criteria established by the Minnesota Grading System (MGS) were used to place 

globes into 1 of 4 stages [144]. MGS 1 represents the control group. MGS 2, 3, 4 are 

early, intermediate and advanced stages of AMD, respectively. Advanced AMD (MGS 4) 

is characterized as the end stage with central geographic atrophy (dry AMD) or choroidal 

neovascularization (wet AMD). Out of the 11 donors in the MGS 4 category in the 

present study (Fig. 3.1, Table 3.1), 3 exhibited characteristics of both wet and dry AMD, 

4 were wet AMD, 3 were dry AMD and 1 had no type specified. All tissues were 

dissected fresh and frozen at -80 ºC until analysis. Exclusion criteria for the present study 

include a history of diabetes or glaucoma, clinical symptoms of diabetic retinopathy, 

advanced glaucoma, and myopic degeneration or atypical debris in the eyes.   

3.2.2 DNA isolation and quantification 

 
Total genomic DNA was isolated from the macular RPE or cultured cells using a 

QIAamp DNA mini kit (Qiagen) and quantified using Picogreen dsDNA Assay Kit 

(Invitrogen), following the manufacturer’s protocols. Picogreen dye fluorescence was 

measured using a multi-well plate reader (CytoFluor, PerSeptive Biosystems) with a 485 

nm excitation filter and 535 nm emission filter. Lambda DNA provided with the kit was 

used to construct a standard curve of known DNA concentrations.  Due to low DNA yield 

from some donors, all samples could not be included in each PCR analysis.  Thus, there 

may be differences in sample numbers per group between analyses.   
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3.2.3 Cell Culture 

 
Human ARPE-19 cells were grown to confluence in 75 cm2 flasks in DMEM: F12 growth 

medium containing 0.5mM sodium pyruvate, 50U/ml penicillin, 50mg/ml streptomycin, 

and 10% fetal bovine serum. Human osteosarcoma 143B cell line and cytoplasmic hybrid 

(cybrid) ∆H2-1 cell lines were generous gifts from Dr. Carlos T. Moraes (University of 

Miami) and Dr. Edgar A. Arriaga (University Of Minnesota). 143B cells were cultured in 

0.22-μm-filtered MEM medium pH 7.4 containing 10% (v/v) fetal bovine serum. ∆H2-1 

cells were cultured in high-glucose DMEM containing 10% (v/v) fetal bovine serum, 50 

μg/ml uridine and 10 μg/ml gentamycin. All cell types were maintained at 37 ºC and 10% 

CO2.  

3.2.4 Long extension PCR 

 
The LX PCR assay was performed as previously described [165] using a GeneAmp XL 

PCR kit (Applied Biosystems). Conditions for each primer set (i.e. template amount, 

magnesium concentration, cycle number) were empirically optimized to ensure the assay 

was in the linear range. Half template samples and no DNA controls were run on each 

plate to verify linearity and as a negative control, respectively. The PCR amplification 

profile included an initial denaturation for 1 min at 94 ºC, followed by 20 cycles for 

Region I-III and 22 cycles for Region IV of denaturation for 15 sec at 94 ºC, annealing/ 

extension at 66 ºC for 12 min and a final extension at 72 ºC for 10 min. A small 191 bp 

mtDNA fragment (Total mtDNA set 1, Fig. 3.2, Table 3.2) in the 16S rRNA gene was 

amplified to correct for differences in total mtDNA copies in each sample.  An additional 

measurement of the total mtDNA content was achieved by amplifying the Cyt b gene 
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(222 bp) of the mtDNA (Total mtDNA set 2, Fig. 3.2, Table 3.2) that was used to validate 

the total measurement for each sample. Amplification profile for both small fragments 

included an initial denaturation for 1 min 94 ºC, followed by 20 cycles of 15 sec at 94 ºC, 

45 sec at 66 ºC and 45 sec at 72 ºC, and a final extension at 72 ºC for 10 min. The 

coefficient of variation for this LX PCR determined for four samples assayed on four 

different days was 11 ± 0.2%.  

Damage to the nuclear genome was quantified by amplifying 13.5 kb fragments 

of the human β-globin and hypoxanthine phosphoribosyltransferase (HPRT) genes. The 

PCR profiles for these fragments were the same as the large mtDNA fragments except 

cycle number was 26 and anneal/extension temperature was at 64 ºC. A small nDNA 

fragment (147 bp) in the β-globin gene was amplified to normalize for differences in total 

amounts of nDNA. The same PCR program as the small mtDNA fragment was used 

except the annealing temperature was 55 °C. All PCR reactions were performed in 

triplicate. All reactions were periodically run on agarose gels to confirm correct amplicon 

size. 

3.2.5 Calculation of DNA lesion frequency 

 
Lesion frequency was calculated according to the Poisson equation assuming a random 

distribution of lesions [163]. Using the equation f(x) = e-λ λx/ x! for the zero class 

molecules (x = 0 for molecules exhibiting no damage), lesion frequency (λ) can be 

calculated per length of DNA amplified. The above equation can be re-defined for x = 0, 

λ = -ln AD/ AO, where AD is the amplification of damaged templates and AO is the 

amplification of undamaged templates. Lesion frequency is presented as lesions per 10kb 
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per genome (both strands) of the mtDNA. Genomic DNA from ARPE-19 cells was used 

as an undamaged template for the age comparison due to the unavailability of a very 

young donor, which would be the optimal control (no damage) for our analysis. Since the 

ARPE-19 cells gave the highest amplification for each region, suggesting lower levels of 

damage compared to the donor RPE, we felt they were a valid estimate of an undamaged 

template. For the AMD comparison, average relative amplification of age-matched 

controls (MGS1) was used as the denominator for the above calculation.  

3.2.6 Quantitative real-time PCR 

 
Reactions for qPCR were run in an iQ5 Multicolor Real-Time PCR Detection System 

(BioRad). Three sets of primers were used in the qPCR analysis (Table 3.2; Total 

mtDNA set 1, Region III – non deleted (ND) and β-globin short). RIII-ND primer set is 

located within the 4977 bp ‘common deletion’. It amplifies only if that region is present, 

thus giving a measure of intact (non-deleted) mt genomic copies. Total mtDNA copies 

were quantified by amplifying 16S rRNA mt gene (Total mtDNA) and normalized to the 

copies of invariable β-globin nuclear gene (147 bp). For each primer set, the reaction was 

conducted in triplicate in a 25 μl final volume containing 1.0mM Immo Mg2+  (Bioline), 

200 μM dNTP (Applied Biosystems), 1 X Immo buffer (Bioline), 10nM Fluorescein 

(USB corporation), 0.15X SYBR green (Invitrogen), 800nM forward and reverse primer 

(Integrated DNA technologies), 0.4 U/μl Immolase (Bioline), and 0.25 mg/ml Bovine 

Serum Albumin (Sigma). Reactions were carried out using the following parameters: 10 

min at 95 ºC, followed by 28 cycles of 94 ºC for 30 s, 55 ºC for 45 s and 72 ºC for 1 min. 

A final extension was done at 72 ºC for 5 min. A RPE genomic sample was included in 
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each run as the calibrator. A standard curve was included for each primer set to confirm 

high amplification efficiency. The efficiency for all primer sets tested was in the 92 -

100% range. Normalized fold expression was determined using the modified Livak (2-

ΔΔCt) method. Verification of a single product was accomplished by including a melt 

curve with each PCR program and periodically running reactions on agarose gels. 

To calculate percentage of deleted mt genomes in our samples, we utilized primer 

sets ‘Total mtDNA set 1’ and ‘RIII-ND’ to measure total mt genomes and non-deleted mt 

genomes, respectively. To accurately quantify copies of total and non-deleted genomes, 

standard curves were constructed using qPCR as follows. Template fragments for ‘Total 

mtDNA set 1’ and ‘RIII-ND’ were generated by ‘template’ primer sets shown in Table 

3.2. These fragments were amplified from ARPE-19 genomic DNA, run on agarose gels, 

excised, and purified using QIAquick gel extraction kit following manufacturer’s 

protocol (Qiagen). To verify that amplicon sequence matches the expected regions of the 

mitochondrial genome, we sequenced the gel-purified fragments using ABI PRISM® 

BigDye® Terminator version 3.1 Cycle Sequencing Kit (PerkinElmer). Subsequently, 

template fragments were quantified using Picogreen assay as described previously and 

the number of copies were calculated based on the approximate molecular weight of a 

base pair (650 Da) and the length of our fragments. Standard curves were constructed for 

both the ‘Total mtDNA set 1’ and ‘RIII-ND’ by serially diluting 103 – 107 template 

copies. The amplification efficiency for both dilution curves was ~90%. As positive and 

negative controls in this assay, we used genomic DNA from cybrid ∆H2-1 cells (~75% of 
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mt genomes contain a 7522 bp deletion spanning 7982-15,504) and 143B human 

osteosarcoma cells, respectively [167].  

3.2.7 Statistical analysis 

 
Prior to statistical analyses, data were examined for statistical outliers (i.e., values outside 

three interquartile ranges from the 25th and 75th percentiles of the data distribution) using 

NCSS software (NCSS 2001, Kaysville, Utah, USA). Data acquired from LX PCR and 

qPCR were analyzed using two statistical models. Lesion accumulation with aging was 

analyzed using linear regression (Origin Lab 7.5). Data from donors graded for specific 

stages of AMD were analyzed using one-way ANOVA and Tukey-Kramer post-hoc test 

for means comparison. When normality assumptions were violated, the Kruskal-Wallis 

non-parametric test and the Kruskal-Wallis Z test were used. The results are expressed as 

mean ± SEM (AMD data). p ≤ 0.05 was considered statistically significant.  

3.3 Results 

3.3.1 Donor Characteristics 

A summary of the donor demographics and clinical information is presented in 

Table 3.1.  The average time from death to tissue cryopreservation for donors used in this 

study was 17.3 ± 4.3 hrs (mean ± SD, n = 91), and was not significantly different 

between MGS donor groups (p = 0.45). As shown in the distribution of donor ages (Fig. 

3.1A), 45 donors (34 – 88 years) categorized as MGS 1 were used to assess DNA damage 

with normal aging. Age-matched donors from each of the four MGS categories were 

utilized for investigating DNA damage with AMD. There was no significant difference in 
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average age between the four MGS donor groups (78 ± 9 years) used in the AMD 

comparison (p = 0.17, n = 72).  

3.3.2 Total mtDNA decreases with aging but not with AMD 

 
Total genomic DNA isolated from the RPE macular region yielded 589 ± 29 ng 

per eye (n = 78, mean ± SEM). There was no significant difference in total DNA yield 

with either aging (p = 0.81, n = 43, Fig. 3.1B) or between MGS groups (p = 0.36, n = 59, 

Fig. 3.1C).  It is important to note that the variability in DNA yield observed between 

samples could mask age- or MGS stage- specific differences.  This is especially true for 

the MGS comparison.  For example, the MGS4 category contains a mixture of donors 

exhibiting characteristics of either choroidal neovascularization (CNV) or geographic 

atrophy (GA).  Yields (mean ng ± SEM) for donors with each characteristic were as 

follows: CNV 195 ± 105 (n=2), GA 637 ± 177 (n=3, includes both central and non-

central GA), both CNV and GA 529 ± 12 (n=2) or unknown 337 ng (n=1).  

Unfortunately, the limited availability of MGS4 donors prevents separate analysis of 

these different end-stage clinical phenotypes.  

Since genomic copies of the β-globin nuclear gene are constant in diploid cells, 

amplification of the β-globin nuclear gene (147 bp) and the 16S rRNA mt gene (191 bp, 

Fig. 3.2) by qPCR was used to quantify total mtDNA copies per RPE cell (16S rRNA/ β-

globin) in each donor. With aging, total mtDNA content significantly decreased in the 

RPE macula (Fig. 3.3A). In contrast, AMD donors showed no significant stage-specific 

differences (Fig. 3.3B) nor any change as a function of age within each MGS stage (Fig. 

3.3C).  
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3.3.3 Region-specific damage in the mtDNA increases with AMD  

 
To identify areas of the mt genome that might be preferentially affected with 

aging and AMD, primers were designed to amplify discrete regions of the mtDNA using 

LX PCR (Fig. 3.2, Table 3.2). The LX PCR assay is based on the principle that DNA 

lesions (i.e. abasic sites, strand breaks, thymine dimers) can slow down or block the 

progression of a thermostable DNA polymerase and prevent complete product synthesis 

[160-162]. Thus, the amount of amplification in this assay is proportional to the amount 

of undamaged templates. 

Amplification was normalized to total mtDNA content using the 16S mt rRNA 

amplification product. Since the probability of lesion occurrence in a very small region is 

low, this measurement can be used to estimate the total mtDNA molecules in each 

sample. The validity of this measurement was confirmed by the significant correlation 

with amplification of a second small fragment (222 bp, Fig. 3.2, Table 3.2) located within 

the Cyt b gene (Fig. 3.4).   

With aging, increased mtDNA damage was observed only in Region III (Fig. 

3.5A), which encompasses the well characterized ‘common deletion’ (CD, Fig. 3.2). To 

determine if there is an age effect within Region III in our AMD donors, linear regression 

analysis was performed for each MGS category. We found no significant relationship 

between lesion frequency in region III and age for any MGS stage (p>0.12, data not 

shown). We also tested other regions and found no significant age effect in any MGS 

stage (p>0.08, data not shown).  
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In contrast to the limited damage observed with aging, donors with AMD 

exhibited increased lesion frequency in all regions of the mt genome (Fig. 3.5B).  

Notably, at MGS3, a disease stage that precedes vision loss, donors showed a significant 

increase in lesion frequency in Regions I and II.  Additionally, lesion frequency in 

Region IV showed a significant linear correlation with disease progression (p=0.001, Fig. 

3.5B), suggesting that damage accumulates throughout the disease process.  

3.3.4 Mt-targeted damage with AMD 

 
Lesion frequency in the mt and nuclear genomes was compared to determine if 

mtDNA was more susceptible to damage (Fig. 3.6).  Total lesion frequency of the mt 

genome was calculated by taking an average of lesion frequency for all four regions 

tested.  Lesions in the nuclear genome were estimated from amplification of a 13.5kb 

fragment of the beta-globin and HPRT genes.  Amplification of nuclear genes was 

normalized to the amplification of a 147 bp fragment within the beta globin gene to 

account for differences in the amount of nuclear DNA between samples.  

With aging, lesion frequency did not change in either mtDNA (Fig. 3.6A) or 

nuclear DNA (Fig. 3.6B-C). Donors with AMD showed a significant lesion increase in 

mtDNA by later stages of AMD but not in the nuclear DNA. Note that at MGS 3, the 

mean lesion frequency is approximately 8-fold higher in mtDNA compared to nuclear 

DNA. Previous reports of cultured RPE cells subjected to H2O2 exposure resulted in 

damage to mtDNA but not to nuclear DNA [128]. Similarly, our results demonstrate that 

damage is targeted to the mtDNA with AMD, and supports a mechanism involving 

oxidative damage for disease progression. 
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3.3.5 Deleted mt genomes increase with aging and AMD 

 
The 4977 bp ‘common deletion’ in the major arc of the mt genome was previously 

reported to increase in an age-dependent manner in a variety of post-mitotic tissue [123]. 

To provide a quantitative measure of the percent mtDNA containing deletions in the 

major arc, a qPCR assay was developed that utilized standard curves of known copy 

numbers (Fig. 3.7A). The coefficient of variation for this measurement was 10 ± 0.8%. 

To validate the accuracy of this assay, we determined the percent deleted genomes in 

Delta H2-1 cybrid cells reported to contain 80 ± 13% deleted mtDNA using a multiplex 

qPCR assay [167]. In agreement with previous data, our assay measured 78 ± 5% 

deletions in this cell line.  Determining the amount of deleted mtDNA in the RPE is 

important because the tolerance for this mt defect is tissue-specific. For example, a report 

of Parkinson disease brains showed that healthy substantia nigra contained 30-50% 

deleted mtDNA from ages 20-95 years demonstrating the high tolerance for deletions in 

these neurons [113].  Additionally, relative levels of deleted mt genomes has not been 

previously determined for RPE with AMD and will provide important details about the 

amount of deletion that can be tolerated by RPE with aging and disease.  

 In the absence of AMD (MGS1), the deletion load in donor’s aged 34 to 88 years 

increased from ~20 to 40% (Fig. 3.7B).  In age-matched donors, there was a small but 

statistically significant increase of ~14% between MGS 2 and end stage AMD (MGS4, 

Fig. 3.7B). To determine if deletions accumulated as a function of age in the AMD 

donors, linear regression analysis was performed. We found no significant correlation 

between deletion accumulation and age in any MGS stage (p>0.11, data not shown). 
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Taken together, these results suggest that RPE cells can withstand high levels of deletion 

with physiologic aging and that there is a small increase with end stage AMD but no 

significant accumulation of deletions compared to the controls. 

3.4 Discussion 
 

Results from a number of different experimental approaches have produced 

compelling evidence implicating mitochondrial dysfunction as a potential pathologic 

feature of AMD.  For example, several recent studies have shown a significant 

association between mtDNA haplogroups and AMD prevalence [199-201]. Importantly, 

the variants associated with higher risk for AMD occur within the mitochondrial region 

encoding for proteins of the electron transport chain, suggesting the potential for altered 

bioenergetics with AMD.  Proteomic analysis of the retina [150], RPE [137, 138], and the 

choroids/Bruch’s membrane [202] each identified altered content of mitochondrial 

proteins in AMD donor eyes. Ultrastructural analysis of RPE mitochondria showed 

decreased mitochondrial number and structural integrity in AMD donors [136].  Data 

from the current study using a PCR analytical approach showed increased global mtDNA 

damage in AMD donor RPE. Collectively, these results support the hypothesis that 

mitochondrial defects could be an underlying pathological event in AMD [85].   

Previous literature has shown increased damage to mtDNA with normal aging in 

the retina and RPE, suggesting that these age-related changes in the mitochondria 

increase the risk for AMD [125, 131, 132]. However, no published reports have looked at 

both aging and AMD to directly establish mtDNA damage associated with each process. 

The novelty in this study includes an investigation of regional damage in the mtDNA 
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with physiologic and pathologic (i.e., AMD) aging using clinically graded human tissue. 

Our findings demonstrate for normal aging, decreased mtDNA copy number and damage 

limited to only one region that encompasses the CD. With AMD however, all regions 

tested showed increased mtDNA damage by later stages (i.e., MGS 3 or 4) of the disease. 

Collectively, our data indicates a potential mechanism for RPE dysfunction with AMD 

that is directly linked to measurable mtDNA damage.   

Analysis of mtDNA damage using LX PCR has many advantages [203]. First, this 

PCR strategy requires only a small amount of DNA, which is highly relevant for studies 

where the availability of human tissue is limited. Second, this method is quantitative 

because analysis is done within the exponential phase where amplification is directly 

proportional to the starting amount of undamaged DNA. Third, there is no need to purify 

mitochondria or isolate mtDNA because sequence-specific primers are used. This is 

highly desirable because damage can occur during isolation procedures leading to an 

overestimation of damage [204]. Finally, this method allows the amplification of large 

template fragments and is therefore sufficiently sensitive to detect damage as low as 1 

lesion/ 105 bp from 15ng of total DNA [165]. Although the LX PCR technique is not 

sensitive to all types of DNA damage (e.g., 8-hydroxy-guanosine) and cannot distinguish 

between types of damage, the results are nonetheless important in establishing the 

presence of mtDNA damage in human RPE. Furthermore, the low DNA yield from a pair 

of human macular RPE limits detection of some DNA damage such as 8-hydroxy-

guanosine using ELISA and HPLC approaches, thus establishing the value of LX PCR.  
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An important finding from this study was that total mtDNA content decreased 

with age but showed no significant AMD-dependent change. As demonstrated by earlier 

work, changes in total mtDNA copy number with age are tissue-specific. For example, 

mtDNA content decreased with age in skeletal muscle [205], liver [206] and neurons 

[207], while heart, spleen, kidney, lung [208] and brain [209] showed an increase. Since 

there is a correlative decrease in ATP production and mt-encoded proteins in skeletal 

muscle with a decline in mtDNA content [205], the decrease we observed with 

physiologic aging may have consequences for ATP production and mt function in aged 

RPE.   

Using two independent PCR measures, we observed an age-dependent increase in 

DNA damage in region III, which encompasses the CD (Figs. 3.5, 3.7). Increased damage 

and deletions observed in region III agrees with previous reports of an age-dependent 

increase in CD in rodent RPE and human neural retina and RPE [125, 131, 132]. 

Common deletion, reported for numerous other post mitotic tissues such as neurons, 

muscle and cochlear tissue, is an apparent hallmark of aging [123, 124]. One proposed 

mechanism for the formation of mtDNA deletions involves DNA repair subsequent to 

double-strand DNA breaks [117]. Double-strand breaks (DSB) are frequently generated 

as a consequence of oxidative damage [210]. Repair initiates with 3’ to 5’ exonuclease 

activity at the DSB, which exposes regions of direct repeats that can misanneal, resulting 

in the degradation of the unbound strands. The ends are then re-ligated to produce a 

deleted mtDNA molecule. Thus, the age-dependent accumulation of deletions is probably 
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due to ongoing repair that occurs over an individual’s lifetime. Deleted mt species 

increased slightly with AMD but was not significantly different from control levels.  

The critical threshold of deletions required to cause a functional defect in post-

mitotic cells has been examined in only a few cell types. For example, the abundance of 

mtDNA deletions should reach >85% in muscle of Kearn’s Sayre Syndrome patients for 

functional defects to manifest [211]. In substantia nigra, the critical threshold is between 

48% and 67%. This estimate is based on the report that neurons containing a 48% 

deletion load had normal cytochrome c oxidase (COX) activity, whereas neurons 

containing 67% deletions had decreased COX activity [113]. Our results suggest that 

RPE cells are capable of withstanding at least ~40% deletion loads without clinically 

obvious RPE dysfunction with physiological aging (Fig. 3.6).  

 Our data highlight marked differences in damage accumulation with aging and 

disease.  Age-related damage appears limited to region III, while AMD is associated with 

lesions affecting multiple regions of the mt genome. These results are consistent with our 

previous proteomic analysis of mt proteins that suggested AMD-related mt dysfunction 

resulting from increased mtDNA damage [137]. Notably, damage is significantly 

increased as early as MGS stage 3, prior to macular atrophy or neovascularization (Figs. 

3.5, 3.6).  

There are several potential mechanisms that could explain the increased mtDNA 

damage with AMD. One is that more damage is produced from increased reactive oxygen 

species and this hypothesis has been proposed previously [133]. The other mechanisms 

that have not been experimentally tested thus far in AMD donor tissue include 
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diminished mtDNA repair and decreased autophagy with AMD. Autophagy, or more 

specifically mitophagy, is the mechanism for lysosomal elimination of damaged 

mitochondria from the cell. Previous work has shown that an impaired clearing 

mechanism leads to an accumulation of mtDNA damage [212].  

Since post-mortem tissue is not well-suited for functional analyses, the 

consequences of RPE mtDNA damage are postulated from the studies using cultured 

cells. In studies using cultured endothelial cells, increased mtDNA lesions correlated with 

altered mt membrane potential and apoptosis [213]. A second study in endothelial cells 

showed that increased mtDNA damage resulted in decreased mtDNA-encoded 

transcripts, cellular ATP levels, and redox function [214]. In cultured RPE cells, oxidant-

induced mtDNA damage also resulted in increased reactive oxygen/nitrogen species and 

decreased mt membrane potential [215].  

Damage to nDNA was ~8-fold lower compared to the mt genome (Fig. 3.6) 

indicating that mtDNA preferentially accumulates damage during the disease process. 

This result is in agreement with previous observations in cultured RPE cells where nDNA 

was rapidly repaired while mtDNA sustained damage when subjected to an oxidant 

[133]. Increased susceptibility of the mt genome to damage could be due to several 

factors, including that mtDNA is more exposed and lacks protective protein complexes 

like histones that cover and protect nDNA. The location of mtDNA is in close proximity 

to the electron transport chain, which is a source of reactive oxygen species (ROS). In 

addition to electrons that are uncoupled from the respiratory chain, the presence of 

localized metal ions in the mt inner membrane may function as catalysts in the generation 
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of ROS. Finally, mt repair processes are fewer and seem to be less efficient compared to 

the nuclear genome [161, 216]. Together, the above factors along with our data show the 

increased vulnerability of mtDNA with AMD progression.  

In summary, we utilized two quantitative PCR strategies to investigate mtDNA 

damage in a comparative study of normal aging versus pathologic aging in the RPE of 

human tissue with AMD. Our observations identified mtDNA as a site of damage that is 

preferentially affected during the course of AMD and also established that these changes 

occur by the intermediate (MGS 3) stage of the disease. Our data are consistent with the 

idea that increased mtDNA damage could be one factor leading to RPE dysfunction (Fig. 

3.8). Reactive oxygen species generated under normal conditions, such as light 

(especially short wavelength blue light), phagocytosis and metabolism, place the RPE 

under considerable metabolic demand and oxidative stress. With normal aging, mtDNA 

damage is maintained at low levels with an increase only in the ‘common deletion’ 

region. With AMD however, we see mitochondrial genome-wide damage that could 

potentially exceed a critical threshold that reduces proper bioenergetic function. Impaired 

RPE can lead to an imbalance in signaling factors (i.e. increased VEGF, [217]) and 

apoptosis [218] resulting in end-stage AMD (Fig. 3.8). Thus, protecting mtDNA integrity 

via therapeutics targeted to the mitochondria early in AMD could stop or ameliorate the 

progression to vision loss.  
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Figure 3.1: Donor ages and DNA yield in the aging and AMD comparison 
 
(A) Age of donors used in this study. Dashed line (----) outlines the control donors used 

in the aging comparison (n = 45). Diamonds are donors aged 34 – 56 (n = 19). Circles are 

donors aged 59 – 88 (n = 26). These donors are also the age-matched controls for AMD 

comparison. Solid line (—) outlines the age-matched donors (half-filled circles) used in 

the AMD-comparison (n = 72). Number of donors for each MGS stage is shown at top. 

Triangles: mean age of each age-matched MGS group. No significant difference was 

detected for the mean age of each MGS stage (one-way ANOVA, p = 0.18). (B,C) DNA 

yield for control (MGS1) donors in the aging comparison (B) and the AMD comparison 

(C, mean ± SEM).  DNA was isolated from a 5 mm macular punch as outlined in 

methods. No significant difference was detected for DNA yield with either aging 

(Regression analysis, p=0.81) or with MGS stage (one-way ANOVA, p=0.36).   
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Figure 3.1 
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Figure 3.2: Primer locations within the mt genome 
 
Primers were designed to amplify discrete regions (I-IV) of the mt genome. The area 

spanned by each region is shown as a curved segment outside the mt genome and 

basepair locations are provided. The primer set amplifying a 191-bp region that gives a 

measure of the total amount of mtDNA (‘Total mtDNA set 1’) is shown within the 16S 

rRNA gene (solid block arrows). A second set of primers amplifying a 222-bp region in 

the cytochrome b gene provided a second measure of total mtDNA content for this study 

(‘Total mtDNA primer set 2’, solid block arrows). RIII “non-deleted” primer set that 

binds within the ‘common deletion’ is shown in the ND5 gene (open block arrows). The 

4977 bp ‘common deletion’ is shown within the mt genome. 12S and 16S rRNA are 

genes for mt ribosomal RNA. Genes for electron transport proteins are ND1-6, COI-III, 

ATPase 6, 8 and cytochrome b. D-loop is the non-coding region. Schematic of the mt 

genome is modified from [121]. 
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Figure 3.2 
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Figure 3.3: mtDNA content decreases with aging, not with AMD progression 
 
Total mtDNA content compared to β-globin was calculated from amplification of small 

regions of the mt genome (set 1, 16S rRNA, Fig. 3.2) and nuclear β-globin gene using 

qPCR. Total mtDNA content (A) of each MGS 1 (control) donor, ages 34 – 88 (n = 44); 

(B) of each MGS stage (mean ± SEM); and (C) as a function of age for each MGS 

category. Linear regression analysis demonstrated no significant relationship between age 

and mtDNA content (C, p>0.12) for any MGS stage. Number of samples in each MGS 

category is shown in the respective columns. Assay was preformed in triplicate. 

Figure 3.3 
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Figure 3.4: Comparison of two independent measures of total mtDNA content in 
donor samples 
 
Two small fragments, 191 bp of 16S rRNA (Total mtDNA set 1) and 222 bp of Cyt b 

gene (Total mtDNA set 2), of the mt genome were amplified using LX PCR. Comparison 

of these measures using linear regression shows highly significant correlation between 

the two measurements (n = 38). 

 

 

 
Figure 3.4 
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Figure 3.5: MtDNA damage increases with AMD progression 
 
Lesion frequency (lesions/10kb/ double strands) calculated for regions I, II, III, and IV of 

the mt genome using LX PCR was compared with age and AMD progression. (A) 

Comparison of lesion accumulation with normal aging (n = 43) normalized to the relative 

amplification of ARPE-19 DNA; (B) comparison of mean lesion frequency (mean ± 

SEM) at stages of AMD (sample size, MGS1=25-26, MGS2=16-17, MGS3=17-18, 

MGS4=10-11) normalized to average relative amplification of MGS 1 age-matched 

controls.  Significance was set at p ≤ 0.05. All reactions were performed in triplicate for 

each sample. *Significantly different than MGS 1. ** Significantly different than MGS 2.  

Figure 3.5 



 

121 

Figure 3.6: Mt DNA but not nDNA show increased damage with AMD 
 
Lesion frequency for each region of the mt genome (Fig. 3.4) was averaged to determine 

total mtDNA lesions per genome for each donor. Lesion frequency for nDNA was 

calculated from amplification of (B) β-globin and (C) HPRT genes. A small fragment 

(147 bp) of the β-globin gene was amplified to normalize amplification to total amount of 

nuclear DNA in each sample. Top panels: comparison of lesion frequency with aging (n 

= 43, mtDNA, n = 40, β-globin, n = 43, HPRT). Bottom panels: total lesion frequency for 

each stage of AMD (mean ± SEM). Significance was set at p ≤ 0.05. 

 
 

Figure 3.6 
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Figure 3.7: Increased deletions with aging and AMD 
 
(A) The percentage of deleted mtDNA in each individual was quantified using standard 

curves generated for each primer set by serially diluting a known amount of copies. 

Template DNA for Total mtDNA (primer set 1) and RIII non-deleted primer sets were 

produced from ARPE-19 DNA. Equations shown were averaged from measurements 

repeated on 3 days. (B) Level of deleted mtDNA increased with aging (p=0.015, R2 = 

0.17, n=44) and with AMD (p=0.0008). Number of samples used for each MGS stage is 

reported in the respective columns. All reactions were performed in triplicate for each 

sample. *Significantly different than MGS 2 and 3. 

 
Figure 3.7 
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Figure 3.8: Putative model of AMD pathology 
 
Under normal conditions RPE mtDNA damage is maintained at low levels. With normal 

aging, mtDNA damage occurs in the 'common deletion' region, affecting perhaps up to 

40% of mtDNA genomes by age 90.  With AMD, damage accumulates across the mt 

genome, affecting mt metabolism and RPE function. This could manifest in RPE atrophy 

and an imbalance in signaling factors, resulting in geographic atrophy (GA) and 

choroidal neovascularization (CNV) that are associated with AMD. 

 
 
 
 

 
 

Figure 3.8 
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Table 3.1: Donor Demographics and Clinical Information* 
 

Gender Age MGS Grade Sample 
size (n) M F Mean   

(y‡ ± SD) 
Range 

Cause of Death (#)§ 

1 (young) 19 12 7 45 ± 6 34 - 56 
cancer (12), CVA (1), organ failure (1), 
renal disease (1),  respiratory (2),  sepsis 
(2) 

1† 26 13 13 76 ± 8 59 - 88 

ALS (1), cardiogenic shock (1),  cancer 
(9),   organ failure (2),  CVA (1), 
hemorrhage (2),  myocardial infarct (2), 
respiratory (4), sepsis (4) 

2 16 9 7 80 ± 6 68 - 88 

cancer (4),  CVA (2), hemorrhage (1), 
head injury (1), myocardial infarct  (2), 
PF (1),  renal disease (1), respiratory (2), 
sepsis (2)  

3 19 11 8 81 ± 10 55 - 95 
ACE (3), cardiomyopathy (1),  cancer (6), 
myocardial infarct (2), renal failure (3), 
respiratory (4) 

4 11 3 8 75 ± 11 58 - 87 
cancer (4),  organ failure (1),  CVA (1), 
renal disease (3), respiratory (1), 
hemorrhage (1) 

* Information supplied from the Minnesota Lions Eye Bank  

† These donors were used as age-matched controls in the AMD comparison and also included in the age comparison 
‡ y, Mean age in years for each group.  
§ Number of donors for each cause of death indicated in parentheses. CVA = cardio vascular accident, ALS = amyotrophic lateral 
sclerosis, PF = pulmonary fibrosis, ACE = acute cardiac event, organ failure includes multiple organ failure and cardiac failure 
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*Primer target, primer target region on the mitochondrial genome (refer to Fig. 2); †Length, length of primer; 
‡Amplicon, length of amplified product; §Primer set 1in the 16S rRNA and set 2 in the Cyt b genes of the 

mtDNA; ||Primer sets used to quantify damage in the nuclear genome, #Primer sets amplifying template 

fragments for Total mtDNA and RIII-ND primer sets; **Region III non-deleted(ND) primer set (Figure 2); 
¢obtained from rtprimerdb.org, ID: 3897.  

Primer target (direction)* Location 
(bp) 

Sequence  (5’ to 3’) Length† 
(bp) 

Amplicon‡

(bp) 
Region I (F) 607 CAC TGA AAA TGT TTA GAC GGG CTC ACA 27 3,649 
Region I (R) 4256 GAG GGG GAA TGC TGG AGA TTG TAA TG    26  
Region II (F) 4223 CCA TAC CCA TTA CAA TCT CCA GCA TTC C 28 3,965 
Region II (R) 8188 CTC CAC AGA TTT CAG AGC ATT GAC CG       26  
Region III (F) 8148 GAC CGG GGG TAT ACT ACG GT 20 5,446 
Region III (R) 13594 TGT CAG GGA GGT AGC GAT GA 20  
Region IV (F) 13541 CAT ACA CAA ACG CCT GAG CCC TAT CT 26 2,454 
Region IV (R) 15996 GCT TTG GGT GCT AAT GGT GGA GTT AAA 27  
Total mtDNA set 1§ (F) 2671 CAG TGA AAT TGA CCT GCC CGT GAA 24 191 
Total mtDNA set 1§ (R) 2862 TCT TAG CAT GTA CTG CTC GGA GGT 24  
Total mtDNA set 2§ (F) 14619 CCC CAC AAA CCC CAY YAC YAA ACC CA 26 222 
Total mtDNA set 2§ (R) 14841 TTT CAT CAT GCG GAG ATG TTG GAT GG 26  
Beta globin (F)|| 48510 CGA GTA AGA GAC CAT TGT GGC AG 23 13,500 
Beta globin (R)|| 62029 GCA CTG GCT TAG GAG TTG GAC T 22  
HPRT (F)|| 11525 TGC CTG CTG TAT AGC ACT ATG CCT 24 13,472 
HPRT (R)|| 24973 GCT CTA CCC TAT CCT CTA CCG TCC 24  
Total mtDNA set 1 template# (F) 2410 TAC CCT CAC TGT CAA CCC AAC ACA 24 627 
Total mtDNA set 1 template# (R) 3061 GTG CAG CCG CTA TTA AAG GTT CGT 24  
RIII-ND template# (F) 12203 TAC CCT CAC TGT CAA CCC AAC ACA 24 583 
RIII-ND template# (R) 12810 GTG CAG CCG CTA TTA AAG GTT CGT 24  
Region III- ND** (F) 12355 TAA CCA CCC TAA CCC TGA CTT CCC TA 26 191 
Region III- ND** (R) 12547 TGT GGC TCA GTG TCA GTT CGA GAT 24  
Beta globin short¢ (F) 62367 CTT GGG TTT CTG ATA GGC AC 20 147 
Beta globin short¢ (R) 62514 CTT AGG GTT GCC CAT AAC AG 20  

Table 3.2: Primer locations and sequences for PCR amplification 
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4.1 Introduction 
Age-related macular degeneration (AMD) is the leading cause of irreversible 

vision loss in individuals over the age of 65 in the developed world [34]. By affecting the 

central (macular region), high-acuity vision, AMD degrades the ability to perform 

essential day to day functions such as reading, writing and driving. The loss of these 

abilities significantly impacts daily function and quality of life [27]. Currently approved 

treatment options for AMD, designed specifically for end-stage ‘wet-type’ AMD, limits 

progression to vision loss [197, 198].  However, this treatment is appropriate for less than 

15% of patients with AMD and does not address disease pathogenesis.  Additionally, the 

financial and personal costs that result from current treatments increase the burden on 

patients as well as the healthcare system [219]. An essential next step for AMD treatment 

includes an emphasis on preventive care involving early detection and treatment at early 

stages. The most efficacious treatments, which target the fundamental disease 

mechanism, will require elucidation of the biochemical changes early in the disease.  

 There are no reliable animal models that fully replicate the features of AMD. 

Therefore, the use of the Minnesota Grading System (MGS) classification of human 

donor eyes to clinically relevant stages of AMD [144] provides the best model for direct 

examination of biochemical changes occurring early in the disease that are unique to the 

human condition. MGS incorporates precise clinical phenotypes defined and utilized by 

the Age-related Eye Disease Study (AREDS), considered to be a standard in clinical 

trials, to classify human donor eyes [41]. Thus, the biochemical phenotypes observed at 

each stage in donor retinas can be directly applicable to the patient’s clinical phenotype.  
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Our previous work on mitochondrial (mt) proteins [137] and mtDNA [220] 

showed significant detrimental changes in protein content and increased mtDNA damage 

with AMD in retinal pigment epithelial (RPE) cells, suggesting a role for mitochondrial 

dysfunction in AMD pathology. Mitochondrial dysfunction is communicated to the 

nucleus via a specific pathway referred to as ‘retrograde signaling’ and results in 

adjustments in nuclear gene expression aimed at reconfiguring metabolism and 

upregulating proteins involved in the stress response and cellular redox regulation [221].  

Thus, the hypothesis is that RPE from AMD donors will exhibit a protein expression 

profile that is consistent with mitochondrial dysfunction.   

In the current study, we examined the proteome profile of cytoplasmic proteins 

from the RPE of age-matched non-disease controls and donors with progressive stages of 

AMD.  In considering the “Integrated Hypothesis for AMD Pathogenesis” [59], which 

suggests that age-related cellular changes are an essential component of AMD initiation, 

we also compared the cytoplasmic protein changes that occur with aging in non-disease 

donors (ages 34 to 88) to distinguish changes associated with normal from pathologic 

aging.   

4.2 Methods 

4.2.1 Human tissue procurement 

 
Donor eyes were obtained from the Minnesota Lions Eye Bank (Minneapolis, 

MN, USA) with the consent of the donor or the donor’s family for use in medical 

research in accordance with the principles outlined in the Declaration of Helsinki and as 

approved by the University of Minnesota Institutional Review Board. Eyes were 
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maintained in a moist chamber at 4°C until photographing and dissection as previously 

outlined [138, 151]. Direct visualization and stereoscopic fundus photography of the RPE 

was performed after removal of the neurosensory retina. Criteria established by the 

Minnesota Grading System (MGS) were used to place globes into 1 of 4 stages [144]. 

MGS 1 represents the control group. MGS 2, 3, 4 are early, intermediate and advanced 

stages of AMD, respectively.  Advanced AMD (MGS 4) is characterized as either dry 

AMD (central geographic atrophy) or wet AMD (choroidal neovascularisation). Out of 

the 12 donors in the MGS 4 category in the present study (Fig. 4.1, Table 4.1), 3 

exhibited characteristics of both wet and dry AMD, 6 were wet AMD, 2 were dry AMD 

and 1 had no type specified. The Minnesota Lions Eye Bank provided demographics of 

the donors including time and cause of death, a family report of a limited medical history 

and ocular history (Table 4.1). All tissues were dissected fresh and frozen at -80 ºC until 

analysis. Exclusion criteria for the present study include a history of diabetes or 

glaucoma, clinical symptoms of diabetic retinopathy, advanced glaucoma, and myopic 

degeneration or atypical debris in the eyes.   

4.2.2 Protein isolation    

 
RPE cells used in this study were dissected fresh, pelleted at 1100 x g and frozen 

at −80°C until processing. Cells from each pair of globes were combined (only those 

globes that were assigned the same MGS grade) and processed collectively. The protein 

yield from the macular (6mm region) was insufficient for two-dimensional (2-D) analysis 

and peripheral RPE was used exclusively. Cell lysis and protein extraction was conducted 

as described earlier [137]. Briefly, pelleted RPE cells from a pair of globes were 
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homogenized in a buffer containing 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 250 

mM sucrose, 1 mM EDTA, 1 mM EGTA, 1 mM phenylmethylsulphonyl fluoride and 

0.5% NP40. The cells were subjected to two freeze-thaw cycles and gently passed six 

times through a 26-gauge needle. The lysate was cleared of nuclei, intact cells and plasma 

membrane fragments by centrifugation at 600 x g for 15 minutes at 4°C. The supernatant 

was retained and the pellet was subjected to a second mechanical homogenization and 

centrifugation as described above. The second supernatant was combined with the first 

and centrifuged at 13,000 x g for 15 minutes at 4°C to enrich for mitochondria.  The 

resultant supernatant, which is enriched for cytoplasmic proteins and used in this study, 

was stored at -80°C. Protein concentrations were determined using the bicinchoninic acid 

protein assay (Pierce Biotechnology, Rockford, IL, USA), with bovine serum albumin as 

the protein standard. Average protein yield for the isolated protein fractions was 534 ± 36 

μg (mean ± SEM). There was no significant difference in protein yield among MGS 

stages (p = 0.2, n = 64) 

4.2.3 2-D Gel Electrophoresis 

 
Electrophoresis was performed as outlined [151]. Previous analyses showed that 

loading 125μg of protein results in the greatest number of spot intensities within the 

linear range of the FlamingoTM Fluorescent Gel Stain (BioRad) used in the current study 

(data not shown). RPE protein (125μg) were separated in the first dimension using pH 5 

to 8 immobilised linear gradient strips (Bio-Rad, Hercules, CA, USA). Protein samples 

were dissolved in a rehydration solution (9M urea, 3 M thiourea, 6% CHAPS, 1% ASB-
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14, 1% Biolytes pH 3–10 (Bio-Rad) and 50 mM dithiothreitol) and incubated with 11cm 

IPG strips. 

 The conditions for strip rehydration, focusing, equilibration, and 2-D gel 

electrophoresis were performed as outlined [176]. Proteins separated in the first 

dimension were resolved on 12% polyacrylamide gels. The 2-D gels were stained with 

FlamingoTM Fluorescent Gel Stain according to the manufacturer’s protocol. Gels for 

mass spectrometry were stained with silver using a mass spectrometry-compatible kit 

(Silver Stain Plus Kit; Bio-Rad). 

4.2.4 2-D Gel Spot Quantification and Analysis 

 
Flamingo-stained gels were imaged using a Dark Reader Transilluminator (Clare 

Chemical Research, Dolores, CO, USA) and a ChemiDoc XRS (Bio-Rad) imager system. 

The Dark Reader was used because the light source wavelength (400-500 nm) closely 

matched the excitation maximum (512 nm) of the dye. Gel images chosen for analysis 

were based on the saturation of a standard protein run in a separate lane in the gel. Spot 

alignment and density quantification were performed using a 2-D gel analysis software 

(PDQuest 7.1.1; Bio-Rad). Prior to spot matching, artifactual noise was removed from 

each 2-D gel using the filter options in PDQuest. Spot intensities of each gel were 

normalized to the total density of that gel image. Natural log transformed spot density 

values were used for statistical analysis. 
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4.2.5 In-gel digestion and MS analysis 

 
Spots were manually excised from 2-D silver-stained gels and in-gel digestion performed 

with trypsin as described [176]. After trypsin digestion, extracted peptides were purified 

using ‘stage tips’[222] containing a plug of ‘Empore’ disk (3M, Minneapolis, MN, USA).  

Samples were subjected to nLC-MS/MS using an  LTQ-Orbitrap XL mass spectrometer 

(ThermoFisher Scientific) essentially as described [223] with the following exceptions:  

A 60 min gradient from 2 to 40% ACN was used to elute peptides, the 5 most intense 

precursor ions were selected for CID with MS/MS AGC settings set to 10,000 charges or 

100 ms, and dynamic exclusion was enabled for a period of 20s.  Spectral data was 

acquired and saved using Xcalibur software. 

Data generated using the LTQ-Orbitrap were extracted with ReadW and 

converted to mzXML, which was searched with Sequest V27.12 against the NCBI human 

database v.200806 with common contaminants totalling 38126 entries. Enzyme 

specificity was set to semi-tryptic with two missed cleavages, a fragment ion tolerance of 

0.8 Da (monoisotopic) and a parent ion tolerance of 1.0 Da (monoisotopic), 

carbamidomethyl as a fixed cysteine modification and oxidation of methionine as a 

variable modification. Peptide probabilities were calculated through Scaffold (Proteome 

Software, Inc., Portland, OR) using PeptideProphet [224]. Peptide identifications were 

filtered to those with a precursor mass tolerance of <10 ppm, a peptide probability of 5%, 

and two tryptic termini. Protein identification was accepted based on the criteria of 3 or 

more unique peptides sequenced with greater than 75% peptide probability.  
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4.2.6 Statistical Analysis   

 
A power analysis was performed based on the variation in spot intensities to 

determine the number of samples necessary to detect a 20-100% change [225]. To 

recognize significant linear changes in protein spot density with aging, we performed 

regression analysis using NCSS statistical software (NCSS 2001, Kaysville, UT). Values 

placed outside the 95th percentile in the normal probability plot were considered outliers a 

priori and removed. Significant spot quantity changes in the diseased donors (AMD) 

compared to age-matched controls were examined using two models. Linear density 

changes across disease stages were tested with linear regression and stage-specific 

changes using one-way ANOVA and Tukey post-hoc test for means comparison. A 

corrected p value (p < 0.025, Bonferroni correction for two comparisons) was used for 

the AMD analysis. AMD data were examined for statistical outliers (i.e., values outside 

three interquartile ranges from the 25th and 75th percentiles of the data distribution) using 

box plots prior to statistical analysis. When normality assumptions were violated, the 

Kruskal-Wallis non-parametric test and the Kruskal-Wallis Z test were used. The results 

are expressed as mean ± SEM (AMD data). Statistical significance was set at p ≤ 0.05 

and p ≤0.025 for aging and AMD comparisons, respectively.  

4.2.7 Bioinformatic Analysis 

Functional classification of proteins was performed with the protein analysis 

through evolutionary relationships (PANTHER) classification system 

(www.pantherdb.org). Information from Swiss-Prot protein database was also used to 

supplement PANTHER functional categorization of proteins.  
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4.3 Results 

4.3.1 Donor Characteristics 

 
A summary of the donor demographics and clinical information is presented in 

Figure 4.1 and Table 4.1. The average time to enucleation and tissue cryopreservation 

was 5.3 ± 0.4 hrs and 16.6 ± 0.5 hrs (mean ± SE), respectively. The average times were 

not different between groups (p = 0.58 and p = 0.44, respectively). Fifty donors graded 

MGS 1 (controls) and ranging in age from 34 to 88 years old were used to determine 

protein changes that occur with normal aging. Age-matched donors from each category 

(i.e., MGS 1-4) were utilized to detect protein changes with AMD.  

4.3.2 Analysis of protein content 

 
For the aging comparison (MGS 1 only), a total of 465 spots were resolved. A 

power analysis based on the average variability of the natural log transformed spot 

intensities (coefficient of variation = 15%) in the aging-comparison indicated that 13 

samples were sufficient to detect a difference of 1.2-fold with 90% power at α = 0.05. A 

representative Flamingo-stained fluorescent gel is shown in Fig. 4.2.  Twenty-six spots 

(Fig. 4.3) showed significant linear density changes with aging. Five spots increased in 

spot intensity (#8, 9, 22, 23, and 24) while 21 spots demonstrated decreased intensity. 

The p value and R squared for each spot is shown in Table 4.2.  

For the comparison between MGS stages, a total of 519 spots were clearly 

resolved and analyzed in AMD age-matched donors (Figure 4.2B). A power analysis 

determined that 5 samples per MGS stage are sufficient to detect a 1.4-fold change at 

90% power, based on the variability in spot intensities within MGS groups.  
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A total of 19 spots changed with AMD progression. Twelve out of the 19 spots 

changed significantly at disease onset (MGS 2), 4 changed linearly over disease stages 

and 2 others were altered at later stages (Fig. 4.4). Only two spots changed in content 

with both Aging and AMD (#14 and 26 in Aging are same as # 6 and 8 in AMD, 

respectively). Spot #14/ #6 decreased linearly with age and significantly declined at MGS 

4 compared to MGS 2 and 3. Spot #26/ #8, decreased linearly with aging but increased 

linearly with AMD. Thus, there was only minor overlap in protein content changes 

between the two processes of aging and AMD.  

4.3.3 Protein Identification  

 
Proteins migrating in each spot were identified by LTQ-Orbitrap mass 

spectrometry. A high confidence match to a specific protein was based on the criteria of 

at least 3 unique peptides sequenced with greater than 75% peptide probability. 

According to these criteria, most spots yielded multiple protein identifications. Tables 4.2 

and 3 provide a list of protein assignments per spot, including p values, gel migration, 

sequence coverage, and total sequenced peptides. However, there were several spots in 

both aging and AMD-comparisons that matched to a single protein. These include spot 

#’s 3 (HSP60), 4 (NADH CoQ reductase), 5 (Prohibitin), 11 (NDP kinase A) and 17 

(HMG CoA Synthase) in aging and spot #’s 3 (Transthyretin), 4 (SOD1), 5 

(Peroxiredoxin-3 iso a), 9 (RBP1), 13 (ALDH9A1), 16 (Peroxiredoxin-3 iso b), and 18 

(Aldehyde reductase) in the AMD analysis. Proteins identified from spots # 16 and 18 in 

the AMD- comparison matched with only 2 unique peptides. Even though this is below 

our criteria for a high confidence match, these were nonetheless accepted based on the 
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high peptide probability (>95%) and the quality of the sequenced spectra gained for both 

these identifications. Future western blot (WB) analysis will be used to confirm content 

changes for the most prominent proteins (i.e., based on sequence coverage, total assigned 

and unique peptides sequenced) identified in spots with multiple protein matches.   

Eighty-five proteins were identified from the spots showing altered content with 

either aging or AMD (Fig. 4.5, Tables 4.2, 4.3). Among the proteins identified from both 

analyses, 11 proteins that were common to both aging and AMD include Cathepsin D, 

HMG CoA Synthase, Alpha enolase, Gamma enolase, Glutamine synthetase, 

Cytochrome b-C1 subunit 2, Peroxiredoxin-3, RAB11B, ALDH 9A1, Aldehyde 

reductase, IDH1, and IDH3A. 

Cathepsin D, HMG CoA Synthase and Alpha Enolase were identified from 

multiple spots in the aging and AMD analysis. Cathepsin D was identified from spot #2, 

6, 7 and 9 in the aging comparison (Fig. 4.2A) and spots # 10 and 11 of the AMD 

comparison (Fig. 4.2B). This protein is the major aspartic protease in the RPE and is 

involved in lysosomal degradation, autophagy, and apoptosis [226]. Cathepsin D is 

initially synthesized as a pre-pro enzyme (~52kDa) from the endoplasmic reticulum, 

converted to an active intermediate in the endosomes (43kDa) and finally cleaved to 

become the mature form (32kDa) in the lysosomes. The migration of spots #7, 6, and 2 

are consistent with the theoretical molecular weight (MW) and isoelectric point (pI) of 

the pre-protein, active intermediate and the mature forms of Cathepsin D, respectively. 

The activation peptide region of Cathepsin D, which is the signal for lysosomal targeting 

and activation, was detected in the MS/MS spectra of both spots #7 (aging) and #11 
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(AMD). All other spots matching Cathepsin D showed sequence coverage in the C-

terminus belonging to the heavy-chain of the mature protein. Spots #9 (aging) and #10 

(AMD) migrated at masses and pI’s that cannot be accounted for by the different 

maturation stages of this protein. These spots may contain truncated fragments of the 

mature form such as the heavy chain (27kDa). Spots migrating at MW and pI matching 

the pre-, intermediate and the mature forms of Cathepsin D are all decreasing in content 

with aging, while the two spots changing with AMD both increased.  These data 

collectively suggest that all forms of Cathepsin D are affected with each condition, 

although in dissimilar ways.  

HMG CoA Synthase and Alpha Enolase were identified co-migrating in spots 

#14, 15, 18 and 19 in the aging comparison and spot # 6 (same as #14 in aging) in the 

AMD comparison. All of the above spots migrate at the same MW but at different pI’s. 

Proteins migrate at the same mass but different pI’s due to post-translational 

modifications that change their charge status. Phosphorylation of alpha enolase has been 

previously proposed to result in multiple isoelectric variants [227]. HMG CoA Synthase 

contains a predicted phosphorylation site and several experimentally verified thiol groups 

that could account for the shift in pI to acidic side as observed in the current study [228]. 

Another group of proteins changing with both aging and AMD included aldehyde 

scavenger enzymes. Aldehyde dehydrogenase, aldehyde reductase, and glutathione-S-

transferase (GST), are major aldehyde detoxifying enzymes in the cell [229]. Two 

isoforms of GST, mu (#16 aging) and pi (#1, 2 AMD), were altered with aging and 

AMD, respectively. While aldehyde reductase was up-regulated with both aging and 
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AMD, aldehyde dehydrogenase only increased with aging.  Differential expression of 3 

major aldehyde scavengers with both aging and AMD suggest a significant response 

towards stress-induced reactive aldehyde formation in RPE cells.  

4.3.4 Summary of Functional Categories 

All proteins were grouped into functional categories based on the PANTHER 

classification system (Fig. 4.6, Tables 4.2A, 4.3A). The major functional groups included 

metabolism, transport, response to stressors, and cellular processes. Within these 

functional groups, the major protein changes with aging include altered protein and 

vesicle-mediated transport, signal transduction, and cell component organization.  

Prominent changes with AMD were observed in protein metabolism, ion and lipid 

transport, response to stress and toxins, and apoptosis.  However, what was even more 

striking in comparing the proteome profile of thes major groups was that with aging, the 

content of most proteins were decreased while with AMD, proteins were mainly 

upregulated (Fig. 4.7).   

4.4 Discussion 
 

In the current work, a parallel proteomic comparison of aging and AMD was 

performed using RPE cytosolic proteins extracted from human donor eyes categorized for 

AMD. The use of donor eyes in conjunction with the MGS provided a platform to 

identify proteins and pathways that are altered in the retina to distinguish normal from 

pathologic aging.  Our results show that while there is some overlap between aging and 

AMD, the majority of protein changes were unique to each process (Fig. 4.5, Tables 4.2, 

4.3).  Importantly, the expression profile for most major categories was divergent 
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comparing the two processes; the content of most proteins were decreased with aging and 

increased with AMD (Fig. 4.7) suggesting that normal aging and AMD are separate 

processes.  

The proteins identified herein represent a conservative estimate of the total 

proteins changing due to the limitations inherent in 2-D gels. With our sample size and 

the considerably small coefficient of variation associated with (~15%) our spot densities, 

as small as a 1.4-fold difference could be detected with high confidence. However, much 

smaller, physiologically relevant differences may have been undetected. Membrane 

proteins resolve poorly in the first dimension and may be under-represented in these 

analyses. A pH range of 5 to 8 was utilized because it provided the greatest resolution of 

a majority of spots, but protein changes outside this range would not be detected. 

Additionally, the use of 2-D separation coupled with a highly sensitive mass spectrometer 

yielded multiple protein identifications per gel spot. Without 1-D WB, which protein is 

responsible for the observed intensity change cannot be definitely determined. Currently, 

1-D WB analysis for a chosen subset of proteins is underway. For the purposes of this 

chapter, all proteins that matched to a particular spot based on the criteria described in the 

methods will be retained. 

 A major portion of the proteins changing with aging (65% of total) belonged to 

metabolic pathways. Of the metabolic proteins, 18% participate in protein metabolism 

and 25% in ‘other’ secondary metabolic categories (i.e., coenzyme metabolism, retinoid 

metabolism, vitamin biosynthesis). Protein metabolism includes protein degradation 

(TPP1, Cathepsin D, cytochrome b-c1 complex III subunits 1, 2) and refolding (HSP60, 
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PDIA6, TCP 1-θ).  The processes of protein refolding and degradation are essential for 

maintaining a population of functional proteins.  It has been suggested that damaged 

proteins accumulate with aging in many tissues due to a loss in the ability of the cell to 

either refold partially denatured proteins or remove damaged proteins [230, 231]. In the 

RPE, the content of most of the identified proteases and chaperones decreased with 

aging, which is consistent with an age-related loss in proteolytic and refolding capacity.   

The second major functional category changing with aging was protein and 

vesicle-mediated transport (RAB14, RAB1B, RAB18, ERp29, Rab GDI beta).  

Decreased content of these proteins with aging suggest defective protein secretion and 

protein transport to organelles. Transferrin, the major iron transport protein in the RPE 

increased in content with aging. This could be a potential response to iron overload, 

observed previously in aged RPE [232]. Increased levels of iron could lead to protein 

damage by hydroxyl radicals generated via Fenton Chemistry [233]. Collectively, altered 

transport in the aging RPE could result in deregulated cellular trafficking, leading to a 

loss of cellular homeostasis.  

As seen with aging, a major portion of the proteins changing with AMD (71%) 

also belonged to metabolic pathways. Protein metabolism (26% of total) and ‘other’ 

metabolic processes (29% of total) were predominantly represented in AMD. Protein 

metabolism includes protein synthesis (EF-Tu), degradation (Cathepsin B, Cathepsin D, 

Ub-Conjugating E2K), and refolding (Hip/HSC-70ip, PDIA6, ERp46). All of the above 

proteins increased in content either at onset or linearly. Upregulation of these proteins 

could be due to significant protein damage within the RPE early in the disease. Notable 
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‘other’ metabolic proteins included glutamine synthetase, HMG CoA synthase, and 

aldehyde reductase. Glutamine synthetase is an enzyme that generates glutamine via the 

condensation of glutamate and ammonia. Glutamine is one of the three amino acids that 

make up the important cellular redox regulator, glutathione [234]. Thus, upregulation of 

glutamine synthetase could indicate a requirement for more glutathione in response to 

increased oxidative stress.  Glutamine can also be used by RPE cells as a secondary 

energy source in the event of diminished glycolytic capacity [19]. These results, along 

with the upregulation of protein involved in glycolysis, lipid transport, TCA and ETC, all 

suggest reconfiguration of energy generation in RPE from AMD donors.  These results 

are consistent with the hypothesis that RPE from AMD donors will exhibit a protein 

expression profile that is consistent with mitochondrial dysfunction.  

Results from several different experimental approaches, including mt haplogroup 

linkage to AMD [201, 235], ultrastructural defects in RPE mitochondria [136], altered 

protein content in RPE mitochondria [137] and choroid/Bruch’s membrane [202] and 

increased mtDNA damage [220] in AMD donors, have suggested that mitochondrial 

dysfunction is a pathologic feature of AMD. Mitochondrial dysfunction, communicated 

to the nucleus via a specific pathway referred to as retrograde signaling, initiates a change 

in nuclear gene expression that accommodate changing cellular conditions and maintain 

energy production [221]. For example, depletion of mtDNA in the RPE cell line, ARPE-

19, using ethidium bromide, resulted in induction of genes indicating a switch in 

metabolism from oxidative phosphorylation to glycolysis and fatty acid metabolism as a 

mechanism for maintaining energy production [236].  Upregulation in genes involved in 
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stress resistance and redox regulation was also observed.  Results from the current study 

are consistent with mitochondrial dysfunction in AMD.  We observed upregulation in 

glycolysis, TCA, and increased lipid transport, suggesting a reprogramming of energy 

utilization.  There was also increased expression of proteins involved in the stress 

response and redox regulation.  These results provide further support for the hypothesis 

that mitochondrial dysfunction is a pathologic feature of AMD.    

 Several key proteins involved in oxidative stress response (11% of total) were 

upregulated early in AMD (SOD1, Cathepsin B, Hip/HSC-70IP, GST π, Peroxiredoxin-

3).  The observed upregulation of these redox-sensitive proteins could be a compensatory 

response to increased oxidative stress in the RPE,  which is consistent with a growing 

body of evidence implicating cumulative oxidative damage in AMD pathogenesis[84].  

For example, the aged SOD1-deficient mouse demonstrated drusen, choroidal 

neovascularisation and RPE abnormalities similar to AMD, strongly suggesting a role for 

oxidative stress in AMD pathology [105]. Cathepsin B, a cysteine protease in the 

lysosomes, is reportedly upregulated with oxidative stress in RPE cells [237] and has 

functions in autophagy and induction of apoptosis. GST π is an inhibitor of pro-apoptotic 

signalling [238, 239] and stabilizes reactive eletrophiles [240] in response to increased 

oxidative stress. A sequenced peptide of peroxiredoxin-3 isoform a contained the 

mitochondrial localization signal, suggesting increased expression of this antioxidant in 

response to increased oxidative damage in the mitochondria with AMD. Evidence for the 

protection afforded by increased peroxiredoxin is provided by cultured cells protected 

from apoptosis by overexpression of peroxiredoxin-3 when subjected to high levels of 
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H2O2  [241]. Results from the current study are consistent with our previous studies 

showing increased content of multiple redox-sensitive proteins [148], including GST-π 

[138] in human RPE cells with AMD.  Altered stress response and antioxidant proteins 

further confirms oxidative stress as a major contributor to the AMD disease process.   

In summary, we used a high throughput proteomic approach to compare changes 

associated with normal aging and AMD in the human donor RPE. Our results show (Fig. 

4.5) some overlap between aging and AMD but a majority of protein changes were 

unique to each process. With aging, we mainly detected decreased content of protein and 

carbohydrate metabolic proteins, transport, stress and signalling proteins, suggesting a 

shift in cell communication, metabolism, and stress response. These age-related changes 

that affect multiple pathways could facilitate AMD-onset by making cells more 

vulnerable to the cumulative insults induced by the individual’s genetic makeup and/or 

exposure to environmental stressors. The “Integrated Hypothesis for AMD 

Pathogenesis”[59] - suggests that age-related cellular changes are an essential component 

of AMD initiation.  An individual’s disease susceptibility and the rate of progression is 

determined by factors that are unique to each individual, such as genetic composition (i.e. 

CFH, ARMS2, mtDNA haplogroups) and exposure to environmental stressors (i.e. 

smoking, diet).  

In donors with AMD, we observed prominent changes in proteins involved in 

energy generation, protein quality control (i.e., chaperones), immune function, response 

to stress and apoptosis-related proteins suggesting reconfigured metabolism, increased 
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protein damage and oxidative stress in the AMD process. These results are consistent 

with oxidative stress and mitochondrial dysfunction as an integral part of AMD.  
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Figure 4.1: Donor ages in the aging and AMD comparison.  
 
Age of donors used in this study. Solid line (—) outlines the control donors used in the 

aging comparison (n = 50). Diamonds are donors aged 29 – 60 (n = 22). Circles are 

donors aged 61 – 91 (n = 28). These donors are also the age-matched controls for AMD 

comparison. Dashed line (---) outlines the age-matched donors (half-filled circles) used in 

the AMD-comparison (n = 64). Number of donors for each MGS stage is shown at top. 

Triangles: mean age of each age-matched MGS group. There was a significant increase 

in age in MGS 4 compared to controls (one-way ANOVA, p = 0.0502). 

 

Figure 4.1 
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Figure 4.2:  RPE proteins resolved by 2-D gel electrophoresis.  

 
Representative Flamingo-stained gels (125 μg) from the (A) aging- and the (B) AMD-

comparison. Spots indicated showed altered content with each process. Boxed spots in 

(A) significantly increased in intensity with aging, while circled spots decreased. (B) All 

circled spots changed in quantity over AMD progression. A linear range of pI 5 to 8 is 

indicated at the top and molecular weights of the standard are marked on the left.  

 

 

 

Figure 4.2 
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Figure 4.3: Regression plots of all spots altered in intensity with Aging. 
 
Each solid circle represents a control (MGS 1) donor. Age in years in the x-axis and Loge 

transformed spot densities are on the y-axis. (A) spots # 1-12 and (B) spots # 13-26. The 

p values and R2 for each spot is provided in Table 4.2. 

 

Figure 4.3A 
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Figure 4.3B 
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Figure 4.4: Spots showing altered content with AMD. 
 
Average densities for spots demonstrating significant changes at (A) onset, (B) linearly, 

and at (C) advanced stages. Data are the means ( ± SEM) of MGS 1 (gray), MGS 2 

(hatched), MGS 3 (white), and MGS 4 (dashed) that are normalized to MGS 1. 

Asymmetric error bars: back transformed density values from Loge. Probabilities are 

listed in Table 4.4. n = 6 or more per group.  
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Figure 4.5: Venn diagram comparing proteins associated with altered 2-D spot 
quantities in the aging and AMD analyses.   
 
A total of 60 proteins were identified from the aging analysis and 38 proteins from the 

AMD comparison. Only 11 proteins were common to both processes.  
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Figure 4.6: Comparison of functional categories represented in the Aging and AMD 
proteomic analyses. 
 
Functional categories based on the PANTHER classification and Swiss-Prot protein 

database are graphed as percent of total proteins identified from both the Aging (solid 

gray bar) and AMD (hashed bar) comparisons.  
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Figure 4.7: Comparison of proteins identified from the aging and AMD analyses 
graphed based on direction of change.  
 
Proteins categorized to each functional group were plotted based on whether they 

increased (hashed) or decreased (solid gray) with Aging or AMD. Y-axis shows the 

functional categories and x-axis the number of proteins increasing or decreasing. 
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Table 4.1: Donor Demographics and Clinical Information* 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*Information supplied from the Minnesota Lions Eye Bank  

† These donors were used as age-matched controls in the AMD comparison and also included in the age comparison 
‡ y, Mean age in years for each group.  
§ Number of donors for each cause of death indicated in parentheses. PB = perforated bowel, MS organ failure = multiple system organ 
failure, SAH = subarachnoid hemorrhage 

 
 
 

Gender Age MGS Grade Sample 
size (n) M F Mean   

(y‡ ± SD) 
Range 

Cause of Death (#)§ 

1 (young) 22 14 8 48 ± 9 29 - 60 
cancer (8), liver disease (2),  
respiratory (4),  sepsis (6), PB (1) 

1† 28 16 12 74 ± 8 61 - 91 
cancer (11),   MS organ failure (1), 
heart failure (7), respiratory (3), sepsis 
(4), PB (1), renal disease (1) 

2 11 5 6 75 ± 12 58 - 93 
cancer (4),  heart failure (2), renal 
disease (1), respiratory (1), sepsis (1), 
PB (1), SAH (1) 

3 13 7 6 79 ± 11 55 - 95 
Heart failure (8),  cancer (2), renal 
failure (2), respiratory (1) 

4 12 3 9 83 ± 6 74 - 94 
cancer (2),  heart failure (2), renal 
disease (3), respiratory (3), 
hemorrhage (1), sepsis (1) 
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MS/MS** 
Spot 
No.* 

p value R2 Dir† Protein ID 
Accession No. 

(UniProt)‡ 
Expt      

MW/ pI§
Theoretical  
MW/ pI?  

Seq  
cov 

Uni  
pep 

Tot 
 pep 

1 0.0258 0.1035 D ATP synthase δ, isoform b O75947 22.6/ 5.3 15.8/6.61 48 6 8 
    RAB18 Q9NP72  23/5.11 17 3 3 

2 0.0003 0.2797 D Transducin β-1 P62873 35.3/ 5.3 37.4/5.6 45 13 25 
    RLBP 1  P12271  36.5/4.98 38 13 22 
    TCP-1 θ P50990  59.6/5.42 20 10 12 
    Cathepsin D P07339  44/6.1 13 4 4 

3 0.024 0.1059 D Chaperonin/ HSP 60 P10809 63.9/ 5.5 61/5.7 66 36 107 
4 0.0003 0.2497 D NADH-Coenzyme Q reductase Q53FM7 28.6/ 5.8 30.2/6.25 19 4 10 
5 0.0075 0.1399 D Prohibitin P35232 30.4/ 5.7 29.8/5.57 19 11 19 
6 0.0057 0.1576 D Creatine kinase B P12277 49.8/ 5.7 43/5.34 29 9 12 
    Mitofilin Q16891  82.6/6.08 22 15 23 
    Actin, alpha P68032  42/5.23 19 7 9 
    Cathepsin D P07339  44/6.1 17 5 5 
    TPP1 O14773  61.2/6.01 13 7 13 

7 0.0009 0.2058 D Cytochrome b-c1subunit 1 P31930 52.4/ 5.7 52.6/5.94 63 25 62 
    Solute carrier family 9 O14745  39/5.5 26 8 10 
    TPP1 O14773  61.2/6.01 14 12 12 
    Cathepsin D P07339  44/6.1 18 5 5 
    PEDF P36955  46.3/5.9 9.1 3 3 

8 0.0198 0.1383 I ALDH9A1 P49189 54.0/ 5.9 56.3/5.69 36 18 30 
    PDIA6 Q15084  48.1/4.95 20 6 7 
    ATP synthase β P24539  56.6/9.1 28 10 11 
    S-arrestin P10523  45.1/6.14 36 12 15 
    DLST P36957  48.8/9.1 24 14 23 
    Fibrinogen gamma   P02679     48.4/5.24 15 5 5 
    Aminoacylase-1-like protein 2 Q8IYS1    47.7/5.56 15 5 7 

9 0.0393 0.0931 I Protein S-100 A9 P06702 30.1/ 5.9 13/5.71 48 11 37 
    Protein S-100 A8 P05109     10.8/6.51 16 6 20 
    Cathepsin D P07339  44/6.1 31 10 29 

10 0.0198 0.1227 D Alpha enolase P06733 42.2/ 6.2 47.1/6.99 11 3 3 
    IDH3A P50213  39.6/6.46 10 3 3 

11 0.049 0.0852 D NDP kinase A P15531 19.7/ 6.3 17.1/5.83 56 15 54 

Table 4.2: Proteins identified from spots changing with Aging  
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Table 4.2: Proteins identified from spots changing with Aging  Contd. 
MS/MS** 

Spot 
No.* 

P 
value 

R2 Dir† Protein ID 
Accession No. 

(UniProt)‡ 
Exp 

MW/pI§ 
Theor 

MW/pI║ Seq 
Cov 

Uni 
Pep 

Tot 
Pep 

12 0.0097 0.1366 D GTPase Rab14 P61106 25.2/ 6.5 23.9/5.85 70 13 28 
    Peroxiredoxin-3 P30048  25.8/7.68 47 11 24 
    RAB11B Q15907     24.5/5.65 37 8 15 
    RhoA P61586   21.4/5.83 31 6 10 

13 0 0.3152 D ERp29 P30040 29.7/ 6.6 29/6.08 38 8 21 
    3,2-trans-enoyl-CoA 

isomerase 
P42126  32.8/8.8 29 9 20 

    PGM 1  P18669  28.8/6.75 26 5 7 
    Pyridoxine-phosphate 

oxidase 
Q9NVS9   30/6.61 21 4 5 

14 0.0001 0.2865 D HMG CoA Synthase  P54868 53.5/ 7 56.6/8.4 32 15 18 
    Alpha enolase P06733  47.1/6.99 40 21 69 
    Gamma Enolase P09104  47.1/4.91 12 4 12 

15 0.0298 0.1245 D HMG CoA Synthase  P54868 53.5/ 7.1 56.6/8.4 52 26 46 
    Alpha enolase P06733  47.1/6.99 35 13 22 
    Rab GDI beta P50395  50.7/ 6.6 25 7 7 
    Sorting nexin 5 Q9Y5X3     46.7/ 6.3 16 6 6 
    OSBP-related protein 1  Q9BXW6    108.4/ 5.96 14 4 5 
    Proliferation-associated 2G4 Q9UQ80   43.6/ 6.13 18 5 5 
    TPP1 O14773  61.2/6.01 8.7 4 5 
    DNA-J subfamily member O60884  45.4/ 6.01 12 5 5 
    VLCAD P49748  70.3/ 8.92 7.6 4 4 

16 0.0042 0.1918 D TPI P60174 28.5/ 7.3 26.7/6.51 79 18 38 
    GST-μ1 P09488    25.8/6.28 13 3 3 

17 0.0025 0.1786 D HMG CoA Synthase  P54868 53.5/ 7.2 56.6/8.4 47 22 42 
18 0.0004 0.2551 D HMG CoA Synthase  P54868 53.5/ 7.4 56.6/8.4 32 15 12 
    Alpha enolase P06733  47.1/6.99 32 15 43 

19 0.003 0.2577 D HMG CoA Synthase  P54868 54.2/ 7.3 56.6/8.4 10 4 8 
    Alpha enolase P06733  47.1/6.99 29 8 18 

20 0.0236 0.1043 D PGM 1  P18669 30.3/ 7.5 28.7/6.75 53 15 31 
    Carbonic anhydrase II P00918  29/6.86 21 4 8 
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Table 4.2: Proteins identified from spots changing with Aging Contd. 
MS/MS** 

Spot 
No.* 

P 
value 

R2 Dir† Protein ID 
Accession No. 

(UniProt)‡ 
Exp 

MW/pI§ 
Theor 

MW/pI║ Seq 
Cov 

Uni 
Pep 

Tot 
Pep 

21 0.0027 0.2265 D Aldose reductase P15121 39.0/ 7.4 35.8/6.55 52 18 29 
    MDH1 P40925  36.4/6.89 33 9 10 
    GAPDH P04406    35.9/8.58 21 5 5 

22 0.0359 0.1197 I ALDH9A1 P49189 56.1/ 5.9 56.3/5.69 13 5 5 
    Fibrinogen gamma chain  P02679     48.4/5.24 16 4 5 
    DLST P36957  P36957 13 4 4 

23 0.0363 0.098 I Aldehyde reductase P14550 42.8/ 7.2 35.8/6.55 51 26 26 
    Acid ceramidase Q13510  44/5.63 23 8 8 

24 0.033 0.1015 I Transferrin P02787 77.0/ 7.1 77/6.09 70 54 160 
    Glucosamine-6-sulfatase P15586      62/7.92 28 10 13 
    RPE-65 Q16518    61/6.04 11 4 4 

25 0.0346 0.0955 D ALDOC P09972 45.8/ 7.5 39.4/6.46 66 29 78 
    ALDOA  P04075    39.3/8.39 16 4 5 

26 0.0023 0.2054 D IDH1 O75874   49.3/ 7.4 46.6/6.53 63 24 61 
    Glutamine synthatase P15104    42/6.42 20 5 6 
    Cytochrome b-c1 P22695   48/8.74 14 5 6 

 
 
*Spot # as indicated on gel picture in Figure 2 left panel 
†Direction includes increased (I) or decreased (D) 
‡Accession numbers from UniProt/Swiss-Prot (www.uniprot.org) 
§Experimental molecular weight (MW) of each spots was calculated based on the relative mobility of the MW markers and distance travelled 
on the 2-D gel. pI estimated from gel image.  
║Theoretical MW and pI calculated using MW/pI calculator in the Expasy tools website (www.expasy.ch/tools). 
**Seq cov =  percent sequence coverage, Uni pep =  number of unique peptides sequenced, Tot pep = number of total peptides sequenced of 
each protein  
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Table 4.3 : Functions of proteins changing with Aging 

Spot 
No.* 

Dir† Protein ID 
Accession 

No. 
(UniProt)‡ 

Functions** 

1 D ATP synthase δ, isoform b O75947 Energy generation 
  RAB18 Q9NP72 Vesicle-mediated transport  

2 D Transducin β-1 P62873 Signal transduction 
  RLBP 1  P12271 Retinoid metabolism 
  TCP-1 θ P50990 Protein folding 
  Cathepsin D P07339 Protease, cell death 

3 D Chaperonin P10809 Chaperone 
4 D NADH-Coenzyme Q 

reductase 
Q53FM7 Oxidoreductase 

5 D Prohibitin P35232 Apoptosis, Txn regulation 
6 D Creatine kinase B P12277 Creatine metabolic process 
  Mitofilin Q16891 Scaffold protein 
  Actin, alpha P68032 Muscle filament assembly, Apoptosis 
  Cathepsin D P07339 Protease, cell death 
  TPP1 O14773 Protease, cell death 

7 D Cytochrome b-c1 subunit 1 P31930 ETC, Proteolysis, Transport 
  Solute carrier family 9 O14745 Signal transduction 
  TPP1 O14773 Protease, cell death 
  Cathepsin D P07339 Protease, cell death 
  PEDF P36955 cell proliferation, Regulation of angiogenesis 

8 I ALDH9A1 P49189 Oxidoreductase, aldehyde metabolism 
  PDIA6 Q15084 Protein folding, cell redox 
  ATP synthase β P24539 Energy generation 
  S-arrestin P10523 Visual transduction 
  DLST P36957 Energy metabolism, TCA cycle 
  Fibrinogen gamma   P02679    Platelet aggregation 
  Aminoacylase-1-L2 Q8IYS1   Hydrolase, Metabolic process 

9 I Protein S-100 A9 P06702 Signaling, Inflammatory response 
  Protein S-100 A8 P05109    Calcium ion binding, Inflammatory process 
  Cathepsin D P07339 Protease, cell death 
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Table 4.3:  Functions of proteins changing with aging contd. 

Spot 
No.* 

Dir† Protein ID 
Accession 

No. 
(UniProt)‡ 

Functions** 

10 D Alpha enolase P06733 Energy metabolism, Glycolysis 
  IDH3A P50213 Oxidoreductase, TCA cycle, Carbohydrate 

metabolism 
11 D NDP kinase A P15531 NTP synthesis 
12 D GTPase Rab14 P61106 Protein transport and signal transduction 
  Peroxiredoxin-3 P30048 Oxidoreductase 
  RAB11B Q15907    Protein transport, Signal transduction 
  RhoA P61586  Rho signal transduction, Regulation of NfκB 

13 D ERp29 P30040 Protein transport and folding 
  3,2-trans-enoyl-CoA 

isomerase 
P42126 Beta oxidation 

  PGM 1  P18669 Glycolysis 
  Pyridoxine-phosphate oxidase Q9NVS9  Pyridoxine biosynthesis and oxidation reduction 

14 D HMG CoA Synthase  P54868  AA metabolism, Lipid metabolism 
  Alpha enolase P06733 txn regulation and glycolysis 
  Gamma Enolase P09104 Glycolysis 

15 D HMG CoA Synthase  P54868  AA metabolism, Lipid metabolism 
  Alpha enolase P06733 Txn regulation and glycolysis 
  Rab GDI beta P50395 Protein transport and signal transduction 
  Sorting nexin 5 Q9Y5X3    Protein transport, cell communication 
  OSBP-related protein 1  Q9BXW6   Lipid metabolism and transport, Vesicle-mediated 

transport 
  Proliferation-associated 2G4 Q9UQ80  Transcriptional regulation, cell cycle 
  TPP1 O14773 Protease, cell death 
  DNA-J subfamily member O60884 Co-chaperone of Hsc70, protein folding, response 

to heat 
  VLCAD P49748 Lipid metabolism, Oxidoreductase 

16 D TPI P60174 Glycolysis 
  GST-μ1 P09488   Glutathione metabolism 

17 D HMG CoA Synthase  P54868  AA metabolism, Lipid metabolism 
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Table 4.3: Functions of proteins changing with Aging Contd. 
 
 

Spot 
No.* 

Dir† Protein ID 
Accession 

No. 
(UniProt)‡ 

Functions** 

18 D HMG CoA Synthase  P54868  AA metabolism, Lipid metabolism 
  Alpha enolase P06733 Energy metabolism, Glycolysis 

19 D HMG CoA Synthase  P54868  AA metabolism, Lipid metabolism 
  Alpha enolase P06733 Energy metabolism, Glycolysis 

20 D PGM 1  P18669 Energy metabolism, Glycolysis 
  Carbonic anhydrase II P00918 carbon metabolic process 

21 D Aldose reductase P15121 Oxidoreductase, Carbohydrate metabolism, 
response to stress 

  MDH1 P40925 TCA cycle 
  GAPDH P04406   Glycolysis 

24 I Transferrin P02787 Ion transport 
  Glucosamine-6-sulfatase P15586     Glucosaminoglycan metabolism 
  RPE-65 Q16518   Retinoid metabolism 

25 D ALDOC P09972 Glycolysis 
  ALDOA  P04075   Glycolysis 

26 D IDH1 O75874   TCA cycle, oxidoreductase, glyxoalate metabolism 
  Glutamine synthatase P15104   Glutamine metabolism 
  Cytochrome b-c1 P22695  ETC 

 
*Spot # as indicated on gel picture in Figure 2 left panel 
†Direction includes increased (I) or decreased (D) 
‡Accession numbers from UniProt/Swiss-Prot (www.uniprot.org) 
**Functional categorizations are based on PANTHER classification (www.pantherdb.org) and UniProt protein database. 
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Table 4.4: Proteins identified from spots changing with AMD 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

MSMS** 
Spot 
No. 

p 
value* 

Diff. 
from 

MGS 1† 
Dir, 

model‡ 
Expt 

MW/ pI§ Protein ID 

Accession 
No. 

(UniProt)║ 
Theor 

MW/ pI║ 
Seq  
cov 

Uni  
pep 

Tot 
pep 

1 0.0002 2,3,4 I, O 25.6/ 5.3 Apolipoprotein A-I P02647 30.8/5.22 56 16 29 

     GST π P09211 23.3/5.5 31 9 9 
2 0.0083 3 I, A 24.5/ 5.4 RAB 6B Q9NRW1 23.4/5.41 31 8 8 
     RAB 6A P20340 24/5.42 26 8 8 
     GST π P09211 23.3/5.5 25 5 5 
     RAB11B Q15907 24/5.65 21 3 3 

3 0.0050 2,3,4 I, O 15.1/ 5.5 Transthyretin P02766 15.9/5.45 20 4 5 
4 0.0130 2,3,4 I, O 18.6/ 6 SOD1 P00441 16/5.64 37 5 7 
5 <0.001  I, L 25.1/ 6.4 Peroxiredoxin-3 iso a P30048 27.7/7.68 19 3 3 
6 0.0019 3,2 diff 4 D, A 53.5/ 7 Alpha enolase P06733 47.1/6.99 40 21 69 
     HMG CoA Synthase P54868 56.6/8.4 32 15 18 
     Gamma Enolase P09104 47.1/ 4.91 12 4 12 

7 0.0134  I, L 48.4/ 7.2 IDH1 O75874   46.6/6.53 63 24 6 
     Glutamine synthatase P15104   42/6.42 20 5 6 
     Elongation factor Tu P49411 49.5/ 7.26 15 5 6 

8 0.0057  I, L 49.1/ 7.4 IDH1 O75874   46.6/6.53 63 24 61 
     Glutamine synthetase P15104   42/6.42 20 5 6 
     Cytochrome b-c1 P22695  48/8.74 14 5 6 

9 0.0011 3,2 I, O 14.0/ 5 RBP1 P09455 15.8/4.99 68 11 26 
10 0.0298 2 I, O 25.3/ 5.2 Cathepsin B P07858 37.8/ 5.88 32 20 48 

     Apolipoprotein A-I P02647 30.8/5.22 30 7 8 
     GST π P09211 23.3/5.5 43 6 7 
     RAB 6A P20340 24/5.42 13 3 7 
     RAB11B Q15907 24/5.65 25 5 5 
     Cathepsin D P07339 44/6.1 17 5 5 
     COMT P21964 30/ 5.26 29 4 5 
     Ub-conjugating E2K P61086 22.2/ 5.3 27 4 4 

11 0.0009 3, 4 I, O 53.5/ 5.2 Cathepsin D P07339 44/6.1 18 5 5 
     Hip/ HSC-70 ip P50502 41/4.64 17 5 13 
     PDIA6 Q15084 48.1/4.95 13 4 4 
     ERp46 Q8NBS9   48/5.37 9.5 3 4 
     Alpha tubulin P68363     50/4.94 9.8 3 3 

12 0.0239 2 I, O 42.2/ 6.2 Alpha enolase P06733 47.1/6.99 11 3 3 
     IDH3A P50213 39.6/6.46 10 3 3 



 

162 

 
Table 4.4: Proteins identified from spots changing with AMD, Contd. 
 
 
 
 
 
 
 
 
 
 
 
 

*Significance was adjusted for testing 2 models (stage-specific and linear) to p ≤ 0.025, but others demonstrating significance at ≤ 0.05 are also reported. 
†For spots showing stage-specific changes, the stages different from MGS 1 are listed.  
‡Direction includes increased (I) or decreased (D), models include onset (O), linear (L), and advanced stage (A). 
§Experimental molecular weight (MW) was calculated based on the relative mobility of the MW markers on the 2-D gel. pI was estimated.  
║Accession numbers from UniProt/ Swiss-Prot data base (www.uniprot.org) 
∂Theoretical MW and pI was determined using MW/pI calculator in the Expasy tools website (www.expasy.ch/tools). 
**Seq cov =  percent sequence coverage, Uni pep =  number of unique peptides sequenced, Tot pep = number of total peptides sequenced of each protein 
 

MS/MS** 
Spot 
No. 

p 
value* 

Diff. 
from 

MGS 1† 
Dir, 

model‡ 
Expt 

MW/ pI§ Protein ID 

Accession 
No. 

(UniProt)║ 
Theor 

MW/ pI∂ 
Seq  
cov 

Uni  
pep 

Tot 
pep 

13 0.0171 2 D, O 56.4/ 6 ALDH 9A1 P49189 56.3/ 5.69 8 3 3 
14 0.0054 2,3,4 I, O 37.1/ 6.1 SUMF2 Q8NBJ7  31.9/6.52 22 4 8 
     GGPPsynthase O95749 28.4/5.78 15 3 3 
     PPA1 Q15181 32.7/5.54 12 3 3 

15 0.0083 2,4 I, O 38.2/ 6.2 RLBP1 P12271 36.4/4.98 19 4 5 
     PPA2 Q9H2U2 37.9/7.7 21 5 12 

16 0.0305 2,4 I, O 26.1/ 6.6 Peroxiredoxin-3 iso b P30048 25.8/7.04 11 2 4 
17 0.0025 2,3,4 D, O 33.6/ 6.8 PDXP Q96GD0 31.7/6.12 26 5 6 
     V- ATPase E 1 P36543 23/7.93 21 3 10 
     Creatine kinase M P06732 43/6.77 17 4 5 
     Adenylate kinase 1 P00568 21.6/8.73 19 3 4 
     RDH5 Q92781 35/9.47 16 4 4 

18 0.0084 2,3 I, O 42.7/ 7.1 Aldehyde reductase P14550 37/6.35 8.3 2 2 
19 0.0318  I, L 25.3/ 6.2 NDUFV2 P19404 27/ 5.85 39 7 16 
     RAB 7 P51149 23.5/6.4 33 5 7 
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Table 4.5: Functions of proteins changing with AMD 
  

Spot 
No. 

Dir, 
model‡ 

Protein ID 
Accession No. 

(UniProt) 
Function** 

1 I, O Apolipoprotein A-I P02647 Lipid transport and metabolism 

  GST π P09211 Glutathione metabolism 
2 I, A RAB 6B Q9NRW1 Vesicle-mediated transport  
  RAB 6A P20340 Vesicle-mediated transport  
  GST π P09211 Glutathione metabolism 
  RAB11B Q15907 Vesicle-mediated transport  
3 I, O Transthyretin P02766 Signal transduction, Transport 
4 I, O SOD1 P00441 Stress response, Apoptosis 
5 I, L Peroxiredoxin-3 iso a P30048 Oxidoreductase 
6 D, A Alpha enolase P06733 Glycolysis 
  HMG CoA Synthase P54868 Lipid metabolism, AA metabolism 
  Gamma enolase P09104 Glycolysis 
7 I, L IDH1 O75874   TCA cycle, Oxidoreductase,  
  Glutamine synthatase P15104   Glutamine synthesis  
  Elongation factor Tu P49411 Protein synthesis in the mito 
8 I, L IDH1 O75874   TCA cycle, Oxidoreductase,  
  Glutamine synthetase P15104   Glutamine metabolism 
  Cytochrome b-c1  P22695  Electron transport chain 
9 I, O RBP1 P09455 Retinoic acid activation 
10 I, O Cathepsin B P07858 Protease, regulation of apoptosis 
  Apolipoprotein A-I P02647 Lipid transport and metabolism 
  GST π P09211 Oxidative stress response 
  RAB 6A P20340 Vesicle-mediated transport  
  RAB11B Q15907 Vesicle-mediated transport  
  Cathepsin D P07339 Protease, cell death 
  COMT P21964 Catecholamine metabolism 
  Ub-conjugating E2K P61086 Protein metabolic process  
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Table 4.5: Functions of proteins changing with AMD  Contd. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
‡Direction includes increased (I) or decreased (D), models include onset (O), linear (L), and advanced stage (A). 
**Functional information is based on the PANTHER classification (www.pantherdb.org) and UniProt protein database 
(www.uniprot.org).   

Spot 
No. 

Dir‡ Protein ID 
Accession 
number 

(UniProt) 
Function** 

11 I, O Cathepsin D P07339 Protease 
  Hip/ HSC-70 ip P50502 Chapeone 
  PDIA6 Q15084 Chaperone 
  ERp46 Q8NBS9   Chaperone 
  Alpha tubulin P68363     Structure 

12 I, O Alpha enolase P06733 Glycolysis 
  IDH3A P50213 Carb metabolism, Oxidoreductase 

13 D, O ALDH 9A1 P49189 Oxidoreductase 
14 I, O SUMF2 Q8NBJ7  Metal ion binding 

  GGPPsynthase O95749 Isoprenoid biosynthesis 
  PPA1 Q15181 Diphosphate metabolic process 

15 I, O RLBP1 P12271 Retinol binding 
  PPA2 Q9H2U2 Diphosphate metabolism 

16 I, O Peroxiredoxin-3 iso b P30048 Oxidoreductase 
17 D, O PDXP Q96GD0 Pyridoxine biosynthesis and 

Oxidoreductase 
  V- ATPase E 1 P36543 Proton transport 
  Creatine kinase M P06732 Creatine metabolism 
  Adenylate kinase 1 P00568 Nucleic acid metabolism 
  RDH5 Q92781 Retinol metabolism 

18 I, O Aldehyde reductase P14550 Oxidoreductase, Stress response 
19 I, L NDUFV2 P19404 Electron transport chain 

  RAB 7 P51149 Vesicle-mediated transport  
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Chapter 5  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pabalu Karunadharma wrote this chapter. 
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5.1  Summary and Conclusions 
 
 AMD is a debilitating disease affecting 30% of individuals above 75 years of age 

in the developing world [170]. Globally, AMD ranks third as a cause of visual 

impairment and blindness, affecting 30-50 million people worldwide [242]. The quality 

of life in AMD patients has been compared to an incontinent stroke victim under constant 

nursing care [27], suggesting the remarkable strain this disease imposes on the elderly 

patients. Currently, neither a preventive therapy nor a cure exists for AMD. The best 

strategies available for treatment only benefit ~15% of patients that have the ‘wet’ form 

of AMD. However, the ‘dry’ form is more common and is present in >85% of AMD 

patients still leading to vision loss. The magnitude of the impact of AMD cannot be 

understated, considering the impressive number of people affected by AMD and the 

enormous burden placed on individuals both emotionally and financially. Furthermore, 

the number of people affected by AMD is estimated to more than double by year 2050 

[36], thus highlighting the urgent need for an efficacious treatment option that will end 

the progression to vision loss.   

Pathogenic mechanisms responsible for AMD are still under investigation and 

several have been proposed to play a significant role in AMD initiation. These include 

inflammation, oxidative damage [84], lysosomal dysfunction and impaired phagocytosis 

[243], mitochondrial dysfunction [85], and lipofuscin/ A2E accumulation [244]. These 

mechanisms are likely not mutually exclusive but rather act synergistically to cause 

AMD. Therefore, a unifying hypothesis which integrates findings related to key risk 

factors, genetic susceptibility, and biochemical data have been proposed [59] (Fig. 1.6).  
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The work described in this thesis focuses on an emerging concept based on 

mitochondrial dysfunction as pathological mechanism for AMD. Our work investigated 

dysfunction of the mitochondria at the molecular level (i.e., proteins and DNA) in human 

AMD donor tissue. By utilizing a classification system that closely matches clinical 

grading of patient eyes, our system provided a framework to directly apply biochemical 

changes observed at each stage to clinical pathology seen in the patients. In addition, the 

novelty of our work included detailed comparison of molecular changes occurring with 

normal aging to changes associated with AMD. This type of comparative analyses has 

not been conducted previously for the RPE. By examining changes at the molecular level 

with both aging and AMD, we have been able to highlight the similarities and disparities 

associated with each process. 

Our work on the mt subproteome in patients with AMD highlighted altered 

content of electron transport chain proteins, mt translation factor, and a structural protein 

[137] (chapter 2). Observed changes suggested mitochondrial dysfunction and mtDNA 

damage with progression of AMD. Subsequent examination of mtDNA damage with both 

aging and AMD revealed low mtDNA damage with normal aging that was limited to the 

region containing the common deletion and elevated global damage in AMD donors 

preceding macular degeneration and vision loss [220] (chapter 3). Collectively, our data 

indicated that mt dysfunction contribute to AMD pathology and implicated a potential 

mechanism for RPE dysfunction that is linked to mtDNA damage (chapter 3).  

Respiratory-deficient cells compensate for mitochondrial dysfunction by 

upregulating a defined set of nuclear genes to adjust their metabolic profile in a 



 

168 

phenomenon called ‘retrograde signaling’[168]. This nuclear- mitochondrial cross talk 

aims to reconfigure metabolism by upregulating proteins involved in metabolism, 

apoptosis, stress response, and cellular redox regulation [245]. Thus, based on our 

previous work suggesting mt dysfunction, we hypothesized that RPE cells will exhibit a 

protein profile consistent with a shift in metabolism. This hypothesis was examined in a 

comparative proteomic analysis of the RPE cytosolic proteins changing with aging and 

AMD (chapter 4). Data from this study revealed upregulation in glycolysis, TCA, and 

increased lipid transport with AMD, suggesting a reprogramming of energy utilization.  

There was also increased expression of proteins involved in the stress response and redox 

regulation.  These results provide further support for the hypothesis that mitochondrial 

dysfunction is a pathologic feature of AMD.    

Our studies also revealed that the aging process is distinct compared to AMD. 

With aging mtDNA damage was maintained at low levels and did not accumulate as 

observed in the AMD process [246] (Chapter 3, Fig. 3.5).  Our results from the cytosolic 

proteome analysis showed some overlap between aging and AMD but a majority of 

protein changes were unique to each process. Furthermore, the changes were dissimilar in 

each process, suggesting separate mechanisms operating in each.  

Finally, work described in this thesis provided significant evidence at the 

molecular level for RPE dysfunction attributable to mt damage that could lead to AMD 

pathology. As explained by the “Integrated Hypothesis for AMD Pathogenesis” [59] (Fig. 

1.6), AMD is a multifactorial disease most probably initiated due to multiple pathways 

and risk factors that are unique to each individual. The age-related changes that we 
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observed may facilitate AMD-onset in the presence of above mentioned risk factors and 

environmental stressors that could exacerbate their impact. Our data attest to a significant 

role for mt damage in AMD pathology (Fig. 3.7) and indicate that protecting mt integrity 

via therapeutics targeted to the mitochondria could stop or ameliorate the progression to 

vision loss.  

5.2  Future Directions 
 These results lay the foundation for many interesting future directions. One 

immediate direction that is currently underway is the confirmation of the observed 

changes in cytosolic proteins with aging and AMD. This final step done using western 

immunoblotting will provide definitive confirmation of the changes identified in chapter 

4. This is an important next step because we identified multiple proteins per gel spot. 

Western blotting will allow us to confirm which protein contributes to the change in 

content we observed. 

 Another important direction to pursue is the examination of functional 

consequences associated with the mtDNA damage measured in the AMD patients. 

However, our model system of human donor tissue does not provide a viable 

environment to measure functional changes due to the immediate dissection and freezing 

of donor globes. A possible approach is the generation of RPE cybrid cells containing 

mtDNA lesions at levels comparable to AMD patients. Cybrid cells are generated by the 

fusion of enucleated cytoplasts with cells lacking mtDNA (ρ°) [247]. The ρ° cells are 

depleted of their mtDNA by prolonged incubation with an agent (i.e., ethidium bromide) 

that can inhibit mtDNA replication. These cells should also contain a neutral nuclear 
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background devoid of any genetic abnormalities that could confuse functional 

measurements. The ρ° cells are uridine and pyruvate auxotrophs (i.e., unable to 

synthesize uridine or pyruvate required for growth)[248]. Therefore, succefully fused 

cybrid cells that contain exogenous mtDNA can be selected by growing them in media 

lacking uridine and pyruvate. The cytoplasts are enucleated cells, which are created by 

treating with an agent (e.g., actinomycin D) that can interfere with DNA replication by 

intercalating with duplexed DNA. Thus created cytoplasts carry only mtDNA and serve 

as the mtDNA donor for the cybrid cells. These cells provide the mtDNA that can be 

tested in a non-mutant nuclear background (ρ° cells) for mtDNA-associated functional 

abnormalities. Therefore, this technology allows the study of mtDNA damage associated 

pathology in a medium that can be readily examined and measured.  

RPE cells will be cultured from human donor eyes and will be selected for 

subsequent fusion with ρ° cells. The selection criteria will be based on the stage of AMD 

and the level of mtDNA damage of each individual donor. The genotype of each 

individual will also be determined to examine whether an interaction exists between 

mtDNA damage and AMD risk alleles reported in the literature (e.g., CFH, ARMS2). 

These cell lines will provide a wealth of data on the biochemical impact of mtDNA 

lesions in the presence of genetic risk factors at each stage of AMD. Together, these 

analyses will reveal a new dimension in AMD pathobiology and will provide definitive 

evidence for the use of mt-targeted therapies early in AMD. 
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Appendix A    
 
Human retinal pigment epithelium proteome changes in early diabetes 
 
 
This chapter is essentially unmodified from the published journal article: 

Decanini A., Karunadharma P.R., Nordgaard C.L., Feng X, Olsen T.W., and Ferrington 

D.A. Diabetologia, 2008; 51(6):1051-61  

 

With kind permission from Springer Science+Business Media: Diabetologia,  Human 

retinal pigment epithelium proteome changes in early diabetes, 51, 2008, 1051, Decanini 

A, Karunadharma, PR, Nordgaard CL, Feng X, Olsen TW, and Ferrington DA.  
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Abstract 
 
Aims/hypothesis Diabetic retinopathy is the most common complication of diabetes and a 
leading cause of blindness among working-age adults. Anatomical and functional 
changes occur in the retina and retinal pigment epithelium (RPE) prior to clinical 
symptoms of the disease. However, the molecular mechanisms responsible for these early 
changes, particularly in the RPE, remain unclear. To begin defining the molecular 
changes associated with pre-retinopathic diabetes, we conducted a comparative 
proteomics study of human donor RPE. 
 
Methods The RPE was dissected from diabetic human donor eyes with no clinically 
apparent diabetic retinopathy (n=6) and from eyes of age-matched control donors (n=17). 
Soluble proteins were separated based upon their mass and charge using two-dimensional 
(2-D) gel electrophoresis. Protein spots were visualised with a fluorescent dye and spot 
densities were compared between diabetic and control gels. Proteins from spots with 
significant disease-related changes in density were identified using mass spectrometry. 
 
Results Analysis of 325 spots on 2-D gels identified 31 spots that were either up- or 
downregulated relative to those from age-matched control donors. The protein identity of 
18 spots was determined by mass spectrometry. A majority of altered proteins belonged 
to two major functional groups, metabolism and chaperones, while other affected 
categories included protein degradation, synthesis and transport, oxidoreductases, 
cytoskeletal structure and retinoid metabolism. 
 
Conclusions/interpretation Changes identified in the RPE proteome of pre-retinopathic 
diabetic donor eyes compared with age-matched controls suggest specific cellular 
alterations that may contribute to diabetic retinopathy. Defining the pre-retinopathic 
changes affecting the RPE could provide important insight into the molecular events that 
lead to this disease.  
 
Keywords:  2-D gels, Diabetes, Human donor eyes, MALDI-TOF mass spectrometry,  
Pre-retinopathic, Proteomics, Retina, Retinal pigment epithelium,  
 
Abbreviations   
AMD, age-related macular degeneration 
2-D, two-dimensional;  
MALDI-TOF, matrix-assisted laser desorption/ionisation time-of-flight 
MOWSE, molecular weight  search 
MS/MS, tandem mass spectrometry;  
PEDF, pigment epithelium-derived factor 
pI, isoelectric point;  
RPE, retinal pigment epithelium;  
VEGF, vascular endothelial growth factor  
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 A 1   Introduction 
 Diabetes mellitus is a multifactorial metabolic disorder that currently 

affects over 200 million people worldwide [1]. Models estimate that this number will 

nearly double by the year 2025 [1]. Diabetic retinopathy is the most common 

complication in diabetes and the leading cause of blindness among working-age adults 

[2]. The clinical manifestations of diabetic retinopathy, including retinal microaneurysms, 

neovascularisation, haemorrhages and macular oedema, eventually lead to visual 

impairment [3]. Although vascular abnormalities in the retina clearly contribute to vision 

loss, other anatomical and functional changes are apparent soon after the onset of 

diabetes [4-6]. Anatomical changes include reduced retinal thickness [4, 6] and 

morphological changes of several retinal cell types, including the retinal pigment 

epithelium (RPE) [5, 7]. Functional changes in retinal electrophysiology and contrast 

sensitivity have been observed in diabetic patients and animal models [6, 8, 9]. These 

anatomical and functional changes are apparent in the pre-retinopathic stage that precedes 

clinically evident vascular changes associated with the disease. Importantly, the onset of 

retinopathy occurs after a prolonged interval following disease onset. Klein and 

colleagues reported that retinopathy occurs in 73% of type 1 diabetic patients 

approximately 14 years after the initial diagnosis [2]. Thus, the pre-retinopathic stage 

provides a window of opportunity for intervention that could delay or prevent the onset of 

blindness. To fully maximise this potential, a thorough understanding of the biochemical 

changes occurring in retinal tissue is required.  
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The retina is composed of two major components, the neural retina and the RPE. 

Previous investigations have focused on the neural retina where vascular changes occur. 

The neural retina is composed of seven different cell types, including the photoreceptors 

that are responsible for visual signal transduction. The RPE is essential for vision because 

of its role in maintaining the photoreceptors [10]. Key functions of the RPE include 

regenerating the rhodopsin chromophore, regulating nutrient transport to the 

photoreceptors, phagocytosis of spent tips of photoreceptor outer segments [10] and the 

production of cytokines, including neurotrophic and angiogenic factors [11]. 

Additionally, the RPE provides 60 to 80% of retinal glucose via its high-capacity 

transport system, making it a key source of the high glucose needs of the retina [12]. 

To characterise early changes leading to diabetic retinopathy, several recent 

studies have examined changes in the proteome of the neural retina in diabetic animal 

models [13, 14]. The present study has focused on the RPE because of its role in 

supporting the retina before and after the onset of diabetes. We applied a proteomic 

approach using two-dimensional (2-D) gel electrophoresis and matrix-assisted laser 

desorption/ionisation time-of-flight (MALDI-TOF) mass spectrometry to identify 

differences in cellular protein content in human donor RPE at the pre-retinopathic stage 

of diabetes. 

 A 2   Methods 
 
Human tissue procurement Donor eyes obtained from the Minnesota Lions Eye Bank 

(Minneapolis, MN, USA) were acquired with the consent of the donor or the donor’s 

family for use in medical research in accordance with the principles outlined in the 
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Declaration of Helsinki and as approved by the University of Minnesota Institutional 

Review Board. Information provided by the Lions Eye Bank included sex, age, time and 

cause of death, and a family report of a limited medical history including ocular history 

and the occurrence of diabetes (Table 1).  

 Eyes were maintained in a moist chamber at 4°C until processing for evaluation 

of ocular pathology as previously outlined [15-17]. Anterior segments were removed for 

direct visualisation and stereoscopic fundus photography of the posterior segment.  The 

methodology employed for imaging the posterior pole was that used in the Minnesota 

Grading System, which has been previously described for studies of age-related macular 

degeneration (AMD) [18].  The fundus, including the macula and optic nerve, was 

carefully examined for signs of proliferative diabetic retinopathy, microaneurysms, 

characteristic dot blot haemorrhages or signs of hard exudation.  Some post-mortem 

haemorrhages are common; therefore, it is difficult to completely distinguish small 

intraretinal haemorrhages of early diabetic retinopathy from post-mortem changes.  After 

reviewing eyebank eyes for over 7 years, we feel confident of being able to distinguish 

such haemorrhages.  Post mortem haemorrhages are typically large, asymmetric, intra-, 

sub- or pre-retinal and regional (e.g. in one quadrant).  Diabetic haemorrhages are usually 

small, diffuse, symmetric and specifically intraretinal. Digitised images were taken 

before and after removal of the neural retina for a simultaneous examination of the RPE 

cell layer by two ophthalmologists (T. W. Olsen and X. Feng). Eyes were excluded from 

the study if there was clinical evidence of retinal pathology. Eyes were also excluded if 

post-mortem retinal vascular changes suggested that they could be related to diabetes or 
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the eyes had evidence of AMD.  Donors with a medical history of diabetes but no signs 

of diabetic retinopathy were included in the pre-retinopathic group (Table 1). Three 

diabetic donors had type 1 and two had type 2 diabetes. The type of diabetes for one 

donor was not known. The age-matched control group included donors with no history of 

diabetes and no evidence of retinal pathology.  

Protein isolation  Total RPE was dissected after collecting fundus images, pelleted by 

centrifugation for 30 min at 1100 g and frozen at −80°C until processing [15]. RPE cells 

were fractioned by two freeze-thaw cycles and homogenised by six passes through a 26 

gauge needle in a buffer containing 20 mmol/l HEPES, 10 mmol/l KCl, 1.5 mmol/l 

MgCl2, 250 mmol/l sucrose, 1 mmol/l EDTA, 1 mmol/l EGTA, 1 mmol/l 

phenylmethylsulphonyl fluoride and 0.5% NP40. Nuclei and intact cells were pelleted by 

centrifugation for 15 min at 600 g and 4°C, and the supernatant retained. After repeating 

homogenisation and centrifugation of the intact cell pellet, the first and second 

supernatants were combined. The supernatant from a final 15 min centrifugation at 13000 

g was stored at −80°C until use. Protein concentrations were determined using the 

bicinchoninic acid protein assay (Pierce Biotechnology, Rockford, IL, USA), with bovine 

serum albumin as the protein standard. Average protein yield for the control and diabetic 

eyes was 486.2 ± 34.2 μg and 558.1 ± 64.4 μg (mean ± SE), respectively. The yields were 

not significantly different between the two groups (p = 0.314). 

2-D SDS-PAGE The proteins extracted from the RPE of each donor were subjected to 2-

D SDS PAGE (125μg). The first dimension separation was performed with pH 5 to 8 

immobilised linear gradient strips (Bio-Rad, Hercules, CA, USA). Protein samples 
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(125μg) were dissolved in a rehydration solution (9Mol/l urea, 3 Mol/l thiourea, 6% 

CHAPS, 1% ASB-14, 1% Biolytes pH 3–10 (Bio-Rad) and 50 mmol/l dithiothreitol and 

loaded onto 11cm IPG strips. The conditions for strip rehydration, focusing, equilibration 

and second-dimension separation were as outlined [17].  

 The 2-D gels, analysed for protein content, were stained with Flamingo 

fluorescent stain (Bio-Rad) according to the manufacturer’s protocol. Gels for mass 

spectrometry were stained with silver using a mass spectrometry-compatible kit (Silver 

Stain Plus Kit; Bio-Rad) and imaged with a GS-800 calibrated densitometer (Bio-Rad). 

Two-dimensional gel quantification and analysis Flamingo-stained gels were imaged at 

two different exposure times using a ChemiDoc XRS (Bio-Rad) and a Dark Reader 

Transilluminator (Clare Chemical Research, Dolores, CO, USA) to optimise the number 

of spots analysed. The Dark Reader was used because the light source wavelength (400-

500 nm) closely matched the excitation maximum (512 nm) of the dye. Exposure times 

were based on the fluorescence intensity of two standard proteins run on each gel. Protein 

spot identification, alignment and quantification of intensity were performed using a 2-D 

gel analysis software (PDQuest 7.1.1; Bio-Rad). One gel with well-resolved protein spots 

was chosen as the master gel.  Background, streaks and other staining artefacts were 

subtracted. Automatic spot detection and matching were followed by manual inspection 

and editing. Spot intensities of each gel were normalised to the total intensity of valid 

spots of that gel. 

In-gel digestion and MALDI-TOF analysis Spots were manually excised from 2-D silver-

stained polyacrylamide gels and in-gel digestion was performed with trypsin as described 
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[17]. Peptides were analysed by MALDI-TOF using a mass spectrometer (QSTAR XL 

quadrupole-TOF; Applied Biosystems, Foster City, CA, USA) located at the University 

of Minnesota Mass Spectrometry Consortium for the Life Sciences. All mass spectra 

were externally calibrated with human angiotensin II tryptic peptides (monoisotopic 

[MH+] 1046.5417) and adrenocorticotropin hormone fragment (monoisotopic [MH+] 

2465.1989). Mass values corresponding to known contaminants (e.g. keratin) and to 

published trypsin autolysis fragments and matrix clusters were removed [19]. 

Monoisotopic peaks were automatically identified (Bioanalyst; Applied Biosystems) and 

verified by manual inspection. Peak lists were submitted to the Mascot search engine 

(http://www.matrixscience.com, accessed 4 March 2008) and searched in the human 

Swiss-Prot database (http://ca.expasy.org/sprot/, accessed 4 March 2008). Enzyme 

specificity was set to trypsin with no missed cleavages, a mass tolerance window of 100 

ppm, carbamidomethyl as a fixed cysteine modification and oxidation of methionine as a 

variable modification. Initial identifications were accepted for spectra with a significant 

molecular weight search (MOWSE) score. Initial identities were confirmed by peptide 

sequencing with tandem mass spectrometry (MS/MS) using a QSTAR XL mass 

spectrometer (Applied Biosystems). The MS/MS spectra were submitted to Mascot set to 

the human Swiss-Prot database with a fragment tolerance window of 0.8 Da, peptide 

tolerance of 1.2 Da and MALDI-QUAD-TOF selected as the instrument. Only MS/MS 

spectra with a significant Mascot score (p<0.05) were considered acceptable. The 

proteins were considered positively identified when the criteria of a significant full-scan 

match and one or more significantly matched peptide sequences were met.  In some 
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instances, a significant score derived from several peptide sequences was considered as 

positive verification (Tables 2 and 3).  

Statistical analysis To determine the number of samples necessary to detect statistically 

significant changes between groups, a power analysis was performed on Flamingo-

stained gels (n=17 control and n=6 diabetic) as previously outlined [15]. Linear 

regression analysis was performed to compare spot density with time from death to 

freezing. Analysis was done for both gel exposure times. The p value for linear regression 

and critical values for correlation coefficient (R) were taken into consideration when 

verifying the significance of the relationship using Origin Lab 7.5 statistical software 

(http://www.originlab.com, accessed 4 March 2008).  

 The normalised intensity values of individual protein spots were compared 

between the two groups by Student’s two-tailed t test for unpaired samples. Values 

outside three interquartile ranges from the 25th and 75th percentiles of the data 

distribution were removed. When the assumption of equal variance (Modified Levene 

Equal-Variance Test) was violated, the Aspin–Welch Unequal Variance Test was used. 

When normality assumptions were not met, data were either transformed to natural log to 

obtain a normal distribution or Kolgomarov–Smirnov nonparametric test was used. The 

results are expressed as mean ± SEM and a value of p< 0.05 was considered statistically 

significant. All statistics were calculated using NCSS statistical software (NCSS 2001; 

Kaysville, UT, USA). 
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 A 3   Results 
Experimental design Demographic and clinical donor information obtained from 

the Minnesota Lions Eye Bank is summarised in Table 1. Donors with clinically evident 

eye disease were excluded from the study. Average time from enucleation to freezing 

(17.7±3.5 h; mean±SD) was not significantly different between the two groups 

(p=0.996).  

 Analysis included 17 and 6 gels from control and diabetic donors, respectively. A 

total of 325 spots were analysed. In some instances, spots were eliminated from analysis, 

if they were not clearly resolved, had artefacts that interfered with density measurements 

or were defined statistically as outliers. However, to be included in the analysis, each spot 

had to be present in a minimum of five samples from the diabetic group and 14 samples 

from the control group. A power analysis based on the average variation in intensity of 

individual spots from 2-D gels indicated that this number was sufficient to detect at least 

a 75% difference in intensity with 80% power and �= 0.05.  

 Linear regression was performed (spot density versus time from death to freezing) 

to evaluate post mortem stability of proteins in our samples. No time-dependent change 

in density was noted for 94% of all spots examined and no change was observed for the 

spots identified in our study. These results confirm that the changes in protein content in 

this study were not due to post mortem protein degradation, but resulted from altered 

protein content due to the disease state.   

Analysis of protein content and protein identification The RPE proteome was 

analysed using 2-D gel electrophoresis and mass spectrometry to identify differences in 

cellular protein content between the diabetic and control groups. A representative 
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Flamingo-stained fluorescent gel is shown in Fig. 1.  A total of 325 spots were analysed. 

There was a significant change in the cellular content of 31 of these with diabetes. Protein 

identity was determined for 18 spots. As shown in Fig. 2, 15 spots were upregulated and 

three were downregulated.  Initial identification of protein spots was done by MALDI-

TOF mass spectrometry peptide mass fingerprinting and confirmed by MS/MS peptide 

sequencing.  Protein identification was based on six or more matching peptides (average 

11, range 6-21), statistically significant MOWSE score (p<0.05) and the sequencing of at 

least one peptide. Since multiple proteins can co-migrate in a single spot, we re-examined 

our MALDI full scans by removing the peptides that matched the identified protein and 

re-searching for peptides from other proteins. This secondary search did not reveal 

additional proteins. 

Overall, the experimental molecular mass and isoelectric point (pI) were similar 

to the theoretical values for each protein, with the exception of cathepsin D (Table 2). 

Spot 6, identified as cathepsin D, migrates at an apparent mass of 31 kDa, but matched to 

a theoretical molecular mass of 45kDa. This protein is initially synthesised as an inactive 

proenzyme (52 kDa) that is subsequently converted into an active intermediate (46 kDa) 

and finally cleaved in the lysosome to generate the mature 31 kDa form [20]. The 

migration of spot 6 is consistent with the theoretical migration of mature cathepsin D 

protein.  

Two proteins that we identified migrated in multiple spots. Aldehyde 

dehydrogenase was identified in two spots (spots 2 and 3) that migrated at a similar 

molecular mass but a different pI, as did protein disulphide-isomerase A3 (spots 12 and 
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13). These findings could reflect post-translational modifications that cause an acidic or 

basic shift in migration for a subset of the protein population.  

Classification of the identified proteins The identified proteins were categorised 

according to their function on the basis of published literature and the Swiss-Prot 

database. The major functional groups include energy metabolism (29%) and chaperones 

(23%). Other functional groups include membrane dynamics (12%), structural proteins 

(6%), protein transport (6%), protein degradation (6%), protein synthesis (6%), retinoid 

metabolism (6%) and oxidoreductases (6%) (Fig. 3).  

 Our list includes proteins residing in different subcellular compartments. The 

majority of proteins were cytoplasmic (59%). Other proteins were identified from the 

mitochondria (aldehyde dehydrogenase, elongation factor Tu, GRP75 and succinyl CoA: 

3-ketoacid-coenzyme A transferase 1), the endoplasmic reticulum (protein disulphide 

isomerase A3), peroxisomes (sterol carrier protein x) and lysosomes (cathepsin D). 

 A 4   Discussion  
In the present study we analysed the RPE proteome in pre-retinopathic, human, 

diabetic donor eyes from an eyebank. Analysis of 325 spots on 2-D gels identified 31 

spots that were either up- or downregulated relative to those from age-matched control 

donors.  The protein identity of eighteen spots was determined by mass spectrometry. A 

majority of altered proteins belonged to two major functional groups, metabolism and 

chaperones, while other affected categories included protein degradation, synthesis and 

transport, oxidoreductases, cytoskeletal structure and retinoid metabolism (Fig. 3). The 

cellular content of approximately 62% of these proteins has previously been reported to 
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change in non-retinal tissues in response to diabetes (Tables 2 and 3), and thus represent 

novel findings for the retina. Because of the unique role of the RPE in supporting the 

photoreceptors and the retinal microenvironment, the pre-clinical changes identified here 

provide our first insights into the early molecular changes that precede diabetic 

retinopathy.  

Donors of our diabetic samples had type 1 or type 2 diabetes as specified by Eye 

Bank records rather than by direct clinical records. Ideally, we would have analysed type 

1 and 2 samples separately.  However, this was not feasible because of the limited 

availability of tissue. If the proteomes of the two groups were significantly different in 

the pre-retinopathic stage, we would have observed a high variability within our diabetic 

group. However, no outliers were detected, in this group suggesting that the proteomes of 

our type 1 and type 2 diabetic donors were comparable at the pre-retinopathic stage. 

The 16 proteins identified herein reflect a conservative estimate, due to our limited 

sample size and the technical constraints of 2-D gels. With our sample size, we were able 

to detect a 75% difference on average, but smaller, physiologically meaningful changes 

may have been undetected. Membrane proteins resolve poorly in the first dimension of a 

2-D gel and are likely to be under-represented in the analysis. Low-abundance proteins 

are often below the detection limit of 2-D gels and would be under-represented in this 

analysis. While the pH range of 5 to 8 was used because it resolved the greatest number 

of spots, proteins outside that range would not have been detected using this 

methodology. Finally, due to constraints with peptide recovery in mass spectrometry, we 
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were unable to identify low-mass spots.  Despite these caveats, this study identified many 

novel diabetes-related changes in the RPE proteome.  

Vascular endothelial growth factor (VEGF) and pigment epithelium-derived 

factor (PEDF), growth factors produced by RPE, are considerably altered in diabetic 

retinopathy [21]. The differential production and secretion of these factors lead to non-

proliferative and proliferative diabetic retinopathy (i.e. leaky vasculature and 

neovascularisation) [21]. No change was detected for either factor in the present study. 

The absence of these two growth factors in our analysis is probably due to technical 

constraints of the 2-D gels and secretion of these growth factors from the RPE into the 

extracellular space. For example, the pI of VEGF-A is 8.5, which is outside the pI range 

of our first dimension (i.e. pI 5-8) and thus would not resolve under our experimental 

conditions. PEDF was detected in previous 2-D analyses but only in extracellular 

fractions such as vitreous [22], suggesting that the intracellular content is not sufficient in 

RPE homogenates for detection in 2-D gels. Consistent with our results, these growth 

factors were not reported in a previous characterisation of the human RPE cellular 

proteome [23].  

To date, biochemical studies of human diabetic retinopathy have been mostly 

limited to analysis of the vitreous [22, 24-26]. These analyses have revealed several 

pathways and factors that provided insight into diabetes-related ocular alterations. For 

example, by measuring levels in the vitreous, several studies have found an imbalance in 

angiogenic (i.e. VEGF-A) and anti-angiogenic (i.e. sol flt-1 receptor, PEDF) factors to be 

present in proliferative diabetic retinopathy [25, 26]. Despite their contributions to an 
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understanding of diabetic retinopathy, several limitations are associated with these 

studies. First, vitreous protein levels are an indirect, secondary measure of intracellular 

events occurring in the retina. Second, vitreous collection usually occurs during a surgical 

procedure at the later stages of retinopathy where early biochemical changes leading to 

pathogenesis may no longer be evident. Third, the vitreous includes a large amount of 

albumin and immunoglobulin that may overlap with small spots or less abundant proteins 

and compromise the utility of 2-D gel analysis. Finally, the cellular origin of many 

vitreous proteins is unclear and may be non-retinal [27]. 

There are several advantages associated with the present study. First, we directly 

analysed retinal proteins from affected human tissue. Second, based on direct clinical 

evaluation, we excluded donor eyes with characteristic diabetic retinopathy and 

exclusively studied pre-retinopathic RPE. Third, our proteomic approach enabled 

simultaneous analysis of over 300 protein spots. Finally, the RPE does not contain 

disproportionately abundant proteins that could otherwise interfere with the resolution of 

a large number of protein spots.    

Of the proteins identified, 29% (Fig. 3) participate in various metabolic pathways 

including glycolysis (phosphoglycerate mutase and gamma-enolase), the citric acid cycle 

(dihydrolipoyl dehydrogenase), lipid metabolism (sterol carrier protein x) and ketolysis 

(succinyl CoA: 3-ketoacid-coenzyme A transferase 1). In other tissues prone to diabetic 

complications, such as liver, kidney and both skeletal and heart muscle, energy 

metabolism is one of the key areas affected [28-32]. However, metabolic changes 

associated with diabetes are tissue-specific. For example, an increase in glycolysis was 
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reported in skeletal muscle from type 1 and type 2 patients [28, 29], while a reduction 

was demonstrated in diabetic heart [30, 33] and in streptozotocin-induced diabetic rat 

retinas after 3 months of disease [34]. Our results indicate that systemic metabolic 

changes observed in other tissues affected by diabetes also occur in the pre-retinopathic 

RPE. These tissue-specific changes may result in loss of RPE functions that subsequently 

impact retinal health and photoreceptor activity.  

Chaperones comprised a second major functional category that was altered in 

diabetic RPE (Fig. 3, Table 2). Chaperones mediate protein folding, defend against 

protein damage and aggregation due to misfolding, assist with translocation of proteins 

across intracellular membranes and stabilise unstable protein conformers [35]. 

Chaperones from multiple subcellular compartments were identified, including 

mitochondria (GRP75 and elongation factor TU), cytosol (heat shock cognate 71) and the 

endoplasmic reticulum (protein disulphide-isomerase A3). Protein disulphide-isomerase 

A3 is a specialised endoplasmic reticulum protein that assists with folding and formation 

of native disulphide bonds in nascent and unfolded proteins [36]. Specific upregulation of 

this chaperone suggests elevated unfolded proteins in the endoplasmic reticulum, which 

is associated with endoplasmic reticulum stress [37]. Numerous studies report the 

presence of endoplasmic reticulum stress in diabetes. For example, endoplasmic 

reticulum stress markers such as BiP, GRP94 and CHOP are elevated in the Akita 

diabetic mouse model [38] and in pancreatic beta cells of type 2 diabetic patients [39].  

Aldehyde dehydrogenase 2, a mitochondrial isoform of the aldehyde dehydrogenase 

family, was increased in our study. It is involved in detoxifying reactive aldehydes 
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produced by lipid peroxidation [40]. Increased content of this protein probably reflects 

increased lipoxidation products in the diabetic RPE. Lipid peroxidation and oxidation of 

glycated proteins are two major mechanisms of protein damage resulting from oxidative 

stress in the diabetic retina [41].  Oxidative stress occurs when the production of 

oxidants, including reactive oxygen species, exceeds the level of antioxidants in the cell 

[42]. Numerous studies have shown elevated reactive oxygen species and impaired 

antioxidant defence in the retina of diabetic animal models and humans, as reviewed [42]. 

Taken together, elevated levels of aldehyde dehydrogenase 2 and chaperones may be a 

compensatory response to oxidative stress in the human pre-retinopathic RPE.  

Some of the major protein categories that were altered in our study, such as 

energy metabolism, chaperones and cytoskeletal proteins [43, 44], overlap with findings 

from other tissues affected by diabetes. However, some proteins altered in the present 

study are completely novel to diabetes, such as proteins involved in retinoid metabolism 

(CRALBP), membrane dynamics (annexin A4, A7) and protein transport (selenium 

binding protein). While the consequences of these changes have yet to be determined, 

they are consistent with the global effect that diabetes has on multiple cellular processes.              

In summary, we compared the human RPE proteome in a pre-retinopathic stage of 

diabetes to age-matched controls using a high-throughput proteomic approach. Our study 

demonstrates that significant biochemical changes take place in the RPE prior to 

clinically evident diabetic retinopathy. It also indicates that changes in metabolic proteins 

parallel those found in other diabetic tissues. Changes in proteins associated with 

oxidative and endoplasmic reticulum stress also suggest protein damage in the pre-
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retinopathic RPE. Given the importance of the RPE in supporting the retinal 

microenvironment, these alterations may be significant in the early pathogenesis of 

diabetic retinopathy. 
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Figure A.1: RPE proteins resolved by 2-D gel electrophoresis. 
 
Representative Flamingo-stained gel (125 μg) indicates identified proteins showing 

altered content with diabetes.  Boxed spots, increased levels; circled spots, decreased 

levels.  The pI range for separation in the first dimension (pH 5-8) is shown at the top. 

The molecular mass standard is labelled in KDa on the left. Numbers correspond to 

density summaries in Fig. A.2 and identified proteins listed in Tables A.2 and A.3 
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Figure A.2: Summary of protein spot density.  
 
Results of densitometry for protein spots that were identified by mass spectrometry and 

demonstrated a significant increase (a, b) or decrease (c) in spot density. Spot numbers 

correspond to those in Fig.A.1 and identified proteins listed in Tables A.2 and A.3. Dark 

grey bars, control; light grey bars, diabetic 
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Figure A.3: Summary of the functional groups for proteins that show altered 
cellular content in pre-retinopathic RPE.  
 
The diagram indicates the relative per cent of proteins associated with each functional 

group 
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Table A.1: Donor demographics 
 

Sex Age (years) 

Group 
Sample 

size Men 
(n) 

Women 
(n) 

Mean Range 
TAD (h) Cause of deatha 

Control 17b 10 8 65+9 52-86 17.8 + 3.7 

Cancer (5), sepsis (7), 
respiratory (3), CVA (1), multi 
organ failure (1), 
cardiomyopathy (1) 

Diabetes 6 3 3 61+10 48-79 17.5 + 3.3 
Cancer (1), sepsis (1), renal 
failure (2), MI (1), multiorgan 
failure (1) 

 
 
Unless otherwise indicated, values are ranges or means±SD 
aThe values in parentheses indicate the number of donors for each cause of death category 
CVA, cerebro-vascular accident; MI, myocardial infarction; TAD, time after death until tissue freezing 
bDiscrepancy between sample size and total number of ‘Cause of death’ and ‘Sex’ is due to the combination of two age-matched donor protein samples for 
loading onto one gel 
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Table A.2: Proteins with increased content in pre-retinopathic RPE 
Average 

ratio 
DM:Ca 

p 
valueb 

Spot 
no.c 

Protein name Accession 
number 
(Swiss-
Protd) 

Sequence 
coverage 

(%) 

Mascot score 
(p value) 

Theoretical 
mol. masse 

 

Observed 
mol. massf 

MS/MS 
peptides 

(n) 

Function 
(Swiss-Prot/ 
PubMedd) 

Altered 
expression 

in DMg 

1.66 
 

0.004 2 Aldehyde dehydrogenase 
mitochondrial precursor 

P05091 29 82 (9.0 E–05) 56859 (6.63) 55000 (6.2) 2 Oxidoreductase [45] 

1.67 
 

0.039 3 Aldehyde dehydrogenase 
mitochondrial precursor 

P05091 42 112 (1.00 E–
07) 

56859 (6.63) 55000 (6.5) 1 Oxidoreductase [45] 

1.60 0.049 4 Annexin A4 
 

P09525 48 83 (8.5 E–05) 35860 (5.84) 34000 (6.2) 2 Membrane 
dynamics 

 

1.75 0.001 5 Annexin A7 
 

P20073 27 58 (0.025) 52991 (5.52) 47000 (6.7) 2 Membrane 
dynamics 

 

5.20 0.0006 1 Beta-actin P60709 23 62 (0.0088) 41710 (5.29) 41000 (5.4) 2 Structural protein [46] 

2.31 0.011 6 Cathepsin D precursor 
 

P07339 30 77 (0.00029) 45037 (6.10) 31000 (5.5) 11 Protease 
(lysosome) 

[47] 

1.83 0.001 7 Cellular retinaldehyde 
binding protein 

P12271 45 87 (3.2 E–05) 39451 (4.98) 39000 (5.4) 5 Retinoid 
metabolism 

 

1.62 0.046 8 Dihydrolipoyl 
dehydrogenase 

P09622 18 55 (0.049) 54686 (7.59) 60000 (7.3) 3h Energy metabolism  

2.03 0.003 9 Elongation factor tu, 
mitochondrial 

 

P49411 44 111 (1.30-07) 49852 (7.26) 45000 (7.0) 1 Chaperone 
(mitochondrial), 
protein synthesis   

[48] 

2.05 0.04 10 GRP75 
 

P38646 27 60 (0.0024) 73635 (5.87) 70000 (5.9) 2 Chaperone 
(mitochondrial) 

[14] 

1.80 0.008 11 Heat shock cognate 71 
kDa protein 

P11142 47 141 (1.30 E-07) 71082 (5.37) 70000 (5.5) 2 Chaperone 
(cytosol) 

 

1.61 
 

0.04 12 Protein disulphide-
isomerase A3 precursor 

P30101 25 77 (0.00029) 56747 (5.98) 58000 (6.1) 4 Chaperone 
(endoplasmic 

reticulum)  

[33, 49] 

1.35 0.013 13 Protein disulphide-
isomerase A3 precursor 

P30101 44 140 (1.6 E-10) 56747 (5.98) 58000 (6.2) 2 Chaperone 
(endoplasmic 

reticulum) 

[33, 49] 

1.80 0.001 14 Selenium binding protein 1 Q13228 25 77 (0.0003) 52907 (6.13) 55000 (6.5) 3h Protein transport  
           

1.81 0.016 15 Sterol carrier protein x P22307 25 58 (0.026) 59640 (6.44) 50000 (6.4) 1 Energy metabolism [31] 
aNormalised intensity values averaged for the identified protein spots were calculated as a ratio (Diabetes : Control), bResults from Student’s t test comparison of diabetic and control samples, cSpot numbers 
correspond to numbers used in Figs A.1 and A. 2, dDatabases containing protein sequence information and journal citations, eTheoretical molecular mass (mol. mass) presented as Da (pI), fObserved approximate 
mol. mass presented as Da (pI), gIn previous reports (see Reference list) of proteins associated with diabetes in tissues other than RPE, hAll sequenced peptides collectively gave a significant match to the protein 
identified. Number of peptides sequenced is listed. 
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Table A.3: Proteins with decreased content in pre-retinopathic RPE 
Average 

ratio 
DM:Ca 

p 
valueb 

Spot no.c Protein name Accession 
number 
(Swiss-
Protd) 

Sequence 
coverage 

(%) 

Mascot score 
(p value) 

Theoretical 
mol. mass, Da 

(pI)e 
 

Observed 
mol. mass, Da 

(pI)f 

MS/MS 
peptides 

(n) 

 Function 
(Swiss-Prot/ 
PubMedd) 

Altered 
expression 

in DMg 

0.53 0.006 16 Gamma enolase P09104 40 106 (3.9E–07) 47,239 (4.91) 47,000 (5.2) 2 Energy metabolism [22] 

0.58 0.026 17 Phosphoglycerate mutase 1 P18669 47 82 (9.40E–05) 28,900 (6.67) 28,000 (7.5) 2 Energy metabolism [26] 

0.64 0.038 18 
Succinyl CoA: 3-ketoacid 

coenzyme A 
P55809 22 56 (0.040) 56,122 (7.14) 58,000 (6.8) 1 Energy metabolism [50] 

 
 

aNormalised intensity values averaged for the identified protein spots were calculated as a ratio (Diabetes : Control) 
bResults from Student’s t test comparison of diabetic and control samples 
cSpot numbers correspond to numbers used in Fig 1 and  2 
dDatabases containing protein sequence information and journal citations 
eTheoretical molecular mass (mol. mass) presented as Da (pI) 
fObserved approximate mol. mass presented as Da (pI) 
gIn previous reports (see Reference list) of proteins associated with diabetes in tissues other than RPE  
C, control; DM, diabetes mellitus  
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