
1 

University of Southampton Research Repository 

Copyright © and Moral Rights for this thesis and, where applicable, any accompanying data are 

retained by the author and/or other copyright owners. A copy can be downloaded for personal 

non-commercial research or study, without prior permission or charge. This thesis and the 

accompanying data cannot be reproduced or quoted extensively from without first obtaining 

permission in writing from the copyright holder/s. The content of the thesis and accompanying 

research data (where applicable) must not be changed in any way or sold commercially in any 

format or medium without the formal permission of the copyright holder/s.  

When referring to this thesis and any accompanying data, full bibliographic details must be given, 

e.g.  

Thesis: Author (Year of Submission) "Full thesis title", University of Southampton, name of the 

University Faculty or School or Department, PhD Thesis, pagination.  

Data: Author (Year) Title. URI [dataset] 

 



2 

UNIVERSITY OF SOUTHAMPTON 

FACULTY OF MEDICINE 

Clinical and Experimental Science 

 

The role of high-fat diet and oxidative stress in driving the structural and 
functional deficits associated with Age-related Macular Degeneration 

 

By 

Eloise Elizabeth Keeling, BSc (Hons) 

Thesis for the degree of Doctor of Philosophy 

February 2019 



3 

University of Southampton 

ABSTRACT 
FACULTY OF MEDICINE 

Clinical and Experimental Sciences 

Thesis for the degree of Doctor of Philosophy 

The role of high-fat diet and oxidative stress in driving the structural and 
functional deficits associated with Age-related Macular Degeneration 

Eloise Elizabeth Keeling 

Age-related Macular Degeneration (AMD) is the leading cause of irreversible blindness in 
the developed world. Current treatments are only suitable for a proportion of patients and 
are usually ineffective in the long-term. This is partially due to an incomplete understanding 
of the underlying aetiologies that drive pathology in the Retinal Pigment Epithelium (RPE) 
and adjacent tissues of the outer retina. Many risk factors for AMD, including consumption 
of a high fat diet (HFD), increase oxidative stress in the retina. I studied the link between a 
HFD and structural changes to the tissues in the outer retina. Next, I investigated how these 
pathogenic changes could cause disease phenotypes in the RPE at a single cell resolution. 

To achieve these objectives, I used serial block-face scanning electron microscopy 
(SBSEM) to study healthy tissues in the mouse outer retina. An entire patch of RPE and 
overlying photoreceptors were reconstructed in 3D, and comparisons were made between 
mono-nucleate and bi-nucleate RPE cells, of which the latter is associated with early AMD. 
This novel approach provided new data on the structure and arrangement of RPE and 
photoreceptors, as well as their relationship to each other. 3D approaches have not been 
extensively used before, thus we have gained new types of structural information on these 
tissues. In mice fed a HFD, I used conventional TEM alongside confocal 
immunofluorescence imaging to study the pathogenic changes in tissues of the outer retina. 
Detailed studies of HFD mouse eyes have not been carried out to this extent before. My 
findings revealed HFD-induced changes to the structure of outer retinal tissues, showing 
the effects of an unhealthy diet and oxidative stress in living eyes. Next, my work delved 
into these pathogenic mechanisms at single-cell resolution. A HFD is associated with 
oxidative stress and impaired acidification of intracellular compartments in the lysosomal-
autophagy pathway. Using confocal-immunofluorescence microscopy and conventional 
TEM, I studied how these insults impaired the trafficking of photoreceptor outer segments 
(POS) in cultured RPE cells. My discoveries reveal the trafficking and breakdown of POS 
cargos in early and late endosomes/ phagosomes, and their eventual transport to 
lysosomes and autophagy bodies in healthy RPE cells. My data also provides novel 
mechanistic insights into how HFD associated oxidative stress and impaired acidification 
alters POS trafficking, potentially contributing to early stages of RPE pathology. Notably, it 
appears that damage may be confined to only a proportion of RPE lysosomes, suggesting 
that at least some compartments in the endo-lysosomal pathway remains functional, even 
in diseased cells. 

Collectively, my work has revealed novel structural and functional insights into pathogenic 
mechanism in the RPE and adjacent tissues of the outer retina, which could significantly 
influence the way in which disease processes in the aging retina are understood. Such 
insights are critical if effective treatments against AMD are to be devised in the future 
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GA  Geographic Atrophy 
HBSS Hank’s Buffered Saline Solution 
HFD  High-fat Diet 
HLA  Human Leukocyte Antigen 
HO-1  Heme Oxygenase-1  
H&E  Haemotoxylin & Eoisin 
H2O2  Hydrogen Peroxide 
ICL  Inner Collagenous Layer 
ILV  Intraluminal Vesicle  
INL  Inner Nuclear Layer 
IPL  Inner Plexiform Layer 
LAMP  Lysosome Associated Membrane Protein 
LAP  LC3-associated Phagocytosis 
LE  Late Endosome 
LSD  Lysosomal Storage Disease 
mAb  Monoclonal Antibody  
MerTK Tyrosine Kinase c-mer 
mTORC  Mechanistic Target of Rapamycin Complex 
MVB  Multi-vesicular Bodies  
NADH Nicotinamide Adenine Dinucleotide 
OCL  Outer Collagenous Layer  
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OCT  Optical Coherence Tomography 
OCT  Optimal Cutting Temperature Medium 
ONL  Outer Nuclear Layer 
OPL  Outer Plexiform Layer 
P  Passage Number 
pAb  Polyclonal Antibody 
PBS  Phosphate Buffered Solution 
PD  Parkinson’s Disease 
PEDF Pigment Epithelium-Derived Factor 
PFA  Paraformaldehyde 
PIPES Piperazine-N, N’-bis  
PI3 Kinase Phosphoinositide-3-Kinase 
POS  Photoreceptor Outer Segments 
PR  Photoreceptors 
RGC  Retinal Ganglion Cells 
ROI  Region of Interest 
ROS  Reactive Oxygen Species 
RPE  Retinal Pigment Epithelium 
SBSEM Serial Block-face Scanning Electron Microscope 
SD  Standard Deviation 
SEM  Scanning Electron Microscope 
SFD  Sorsby’s Fundus Dystrophy 
TCA  Tricarboxylic Acid 
TEM  Transmission Electron Microscopy 
TIMP-3 Tissue Inhibitor of Metalloproteinase-3 
UP  Ubiquitin Proteasome 
VEGF Vascular Endothelial Growth Factor  
WT  Wild-type 
ZO  Zonula Occludens 
2D  Two dimensional 
3D  Three dimensional 
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 Introduction 

 General Introduction 

The visual system is an extraordinary evolutionary adaptation. Much of what we learn about 

the world is learnt through seeing. A single glance is sufficient to describe the location, size, 

shape, colour, and texture of objects and, if objects are moving, their direction and speed. 

Remarkably this complex sensory process allows for sight across a wide range of stimulus 

intensities, from the faint light of stars at night through to vision in bright sunlight. Sight is 

common to most animals: from the simple pit eye of a flatworm to the highly sophisticated 

arthropod compound eye, and the single-chambered eyes of vertebrates1. 

Interestingly, ocular structures are conserved across distinct phylogenetic lineages despite 

phenotypic, genetic and behavioural differences2. This highlights the obvious evolutionary 

advantage that vision provides. This is further illustrated by species-specialised visionary 

adaptations to suit an animals’ specific environment. For example, herbivores exhibit a large 

field of view to increase predatory awareness3, while birds possess a dual fovea as well as 

a thicker lens to detect prey from high altitudes4. Even ‘blind’ animals such as the mole rat 

whose eyes are thought to be non-functional, rely on light detection for circadian rhythm 

regulation5. Such diversity in the visual system highlights its plasticity and importance for 

survival. 

Of all the senses, vision is the most versatile, allowing animals to navigate through their 

environment, find food, and increase awareness of danger. Eyesight allows for recognition 

of other individuals and communication by gesture and expression. Given this, the visual 

ability has become essential for basic human behaviour and social interaction. It is therefore 

unsurprising that blindness and impaired vision are among the most feared medical 

conditions after cancer and cardiovascular disease6. This is particularly concerning for 

patients with Age-related Macular Degeneration (AMD), the most common cause of 

irreversible blindness in the developed world7. This chronic blinding disease causes the loss 

of central vision and impairs the performance of routine daily tasks such as recognising 

faces, reading and driving. It also imposes a significant burden, both financially and 

emotionally, on the patient and their families. Despite the high prevalence of AMD, there is 

currently no effective treatment for this debilitating disease. This is largely due to an 

incomplete understanding of the molecular mechanisms underlying this complex disease. 

Gradual degeneration and atrophy of a monolayer of cells in the retina called the Retinal 

Pigment Epithelium (RPE) appears to be integral to the disease process. In AMD, RPE 

pathology is focused within the macula, the region of the retina responsible for high visual 
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acuity. The degradation of the RPE layer appears to result in secondary deterioration of 

photoreceptors, ultimately leading to vision loss. As mentioned previously, AMD is a 

multifactorial disease driven by genetic and non-genetic risk factors. Recent advances have 

led to a better understanding of genetic risk factors. Other risk factors, which are less well 

studied, include the consumption of an unhealthy high fat and cholesterol enriched diet 

(commonly referred to as a western style diet). 

Current knowledge of retinal structure is derived from 2D imaging techniques which were 

utilised in studies as far back as 19318. More recently, advances in imaging technologies 

have allowed cells to be imaged in 3D for the first time, which has led to some exciting 

discoveries9. However 3D imaging techniques have not been performed wholescale on the 

delicate tissue of the outer retina, and therefore there is a lack of understanding of the 3D 

ultrastructure of these layers, including the RPE.  

The themes explored in this thesis include the novel use of 3D imaging technology to study 

the tissues of the outer retina, and in particular the RPE monolayer. We also studied how 

an unhealthy diet rich in high-fat could trigger pathology in mouse eyes. Finally, we delved 

into studying AMD disease pathways at the level of single cells. We explored how oxidative 

stress and impaired acidification of intracellular compartments, which are caused by a high 

fat diet (HFD), could bring about early RPE pathology. In order to provide a context for this 

work, we first discuss the anatomy of the eye, retinal function as well as structures affected 

by AMD. 

.
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 Structure of the Eye 

The eye is a spherical fluid filled outgrowth of the brain enclosed by three layers of tissue, 

as shown in Figure 1. The outermost layer is known as the sclera which is composed of 

tough white fibrous tissue10. Towards the front of the eye, this outer layer merges into the 

cornea; a specialised and transparent tissue that permits entry of light into the eye11. After 

the light passes through the cornea, it travels through two distinct fluid compartments before 

reaching the retina. The first fluid compartment lies immediately behind the cornea. The 

aqueous humour is a clear, watery liquid which supplies nutrients to both the cornea and 

the underlying lens. Behind the lens lies the vitreous humour, which accounts for 

approximately 80% of eye volume. The vitreous is typically thick and gelatinous in the young 

and is responsible for maintaining the shape of the eye, as well as removing blood or debris 

that might interfere with the efficient transmission of light12. The inner layer is the retina, 

which detects light from external sources and converts it into a neural signal. These 

electrical messengers are transmitted via the optic nerve to the visual cortex in the brain 

where it is processed. The middle layer, which lies between the sensory neuroretina and 

the sclera, is the vascular choroid13; a rich capillary bed that nourishes tissues of the outer 

retina with nutrients and oxygen whilst removing metabolic waste14 [Fig. 1]. Extending from 

the choroid is the ciliary body which structurally encircles the lens and adjusts its refractive 

power. The iris, visible through the cornea, is attached to the ciliary body and has an 

opening in its centre known as the pupil [Fig. 1], the size of which can be adjusted to 

compensate for differing light levels11.  
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Figure 1: The anatomy of the human eye.  
A diagram showing the anatomical structure of the human eye. The cornea and the sclera form the 
outer most layers of the eye and maintain the structural architecture in conjunction with the aqueous 
and vitreous humour. The choroid overlies the sclera and supplies the overlying neural retina with 
blood and nutrients that are essential to maintaining its health and function. The pupil and lens lie at 
the front of the eye and focus the light onto the retina. This can be finely tuned by the iris and ciliary 
body which contain muscles that are capable of controlling the pupil diameter, lens shape and 
refractive index. The retina converts the visual signal into a neural signal which is transmitted to the 
visual cortex via the optic nerve.   
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 Structure of the Retina 

The only part of the eye to contain neurons capable of converting light into electrical signals 

and transmit them to the brain is the retina [Figure 2]. The retina is composed of 3 layers of 

neurons, the innermost of which are the retinal ganglion cells (RGCs) followed by bipolar 

cells and finally the photoreceptor layer which constitute part of the outer retina. Amacrine 

cells lie between the RGCs and bipolar cells, where the inner plexiform layer is found. The 

outer plexiform layer, between the bipolar cells and photoreceptors, is the site of horizontal 

cells11. Light sensitive pigments in the photoreceptors, referred to as rhodopsin and opsin, 

detect light from external sources. Light is converted from graded electrical signals into an 

action potential by the bipolar and ganglion cells. The neural signal travels via axons in the 

optic nerve to the visual cortex, located in the occipital cortex of the brain13, where they are 

processed. The primary role of the amacrine cells is to mediate the transmission of neural 

signals between the RGCs and bipolar cells, whilst the bipolar cells and photoreceptors are 

mediated by the horizontal cells11. 

There are two types of photoreceptors, known as rods and cones, which have separate and 

distinct roles. In humans, rod photoreceptors contribute 95% of entire photoreceptor 

numbers15. Rods express the photo-pigment rhodopsin and are responsible for low light 

visibility (scotopic vision) which can be activated by just a single photon of light15-18. Cones, 

which constitute the remaining 5%15, have a larger surface area allowing for more efficient 

photo-transduction and are thus responsible for high acuity photopic vision under high or 

normal light levels11. Cones, by contrast, express the photopigment opsin which confers 

sensitivity to different wavelengths to allow perception of colour11.  

Both types of photoreceptors are comprised of inner and outer segments. The inner 

segments are composed of the nucleus and the cell cytoplasm. whilst the outer segments 

are made up of discs which contain the light-sensitive photopigment11,15. Due to constant 

light exposure, the visual pigment in the photoreceptor outer segments (POS) are rapidly 

consumed, and therefore the distal 10% of POS are phagocytosed and renewed daily by 

the underlying Retinal Pigment Epithelium (RPE)19 (see section 1.9.5). The RPE is a 

monolayer of post-mitotic cells derived from the neuroectoderm and lies intimately 

associated with the overlying photoreceptors [Fig. 2]. Located directly beneath and 

supporting the RPE is a pentalaminar structure known as Bruch’s membrane (BrM). 

Together RPE and BrM form the outer blood-retinal-barrier (BRB), equivalent to the blood-

brain-barrier (BBB), which helps to maintain the immune-privileged state of the retina20. 

Underlying BrM is the choroid which supplies the overlying neural retina with blood and 

nutrients13 (discussed in Chapter 1.2). 

 



 Chapter 1 

25 

 
Figure 2: Structure of the retina. 
A diagram showing the anatomical structure of the retina. The most direct route of transmission of 
visual signals occurs along a three-neuron chain comprising of the photoreceptors, bipolar cells and 
retinal ganglion cells. The amacrine, muller, and horizontal cells mediate the interactions of this chain 
to allow for more efficient processing of visual signals.  
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 The Macula 

The macula is an area of 3mm in diameter located in the centre of the retina where it is 

responsible for high acuity vision13 (i.e. the ability to resolve fine details). In the centre of the 

macular lies the fovea, a small pit in the retina which is the only part of the eye able to 

provide 20/20 vision21– the highest acuity possible. This is largely due to the fovea having 

a high density of cones compared to the rest of the eye13, with the central 300µm of this 

depression exhibiting a complete absence of rods11. To achieve this higher density, the 

diameter of the cones is reduced in comparison to those found in the peripheral eye16,22. 

Displacement of the inner retina within the fovea, causing the foveal pit, ensures minimal 

obstruction to create a clear image from the fovea11. There is an absence of inner retinal 

blood vessels, which causes the retina within the macular to be highly reliant on the choroid 

and RPE for the supply of nutrients and oxygen11. In this region, RPE cells are reported to 

be at their highest density23. This is the region of the retina that is affected by degenerative 

diseases such as AMD.
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 Age-related Macular Degeneration 

AMD is the leading cause of irreversible blindness in the developed world13, affecting over 

half a million individuals in the UK alone (Source: Macular Society) and 50 million people 

worldwide24. It is a late-onset neurodegenerative disease of the macula, leading to profound 

and debilitating central vision loss13,25; causing patients to become unable to perform simple 

daily activities such as reading, driving or recognising faces. The vision of someone with 

AMD is represented in Figure 3.  AMD is associated with a loss of independence26, 

decreased quality of life27 and often leads to depression28. There are high incidence rates 

of AMD, where 1/3 individuals show symptoms by their 7th decade of life29. Due to this, there 

is a significant health burden involved with global costs reaching US$255billion per 

annum13. The disease incidence, as well as the associated costs of treatments and care of 

patients, will inevitably rise given the world’s ageing demographics. Current trends predict 

a three-fold increase in global AMD cases within the next 20 years29. A number of studies 

have shown that AMD has a higher prevalence in Caucasian populations compared to 

individuals with African, Asian or Hispanic origin13,30. Some studies have also shown that 

women have a higher risk of developing AMD13. However this could be explained by an 

increase in average life expectancy compared to men. 

 Phenotypes of AMD 

Since it was first described by Nettleship in 188425, AMD has been well characterised 

clinically and can be categorised into early and late stage disease. Clinical symptoms and 

different pathologies are used to classify disease stages using one of many grading systems 

including Wisconsin Age-related Maculopathy, Chesapeake Bay Waterlam and Age-related 

eye disease study (AREDS) scales31. The most commonly used is AREDS grading system 

which categorises patients into a nine-step severity scale upon visual examination of fundus 

images taken in clinics32, examples of which are shown in Figure 4. Early stage AMD is 

often asymptomatic13 and thus hard to diagnose. Occasionally AMD is detected as an 

incidental finding on a routine optometrist check-up, whilst the majority of diagnoses come 

from self-reported vision loss, by which point disease may have progressed to more 

advanced stages. This means that AMD is frequently under diagnosed13. Occasionally 

macular degeneration occurs in much younger individuals. The most common form of 

juvenile macular degeneration is the autosomal recessive disease known as Stargardt 

disease. Patients are usually diagnosed before they reach 20, and are often registered as 

legally blind before they reach 50. Genetic risk factors, such as a mutation in TIMP3 in 

Stargardt’s disease are powerful drivers of disease phenotypes. 
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Figure 3: Visual impairment in Age-related macular degeneration.  
Diagram representing the characteristic appearance of the visual field of healthy eyes with normal 
vision and eyes with age-related macular degeneration. The blurred region in the centre of the image 
is caused by RPE and photoreceptor loss in the macular region. Image source: 
http://thelensmen.squarespace.com/whats-new/2015/9/3/blue-light-may-cost-you-your-
sight. 
 

 
Figure 4: Fundus images showing different AMD stages.  
[A] Funduscopy image of a representative healthy retina as viewed through an ophthalmoscope. The 
macula is denoted by a yellow circle. [B] The appearance of macular drusen (yellow-white spots) is 
considered to be the first clinical hallmark of AMD. [C] Disease may progress to Geographic Atrophy 
(GA) AMD in which there is atrophy of RPE and overlying photoreceptors resulting in a macular 
lesion (yellow circle), or [D] neovascular (nv) AMD in which invasive/leaky choroidal vessels cause 
a haemorrhage (yellow arrows) which results in retinal damage. Adapted from Lynn SA et al. Neural 
Regeneration Research 2017;12(4):538.   

http://thelensmen.squarespace.com/whats-new/2015/9/3/blue-light-may-cost-you-your-sight
http://thelensmen.squarespace.com/whats-new/2015/9/3/blue-light-may-cost-you-your-sight
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1.5.1.1 Late AMD 

Late stages of AMD are subcategorised into geographic atrophy (GA), or dry AMD, and 

neovascular (NV) AMD, which is more commonly known as wet AMD. GA AMD develops 

more gradually to NV AMD and is often quoted as being the most prevalent form of late-

stage AMD, reaching an incidence of 90% of all cases13. However, this estimate is based 

on combining all early AMD cases with the number of GA patients. When only sight-

threatening late-stage forms are considered, GA AMD and NV AMD have comparable 

frequencies of incidence7.   

1.5.1.2 Geographic atrophy AMD 

The progressive loss of RPE cells eventually leads to large areas of atrophy known as a 

GA lesion. These lesions are easily distinguishable, and appear as large, pale areas on a 

fundoscopy image31 [Fig. 4C]. In these regions, the underlying choroid may be more visible 

due to death of the overlying RPE and photoreceptors. Gradual damage to patches of RPE 

cells in the macula results in compromised functions, including incomplete degradation of 

overlying POS (discussed in section 1.9.7.4). Other hallmarks of GA include RPE 

hypopigmentation, hypertrophy and hyperpigmentation. These insults to the RPE 

monolayer progress to cause RPE atrophy and irreversible damage to overlying 

photoreceptors, as well as choroidal atrophy in some instances34. RPE cells may also 

proliferate in areas adjacent to RPE and photoreceptor damage or atrophy35. Some patients 

with GA AMD can retain normal vision, however severe cases of GA often lead to registered 

blindness31. There are currently no available treatments for GA AMD, which reflects our 

limited understanding of disease mechanisms at the tissue and cellular levels.  

1.5.1.3 Neovascular AMD  

Neovascular AMD, also known as choroidal neovascularisation (CNV) is characterised by 

the formation of abnormal and leaky blood vessels from the choroid. These new blood 

vessels grow through the blood-retinal barrier (BRB) extending into subretinal space13, a 

process which compromises the immune-privileged retinal environment. These nascent 

vessels leak exudates underneath the RPE, resulting in swelling and scarring of the 

macular31. The activities of new/leaky vessels appear to be regulated by the vascular 

endothelial growth factor (VEGF), the upregulation of which is typical in  NV AMD13. Hence 

the use of intravitreally delivered anti-VEGF injections as the mainstay of current treatment 

for vascular AMD patients. Anti-VEGF injections available on the National Health Service 

include ranibizumab (Lucentis) and aflibercept (Eylea)36. Ranibizumab is a recombinant 

human monoclonal antibody fragment which targets the VEGFA receptor binding site. 

Aflibercept, a human recombinant fusion protein, binds to both the VEGF receptor 1 and 2. 

Both function to sequester endogenous VEGF activity by binding with high affinity to the 
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VEGF receptors, alleviating VEGF-driven pathologies37. However, treatment involves 

multiple injections to the eye which in themselves are unpleasant, and are also associated 

with a number of side effects including increased intraocular pressure, bleeding and 

inflammation within the eye38,39. Furthermore, initial visual gains are almost impossible to 

maintain. Prolonged treatment with anti-VEGF injections can cause damage to the 

remaining retina, which results in an unexpected switch to the GA form of the disease40,41. 

This highlights the importance of understanding disease aetiology to develop more effective 

treatments that prevent or arrest disease in earlier stages. 

 Pathology of AMD 

AMD is a complex, multi-factorial disease which develops after a number of risk factors 

cause a ‘disease threshold’ to be exceeded. This may also be based on an individual’s 

repair and regenerative capabilities13. Risks include age42, genetics6, environmental factors 

such as smoking43 and an unhealthy ‘western-style’ diet44-46, and biological factors such as 

drusen formation14,47-50, oxidative damage51-56, and lipofuscin accumulation13,57-61. Drusen is 

a key hallmark of AMD and will be discussed in more detail in subsequent chapters. The 

role of genetics in AMD has been well studied. Rare as well as common genetic risk factors 

have now been largely identified to which work carried out in Southampton has contributed 

substantially62,63. One of the most common genes associated with AMD is the coding variant 

Y402H in the complement factor H (CFH) gene which is thought to increase the risk of AMD 

by 5 fold64. This highlights the important role of the complement pathway in AMD pathology. 

Other genetic risk factors such as mutations in fibrillin which alter the barrier properties of 

BrM65, and human leukocyte antigen (HLA) which alters the immune properties of the 

choroid66 have also been identified. Thus far, however, the molecular and biochemical 

consequences of many risk genes and how they alter tissues of the outer retina are yet to 

be fully understood. As previously mentioned, non-genetic and environmental risk factors 

such as smoking, and nutrition can also drive disease pathologies in a senescent retina. 

However, the extent to which these exogenous factors influence retinal damage also 

remains to be established. These external risks may influence disease in conjunction with 

an individual’s genetic background to add a further level of complexity to AMD. For example, 

some genes such as CETP, ABCA1 and ApoE cause deposition of cholesterol in the retinas. 

These genes correlate with disease progression but not the exact amounts of cholesterol 

deposited in the retina of an individual carrying one of these mutations. Therefore the 

genetic influences of cholesterol deposition may be modified by the individual’s diet 67. The 

accumulation of Amyloid-beta (Aβ) is another risk factor and is the focus of much research 

in our lab67,68. Aβ is a family of misfolded proteins associated with many neurodegenerative 

diseases including Alzheimer’s Disease (AD)42,69. Aβ is secreted extracellularly from 

neurons after being sequentially cleaved from the ubiquitously expressed amyloid precursor 
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protein (APP)70,71.  The healthy retina is constitutively exposed to Aβ, which has been shown 

to be synthesised within the retinal environment, namely in the RPE and RGCs72,73. The 

highly phototoxic environment of the human retina provides ideal conditions for Aβ 

accumulation. Hence Aβ deposition is a part of the normal ageing process in both humans 

and in laboratory animal models74-76. In AMD, Aβ is deposited in multiple locations 

throughout the retina, including in POS and as a major component of drusen where it 

accumulates as amyloid vesicles75. The mechanisms by which Aβ exerts its effects are 

largely unknown. One hypothesis is that other risk factors exacerbate Aβ pathology in the 

eye. These risk factors may be genetic as well as epigenetic, such as diet. This apparent 

increase in Aβ exposure and deposition with aging and disease are likely to exert toxic 

effects on the RPE and the photoreceptors42. 
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 High-fat diet as a risk factor for AMD 

There is a growing awareness of the importance of nutrition and its links with AMD. In the 

western world it is reported that males and females consume 30% more fat than is 

recommended77. A diet containing high levels of particular fats including trans-fatty acid, 

saturated fats and omega six fatty acids cause a two-fold increase in AMD prevalence, 

whereas consumption of monosaturated fats has been shown to be protective of AMD78. 

Three different studies have identified positive associations with some dietary fats and 

AMD46,79,80. Dietary information from the Eye Disease Case-Control Study (EDCCS) 

showed higher intake of specific fats, including vegetable monounsaturated and 

polyunsaturated fats, and linoleic acid were positively associated with NV-AMD. However, 

diets high in omega three fatty acid and fish were protective44. Analysis of longitudinal 

studies shows total fat intake positively correlated with AMD risk and further corroborated 

that fish consumption was beneficial in protecting against AMD46. These findings suggest 

there is a relationship between the intake of a high fat diet (HFD) and risk of AMD. This link 

is also consistent with a correlation between cardiovascular disease and AMD80. Studies 

have shown that individuals consuming lower macronutrients, including DHA, lutein, 

zeaxanthin carotenoids and zinc are also more at risk of developing AMD compared to 

those consuming higher amounts of these trace nutrients81. Hence, some AMD patients are 

prescribed anti-oxidants and zinc supplements82.Nonetheless, how lack of macronutrients 

trigger disease at the molecular level is still poorly understood83. Intake of a western style 

diet is associated with the increased accumulation and deposition of lipids and cholesterol, 

as well as dysfunctional clearance mechanisms and chronic inflammation84. The 

consumption of such fats is also thought to increase AMD risk via the oxidative stress 

pathway85,86 by directly enhancing ROS generation87. In addition, a high-fat diet causes 

more substrates to enter into mitochondrial respiration. Subsequently, the number of 

electrons moving into the electron transport chain will increase. This causes an excess of 

electrons to be produced, which are free to react with molecular oxygen producing high 

levels of superoxide88.  

 Oxidative stress and damage to the RPE and associated tissues of the 
outer retina 

Oxidative stress was first defined by Helmut Sies as being an imbalance between the anti-

oxidant defence system of the cell and the intracellular levels of harmful reactive oxygen 

species (ROS)89,90. Since then it has gained increasing recognition and is now considered 

to be a major pathogenic pathway in age-related and degenerative diseases such as AD, 

atherosclerosis and cancer91-95. In the eye specifically, oxidative stress has been found to 
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contribute in many common ophthalmic disorders including AMD, cataracts, glaucoma and 

diabetic retinopathy54-56,85,86,96,97. 

Chemically, oxidation refers to the removal of electrons while reduction describes the gain 

of electrons90. A series of reactions known as the tricarboxylic acid (TCA) cycle is 

responsible for most of the oxidation of ingested carbohydrates, proteins and lipids. The 

energy produced is conserved in the form of the reduced electron-accepting coenzymes, 

NADH and FAD(2H)98. The electrons of these coenzymes can be used to reduce oxygen 

(O2) to H2O via the energy transport chain, and this reaction releases energy for the 

conversion of adenosine diphosphate (ADP) to adenosine triphosphate (ATP) in a process 

known as oxidative phosphorylation. This occurs in the mitochondria and is catalysed by 

ATP synthase99. The electron transport chain accounts for 90% of our total O2 consumption, 

the remainder being utilised by reactions involving oxidases and oxygenases86. Reactive 

oxygen species (ROS) is an umbrella term that describes free radicals (which contain one 

or more unpaired electrons), hydrogen peroxide (H2O2), or singlet oxygen, both of which 

contain no unpaired electrons but are in an unstable, reactive state100,101. In the cell, ROS 

continually leak from the active sites of enzymes involved in oxidative processes by 

interacting with O2 and other compounds86. To achieve a stable state or homeostasis, ROS 

extract electrons from other molecules, which are themselves then rendered unstable, 

resulting in a cytotoxic oxidative chain reaction102. H2O2, although containing no unpaired 

electrons, participates in the Fenton reaction, producing a highly toxic hydroxyl free 

radical98. Carbohydrates, membrane lipids, proteins and nucleic acids are all vulnerable to 

damage caused by ROS99,101,103, and this damage is believed to contribute to the 

pathogenesis of many diseases including diabetes, cancer, Parkinson’s disease and 

AMD56,91,95,97,99,103,104.  

The retina is an ideal environment for the generation of ROS for many reasons. Firstly, 

oxygen consumption by the retina is much greater than by any other tissue105,106. Secondly, 

the retina is subject to high levels of irradiation. Photochemical retinal injury was first 

described by Ham et al. when 20 rhesus monkey retinas were exposed to blue light (411nm) 

for 1000 seconds and showed considerable pathological damage107. This pathology 

resembled changes seen in AMD, including damage to the POS, cellular proliferation, and 

hypopigmentation of the RPE. These findings have been corroborated many times108-110. It 

has been shown that retinal light damage induces the expression of the anti-oxidative stress 

protein heme oxygenase-1 (HO-1)111, highlighting the putative involvement of oxidative 

stress in retinal light damage. Thirdly, POS are rich in polyunsaturated fatty acids, which 

are readily oxidised and can initiate a cytotoxic chain-reaction112-114. Fourthly, the 

neurosensory retina and the RPE contain an abundance of photosensitisers or 

chromophores115. Chromophores are molecules that absorb light to produce a chemical 
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reaction that would not occur in their absence, causing photochemical damage. In the 

retina, these include rhodopsin, melanin, lipofuscin and mitochondrial respiratory enzymes 

such as cytochrome c oxidase115,116.  Finally, the process of POS phagocytosis by the RPE 

(discussed in chapter 1.9.5) itself causes oxidative stress and results in the generation of 

ROS, including H2O2117-120.  

ROS play an important role in the regulation of many physiological processes involved in 

intracellular signalling121, but they can also induce serious damage to molecules; thus, cells 

have adopted many mechanisms to help protect against the effects of oxygen toxicity. 

These include cellular compartmentalisation, repair, enzymatic removal of ROS, and 

‘scavenging’ of free radicals by vitamins (including aforementioned micronutrients and trace 

elements) and antioxidant compounds such as melanin53,94. However, stimuli such as 

irradiation, ageing, inflammation, high-fat diet, and cigarette smoke are known to increase 

the production of ROS51,85,122-124. Increases in ROS render the cell unable to cope with the 

level of oxidative stress, which is when irreversible damage can occur. Since the RPE 

monolayer is post mitotic125, these cells are unable to repair any damage and are therefore 

particularly vulnerable to oxidative stress-induced pathology.  Although the RPE is the main 

site of early damage in a  majority of AMD patients, it is important to note that in some cases 

primary damage may instead occur in photoreceptors126 or the choroid127. This complexity 

makes AMD a difficult disease to study. Nonetheless, the RPE layer remains the focus of 

many studies, including in this thesis. 

 



 Chapter 1 

35 

 The structure of the Retinal Pigment Epithelium  

The RPE is a monolayer of hexocuboidal pigmented epithelial cells which form a barrier 

between the overlying photoreceptors in the neural retina and the underlying choroid128 [Fig. 

2]. The RPE is highly morphologically specialised [Fig. 5] in order to aid its many functions, 

which are further described in section 1.8. The morphological specialisation of RPE are in 

part due to its highly polarised nature. As shown in Figure 5, apically RPE cells have long 

protruding microvilli which extend into and surround the distal tips of the photoreceptors129 

enabling fast and efficient engulfment of shed POS. These microvilli are thought to increase 

the surface area of the RPE by 30-fold130. Microvilli are approximately 5-7µm in length  

however often the length of the POS cloaked by the microvilli is larger for rods than for 

cones131. On the basal surface of  RPE cells, there are highly convoluted invaginations 

which increase the surface area for metabolite and nutrient exchange between the choroid 

and the RPE/retina132 . These can be observed in TEM cross-sections of the mouse outer 

retina I have prepared and shown in figure 5. Additionally, regional variation in the structure 

and physiology of the RPE monolayer has been well documented and is likely to reflect the 

functional demands from the overlying retina as well as the underlying choroid. For instance, 

in the periphery, RPE cells are short and elongated measuring up to 60µm in diameter. 

Whereas in the macular region, the RPE cells are narrower and taller, measuring 14µm in 

diameter133. The shape of RPE cells in the macula also become more disorganised and 

irregular132. RPE cells contain many organelles, such as mitochondria and 

endocytic/membrane-bound vesicles which reflects the high metabolic activity of these 

cells134. Some stratification of intracellular organelles may also be observed in the RPE. For 

instance, RPE cells have a basally located nucleus, of which some are bi-nucleate135,136. 

Abundant levels of mitochondria are found localised towards the RPE basal surface125 

whereas cigar shaped-melanosomes 2-3µm in length are localised in a vertical orientation 

towards the apical microvilli132. A melanosome is a lysosomal-related compartment which 

synthesises and stores melanin. The role of melanin is thought to enable RPE cells to cope 

with high levels of incident light and prevent further diffraction of scattered light130.  

Interestingly, RPE cells in the macular are darker in pigment, which has been attributed to 

a greater distribution of melanin in this area137. However, this peak in melanin density may 

be due to a denser packing of melanin as the RPE cells in the macular are taller and 

narrower compared to cells in the peripheral retina. The RPE is the site of primary pathology 

responsible for a variety of retinopathies including Best, Stargardt’s, and, perhaps most 

commonly, in AMD. Current understanding of the ultrastructure of the RPE comes from 

conventional 2D imaging techniques such as Transmission Electron Microscopy and 

Scanning Electron Microscopy, which will be discussed in more details in subsequent 

chapters.  
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Figure 5: The polarised morphology of the retinal pigment epithelium. 
Representative transmission electron micrograph of [A] the mouse outer retina in cross-section 
showing the polarised nature of the RPE monolayer. [B] Highly invaginated basal infolds in RPE cells 
can be seen in magnified insert of box 1. [C] Long, thin microvilli that extend from the apical surface 
of the RPE cell and interdigitate with the overlying photoreceptors can also be seen in magnified 
insert of box 2, Melanin pigment is typically localised towards the apical portion of the cell, whilst 
mitochondria are found basally.  
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 Structural changes to the RPE in ageing and disease 

An accumulation of discrete but pronounced changes occur to the RPE in ageing and 

diseased eyes. These structural changes influence its ability to function optimally. There is 

overall thickening of the aged retina, primarily due to the loss of neurons from the inner 

retinal cells, as well as shortening of photoreceptors138. Interestingly, BrM is reported to be 

thickened in aged eyes139. Basal deposits on or within BrM accumulate with age, and drusen 

forms between the basal lamina of the RPE and the inner collagenous layer of BrM140. 

Drusen are lipid-rich extracellular deposits and are considered to be the first clinical 

hallmark of AMD. Several morphological forms of drusen have been identified, which are 

characterised according to size and structure. Hard drusen are small (<50µm) and have 

well defined borders. They are usually found in the peripheral retina and are a part of normal 

ageing31. Soft drusen, however, are larger, often reaching 125µm and have poorly defined 

edges31,42. They reside in the macula, a sign of increased disease susceptibility141 and often 

coalesce with one another forming larger deposits. The considerable damage to the RPE 

and BrM within close proximity to drusen accumulation appears to occur prior to any 

apparent clinical symptoms13,14. More recently, reticular pseudo-drusen has also been 

described which appears on the apical surface of the RPE, and underneath the 

photoreceptors67,142. They form a lattice-like network and are closely associated with AMD 

progression. Drusen is known to be composed of over 60 different proteins143, of which 24 

are also common to senile plaques in Alzheimer’s brains. This suggests common pathways 

of disease in AD and AMD. 

Other structural changes to tissues in the outer retina with ages includes the loss of defined 

RPE cell shape, hyperplasia with regions of multi-layered cells, and areas of RPE hyper 

and hypopigmentation23. Interestingly, there are levels of atrophy particularly in areas 

overlying drusen. It is known that RPE cells are lost with age, with there being a 2.3% 

decline in a total number of RPE cells lost per decade of life144. However, while this is true 

in the peripheral retina, an age-associated change in RPE cell density is not observed in 

the fovea145. This could be due to an inward migration of peripheral RPE cells to 

compensate for the loss of foveal RPE144 as it is reasonable to assume that cell loss will be 

greater in the macular compared to the periphery due to a higher metabolic demand in the 

central retina. Consequently, a greater proteolytic stress in macular RPE cells would be 

anticipated. Ultrastructurally, it has been reported that there is a loss of melanin granules, 

an increase in the number of residual bodies, and an accumulation of the age pigment 

lipofuscin146,147. RPE microvilli atrophy and thickening and shortening of remaining microvilli 

have also been reported130. Basal infolds are also drastically damaged, with there being a 

complete absence of, or vastly enlarged, infolds148. These age-related changes are 
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apparent in more marked forms in eyes from AMD patients. These structural changes are 

known to be associated with oxidative stress and the general decline of RPE function. 

 Multinucleation of RPE in age and disease 

Multi-nucleation and in particular the formation of bi-nucleate RPE cells, has long since 

been reported in both the rodent and human retina. The number of bi-nucleate RPE cells is 

much higher in the mouse retina and a subset of these cells are present from birth and is 

thought to be a developmental mechanism. Despite this, the number of bi-nucleate RPE 

increase with age in both mouse and human RPE, and this increase is more prevalent in 

the central retina of mice and the macular in humans. A study by Volland et al., showed that 

in the mouse central retina 2/3 RPE cells were binucleate whereas this was much lower in 

the peripheral retina, with only approximately 3% of RPE having 2 or more nuclei136. A 

further study performed by Chen et al., found that there was an age-related increase in the 

number of bi-nucleate RPE across the retina. In young mice, 33.6% of RPE were found to 

contain 2 or more nuclei, with this number reaching 80% by 24 months. In the peripheral 

retina at 3 months, only 1.7% of RPE were multinucleated, and this reached 20.5% by 24 

months149. In human retinas, the distribution of multinucleate RPE is less well studied and 

defined. Ts’o and Friedman showing that only 3% of RPE in humans are binucleate and 

these are found in unspecific regions150. There are many theories regarding the presence 

of bi-nucleate RPE cells in the retina, and how they are formed.  One theory is that these 

binucleate RPE cells are present from birth and is part of a developmental mechanism151, 

however, given the increasing number of multinucleate cells across the retina with age, 

there must be further reasons for their formation. An alternative theory is that the formation 

of such cells is a pathological condition in a cell under stress, or a healthy cell which has 

adapted to a changing environment (e.g. with age and/or oxidative stress)149.  Such theories 

will be discussed in more detail in chapter 3.  
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 Function of the RPE 

Within its strategic position, the RPE can exert many functions that are essential for 

maintaining a healthy and functional retina. These include the continuous phagocytosis of 

shed POS, directional secretion of key proteins towards the neuroretina and choroid, 

absorption of stray light and transepithelial support of substances between the systemic 

vasculature (choroid) and the protected retinal environment125. The RPE also maintains the 

immune-privileged state of the retina by forming the BRB with BrM20.   

 Blood-retinal barrier 

The BRB is the eye’s equivalent to the blood brain barrier (BBB), both of which maintain an 

immune-privileged state of their respective organs by separating the systemic circulation. 

The BRB is composed of two components which work together to facilitate the specialised 

retinal environment. The first is formed by the retinal vasculature of the inner retina, while 

the other is delineated by the  RPE and BrM20. The lateral surfaces of the RPE are joined 

by tight-junctions that form a selectively permeable ionic and macromolecular barrier which 

isolates the retina from the underlying choroid134,152. This enables selective transport of 

nutrients and proteins across the RPE monolayer regulated by the polarised distribution of 

pumps, receptors, channels, and transporters134,153. Tight-junctions are composed of 

occludins, claudins and zonula occludens (ZO) and the composition of these determines 

how permeable and selective the BRB is to the diffusion of solutes20,152,153. ZO forms early 

tight-junctions that interact with the actin cytoskeleton as well as the occludin and claudin 

proteins to create a cellular scaffold23. Permeability and selectivity of the barrier are partially 

determined by which of the 24 claudins are expressed20,154. Claudin-19, claudin-3, and 

claudin-10 have been reported to be present in the tight-junctional complex in human RPE 

cells154. Claudin-19 is the most abundant and mutations within the encoding gene (CLDN19) 

are associated with severe visual impairment155. Occludin further regulates tight-junction 

permability156. Adherens junctions are also present between adjunct cells which controls the 

passage of solutes, while gap junctions allow for metabolic coupling of the RPE132. 

The RPE also regulates the transepithelial transport of ions, fluid and metabolites via 

specialised transport proteins located within the apical and basal plasma membranes157,158. 

These proteins are maintained in an asymmetric distribution to ensure that the RPE can 

determine the homeostatic and optimal microenvironment of the photoreceptors. The RPE 

also regulates the passage of ions such as Cl-, K+, Na+, and HCO3- to and from the retina 

to allow for the polarisation of cell membranes, fluid transport and maintenance of pH132. 

Impairment to these components are also associated with disease in the retina. 
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 Secretory activity 

The RPE secretes numerous growth factors and signalling molecules to allow for 

communication with its neighbouring tissues, and to maintain the structural integrity of the 

choroidal vasculature and neural retina125. These signalling molecules encompass many 

molecules implicated in retinal pathologies, such as pigment epithelium-derived growth 

factor (PEDF)159 and VEGF160. PEDF is secreted apically where it provides neurotrophic 

support to the photoreceptors layer and helps to maintain an antiangiogenic environment159. 

VEGF is secreted basally and maintains a healthy vasculature125. The secretion of both 

molecules is tightly regulated by the RPE, and perturbations in the levels of VEGF and 

PEDF secreted leads to proliferative phenotypes, including CNV161 (see section 1.5.1.3). 

 Visual cycle 

Retinoids are essential in the visual cycle, and the RPE helps maintain levels of key 

retinoids such as rhodopsin and opsin by storing and transporting them162. Retinol is 

delivered from the blood and is then transferred into the cell using a specific binding site 

located on the basal and basolateral surfaces of the RPE. All-trans-retinol is immediately 

esterified intracellularly and becomes all-trans-retinyl ester which provides a non-toxic 

substrate for storage or isomerisation to 11-cis-retinol. All-trans-retinyl ester then binds to 

retinaldehyde binding protein within the cell and is converted to 11-cis retinal before being 

transported via interphotoreceptor matrix binding protein to the overlying photoreceptors 

where it combines with opsin to produce rhodopsin. A complete loop is formed when retinol 

is transferred back to the RPE as a function of the phagocytosis of POS132. Disruption of 

this cycle is associated with diseases such as AMD. 

 RPE clearance pathways 

The RPE has several clearance mechanisms which function to maintain cellular protein 

homeostasis (proteostasis) under environmental stress163. Three such processes are the 

endocytosis, phagocytosis and autophagy, all of which are interrelated. A distinct network 

occurs via the Ubiquitin-Proteasome (UP)164,165. Components are directed to a specific 

clearance pathway; in general, damaged, misfolded or aggregated proteins are targeted to 

the UP, while membrane-bound or organelle-associated proteins are targeted to lysosomes 

via endocytic or autophagic pathways163. Under normal retinal conditions, POS are 

endocytosed and targeted to early endosomes, which mature into late endosomes, before 

fusing with lysosomes to complete degradation. Under conditions of oxidative stress, 

autophagic vesicles are formed, which causes a subset of POS to be internalised via 
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phagophores, which form autophagosomes. These vesicles also fuse with lysosomes to 

complete POS degradation166. 

 Phagocytosis and degradation of POS 

Due to the post-mitotic nature of the RPE, an efficient lysosomal system is particularly 

important to remove unwanted or damaged cellular components, as well as being crucial in 

the daily phagocytosis of POS. The daily ingestion of POS makes the RPE monolayer the 

most phagocytic cell type in the body, with each cell processing in excess of a billion POS 

in a 70 year human life span132,167. To cope with this high demand, the RPE cells have an 

extremely active lysosomal system which constitutes a large proportion of the cell’s 

cytoplasmic volume23. There are three receptors that are integral for the regulated 

internalisation of POS; the receptor tyrosine kinase c-mer (MerTK), αvβ5 integrin, and the 

macrophage phagocytosis receptor CD36. These three receptors operate in a circadian 

rhythm where αvβ5 integrin is required for mediating POS binding to the RPE168. By 

contrast, CD36 causes the internalisation of POS125 while MerTK activates RPE 

phagocytosis169,170. Upon ingestion, phagosomes fuse with lysosomes to form a secondary 

phagosome or phagolysosome. Here, the POS is combined with over 40 lysosomal 

enzymes, of which cathepsin D is most prominent in the RPE171. These enzymes are 

capable of degrading proteins, polysaccharides, lipids and nucleic acids. The phagocytic 

load and lysosomal enzyme activity vary greatly with retinal location172. The phagocytic load 

is dependent on the type and density of overlying photoreceptors. Notably, RPE cells in the 

fovea will phagocytose significantly more cone photoreceptors compared to the RPE in 

surrounding regions. Also, the mean ratio of photoreceptor cells per RPE cell is higher in 

the macula compared with other areas173. In the central retina, lysosomal enzyme activity 

also appears to be higher than in the periphery172. The end products of POS degradation 

are either recycled back to the photoreceptors or are removed via the choroid174. The 

endocytic pathway also traffics and sorts cargo originating from the extracellular 

environment and the plasma membrane, while autophagic vesicles capture cytoplasmic 

derived cargo, such as large protein inclusions or damaged organelles. Importantly, the 

endocytic and autophagy pathways share a common termination point at the lysosome [Fig. 

6]. In general, POS are internalised through endocytosis into early endosomes, these 

mature into late endosomes before fusing with lysosomes where the final stages of 

degradation are completed. Upon nutrient deprivation or levels of phagocytic stress, POS 

are internalised through phagophore formation, which from autophagosomes which fuse 

with late endosomes or lysosomes to complete degradation [Fig. 6].  
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 Endo-Lysosomal and autophagy pathways 

During endocytosis, cargo internalisation initiates at clathrin-coated pits on the plasma 

membrane that bud into vesicles. Early endosomes (EE) are found in the peripheral 

cytoplasm, near the plasma membrane and are relatively small with tubular/vacuolar 

domains. The size of endosomes appears to range between 200 – 500nm175. Individual EEs 

move along microtubules in a saltatory manner176. EEs are considered to be the major 

sorting point in the endocytic pathway; receiving cargos via the clathrin-mediated pathway 

as well as other routes including ARF6-dependent and caveolar pathways177. Hence, EEs 

internalise the plasma membrane as well as extracellular materials. The Rab family of small 

GTPases act as molecular switches that alternate between the activated GTP-bound and 

the inactivated GDP-bound forms. For instance, EEs contain Rab-4, Rab-5 and Rab-11, 

which provides a means for further sorting to target destinations178. A noteworthy 

component recruited to the cytosolic surface of EEs is the large, multimeric proton pump 

termed vacuolar ATPase (vATPase), which functions to allow for the acidification of 

endosomes as well as lysosomes179. The luminal environment within EEs is weakly acidic 

(pH 5.9-6.8) and contain relatively low Ca2+ levels180,181. EEs are sites at which intraluminal 

vesicles (ILV) form, a process that occurs on the luminal side of endosomes involving 

clathrin and components of the endosomal sorting complex required for transport (ESCRT). 

ESCRT sorts ubiquitinated membrane proteins into ILVs, leading to the formation of 

multivesicular bodies (MVBs). MVBs may therefore contain several ILVs182,183. These MVBs 

and a proportion of EEs subsequently mature and become Late Endosomes (LEs). 

LEs are derived from vacuolar domains of EEs. Nascent LEs that are positive for Rab-5 

associate with Rab-7, resulting in Rab-5/Rab-7 hybrid endosomes. Such hybrid vesicles are 

short-lived as Rab-5 is rapidly replaced by Rab-7184. This process of LE maturation is 

referred to as ‘Rab conversion’185. As endosomes mature, their saltatory movement in the 

cell periphery change to rapid long-range oscillations with net displacement towards the 

perinuclear zone where lysosomes reside176,186. The long-range movement of LEs primarily 

occurs along microtubules and is dependent on molecular motors such as kinesin and 

dynein. These molecular engines, along with specific multi-subunit tethering complexes, 

SNARE proteins, and actin-dependent myosin motors are involved in the fusion of 

endosomes with each other187,188. The formation of LEs is followed by a process of 

maturation189,190. During maturation, tubular extensions of EEs are lost as endosomes 

become increasingly vesicular shaped. Mature LEs also have a larger diameter (250nm – 

1µm) compared to EEs, while increasing acidification results in luminal pH values between 

4.9 and 6.0. Decreasing pH levels are important for the activity of luminal hydrolytic 

enzymes180. A similar process of maturation may occur in autophagosomes191 and 

phagosomes192, before fusion with LEs and lysosomes. It is important to note that in vivo 
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studies of POS impairment in mouse models of retinal degeneration mostly discuss the 

trafficking of POS cargo in phagosomes rather than endosomes However, Rab markers use 

to label such compartments do not distinguish between early endosomes and phagosomes, 

or late endosomes and phagosomes193. Indeed, both phagosomes and endosomes mature 

through similar mechanisms and often fuse together during early maturation194,195. Further, 

both pathways feed into the lysosomes. 

Degradative lysosomes result from the merging of cargo-carrying vesicles in the endocytic 

or autophagic pathways, and vesicles derived from post-Golgi traffic. Intracellular and 

extracellular macromolecules trafficked via endosomes or autophagosomes are eventually 

degraded within lysosomes196. The limiting outer membrane of lysosomes consists of a 

single phospholipid bilayer on which lysosome-associated membrane protein 1 (LAMP 1) 

and LAMP 2 constitute a majority of membrane proteins197. LAMP proteins are typically 

used as markers of these organelles, the diameter of which range between 50nm-1µm198,199. 

Lysosomes form part of a family of communicating, acidic, vesicular compartments where 

intra-vesicular pH ranges from 3.8 to 5.0200. To facilitate degradation, lysosomes contain 

over 50 lysosomal membrane proteins, including an array of channels/transporters such as 

vATPase, as well as 60 different types of hydrolytic enzymes197,201. This luminal 

environment provides ideal conditions for the activity of lysosomal enzymes which, 

according to their preference for substrates, are grouped as lipases, glycosidases, acid 

phosphatases, proteases, sulfatases and nucleases. Internalised cargos are broken down 

to generate monosaccharides, amino acids and free fatty acids, amongst other 

compounds201,202. Products of lysosomal digestion are eventually transported to the 

cytoplasm for use in a variety of biosynthetic activities. Lysosomes are found in the 

perinuclear region and are transported along microtubules by kinesin and dynein motors199. 

Under normal physiological conditions, the population of lysosomes appears to be largely 

stable over time, and a single cell may contain up to several hundred lysosomes203,204. 

Autophagy is primarily a non-selective process through which cells degrade intracellular 

constituents as part of a homeostatic response to nutrient and amino acid starvation. 

Alternatively, it can function as a selective pathway to degrade misfolded and/or aggregated 

proteins, and damaged organelles as a quality control mechanism. Therefore, it is a useful 

mechanism through which the cell copes with stress, low energy stores, and effects 

associated with ageing. There are three autophagic pathways; (1) microautophagy, (2) 

chaperone-mediated autophagy, and (3) macroautophagy205. Microautophagy is a process 

through which small quantities of cytoplasm non-selectively enters lysosomes for 

degradation via membrane invagination. In chaperone-mediated autophagy, cytosolic 

proteins containing the KFERQ motif, such as the Amyloid Precursor Protein (APP), are 

preferentially targeted to lysosomes for degradation206. This requires the coordinated 
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function of Lysosomal Membrane Protein 2A (LAMP 2A) and specific molecular chaperones 

such as Heat Shock Proteins (HSP).  Macroautophagy involves the large-scale degradation 

of cytoplasmic constituents which are engulfed by distinct double membrane-bound 

organelles referred to as autophagosomes. Autophagosomes fuse with LEs and MVBs to 

form hybrid amphisomes which eventually mature to lysosomes upon progressive 

intraluminal acidification207. Alternatively, autophagosomes can fuse directly with lysosomes 

to form autolysosomes, which results in the degradation of cargo and the recycling of 

cellular components205. Recent findings have revealed a further pathway of autophagy; a 

non-canonical form termed LC3-associated phagocytosis (LAP), through which lapidated 

LC3 associates with phagosomes208. One of the primary regulators of the autophagy 

pathway is the nutrient sensor mechanistic target of rapamycin complex 1 (mTORC1). In 

response to nutrient deprivation or amino acid starvation, mTORC1 becomes inhibited as a 

result of the modulation of various upstream regulators, such as AMP-activated protein 

kinase (AMPK). This subsequently leads to the activation of the autophagy initiating ULK1 

complex, which comprises ULK1-FIP200-Atg13. This complex triggers a cascade of events 

leading to the activation and recruitment of primary autophagy regulators that facilitate the 

encapsulation of cargo by a growing autophagosomal membrane. Autophagosomes mature 

in a similar manner to endosomes and leads to the formation of an autolysosome. 

Intermediate compartments called amphisomes exist following fusion of autophagosomes 

with late endosomal compartments, before a subsequent fusion with lysosomes209. The 

major pathways involved in RPE clearance mechanisms can be visualised in Figure 6. 
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Figure 6:  Schematic of the lysosomal system:  
Extracellular components are internalised into clathrin-coated pits/ vesicles via binding to receptors. 
These vesicles then form early endosomes. Some of the internalised cargos are recycled back to 
the membrane via recycling endosomes while the rest forms MVBs or late endosomes, with a Rab 
conversion and a decreased in pH. Alongside this, damaged or unwanted organelles such as 
mitochondria are internalised via phagophores to form autophagosomes. These autophagosomes 
can fuse with MVBs to form an Amphisome, or with a lysosome to form an autolysosome. Similarly, 
MVBs can fuse with lysosomes to form autolysosomes where the final stages of degradation are 
complete. 

 

 Impaired cargo clearance in chronic degenerative diseases 

Increasing age is thought to correlate with a reduction in cellular ability to effectively clear 

intracellular proteins. This pathway of damage is common to many cells in a plethora of 

diseases. 

1.9.7.1 Lysosomal storage diseases 

Dysfunctional lysosomes accumulate partially processed or undigested material which 

leads to a group of diseases known as lysosomal storage disorders (LSDs), that have 

severe consequences for the patient210. LSDs are a group of inherited and acquired 

disorders which affect different cell types, tissues, and organs198, with two-thirds of LSDs 

being associated with brain lesions211. Many patients with LSDs also have ocular 
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phenotypes and experience vision loss212. Patients with Batten’s disease have bull eye’s 

maculopathy characterised by a ring-shaped pattern of damage around the macula. 

Symptoms including colour blindness, loss of high acuity vision, and night blindness213. The 

majority of LSDs are a result of deficient lysosomal enzyme activity caused by mutations in 

genes coding for specific lysosomal hydrolases, leading to abnormal storage of 

macromolecular proteins214. However, many also carry mutations in non-enzymatic 

proteins197 adding further complexity and clinical heterogeneity to LSDs. Common to all 

LSDs is an initial accumulation of substrates inside endosomal, lysosomal and autophagic 

vesicles, leading to the implication of defective lysosomal enzymes as a cause of 

pathogenesis in LSDs214,215. In most LSDs, autophagic flux is reduced216,217, evident from 

an elevation of autophagic substrates and autophagosome-associated LC3B210. This also 

leads to the persistence of dysfunctional mitochondria, which is highly pronounced in 

neurons of patients with Batten’s disease218 and has a major impact on cytoplasmic 

proteostasis210. Reduced autophagic flux also causes a subsequent accumulation of ROS 

which renders cells more sensitive to apoptotic and inflammatory stimuli219-222. Since 

mitochondria are involved in signalling pathways linked to regulating apoptosis and innate 

immunity, the decrease in autophagic flux and aberrant mitochondrial function may be 

responsible for apoptosis and inflammation in the CNS. This is a characteristic of many 

LSDs210. Niemann Pick disease is an LSD, however it shares many intriguing parallels with 

mechanisms underlying neurodegenerative disorders223. In juvenile Niemann Pick type C 

disease, cholesterol is mistrafficked through the endocytic pathway, resulting in an 

accumulation in both late endosomes and lysosomes. This is associated with AD-like 

pathology including neurofibrillary tangles, heightened amyloid genic Aβ precursor protein 

(APP) processing and characteristic endosomal abnormalities224,225.  

1.9.7.2 Neurodegenerative diseases 

Impairment of both the lysosomal-autophagy and UP system leads to aggregation and 

accumulation of proteins resulting in cellular toxicity165,226. This toxicity can contribute to 

neurodegenerative conditions such as Parkinson’s disease (PD), AD, Huntington’s disease, 

and other protein conformation disorders such as amyotrophic lateral sclerosis. PD is one 

of the most common neurodegenerative diseases in the elderly227. A pathological hallmark 

of the disorder is cytoplasmic inclusions containing aggregated proteins, known as Lewy 

bodies228-230. Despite α-synuclein being the main component of Lewy bodies210, its role in 

the pathogenesis of both sporadic and familial PD is poorly understood231. Mutations of α-

synuclein such as A53T, A30P and E46K have been implicated in the cause of the 

disease232-234. The reduction of proteasome activation and aggregation of abnormal proteins 

is thought to arise from increased oxidative stress, and the associated depletion in ATP104. 

PD associated mutations in lysosomal ATPase, such as ATP13A2 and parkin, a component 
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of the ubiquitin-proteasome system, have also been shown to result in impaired protein 

degradation227. Thus, a failure of protein degradation may lead to neuronal cell death in PD 

and other neurodegenerative diseases such as AD. Oligomerisation of toxic, aggregate-

prone, intracytosolic proteins that are unpalatable to the proteasome235-237 often cause 

autophagy dysfunction. A lack of autophagy completion leads to the persistence of 

ubiquitinated and aggregate-prone polypeptides in the cytoplasm, including p62/SQSTM1, 

α-synuclein, and Huntingtin protein235,238,239. α-synuclein contributes to neurodegenerative 

diseases by reducing the efficiency of autophagosome formation240. α-synuclein is usually 

cleared by autophagy236, and mutations in the gene, as well as the increase in intracellular 

concentrations of non-mutant α-synuclein, have been implicated in the pathogenesis of 

PD232-234,241. This supports the hypothesis that impaired autophagic degradation of α-

synuclein is an important mechanism of neurodegeneration in PD. In addition, it has been 

shown that mutant α-synuclein is not translocated into the lysosomes for degradation242. 

This failure to clear mutant α-synucleins may explain their exceptionally high affinity for 

lysosomal membrane receptors that mediate the autophagic pathway. Their binding is 

thought to block lysosomal uptake, inhibiting the degradation of mutant α-synucleins as well 

as other autophagy substrates210,242. Accumulations further perturb cellular homeostasis 

and contribute to neural toxicity. Cathepsin D is a major protease involved in lysosomal 

clearance of α-synuclein in cellular and animal models of PD. High levels of Cathepsin D 

have also been shown to reduce α-synuclein aggregation and toxicity243. Cathepsin D 

activity decreases as a result of insufficient endosomal sorting and trafficking of proteases 

into lysosomes, causing reduced clearance of α-synuclein244. Recently, it has also been 

shown that the endocytic pathway is essential for the autophagic clearance of ubiquitinated 

proteins, including proteins that accumulate in Huntington’s disease. This suggests that 

degradation through autophagy bodies and the endocytic pathway share regulatory 

mechanisms and therefore disruption of one of these pathways can influence the function 

of the other245. The activity of the autophagic-lysosomal pathway is also known to decrease 

with healthy ageing246, which leaves the senescent brain vulnerable to diseases such as AD 

and other dementias. 

1.9.7.3 Alzheimer’s disease 

Increasing attention is being paid to the endosomal-lysosomal system, with robust 

pathology implicating this pathway in AD progression247-249. Aβ accumulation in brains of 

AD patients is an early hallmark of disease71. Aβ is a family of misfolded proteins associated 

with many neurodegenerative diseases42,69 Aβ is secreted extracellularly from neurons after 

being sequentially cleaved from the ubiquitously expressed APP70,71. Aβ becomes 

deposited in plaques which also contain many lysosomal enzymes including cathepsin D245, 

revealing a broad pattern of lysosomal dysfunction in AD. At least five genetic risk factors 
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for AD also promote the dysfunction of lysosomes. APP is triplicated in Down syndrome 

and is believed to drive the early onset of AD in Down syndrome patients250,251. In a mouse 

model of Down syndrome, the triplication of APP is necessary for the development of 

endocytic pathway dysfunction, the earliest known cellular pathology of AD252. ApoE4, the 

strongest genetic risk factor for AD, exacerbates endosomal pathway dysregulation253, and 

increases lysosomal leakage254. However, since these endosomal and lysosomal changes 

are also apparent in the brains of sporadic AD patients255 in which there is no genetic cause 

(the most common form of AD), Aβ accumulation must originate from earlier cellular 

dysfunction. Altered endocytic trafficking and morphology is one of the first known 

neuropathological changes in AD and can be detected decades before the symptomatic 

onset of AD255. Prior to Aβ deposition, endosomes become enlarged256,257. Many of these 

abnormal endosomes later contain Aβ, which is generated in autophagic vacuoles258 and 

endosomes259,260, amongst others261-265. Aβ has been identified at three intra-neuronal sites 

within the lysosomal system: Rab5 positive endosomes69, autophagic vacuoles266,267, and 

MVBs related to both the endocytic and autophagic pathways268. Before Aβ deposition, 

morphological changes have only been identified in the endosomes223. Despite this, the 

magnitude of autophagic vacuole accumulation within dystrophic neurons is particularly 

heightened in AD269 and is a distinguishing factor between this dementia and other late-

onset neurodegenerative disorders. Vacuoles accumulate in autophagosomes, 

autolysosomes and lysosomal dense bodies270, indicating a gross dysfunction of the 

autophagic-lysosomal pathway. Accumulation of vacuoles arise from a defect of clearance 

rather than solely from an increased autophagy induction245. An inefficient fusion process is 

suggested by the presence of both immature autophagic vacuoles and lysosomal dense 

bodies, while the presence of cathepsin-positive autophagic vacuoles containing LC3 (an 

Atg protein which is normally degraded rapidly after autolysosome formation) suggests a 

defect in protein degradation within autolysosomes271.  

1.9.7.4 Impaired cargo clearance in RPE cells as a cause of AMD 

The presence of Aβ in extracellular deposits is one of many similarities between AD and 

AMD67. In AMD these deposits are known as drusen and are often used as a diagnostic 

hallmark for the disease47,75,140,141,272 (see section 1.8). Alongside drusen, AMD eyes also 

have lysosomal accumulations of incompletely degraded or removed waste materials, 

known as lipofuscin. Lipofuscin are often used as a universal index of lysosomal ageing273, 

and are auto-fluorescent granules composed of a cocktail of compounds23,274. In the RPE 

lipofuscin accumulation originates primarily from incompletely degraded POS. In a strain of 

rat which fails to phagocytose shed POS, lipofuscin accumulation is significantly diminished. 

A2E, a phototoxic derivate of lipofuscin, can irreversibly inhibit lysosomal cathepsin activity 

upon exposure to light275, leading to RPE damage. Transgenic mice expressing mutated 
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and inactive Cathepsin D, and thus have impaired POS degradation, showed increased 

lipofuscin accumulation. Lipofuscin can first be observed in the basal portion of RPE cells 

in young eyes but migrates into clumps which fill the entire RPE cytoplasm by the 9th decade 

of life23,61. There is a dense accumulation of lipofuscin within lysosomes in aged RPE cells, 

accounting for 19% of cytoplasmic volume by the age of 60147. This suggests that the 

accumulation of lipofuscin in aged RPE is connected to a decrease in RPE function due to 

clogging of the cytoplasm or by increased oxidative damage. This accumulation is further 

increased by external factors such as poor diet and cigarette smoking86,276, both of which 

are risk factors for AMD13. Toxic lipofuscin has the ability to disrupt the phagocytic 

mechanisms of RPE cells277, impair lysosomal proteases278and inhibit the lysosomal 

ATPase proton pump, hence lysosomes are less acidic. This also causes the leakage of 

lysosomal contents into the RPE cytosol277. Lipofuscin within lysosomes also generates 

ROS which modifies lipids and forms high molecular weight components that are stable 

within lysosomes57,60,109. Lipofuscin causes lysosomal enzyme activity to decrease by up to 

50%58, and since healthy macular RPE cells have higher levels of lysosomal enzymes than 

cells in the periphery172, there is a regional vulnerability of the macula to an AMD phenotype. 

This underlies the importance of lysosomal damage in AMD. AMD-associated stress 

conditions such as hypoxia, oxidative stress and inflammation are all enhancers of 

autophagy123, reducing the toxic nature of protein aggregates that accumulate in many age-

related diseases. However, autophagic activity declines during ageing246. For instance, 

ageing retinas of C57BL/6 mice did not have an increase in autophagy-related 

compartments279 suggesting that the defect occurs during autophagosomal formation rather 

than during degradation. Therefore, if lysosomal functions become impaired, autophagic 

clearance will also become dysfunctional. This highlights the importance of lysosomes in 

cell survival. 
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 Summary: AMD aetiology, an incomplete picture 

Despite years of both basic and clinical research, the aetiology of RPE dysfunction and 

atrophy that precedes advanced AMD remains unclear280. The multiple and cumulative 

alterations to cell structure and function in the macula underpin the molecular basis of 

disease. This includes age-related alterations to all layers of the outer retina276. The RPE 

has been identified to play a central role in AMD pathology281 with heterogeneous disease 

pathways including inflammatory signalling280, oxidative stress163, and dysfunctional 

clearance mechanisms281. However, the initial molecular changes that drive these events 

remain unclear, and to date, no definitive pathways of damage have been identified for the 

disease. Indeed, it appears that multiple disease pathways converge to trigger and drive 

disease. Therefore, studying how the structure and function of the RPE and associated 

tissues changes with age and disease remains critical to elucidating this complex and 

debilitating disease. Here, we have focused on one particular aspect and risk factor for 

AMD; the consumption of a high-fat ‘western-style’ diet and associated oxidative stress 

mechanisms. Studies have shown that a HFD drastically increases the oxidative stress in 

the outer retina282. Studying how oxidative stress impairs the structure and function of the 

outer retina, and in particular the RPE, could provide novel insights into fundamental 

molecular mechanisms that drive retinopathy. 
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 Study aims and hypothesis 

The overall aim of my study was to explore how oxidative stress affects the structure and 

function of the RPE monolayer, and how this could bring about pathogenesis in the retina. 

This objective was achieved via three different but complementary approaches within a 

period of three years.  

Study hypothesis:  

-Oxidative stress causes structural and functional deficits associated with AMD. 

To test my research hypothesis, the following approaches were used: 

-I used novel 3D imaging techniques in mouse eyes to obtain novel ultrastructural insights 

into healthy RPE and photoreceptors. 

-I used a HFD mouse model to study effects of unhealthy diet and associated oxidative 

stress on the ultrastructure of the outer retina. 

- I used an in vitro cell culture model to investigate effects of HFD, including oxidative stress 

and impaired lysosomal acidification, and study how early pathology is initiated in RPE cells.  
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 Materials and Methods 

This chapter contains standard methodologies of techniques used throughout the research 

conducted in this PhD. Specific details of experimental protocols and data analysis can be 

found in the corresponding methods section of each results chapter. 

 ARPE-19 Cell Culture 

 ARPE-19 Cell line  

The non-transformed human cell line, ARPE-19283 was obtained from the American Tissue 

Culture Collection (ATCC, USA) and maintained in a 37oC humidified incubator with 5% 

CO2 and 95% air.  Cells were routinely culture in Dulbecco’s Modified Eagle’s Medium 

(DMEM) with 4.5g/l L-D glucose, L-glutamine and pyruvate (Life Technologies, UK), 

supplemented with 1% heat-inactivated foetal calf serum (FCS; Sigma Aldrich, UK) and 1% 

penicillin-streptomycin stock solution284 (10,000 units/ml penicillin, 10mg/ml streptomycin in 

0.85% saline; Sigma Aldrich, UK). Cells cultured in a T25 flask were maintained in a 5ml 

volume of media, with a complete medium change performed every 3-4 days. Post-

confluent ARPE-19 cultures between passages 10-20 were maintained for up to 4 months 

before seeding on 0.4µm pore PET polyester transwell inserts (Sigma Aldrich, UK) pre-

coated with 50µg/ml fibronectin (Sigma-Aldrich, UK). ARPE-19 cells were seeded at a 

density of 1.25x104 cells/well on 12mm diameter inserts. Cells were maintained in 0.5ml 

and 2ml media volume in apical and basal chambers respectively. A complete media 

change in the apical compartment and a 20% (v) change in the basal compartment was 

performed every 3-4 days. Cells were cultured for a minimum of 2 months prior to use in 

experiments. 

 Cell Passage 

Conditioned media was removed by aspiration and cells washed three times in Hank’s 

Balanced Salt Solution (HBSS; Life Technologies, UK). Flasks were incubated for 5 minutes 

with 1.5ml 0.35% Trypsin/EDTA (Life Technologies, UK) in a 370C humidified incubator with 

5% CO2 to facilitate cell detachment. 5ml of fresh media was added to inhibit trypsin and 

the cell suspension centrifuged at 300g for 5 minutes. The resulting cell pellet was 

resuspended in 2ml fresh media. A small sample was stained with trypan blue (Sigma 

Aldrich, UK) in a 1:1 dilution. This was transferred to a haemocytometer to allow cell 

counting prior to seeding on transwells. 
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 Plate coating 

Extracellular matrix proteins are used to coat culture vessels to facilitate cellular attachment. 

Lyophilised fibronectin (Sigma Aldrich, UK) was prepared to a final working concentration 

of 50µg/ml in double distilled water (ddH2O) and was applied to the apical surface of the 

transwell insert. Plates were partially covered and allowed to dry overnight in a laminar flow 

hood. The following day, the remaining fibronectin was aspirated from the plates and were 

subsequently washed three times in 1xPBS prior to cell seeding. Reconstituted fibronectin 

was stored at -20oC and thawed overnight at 4oC prior to plate coating to prevent irreversible 

precipitation. 

 Cell Seeding 

Following cell passage, P10-20 ARPE-19 cells were seeded on to fibronectin coated culture 

surfaces at 5x104 cells per well for 24mm transwells, and 1.25x104 for 12mm transwells. 

Cells were left undisturbed for four days to facilitate adhesion prior to commencing regular 

media changes described in section 2.1.1.  
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 Photoreceptor Feeding Assay 

Fresh porcine eyes were obtained from Upton’s of Basset butchers (Southampton, UK). 

Retinas were immediately isolated from porcine eyes. An incision was made in proximity to 

the ora serata, and the anterior eye segment was removed. The retina was then carefully 

extracted and pooled in KCl buffer (0.3M KCl, 10mM HEPES, 0.5mM CaCl2, 1mM MgCl2; 

pH 7.0) with 48% (w/v) sucrose solutions. Collected retinas were homogenised by gentle 

shaking for 2 mins. The solution was then centrifuged at 5000g for 5 mins before the 

supernatant was passed through a sterile gauze into fresh centrifuge tubes and diluted 1:1 

in KCl buffer without sucrose. This preparation was subsequently centrifuged at 4000g for 

7 mins, following which the pellet of POS was washed 3 times in PBS through centrifugation 

at 4000g for 7 mins. POS were resuspended in DMEM with 2.5% sucrose (w/v), Aliquots 

were stored at -80oC prior to use. 

 Tagging of POS with FITC 

Isolated POS were covalently labelled with the fluorescent dye Fluorescein Isothiocyanate 

(FITC) to enable visualisation in subsequent experimentation. POS were resuspended 

1.5ml FITC stock solution (2mg/ml FITC isomer 1; ThermoFisher, UK; in 0.1M Na2CP2 

buffer; pH 9.5). The solution was left on a rotating plate (Stuart SB2 Rotator; Camlab Ltd, 

UK) for 1 hour in the dark to allow for covalent attaching of the FITC conjugate. The POS-

FITC solution was subsequently centrifuged at 3000g for 4 mins at 20oC. The solution 

containing unbound FITC was aspirated, and the FITC-POS pellets were resuspended in 

DMEM with 2.5% sucrose, aliquoted and stored at -80oC.  

 BCA protein assay 

To quantify the concentration of FITC-POS prepared in section 2.2.1, a BCA protein assay 

(Pierce, ThermoFisher, UK) was carried out. Standard curves were generated from 

2000µg/ml, 1500µg/ml, 1000µg/ml, 750µg/ml, 500µg/ml, 250µg/ml, 125µg/ml, 25µg/ml, and 

finally 0µg/ml BSA proteins standards, prepared in DMEM with 2.5% sucrose. A 25µl 

volume of known standards and unknown samples were pipetted into allocated wells of a 

microplate, along with 200µl of working reagent (50:1 Reagent A: Reagent B). Plates were 

agitated on an orbital shaker for 30 seconds and were then incubated at 37oC for 30 mins 

and finally cooled to room temperature. Absorbance was subsequently measured at 562nm 

using a microtitre plate (spectrophotometer, Infinite F200 Pro, Tecan, Switzerland).  
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 Pulse-chase POS feeding 

Mature ARPE-19 monolayers were fed with either 10nM Bafilomycin A1 (Tocris, UK) for 48 

hours285, or 100µM hydrogen peroxide (H2O2; Sigma Aldrich, UK) for 24 hours286, or left 

untreated as a control. RPE monolayers were fed POS using a pulse-chase method287 

where cells were chilled to 17oC for 30 mins. Cells were then fed with 4µg/cm2 288 of POS-

FITC and left at 17oC for a further 30 mins to allow for maximal binding and minimal 

internalisation. Following this, the medium was completely aspirated to remove unbound 

POS and replaced with fresh pre-warmed medium, and the cells returned to a humidified 

incubator at 37oC with 5% CO2 for 2, 4, 6, 12, 24 or 48 hours prior to fixation. 



 Chapter 2 

56 

 Immunofluorescence staining and microscopy of ARPE-19 
cells 

ARPE-19 cultures fed with POS were fixed in 4% formaldehyde for 30 mins at 4oC. 

Following fixation, cells were washed three times in 1X PBS and permeabilised in 0.1% 

Triton-X 100 for 30 mins. Cells were subsequently blocked in phosphate-buffered saline 

(PBS) containing 1% BSA and 0.1% Tween for a further 30 mins. Cells were then incubated 

with primary antibodies, shown in table 1, diluted in the same solution at 4oC overnight. 

Following primary antibody incubation, cells were incubated for 1 hour at room temperature 

with Alexa Fluor-conjugated secondary antibodies shown in table 2 at a dilution of 1:200 in 

PBS-Tween with BSA and cytopainter phalloidin-iFluor 647 (Abcam, UK; 1:1000). In all 

cases, 1µg/mL of 4’,6’-diamino-2-phenylindole (DAPI; Sigma Aldrich, UK) was used to 

visualise cell nuclei. Samples were mounted between two glass coverslips using Mowiol 

(Harlow Chemical Company LTD, UK) with Citifluor antifade (Agar Scientific, UK).  Images 

were acquired using a Leica SP8 (Leica Microsystems, UK) confocal laser scanning 

microscope. Z-stacks were taken for each field of view using sequential scanning and 

system optimised settings. For all monoclonal primary antibodies, an isotype control was 

performed. A secondary antibody control was performed for every secondary antibody used 

in this thesis. Images for both controls are presented in Appendix C and D. 

 Analysis of Immunofluorescence images 

Quantification of POS-FITC co-localisation with endocytic/phagocytic, lysosomal and 

autophagy compartments (n≥20 cells/compartment/time point for control data, and n≥ 15 

cells/compartment/time point for treatment groups) was performed using Volocity software 

(Perkin Elmer, UK), which employs the Costes et al. automated statistical algorithm289. To 

do this, image stacks were initially opened in FIJI, and the coloured channels were split. 

The average background pixel intensities were measured for the red and green channels, 

and this was subtracted from the whole image to minimise any potential false colocalisation 

results caused by low levels of bleed-through between channels. The red and green 

channels were then merged and saved as a tif, which was opened in Volocity. Volocity used 

Costes method of analysing colocalisation between the green channel and the red289. A 

region of interest was drawn around a POS which had been previously identified as being 

internalised by visual analysis of the Z-stacks. Co-localisation values were plotted for each 

compartment as a function of time in GraphPad Prism. Individual compartment sizes (15 

compartments/ time point/ treatment group) were measured using ImageJ. The middle 

image from the confocal z-stack was zoomed to 200x, and compartments were chosen at 

random across the entire image. 

http://cellularimaging.perkinelmer.com/downloads/detail.php?id=14
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 Transmission Electron Microscopy of ARPE-19 cells 

 Embedding ARPE-19 transwells in resin blocks 

After feeding with POS, cultures were fixed with primary fixative comprising 3% 

glutaraldehyde, 4% formaldehyde in 0.1M piperazine-N, N′-bis (PIPES) buffer (pH 7.2) for 

a minimum of 1 hour. Posterior poles of murine eyes were fixed in the same way. Specimens 

were then rinsed in 0.1M PIPES buffer, post-fixed in 1% buffered osmium tetroxide for 1 

hour, rinsed in buffer and block stained in 2% aqueous uranyl acetate (20 mins). Samples 

were then dehydrated in an ethanol gradient (30%, 50%, 70%, 95%) for 10 mins each, 

followed by absolute ethanol twice for 20 mins. A link reagent acetonitrile was then applied 

for 10 mins, after which samples were incubated overnight in a 1:1 ratio of acetonitrile to 

Spurr resin. The following day, samples were submerged in fresh Spurr resin for 6 hour 

before being embedded and polymerised in Spurr resin at 60oC for 24 hour (Agar Scientific, 

Stanstead, UK). 

 Microtomy of ARPE-19 resin blocks 

Resin blocks were loaded in a Reichert Ultracut E Microtome (Leica Microsystems, UK). A 

razor blade was initially used to trim the block into a trapezium around the sample. The 

block was then loaded into the cutting arm, and a glass knife used to polish the surface 

before semi-thin sections were taken and stained with toluidine blue. A light microscope 

was used to identify a smaller area of interest. A trapezium around this area was then cut 

using a razor blade. 90nm thick silver/gold ultrathin sections were cut, collected on 200 

mesh carbon and formvar coated copper/palladium grids, pre-treated with Sodium 

Hydroxide. Sections were then stained with Reynolds lead stain. Cross sections of samples 

were viewed on a Hitachi H7700 (Hitachi High Technology, Japan) Transmission Electron 

Microscope.  

 Analysis of ARPE-19 TEM images 

Images were taken of compartments containing POS across all time points (n≥ 10 images 

per time point). Identification of compartments was carried out in blinded micrographs. Time 

points were split into early (2-4 hours), intermediate (6-12 hours) and finally late (24-48 

hours) stages. Compartments were identified using a three scale approach where (1) is no 

degradation observed, (2) shows some level of POS breakdown, and (3) represents POS 

in discernibly late compartments including lysosomes and/or autophagy bodies. The 

number of compartments present at each time point stage was quantified by counting. 

Further, images which included the apical edge were imported in ImageJ. The scale was 
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set using the microscope generated scale bar, and the distance of the POS- containing 

compartment from the apical edge of the cell was measured. All data was imported into 

GraphPad Prism for further analysis.  
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 In-vivo experimentation 

All experimental procedures were approved by a local ethical review committee and 

conducted in accordance with personal and project licenses under the UK Animals 

(Scientific Procedures) Act (1986). C57BL/6 mice were bred and maintained at the 

Biomedical Research Facility at the University of Southampton, UK. All mice were 

maintained on a 12/12-hour light/dark cycle and provided with food and water ad libitum. 

 Perfuse fixation 

Adult (4-6 month) male and female mice were perfused transcardially with 0.9% saline. 

Eyes were immediately enucleated and placed in 3% glutaraldehyde in 0.1M cacodylate 

buffer at pH7.4 for TEM imaging, or 4% PFA for immunofluorescence staining. 
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 Dissection of posterior poles of murine eyes and cryo-
sectioning 

Connective tissue and excess optic nerve were removed from the outside of the eye using 

micro-scissors. A 30G needle was then used to puncture the eye at the edge of the iris. 

Micro-scissors were inserted into the hole and used to cut along the edge of the iris. The 

front of the eye was then pulled off with the lens, leaving just the posterior pole for 

subsequent experiments. The remaining posterior eye cup was post-fixed in 4% PFA for an 

additional 20 mins, washed 3 times for 5 mins in 1xPBS. Eyes were then cryoprotected by 

submerging in a sucrose gradient (5%, 10%, 15% and 20%) in PBS for 2 hours in each 

concentration. Eyes were then left in a 30% sucrose solution overnight. Eyes were 

subsequently embedded in Tissue-Tek Optimal Cutting Temperature (OCT) compound and 

frozen on dry ice for 20 mins. All eye samples were stored at -20oC before cryo-sectioning. 

Eyes were serially sectioned at 16µm using a cryostat at 20oC and were collected 

consecutively on labelled slides, with approximately 12 sections per slides. Adjacent 

sections corresponded to a distance of ~192µm. Mounted sections were stored long-term 

at -20oC. 
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 Preparation of murine eye flat mounts 

Eyes were perfused fixed and dissected as described in sections 2.5.1 and 2.6. Micro-

scissors were then used to make 4 or more incisions into the eyecup, allowing the eye to 

lie flat [Fig. 7]. Flat mounts were placed onto microscope slides and used for 

immunohistochemistry.

 
Figure 7: Diagram showing flat mount preparation 
First, four incisions are made into the eye cup in order to make it lie flat. Also shown are the central 
and peripheral borders used when imaging these areas.  
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 Staining of retinal tissue 

Staining of most retinal tissue was immunofluorescence staining, and was performed 

similarly to that which was outlined for ARPE-19 cell staining (section 2.3). Specific 

alterations used when staining murine retinas will be described in subsequent results 

chapters.  

 Haematoxylin &Eosin (H&E) staining 

Slides were dried in an SI60 37oC incubator (Stuart, UK) for 1 hour to remove moisture, and 

were processed through a series of solutions. Initially, sections were submerged in 

Haematoxylin (Sigma Aldrich, UK) for 10 mins, before being washed in tap water for 8 mins. 

0.03% acid alcohol was then applied to the slide for a further 8 mins before being washed 

in tap water for 8 mins. Finally, 0.5% Eosin (Sigma Aldrich, UK) was used for 1 min. Slides 

were then dipped for 30 seconds 5 times in distilled water before the same process was 

employed to take slides through an alcohol gradient (50% ethanol, 70% ethanol, 90% 

ethanol and 100% ethanol twice).  Finally, slides were submerged in Xylene for 5 mins. 

Upon completion, slides were mounted with a glass coverslip using DPX mountant (Sigma 

Aldrich, UK). Imaging of slides was performed using an Olympus dotSlide virtual microscopy 

system (Olympus, UK) and was visualised using the OlyVIA software suit (Olympus, UK). 

 Analysis of stained retinal tissue 

2.8.2.1 Analysis of immunofluorescence images 

Images were opened in ImageJ, and the coloured channels were split. The green channel 

was converted into a 16-bit image. The image stack was then converted into a Z project to 

produce an image with maximum intensity from the entire stack. This image was then 

duplicated. One copy is left untouched. The other was used to create a binary image which 

was thresholded to remove any background staining. The measurements were set to re-

direct to the duplicated, untouched image. The layer (RPE or photoreceptor) was then 

traced around using the bright field channel. This was pasted onto the binary image and the 

average intensity measured and recorded in excel. This was repeated for 6 images 

collected from 3 mices for each stain. The average intensity was measured for both the 

RPE layer and the photoreceptor layer in control groups and HFD groups. Intensity values 

were plotted as a function of layer and animal model in GraphPad Prism. 
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2.8.2.2 Analysis of H&E images 

H&E images were opened in FIJI and the scale set using the microscope generated scale 

bar. 15 measurements of the photoreceptor and RPE/BrM width were taken across each of 

6 images from 3 eyes for control and HFD groups.  
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  Transmission Electron Microscopy of murine eye cups 

Embedding and microtomy of murine eye cups follow the same process as described in 

section 2.4. Specific differences will be outlined in subsequent chapters. 

 

 Analysis of retinal TEM images 

Images with BrM present were imported into ImageJ. The scale bar was set using the 

microscope generated scale bar. Ten thickness measurements were taken for each of 10 

images across 8 eyes per group. 

. 
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 Serial Block-face Scanning Electron Microscopy 

Posterior poles of murine eyes were placed in 3% glutaraldehyde in 0.1M cacodylate buffer 

at pH 7.4 for 1 hour. 0.1M sodium cacodylate buffer at pH7.4 plus 0.23M sucrose and 2mM 

calcium chloride were then used as a wash solution twice for 10 mins. Samples were then 

placed in 3% potassium ferrocyanide in 0.3M cacodylate buffer plus 4mM calcium chloride 

and 4% osmium tetroxide on ice for 1 hour. The thiocarbohydrazide solution was then made 

at 60oC, agitated every 10 mins for 1 hour. Once made, it was added to the samples for 20 

mins at room temperature. 2% osmium tetroxide was subsequently added for 30 mins, 

followed by 2% uranyl acetate for 1hr at 4% Walton’s lead aspartate solution was added for 

30 mins at 60oC. Samples were then put through a 30%-absolute ethanol gradient before 

acetonitrile was used for 20 mins. Samples were next left in 50:50 acetonitrile:Spurr resin 

overnight followed by fresh Spurr resin for 6 hours. Blocks were then embedded in capsules 

with fresh resin and left for 16 hours at 60oC to polymerise.  

Initially, the same microtomy technique as described in section 2.8.2 is used. However, after 

ultrathin sections had been taken and viewed under TEM to check for tissue preservation, 

a small region of interest was identified. A 500µm block was then cut from the original resin 

block, and glued onto a roughened aluminium 3-view pin, using silver loaded epoxy glue. 

This was left to polymerise overnight before the pin was remounted into the ultramicrotome 

chuck, and further ultra-thin sections taken and viewed on the TEM. The block was then 

trimmed once more into a small, neat trapezium. Silver dag was applied to the sides of the 

block, and gold/palladium was used to sputter coat the block for 2 mins to aid dissipation. 

Glue was then applied to the wide, bottom edge of the trapezium and loaded into the 3-view 

microscope.  

The diamond knife was brought into contact with the block, and the electron chamber 

evacuated to create a vacuum. The vacuum prevented air from interacting with bombarding 

electrons required to produce an image. The area of interest was imaged at a magnification 

of 4512x, an energy beam of 3.0kC, and a slice thickness of 50nm. A total of 1353 images 

were acquired on the initial imaging session. Since then 2 more stacks of a similar size have 

been created. Each image took an average of 3mins to take and were 8192x8192 pixels 

(pixel size =0.0041µm). 

 Post-image processing of SBSEM and segmentation of images 

Since eyes have an inherent curvature, the RPE layer slowly moves out of view whilst being 

imaged. The block must therefore be manually shifted back to keep the RPE layer in view. 

In such cases images are misaligned. In order to realign the images, the entire stack was 
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opened in FIJI and the plugin “register virtual stack slices” was used. This plugin realigns a 

sequence of images with an enlarged canvas according to a user chosen reference image. 

In this case, the first image of the stack was used. It must be noted that the plugin does not 

work with faulty or blurry images. In such cases, the damaged images were replaced by the 

succeeding image before realignment. This was completed by duplicating the subsequent 

image and renaming the duplicated file with the same file name as the fault image so the 

sequence can still be read as a stack. Images were further modified to allow easier edge 

detection and improve portability of image files, while preserving detail. First, a Gaussian 

Blur with a 1.00 radius was applied to all images to reduce noise by creating an average 

pixel within the set radius. This improved edge detection. Since the raw images from the 

microscope are large, they are converted from a colour depth of 16-bit to 8-bit grayscale 

images using FIJI. Image size was then reduced in half, from a width and height of 8192 x 

8192 to 4096 x 4096 pixels. The stack of images was visually checked for any entire RPE 

cells (our area of interest), which were isolated into a separate, smaller stack of images. 

This smaller stack was then opened into TrakEM2, a FIJI plugin290. Area lists were assigned 

for each section to be segmented. In this case; the RPE membrane, nucleus, apical 

microvilli, basal infolds and lumen. Colours were then assigned to each area lists before 

each section is drawn around by hand and filled in with its assigned colour [Fig. 8]. Once a 

section was finished, the area list was exported as an Amira file which could be opened into 

an Amira project to render in 3D [Fig. 9]. Area lists could be combined with the original 

image files to visualise the layers in 3D. Following segmentation volumetric and surface 

area data for each area could be extracted using the FIJI ‘measure’ function. Amira allowed 

for semi-automatic segmentation of photoreceptors due to their darker appearance on the 

image. This was performed using the magic wand tool, in which any contact areas within a 

user defined intensity range are automatically segmented. Any photoreceptors not catered 

for by the RPE cell of interest would then have to be manually erased. A macro was also 

written (see appendix 1) to obtain information about the surface area of two edges in 

contact.  
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Figure 8: An example image of segmentation using TrakEM2.  
Each area of interest of the RPE cell has been assigned a colour and manually traced around for 
every slice in the stack of images. (Blue= nucleus, red = cytoplasm, green = microvilli). 
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Figure 9: An example image of 3D reconstruction of a bi-nucleate RPE cell in Amira.  
Once segmented, each area-list can be imported into Amira and reconstructed in 3D. Orthogonal 
sections in x, y and z planes are shown. Red = Cytoplasm, Green = Microvilli, Blue = Nucleus. 
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 Statistical Analysis 

All statistical tests were performed using GraphPad Prism Software (GraphPad, CA, USA). 

Distribution of data was initially assessed using a D’Agostino Pearson omnibus normality 

test. The statistical significances of normally distributed data was determined by an 

unpaired t-test or a one-way ANOVA followed by a Turkey’s multiple comparison tests. 

When data were not normally distributed, a Kruskal-Wallis test was performed, followed by 

Dunn’s multiple comparison tests. Data are expressed as means ± standard deviation (SD) 

with statistical significance denoted as * for p≤ 0.05, ** for p≤ 0.01 and finally *** for p≤0.001. 
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 Table 1: Primary Antibodies used during immunofluorescence studies 

Details of the primary antibodies used for laser scanning confocal microscopy. In all cases, antibodies were diluted in 1% BSA in 0.1% PBS-Tween 

in the ratios specified on the right-hand column.  

Product Name Company Catalogue 

Number 

Clone/Isotype Species Dilution 

Rab-5 Abcam Ab18211 IgG, pAb Rabbit 1:1000 

Rab-7 Abcam Ab137029 IgG, mAb Rabbit 1:200 

Lamp-1 Abcam Ab24170 IgG, pAb Rabbit 1:1000 

Lamp-2A Abcam Ab18528 IgG, pAb Rabbit 1:200 

LC3B Abcam Ab48394 IgG, pAb Rabbit 1:1000 

ZO1 Invitrogen 40-2200 IgG, pAb Rabbit 1:100 

MerTK Abcam Ab95925 IgG, mAb Rabbit 1:100 

αvβ5 Integrin  Abcam Ab24694 IgG1, mAb Mouse 1:100 

TIMP3 Abcam Ab85926 IgG, pAb Rabbit 1:200 

βIII-tubulin Abcam Ab18207 IgG, pAb Rabbit 1:200 
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Coll IV Abcam Ab6586 IgG, pAB Rabbit 1:800 

Clusterin Abcam Ab69644 IgG, pAB Rabbit 1:100 
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Table 2: Secondary Antibodies used during immunofluorescence studies.  

Details of the secondary antibodies used for laser scanning confocal microscopy. Antibodies were diluted in 1% BSA in PBS-Tween to the ratios 

specified in the right-hand column. 

Product Name Company Catalogue 

Number 

Species Reactivity Dilution 

Alexa Fluor 546 Life 

Technologies 

A11071 Goat Rabbit 1:200 

Alexa Fluor 594 Life 

Technologies 

A11072 Goat Rabbit 1:200 

Alexa Fluor 594 Life 

Technologies 

A11020 Goat Mouse 1:100 
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Table 3: Staining reagents used in immunofluorescence studies. 

Details of the staining reagents used during laser scanning confocal microscopy experiments. DAPI: 4’, 6’-diamino-2-phenylindole 

Product Name Company Catalogue Number Dilution 

FITC-488 Life Technologies F1906 N/A 

Cytopainter Phalloidin-

iFlour 647 

Abcam Ab176759 1:1000 

DAPI Sigma-Aldrich D9542 1:1000 

Oil Red O Sigma-Aldrich O0625 N/A 
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 Visualising the 3-dimensional 
ultrastructure of the RPE monolayer and 
associated retinal layers 

 Introduction 

As described previously, the RPE monolayer is highly morphologically specialised to carry 

out its functions (see section 1.7). However, thus far the RPE structure has only been 

studied using conventional 2D imaging techniques such as Transmission Electron 

Microscopy (TEM) and Scanning Electron Microscopy (SEM). TEM, providing a resolution 

greater than light microscopes, was first developed in 19318. This allowed tissues to be 

viewed in greater detail than ever before and gave way to a fresh understanding of 

structures. For instance, a detailed analysis of intracellular organelles could be completed. 

However, since these images were in 2D, many assumptions were made about volumetric 

and structural properties based on extrapolation of 2D images, which may prove inaccurate 

upon 3D examination. TEM uses an electromagnetic lens which focuses a beam of 

electrons through an ultrathin (<100µm) section of fixed, stained, dehydrated and resin-

embedded tissue. Some electrons pass through the section whilst others are scattered, 

depending on the section density. This creates a high-resolution image of the cell 

ultrastructure. However, in order for samples to be able to withstand low pressure / high 

vacuum, and bombardment of accelerated electrons, tissues must be processed using 

chemicals and heat which could introduce artefacts and potential shrinkage. The inherently 

2D nature of TEM has previously been overcome by serial section TEM, and TEM 

tomography. Serial section TEM however is technically difficult, as each subsequent section 

needs serially collected, imaged, and reconstructed accurately. Nonetheless, this has 

provided high-resolution 3D results291. TEM tomography involves imaging a section 

repeatedly whilst it is tilted incrementally around its axis. The series of images are 

subsequently used to reconstruct a 3D image of the sample. However, this does cause a 

‘missing wedge’, due to a limited tilt range of ~60O292. SEM uses a beam of electrons which 

are raster-scanned over a fixed, dehydrated, dried and conductive (by coating with a metal) 

tissue. The beam interacts with the sample producing secondary electrons, backscattered 

electrons and x-rays which are collected to form an image. SEM resolutions range from 

20µm to 0.4nm depending on the accelerating voltage, spot size, scanning speed and 

vacuum level292. Although SEM conveys 3D impressions of structures by focussing over a 

range of distances giving a large depth of field, the technique is essentially 2D as depth 
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perception is limited and no information about the interior of the surface can be gained, only 

surface topography. 

As far back as the 1970s, 2D imaging approaches were used to study the ultrastructure of 

the RPE monolayer alongside adjacent tissues in the outer retina. For instance, Hogan et 

al. used conventional TEM to illustrate the apical specialisation of RPE cells to great effect. 

These micrographs showed long apical microvilli which protrude to surround the distal tips 

of overlying photoreceptors125. RPE cells also have highly invaginated basal infolds that 

increase the basolateral footprint of cells129. TEM studies have shown the stratified and 

polarised distribution of organelles within the RPE cells. For instance, melanin pigment 

granules are found on the apical side closest to the light-sensitive photoreceptor layer, 

which is unsurprising due to their role in absorbing stray light. In contrast, mitochondria and 

nuclei are located more basally125,132. Until recently 3D imaging of cellular ultrastructure was 

not possible and therefore 2D data have been extrapolated to make assumptions about the 

3D structure of RPE cells, which has formed the basis of their morphology since then. For 

example, based on the cobblestone appearance of RPE cells, the monolayer is thought to 

be composed of many hexo-cuboidal shaped cells13. The inherently 2D imaging approaches 

have meant that we are still unaware of any volumetric information pertaining to RPE 

structure. Such lack of knowledge also extends to the intracellular volumes of specific 

organelles such as lysosomes and mitochondria that are known to be damaged and play 

an important role in retinopathy286,293-296. Fortunately, such important gaps in knowledge can 

now be addressed by exploiting new imaging techniques such as Serial Block-face 

Scanning Electron Microscopy (SBSEM). SBSEM uses an internal microtome to shave off 

slices of pre-defined thickness (in this case 50nm thick serial sections) from the top of the 

sample immediately after imaging with an electron beam [Fig. 10]. In this way, a sequential 

stack of images can be collected from the entire sample. This provides detailed volumetric 

as well as structural information. The image stack can be used to segment (outline and 

assign colours) and identify distinct areas of the tissue/sample [Fig. 13B]. This information 

is then modelled and reconstructed via software such as Amira, to render the pre-selected 

regions of the tissue in 3D. SBSEM has already proved to be an invaluable technique in 

other areas of neuroscience and biology. For example, for the first time it has been possible 

to reconstruct almost complete invertebrate and sizable fractions of vertebrate nervous 

systems297. When combined with light microscopy, SBSEM has been used to provide a 

platform where cellular events can be selected and imaged at high resolution. For instance, 

this approach has been utilised to study mitotic spindle architecture at high resolution in 

3D298. SBSEM reconstructions have also been used to reconstruct the keratocytes and 

collagen fibrils of the developing chick corneal stroma. Such 3D data revealed that there 

was a much larger volume of corneal matrix compared to extracellular components, which 

had not been previously realised using conventional 2D imaging9. 
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As this novel technique has not been utilised to fully investigate the delicate soft tissues of 

the outer retina, we used wildtype mouse eyes for our studies. Mouse eyes are an excellent 

representation of the mammalian eye and are similar in many respects to the human 

equivalent despite the lack of anatomical macula [Fig. 11]. Murine eyes are also readily 

available and, of critical importance to our study, can be perfuse-fixed while the animal is 

still alive, which allows for the best possible structural preservation of these delicate tissues. 

By contrast, it is not possible to retrieve such high-quality tissues from human donors, which 

are typically available in the UK only after 48 hours post mortem (and often even longer) by 

which time their structure is irrevocably altered.  

In order to study the native 3D structure of the mammalian RPE, we, therefore, used 

perfused-fixed wildtype mouse eyes and prepared tissue samples from the central mouse 

retina from SBSEM. We adjusted the microscope to acquire images of the outer retina at 

an optimal magnification such that the entire RPE monolayer was captured at high 

resolution alongside adjacent photoreceptors on the apical interface as well as the BrM 

choriocapillaris on the basal side. Of three separate mouse eyes imaged via the 3View 

microscope, we selected a single patch of RPE cells from a single eye to further segment 

and reconstruct in 3D. The presence of bi-nucleate and multi-nucleate RPE cells is often 

reported136, however little is known about the structural and functional implications of their 

presence. We, therefore, decided to segment and reconstruct a path of RPE which included 

both a mono-nucleate and bi-nucleate RPE cell to compare any structural differences 

between the two. 
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Figure 10: The principle of SBSEM.  
[1] An SEM image is taken of the area of interest in the resin block (orange) using an electron beam. 
[2] A diamond knife (blue) which is internal to the microscope shaves off and discards an ultrathin 
(50nm thick) section of the resin block. [3] When the knife is retracted, the next SBSEM image is 
taken of the subsequent layer. 

 
Figure 11: Schematic comparing human and mouse eyes. 
[A] Human eye cross section. [B] Murine eye cross section. Note the lack of macula and fovea in the 
mouse eye. Structurally, however, there are remarkable similarities between tissues of the outer 
retina in humans and mice. Figure adapted from Veleri et al., 2015299. 
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Hypothesis: Novel ultrastructural imaging techniques will provide altogether new 
information on the structure of the RPE and associated tissues of the outer retina, including 
volumetric information. This will reveal a more realistic and accurate picture of RPE cells 
and help understand how this critical monolayer alters with age and disease.  

Aims: Use Serial block-face Scanning Electron Microscopy (SBSEM) to study the 

ultrastructure of the murine RPE monolayer and associated tissues. 
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 Methods 

4 month old wildtype C57BL/6 mouse eyes were enucleated, and the posterior pole fixed 

and stained with heavy metals before being embedded in resin capsules according to an 

adapted Ellisman protocol300, as outlined in chapter 2. Semi-thin and ultra-thin sections were 

imaged using a Hitachi H7700 TEM to check for sample preservation and identify a region 

of interest (ROI) in the central retina. Subsequently, a 500µm cube which contained the 

central retina ROI was then cut out of the resin block, glued onto an aluminium 3-view pin 

using silver loaded epoxy glue and sputter coated with gold and palladium. This was loaded 

into an FEI Quanta 250 FEG SEM fitted with a Gatan 3-view 2XP system (Gatan, Roper 

Technologies, USA). The area of interest was imaged at a magnification of 4512x, beam 

energy of 3.0kV and images were collected from serial 50nm thick sections for the entire 

sample depth. The dimension of each microscopic image was 8192 x 8192 pixels, where 

the pixel size was 4.2nm x 4.2nm. Each image was a total of 33.78µm in size.  

Once imaged, a Gaussian Blur with a 1.00 radius was applied to all images in the stack. 

This reduces the image noise by creating an averaged pixel within the set radius, which 

facilitates the detection of edges. Images were also transformed from a colour depth of 16-

bitmap to 8-bitmap. This modifies the images from 256 colour states to 64 colour states, 

which softens and reduces image definitions, creating a more manageable image stack for 

segmentation. Images were also resized from a width and height of 8192x 8192 pixels to 

4096 x 4096 pixels. This lowers the resolution by a quarter of the original images, and an 

averaged pixel is generated from 4 pixels, which facilitates image segmentation. This also 

creates a smaller and more portable image file. As the eye sample has a slight curvature, 

the RPE cell layer often moves out of view during imaging. In this case, the sample is 

manually adjusted back into its original position. However, this causes the ROI to move from 

one side of the image to the centre, creating a staggered reconstruction, if segmentation is 

carried out before the stack is aligned. Therefore, before segmentation occurs, the images 

are realigned using the FIJI plugin, Register Virtual Stack Slices. This realigns the sequence 

of images with an enlarged canvas, according to a reference image (see section 2.10.1). 

Once realignment had occurred, TrakEM2, a FIJI plugin, was then used to segment images 

by manually tracing around the structures of interest in different colours. Colour coded ROIs 

can be reconstructed in 3D using Amira software. Detailed methodologies can be found in 

Chapter 2. 2D measurements of the BrM thickness, microvilli length and angle from the start 

of each cell and every subsequent 50 slices (until the last image in the cell stack) were 

measured (n=10 per image). A macro was written to measure the touching edge surface 

area of 2 adjacent volumes (see Appendix A for macro details).  
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In a separate experiment, posterior poles from eyes of three adult mice (12 weeks) and 3 

aged mice (52 weeks) were dissected to produce RPE flat-mounts. Cell nuclei and margins 

were labelled with DAPI and ZO-1 labelling and imaged as a stack by confocal microscopy. 

Three images of the posterior and central retina were taken per eye [Fig. 7]. 

All statistical tests were performed using GraphPad Prism. Data were first tested for normal 

distribution. Those that were significantly distributed were analysed using an unpaired 

student’s t-test of a one-way ANOVA followed by Turkey’s multiple comparison tests. Data 

that were not normally distributed were analysed using a Kruskal-Wallis test followed by 

Dunn’s multiple comparison tests. All stats were reported as * representing p≤ 0.05, ** 

showing p≤ 0.01, *** indicating p≤ 0.001 and **** is p≤ 0.0001. 
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 Results 

 Bi-nucleate RPE cells in the mouse outer retina 

Given recent findings which indicate that bi-nucleate RPE cells may initiate 

retinopathy136,149,301  we first compared mono-nucleate vs bi-nucleate RPE cells in the 

mouse retina. Murine RPE flat-mounts from two different age groups (2-3 months and 12 

months) were stained with ZO1 and DAPI [Fig. 12A, B, C and D]. We then used FIJI 

software to count the number of mono-nucleate and bi-nucleate/multi-nucleate RPE cells in 

each image in an unbiased manner. We found there to be 11% bi-nucleate RPE cells in the 

young peripheral retina which increased to 28% with age [Fig, 12 A, C and E]. In the central 

retina of younger animals, there was a significant increase in the number of bi-nucleate cells 

compared to the peripheral retina (60% compared to 11%), which increased further to 72% 

bi-nucleate RPE cells in aged mice [Fig. 12B, D and E]. This revealed that the highest 

number of bi-nucleate RPE were in the central retinas of older mice.  
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Figure 12: Confocal images of a whole mount retina.  
[A] Representative image of the peripheral retinal of a young mouse. The tight junctions 
(ZO1) between cells are shown in red while the nuclei have been stained with DAPI and are 
blue. Note that almost all the cells are mono-nucleate with very few instances of bi-nucleate 
cells.  [B] Representaitve confocal image of the central retina of a young mouse eye. Note 
the increase in bi-nucleation compared to the peripheral retina. [C] Representative image 
of the peripheral retina of an aged mouse. Note that most cells are mono-nucleate with few 
bi-nucleate or multi-nucleate cells. D] A representative image of the central retina from an 
aged mouse. Note the increase in the numbers of bi-nucleate cells compared to image C. 
Scale bars in A and B represent 15µm. E] The number of mono-nucleate and bi-nucleate 
RPE cells in the peripheral and central retinas of young and aged mice, shown as a 
percentage of total cells. Error bars represent the standard deviation (SD). N= 9 per group 
(from 3 different eyes of three animals) where significance was assessed using one-way 
ANOVA followed by Turkey’s multiple comparison test. *** denotes a significance of p ≤ 
0.001 and **** indicates a significance of p ≤ 0.0001.  
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 Segmentation and comparison of a mono-nucleate and a bi-nucleate RPE 
cell. 

To study the ultrastructure of healthy RPE cells, eyes from 3 different mice were embedded 

in resin capsules and imaged via SBSEM [Fig. 14A].  In this instance, images from the 

central retina of a single eye were used for 3D reconstruction. An intact and whole RPE cell 

from the larger serial image series was identified and isolated into a smaller image stack 

(henceforth referred to as cell 1). The apical microvilli, basal infolds, lumen, nuclei, and 

cytoplasmic space were segmented in distinct colours using the FIJI plugin, TrakEM2 [Fig. 

13B] and reconstructed using Amira [Fig. 14]. The use of different colours allowed individual 

measurements/ analysis of distinct parts of the cell as well as the collective analysis of the 

RPE cell as a whole. Surrounding RPE cells were also segmented similarly and rendered 

in 3D. This ‘RPE monolayer patch’ consisted of an entire bi-nucleate RPE (cell 2), as well 

as 2 incomplete bi-nucleate cells (referred to as cells 3 and cell 4, respectively) [Fig 14 A-

D, Fig. 17]. In this way, we started assembling data to reconstruct a ‘patch’ of RPE in 3D 

for the first time. See supplementary figures included in the attached USB drive; the files 

are explained in detail in Appendix B, but briefly, there is an interactive pdf document which 

has preselected images of the monolayer in 3D. These can be moved around using the 

document pan and the scroll functions. Different structures can be made transparent or 

invisible in each plane using the colour chart buttons at the bottom. 

 
Figure 13: Representative images from the 3view microscope.  
[A] An image was taken from a stack of 3-view images and rotated by 90o. Adjacent tissues and 
components of the RPE are labelled. [B] Individual areas segmented in distinct colours (colour-
coded) where blue = nucleus, red = cytoplasm, green = microvilli, purple = lumen and yellow= basal 
infolds. Scale bars represent 5µm. 
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Figure 14: RPE cells after segmentation and reconstruction in 3D.  
[A] A mono-nucleate RPE cell that has been fully imaged (the whole cell captured). [B] A complete 
bi-nucleate cell. [C and D] Two separate incompletely imaged bi-nucleate RPE cells. The microvilli 
are shown in green, the nuclei in blue and the cell body are in red, with basal infolds and lumen 
coloured in yellow and purple respectively.   

3.3.2.1 Differences in the shapes of bi-nucleate and mono-nucleate RPE cells  

It has been reported that RPE cells have a distinct hexo-cuboidal shape132,276. However, our 

findings show that only subset cells exhibit this characteristic shape, whereas other RPE 

cells appear to be more cuboidal in arrangement [Fig. 16, 17A, B]. These observations are 

based on visual analysis of RPE cells throughout the generated stacks. Our data also reveal 

that RPE cells are slightly tilted, with one side closing at the basal infolds and the other at 

the apical microvilli thus forming a rhombus shape as shown in Figure 15. This assessment 

is based on an analysis of segmented images as well as unsegmented or unprocessed raw 

SBSEM data. This tilt in the cell surface would have the effect of increasing the surface area 

of the cell: cell contacts.  
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Figure 15: Images of reconstructed cells to show the rhombus shape.  
Cross-sectional views of cell 1 [A] and cell 2 [B]. The basal infolds and lumen have been hidden in 
order to highlight the cross-sectional rhomboid shape of the cell body. Note the microvilli lie in the 
same direction as the rhombus shape. (red = cytoplasm, blue = nuclei, green = microvilli). 

 

3.3.2.2 The surface area of the adjacent cell: cell contacts 

Using a specially written ImageJ macro (appendix 1) we were able to garner insights into 

the surface area of the cell: cell contacts, thus allowing us to evaluate the extent of 

interactions between adjacent RPE cells in the monolayer. We found that there were varying 

amounts of contact across the RPE patch, with the smallest interaction being between cells 

3 and 4 (25869nm2), and the largest between cells 1 and 3 (51188nm2) [Fig. 16]. At no point 

were there any borders or a shared interface between cells 1 and 2. There were also 

interactions between cell 2 and 3 (39829nm2) and cell 2 and 4 (45774nm2). 
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Figure 16: A top-down view of the reconstructed cytoplasm and nuclei of the patch of RPE. 
The arrows indicate the border at which two interfaces from the adjacent cells interact. The surface 
area of these contacts is shown in nm2. Cell 1 is top right; cell 2 is bottom left, cell 3 bottom right and 
cell 4 top left. Red = Cytoplasm, Blue = Nuclei. 

 

3.3.2.3  Differences in mono-nucleate and bi-nucleate RPE nuclei and cytoplasm 

Our data shown in Figure 17 revealed that cell nuclei exhibit an ellipsoid-like shape, and 

have comparable volumes regardless of the number of nuclei in each RPE cell (Cell 1 = 

141µm3, Cell 2 = 156.8µm3, 144µm3, Cell 3 = 139.5µm3, 126.5µm3, Cell 4 = 128.2µm3 and 

138.1µm3). The somewhat smaller nuclei volumes of Cells 3 and 4 are due to the incomplete 

imaging of these cells (part of their nuclei were not included in the 3D reconstructions and 

lay outside the sample). The surface area of each nuclei were also largely similar (Cell 1 = 

172.1µm2, Cell 2 = 197.3µm2 and 186.5µm2, Cell 3 = 171.5µm2 and 158.2µm2, Cell 4 = 

164.2µm2 and 169.2µm2). Measurements of the RPE cell cytoplasm (without nuclei) show 

that whilst the surface area of the bi-nucleate cell is almost 50% larger than that the mono-

nucleate RPE cell (1564µm2 and 2104µm2), the cytoplasmic volume of both cells remains 

broadly similar (the cytoplasmic volume of cell 1 and cell 2 were 2068µm3 and 2110µm3 

respectively). Since cell 3 and cell 4 were incompletely imaged, their cytoplasmic volumes 

and surface areas are excluded from comparisons. 



 Chapter 3 

87 

 
Figure 17: Segmented and 3D reconstructed nuclei and cytoplasm 
Cell 1 [A] Nucleus and cytoplasm of Cell 1. [B] Nuclei and cytoplasm of cell 2 [C] Nuclei and cytoplasm 
of cell 3 and [D] nuclei and cytoplasm of cell 4. In all cases, nuclei and cytoplasm have also been 
combined. Volumetric and surface area (SA) data are shown for each reconstructed area. Note the 
differences in shapes between cells, particularly cells 1 and cell 2.Red = cytoplasm blue = nuclei. 
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3.3.2.4 Comparison of basal infolds in mono-nucleate and bi-nucleate RPE cells.  

Since the image resolution in our stacks was somewhat sub-optimal to accurately 

segment/capture each membrane in all the basal infolds per se, we instead segmented 

lighter areas between membranes which represented luminal space between the basal 

infolds. Here, the darker regions of magnified images represented the basal infolds 

themselves. This enabled us to approximately evaluate the space between basal infolds 

and thus record any differences in these structures between mono-nucleate and bi-nucleate 

RPE cells. We found that the mono-nucleate cell 1 had a basal infold volume of 152.2µm3 

with a surface area of 976.4µm2. Cell 1 also had a lumen volume of 40.9µm3 and surface 

area of 537.9µm2 [Fig. 18A]. This resulted in a ratio of basal infold volume: lumen volume 

of 3.72. For cell 2 (the complete bi-nucleate cells), the volume of basal infolds was 250µm3, 

while the surface area was 2220.8µm2. The volume of the lumen was recorded as 164.1µm3 

with the surface area at 1637.1µm2, resulting in a ratio of 1.53 [Fig. 18B].  Cell 3 (an 

incomplete bi-nucleate cell) had a basal infold volume of 165µm3 and surface area of 

2017.9µm2, while the luminal volume was 92.4µm3 and the surface area 1682.2µm2. Its 

basal infold volume: lumen volume ratio was 1.79 [Fig. 18C]. For cell 4, also an incomplete 

bi-nucleate RPE cell, the basal infold volume was 141µm3 with a surface area of 1882.3µm2 

and lumen volume of 116.7µm3. Its surface area was 1884.3µm2, resulting in a final ratio of 

1.21 [Fig. 18D]. Our findings reveal that there is a lot more ‘empty’ lumen space underneath 

bi-nucleate cells compared to the mono-nucleate RPE cells. This is evident in the middle 

and right panels in Figure 18, which clearly shows increased luminal space in panels B, C 

and D and A.  

In order to better understand the arrangement of basal infolds in each cell, we also ran the 

contact macro for the basal infold and lumen of each cell. We found that the surface area 

of the contacting edge (of basal infolds and lumen) is 0.365µm2 for cell 1, 1.23µm2 for cell 

2, 1.15µm2 for cell 3, and 1.28µm2 for cell 4, respectively [Fig.19B]. This data reveals that 

the total surface area of the basal infolds is much less for the mono-nucleate cell compared 

to the bi-nucleate RPE cells. Alongside the total surface area of contacting edges, the macro 

also enabled us to gather data on the Surface Area (SA) of the contacting edge per slice 

(thus compare between mono and bi-nucleate RPE) in order to test for any significant 

differences between cells [Fig. 19A]. This revealed that there is a marked decrease in the 

SA of basal infolds per slice in cell 1 (mono-nucleate) compared to all 3 other bi-nucleate 

RPE cells.  
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Figure 18: Segmented and 3D reconstructed basal infolds and lumen data  
Cell 1 [A], Cell 2 [B], Cell 3 [C] and Cell 4 [D]. In all cases the left hand column in basal 
infolds, the middle column in the lumen and the right column is the two volumes combined. 
Volumetric and Surface area information is shown underneath each reconstructed area, 
and a ratio of basal infold: lumen space is highlighted for each cell. V= volume, SA= surface 
area. Yellow = basal infolds, purple = lumen. 
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Figure 19: Surface area of the contacting edge of basal infolds and lumen in each RPE cell.  
A] Shows the surface area of each slice (n≥373). Error bars are shown for standard deviation and 
**** represents a significance of p≤ 0.0001 compared to all other cells individually. Statistical 
significance was measured by a one-way ANOVA followed by Turkey’s multiple comparison tests.  
B] The total surface area of the contacting edge between basal infolds and lumen for each cell. Note: 
As this is a single measurement for each 3D reconstructed cell, no statistics could be performed and 
no error bars are shown.  

 

3.3.2.5 Comparison of microvilli in mono-nucleate and bi-nucleate RPE cells.  

Reconstruction of RPE cells in Amira revealed that the microvilli of the monolayer were 

found to point uni-directionally. Furthermore, there were multiple indentations at the top of 

RPE microvilli; points at which overlying POS associated with these structures. These 

indents, therefore, represent ‘footprints’ of overlying photoreceptors [Fig. 20]. The length of 

apical microvilli in RPE cells have not been measured in 3D reconstructed samples. Our 2D 

measurements across the entire image stack revealed that the average apical microvilli 

length was comparable across all RPE cells, with the average length for cell 1 measuring 

5255.5nm ±800.1. Average microvilli in Cell 2 measured 5295.8nm ±972.9 in length, whilst 

the average length of microvilli in cell 3 was 5336.6nm ±1177.6. The microvilli of cell 4 

measured 5682.6nm ±935.6 which were significantly longer than the microvilli associated 

with all other cells (p= 0.0226, p= 0.0225 and p= 0.0413 for cell 1, 2, and 3 respectively) 

[Fig. 21A]. We also measured the angle of microvilli for each cell and found that all cells 

had comparable angles of microvilli. However, cell 2 had more angled microvilli than cell 1 

and cell 4 (p = 0.0051 and p= 0.0010 respectively). The average values of microvilli angle 

in cell 1 was 142.2o (SD=6.88) whilst the microvilli in cell 2 were at an angle of 146.3o 

(SD=6.91. The incompletely imaged cells had microvilli angles of 144.3o ±6.5 for cell 3 and 

142.1o ±7.8 in cell 4 [Fig 21B].  

Volumetric analysis of the microvilli revealed that the bi-nucleate cell 2 had a slightly larger 

microvilli volume compared to the mono-nucleate RPE cell 1 (877µm3 and 538.5µm3 

respectively) [Fig. 20A, B]. Since cell 3 and cell 4 were incompletely imaged we carried out 
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a ratio of microvilli volume: cytoplasmic volume in order to make all 4 cells comparable. Cell 

1 had a volume ratio of 0.26, Cell 2 0.42, Cell 3 0.39 and Cell 4 0.67 [Fig. 20A-D]. This 

decrease in microvilli volume for cell 3 compared to the 2 other bi-nucleate cells was 

unsurprising given that many of its microvilli were not included in the 3D-reconstructed 

image as they were cut off and outside the sample area [Fig. 20C]. However, it is interesting 

that there are fewer microvilli per cytoplasmic area (µm3) in cell 1 compared to those in any 

of the bi-nucleate cells. 
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Figure 20: Segmented and reconstructed microvilli  
cell 1 [A], cell 2 [B], cell 3 [C] and cell 4 [D]. The left hand panel of each cell shows the top down view 
of the microvilli, whilst the right hand panel is a side view. Note the indents seen in the microvilli layer, 
where they wrap around overlying photoreceptors. V= volume, SA= Surface Area. 
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Figure 21: Microvilli measurements across each cell  
A] Microvilli length for each cell. Error bars show standard deviation. Statistical significance was 
measured by a one-way ANOVA followed by a Turkey’s multiple comparison tests where * shows 
the significance of p≤0.05. B] Microvilli angle for each cell. Error bars represent standard deviation. 
Statistical significance was measured by a Kruskal-Wallis test followed by Dunn’s multiple 
comparison tests. ** denotes p≤0.01 and *** shows p≤0.001. n≥7 per cell. 

 

3.3.2.6 Comparison of photoreceptors associated with mono-nucleate and bi-
nucleate RPE cells  

To understand the relationship between healthy RPE cells and the overlying 

photoreceptors, we reconstructed the latter in 3D for the first time. We used the higher 

contrast level in photoreceptors to reconstruct these cells via a semi-automatic method of 

segmentation in Amira [Fig. 22A-D]. Two independent assessors counted the number of 

photoreceptors overlying each RPE cell. Where differences were found, photoreceptors 

were recounted, or an average recorded when differences were ≤2 photoreceptors. We 

found that cell 1 was positioned under 90 photoreceptors, cell 2 catered for 132.5 

photoreceptors, whilst cell 3 and cell 4 were associated with 102 and 216.5 photoreceptors 

respectively [Fig. 23]. Once reconstructed in Amira, the microvilli, which makes intimate 

connections with photoreceptors by wrapping around their outer segments, can be 

visualised in an unprecedented manner [Fig. 22E]. To study this relationship further, we 

used a macro to quantify the surface area of RPE microvilli in contact with the 

photoreceptors. We found that there was a larger area of RPE-photoreceptor contact in cell 

2 (90000nm2) compared to cell 1 (51462nm2). This increase was not seen in cell 3 or cell 4 

(48732nm2 and 73118nm2 respectively) but since they are incomplete this is perhaps 

unsurprising. We further found that the binucleate cells had significantly more contact with 

the photoreceptors than the mono-nucleate RPE cell [Fig. 24A]. Another useful output would 

have been the volume of photoreceptor outer segments. However, it was not possible to 

obtain this data as our imaging parameters did not capture these wholly. Instead we were 

able to measure the ratio of photoreceptors per microvilli volume (µm3), which provided an 
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analysis of RPE-photoreceptor interactions at the RPE microvilli scale. For cell 1 and 2 this 

ratio was 0.1703 and 0.151 respectively. Cell 3 had 0.167 photoreceptors per µm3 of 

microvilli whilst the ratio for cell 4 was 0.194 [Fig. 25A]. Since these values are comparable 

across all cells, we can conclude that the microvilli volume is directly correlated to the 

number of photoreceptors catered by RPE cells. Interestingly, when we calculated the ratio 

of photoreceptors per µm3 of RPE cell cytoplasm, cell 1 had a ratio of 0.044, whilst cell 2 

and cell 3 had 0.063 and 0.065 respectively with a value of 0.130 for cell 4 [Fig. 25B].  



 Chapter 3 

95 

 
Figure 22: Amira 3D reconstructions of cells and photoreceptors  
[A-D] The relationship between overlying POS and the underlying RPE cells were studied for each 
of cells 1-4 respectively. [E] A magnified cross-section showing RPE microvilli-POS interactions in 
unprecedented detail. Pale blue = photoreceptors, green = microvilli, red = cytoplasm, dark 
blue = nuclei, yellow = basal infolds, and purple = lumen. 
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Figure 23: Segmented and 3D reconstructed photoreceptors 
Cell 1 [A], cell 2 [B], cell 3 [C] and cell 4 [D]. The number of photoreceptors counted for each cell is 
indicated. For each cell, the bottom up view is shown on the left hand panel, which illustrates the 
basal side of the photoreceptors that interact with the microvilli. The right hand panel shows a top 
down view of the photoreceptors. 
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Figure 24: Surface area of RPE microvilli in contact with photoreceptor outer segments for 
each cell.  
[A] The average surface area of microvilli per slice for mononucleate and binucleate RPE (n≥ 373). 
Error bars show standard deviation. When compared, **** represents a significance of p≤ 0.0001 
measured by an unpaired student’s t-test [B] The total surface area of the contacting edge between 
photoreceptors and microvilli for each cell. Since this is a single measurement, no statistics could be 
performed, and no error bars are present. 
 

 

Figure 25: The ratio of POS to RPE microvilli volume and cytoplasmic volume  
[A] The ratio of photoreceptors per µm3 of RPE microvilli volume for each cell [B] The ratio of 
photoreceptors per µm3 of RPE cytoplasmic volume for each cell. No errors bars are shown as these 
are representative of an entire RPE cell, not per slice. 
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3.3.2.7 Comparison of Bruch’s membrane associated with mono-nucleate and 
bi-nucleate RPE cells 

Next, we studied the interaction between RPE cells and the underlying/supportive BrM. To 

quantify this relationship at an ultrastructural level, we measured the BrM thickness at 10 

separate locations in images every 50 slices apart for each RPE cell [Fig. 26]. The BrM 

associated with Cell 1 was significantly thinner than all other cells (p = 0.0477 for cell 2, p= 

0.0062 for cell 3 and p= 0.0012 for cell 4). For cell 1, the lowest measurement for BrM 

thickness measured 221.4nm while the thickest measured 762.6nm. The average BrM 

thickness for the entire RPE cell was calculated to be 423.9nm. For cell 2, BrM had a 

minimum thickness of 246nm and reached a maximum of 1461.58nm. The average 

thickness of BrM underlying cell 2 was 440.1nm. Cell 3 had a minimum BrM thickness of 

270.6nm and maximum of 1058.1. The average BrM thickness for cell 3 was 496.9nm. Cell 

4 BrM had a minimum thickness of 271.7nm and maximum of 1116.3nm, with an average 

value of 507.4nm.  

 
Figure 26: BrM thickness as measured under each RPE cell. 
The thickness of BrM under each cell was measured. The BrM under cell 1 was significantly thinner 
than under any of the bi-nucleate cells. No significant difference was recorded between any of the 3 
bi-nucleate RPE cells (cell 2, 3 and 4). Error bars show standard deviation. Statistical significance 
was measured by a one-way ANOVA, followed by Turkey’s multiple comparison tests. * shows 
significance of p≤ 0.05, ** represents p≤ 0.01 whilst *** is p≤ 0.001. n ≥9 images per cell. 
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 Discussion 

All knowledge of the RPE monolayer is based on conventional 2D imaging techniques. 

However recent advances in 3D imaging technology have allowed researchers to delve 

further into the morphology of different cell types. For example, this technology has been 

used to reconstruct capillary vessels in the inner nuclear layer and the retinal ganglion layer 

of the inner retina. This revealed the accumulation of vacuoles in the basement membrane 

at the glia interface with increasing age, a phenotype that is usually considered to be 

pathological302. 3D reconstructions of RPE cells have revealed some surprising 

morphological features, including the rhomboid cross-sectional shape of each cell with one 

side opening at the basal infolds and the other closing at the microvilli. This increases the 

surface area of cell contacts. This might help aid the barrier properties of the monolayer. 

We measured the surface area of the cell: cell contact to garner an idea of the level at which 

each cell interacts with another. We found that there was no point at which all the cells 

interacted, and instead the contacts were slightly staggered to one another. However, given 

that all data discussed in this chapter is from four cells with only one being mono-nucleate, 

these findings might not be truly representative of the latter cell type, and therefore it would 

be useful to study more mono-nucleate cells to substantiate any conclusions drawn. 

 Quantification of bi-nucleate cells across the murine retina 

2D imaging techniques have been utilised in numerous studies on murine retinas, many of 

which have identified the presence of bi-nucleate RPE cells. It has been shown that 67% of 

the central mouse retina consist of bi-nucleate RPE cells compared to just 3% in the 

periphery. This equates to approximately 35% of all RPE cells in the murine retina being bi-

nucleate136. The number of RPE cells are known to decline with increasing age145. However, 

in healthy aged eyes, the RPE monolayer is maintained, which suggests a compensatory 

mechanism in old age. It must be noted that a subset of binucleate cells in murine eyes are 

attained shortly after birth and therefore multinucleation is often reported to be, in part, a 

developmental process151. Studies have shown that RPE cells not only increase in size, but 

a parallel process of multi-nucleation also occurs with age in both murine and human 

eyes135. Our studies quantified this in the eyes of young and aged mice and found that there 

were significantly more bi-nucleate RPE cells in the central retina compared to the 

peripheral retina. Furthermore, there was an age-related increase in bi-nucleate RPE cells 

across the whole retina, regardless of the location. Chen et al., also reported that RPE 

displays an age-dependent increase in bi-nucleate cells. For instance, 24-month old mice 

have nearly 80% bi-nucleate or multi-nucleate cells in the central retina, whereas levels in 

the peripheral retina were only ~20%149. Bi-nucleate RPE have also been reported in the 
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human eye and represents approximately 3% of the RPE monolayer.  Bi-nucleation of RPE 

is also reported to increase as humans age135. The formation of bi-nucleate RPE cells may, 

therefore, represent a pathological process under conditions of chronic stress, or an 

adaption by healthy RPE to ageing in an attempt to maintain an intact/functional monolayer. 

If these bi-nucleate RPE cells are fully functional or whether they are particularly susceptible 

to disease is not yet fully understood. 

 Structural comparisons between bi-nucleate and mono-nucleate RPE 
cells 

Although bi-nucleate RPE cells have often been reported previously 135,303,304, very little is 

in fact known about the differences between mono-nucleate and bi-nucleate RPE cells. For 

the first time, we have been able to draw direct comparisons between their overall 3D 

morphology as well as volume and surface areas of distinct components of the cells. This 

can also be seen in the supplementary information on the provided USB stick. It has 

previously been reported that RPE cells cater for up to 45 photoreceptors per RPE cell132,305. 

However we have found that it was, in fact, double this number in mono-nucleate RPE, 

whilst bi-nucleate cells cater for up 216 photoreceptors in an incompletely imaged cell. This 

may be somewhat unsurprising as macular RPE is thought to cater for higher POS load/sq. 

area compared to peripheral RPE173, although it has never been reported to this extent 

before. 

Interestingly, we also found that microvilli volume increases with the number of 

photoreceptors the cell caters for, showing an inherent link between the two structures. The 

same was not true, however, for the cytoplasmic volume of each cell, suggesting that bi-

nucleate cells may not be able to cope with this increased burden. Due to this increased 

phagocytic and proteolytic burden, bi-nucleate RPE is likely to have a higher metabolic 

demand and therefore susceptible to damage with increasing age296. Interestingly, we also 

found that bi-nucleate RPE microvilli make more contact with photoreceptors than the 

mono-nucleate RPE, suggesting an adaptive mechanism to cope with this increased 

burden. Photoreceptor outer segments and modification to these form the largest source of 

oxidative stress and damage to RPE cells119,120,174,295,306. Our 3D data provides support to 

this pathway of damage from an altogether novel and structural perspective.  

The increased basolateral surface area and disrupted basal infolds of bi-nucleate RPE cells 

also suggest that they may be more susceptible to age-related damage23,86,132. The 

accumulation of macular drusen under the RPE is a key feature of early AMD141,307. Basal 

linear deposits accumulate between the RPE plasma membrane and the RPE basal 

lamina308, whilst basal laminar deposits build up between the RPE basal lamina and the 

inner collagenous layer of BrM309. The latter is more associated with AMD progression and 
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are likely to affect cells with a larger basolateral footprint and thus more contacts with 

BrM48,141,310, both of which are evident in the 3D reconstructed bi-nucleate cells. 

Interestingly, a study by Glen Jeffery showed that bi-nucleate cells appeared in increased 

numbers in close proximity to drusen, a pathological hallmark of AMD311. 

Our data support reported BrM thickness measurements of 400-500nm in the mouse central 

retina136. However, our analysis also revealed that bi-nucleate RPE cells overlie areas of 

considerable BrM thickening; a structural change often observed in patients with 

AMD64,312,313. This level of BrM thickening was not apparent under mono-nucleate RPE cells, 

suggesting a vulnerability of bi-nucleate cells to BrM-related pathologies.  

 Insights into the formation of bi-nucleate RPE 

Formation of multi-nucleated cells has been previously reported in osteoclasts by cell 

fusion314,315. However, these cells can also form by mechanisms such as phagocytosis of 

live cells, or failure of cytokinesis in dividing cells316. In the study by Chen et al., primary 

mouse RPE cells were fed either POS or oxidised POS (oxPOS); both of which causes a 

dose-dependent increase in multi-nucleation and suppression of RPE cell proliferation. 

Interestingly, exposure to latex beads did not cause these effects, suggesting a process 

driven specifically by photoreceptor-derived material. In their experiments, under standard 

culture conditions (DMEM with 10% FCS) and in the absence of any POS, 3% of primary 

mouse RPE cells in culture were reported to be bi-nucleate. However, the number of bi-

nucleate RPE increased to 15% and 20% following POS and oxPOS treatment respectively. 

This phenomenon was also observed when similar experiments were carried out using the 

widely-utilised ARPE-19 cell-line149. These data suggest that exposure to, and phagocytosis 

of, POS cargos induces RPE cell multi-nucleation. This is interesting in light of our findings, 

which showed that bi-nucleate RPE microvilli have a higher level of contact with 

photoreceptors compared to mono-nucleate RPE, and therefore may cater to higher POS 

numbers. Perhaps this increase occurs as a result of bi-nucleate cell formation and is at a 

level sufficient to restrict cytokinesis. Given the increase in microvilli surface area and 

volume in bi-nucleate RPE cells compared to mono-nucleate cells, it is perhaps unsurprising 

that they cater for more photoreceptors than mono-nucleate cells. However, given that there 

is no extra cytoplasmic volume, their ability to cope with this extra burden may be limited. 

This idea is corroborated by studies that showed bi-nucleate RPE cells phagocytose 

significantly higher levels of E.Coli BioParticles compared to mono-nucleate 

counterparts149. This begins to reveal the reasons that bi-nucleate cells are more 

susceptible to damage in diseases such as AMD. It is not currently known whether multi-

nucleation is induced by POS as the result of phagocytosis of neighbouring cells or due to 

failed cytokinesis. Delving further into the intracellular structure of 3D-reconstructed cells, 
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our studies show that RPE has similarly sized nuclei regardless of the number of nuclei in 

each cell. There is an increase in surface area but not the cytoplasmic volume of the bi-

nucleate cells. Therefore, if these RPE cells were to split, the volume of the daughter cells 

would be half that of the parent's cells, while the surface area of the cell and total nuclei 

volume would be similar to that of the mono-nucleate cell, as would be expected317. This 

suggests that the formation of bi-nucleate cells are due to a failure in cytokinesis. It can, 

therefore, be hypothesised that atrophy of RPE cells during ageing and disease causes a 

POS-induced formation of multinucleate cells by cytokinesis inhibition and prevention of 

RPE proliferation. Loss of contact between the photoreceptors and RPE appears to cause 

RPE migration, proliferation and epithelial-mesenchymal transition, with cells eventually 

adopting fibroblastic characteristics318; a phenomenon observed in proliferative 

vitreoretinopathy319. Consequently, a major function of RPE-POS interaction may be to 

maintain homeostatic integrity and the ‘post-mitotic’ phenotype of the RPE monolayer. 

However, with age, many factors including oxidative stress may compromise this 

arrangement as patches of RPE begin to atrophy. To overcome this degenerative process, 

RPE cells may enlarge in an attempt to repair defective areas of the monolayer. POS 

continues to exert a suppressive effect on RPE proliferation, causing enlarged cells to 

undergo mitosis but where full cell cytokinesis and division is prevented. As a result, the 

aged RPE monolayer will eventually consist of heterogeneously shaped cells with multiple 

nuclei, but whose function is nonetheless preserved149. This possibility is supported by our 

findings which show that not all 3D-reconstructed cells exhibit a characteristic hexo-cuboidal 

shape that is widely reported in the literature. Indeed, some RPE cells appear more cuboidal 

in shape, perhaps to increase tessellation and thus maintain the integrity of this important 

monolayer. However, the potential for increases in cell size (hypertrophy) even with the 

formation of multiple nuclei is limited, as shown by muscle cells, and such cells are often 

weakened320. Consequently, bi-nucleate RPE cells may be more prone to apoptotic 

death321. Interestingly, apoptotic death is known to occur in nvAMD144. Such events could 

also cause patches of RPE to die, which could initiate early stages of GA AMD67.  



 Chapter 3 

103 

 Summary 

3D analysis of RPE cells have therefore provided new information and insights into how 

AMD may initiate and develop in the outer retina, and why some RPE cells may be more 

susceptible to damage compared to others; an issue which has long puzzled the research 

community investigating the aetiology of retinal diseases such as AMD. We have shown 

that bi-nucleate RPE cells are likely to process higher numbers of POS on a daily basis. 

Since proteolytic processing of POS is the largest contributor to oxidative stress and 

damage in the RPE monolayer53,54, our findings shed new light from an altogether novel 

structural perspective. Furthermore, we have shown that bi-nucleate cells have a larger 

basal footprint; a key point where drusen-like basal laminar deposits accumulate, which is 

the earliest hallmark of AMD 140. The finding that the nuclei and cytoplasm in all RPE have 

comparable volumes, regardless of the number of nuclei in each cell, while the surface area 

of the cell increases in bi-nucleate cells begin to shed light onto the formation of these cells. 

Under normal circumstances, following the completion of the cell cycle, any daughter cells 

produced would have comparable nuclei to that of the mother cell but would have a smaller 

cytoplasmic volume. Therefore, our findings suggest that bi-nucleate cell formation exists 

as a failure of cytokinesis. This is in parallel with previous findings that have shown that 

exposure to, and phagocytosis of POS cargos induces RPE cell multi-nucleation, and 

without this contact, RPE cells can complete division and form 2 daughter mono-nucleate 

cells149. However, the relatively small number of cells used in this study limits the 

conclusions that can be drawn and further imaging and analysis needs to be performed to 

validate the resuls that have been found. Nonetheless, insights from this work invite further 

questions into structural changes associated with oxidative stress and damage in the 

senescent retina. 
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 The effect of a high-fat diet on the 
ultrastructure of the RPE and associated retinal 
layers 

 Introduction 

Given that bi-nucleate RPE cells appear to be more vulnerable to oxidative stress-related 

damage than mono-nucleate RPE cells, we wanted to better understand the effects of 

oxidative stress on the structure of the RPE monolayer. Oxidative stress results from 

disturbances in the pro-oxidative/ anti-oxidative cellular balance due to elevated levels of 

ROS produced from oxidation reactions. Although the generation of ROS has long been 

considered to have harmful effects on the RPE monolayer, they also have a physiological 

role which is essential for the normal cellular function. ROS signals a wide range of cellular 

feedback including regulation after excessive metabolism322, in response to hypoxia via HIF-

1α323, regulation of autophagy through ATF4324, and regulation of the inflammatory 

response221,222,325. The macula is positioned within a high oxidative environment, partly 

caused by unique sources of ROS and oxidative stress. The RPE has a large metabolic 

demand which produces a high level of ROS for signal transduction. Given this high 

metabolic demand, the macula receives some of the highest blood flow in the body. This 

causes the RPE to be exposed to high ambient oxygen partial pressures, in the region of 

70-90mmHg326. Substantial levels of ROS are produced from cellular metabolism required 

to meet the functional demands of the RPE. The metabolic demand of the RPE causes an 

enrichment of mitochondria, which creates a further major source of ROS in the RPE327,328. 

Compared with young cells, mitochondria in ageing cells generate more ROS. 

Consequently ageing cells become progressively more susceptible to mitochondria-derived 

ROS85. Another unique source of oxidative stress in the RPE derives from the daily ingestion 

and phagocytosis of shed POS329. Photo-oxidative stress from processing light for vision is 

perhaps the msot unique source of oxidative stress. Since the work of Ham et al. in 1978, 

photo-oxidative stress has been linked to damage in the neuroretina, RPE and choroid86,107. 

This data is correlated with epidemiological studies which show a link between sunlight 

exposure and AMD risk330,331. 

The RPE cells have developed several mechanisms to protect themselves from potentially 

damaging effects of oxidative stress yet still allow for vital signalling through physiological 

ROS. Some of these mechanisms include oxidant-producing enzymes being located 

adjacent to their intended targets85 and oxidants having a regulated entry into and out of 
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organelles. For instance, H2O2 has been shown to move through aquaporin channels332. 

ROS also have a short-half life and are transiently produced which spatially limits ROS to 

certain locations where they can be neutralised if necessary. Cellular antioxidant response 

can be induced in response to oxidative stress, which has been linked to the activation of 

autophagy through the Keap1/Nrf2 pathway333-335. Nf2 is often reduced in ageing, impairing 

the signalling pathway. Nrf2 signalling protects against dysregulated innate immune 

response336. Abundant oxidative stress can magnify the innate immune response, 

converting it from a protective to a pathological response. Therefore deficient Nrf2 signalling 

predisposes to prolonged inflammatory response and the development of chronic 

inflammation337, a susceptibility factor for AMD13. In the brain of elderly mice, Nrf2 deficiency 

increases oxidative damage and complement C3 deposition338. A consequence of 

inadequately neutralised oxidative stress is degradative non-enzymatic reactions, such as 

the peroxidation of polyunsaturated fatty acids, which generate high reactive oxidised 

lipids336. Lipid peroxidation gives rise to products such as advanced glycation end-products 

(AGEs) that have the ability to modify proteins, lipids and DNA on cellular and extracellular 

components339. These modifications result in altered structures that can themselves activate 

the innate immune response and have oxidative specific epitopes (OSEs). OSEs are long-

lived and serve as a chronic inducer of oxidative stress and the innate immune response if 

they are not neutralised or removed339. OSEs have been identified in a wide range of 

diseases including diabetes, AD and AMD339. The macula has unique sources of OSEs. In 

the retina, docosahexaenoic acid (DHA) is the most abundant fatty acid in photoreceptor 

tips, and is the most oxidisable fatty acid in the body due to its unsaturated structure336. In 

the high oxidative stress environment of the macula, DHA is uniquely oxidiatively modified 

to carboxyethylpyrrole (CEP)340. CEP is found in at higher levels in the outer retina of AMD 

patients compared to age matched controls. CEP is also found in drusen of AMD patients341. 

This has been modelled in mice and led to patches of RPE atrophy, as well as damaged 

photoreceptors and basal laminar deposits342. Taken together, it is clear there is a delicate 

balance between physiological oxidative stress and the onset of pathological oxidative 

stress which is lost in AMD, resulting in considerable damage to tissues of the outer retina. 

The oxidative burden on the RPE is exacerbated by a western lifestyle, disrupting the 

precarious balance of the cells protecting themselves from damaging effects of oxidative 

stress whilst still enabling the vital roles that ROS contribute to. Cigarette smoking adds to 

the oxidative stress since it contains over 4700 chemical components, many of which are 

strong oxidants themselves343,344. These chemical oxidants deplete tissues of ascorbic acid 

and protein sulfhydryl groups. This causes the oxidation of DNA, lipids and proteins345-347. 

Many of these changes, such as malondialdehyde (MDA), 4-hydroxynonenal (4-HNE) and 

AGE compounds, have been identified in AMD, and indicate that oxidative damage is an 

important factor in the mechanism of disease pathology85. Another life-style habit that 
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contributes to AMD is the intake of a high-fat diet (HFD), which also induces oxidative 

stress44,45,78,80,348. The intake of a ‘Western-style’ diet rich in saturated fat, trans-fatty acids, 

red meat, sodium, fructose and sucrose but low in fibre, plant-derived proteins and 

mono/polyunsaturated fats are associated with major diseases including diabetes, 

metabolic disorder and obesity. Typically, these foods are also highly refined and 

processed. Their consumption is further linked with impaired long-term potentiation and 

metabolic changes in the brain and degenerative conditions such as AMD78,349. Dietary 

intake of such foods is associated with activation of major pathogenic mechanisms including 

oxidative stress, the intracellular accumulation and extracellular deposition of lipids and 

cholesterol as well as dysfunctional clearance pathways and chronic inflammation84,85. An 

unhealthy diet contributes to the risk of developing AMD in the same way that a healthier 

‘Mediterranean’ diet or an increased intake of fish and nuts appear to confer 

protection45,78,350,351. A HFD leads to damage of the retina by increasing the number of lipids 

in circulation. Many of these lipids become deposited in the retina and as sub-RPE deposits 

such as Drusen352. Having excess lipids in circulation causes an increase in lipid 

peroxidation leading to oxidative stress and damage88. This also occurs by a HFD 

increasing plasma triglycerides, total cholesterol, and non-esterified fatty acid levels, 

increasing blood oxidative stress parameters88. Nonetheless, many aspects of this diet-

disease axis remain to be elucidated. For instance, how the lack of micronutrients and 

unhealthy foods trigger disease at the molecular level is still poorly understood83. The 

mechanisms underlying the elevation of oxidative stress upon HFD consumption are also 

not fully understood, but are thought to be a result of mitochondrial dysfunction353, 

augmented NADPH oxidase activity354, and increased fatty acid oxidation355. The full effects 

of a HFD on the structure and function of the retina has not yet been elucidated. In this 

chapter, we focus on studying how high oxidative stress associated with an unhealthy HFD 

alters the ultrastructure of the RPE monolayer and associated tissues of the outer retina. In 

order to do this, we have utilised a HFD mouse model in which mice are fed a 45% fat diet 

(Appendix F), which is relevant to a typical American or European diet that contains 

approximately 40-50% fat. The composition of the diet has an omega 3: omega 6 ratio of 

1:14.7 which further mimics the human diet356. 
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Hypothesis: Consumption of a HFD drives structural and functional deficits associated with 

AMD. 

Aims:  

-Use conventional TEM imaging to study how the ultrastructure of the retina changes in 

mice fed a HFD. 

- Use confocal immunofluorescence microscopy to study how some protein expression 

levels are altered in mice fed a HFD. 
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 Methods 

At 5 weeks of age, C57BL/6 mice were fed with either a normal chow-based diet containing 

7% kcal fat (RM1 diet; Special Diet Service (SDS) Ltd, UK) or a HFD containing 45% kcal 

fat (SDS Ltd, UK). The full components of each diet are listed in Appendix F. Mice were 

maintained up to 52 weeks of age when they were perfused transcardially with 4% PFA in 

0.9% Saline. 8 eyes (from different mice) were cut and embedded for TEM as described in 

section 2.4.1. 3 eyes were retained for histological analysis and were cryo-embedded, 

sectioned and stained for H&E, Oil Red O or immunohistochemistry. Whilst cutting, slides 

were made up that were representative of the entire eye and were randomly assigned to 

each of the 3 groups.  

For H&E staining, three slides were selected, and the frozen sections were dried at 37oC 

for 1 hour. The slides were then soaked in Mayer’s Haematoxylin for 5 mins and left in 

running tap water over the sink for 5 mins. Slides were then stained in eosin for 5 mins and 

rinsed briefly in ddH2O followed by an ethanol dehydration gradient. Slides were mounted 

in Pertex and covered with coverslips. Finally, slides were scanned at 2x magnification on 

a conventional Olympus microscope with a dotSlide system built in. This created an 

overview image of the whole slide. Areas with retinal layers attached (at least 2 sections 

per slide) were then identified and further imaged at a higher magnification (x40). All 

solutions were prepared and supplied by the Histochemistry Research Unit, Southampton. 

H&E images were opened in FIJI, and 15 width measurements were taken for the 

photoreceptors and RPE/BrM across each of 6 images from 3 eyes for control and HFD 

groups. 

For Oil Red O staining, 1mg/ml of Oil Red O (Sigma Aldrich, UK) stock solution was made 

up in 60% isopropyl alcohol. The solution was warmed in a 56oC water bath for 1 hour. Six 

parts of the stock solution were mixed with 4 parts ddH2O and left for 10 mins. The solution 

was passed through fine filter paper to remove sediments, leaving the Oil Red O working 

solution. 3 slides were selected, and the frozen sections were dried for 1 hour. Slides were 

rinsed in 60% isopropyl alcohol for 30 seconds and stained in Oil Red O working solution 

for 10mins. Slides were then washed briefly in 60% isopropyl and soaked in running water 

for 1 minute. Slides were then counterstained with Mayer’s Hematoxylin for 1 minute and 

then blued in running tap water for 5 mins. Each slide was mounted with Pertex and 

incubated at 80oC for 20 mins. Slides were imaged as described for H&E staining. Oil Red 

O images were opened in FIJI. The pink ‘droplets’ were counted for each of 6 images from 

3 eyes for control and HFD groups. Measurements were of the width of the RPE and the 

photoreceptor layers. Values were recorded in Excel and then imported into GraphPad 

Prism for statistical analysis using a Student’s T-test. 
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For immunohistochemistry, slides were selected for both control and HFD groups, with a 

further wildtype slide being retained for secondary antibody control. The frozen sections 

were dried at 37oC for 1 hour before being washed three times in 1xPBS. 1% BSA (Sigma 

Aldrich, UK) in 0.3% PBS-Tween was then added for 1 hour. Slides were then washed in 

1xPBS and incubated overnight at 4oC in primary antibody. In this case primary antibodies 

used were specific for clusterin, collagen IV or TIMP3. The secondary only control was 

incubated in blocking buffer. All slides were kept in a light-protected moist chamber. Slides 

were washed a further three times in 1xPBS before the secondary antibody solution was 

added for 1 hour. Samples were then incubated for 10 mins in DAPI (Sigma Aldrich, UK) 

and mounted with a glass coverslip using Mowiol mounting media. Slides were then imaged 

using a confocal microscope. Images of areas where all layers of the retina were attached 

were taken at 90o vertically or horizontal. Images were acquired at x40 magnification using 

a Leica SP8 laser-scanning confocal microscope (Leica Microsystems, UK). Z-stacks were 

taken of pre-selected areas using system optimised settings for each field of view. Confocal 

images were opened in FIJI, and the coloured channels were split. The green channel was 

converted into a 16-bit image. The image stack was then converted into a Z project to 

produce an image with maximum intensity from the entire stack. This image was then 

duplicated. One copy is left untouched. The other was used to create a binary image with 

the same threshold used for all images of the stain. The measurements were set to re-direct 

to the duplicated, untouched image. The layer (RPE or photoreceptor) was then traced 

around using the bright field channel. This was pasted onto the binary image and the 

average intensity measured and recorded in excel. This was repeated for 6 images for each 

stain. The average intensity was measured for both the RPE layer and the photoreceptor 

layer in control groups and HFD groups. Values were then imported into GraphPad Prism 

and statistical analysis was performed using an unpaired student’s t-test.  

TEM blocks were cut and imaged as described in section 2.6.2. Images were analysed 

using FIJI. The scale was set using the scale bar acquired on the TEM. 10 thickness 

measurements were taken for each of 10 images across 8 different eyes for control and 

HFD groups. Values were imported into GraphPad Prism for statistical analysis. 
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 Results 

Mice were fed either a normal chow-based diet (7% kcal fat) or transferred onto a high-fat 

Western-style diet at 5 weeks. This high-fat diet contains 45% kcal fat, 20% kcal protein, 

35% kcal carbohydrate (SDS, UK). The mice were aged to 52 weeks, by which time they 

had become obese [Fig. 27] and weighed approximately 48g, compared to the average 

weight of 31g of normal aged mice.  

 
Figure 27: Weights of chow-fed control mice and HFD mice at 52 weeks.  
Mice were weighed immediately before culling and mice fed an HFD were significantly heavier than 
mice fed a chow-based diet. Statistical analysis was performed using an unpaired student’s t-test. ** 
represents a p-value of ≤0.01 and error bars show Standard Deviation. N= 15 mice per group. 

 Diet-induced oxidative stress caused an increase in retinal layer thickness 

After creating this model of environmentally (HFD) induced oxidative stress, we wanted to 

observe the differences a HFD had on the outer retina compared to age matched normal 

chow-fed mice. Using H&E imaging, we were able to distinctly identify the layers of the 

retina [Fig. 28A]. These images were used to measure the thickness of each retinal layer, 

and it was revealed that both the photoreceptor layer and the RPE/BrM were significantly 

increased in the HFD model [Fig. 28B, C, D]. In healthy aged eyes, the RPE/BrM layers 

measured 7.125µm ± 2.135, whilst in HFD eyes this had significantly increased to 8.833µm 

± 2.1119 (p≤ 0.0001). The thickness of the photoreceptor layer in control eyes was 53.69nm 

± 7.667 whilst in HFD eyes this had increased significantly to 62nm ± 15.93 (p= 0.0016). 

There also appeared to be disruption to retinal layers, with evidence of apparent 

fragmentation, particularly in the photoreceptors and inner and outer nuclear layers. Since 
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it is not possible to distinguish BrM from the RPE in the H&E images, we used TEM images 

to measure the thickness of BrM [Fig. 29A, B]. This revealed that BrM had almost doubled 

in thickness [Fig. 29C] from 649.4nm ± 138.1nm to 1077nm ± 360.4nm (p≤0.0001). BrM is 

known for its pentalaminar structure14 [Fig. 29A]. However images have shown that BrM in 

HFD eyes appears to have lost several of these distinct layers [Fig. 29B].  

 

 
Figure 28: H&E images of murine retinas.  
[A] Aged C57BL/6 wildtype mouse eye and [B] aged C57BL/6 HFD mouse eye.  Scale bar represents 
50µm. Layers of the retina are labelled. White arrows indicate the thickened RPE and retina in the 
HFD eye. [C] Thickness measurements of the RPE (n=6). **** shows a statistical significance of p≤ 
0.0001 when measured by a student’s T-test. Error bars show standard deviation. [D] Thickness 
measurements of the photoreceptor layer (n= 6), ** represents a statistical significance of p≤ 0.01 as 
measured by a student’s T-test. Error bars show standard deviation. (RGC, retinal ganglion cells; 
IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear 
layer; PR, photoreceptors; RPE, retinal pigment epithelium). 
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Figure 29: Images and analysis of BrM thickness in control and HFD mice.  
[A] BrM in a 52-week old C57BL/6 mouse fed a normal chow diet. Note the penta-laminar structure 
that is characteristic of BrM. Scale bar representative of 500nm [B] Thickened BrM in an HFD mouse 
at 52 weeks. Note the thickening of BrM and the absence of several layers. Scale bar representative 
of 50nm. [C] The measurements of BrM (n=10 mice). Statistical significance was measured using an 
unpaired student’s t-test, and **** represents p≤ 0.0001. Error bars show standard deviation. 

 Consumption of a high-fat diet causes structural changes to the layers of 
the outer retina 

TEM image analysis also revealed some structural changes that begin to shed light onto 

why the consumption of an HFD has such a major impact on the function of the outer retina. 

In control group eyes, the photoreceptors remained in intimate contact with the RPE 

microvilli, and no areas of significant photoreceptor atrophy were observed [Fig. 30A]. 

However, in the images taken of the HFD eyes, there are multiple, large areas of 

photoreceptor atrophy observed [Fig. 30A vs 30B]. There are also vacuoles forming in the 

microvilli layer and between photoreceptors [Fig. 30E vs30F] and evidence of incompletely 

digested or internalised POS accumulation in the HFD retina [Fig 30C vs 30D]. These both 

appear to push the photoreceptors up and away from the RPE apical microvilli, disrupting 

their intimate contact.  

As previously mentioned, the RPE monolayer has invaginated basal infolds and, in healthy 

aged eyes, the RPE monolayer retains these highly convoluted infolds that are 

characteristic of RPE cells [Fig. 31A]. However, in a HFD disease model, these infolds are 

found to be disrupted, with some areas of increased invaginations and others with a 

complete loss of infolds [Fig. 31B]. HFD eyes also show regions of drusen-like deposits, or 

basal laminar accumulations, building up between the RPE monolayer and BrM [Fig. 31C 

vs 31D]. Drusen is often used as a diagnostic hallmark of AMD and is highly correlated with 

disease progression. In addition, BrM in HFD eyes have areas of increased thickness, as 

well as some breakages in the pentalaminar structure [31C,E vs 31D,F] There also appears 

to be a decrease in the number of melanin granules in eyes from mice fed an HFD compared 

to control eyes [Fig. 31E vs 31F]. 
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Figure 30: Structural changes to the photoreceptor layer and RPE caused by a high-fat diet.  
[A] The structure of control aged mouse eyes fed with a chow based diet. Scale bar shows 5µm [B] 
Mice fed HFD show areas of photoreceptor atrophy which were not present in the control group. In 
total 6 of 8 mice showed these areas of damage (white arrows). These are filled with lipid dense 
vesicles. Scale bar represents 2µm. [C] Structure of control aged eyes with no incompletely digested 
POS accumulation. [D] Incompletely internalised and digested POS accumulate at the interface of 
the RPE microvilli and photoreceptors in the HFD groups, as shown by the red arrows. Scale bar 
represents 500nm. [E] Control aged eyes with no vacuoles between the photoreceptor and microvilli 
interface, and all the microvilli remain in contact with photoreceptors. [F] Vacuoles also form at the 
photoreceptor and microvilli interface. These appear to push the photoreceptors up and out of contact 
with the underlying RPE microvilli, interrupting their intimate contact (yellow arrows). Scale bar shows 
2µm. 
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Figure 31: Structural changes to the basal infolds and BrM following diet-induced oxidative 
stress.  
[A] Basal infolds and BrM from the control group. Note the highly convoluted and invaginated basal 
infolds (black arrow) and the pentalaminar structure of BrM. Scale bar represents 1µm. [B] Disrupted 
and misfolded Basal infolds that appear in the HFD eyes. Note areas of extra convolutions (white 
arrow) and areas lacking invaginations (black arrow). Scale bar represents 500nm. [C] Control eyes 
have a clearly defined pentalaminar structure of BrM (yellow arrow) with no deposition below the 
RPE. [D] Basal deposits accumulating in HFD retinas (red arrows), appearing to resemble basal 
laminar deposits, which are equivalent to drusen and are highly associated with disease progression. 
Scale bar represents 5µm. [E] Control eyes show consistent thickness BrM across the retina. [F] 
Areas of BrM breakages in the HFD group (yellow arrows). These are often found following areas of 
BrM thickening. Scale bar shows 1µm. 
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 Increased neutral lipid deposits are found in the outer retina of eyes from 
mice fed a high-fat diet.  

After observing the numerous structural changes following consumption of a high-fat diet, 

we wanted to study the effects of diet-induced changes to several key proteins known to be 

affected in retinopathies including AMD. Oil Red O is a neutral lipid stain that is used for 

detecting hydrophobic lipid droplets containing esterified cholesterol, triglycerides and free 

fatty acids357. It is known that such lipids accumulate in murine livers following ingestion of 

a HFD282. We wanted to study whether a HFD also caused lipid accumulation in the retina. 

Images taken by a dotSlide scanner revealed increased Oil Red O droplets in HFD eyes 

[Fig. 32B] compared to healthy aged eyes [Fig. 32A]. This number was quantified in the 

photoreceptors [Fig. 32C] where healthy aged controls had an average of 6.667 ± 3.226 

lipid droplets per image whilst 51 ± 7.659 lipid droplets were counted for high-fat diet eyes 

(p = 0.0016). 

 

  
Figure 32: DotSlide images of Oil Red O stained neutral lipids in control and HFD retinas.  
[A] DotSlide image of Oil Red O stain in control eyes. A few droplets are seen, but these are small 
and scarce. [B] Oil Red O droplets are seen in a much higher density in HFD eyes, particularly in the 
photoreceptor layer. For both images, the scale bar represents 100µm. [C] Quantification of neutral 
lipid droplets in both the control and HFD images revealed a significant increase in the HFD group 
compared to the controls (n= 6). Statistical analysis was performed using an unpaired student’s t-
test. ** denotes statistical significance where p≤ 0.01. Error bars show standard deviation.  (IPL, inner 
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PR, 
photoreceptors; RPE, retinal pigment epithelium).
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 Clusterin is increased in the RPE following diet-induced oxidative stress. 

Since we observed the accumulation of basal linear deposits, we wanted to assess the 

effect of consumption of a HFD on components of drusen. Once such protein is clusterin, 

or Apolipoprotein J, which is one of the major proteins that accumulate in drusen341,358. 

Clusterin is involved in the clearance of cellular debris and apoptosis. Clusterin has been 

implicated in many degenerative diseases, including in AD where it has been shown to 

contribute to early-stage pathogenesis359. In order to study the effect of diet-induced 

oxidative stress on clusterin levels we stained sections using an antibody specific to 

clusterin. Analysis of stain intensity revealed that there was a significant increase in the 

amount of clusterin in the RPE layer following consumption of a HFD (48.05au (arbitrary 

units) ± 3.568) as compared to a normal chow based diet (27.87au ± 8.74) (p= 0.0226) [Fig. 

33A-E]. An increase was also seen in the photoreceptor layer of HFD eyes (156.8au ± 26.52 

compared to 107.6 ± 50.82) however this difference was not significant (p= 0.0622) [Fig. 

33F]. 
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Figure 33: Confocal images of clusterin stain in the retina of control and HFD eyes.  
[A] Clusterin (green) and DAPI (blue) stain in a control group eye [B] Bright field image showing the 
retinal layers which were used to trace the area of interest to complete the analysis. [C] Clusterin 
and DAPI stains merged in the HFD group. [D] Bright field image showing the retinal layers of an 
HFD image. Scale bars represent 50µm. [E] Analysis of average clusterin intensity across the RPE 
monolayer in control and HFD groups (n=6). Statistical analysis was performed using an unpaired 
student’s t-test. * represents significance where p≤0.05. Error bars show standard deviation. [F] 
Analysis of average clusterin intensity across the photoreceptor layer in control and HFD groups. 
Statistical significance was measured using an unpaired student’s t-test however no significance was 
found. Error bars show standard deviation. (RGC, retinal ganglion cells; IPL, inner plexiform layer; 
INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PR, photoreceptors; 
RPE, retinal pigment epithelium). 
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 Collagen IV is decreased in the RPE following consumption of a high-fat 
diet. 

Collagen IV is a major constituent of basement membranes and is essential in maintaining 

their stability. Collagen IV is synthesised by the RPE and is present in both BrM and the 

choroid. Here, we used Collagen IV as a marker of endothelial cell changes, which often 

become proliferative in nvAMD360. In eyes from mice fed a HFD, we observed only a very 

slight decrease in the RPE-BrM layers (3.82au ± 2.657 in control eyes vs 2.738au ± 2.832; 

p= 0.5105) [Fig. 34A, C, E] and a significant decrease in the photoreceptor layer from a 

staining intensity of 17.23au ± 7.301 in health aged eyes to just 8.252au ± 0.8772 in eyes 

fed an HFD (p= 0.0136) [Fig. 34A, C, F]. In healthy aged eyes, collagen IV appears to 

accumulate on the basal surface of photoreceptors [Fig. 34A], where they interact with the 

RPE. This staining appears to be completely absent in the HFD eyes [Fig. 34C].  
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Figure 34: Confocal images of collagen IV stain in the retina of control and HFD eyes.  
[A] Collagen IV (green) and DAPI (blue) stain in a control eye. [B] Bright field image showing the 
retinal layers which were used to trace the area of interest to complete the analysis.[C] Collagen IV 
and DAPI stains merged in the HFD group (n=6). [D] Bright field image showing the retinal layers of 
an HFD image. Scale bars represent 50µm. [E] Analysis of average collagen intensity across the 
RPE monolayer in control and HFD groups. Statistical analysis was performed using an unpaired 
student’s t-test, but no significance was found. Error bars show standard deviation. [F] Analysis of 
average collagen IV intensity across the photoreceptor layer in control and HFD groups (n=6 images 
from 3 eyes per group). Statistical significance was measured using an unpaired Student's t-test, * 
represents significance where p≤0.05. Error bars show standard deviation. (RGC, retinal ganglion 
cells; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer 
nuclear layer; PR, photoreceptors; RPE, retinal pigment epithelium). 
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 Diet-induced oxidative stress causes an increase in TIMP3 levels in the 
RPE 

Tissue inhibitor of metalloproteinase-3, or TIMP3, is involved in the degradation of the 

extracellular matrix and mediates extracellular barrier function361. TIMP3 is a normal 

component of BrM and is also present in drusen and other deposits associated with retinal 

diseases, including those found in Sorsby’s Fundus Dystrophy. Confocal images of TIMP3 

staining shows decreased levels throughout the retina [Fig. 35A, C] which was quantified in 

the photoreceptor layer with control eyes showing a staining intensity of 70.43au ± 14.29 

compared to an intensity if 59.84au ± 9.43 in experimental eyes. However, this was not 

significant (p= 0.1609) [Fig. 35F]. In the RPE layer, though, levels of TIMP3 were 

significantly increased from 9.58au ± 2.228 in control eyes to 20.98au ± 3.31 in HFD eyes 

(p≤0.0001) [Fig. 35E].   
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Figure 35: Confocal images of TIMP3 stain in the retina of control and HFD eyes.  
[A] TIMP3 (green) and DAPI (blue) stain in a control group eye [B] the bright field image showing the 
retinal layers which were used to trace the area of interest to complete the analysis.[C] TIMP3 and 
DAPI stains merged in the HFD group. [D] Bright field image showing the retinal layers of an HFD 
image. Scale bars represent 50µm. [E] Analysis of average TIMP3 intensity across the RPE 
monolayer in control and HFD groups (n=6). Statistical analysis was performed using an unpaired 
student’s t-test. **** represents statistical significance where p≤ 0.0001. Error bars show standard 
deviation. F] Analysis of average TIMP3 intensity across the photoreceptor layer in control and HFD 
groups. Statistical significance was measured using an unpaired student’s t-test, but no significance 
was found. Error bars show standard deviation. (RGC, retinal ganglion cells; IPL, inner plexiform 
layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PR, 
photoreceptors; RPE, retinal pigment epithelium). 
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 Discussion 

In this study, the consequences of diet-induced oxidative stress on the structure, and protein 

expression of the outer retina was examined in HFD mouse eyes. TEM analysis was 

performed instead of SBSEM as used in chapter 3, due to the considerable time constraints 

involved with fully imaging and reconstructing each RPE cell. Instead, 8 eyes from each 

group were embedded and imaged using conventional TEM to obtain a broader picture of 

the structural defects associated with consumption of a HFD. A further 3 eyes were retained 

for histological studies, including H&E imaging and immunofluorescence microscopy. In this 

study, we revealed considerable structural damage to all layers of the outer retina. However, 

it is important to note that in this chapter the effects of high-fat diet have been examined, a 

process by with oxidative stress can increase in cells and tissues. It would therefore be 

useful to demonstrate that cells were exhibiting oxidative stress markers in response to HFD 

by performing a lipid peroxidation assay. 

 Changes to the photoreceptor layer following a high-fat diet 

In the photoreceptors, there were large areas of atrophy with the appearance of lipid dense 

vesicles. This is often reported as a secondary effect of AMD following RPE dysfunction362. 

However, some studies have shown the implicit role of photoreceptors in early disease 

stages17,363. There was also evidence of vacuoles appearing between the microvilli of the 

RPE cells and the photoreceptors, thus disrupting their intimate contact which is usually 

characteristic of these tissues. This loss of contact would disrupt POS phagocytosis174. This 

is further evident due to the appearance of undigested or internalised POS accumulating 

above the RPE monolayer, which is not apparent in control eyes. The RPE monolayer and 

the photoreceptors were both thickened in HFD eyes. In a study on patients with AMD 

compared to elderly control subjects without eye diseases, the photoreceptor layer 

thickness was measured using OCT imaging. This revealed that regions neighbouring 

drusen had increased photoreceptor thickness364 whereas photoreceptors overlying drusen 

were reduced365. One hypothesis for the widespread thickening of photoreceptors, except 

directly above drusen, is the possibility that oxidative stress drives hypertrophy of cells, such 

as Müller cell processes, that extend into the photoreceptor layer causing a thickening 

before overt atrophy ensues366-368. One of the earliest disease features that appear before 

visual degeneration is Müller cell hypertrophy, which is particularly marked in retinas with 

high levels of oxidative stress369. 

Ingestion of a HFD has been shown to cause lipid accumulation in multiple organs, including 

livers and kidneys. Since the retina is notable for its high lipid content370, we wanted to study 

how lipid deposition in the eye is affected by a HFD. The neutral lipid stain oil red O was 
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used, which showed a significant increase in the number of lipids deposited in the 

photoreceptor layer. The disruption or abnormal metabolic processes associated with lipid 

metabolism plays a key role in AMD pathogenesis. Oxidative stress from smoking or intake 

of an unhealthy western style diet causes lipid dysregulation via the activation of the 

complement pathway, which leads to lipid accumulation and secretion124. It was therefore 

unsurprising to observe the increase in lipid deposits within the outer retina of HFD eyes.  

 Changes to the RPE and BrM following consumption of a high-fat diet 

In our study, the RPE monolayer was significantly thickened in mice fed a HFD. An increase 

in the density of residual bodies, the accumulation of lipofuscin and basal deposits, as well 

as the formation of drusen and basal laminar deposits, all lead to a thickening of the RPE 

in age and disease when measured by OCT371-373. This has been associated with disease 

progression to AMD49,374. Contradictorily, it has been shown that the RPE overlying drusen 

are reduced in thickness364,375,376, which is correlated with a localised loss of vision138,377. 

However, more recently, it has been reported that the RPE is thicker at drusen sites prior 

to its deposition, than compared to adjacent drusen-free areas. This thickening of the RPE 

directly correlated with the drusen severity (based on the height of drusen deposits)50. 

Therefore, this indicates that RPE thickening may predict sites of drusen formation, 

suggesting that the mice fed an HFD would be more susceptible to drusen and basal laminar 

deposits than mice fed a normal chow diet.  

Following consumption of a HFD, the basal infolds appeared to be misfolded and 

disorganised when compared to normal chow fed mouse eyes. Disrupted basal infolding 

have previously been reported as a sign of oxidative damage and is therefore an 

unsurprising finding. Basal infolds are essential in increasing the surface area of the RPE 

to allow for efficient passing of nutrients from the underlying choroid. A loss of basal infolds 

would disrupt this process leading to RPE and photoreceptor damage. Areas in which there 

are misfolded basal infolds also create potential ‘space’ for the basal linear and basal 

laminar deposits to accumulate309. These deposits, which we observed in HFD mouse eyes, 

are similar to drusen which is a clinical hallmark of AMD, suggesting that HFD eyes have 

undergone some disease-related changes. Clusterin is a key component of drusen, and we 

have shown that its levels were significantly increased in the RPE/BrM of HFD eyes. This 

is unsurprising given the finding of the basal laminar deposits, and instead adds further 

weight to the argument that such deposits in mouse eyes share key components with 

drusen in humans. Another component of drusen is TIMP3 which was also found to be 

elevated in the RPE/BrM of HFD eyes. TIMP3 is expressed by the RPE and secreted into 

BrM where it binds to components of the ECM. Since it is not easily possible to delineate 

between the RPE and BrM at the light microscopy level, it is possible that this increase is 
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largely due to TIMP3 changes in the BrM rather than the RPE per se. TIMP3 regulates the 

rate of BrM turnover and limits choroidal neovascularisation361. Sorsby’s fundus dystrophy 

(SFD) is an early onset inherited form of macular degeneration and is characterised by 

thickening of BrM and submacular neovascularisation361, both of which are also features of 

AMD. Mutations in the TIMP3 gene have been found in families with SFD378. Studies of 

donor eyes from patient’s with SFD show extensive accumulation of TIMP3 in the thickened 

BrM379. This led to similar studies being performed in AMD donor eyes380,381. Studies of this 

kind revealed significantly elevated levels of TIMP3 in the macula of AMD eyes compared 

to healthy control eyes. TIMP3 accumulation within the ECM could prevent normal matrix 

remodelling, resulting in the increased thickening of BrM associated with AMD382.  

We have revealed a vast thickening of BrM in eyes of the HFD mice. A diffuse thickening of 

BrM is often reported with age, and has been shown to increase by 135% in 10 decades of 

life383,384. The thickening appears to occur predominantly in the Inner Collagenous Layer 

(ICL) followed by the Outer Collagenous Layer (OCL)139. Disease risk is associated with the 

increase in the thickness of BrM383,384. In general, the thickening is thought to be associated 

with increased deposition and cross-linking of less soluble collagen fibres, and increased 

deposition of oxidised waste products of RPE metabolism139. The thickening of BrM 

eventually leads to functional changes, including changes to elasticity and permeability, 

affecting its ability to act as an effective barrier14. Thickening also causes altered nutrition 

to, and consequent abnormal function of the RPE and photoreceptors385-387. The 

pentalaminar structure that is characteristic of BrM also appeared to be disrupted in 

diseased eyes. Although this has not been previously reported per se, the Elastin Layer 

(EL) thickens at a slower rate than other layers of BrM, and in fact, decreases relative to 

overall thickening of BrM388,389. A similar pattern is seen in collagen III and IV390 which 

regulate the attachment of BrM to RPE391. Long-lived proteins such as collagen IV are 

modified in vivo by non-enzymatic reactions as well as by free radical reactions that yield 

AGEs. Such reactions also cause the formation of lipid-derived reactive carbonyl species 

known as lipoperoxidation end products (ALEs), such as 4-hyproxyhexenal and linoleate 

hydroperoxide390. Accumulation of AGEs and ALEs are characteristic of a high-fat, western 

style diet392,393. It is therefore unsurprising that the levels of Collagen IV decreased in HFD 

eyes. However, this was mainly localised to the photoreceptors, which is surprising due to 

the functional role of collagen IV in the BrM. There are only a few reports discussing the 

presence of collagen IV in the basement membrane of photoreceptors.  

Oxidative stress is known to reduce melanosomes, as we have shown in the RPE of our 

HFD eyes. The pigment melanin is believed to play a protective role against oxidative stress 

and damage by acting as a cellular antioxidant. There is an age and disease-related decline 

in the number of these pigment granules in RPE cells394. One possible explanation for this 
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is the chemical degradation of melanin due to oxidative stress and blue-light damage52,146. 

This highlights a negative loop during which oxidative stress impairs the cell, making it more 

susceptible to further oxidative damage from environmental factors such as a HFD. 
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 Conclusions 

To summarise, the study of HFD mouse eyes have revealed important structural defects 

associated with AMD. There is a marked increase in photoreceptor atrophy in HFD eyes. A 

thickening of all layers of the retina was also observed, which has previously been reported 

to predict the severity of drusen accumulation in AMD. We also presented data that showed 

the accumulation of drusen related proteins including TIMP3 and clusterin in HFD eyes. The 

accumulation of such proteins would further thicken and impede BrM, decreasing its 

elasticity and potentially altering the nutrition of the overlying RPE and photoreceptors. We 

have argued how HFD associated oxidative stress can damage the RPE layer in such a 

way that this critical monolayer becomes more vulnerable to further oxidative damage. This 

may occur due to diminished melanin granules in RPE cells. Oxidative stress also causes 

lipid deposition which is known to be a key driver in AMD pathogenesis. These findings go 

some way towards revealing how the intake of high-fat foods lead to increased disease 

susceptibility. 

.
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 The effect of oxidative stress and 
impaired vesicle acidification on cargo 
trafficking and proteolytic clearance 
mechanisms in the RPE. 

 Introduction 

After visualising the effects of a HFD and oxidative stress on the ultrastructure of RPE cells 

and other tissues of the outer retina, we next assessed potential functional effects on RPE 

physiology. A key function of the RPE monolayer is the daily ingestion and degradation of 

spent POS in the phagosome and autophagy-lysosomal pathways, and its dysfunction is 

linked with retinopathies including AMD, Stargardt disease and choroideremia171,395-400, as 

described in sections 1.9.5 to 1.9.7.4. Photoreceptors shed ~10% of their distal tips on a 

daily basis which is engulfed by the underlying RPE401. Studies in non-human primates 

reveal that a single RPE cell in the parafovea is exposed to 2000 discs daily, whilst exposure 

in the perifovea and periphery approximate to 3500 disks and 4000 discs respectively, with 

each RPE processing up to a billion photoreceptor disks over a 70 year period167. However, 

these statistics are based on each RPE catering for 45 photoreceptors, and our results in 

chapter 3 show that actual figures might be more than double this. This makes the RPE one 

of the most proteolytically stressed tissues in the body. POS cargos have been shown to 

bind to RPE within 1-2 hours, be engulfed between 4-6 hours and digested within a period 

of 16-20 hours following initial POS challenge274,402. Impaired acidification of lysosomes is 

thought to result in an inefficient fusion between lysosomes and autophagosomes which 

leads to dysregulated autophagy403,404. There is ample evidence to support disrupted 

acidification of RPE lysosomes in retinopathies405-407. Whether by an increase in acidity or 

by alkalinisation of lysosomes, fusion with autophagosomes is disrupted, since this is 

dependent on specific intra-lysosomal conditions166. Unsurprisingly, analysis of donor 

tissues from AMD patients shows evidence of dysregulated autophagy335,408. Upon 

disruption of the lysosomes, partially degraded POS accumulate as lipofuscin and its photo-

oxidative derivatives in the senescent RPE; a key feature of diseases including AMD and 

retinopathies such as Stargardt disease395-397. These lipid/protein aggregates accumulate 

within the RPE lysosomes and related organelles, with approximately 20% of the cell cytosol 

consisting of such material by the 8th decade of life409. These events which lead to oxidative 

stress may be exacerbated under a chronic hypoxic environment, with elevated metabolic 

activity and cumulative ultraviolet/blue light-induced damage in the retina85,86,410. Risk of 
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disease is exacerbated by the accumulation of lipid/cholesterol aggregates within late 

endosomes and lysosomes of RPE cells85,402. Autophagy represents a strand of the 

lysosome-directed degradation pathway and a process by which damaged organelles, 

misfolded proteins and pathogens are eliminated by the cell273,411,412. This pathway is also 

harnessed to recycle cellular constituents in times of starvation. A HFD is known to 

negatively influence this pathway by decreasing lysosomal acidity and reducing fusion 

between autophagosomes and lysosomes403,404.  

In this chapter, we sought to investigate the consequences of high oxidative stress and 

dysregulated intracellular trafficking on POS internalisation and processing which 

contributes to several forms of retinopathy. Studying the physiology and pathophysiology of 

AMD in the RPE in vivo has proven difficult. This is largely because access to the posterior 

eye is limited and imaging techniques that can accurately resolve the RPE in its native state 

are scarce. As a result, some of the earliest structural and pathophysiological changes in 

tissues of the outer retina associated with early disease still remains to be fully understood. 

Use of ex vivo cell-based models and in vitro cultures present an opportunity to investigate 

alterations in RPE function and fill this knowledge gap. These cultures can also be used to 

study cellular pathways activated in response to various factors implicated in disease. One 

such ex vivo/in vitro model utilises RPE cells grown in a transwell system, which uses a 

porous support to mimic the native BrM, enabling RPE to form a mature, confluent cuboidal 

monolayer, comparable to native tissues413 [Fig. 36]. This has previously been unachievable 

using standard cell culture plastic dishes. Several groups have optimised this technique 

using porcine RPE414, human foetal RPE128,413,415,416, human adult RPE417, and the ARPE-

19 human cell line284,416. In all cases, a desirable RPE phenotype has been achieved, which 

includes pigmentation, the formation of BRB components, apical and basal polarisation, and 

polarised secretion of molecules. This model can also recapitulate features of early AMD, 

including the formation of drusen418. Thus, this cell culture model represents a highly useful 

tool to study RPE pathophysiology associated with AMD phenotypes.  Here, we used the 

widely utilised ARPE-19 cell line283. ARPE-19 cells have been extensively used in the 

literature and provide an invaluable tool for determining RPE physiology and function. The 

culture of ARPE-19 was recently improved by altering the cell culture media to facilitate 

pigmentation, which is characteristic of native RPE284,416. We have adopted this protocol, 

and hence our ARPE-19 cultures are also pigmented. We maintain cultures for long periods, 

typically 2-4 months prior to experimentation to allow for structural and functional 

specialisation of the RPE monolayers419. This highly manipulatable and versatile cell culture 

system will enable us to address how oxidative stress and impaired lysosomal processing 

affects the ability of the RPE to traffic POS cargos. Conditions of elevated oxidative stress 

were recapitulated in culture by using H2O2286, whilst impaired lysosomal acidification was 

modelled using bafilomycin A1420,421. Bafilomycin is known to selectively inhibit vacuolar 
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type ATPase (vATPase) on the lysosomal membrane, increasing the lysosomal pH422. 

Concentrations used in this study have previously been shown to be non-toxic to ARPE-19 

cells, with no off-target effects285. Similarly, a non-toxic dose of hydrogen peroxide has also 

been used286,423. Both Bafilomycin and H2O2 have frequently been used in ARPE-19 cells 

at similar concentrations in order to disrupt lysosomal processing/ autophagy424 and 

increase ROS levels425 respectively. H2O2 levels used in this study are similar to those 

reported in human vitreous426.  

Fixing ARPE-19 cells grown in a transwell system allows detailed studies of different 

intracellular organelles of interest. Staining for specific compartments using primary 

antibodies and a fluorescently probed secondary antibody combined with laser scanning 

confocal microscopy can be used to visualise organelles such as those of the phagosome, 

endosomes, lysosome, and autophagy pathways where we have carried out this study. In 

this form of microscopy, a laser light excites tissue which has been stained with fluorescent 

dyes specific for individual cell components (e.g. actin filaments stained with phalloidin and 

ZO1 staining of tight junctions). The tissue is then imaged at different focal planes using a 

pinhole detector to exclude any out of focus light. A stack of 2D sections can be acquired 

which enables a 3D representation of internal cellular structures. Growing cells in this 

manner allows for good image resolution without interference from thick plastic dishes. 

 
Figure 36: Schematic of ex-vivo cell culture model.  
A diagram to represent RPE cells grown on a porous support in a transwell system. Together the 
RPE/porous support complex forms the blood-retinal barrier, mimicking the native RPE/BrM 
complex. RPE cells are seeded onto the porous support pre-treated with an appropriate extracellular 
matrix component, such as fibronectin. Cell cultures maintained for a minimum of two months 
differentiate into a confluent monolayer of cuboidal RPE cells which are comparable in morphology 
and function to native RPE cells. Image source: Ratnayaka JA, An ex-vivo platform for manipulation 
and study of Retinal Pigment Epithelial (RPE) cells in long-term culture. IOVS; 2015. 
 

 

. 
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Hypothesis: Oxidative stress and impaired vesicle acidification will disrupt cargo trafficking 

and processing in RPE cells. 

Aims:  

1. Study the internalisation and trafficking of POS cargos through the endo-

lysosomal pathway in healthy RPE cells. 

2. Determine how oxidative stress and dysregulated intracellular trafficking affects 

POS trafficking in RPE cells.  
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 Methods 

ARPE-19 cells were seeded on pre-coated transwell membranes and maintained in culture 

(as described in chapters 2.1) for 2-4 months to ensure that desirable structural and 

functional specialisation of monolayers were achieved before experiments. POS from 

porcine eyes were isolated as described in chapter 2.2 and fed to cultures using a pulse-

chase method. Cells were fixed in 4% PFA, stained using Rab5, Rab7, Lamp1, Lamp2 and 

LC3B as described in section 2.2. Cultures were imaged using a confocal laser scanning 

microscope (chapter 2.3) to determine the internalisation pathway and timeframe of POS 

cargo trafficking through the endo-lysosomal and autophagy pathways. Using 

pharmacological agents (H2O2 and Bafilomycin A1) prior to POS feeding, we recapitulated 

oxidative stress and impaired lysosomal acidification respectively. Immunofluorescence 

images were quantified in an unbiased manner using Volocity software (chapter 2.3.1). A 

full description of all methodological approaches used in this chapter is detailed in chapter 

2.  

Transwell membranes across every time point were also embedded in resin capsules to be 

sectioned and imaged by TEM. In this case, cultures were fixed with 3% glutaraldehyde, 

4% formaldehyde in 0.1M PIPES buffer, and immersed in a series of solutions, as outlined 

in section 2.4.1. Following imaging, collected micrographs were blinded and analysed 

according to a three-scale approach where (1) is no degradation observed, (2) shows some 

level of POS breakdown, and (3) represents POS in discernibly late compartments including 

lysosomes and/or autophagy bodies. To do this, images were split into early (2-4 hours), 

intermediate (6-12hours) and finally late (24-48 hours) stages. The number of 

compartments present in each time point stage was quantified by counting (n> 20 

compartments/ time point, from n≥5 images across 3 independent experiments). Images 

which included the apical edge were then imported in ImageJ. The scale was set using the 

microscope generated scale bar, and the distance of the POS- containing compartment 

from the apical edge of the cell was measured (n≥ 10 measurements/ degradation state, 

from n> 3 images from 3 independent experiments). Further details can be found in section 

2.4. 
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 Results 

Initially we wanted to determine the exact pathway and timeframe of POS degradation in 

our cell culture system. To do this, 2-4 month old ARPE-19 monolayers were fed POS using 

a pulse chase method287 in which cells were kept at a lower temperature immediately after 

POS feeding to allow for synchronisation of internalisation and trafficking. To test whether 

this lower temperature would disrupt the RPE monolayer, cultures were stained for the 

epithelial early integral tight junction protein ZO1 after the procedure. Transwells were 

therefore left either in the incubator at 37oC as a control or incubated at 17oC for 30 minutes, 

before evaluating their junctional integrity. 

Our findings in Figure 37 shows that a decrease in temperature did not adversely affect the 

RPE monolayer; as ZO1 tight junctions remained intact and undisturbed. However, some 

nuclear ZO1 staining was also apparent, particularly in the culture following a reduced 

temperature. DAPI staining highlighted the relative positioning of cells in the monolayer 

which also appeared unaffected. Having confirmed that cooling RPE cells for the pulse 

assay did not adversely affect its integrity, we confidently proceeded with planned 

experiments.  

 
Figure 37: Confocal images of ZO1 and DAPI stains with and without incubation at 17oC 
[A] ZO1 and DAPI stain of cells not left at 17oC and [B] ZO1 and DAPI stain of cells incubated at 
17oC for 30 minutes. ZO1 shows that tight junctions are unaffected by this lower temperature. Scale 
bars correspond to 30µm. ZO1= red, DAPI = blue. 
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 Receptor mediated binding and pulse-chase methodology 

It is known that POS bind to αvβ5 and MerTK receptors expressed on the apical surface of 

RPE cells in order for internalisation of these cargos to occur168,169. We wanted to assess 

whether the same was true for POS cargos fed to our RPE culture model. Co-labelling with 

antibodies showed that POS binding was mediated via MerTK and αvβ5 receptors [Fig. 

38A]. Furthermore, all bound POS were associated with receptor complexes, although 

those that had not bound to any cargo (typically isolated receptors) were also visible. In 

order to assess whether the pulse-chase method of feeding POS was successful, transwells 

were fixed immediately after removal from 17oC. Figure 38B shows that POS were bound 

to the RPE monolayer at this time point, but with no evidence of internalisation. Thus, the 

pulse-chase methodology appeared to be successful for feeding POS and ensuring 

maximal synchronous internalisation of cargos. 

 
Figure 38: Representative confocal image of cultured RPE cells after POS feeding and 
rendered in 3D.  
[A] Bound POS molecules (green) on the RPE cell surface which co-localise with receptor MerTK 
(red) and αvβ5 integrin (grey) indicated by arrows. A wash step ensures the removal of any unbound 
cargos so that only receptor-bound POS is subsequently internalised. Some αvβ5 receptors that 
have not bound to POS are visible in grey. Scale bar corresponds to 20µm. [B] Cells fixed 
immediately after removal from 17oC show POS bound to the monolayer with no evidence of 
internalisation. Red = Rab 5, Green = POS, Nuclei = Blue.          

 

 The trafficking of POS cargos in healthy RPE cells 

Fluorescently tagged POS molecules were used to track degradation through the 

endosomal/ lysosomal and autophagic pathways [Fig. 39A]. Four hours after commencing 

the feeding assay, POS was observed localised to Rab5 labelled early compartments [Fig. 

39B]. Six hours after the assay had begun, cargos were found in Rab7 positive vesicles, 

corresponding to late phagosomes/endosomes [Fig. 39C]. Although representative images 

are shown for each compartment, during initial stages of trafficking cargos are likely to move 

through a mixture of Rab5 and Rab7 vesicles at any given time point. 24 hours after the 

initiation of the feeding assay, most cargos were localised to LAMP1-positive early 
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lysosomes [Fig. 39D] or LAMP2-labelled mature lysosomes [Fig. 39E]. POS in lysosomes 

had a predominantly perinuclear arrangement, consistent with findings that cargos intended 

for degradation are trafficked to compartments deeper in the cell and in proximity to the 

nucleus166. By 48 hours, most POS molecules had co-localised to LC3b labelled 

compartments, which also had a largely perinuclear distribution [Fig. 39F]. 

 
Figure 39: Tracking cargo trafficking in healthy RPE 
A] Schematic diagram illustrating the pathway through which photoreceptor outer segment (POS) 
cargos bind to receptors on RPE cells and are processed via the phagosome/endosome and 
lysosomal-autophagy pathways. Early compartments are labelled with Rab5 whilst late 
compartments are stained with Rab7. Lysosomes are indicated by LAMP1 and LAMP2 markers, 
whilst autophagy bodies are labelled with LC3b. Isolated POS are fluorescently labelled and can be 
used to study the effects of disease conditions on cargo trafficking in cultured RPE. [B] 
Representative confocal image taken at 4 hours after starting the feeding assay showing early 
trafficking of POS cargos (green) in Rab5 (red) compartments. Co-localised vesicles appear yellow. 
Scale bar corresponds to 30µm. [C] Representative confocal image was taken 6 hours after the 
feeding assay showing trafficking of POS cargo (green) in Rab7 (red) vesicles. Co-localised 
compartments appear yellow. Scale bar corresponds to 30µm. Representative confocal images 
collected at 24 hours after the feeding assay showed POS cargo (green) predominantly co-localised 
to [D] LAMP1 (red) and [E] LAMP2 (red) labelled compartments. Lysosomes containing POS 
molecules appear yellow. Note the perinuclear arrangement of lysosomes trafficking POS cargos. 
Scale bars in panels D and E correspond to 15µm and 20µm respectively. [F] Representative 
confocal image taken at 48 hours after feeding assay showed that by this stage most POS cargos 
(green) had been trafficked to LC3b positive (red) compartments. Co-localisation is indicated in 
yellow. Scale bar corresponds to 25µm. Nuclei in panels B-F are labelled with DAPI and appear blue. 
Panels B-F show three-dimensional RPE monolayers with intracellular cargo which were captured 
using a confocal microscope and reconstructed using Amira software. 
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In order to quantify trafficking of POS cargos through distinct intracellular vesicles, we used 

an automated statistical method described by Costes et al. 289. This approach allows for an 

unbiased assessment of the number of POS molecules co-localising with each intracellular 

marker. The extent of POS in each compartment is shown as a decimal where a value of 

1.0 represents 100% co-localisation. During the first 2-4 hours after POS feeding, a large 

proportion of cargos were observed co-localised with Rab5 early compartments. 

Subsequently, the extent of co-localisation dropped significantly, and from 12 hours 

onwards only a small proportion of cargos remained in Rab5 vesicles [Fig.40A]. 

Assessment of trafficking using the Rab7 marker indicated that the greatest extent of co-

localisation was at 6 hours. POS levels within Rab7 compartments then dropped 

significantly. Surprisingly, a substantial proportion of cargos remained within Rab7 vesicles 

as late as 24 hours after POS feeding (~50% co-localisation) [Fig. 40B and Appendix C, 

Table 1]. Although Rab7 labelling can distinguish between late phagosomes/endosomes vs 

lysosomes, there is evidence to suggest that some lysosomes are also positive for 

Rab7166,427,428. In order to assess whether this occurs in the RPE, living cells were 

transfected with a genetic lysosomal marker and subsequently stained with a Rab7 specific 

antibody. Although a majority of late vesicles were labelled for either Rab7 or lysosomes, 

on occasion we observed the co-localisation of these two respective markers to a single 

compartment [Fig. 40F]. Quantification of POS trafficked to LAMP1 positive early lysosomes 

showed a gradual increase, with the greatest extent of co-localisation 24 hours after the 

pulse-chase [Fig. 40C]. In contrast, only low levels of POS co-localised with LAMP2 

compartments during initial stages (up to 6 hours) after which ~90% of cargos had trafficked 

to mature lysosomes by 24 hours [Fig 40D and Appendix C, Table 1]. Levels of POS in 

LC3b labelled membranes were also initially observed to be at low levels but increased 

significantly from 12 hours onwards to reach a maximal extent of co-localisation of ~90% 

by 48 hours [Fig 40E and Appendix C, Table 1].  
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Figure 40: The trafficking of POS cargos in healthy RPE cells.  
The trafficking of internalised POS molecules in phagosomes/endosomes and in the lysosomal-
autophagy pathway was studied using an automated, unbiased quantification method described by 
Costes et al. The extent of co-localisation in distinct compartments at each time point is shown as 
mean values (1.0 represents 100% co-localisation). [A] The trafficking of POS cargos in Rab5 
labelled vesicles peaked between 2-6 hours following the feeding assay with the maximum extent of 
co-localisation at 4 hours after which values returned to significantly lower levels by 12 hours. [B] 
Although some cargos had entered Rab7 labelled vesicles as early as 2-4 hours, the highest extent 
of co-localisation was recorded at 6 hours after which they declined in successive time points. [C] 
From early on, a small proportion of POS cargos appeared to be trafficked to LAMP1 positive 
lysosomes, which increased gradually with each time point. However, peak levels of trafficking was 
observed between 12-48 hours with the maximal extent of co-localisation recorded at 24 hours. [D] 
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In contrast, the small proportion of POS cargos trafficked to LAMP2 positive vesicles at early time 
points (2-6 hours) remained constant. However, the extent of co-localisation increased significantly 
thereafter at 12 hours and followed a similar pattern observed in early (LAMP1) lysosomes. [E] A 
small number of POS cargos appeared to co-localise with LC3b labelled membranes between 2-6 
hours after the feeding assay. The extent of trafficking to LC3b positive compartments increased 
significantly thereafter at 12 hours and continued to increase at each time point to record the maximal 
extent of co-localisation at 48 hours. Error bars represent the standard deviation. Data from four 
independent experiments with a minimum of n=20 cells/time point. Statistical comparisons using 
ANOVA where a significance of p ≤ 0.05 (*), p ≤ 0.01 (**) and p ≤ 0.001 (***) was recorded with the 
previous time point in the assay. [F] Lysosomes of living RPE were labelled with CellLite Lysosomes-
RFP (red) after which cultures were probed with an antibody against Rab7 (green). This revealed 
distinct populations of lysosomes and Rab7 labelled late compartments. However, we detected 
lysosomes that were also positive for Rab7 (co-localisation indicated by yellow). Representative 
image from a single plane of a confocal z-stack where crossbar indicate co-localisation (orthogonal 
view shows co-labelling marked by a white arrow). Scale bar corresponds to 25µm.
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 Assessment of POS trafficking by transmission electron microscopy 

Next, we assessed the passage of POS through different intracellular compartments by 

TEM. The trafficking of cargos at each time point was captured in a series of micrographs.  

Compartments were identified by a blinded assessor, which revealed that most POS were 

localised to early compartments at 2 hours. Internalised POS cargos remained largely intact 

within these vesicles with little evidence of significant degradation [Fig. 41A]. Between 6 

and 12 hours, however, most cargos were observed in late compartments with evidence of 

some POS breakdown [Fig. 41B, C]. By 24 hours, cargos almost exclusively appeared in 

late compartments/lysosomes containing a mixture of POS and associated electron-dense 

material showing further signs of degradation [Fig. 41D, E]. The appearance of double 

membrane structures at the 24 hour time point indicated the formation of autophagosomes 

associated with terminal stages of the proteolytic pathway [Fig. 41E].  In order to quantify 

how POS cargos are degraded over time, electron micrographs taken at early (2-4 hours), 

intermediate (6-12 hours) and late (24-48 hours) time points were assessed for the extent 

of cargo breakdown [Fig. 42]. Assessment of POS proteolysis was based on (1) no evidence 

of degradation, (2) some level of breakdown or (3) POS in discernibly late compartments 

including lysosomes and/or autophagy bodies. Between early and late time points, the 

number of compartments with no POS degradation decreased (p ≤ 0.0001), whilst vesicles 

with some POS breakdown increased (p ≤ 0.03). Between intermediate and late time points, 

the number of vesicles with some level of POS degradation decreased (p ≤ 0.005) whilst 

POS in late compartments increased (p ≤ 0.004) [Fig. 41]. Hence, the extent of POS 

proteolysis at the ultrastructural level correlated with reported timelines of cargo breakdown 

by confocal-immunofluorescence studies.  

TEM images were also assessed to determine how POS cargos are broken down within 

intracellular compartments based on their distance from the apical RPE surface. 

Quantification was again based on counting POS positive vesicles with (1) no degradation, 

(2) some evidence of degradation or (3) late compartments consisting of lysosomes and/or 

autophagy bodies. No sign of degradation was observed in proximity to the apical RPE 

surface [Fig. 43A]. However, significant levels of some cargo breakdown was evident as 

POS were trafficked further into the cell (p ≤ 0.0001) [Fig. 43C]. More POS appeared in late 

compartments located basolaterally and in proximity to the nucleus, although these were 

not significantly different in number (p ≤ 0.085) [Fig. 43B, C].  
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Figure 41: Vesicle dynamics in the trafficking pathway and evidence of POS trafficking at an 
ultrastructural resolution in RPE cells.  
[A] Evidence for cargo trafficking was assessed by transmission electron microscopy in healthy RPE 
after POS feeding. Representative electron micrograph at the 2 hour time point following feeding 
showing numerous POS-containing early compartments (white arrows). There is evidence that some 
cargos had been trafficked to late compartments (yellow arrowhead) at this early stage. [B] Electron 
micrograph was taken 6 hours after the feeding assay shows that most cargos had already been 
trafficked to late compartments (yellow arrowheads), although there was still some evidence of POS 
in early vesicles (white arrow). [C] Representative micrograph from 12 hours following the feeding 
assay showing POS cargos in late compartments (yellow arrowhead). There were no obvious 
indication of any cargos in early compartments by this stage. [D-E] 24 hours after the feeding assay 
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cargos were observed localised to late compartments/lysosomes containing a mixture of partially 
degraded POS and electron dense material (yellow arrowheads). We found no evidence of any early 
compartments with POS at this late time point. [E] The presence of double membrane phagophores 
(black arrow) at the 24 hour time point indicate likely trafficking to autophagosomes. Scale bars in 
panels correspond to 500nm. 
 

 
Figure 42: POS degradation in healthy RPE as a function of time.  
Electron micrographs were taken at early (2-4 hours), intermediate (6-12 hours) and late (24-48 
hours) time points. Images were assessed for the extent of cargo breakdown within compartments 
based on (1) no evidence of degradation, (2) some level of breakdown and (3) POS in discernibly 
late compartments, including lysosomes and/or autophagy bodies. The extent of POS proteolysis at 
the ultrastructural level correlated with reported timelines of cargo breakdown by confocal-
immunofluorescence studies. Error bars represent the standard deviation. Data from 3 independent 
experiments with n=20 compartments/ time point. Statistical comparison using a one-way ANOVA 
followed by Turkey’s multiple comparison tests. * denotes p ≤ 0.05, ** indicates p ≤ 0.01, whilst *** 
shows p ≤ 0.001. 
 

 
Figure 43: Analysis of the location of vesicles during degradation of POS along the apical-
basal axis.  
[A] Representative electron micrograph showing vesicles with largely undigested POS cargos in 
proximity to the apical RPE surface, likely to be early compartments (arrowheads). [B] 
Representative image showing vesicles containing partially degraded POS alongside electron-dense 
material (arrowheads), some of which morphologically resemble lysosomes. [C] Vesicles with no 
discernible POS degradation remained close to the apical surface, whereas vesicles containing some 
degradation, and later compartments with high levels of degradation were found further along the 
apical-basal axis, in the perinuclear region. Statistical analysis was performed using a one-way 
ANOVA followed by Turkeys multiple comparisons test. *** denotes the significance of p ≤ 0.001. 
Scale bars correspond to 500nm. 
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 Oxidative stress causes the rapid and premature trafficking of POS to late 
compartments  

We studied the potential effects of high oxidative stress on POS trafficking by exposing 

cultured RPE to 100µM H2O2. We observed a marked decrease of cargos in Rab5 early 

compartments in cells treated with H2O2 compared to untreated control cultures (on average 

only 38% of cargos were trafficked in Rab5 vesicles throughout the experiment under 

conditions of oxidative stress compared to 50% in healthy cells). However, the extent of co-

localisation in Rab5 vesicles increased at 24 and 48 hours in H2O2 treated cells compared 

to controls [Fig. 44A]. A similar pattern of low-level POS co-localisation was observed in 

Rab7 compartments compared to untreated cultures (on average only 35% of cargos were 

trafficked in Rab7 vesicles throughout the experiment under conditions of oxidative stress 

vs 63% in heathy controls) [Fig. 44B and Appendix C, Table 1]. By contrast, approximately 

80% of POS had co-localised to LAMP1 compartments after just 2 hours in RPE exposed 

to high levels of oxidative stress (compared to only 28% in untreated cultures at the same 

time point). Moreover, the extent of co-localisation in early lysosomes remained consistently 

high thereafter with a maximal value of 96% recorded 24 hours after POS pulse [Fig. 44C]. 

We also observed high levels of POS co-localisation in LAMP2 positive compartments (89% 

compared to only 31% in controls at the 2 hour time point). Elevated levels of POS continued 

to localise to these mature lysosomes at subsequent time points to reach a maximal value 

of 94% by 48 hours after POS feeding [Fig.44D and Appendix C, Table 1]. Under conditions 

of elevated oxidative stress, cargos also localised prematurely to LC3b labelled 

compartments compared to untreated cultures (66% compared to only 17% in controls at 

the 2 hour time point). High levels of cargos remained associated with LC3b labelled 

membranes thereafter, and increased significantly at each subsequent time point, to reach 

a maximal value of ~90% at 48hours, at which cargos in LC3b compartments in control 

cultures had also reached similar levels [Fig.44E and Appendix C, Table 1].  
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Figure 44: High levels of oxidative stress in RPE cells causes premature trafficking of POS 
cargos to late compartments.  
The extent of co-localisation between internalised POS cargos and components of the proteolytic 
pathway was evaluated using an automated, unbiased quantification method described by Costes et 
al. Data shown as mean values (1.0 represents 100% co-localisation). [A] The co-localisation of POS 
cargos to Rab5 labelled vesicles in cells treated with 100µM H2O2 show a significant reduction during 
early time points (2-6 hours) compared to controls. This low level of Rab5 co-localisation remained 
constant throughout the experiment, although this meant that a proportion of cargos remained in 
these early compartments even at late time points. [B] Trafficking of cargos to Rab7 vesicles show a 
similar pattern where only a small proportion localised within these late compartments throughout 
the time course compared to controls. [C] Treatment with100µM H2O2 however significantly 
increased the proportion of POS cargos that were co-localised to LAMP1 and [D] LAMP2 lysosomes 
compared to controls. [E] A substantial proportion of POS cargos also co-localised with LC3b labelled 
vesicles at early time points, which continued to increase further at each time point compared to 
untreated control cultures. Error bars represent the standard deviation. Data from three independent 
experiments with a minimum of n=15 cells/time point. Statistical comparisons using a two-tailed 
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unpaired Student’s t-test comparing differences between conditions for each time point. * denotes a 
significance of p ≤ 0.05 whilst *** indicated a significance p ≤ 0.001. 
 

 Dysregulated intracellular trafficking leads to POS being sequestered in 
early compartments 

Impairment of intracellular trafficking was induced by exposing cells to bafilomycin A1, 

which disrupts acidification of intracellular compartments thus hindering fusion events along 

the phagosome/endosomal and autophagy pathways. Cultured RPE were treated with 

10nM bafilomycin after which the extent of POS trafficking in each compartment was 

quantified as before. Cargos were initially observed to localise with Rab5 labelled vesicles 

at equivalent levels recorded in untreated cultures. However, in bafilomycin treated cells, 

cargos continued to be associated with Rab5 vesicles at subsequent time points long after 

they had been trafficked to downstream compartments in untreated/healthy RPE. We 

recorded a maximal extent (95%) of POS co-localised with these early compartments at 24 

hours in bafilomycin treated cells compared to only 23% in control RPE at the same time 

point [Fig. 45A and Appendix C, Table 1]. A similar pattern was observed in Rab7 labelled 

vesicles, where on average 87% of cargos had been trafficked throughout the experiment 

in bafilomycin treated cells compared to only 63% in healthy RPE. Cargos continued to be 

sequestered in Rab7 compartments at late time points with the greatest extent of co-

localisation recorded at 48 hours (93%) compared to only 37% in control cells at the same 

time point [Fig. 45B and Appendix C, Table 1]. Assessment of LAMP1 labelled 

compartments revealed diminished levels of POS compared to healthy RPE. When vesicle 

maturation was disrupted, on average only 39% of cargos were trafficked to early 

lysosomes throughout the experiment compared to 61% in healthy RPE. This discrepancy 

was particularly evident 12 hours after initial POS feeding when most cargos had been 

trafficked to lysosomes under normal circumstances [Fig. 45C]. In cultures treated with 

bafilomycin, a similar pattern was observed in LAMP2 labelled compartments which 

contained only low levels of POS compared to untreated cells. This was evident 12 hours 

after the POS pulse chase had commenced when healthy RPE had trafficked a large 

proportion of cargos to mature lysosomes. Consequently, on average only 29% of cargos 

co-localised to LAMP1 vesicles throughout the experiment compared to 58% in 

untreated/control cells [Fig. 45D and Appendix C, Table 1]. Quantification of POS in LC3b 

labelled compartments, however, revealed higher levels of co-localisation to 

autophagosomes from early time points in cells treated with bafilomycin compared to 

healthy RPE. Association with LC3b labelled membranes remained significantly high at 

subsequent time points compared to untreated cells. However, 48 hours after the POS 

pulse had commenced, the extent of cargos in LC3b compartments was similar in both 

treated and control cultures [Fig. 45E].  
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Figure 45: Dysregulated intracellular trafficking in the RPE leads to POS cargos being 
sequestered in early vesicles whilst a proportion of cargos are prematurely trafficked to LC3b 
positive compartments.  
The extent of co-localisation between POS and intracellular compartments was evaluated using an 
automated, unbiased quantification method described by Costes et al. and shown as mean values 
(1.0 represents 100% co-localisation). [A] Exposure of cultured RPE cells to 10nM bafilomycin results 
in a large proportion of POS cargos being retained in Rab5 and [B] Rab7 labelled vesicles compared 
to untreated controls. [C] POS cargos remain sequestered in early compartments and fail to be 
trafficked to lysosomes. Consequently, only a small proportion of cargos co-localise with LAMP1 and 
[D] LAMP2 lysosomes compared to controls. This effect appeared exaggerated in LAMP2 
compartments, which remain at a constantly low level throughout all time points. [E] A significant 
proportion of POS cargos appear to co-localise with LC3b labelled compartments at early time points 
(4-12 hours) compared to untreated cells. The level of co-localisation with this autophagy marker 
increased thereafter at each time point until they had reached a similar level to healthy RPE by 48 
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hours after the feeding assay. Error bars represent the standard deviation. Data from three 
independent experiments with a minimum of n=15 cells/time point. Statistical comparisons using a 
two-tailed unpaired Student’s t-test comparing differences between conditions for each time point. * 
denotes a significance of p ≤ 0.05, ** indicates p ≤ 0.01 whilst *** shows a significance of p ≤ 0.001. 
 

 Oxidative stress and dysregulated membrane trafficking affects the size of 
intracellular compartments in the POS trafficking pathway 

As abnormalities in endosomes and lysosomes are reported to be indicators of incipient 

pathology, we studied whether elevated oxidative stress and impaired intracellular 

trafficking could alter the size of compartments in the POS trafficking pathway. Exposure to 

100µM H2O2 resulted in significantly larger Rab5 labelled vesicles at 6 and 24 hours 

compared to untreated cells [Fig. 46A and Appendix C, Table 2]. In earlier studies, elevated 

levels of POS co-localised with Rab5 at the 24 and 48 hour time points [Fig. 44A]. We 

noticed that larger Rab5 vesicles correlated with this increase at 24 hours but there were 

no appreciable differences in vesicle size by 48 hours. Analysis of Rab7 vesicles showed 

that exposure to H2O2 had produced no appreciable effects on the size of these 

compartments bar at 48 hours when significantly larger Rab7 vesicles were recorded 

[Fig.46B]. However, measurement of LAMP1 positive lysosomes containing POS revealed 

a significant increase in size following exposure to H2O2. This was evident from the first time 

point at 2 hours when lysosomes were 1.02µm ± 0.15 compared to 0.84µm ± 0.14 in healthy 

RPE. At time points at which significant differences were recorded, the average size of 

these early lysosomes measured 1.28µm ± 0.21 compared to 0.92µm ± 0.16 in untreated 

cells [Fig. 46C, Appendix C, Table 2]. Swollen LAMP1 vesicles also correlated with 

abnormally high POS from an early time point [Fig. 44C]. We observed a similar pattern of 

enlarged LAMP2 vesicles in cells exposed to H2O2. However, this was evident only at later 

time points. Where significant differences were recorded, the average size of mature 

lysosomes measured 1.36µm ± 0.17 compared 1.03µm ± 0.12 in untreated cells with the 

most difference at 48 hours (1.39µm ± 0.18 compared to 0.76µm ± 0.15 in healthy RPE) 

[Fig. 46D and Appendix C, Table 2]. This may reflect the rapid/premature POS trafficking to 

LAMP2 compartments under conditions of oxidative stress [Fig.44D]. Quantification of LC3b 

labelled autophagosomes revealed significant increases in their size between 4 and 12 

hours, and at 48 hours under oxidative stress with average sizes of 1.23µm ± 0.19 vs 

0.84µm ± 0.12 in healthy RPE at these time points. The most significant size difference in 

autophagosomes between H2O2 and untreated cultures was recorded at 6 hours (1.15µm 

± 0.14 vs 0.63µm ± 0.05, respectively) when most cargos had not yet reached these 

compartments under normal circumstances [Fig. 46E and Appendix C, Table 2]. The 

increased size of LC3b labelled vesicles broadly correlated with premature POS localisation 

to these compartments [Fig. 44E]. Where significant differences in the size of compartments 

were recorded between H2O2 exposed and control cultures, we also measured the size of 
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fluorescent vesicles without any POS cargo [Appendix C, Table 3]. We were surprised to 

find that the size of respective compartments in treated cultures remained unaffected and 

similar to the size of their counterparts in untreated/healthy RPE.  

Next, we studied whether exposure to bafilomycin affected the size of intracellular 

compartments in the POS trafficking pathway. Measurement of POS containing Rab5 

vesicles, at time points where significant differences in co-localisation were recorded, 

showed a marked increase in size after 6 hours with an average value of 0.83µm ± 0.13 

compared to 0.48µm ± 0.1 in healthy RPE [Fig. 46F and Appendix C, Table 2]. We noticed 

that enlarged Rab5 vesicles correlated with time points at which elevated POS was also 

trafficked to these early compartments [Fig. 45A]. Analysis of Rab7 compartments showed 

initially smaller vesicles (at the 2 hour time point) becoming larger from 4 hours onwards 

compared to controls. At time points in which significant increases were recorded in co-

localisation, the average size of enlarged Rab7 vesicles measured 1.04µm ± 0.15 compared 

to 0.62µm ± 0.13 in healthy RPE [Fig. 46F, 47A, B and Appendix C, Table 2]. Enlarged 

Rab7 vesicles broadly correlated with elevated POS trafficking to these compartments 

particularly at later time points [Fig. 45B]. In contrast to enlarged Rab5 and Rab7 

compartments, we observed a marked reduction in the size of LAMP1 vesicles with POS. 

Although there were no differences at the initial 2 hour time point, the size of early 

lysosomes were substantially smaller between 4 and 24 hours. At time points where 

significant differences were recorded in co-localisation, their average size measured only 

0.65µm ± 0.08 compared to 1.05µm ± 0.15 in healthy RPE. The abnormal size of small 

lysosomes had returned to normal levels by 48 hours [Fig. 46H and Appendix C, Table 2]. 

Fluctuations in the size of LAMP1 compartments corresponded with time points at which 

diminished POS levels co-localised to these organelles [Fig. 45C]. A broadly similar pattern 

was observed in LAMP2 compartments which were significantly smaller between 2-24 

hours compared to those in control RPE cells. Measurement of mature lysosomes at these 

time points showed an average size of 0.61µm ± 0.08 compared to 1.06µm ± 0.11 in RPE 

where autophagy was normal. The size of LAMP2 compartments had returned to normal 

levels by 48 hours [Fig. 46I and Appendix C, Table 2]. Variations in the size of mature 

lysosomes broadly corresponded with diminished POS trafficking to these compartments, 

particularly at late time points [Fig. 45D]. Measurement of LC3b membranes with POS 

showed smaller sized autophagosomes at 4, 12, 24 and 48 hours compared to controls. 

Their average size at these time points corresponded to 0.61µm ± 0.09 compared to 0.97µm 

± 0.15 in healthy RPE cells [Fig. 46J and Appendix C, Table 2]. In marked contrast to the 

broad correlation between vesicle size and the extent of co-localisation in Rab5, Rab7 and 

LAMP1/2 lysosomes, we found that smaller LC3b compartments generally appeared to 

have a significantly higher incidence of POS labelling [Fig. 45E]. Where significant size 

differences were recorded between bafilomycin treated and untreated cultures, we also 
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measured the size of compartments without any POS cargos, which revealed normally 

sized vesicles in treated cells [Appendix C, Table 3]. 
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Figure 46: Effects of high oxidative stress and dysregulated autophagy on the size of 
intracellular compartments in the POS trafficking pathway.  
Potential effects of H2O2 or bafilomycin treatment were assessed by quantifying the size of POS-
trafficking intracellular compartments in RPE cells. [A] Effects of H2O2 on the Rab5 early compartment 
show enlarged vesicles at 6 and 24 hours compared to untreated cells. [B] Exposure to H2O2 had no 
appreciable effects on the size of Rab7 vesicles until 48 hours. [C] By contrast, treatment with H2O2 
led to a significant increase in the size of early and [D] late lysosomes. Enlarged early lysosomes 
were observed from the first time point of 2 hours after POS feeding. However, differences with 
normal lysosomes were most obvious at later time points. [E] An increase in the sizes of autophagy 
bodies over those present in healthy cells were also detected as a consequence of H2O2 treatment. 
[F] Effects of bafilomycin treatment on Rab5 labelled vesicles show a significant increase in the size 
of compartments over those in control cells from 6 hours onwards. [G] A similar effect was observed 
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in Rab7 vesicles but from the first time point of 2 hours. [H] In contrast, treatment with bafilomycin 
significantly reduced the size of early and [I] late lysosomes. This effect was obvious in late 
lysosomes from the first time point of 2 hours. However, swollen lysosomes returned to normal levels 
by 48 hours. [J] Exposure to bafilomycin also resulted in a significant decrease in the size of LC3b 
labelled autophagy compartments over those in untreated cells. Error bars represent the standard 
deviation. Images collected from three independent experiments. n=15 separate measurements for 
each marker per time point. Statistical analysis was performed using an unpaired student’s t-test 
where * denotes a significance of p ≤ 0.05, ** indicates p ≤ 0.01 whilst *** shows a significance of ≤ 
p ≤ 0.001. 

 
Figure 47: Bafilomycin and H2O2 treatment impair intracellular vesicles in the RPE. 
Representative confocal immunofluorescence images are showing [A] size of normal POS- carrying 
Rab7 compartments at 24 hours and [B] enlarged Rab7 with POS following exposure to bafilomycin. 
Cultures probed with LAMP1 after 48 hours showing [C] size of normal lysosomes with POS and [D] 
swollen lysosomes with POS following treatment with H2O2. Several Rab7 and LAMP1 labelled 
compartments have been circled in white. The green channel (POS) has been switched off to 
facilitate ease of comparisons in vesicle size between treated and untreated cultures, however has 
been turned back on in [E] Rab 7 compartments at 24 hours, [F] Rab 7 compartments at 24 hours 
following exposure to Bafilomycin, [G] Lamp 1 compartments at 24hours and [H] Lamp 1 
compartments at 24hours following H2O2 exposure. The scale bars correspond to 10mm. 
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 Discussion 

Understanding the molecular mechanisms through which oxidative damage, from an 

unhealthy diet for example, results in pathogenic alternations at the cellular level has 

become an area of increasing importance, especially in age-related degenerative diseases 

such as AMD. Here, we explored how this diet-disease axis could cause retinal damage by 

studying pathogenic processes associated with an unhealthy Western-style diet in the RPE.  

 A pulse-chase method of tracking POS degradation 

As POS binding to αvβ5 integrin stimulates focal adhesion kinase to activate MerTK429, we 

first confirmed that POS internalisation in our assay was mediated via these receptors. We 

used POS feeding coupled to a pulse-chase assay to maximise the extent of cargo binding 

whilst minimising its premature internalisation, thus synchronising POS trafficking in order 

to track temporal changes287. We next wanted to confirm that the lower temperature 

required in the pulse chase assay did not harm the monolayer. To test this, we used a ZO1 

stain to assess the tight junctions of the monolayer and confirmed it was still intact. 

However, in addition to the typical peripheral staining pattern expected, there was also a 

degree of ZO1 staining in the cytoplasm and nucleus. This has previously been reported 

and is likely to be attributed to the proposed function of ZO1 in growth and proliferation. This 

observation reflects the limited barrier function of ARPE-19 cells, which exhibit relatively 

leaky tight-junctions in comparison to nature RPE430. Nonetheless, ZO1 is often used as a 

tight junction stain in APRE-19 cells. We also fixed cells immediately after removal from 

17oC to check our pulse assay was effective, and POS were bound to the monolayer, but 

no internalisation had occurred. We then labelled the major early, intermediate and late 

compartments in the trafficking pathway to obtain a dynamic and nuanced picture of POS 

degradation in healthy RPE cells.  

For the first time, we can visualise the sequential trafficking of POS cargos by 3D-rendered 

confocal immunofluorescence microscopy. We utilised an algorithm widely employed in 

studies of this kind to automatically quantify the extent of POS co-localisation in each 

compartment289, which revealed temporal dynamics of this process. Early trafficking to Rab5 

vesicles reached a peak at 4 hours, after which cargos peaked in Rab7 compartments by 6 

hours. Surprisingly, POS positive Rab7 vesicles were evident even at late time points (24 - 

48 hours) when cargos are expected to have been trafficked through mature phagosomes 

and endosomes. However, co-labelling studies using a Rab7 specific antibody as well as a 

lysosomal probe indicated that some lysosomes were also positive for Rab7, similar to what 

has previously been reported166,427,428, which may account for this observation. The 

internalisation of POS in early compartments was also assessed by electron microscopy, 
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which initially showed little or no evidence of degradation. However, there were some signs 

of POS breakdown by 6-12 hours by which time immunofluorescence studies revealed most 

cargos to be in Rab7 late phagosomes/endosomes. POS started to appear incrementally in 

early lysosomes, and significantly at later time points in mature lysosomes. POS reached a 

peak in both LAMP1/2 lysosomes by 24 hours. This was consistent with ultrastructural data 

which showed the appearance of degraded POS associated with electron-dense material 

indicating further processing in the proteolytic pathway. Quantification of cargo processing 

in electron micrographs was based on the extent of POS breakdown, as well as the reported 

morphology of lysosomes431. Moreover, POS proteolysis appeared to occur along the 

apical-basal axis of RPE cells, with the highest level of degradation within compartments in 

proximity to the basolateral membrane. Collectively, these findings show progressive signs 

of POS degradation correlated with increasing distance from the apical RPE surface, where 

cargos were initially phagocytosed. 

Cargos finally co-localised with LC3b labelled compartments, initially at low levels during 

early time points (2-6 hours) but increased significantly after 12 hours to reach a peak by 

48 hours. Electron micrographs taken at 24 hours captured double-membrane 

autophagosomes that typically associate with LC3b in conventional autophagy432, further 

demonstrating the transfer of POS to terminal stages of the proteolytic pathway. However, 

since we observed few examples of double-membrane autophagosomes, this could 

suggest that POS in LC3 compartments are part of the non-canonical pathway433,434. This 

could be further verified using immunogold labelling of compartments. Our detailed 

breakdown of POS trafficking in healthy RPE was in-line with broad timeframes in which 

these cargos are reportedly engulfed and degraded274,306,402. Our studies also show the 

dynamic nature of POS trafficking and insights into how some intracellular compartments 

can have multiple identities or markers, perhaps indicating transition states or multiple 

functions. This would be consistent with recent discoveries that reveal new roles for 

lysosomes and the different ways in which intracellular compartments communicate with 

each other166,427,428,435,436. Importantly, our findings revealed that although a majority of POS 

cargos are tightly shuttled via Rab5, Rab7 and LAMP1, 2 and LC3b compartments in 

healthy RPE, there is also a considerable degree of flexibility and variation in this process. 

Such insights contribute to the current understanding of how cargos are trafficked and 

processed in the RPE. Although we and others have utilised well-characterised approaches 

to ensure a tight pulse chase166,287,306,419,437, the possibility of some premature POS 

internalisation due to leakage cannot be fully excluded.  
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 The effect of oxidative stress on POS degradation 

POS trafficking was significantly altered when RPE were subjected to oxidative stress 

utilising a well-established method164,408. The amount of H2O2 used was also similar to their 

concentration in the human vitreous426. We observed markedly diminished levels of POS in 

Rab5 and Rab7 vesicles compared to healthy RPE. We attributed this to the rapid trafficking 

of cargos to early and mature lysosomes as well as LC3b labelled compartments. POS 

cargos could bypass early and intermediate compartments under oxidative stress to 

prematurely co-localise with apical lysosomes. Such apically distributed lysosomes have 

been reported in proximity to RPE microvilli in a rat model of inherited retinopathy438. 

Although the Costes method289 provides a direct readout of the incidence/extent of co-

localisation, it cannot measure the amount of POS in each compartment. Consequently, we 

were unable to determine whether prematurely targeted POS remained sequestered in 

lysosomes and autophagosomes from early time points. However, rapid trafficking of POS 

that had bypassed upstream processing events may contribute to the likelihood of 

proteolytically indigestible material accumulating within RPE lysosomes, and a potential 

mechanism for lipofuscin biogenesis as, once formed, lipofuscin is considered to be 

resistant to degradation and cannot be transported outside the cell by exocytosis439. Indeed, 

the accumulation of high molecular weight aggregates within lysosomes, and related 

organelles is a major feature of degenerative conditions such as AD and AMD395,409,440,441. 

We measured the size of compartments in oxidatively stressed and healthy RPE, which 

revealed a significant increase in the size of LAMP1 and LAMP2 labelled vesicles as well 

as autophagosomes carrying POS from early time points. This is consistent with enlarged 

and swollen lysosomes reported in neurons of Alzheimer’s patients, which is one of the 

earliest neuropathological features that appear decades before symptoms69. Of note, the 

size of lysosomes without POS cargos in oxidatively stressed RPE remained normal, 

suggesting a mechanism in which only those vesicles carrying POS are affected.   

 The effect of impaired intracellular trafficking on POS degradation 

We treated cultured RPE with bafilomycin A1 to disrupt lysosomal acidification, preventing 

fusion with autophagosomes and disrupting maturation along the endocytic pathway. We 

observed significantly high levels of POS in Rab5 and Rab7 vesicles at late time points (12-

48 hours), which was in sharp contrast to cargos being trafficked away from these 

compartments in healthy RPE. POS, therefore, appeared to be sequestered in early and 

late phagosomes/endosomes, which was supported by our observation that cargos failed 

to be subsequently trafficked to LAMP1/2 lysosomes. Although we cannot directly comment 

on whether POS were sequestered in Rab5 and Rab7 compartments per se, we recorded 

a significant increase in the size of POS positive phagosomes/endosomes whilst the size 
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of lysosomes was markedly smaller compared to healthy RPE. In contrast, the size of Rab5, 

Rab7 and lysosomes devoid of POS in bafilomycin treated cells were broadly similar to their 

counterparts in untreated/healthy RPE, indicating a cargo-specific effect. Enlarged 

endosomes is a known feature of early stages of neuropathological conditions such as AD 

and Down syndrome where misfolded proteins principally localise to Rab5 vesicles442. 

Swollen endosomes are also reported in RPE of aged human donors and Abca4-/- mouse 

model of Stargardt disease443. The failure of POS cargos to reach terminal stages of the 

proteolytic pathway could lead to their accumulation in RPE cells. The importance of lytic 

compartments to retinal function was demonstrated by findings showing high levels of 

lysosomal cathepsin D and acid phosphatase in macular RPE cells relative to RPE in the 

nasal/mid-zone and peripheral retina. Lysosomal enzyme activity also decreased by ~50% 

when exposed to lipofuscin, suggesting vulnerability of macular RPE to intracellular protein 

aggregation58,172. Although a large proportion of POS failed to be trafficked to lysosomes, 

we noticed a significant increase in LC3b labelled compartments from early time points. Our 

results indicate that a proportion of POS cargos had bypassed the conventional trafficking 

pathway, suggesting a compensatory mechanism as a consequence of lysosomal 

dysfunction.  Recent findings have revealed a non-canonical form of autophagy termed 

LC3-associated phagocytosis (LAP)208 through which lipidated LC3 associates with 

phagosomes in an Atg5 and Beclin1-dependent manner, but independently of the 

autophagy pre-initiation Ulk1/Atg13/Fip200 complex. The importance of this pathway was 

demonstrated in mice lacking Atg5 where phagosomes containing undigested POS were 

unable to penetrate the RPE. Phagocytosed POS also failed to associate with LAMP1/2 

and cathepsin D, suggesting a role for Atg5 in POS trafficking to lysosomes. Furthermore, 

Atg5 deficient mice showed defective retinal function although there was no obvious 

damage to photoreceptors suggesting these effects are subtle but impact vision 

nonetheless444. Increased autophagy triggered by cyclical shedding of POS with at least 

part of the autophagy machinery directly involved in phagosome maturation may explain 

our observations in culture, although further studies are required to confirm this. The 

presence of significantly smaller sized LC3b compartments despite increased POS co-

localisation in bafilomycin treated RPE may indicate cargos associating with simpler 

membranes and evidence for non-canonical autophagy. Impaired autophagy in the RPE 

also leads to inflammasome activation and angiogenesis395,445, linking dysfunction of cargo 

trafficking and clearance mechanisms with other well-recognised features of retinal 

degeneration.    
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 Summary 

In summary, this detailed study shows how POS cargos are tightly regulated and trafficked 

through the phagosome and autophagy-lysosomal pathways. Although a majority of cargos 

are transported in this manner, there appears to be some variability, perhaps indicating a 

degree of flexibility which could help RPE to cope with stressful conditions. The importance 

of correct cargo trafficking and timely proteolytic degradation is demonstrated by evidence 

from diverse neurodegenerative and storage diseases which reveal an impairment of these 

mechanisms in early stages of pathology69,166,443,446. Our studies also reveal divergent 

outcomes for POS trafficking under conditions of oxidative stress, impaired lysosomal 

function and disrupted autophagy all of which can occur simultaneously in the senescent 

RPE447. Some of these mechanisms may play a prominent role in retinas of certain patients 

whilst not in others, or indeed feature in different stages of the disease. This illustrates some 

of the challenges in treating complex conditions such as AMD. Intriguingly, pathology 

appeared to be confined to vesicles containing POS, whilst the size of Rab5, Rab7, 

LAMP1/2 and LC3b compartments without cargos were broadly within normal parameters, 

suggesting a population of healthy compartments even in stressed or diseased RPE. These 

could be harnessed to rejuvenate RPE as an alternative approach for lysosomal rescue 

which has already been explored405. Insights from this work also invite further questions to 

the manner in which endocytic compartments communicate with one another, and the 

origins and lifespan/turnover of lysosomes. Such questions are highly pertinent given recent 

findings demonstrating new functions for lysosomes in nutrient-sensing and metabolic 

homeostasis435,436, and the central role played by misfolded proteins and impaired clearance 

mechanisms in diseases such as AD and AMD.
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 Final discussion and future work 

 Final Discussion 

The studies presented in my thesis explores the relationship between HFD induced 

oxidative stress and structural and functional alterations associated with retinal 

degeneration. We have reported novel findings on how the consumption of an unhealthy 

diet, such as food rich in high fat and cholesterol, causes pathogenic changes in the outer 

retina, and began to explore the functional effects this might have on the RPE monolayer. 

A summary of these changes can be seen in Figure 48. 

The investigations presented in chapter 3 provide novel insights into the 3-dimensional 

ultrastructure of the RPE monolayer and associated photoreceptors. Our discoveries reveal 

why some RPE cells appear to be more susceptible to age-related damage than others. 

Our studies also provided new information on the arrangements and shape of healthy RPE 

cells. For instance, despite what has previously been reported not all RPE cells have a 

typical hexocuboidal shape as our findings indicate this is only the case for a subset of cells. 

It appears some RPE cells are infact more cuboidal in shape. I hypothesise that the cuboidal 

arrangement increases tessellation allowing for a tighter control of nutrients and molecules 

through the BRB. Similarly, we also observed the rhomboidal cross-sectional shape of RPE 

cells. This shape will increase cell: cell contacts, and perhaps also help to increase barrier 

efficacy. By segmenting the photoreceptors, we were able to accurately count the number 

of photoreceptors associated with each RPE cell for the first time. Interestingly this ranged 

between 90 and 216 photoreceptors, which is in stark contrast to the previously reported 45 

photoreceptors per RPE cell. Our novel findings therefore highlight the true magnitude of 

the daily proteolytic burden placed upon RPE cells. 

Although bi-nucleate RPE cells are often reported, few studies have been undertaken to 

elucidate the differences between bi-nucleate and mono-nucleate RPE. The data presented 

here demonstrate novel and fundamental structural differences between mono-nucleate 

and bi-nucleate RPE cells. Using immunofluorescence staining of murine flat mounts, we 

observed an increase in bi-nucleate and multi-nucleate cells in the central retina compared 

to the peripheral retina. We also observed an increase in the presence of bi-nucleate and 

multi-nucleate cells throughout the retina with age. This is corroborated by previous 

studies136. Given that the overall number of RPE cells is known to decline with increasing 

age145 yet, in healthy aged eyes, the RPE monolayer remains intact, the formation of bi-

nucleate RPE cells could occur as a compensatory mechanism to overcome cellular 

apoptosis. Our 3D reconstructed cells offer novel information about the structural 
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differences between the two cell types, offer support for theories of the way in which bi-

nucleate cells are formed, and begin to unveil ways in which bi-nucleate cells are more 

susceptible to disease pathology. Our data show and increased number of photoreceptors 

overlying each bi-nucleate RPE compared to mono-nucleate cells. It remains to be 

elucidated whether this increase in POS number is as a result of larger multi-nucleate cells 

forming to compensate for apoptosis, or whether the increase in POS number causes the 

threshold of cytokinesis inhibition to be reached, resulting in bi-nucleate cell formation. 

Nonetheless, these findings reinforce current thinking and evidence that bi-nucleate RPE 

are indeed points at which early pathology could develop in the senescent retina. My studies 

revealed the bi-nucleate RPE cells are in proximity to abnormally thickened BrM. This 

suggests that multi-nucleate RPE has consequence beyond the RPE monolayer with 

pathogenic changes occurring, presumable subsequently, in the underlying BrM. 

Given the importance of oxidative stress to the formation of bi-nucleate RPE, we next 

studied the in-vivo effects of oxidative stress in living eyes. In chapter 4 I describe my novel 

findings in a HFD mouse model. Pathogenic changes in HFD mice include depositions/ 

inclusions in the photoreceptor layer, which appear to be lipid dense. These depositions 

have destroyed the close associated of photoreceptors with the RPE microvilli. RPE also 

showed evidence of disease pathology such as disrupted basal infolds. BrM was thickened, 

as is often reported in disease phenotypes. Drusen-like basal laminar deposits high in levels 

of clusterin were found between the RPE and BrM. The importance of such focal deposits 

and local pathology is consistent with ideas of how incipient pathology develops in the 

ageing retina, leading to conditions such as AMD. Many of these changes were common to 

structural alterations seen in bi-nucleate RPE, suggesting a potential predisposition of bi-

nucleate cells to oxidative stress/damage.  

In chapter 5, I delved further into oxidative stress mechanisms at the level of RPE cells, and 

studied how its effects could influence intracellular cell physiology. We used an in vitro RPE 

model in which POS were synchronously fed to mimic cargo trafficking and processing 

activities that follow light onset. By labelling distinct intracellular compartments, I studied 

how POS are trafficked and degraded in endosomes and the autophagy-lysosomal 

pathways of RPE cells. My findings revealed novel information showing details of how POS 

cargos are trafficked and processed by healthy RPE. Mimicking conditions of oxidative 

stress caused POS cargos to bypass early compartments and rapidly shuttle to lysosomes 

and autophagy vesicles. However, impairment of vesicles acidification caused sequestering 

of POS in early and late endosomes with an apparently failure of trafficking to the 

lysosomes. This revealed divergent outcomes for POS trafficking under conditions of 

oxidative stress, impaired lysosomal function and disrupted autophagy. These findings align 

with how deficits in POS trafficking/ processing lead to the build-up of lipofuscin within RPE 
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cells, a hallmark of early retinopathy. Such insoluble lipid/protein aggregates impede cell 

function and are thought to contribute to the formation of nascent pathogenic deposits in 

the RPE-BrM interface. Interestingly, our results suggest the cellular pathology is confined 

to vesicles containing POS, whilst compartments without any POS cargos appear to be 

unaffected. These data suggest that a population of healthy lysosomes are maintained even 

in stressed or diseased RPE cells, which could be harnessed to rejuvenate these cells as 

a potential therapeutic intervention. 
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Figure 48: Summary diagram of work presented in thesis 
The top panel shows a healthy aged RPE cell. 1/3 of RPE cells are bi-nucleate with similar sized ellipsoid nuclei. Abundant apical melanin is found in all cells 
(black ovals). Each RPE cell caters for over 90 rod and cone photoreceptors, which are composed of POS (blue discs). POS are shed daily, and are 
internalised and broken down by the underlying RPE cells. Endosomes, lysosomes and autophagy bodies all contribute to the degradation of POS in healthy 
cells. The bottom panel shows RPE following HFD-induced oxidative stress. There are areas of photoreceptor atrophy, and decreased levels of apical 
melanin. In addition, there is the formation of lipid deposits within the photoreceptor layer (red ovals). Further, there is an increased proportion of bi-nucleate 
RPE cells, which often occur over levels of drusen-like basal laminar deposits (yellow mounds), which contain clusterin. BrM is vastly thickened, whilst the 
basal infolds are disrupted and misfolded. There are also increased levels of TIMP3 within the BrM, altering its morphology. We have also shown altered 
POS trafficking following HFD effects of oxidative stress and impaired lysosomal acidification. This causes the accumulation of incompletely degraded POS 
and lipofuscin (yellow shapes) within intracellular organelles, further impeding their function. 
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 Implications for AMD research, pathology and treatments 

The novel findings presented in this thesis add to a growing body of literature that suggests 

a role for HFD and oxidative stress along with impairment of RPE clearance mechanisms 

in the initial stages of AMD. We have uncovered mechanisms underpinning impairment of 

the RPE endo-lysosomal system and autophagy pathways that occur in early AMD. We 

have revealed divergent outcomes of POS trafficked under conditions of oxidative stress, 

impaired lysosomal functional and disrupted autophagy, all of which occur simultaneously 

in the senescent RPE and are a feature of AMD. Insights from our 3D studies have revealed 

how bi-nucleate RPE may be structurally prone to disease. Further studies into RPE 

ultrastructural changes could help guide functional work. For example, our findings showing 

the RPE cells in fact ‘cater’ for many more photoreceptors than initially thought provide 

insights into actual levels of proteolytic stresses under which RPE exist, and reveals the 

importance of the lysosomal pathway in maintaining a healthy and functioning retina.  
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 Future directions 

The novel data presented in this body of work have opened several research avenues in 

regards to investigating oxidative stress as a key molecular pathway that underpins retinal 

disease. The following sections describe some work that could be undertaken to further 

exploit these new discoveries. 

 Reconstruction of human RPE 

As mentioned in chapter 3, it is incredibly difficult to acquire well preserved human eyes 

given the lack of donation centres around the UK. However, Southampton is in the process 

of setting up an Eye Biobank as a repository for such tissues. Having the on-site biobank 

will reduce post-mortem times before the eyes can be fixed, which will increase the 

likelihood of obtaining high quality, well-preserved donor eyes for future 3D ultrastructural 

studies. Once this eye biobank is in place it would be insightful to compare the structure of 

other outer retina of AMD eyes with age matched controls. Donations will also be linked 

with patient’s genetics and lifestyle, allowing comparisons across different AMD stages as 

well as with healthy control eyes. Machine learning could also be harnessed. Since we have 

fully reconstructed 4 eyes, and indeed a further RPE cell from a different eye is currently 

being segmented, we have enough data to begin to teach a computer how to accurately 

segment the different cellular components. This would dramatically speed up reconstruction 

and make further investigations more viable. 

 Further investigations into HFD eyes 

Findings presented in chapter 4 are obtained from aged mice. It would, therefore, be 

interesting to repeat the study on neonates and young mice as well as in aged HFD eyes. 

This would allow us to map the timelines of HFD induced changes in the outer retina. 

Furthermore, if HFD driven structural effects occur in young mice, it would be interesting to 

determine whether these are reversible upon switching to a normal diet. Studies could also 

include the use of SBSEM approaches to provide novel insights into HFD induced changes 

in 3D ultrastructure. This would include the volume of each cellular component, as well as 

the surface area of interacting edges between cells, amongst other parameters, which can 

be compared to normal chow fed mouse eyes. Given the theory that bi-nucleate RPE cells 

are more prone to oxidative stress, it would also be interesting to compare the number of 

bi-nucleate RPE in the retina of an HFD mouse with normal chow-fed animals. If the number 

of multi-nucleate RPE cells increased, it could suggest that these cells are already damaged 

before becoming bi-nucleate. However, if this number did not increase, it would reveal that 

bi-nucleate RPE is instead more prone to oxidative stress. Therefore, ways to inhibit the 
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multi-nucleation process and instead encourage RPE to complete cytokinesis and form a 

more homologous monolayer could be investigated as a new prevention therapy for AMD.  

 Boosting lysosomal function to rescue AMD-like pathology 

Recent discoveries have identified a network of promoters referred to as Co-ordinated 

Lysosomal Expression and Regulation (CLEAR) elements which are activated by a DNA-

binding protein called transcription factor EB (TFEB). Studies in RPE have shown that over-

expression of TFEB can rescue cells from serum starvation and lysosomal stress. It is also 

thought that the over-expression of TFEB may be a mechanism by which neurons try to 

counteract the accumulation of lysosomal debris in AD. We could exploit these discoveries 

by expressing TFEB in ARPE-19 cells grown in the system used in Chapter 5. This will 

boost the number of RPE lysosomes. Cells could then be fed UV-irradiated POS which 

mimic protein aggregation in the aged retina. This would test the ability of the RPE with 

boosted lysosomes to clear cargoes that are normally resistant to degradation. I would 

hypothesize that the new populations of lysosomes will boost the ability of the RPE to clear 

such debris. If this is correct, TFEB could be packaged into an adenoviral or lentiviral vector 

to be injected into a suitable mouse model to show that RPE lysosomes can also be boosted 

in vivo. This strategy, therefore, opens a novel pathway to boost RPE lysosomes in living 

eyes so that an altogether new method of treating conditions such as AMD may be devised. 

Such a strategy has been used successfully to treat a cell model of Pompe disease; an LSD 

that normally results in childhood death.  
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 Final thoughts 

Understanding the impact of oxidative stress and damage to the outer retina and the role 

this has in AMD is fundamental to discovering new pathways for therapeutic interventions. 

The novel findings presented in my thesis demonstrates that oxidative stress has major 

structural and functional consequences not only on the RPE monolayer but also in adjacent 

tissues of the outer retina. My findings link oxidative stress mechanism associated with a 

HFD to structural and functional changes at single cell level. It also reveals the extent of the 

proteolytic burden placed upon these cells, something that is often drastically 

underestimated, helping to explain why the lysosomal pathway often fails in age and 

disease. Key questions remain unanswered about how the 3D ultrastructure of RPE cells 

are affected following oxidative stress as well as details of functional consequences on other 

layers of the outer retina. Nonetheless, novel insights from the data presented here paves 

the way for designing new interventions to target the oxidative stress pathway, and planning 

new ways to rejuvenate or even rescue damaged RPE cells in AMD patients. 

.
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Appendix A 

object1 = "Untitled"; 
object2 = "Untitled"; 
Dialog.create("Measuring shared area between"); 
Dialog.addString("Object1:", object1); 
Dialog.addString("Object2:", object2); 
Dialog.show(); 
object1 = Dialog.getString(); 
object2 = Dialog.getString(); 
 
path = File.directory(); 
title_orig = getTitle(); 
getVoxelSize(width, height, depth, unit); 
pixelWidth = width; 
pixelDepth = depth; 
pixelUnit = unit; 

 
junctionArea_total = 0; 
junctionArea_array = newArray(0); 
imageNbr = nSlices(); 

 

for(i=1; i<imageNbr; i++){ 

 
 selectWindow(title_orig); 
 setSlice(i); 

 
 run("Duplicate...", "title=Object1.tif"); 
 setAutoThreshold("Default"); 
 //run("Threshold..."); 
 setAutoThreshold("Default dark"); 
 setThreshold(1, 1); 
 setOption("BlackBackground", false); 
 run("Convert to Mask"); 
 rename("Object1_binary.tif"); 
 run("Dilate"); 
 
 selectWindow(title_orig); 
 run("Duplicate...", "title=Object2.tif"); 
 setAutoThreshold("Default"); 
 //run("Threshold..."); 
 setAutoThreshold("Default dark"); 
 setThreshold(2, 2); 
 setOption("BlackBackground", false); 
 run("Convert to Mask"); 
 rename("Object2_binary.tif"); 
 //run("Dilate"); 
 //run("Fill Holes"); 
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 imageCalculator("AND create", "Object1_binary.tif","Object2_binary.tif"); 

 
 selectWindow("Object1_binary.tif"); 
 close(); 
 selectWindow("Object2_binary.tif"); 
 close(); 

 
 selectWindow("Result of Object1_binary.tif"); 
 setAutoThreshold("Default dark"); 
 //run("Threshold..."); 
 setAutoThreshold("Default"); 
 run("Create Selection"); 

 
 getSelectionBounds(xRect0, yRect0, xWidth, yHeight); 
 selectionArray = newArray(xWidth*yHeight); 
 a = 0; 
 for(y=yRect0; y < yRect0+yHeight; y++){ 
  for(x=xRect0; x < xRect0+xWidth; x++){ 
   selectionArray[a++] = getPixel(x,y); 
  } 
 } 

   
 selectionArray2 = newArray(0); 
 for(c = 0; c < selectionArray.length; c++){ 
  if (selectionArray[c] > 254){ 
   selectionArray2 = Array.concat(selectionArray2, selectionArray[c]); 
  } 
 } 
 nbrPixel = selectionArray2.length; 
 junctionLength = nbrPixel * pixelWidth; 
 junctionArea = junctionLength * pixelDepth; 
 junctionArea_array = Array.concat(junctionArea_array, junctionArea); 
 junctionArea_total = junctionArea_total + junctionArea; 

 
 selectWindow("Result of Object1_binary.tif"); 
 close(); 
} 

 
if (nResults>=0) { 
 run("Clear Results"); 
} 
i = nResults; 

 
for (n=0; n < junctionArea_array.length; n++){ 
 setResult("Slice", i, n); 
 setResult("Pixel_Unit", 0, pixelUnit); 
 setResult("Surf.Area_stack", 0,  junctionArea_total); 
 setResult("Surf.Area_slices", i, junctionArea_array[n]); 
 i = nResults; 
} 

updateResults; 
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saveAs("Results", path + "SharedSA_"+object1+"_"+object2+".csv"); 
run("Close"); 
selectWindow(title_orig); 
close(); 
 

exit("ANALYSIS FINISHED");
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Appendix B 

Figures presented in appendix 2 are specific to those cross-referenced in chapter 3. Please 

see electronic appendix 2 for an interactive 3D PDF of the reconstructed patch or RPE cells. 

In order to enable 3D rendering in Adobe, go to Edit -> Preferences-> 3D & Multimedia -> 

select enable playing 3D content. 
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Appendix C 

Table 4: The extent of colocalisation between vesicles and POS 
Stained transwells were imaged using a confocal microscope and analysed using Costes automatic colocalisation analysis. Mean levels of colocalisation along with standard 
deviation (SD) is shown for each compartment across 6 time points for control cultures, as well as those fed Hydrogen Peroxide (H2O2) or Bafilomycin A1. Values are reported 
as a decimal where a recorded value of 1.0 shows 100% colocalisation. n≥20 cells for control measurements, and n≥15 cells for treatment groups. 

 
Table 5: The size of vesicles containing POS 
Images of ARPE-19 cells fed with POS were taken using a confocal microscope. Images were then imported into FIJI where vesicles containing POS were measured at their 
widest point. Size measurements are reported for each compartment across 6 time points for control cultures, as well as H2O2 and Bafilomycin treatment groups. Values 
shown are in µm. Mean values are reported alongside standard deviation (SD) for n=15 measurements/group/time point. 

 

Supplementary Table 1

Extent of co-localisation

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Rab5 0.84 0.14 0.25 0.13 0.86 0.11 0.89 0.13 0.48 0.19 0.78 0.17 0.71 0.13 0.47 0.13 0.88 0.12 0.18 0.12 0.25 0.11 0.91 0.09 0.23 0.14 0.42 0.31 0.95 0.06 0.15 0.19 0.44 0.35 0.9 0.12
Rab7 0.7 0.13 0.26 0.19 0.84 0.13 0.62 0.17 0.27 0.15 0.83 0.14 0.93 0.12 0.39 0.1 0.86 0.11 0.64 0.18 0.27 0.16 0.88 0.13 0.54 0.21 0.44 0.26 0.9 0.11 0.37 0.2 0.47 0.29 0.93 0.11
LAMP1 0.28 0.18 0.79 0.11 0.34 0.13 0.47 0.14 0.83 0.1 0.29 0.16 0.57 0.18 0.88 0.09 0.5 0.11 0.76 0.11 0.84 0.13 0.52 0.17 0.85 0.1 0.96 0.04 0.3 0.15 0.73 0.17 0.93 0.07 0.4 0.12
LAMP2 0.31 0.21 0.89 0.09 0.28 0.09 0.41 0.21 0.82 0.12 0.26 0.15 0.31 0.11 0.86 0.14 0.35 0.11 0.76 0.13 0.83 0.13 0.3 0.14 0.89 0.07 0.93 0.06 0.25 0.14 0.84 0.09 0.94 0.05 0.3 0.07
LC3b 0.17 0.15 0.66 0.17 0.38 0.31 0.2 0.16 0.67 0.15 0.69 0.23 0.23 0.17 0.84 0.17 0.8 0.17 0.39 0.2 0.85 0.1 0.84 0.15 0.67 0.17 0.91 0.06 0.84 0.12 0.91 0.07 0.92 0.05 0.92 0.07

         
  

       

  

     

24 Hours2 Hours
Control H2O2 Bafilomycin Control H2O2 Bafilomycin

48 Hours
H2O2Bafilomycin BafilomycinControl H2O2 Bafilomycin Control

4 Hours 6 Hours 12 Hours
Control H2O2 Control H2O2 Bafilomycin

 

  

  

         
Supplementary Table 2

Size of compartment (µm) in vesicles with POS

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Rab5 0.53 0.15 0.61 0.09 0.59 0.09 0.67 0.14 0.67 0.06 0.64 0.07 0.42 0.09 0.66 0.09 0.86 0.14 0.51 0.12 0.53 0.06 0.71 0.11 0.53 0.07 0.55 0.13 0.76 0.13 0.47 0.11 0.42 0.1 0.99 0.14
Rab7 0.71 0.14 0.82 0.13 0.61 0.11 0.79 0.19 0.79 0.11 1.05 0.14 0.53 0.13 0.63 0.06 1.06 0.16 0.57 0.09 0.55 0.09 0.87 0.12 0.68 0.17 0.66 0.1 1.16 0.15 0.52 0.07 0.64 0.14 1.04 0.18
LAMP1 0.84 0.14 1.02 0.15 0.74 0.10 0.86 0.1 0.86 0.13 0.63 0.08 1.14 0.14 1.34 0.2 0.68 0.10 1.27 0.18 1.05 0.15 0.57 0.07 0.92 0.19 1.40 0.19 0.72 0.07 0.76 0.18 1.36 0.28 0.75 0.16
LAMP2 0.91 0.16 0.96 0.08 0.54 0.10 0.89 0.06 0.93 0.07 0.59 0.06 1.31 0.11 1.48 0.15 0.64 0.09 1.18 0.12 1.21 0.17 0.64 0.07 1.02 0.1 1.20 0.17 0.64 0.10 0.76 0.15 1.39 0.18 0.69 0.15
LC3b 0.82 0.12 0.77 0.15 0.74 0.08 0.86 0.07 1.10 0.15 0.55 0.08 0.63 0.05 1.15 0.14 0.66 0.10 0.81 0.15 1.39 0.2 0.59 0.06 1.15 0.2 1.17 0.14 0.63 0.10 1.06 0.19 1.28 0.26 0.66 0.14

  

Bafilomycin Control

2 Hours 4 Hours 6 Hours 12 Hours 24 Hours
Bafilomycin H2O2 Bafilomycin Control H2O2Control H2O2 Bafilomycin Control H2O2 Control

      

H2O2 Bafilomycin

48 Hours
Bafilomycin Control H2O2
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Table 6: The size of vesicles not containing POS 
Images where there was a difference in size of compartments between treated and control cultures were also analysed to measure the size of vesicles not containing POS. 
This was to see if the change in size effected all compartments or just those containing POS. Values are reported as µm. Mean values are noted alongside standard deviation 
(SD). P-values of differences between control groups and treatment groups are noted. N=15 measurement/ compartment/time point.  

Supplementary Table 3

Size of vesicle without POS

Mean SD P-value Mean SD P-value Mean SD P-value Mean SD P-value Mean SD P-value Mean SD P-value Mean SD P-value Mean SD P-value Mean SD P-value Mean SD P-value Mean SD P-value Mean SD P-value
Rab5 N/A N/A N/A N/A 0.39 0.1 0.64 0.39 0.13 0.92 N/A 0.5 0.1 0.96 0.06 0.11 0.64 0.51 0.07 0.90 N/A 0.47 0.1 0.98
Rab7 N/A 0.76 0.13 0.79 N/A 0.76 0.12 0.96 N/A 0.6 0.07 0.31 N/A 0.56 0.1 0.96 N/A 0.62 0.08 0.70 0.52 0.1 0.87 0.51 0.13 0.96
LAMP1 0.86 0.1 0.98 N/A N/A 0.85 0.11 0.96 1.09 0.22 0.98 1.13 0.22 0.81 N/A 1.23 0.15 0.46 0.93 0.12 0.98 0.92 0.07 0.96 0.74 0.19 0.98 N/A
LAMP2 N/A 0.91 0.17 1.00 N/A 0.82 0.15 0.53 1.26 0.23 0.78 1.32 0.14 0.98 N/A 1.12 0.19 0.73 1.04 0.13 0.92 1.04 0.1 0.92 0.76 0.11 0.96 N/A
LC3b N/A N/A 0.86 0.11 0.98 0.82 0.12 0.67 0.61 0.11 0.95 N/A 0.8 0.1 0.98 0.81 0.08 0.91 N/A 1.07 0.17 0.67 1.04 0.15 0.98 1.04 0.11 0.91

Note: Comparisons where significant differences were recorded in the size of compartments in treated vs. control cultures.
SD: Standard deviation

48 Hours

H2O2 Bafilomycin H2O2 Bafilomycin H2O2 Bafilomycin H2O2 Bafilomycin H2O2 Bafilomycin H2O2 Bafilomycin

2 Hours 4 Hours 6 Hours 12 Hours 24 Hours
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Appendix D 

Figures presented in Appendix D are represented images of controls for each secondary 

antibody used throughout this thesis. 

 
Figure 49: Secondary antibody control confocal images 
Representative confocal-immunofluorescence images showing absence of signals after only probing 
with [A] Alexa Fluor 594 goat anti-rabbit. [B] Alexa Fluor 546 Goat anti-rabbit. [C] Alexa Fluor 594 
Goat anti-Mouse secondary antibodies. Nuclei are labelled with DAPI (blue). The scale bars 
correspond to 15µm
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Appendix E 

Figures presented in Appendix E are representative images of isotype controls for each 

monoclonal antibody used throughout this thesis 

 
Figure 50: Isotype control confocal images 
Representative confocal-immunofluorescence images showing absence of signals after probing with 
[A] mouse IgG1 isotype or [B] Rabbit IgG isotype. Nuclei are labelled with DAPI (blue). Scale bars 
represent 15µm 
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Appendix F 

A. Normal diet 
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B- HFD 
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