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Abstract
Age-related macular degeneration (AMD) is the most common cause of blindness in the
developed world. It is a degenerative disorder affecting the central retina in those over
50 years o f age. Little is known about the pathogenesis of this condition and
environmental and / or genetic factors are likely to play a role. In donor eyes of AMD
patients, deposits under the retinal pigment epithelium (RPE), the supporting layer of
the retina, are a frequent finding. These deposits can vary extensively, both in their
composition and structure. The role of sub-RPE deposits in the pathogenesis of AMD is
largely unknown. They have however, been implicated as either the cause or the
consequence of AMD. The aim of this body of work is to increase the understanding of
AMD pathogenesis, by examining these conspicuous deposits. Work was carried out in
2 areas; the first involved the assessment of the importance of sub-RPE deposits in
AMD as compared to ageing and the second involved the creation of a in vitro model of
sub-RPE deposit formation.
1. Sub-retinal deposits were studied in human donor eyes using electron
microscopy.

Donor eyes were selected from a repository of approximately 2000

pairs of human donor eyes (between 0- 102 years of age) obtained from the MidAmerica Transplant Unit. Peripheral and macular electron micrographs of donors
were examined. These data confirmed the importance of basal laminar deposits and
basal linear deposits in both ageing and different subsets of AMD.
2. The in vitro model consisted of growing ARPE-19 cells on collagen type I
coated membrane supports or tissue culture plastic. A validated method for
analysing these deposits using electron microscopy was also simultaneously
developed. Subsequently with a view to manipulating the sub-RPE deposits
formed, the composition of the tissue culture media was altered. These experiments
showed that sub-RPE deposit formation could be manipulated and the sub-RPE
deposits were reduced most dramatically when challenged with metalloproteinases
(MMP) 9 and tumour necrosis factor (TNF) a. However, these substances are
known to be toxic and this toxicity would limit their clinical use. Future work
would be to further understanding of the cellular control of sub-RPE deposit
formation with a view to delineating the upstream cellular pathways that correlate
with abnormal deposit formation. This could potentially lead to the discovery of
new non-toxic agents, which could be used in a clinical setting.

Publications and presentations arising from this study
(Chronological order):

• April 2001
S.Z. Amin, R. Alexander, P J Luthert.

Immunohistochemical assessment of sub

retinal pigment epithelial deposits associated with ocular melanoma. Oral
presentation at the British Association for Ophthalmic Pathologists (BAOP).
•

May 2001

S.Z. Amin, N.H. V Chong C. Bunce, P.J Luthert. In vitro manipulation of retinal
pigment epithelium deposit formation. Poster presentation at the Association for
Research in Vision and Ophthalmology (ARVO). Abstract published in Invest
Ophthalmol. Vis. Sci. 42, B509, S222.
•

Knupp,C., Amin,S.Z., Munro,P.M., Luthert,P.J., and Squire,J.M. (2002).

Collagen VI assemblies in age-related macular degeneration. J. Struct. Biol. 139,
181-189.
•

March 2003

S.Z. Amin, P.J Luthert. An in vitro “cure” for AMD. Oral presentation at the British
Association for Ophthalmic Pathologists (BAOP).
•

May 2003

S.Z. Amin, T.A. Bailey, M.E. Cheetham, J.Greenwood, V.Chong, P.J. Luthert.
Modulation of sub-retinal pigment epithelium deposits in vitro. Oral presentation, at
the Association for Research in Vision and Ophthalmology (ARVO). Abstract
published in Invest Ophthalmol. Vis. Sci. 4228.
•

September 2003

Invited speaker at the International Symposium of the German Ophthahnological
Society (DOG). Modulation of sub-RPE deposits in vitro; a potential model for agerelated macular degeneration (2003). Sepideh Amin, N H Victor Chong, Tracey A
Bailey, Jinjun Zhang, Carlo Knupp, Michael E Cheetham, John Greenwood and
Philip J Luthert.
•

Modulation of sub-RPE deposits in vitro; a potential model for age-related

macular degeneration (2003). Sepideh Amin, N H Victor Chong, Tracey A Bailey,
Jinjun Zhang, Carlo Knupp, Michael E Cheetham, John Greenwood and Philip J
Luthert. Revisions submitted to Invest Ophthalmol. Vis. Sci, October 2003.

Acknowledgements
My thanks go to my supervisors Phil Luthert and John Greenwood, for their support,
guidance and encouragement. I would like to thank Greg Hageman for giving me the
opportunity to broaden the project into the USA and my colleagues and friends at the
Institute o f Ophthalmology, in particular Michael Cheetham and his team for their
constructive critisism. I would also like to thank Carlo Knupp and John Squires at
Imperial College for their patience in explaining the morphological analysis, Catey
Bunce for holding my hand through the statistical analyses. Bob Alexander for his
technical help and Peter Munro for his EM expertise.

It almost goes without saying that I could not have finished this thesis without the
patience and encouragement shown by my colleagues and friends at both Hammersmith
/ Charing Cross and St Bartholomew’s / Royal London hospitals, most notably Gordon
Stamp who even tried to read it!

Finally, I would like to thank my family and friends for their support, with special
thanks to my angel!

Table of contents
Abstract....................................................................................................................................2
Publications and presentations arising from this study........................................................3
Acknowledgements.................................................................................................................4
Table of contents..................................................................................................................... 5
List of figures.........................................................................................................................11
List o f tables...........................................................................................................................14
List of Abbreviations............................................................................................................16
1 Chapter One- Introduction............................................................................................... 18
1.1 Age-related macular degeneration........................................................................... 18
1.1.1 Definitions...........................................................................................................18
1.1.2 Symptoms...........................................................................................................19
1.1.3 Signs.................................................................................................................... 19
1.1.4 Diagnosis.............................................................................................................22
1.1.5 Treatment........................................................................................................... 23
1.1.6 Prognosis............................................................................................................ 24
1.1.7 Epidemiology..................................................................................................... 24
1.1.8 Risk factors........................................................................................................ 25
1.2 Pathology of the normal ageing eye.........................................................................30
1.2.1 Normal Anatomy...............................................................................................30
1.2.2 Ageing ey e......................................................................................................... 31
1.3 Pathology of the AMD ey e...................................................................................... 32
1.4 Theories of pathogenesis...........................................................................................34
1.4.1 The potential role of the RPE cell in the pathogenesis of A M D ...................34
1.4.2 Immune pathogenesis theories of A M D .......................................................... 34
1.4.3 ECM turnover abnormalitiesin AMD and ‘blockage’ theory........................ 34
1.5 The retinal pigment epithelium cell.........................................................................36
1.5.1 Overview of the RPE c e ll................................................................................. 36
1.5.2 Melanin / lipofuscin relationship......................................................................38
1.5.3 Growth factors in the RPE................................................................................ 39
1.6 Models of AMD........................................................................................................ 40
1.6.1 Animal models................................................................................................... 40
1.6.2 In vitro models................................................................................................... 40
1.7 ECM and regulation of its composition.................................................................. 42
5

1.7.1

The role of matrix metalloproteinases and their inhibitors in AMD and

ageing............................................................................................................................ 42
1.7.2 In vivo sub RPE deposits................................................................................... 44
1.7.3 In vivo and in vitro sub-RPE detection of collagens....................................... 54
1.8 Banded structures in the ECM ................................................................................. 55
1.8.1 Fibrous long spacing (FLS) collagen............................................................... 55
1.8.2 Collagen type V I................................................................................................ 57
1.9 Evolution of this project............................................................................................59
Aims.......................................................................................................................................61
Objectives............................................................................................................................. 61
Chapter Two- Materials and methods................................................................................. 62
2.1 Development of a cell culture model of sub-RPE deposits................................... 62
2.1.1 Cell types.......................................................................................................... 62
2.1.2 Aseptic technique..............................................................................................63
2.1.3 Preparation of media.........................................................................................63
2.1.4 Sub-culture........................................................................................................ 63
2.1.5 Storage of cells.................................................................................................. 63
2.1.6 Counting cells................................................................................................... 64
2.1.7 Substrate variation............................................................................................64
2.1.8 Control for cell number.................................................................................... 65
2.1.9 Control for cell morphology............................................................................ 66
2.1.10 Resistance measurements................................................................................ 66
2.1.11 Phagocytosis assays.........................................................................................66
2.1.12 Lipofuscin accumulation as assessmed byautofluorescence measurements
66
2.1.13 Assessment of supernatant and ECM for TIMP 3 ........................................ 67
2.2 Protein overloading experiments............................................................................. 69
2.2.1 PCS and albumin experiments.........................................................................69
2.2.2 Retinal homogenate experiments.....................................................................69
2.3 Manipulation of sub-RPE deposit formation.......................................................... 71
2.3.1 Effect of TNFa and MMP 2 onsub-RPE deposits........................................ 71
2.3.2 MMP 2 and 9 production by RPE cells.......................................................... 71
2.4 Assessment of RPE cells and ECM .........................................................................73
2.4.1 Immunocytochemistry......................................................................................73
6

2.4.2 Electron microscopy........................................................................................ 76
2.5 Quantification o f micrographs................................................................................. 78
2.5.1 Thickness measurements of sub-RPE deposits................................................ 78
2.5.2 Analysis of sub-RPE deposits using point counting technique..................... 78
2.5.3 Banding periodicity measurements.................................................................. 81
2.5.4 Statistical analysis..............................................................................................81
2.5.5 Intraobservational and interobservational variability.....................................81
2.6 Development of a protein assay to assess sub-RPE deposits.................................84
2.6.1 Cell removal for protein quantification and ECM analysis............................84
2.6.2 Protein quantification.........................................................................................84
2.7 Assessment of sub-RPE deposits in ageing and AM D.......................................... 86
2.7.1 BLamD measurements...................................................................................... 87
2.7.2 Bruch’s membrane thickness measurements................................................. 88
2.7.3 Number of basal infoldings..............................................................................89
2.7.4 Analysis of the relative occupancy of Bruch’smembrane............................ 89
2.7.5 Analysis of the presence of certain morphologicalfeatures on micrographs90
2.7.6 Statistical analysis..............................................................................................91
2.8 Assessment of drusen constituents seen in diseased eyes other than AM D........ 92
3 Chapter Three- Results of in vivo study..........................................................................94
3.1 Analyses of the distribution of basal laminar deposits and BLamD-like material
within Bruch’s membrane zones..................................................................................... 96
3.1.1 BLamD / BLamDLM distribution changes with ageing in Bruch’s membrane
........................................................................................................................................ 97
3.1.2

BLamD / BLamDLM distribution changes with disease in Bruch’s

membrane..............................................................................................................100
3.2 Bruch’s membrane thickness measurements..................................................106
3.2.1 Retinal pigment epithelium basement membrane thickness measurements 106
3.2.2 Inner Bruch’s membrane thickness.......................................................... 108
3.2.3 Outer Bruch’s membrane thickness......................................................... 109
3.2.4

Distance between the elastic lamina of Bruch’s membrane to theretinal

pigment epithelium basement membrane.......................................................... 109
3.2.5

Distance between the elastic lamina of Bruch’s membrane to the

choriocapillaris basement membrane..................................................................110
3.3 Derived paramters from Bruch’s membrane thickness measurements.........115
7

3.3.1 ‘Real’ Bruch’s thickness.................................................................................115
3.3.2 Total Bruch’s thickness...................................................................................115
3.3.3 Inner fibrous collagen-free zone....................................................................116
3.3.4 Outer fibrous collagen-free zone...................................................................116
3.4 Number of basal infoldings.....................................................................................124
3.5 Analyses of the presence of AMD morphological features.................................127
3.5.1 Basal linear deposits........................................................................................127
3.5.2 Basal vesicles................................................................................................... 129
3.5.3 Analyses of choroidopathy............................................................................. 131
3.5.4 Drusen...............................................................................................................135
3.5.5 Bruch’s membrane calcification.....................................................................137
3.6 Analyses of the relative occupancy of Bruch’s membrane..................................139
3.7 Summary.................................................................................................................. 142
3.7.1 BLamD..............................................................................................................142
3.7.2 Bruch’s membrane thickness.......................................................................... 142
3.7.3 AMD associated observation on micrographs...............................................143
3.7.4 Analyses of the progressive increase in occupancy of Bruch’s membrane 143
4 Chapter Four- Discussion of in vivo study....................................................................147
4.1 BLamD distribution in Bruch’s membrane........................................................... 147
4.2 Bruch’s membrane thickness measurements........................................................ 150
4.3 Summary of findings and conclusions...................................................................153
5 Chapter Five - Results of in vitro study....................................................................... 154
5.1 Tissue culture...........................................................................................................154
5.1.1 Comparison between different RPE cell lines............................................ 154
5.1.2 Comparison of growth with substrate variation............................................156
5.1.3 Cell density measurements............................................................................ 158
5.2 Characterisation of the model................................................................................ 161
5.2.1 Cell morphology............................................................................................. 161
5.2.2 Trans-epithelial resistance measurements..................................................... 162
5.2.3 Phagocytic capabilities of the RPE cell line.................................................163
5.2.4 Lipofuscin accumulation assessed by autofluorescence..............................164
5.2.5 Assessment of supernatant and ECM for TIMP 3 ....................................... 165
5.2.6 Immunocytochemistry....................................................................................166
5.3 Assessment of ECM................................................................................................ 168
8

5.3.1 Immunocytochemical analysis of ECM constituents.................................... 168
5.3.2 Electron microscopy........................................................................................171
5.3.3 Preliminary analysis of the amount of sub-RPE deposit formed in culture 174
5.3.4 Ultrastructural 3D analysis of banded deposits.............................................175
5.4 Ultrastructural quantification of sub-RPE deposits..............................................179
5.5 Validation of point counting technique..................................................................180
5.5.1 Intraobserver variability...................................................................................181
5.5.2 Interobserver variability...................................................................................182
5.6 Modulation of deposits by variation in culture conditions.................................. 184
5.6.1 Analysis of culture conditions........................................................................ 185
5.6.2 Cell adhesion properties of ARPE 19 grown on membrane inserts............. 190
5.7 Modulation of sub-RPE deposits by the addition of MMP 2 and TNF a ...........193
5.7.1 Analysis of MMP production.......................................................................... 195
5.8 Development of a protein assay............................................................................. 196
5.8.1 Cell removal prior to protein quantification.................................................. 196
5.8.2 Protein quantification of sub-RPE deposits................................................... 197
6 Chapter Six- Discussion of in vitro study.....................................................................199
6.1 Development of a sub-RPE deposit model........................................................... 199
6.1.1 Technique of measuring sub-RPE deposits..................................................201
6.2 Comparison of sub-RPE deposits formed in vitro to those seen in vivo.............202
6.3 Modification of sub-RPE deposits in vitro......................................................... 205
6.4 Protein quantification of sub-RPE deposits........................................................ 208
6.5 Summary..................................................................................................................209
7 Chapter Seven - Comparison of sub-rpe deposits in eyes without AMD or ageing 210
7.1 Immunohistochemical analysis of drusen in AMD and non-AMD eyes............215
7.2 Immunohistochemical analysis of diffuse deposits in AMD and non-AMD eyes
.......................................................................................................................................... 217
8 Chapter Eight-Discussion of sub-RPE deposits in eyes without AMD or ageing.. . 219
8.1 Drusen analyses...................................................................................................... 219
8.2 Diffuse deposits...................................................................................................... 219
8.3 Conclusion...............................................................................................................220
9 Chapter Nine- General discussion................................................................................ 222
10 Chapter Ten- Conclusions............................................................................................224
10.1 In vivo study..........................................................................................................224
9

10.2 In vitro study......................................................................................................... 224
10.3 Summary............................................................................................................... 225
11 Chapter Eleven- Future directions..............................................................................226
11.1 Future work...................................................................................................... 226
References........................................................................................................................... 228
Appendices..........................................................................................................................252
Appendix 1- Raw in vivo data....................................................................................... 252
Scatter Plots............................................................................................................... 252
Linear regression models.......................................................................................... 253
Contingency tables..................................................................................................... 253
Appendix 2- Raw in vitro data...................................................................................... 256
Transepithelial potential.............................................................................................256
ECM immunocytochemistry..................................................................................... 256
Comparison o f ARPE 19 with Clone 7 RPE cells.................................................. 257
Comparison of thickness with points measurement................................................ 257
Plastic culture data..................................................................................................... 258
Membrane deposit data..............................................................................................258
Retinal homogenate data............................................................................................259
Substrate data............................................................................................................. 259
Modulation of sub RPE deposit formed by the addition of MMP 2 and TNF

259

Appendix 3- suppliers details........................................................................................ 260

10

List of figures
Figure 1.1, figure 1.2 Fundus photographs of a normal eye and an eye with drusen
Figure 1.3, figure 1.4 End stage AMD fimdus photographs
Figure 1.5 Fluorescein angiogram
Figure 1.6 Summary diagram o f the aetiological factors involved in AMD pathogenesis
Figure 1.7 Anatomy of the posterior layers of the eye
Figure 1.8 Ultrastructural image of a druse
Figure 1.9 Ultrastructural image of basal laminar deposits
Figure 1.10 Ultrastructural image of basal linear deposit
Figure 1.11 Ultrastructural images of mouse and monkey eyes
Figure 1.12 Summary diagram of the interactions studied in this project
Figure 2.1 Porcine insert formation
Figure 2.2 Schematic representation of point counting and thickness measurments
Figure 2.3 Concept of relative thickness
Figure 2.4 Schematic representation of banding pattern periodicity measurements
Figure 2.5 An example of a micrograph that needed careful analysis
Figure 2.6 Diagrammatic representation of Bruch’s membrane zones and thickness
measurements taken
Figure 3.1 Box and whiskers plots
Figure 3.2 Basal laminar deposits
Figure 3.3 Distribution of basal laminar deposits/ basal laminar deposit-like material in
ageing within Bruch’s membrane zones
Figure 3.4 Distribution of basal laminar deposits and basal laminar deposit-like
material in disease within Bruch’s membrane zones
Figure 3.5 and 3.6 RPE BM thickness with age and with disease respectively
Figure 3.7 Graphs of IB, OB, EL to RPEBM and EL to the CC BM thickness in the
macula and periphery with ageing
Figure 3.8 Graphs of IB, OB, EL to RPEBM and EL to the CC BM thickness in the
macula and periphery with disease
Figure 3.9 Graphs o f ‘real’, total Bruch’s membrane, IFCFZ and OFCFZ thickness in
the macula and periphery with ageing
Figure 3.10 Graphs o f ‘real’, total Bruch’s membrane, IFCFZ and OFCFZ thickness in
the macula and periphery with disease

11

Figure 3.11 Basal infoldings of the RPE
Figure 3.12 Basal infoldings with age and with disease
Figure 3.13 Proportion of micrographs with BLinD with age and diseases
Figure 3.14 Basal vesicles of the RPE cell
Figure 3.15 Basal vesicles with age and disease
Figure 3.16 Choroidal ghosts and choroidal cuffs
Figure 3.17 Choroidal ghosts with age and disease
Figure 3.18 Choroidal cuffs with age and disease
Figure 3.19 Drusen with age and disease
Figure 3.20 Calcification of the elastic layer of Bruch’s membrane
Figure 3.21 Bruch’s membrane calcification with disease
Figure 3.22 Occupancy of Bruch’s membrane
Figure 3.23 Graphs of relative occupancy of Bruch’s membrane with age and disease in
the macula and the periphery
Figure 3.24 Summary graphs showing the amount of BLamD in the different zones of
Bruch’s membrane
Figure 3.25 Summary graphs showing the thickness in the different regions of Bruch’s
membrane
Figure 4.1 Summary of Bruch’s membrane thickness measurements
Figure 5.1 Electron micrographs of ARPE 19 and hRPE 7 cells
Figure 5.2 Comparison of ARPE 19 and hRPE 7 sub-RPE deposit formation
Figure 5.3 Substrate variation
Figure 5.4 Change in cell number with time
Figure 5.5 Effect of changing the concentration of FCS on cell number
Figure 5.6 Effect of challenging RPE cells with retinal homogenate on cell number
Figure 5.7 Effect of challenging RPE cells with albumin on cell number
Figure 5.8 Phase photographmicrographs of ARPE 19 cells
Figure 5.9 Intracellular glycogen accumulation in cultures of ARPE 19 cells
Figure 5.10 Transepithelial electrical resistance
Figure 5.11 Phagocytosis of fluorescent beads by ARPE 19 cells
Figure 5.12 Autofluorescence measurements of ARPE 19 cultures
Figure 5.13 Western blot for TIMP 3
Figure 5.14 Cellular immunocytochemistry
Figure 5.15 Sub-RPE deposit immunocytochemistry.
12

Figure 5.16 Tannic acid and EM fixation
Figure 5.17 Electron micrographs of the different sub-RPE deposits formed in culture
Figure 5.18 Effect of time on sub-RPE deposits grown in 10% FCS in 24 well plates
Figure 5.19 and 5.20 Two unprocessed images of banded deposits
Figure 5.21 Fourier transformations and protein density images of figures 4.19 and 4.20
Figure 5.22 Comparison o f ‘thickness’ and ‘points’ measurements
Figure 5.23 Intraobserver variation
Figure 5.24 Interobserver variation
Figure 5.25 Conceptual image of experimental design
Figure 5.26 Effect of time on cultures
Figure 5.27 Effect of FCS concentration change
Figure 5.28 Effect of albumin on cultures
Figure 5.29 Effect of retinal homogenate on cultures
Figure 5.30 Comparison of cultures grown on membrane insert and solid plastic
Figure 5.31 Assessment of the relative ease of trypsinisation of cultures
Figure 5.32 Effect of TNF a and MMP 2 on total sub-RPE deposits
Figure 5.33 Electron micrographs of sub-RPE deposits challenged with TNF a and
M M P2
Figure 5.34 Zymogram gel from culture supematents
Figure 5.35 Ultrastructural image of sub-RPE deposits grown without membrane
supports with the cells removed.
Figure 5.36 ECM protein concentration changes with time
Figure 6.1 MDCK cells grown on porcine lens epithelium
Figure 6.2 Progression of fibrillar deposit
Figure 6.3 Protein quantification using fluorescent dye and comparison to deposit
thickness
Figure 9.1 Postulated AMD pathogenesis
Appendix 1- Scatter Plots of in vivo data set; comparing BLamD with age in the macula
and periphery

13

List of tables
Table 1.1 Histopathology of the ageing and AMD eye
Table 1.2 Role of the retinal pigment epithelium cell
Table 1.3 Ultrastructural classes of drusen
Table 2.1 Different cell lines used in developing a model
Table 2.2 Antibodies used to assess the ECM of the model
Table 2.3 Antibodies used for cellular assessment
Table 2.4 Morphological classification of sub-RPE deposits features formed in vitro
Table 2.5 Definition of Bruch’s membrane zones used for BlamD/ BlamD-like material
assessment
Table 2.6 Allocation of a class on the relative occupancy of Bruch’s membrane
Table 2.7 Definitions of groups
Table 2.8 Drusen associated antigens sought
Table 3.1 Statistical analysis of the amount of BlamD/ BLamDLM with age and
comparisons of the macula to the periphery of each zone of Bruch’s membrane
Table 3.2 Statistical analysis of the amount of basal laminar deposits in the AMD,
ARM and normal groups with comparison of the macula to the periphery in each zone
of Bruch’s membrane
Table 3.3 RPE BM thickness measurements with age and comparing the macula with
the periphery
Table 3.4 Comparison of macula to periphery RPE BM thickness in AMD, ARM and
normal aged matched groups
Table 3.5 Statistical analysis of age and thickness measurements taken in the macula
and periphery of Bruch’s membrane
Table 3.6 Statistical analysis of Bruch’s membrane thickness measurements in AMD,
ARM and normal groups
Table 3.7 Statistical analysis comparing basal infoldings with age and comparing
macula and periphery in the different age groups
Table 3.8 Statistical analysis comparing basal infoldings in the macula and periphery in
AMD, ARM and normal groups
Table 3.9 Summary results of findings
Table 5.1 ECM immunocytochemistry
Table 5.2 Deposit types
Table 5.3 Analysis of variation with ‘fixed’ or ‘non fixed’ grid
14

Table 5.4 Intraobserver variability
Table 5.5 Interobserver variability
Table 5.6 Statistical analyses of the effect of time in culture
Table 5.7 Statistical analyses of the effects of albumin on cultures
Table 5.8 Statistical analyses o f the effects of homogenate on cultures
Table 5.9 Statistical analyses comparing cultures grown on membrane inserts to
cultures grown on solid plastic
Table 5.10 Statistical analyses of deposit types treated with TNF and MMP
Table 5.11 ECM protein concentration changes with culture conditions
Table 7.1 Immunohistochemical analysis of drusen
Table 7.2 Immunohistochemical analysis of diffuse deposits

15

List of Abbreviations

AMD

Age-related macular degeneration

ARM

Age related maculopathy

ApoE

Apolipoprotein E

ATP

Adenosine tri phosphate

ANOVA

Analysis of variance

BLamD

Basal laminar deposits

BLamDLM

Basal laminar deposit-like material

BLinD

Basal linear deposits

BSA

Bovine serum albumin

CNV

Choroidal neovascular membrane

C

Complement

CCBM

Choriocapillaris basement membrane

DNA

Deoxyribonucleic acid

ECM

Extracellular matrix

EOF

Epidermal growth factor

EFEMP 1

Extracellular matrix protein 1

EDTA

Ethylenediamine-tetraacetic acid

EGTA

Ethylene glycol-bis (p-aminoethyl ether)-N,N,N’,N’tetracetic acid

EM

Electron microscopy

FGF

Fibroblast growth factor

FCS

Fetal calf serum

FITC

Fluorescein isothiocyanate

FLS

Fibrous long spacing collagen

GA

Geographical atrophy

GAG

Glycosaminoglycans

HANES

The health and nutrition examination survey

HLA-DR

Human leucocyte antigen DR

HBSS

Hank’s balanced salts (without calcium and magnesium)

IL

Interleukin

Ig

Immunoglobulin

ICG

Indocyanine green
16

IB

Inner Bruch’s membrane

IFCFZ

Inner fibrous collagen free zone

KCl

Potassium chloride

KWT

Kruskall-Wallis test

LCS

long spacing collagen

MWT

Mann-Whitney test

MMP

Metalloproteinases

MCDRl

North Carolina macular dystrophy gene

MDCK

Madin-Darby canine kidney cells

OB

Outer Bruch’s membrane

OFCFZ

Outer fibrous collagen free zone

FED

Pigment epithelium detachment

PDGF

Platelet derived growth factor

PAS

Periodic acid Schiff

PBS/PBST

Phosphate buffered saline/ tween

PDT

Photodynamic therapy

RPE

Retinal pigment epithelium

RCS

Royal College of Surgeons.

Rd

Retinal degeneration

RDS

RDS/ Peripherin gene (Best’s disease)

RPEBM

Retinal pigment epithelium basement membrane

SFD

Sorsby’s fimdus dystrophy

SDS

Sodium dodecyl sulphate

SRCC

Spearman rank correlation coeficient

Tris/Tris-HCL

Tris (hydroxymethyl) methylamine/ HCL

TIMP

Tissue inhibitors of metalloproteinases

IG F

Tumour growth factor

TXT

Transpupillary thermotherapy

UV

Ultraviolet

VMD2

Bestrophin gene (Best’s disease)

17

Chapter One- Introduction

1 CHAPTER ONE-INTRODUCTION
During the last decade the pathogenesis of age-related macular degeneration (AMD) has
become a major focus of research and yet relatively little is known of the disease
mechanisms involved. Historically, most of the work carried out has been
morphological and descriptive, and in general only small numbers of eyes have been
studied. With a view to introducing the background of this very complicated and often
controversial field, this chapter will begin with a description of the clinical features of
AMD, its diagnosis, treatment, prognosis and epidemiology. Next, the pathology of
AMD and the ageing eye are compared followed by consideration of the potential role
of the retinal pigment epithelium (RPE) in this disease. Finally the current
understanding of the extracellular deposits seen in AMD are described in further detail.

1.1 Age-related macular degeneration
1.1.1 Definitions
Although AMD is a frequently diagnosed condition, the clinical signs are relatively
heterogeneous. There is even controversy as to the point at which a person has
accumulated sufficient retinal pathology to warrant a diagnosis of AMD, compared to
normal ageing. Whether this condition is one disease or in fact a final common end
pathway of many distinct disorders remains to be seen.
Since Haab in 1885 termed this disease as ‘senile macular degeneration’(Haab, 1885)
many different names and expressions for AMD have been used. For the purposes of
this thesis the following definitions are used:
Age related maculopathy (ARM) is a degenerative disorder primarily affecting the
macular area of the fundus in those over 50 years of age. It is characterised clinically by
the presence o f sub-RPE deposits known as soft drusen (for the definition of drusen see
section 1.7.2) greater than or equal to 63 microns in diameter, abnormal pigmentation of
the RPE, associated detachment of the neurosensory retina and pigment epithelium and
retinal haemorrhages in the absence of any other retinal disease. Visual acuity is not
used to define the presence of ARM (Orzalesi et al., 1982), (figure 1.1 and figure 1.2).
AMD is defined as ‘late ARM’ when visual acuity is affected. This can be the ‘diy’ or
geographic atrophy (GA) type (figure 1.3) where there is a well-demarcated area of
pigmentary change in the RPE with large areas of RPE atrophy and overlying thinning
of the neural retina, and visible choroidal vessels. The second type of AMD is the ‘wet’
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or neovascular type associated with formation of new vessels derived from the choroidal
circulation, termed choroidal neovascularisation (CNV), pigment epithelial detachments
(FED) and hard exudates (Bird et al., 1995), (figure 1.3). Both types of AMD, though
more commonly the wet form, can result in a disciform scar, a descriptive term for end
stage disease where there is fibrous tissue and RPE proliferation, (figure 1.4).
Macular drusen or ‘early ARM’ is defined as the association of drusen with no other
symptom or sign of early AMD (Midena et al., 1997).
At present, no effective preventive treatment for AMD exists. Successful treatment is
limited to an unacceptably small percentage of patients.

1.1.2 Symptoms
In the majority of patients with AMD, loss of central vision is variable whereas
peripheral vision is preserved. Patients typically present with blurred, disturbed vision
or metamorphopsia in one or both eyes, although this may be asymptomatic. Decreased
reading ability, especially in dim light, as well as problems with dark adaptation are also
common complaints. The onset is subacute, except in some cases of neovascular AMD,
in which abrupt visual loss is noted. Amsler grid testing in this situation may reveal
metamorphopsia in the central 20° of the visual field.

1.1.3 Signs
Visual loss from non-neovascular AMD is due to geographic chorioretinal atrophy,
which is seen clinically as one or more well-delineated areas of atrophy of the retinal
pigment epithelium. Initially, these areas are typically small (less than a disc area) and
may ring the fovea in a petalloid pattern, but eventually they will coalesce or manifest
as one large central lesion. The end stage may be impossible to differentiate from other
macular diseases such as end stage pattern dystrophy or central areolar choroidal
dystrophy. At times, even with severe atrophy, visual acuity is only mildly affected.
Most, but not all eyes that have geographic atrophy, also have drusen (Abdelsalam et
al., 1999).
The hallmark of neovascular AMD (CNV) is the growth of choroidal vessels from the
choriocapillaris into the subretinal and / or sub-RPE space in the macular area.
Secondary effects on the posterior pole may include: subretinal fluid formation; macular
oedema; retinal, subretinal, or sub-RPE haemorrhage; retinal or subretinal lipid
accumulation; subretinal pigmented ring or plaque-like membrane; retinal pigment
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epithelial detachment or tears; disciform scarring; subretinal fibrous tissue and radial
chorioretinal folds (Abdelsalam et al., 1999). Associated elements of non-neovascular
AMD, which include drusen, RPE atrophy, and focal areas of depigmentation or
hyperpigmentation, typically are present in eyes affected by CNV as well as in
contralateral eyes. However, CNV secondary to AMD may occur without any of these
'precursor' lesions.
Detachment of the RPE, or pigment epithelial detachment (PED), may be due to
fibrovascular tissue beneath the RPE, haemorrhage beneath the RPE, fluid beneath the
RPE, or coalescence of drusen. These can be differentiated by the use of intravenous
fluorescent angiography (see section 1.1.4). Haemorrhagic PED’s show blocked
fluorescence throughout all phases of the angiogram. Serous PED’s show uniform
bright hyperfluorescence beneath a dome-shaped detachment in the early phase of the
angiogram with persistence of bright fluorescence in the late phase. Coalescence of
drusen (drusenoid PEDs) show somewhat bright, uniform fluorescence in the early
phase with less fluorescence in the late phase.
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Figure 1.1:
Norm al fundus

Figure 1.2: Fundus
image o f a m ixture o f
hard and soft drusen.
Soft drusen are seen
more centrally in the
fovea w ith fluffy
indistinct edges.
Further in the
periphery more distinct
sm aller deposits are
seen corresponding to
hard drusen.

Figure 1.3: Fundus
photographs, the image
on the left showing
geographic atrophy, or
"dry" AMD, in which
cells in the macula
have selectively died.
The im age on the right
shows a large pigment
epithelial detachm ent
and surrounding
exudate from a focus
o f CNV (arrow head)

Figure 1.4: Fundus
image with a central
disciform scar
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1.1.4 Diagnosis
Clinical examination alone usually is sufficient to confirm the diagnosis. Subtle macular
abnormalities, especially subretinal fluid, are best detected by stereoscopic slit-lamp
biomicroscopic examination using a contact lens. Fluorescein angiography is helpful in
any patient for whom CNV is suspected clinically, in order to determine if treatment is
indicated. It is not a useful screening test for eyes that have drusen or geographic
atrophy alone, in which no new symptoms or no clinical evidence of neovascularization
are present.

Figure 1.5 Fluorescein angiogram

Fluorescein angiogram o f a leaking well circum scribed choroidal neovascular m em brane (arrow)

Determination of the presence and evaluation of the extent, location and composition of
a CNV lesion are critical to deciding if photocoagulation is indicated (see section 1.1.5)
and, if so, where to apply the treatment. If the lesion is well demarcated, the vessels
location may be determined by the closest point of the lesion to the centre of the foveal
avascular zone. Based on angiographic patterns of fluorescence, components of CNV
lesions may be further categorised into classic CNV or occult CNV. Classic CNV
membranes are well demarcated as they are situated beneath the neural retina whereas
occult are not as they are situated deeper within the eye, beneath the RPE.
The use of indocyanine green (ICG) angiography in AMD has been studied widely. The
dyes characteristics enable ICG angiography to delineate the choroidal circulation better
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than fluorescein angiography (Macular Photocoagulation Study Group, 1991). Hence,
ICG angiography may be useful for the delineation of areas of occult CNV in which the
boundaries may be more distinct than on fluorescein angiography.

1.1.5 Treatment
There is no proven treatment for the visual loss associated with non-neovascular AMD.
Similarly, no prophylaxis for patients with eyes at risk is known. Vitamin (especially
antioxidants) and zinc supplementation have been proposed, but at present no proven
benefit exists (West et al., 1994) and potential harm has not been ruled out (Stur et al.,
1996). Initial trials of foveal-sparing laser treatment using low-intensity bums in a grid
fashion in eyes that have soft drusen but no evidence of CNV indicate that this method
can speed resorption of drusen and may improve visual acuity. However, CNV may
develop in treated eyes more frequently than in untreated eyes (Choroidal
Neovascularization Prevention Trial Research Group, 1998).
For neovascular AMD, however, proven treatment exists in the form of laser
photocoagulation where a well-demarcated CNV with clear boundaries can be
photoablated. However, probably no more than 15-20% of neovascular AMD consists
of well-defined CNV. Alternative therapies have been attempted, but so far none have
been shown to provide a definite benefit. These therapies include oral zinc
supplementation (Stur et al., 1996), radiation therapy and submacular surgery (Thomas
et al.,

1992). Interferon therapy also has proved to be ineffective to date

(Pharmacological Therapy for Macular Degeneration Study Group, 1997). Anti
angiogenic therapy, namely anti-vascular endothelial growth factor (VEGF) and
platelet-derived growth factor (PEDF) are also currently being appraised in phase 1
studies (Preclinical and phase lA clinical evaluation of an anti-VEGF, 2002),
(Rasmussen et al., 2001). Photodynamic therapy (PDT) involves the use of a dye, which
is preferentially retained in proliferating tissues such as CNV. The dye sensitises the
endothelial cells o f the new vessels to laser (Blumenkranz et al., 2002; Algvere and
Seregard, 2002). Currently the widespread use of this form of therapy is still in question
in the UK; the National Institute for clinical excellence (NICE) issued a statement on
the 14 October 2002 with preliminary recommendations only. These included the use of
PDT in patients with classic CNV membranes and visual acuity of 6/60 or better, in
specialist centres only. Finally transpupillary thermotherapy (TTT) for occult choroidal
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neovascularisation has seen some success (Reichel et a l, 1999). This uses a diode laser,
which is absorbed mainly in the RPE pigment granules and the choroidal melanocytes.
However, the effects on ocular perfusion by this form of therapy have been recently
brought into question (Giulia et a l, 2001a).

1.1.6 Prognosis
The risk of subsequent visual loss in patients who initially present with drusen and/ or
RPE abnormalities varies, depending upon the precise fundal appearance and the status
of the fellow eye. In patients over 65 years of age with bilateral drusen but no
significant initial visual loss, the risk of a new atrophic lesion or new neovascular lesion
that results in visual loss is 9% at 1 year, 16% at 2 years, and 24% at 3 years (Holz et
a l, 1994). Patients who already have neovascular AMD in one eye, in which the
contralateral eye has no large drusen or focal RPE hyperpigmentation, the 5-year risk of
subsequent CNV is only 10%. When both large drusen and RPE hyperpigmentation are
present, however, the 5-year risk jumps to approximately 60% (Dressier et a l, 1990).
Unfortunately, even the limited beneficial effects of laser photocoagulation to CNV in
AMD apply to only a small proportion of the many cases that develop each year
(although a small proportion of a very large number is in absolute terms still a large
number of cases that may benefit from this intervention). The limited benefits of laser
photocoagulation and its appropriateness in a minority of the total cases that present
each year highlight the need for new preventive or therapeutic strategies if we are to
reduce the burden of blindness from CNV.

1.1.7 Epidemiology
AMD is the most common cause of blindness in the developed world and affects over
half a million people in the UK. In a 1995 review of the epidemiology of AMD,
Vingerling et al reported a consistent increase in prevalence of the late lesions of AMD
with age across multiple population-based studies.

Near absence at the age of 50

increased to approximately 2% prevalence at the age of 70 and about 6% at the age of
80 years (Vingerling et a l, 1995). The total number of cases is increasing as the number
of elderly people rises. It is also believed that AMD is increasing faster than would be
expected purely from the increasing size of the ageing population, and to be affecting
people at a younger age (Cresswell and Hughes, 1997).
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1.1.8 Risk factors
No single genetic or environmental factor is likely to explain individual susceptibility to
AMD, but a number of risk factors have been identified (figure 1.6).

1.1.8,1 Environmental and behavioural factors
A history of both current and past smoking is associated with a higher risk of AMD.
Smoking is known to depress antioxidants and to alter choroidal blood flow, and thus
may alter metabolism of the RPE (Seddon et al., 1996; Christen et al., 1996).
Hypertension is thought to damage the choroidal vasculature, and hence effect the RPE
(Klein et al., 1998; Macular Photocoagulation Study Group, 1997; Bhutto and
Amemiya, 2002; Pauleikhoff et al., 1992a), however studies on hypertension and other
cardiovascular risk factors such as serum lipid levels and the presence or absence of
atherosclerotic carotid artery disease have failed to find any consistent association
between cardiovascular disease and AMD (Mares-Perlman et al., 1995; The Eye
Disease Case-Control Study Group, 1992). Affected patients may show impaired
choroidal perfusion and ocular blood flow (Friedman et al., 1995; Ciulla et al., 2001b).
Other evidence for a choroidopathy includes thickening of the choriocapillaris basement
membrane and eventual loss or occlusion of vessels (Giovannini et al., 1994; Zarbin,
1998).
Recently nutritional aspects of pathogenesis have been studied intensively but the data
are inconsistent. Increased intake of zinc has been suggested to play a protective role
against severe AMD in some studies (Newsome et al., 1988b; Sackett and Schenning,
2002), but not in others (Stur et al., 1996; Mares-Perlman et al., 1996; Cho et al., 2001).
Oxidative stress, whether due to photo-oxidative damage (i.e. high energy visible or
ultraviolet light) or to another form of oxidative event, may create reactive species,
which lead to oxidation of polyunsaturated fatty acids found in the outer segments of
photoreceptors, mitochondria, microsomal membranes and the choriocapillaris.
Although the literature for an association between increased sunlight exposure and
AMD is conflicting, there is animal evidence that the amount of photosensitising
wavelengths (blue or short wavelength light) may be important in AMD aetiology
(Taylor et al., 1992). An increase in the concentration of oxygen dependant radicals or
reactive molecular species leads to DNA strand damage and eventual cell death.
Oxidative damage to the choriocapillaris endothelium causes deposition of collagen
with thickening o f Bruch’s and the choriocapillaris septa, which may compromise the
25

Chapter One- Introduction
blood flow to the macula (Winkler et a l, 1999) and lead to AMD by compromising
blood supply (Friedman, 1997). In the mitochondria in particular, mutations in the DNA
may be an important signal for apoptosis induction which may be relevant to AMD
pathogenesis (Green and Reed, 1998; Wallace, 1999). With increasing age there is a
decrease in the ratio of antioxidants to oxidants, therefore there are fewer defensive
mechanisms operating (Winkler et a l, 1999). Antioxidants can act at different levels of
the oxidation pathway e.g. preventing formation of the initiating free radical, binding
metal ions or removing the damaged molecule, such as ascorbic acid glutathione,
vitamin E and superoxide dismutase.

Low serum levels of one of the carotenoids

(lycophene) was associated in one study with an increased risk of AMD (Eye Disease
Case-Control Study Group, 1993; Eye Disease Case-Control Study Group, 1993; Eye
Disease Case-Control Study Group, 1993; Eye Disease Case-Control Study Group,
1993). The Eye Disease Case-Control Study Group looked at dietary intake of
carotenoids (rather than serum levels) and found that high intakes of green, leafy
vegetables that contained the specific carotenoids lutein and zeaxanthin were associated
with a decreased risk of severe AMD (Seddon et a l, 1994). Increased intake of vitamins
E and C had no measurable affect.
Finally, though not an environmental factor, ageing itself is the most important risk
factor in AMD. Many age-related changes have been reported in the RPE, most
noteably there is a progressive lifelong accumulation of lipofuscin (Feeney-Bums and
Eldred, 1983). There is a growing body of evidence indicating that lipofuscin
compromises RPE cellular function and histopathological studies have demonstrated an
association between high levels of lipofuscin and degeneration of RPE cells and the
adjacent photoreceptors (Dorey et a l, 1989; Beatty et a l, 2000). Links between
lipofuscin and AMD itself are however more controversial (Eldred, 1995) and direct
evidence to support this hypothesis is lacking. Other replicative senescence changes that
occur in cells include; altered gene expression and phenotypic alterations such as, the
loss of a proliferative response to mitogens, alterations of expression of genes for matrix
metalloproteinases, their inhibitors and inflammatory cytokines (Cristofalo and Pignolo,
1996; Linskens et a l, 1995). Senescence of cells can be shown with beta galactosidase
studies (Dimri et a l, 1995). This involves the use of beta galactosidase histochemistry
which identifies the lysosomal form at pH 4.0 while senescence associated activity is at
pH 6.0 in the cytoplasm. Human RPE cultures accumulate beta galactosidase as a
function of the number of cell population doubling, cited in (Matsunaga et a l, 1999;
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Hjelmeland et al., 1999). These data also correlated with shortening of chromosomal
telomeres, a finding observed for many human cell types at senescence (Matsunaga et
al., 1999; Hjelmeland et al., 1999). These findings have been confirmed in vivo with
Rhesus monkey RPE, where the monkeys age ranged from 1 to 29 years (Mishima et
al., 1999).

L L 8.2 Genetic risk factors
AMD is increasingly recognised as a complex disorder in which one or more genes may
contribute to an individual’s susceptibility for developing the condition. Given the
relatively advanced age of affected patients, the genetic factors in AMD are difficult to
identify: Parents and siblings may not be alive to examine and children may still be too
young to harbour clinical findings. Clarification of the genetic basis of AMD would
however, be of great importance, not only for identifying ‘at-risk’ patients but allow
further understanding o f pathogenesis. The search for one or more 'AMD genes' thus
continues. AMD may prove to be a group of distinct diseases that all manifest a similar
clinical appearance (phenotype). Although various studies including twin and family
studies have found that a hereditary component exist for AMD, these studies have yet to
define the extent of hereditability and the number of genes involved (Heiba et al., 1994;
Ferris, 1983; Klaver et al., 1998; Seddon et al., 1997).
Race appears to be relevant in AMD. The disease is especially prévalant in Greenland
(Rosenberg, 1987). The incidence in Japan is also increasing (Yuzawa et al., 1991;
Maruo et al., 1991). However, these studies did not take into account the enviromental
issues that may surround these genetic clusters. A study of elderly patients of British
descent found that 3.5% had choroidal neovascularization, while a comparative, agematched group o f black African patients manifested only a 0.1% incidence (Gregor and
Joffe, 1978). A study o f an African-Caribbean population from Barbados found
neovascular AMD in only 0.5% of the population, this being lower than that found in
Caucasian Americans (Schachat et al., 1995).
No marked difference in the incidence of AMD between the sexes is apparent. The
Framingham study showed a slightly higher incidence of 'moderate-to-severe' AMD in
Caucasian women compared to men (Leibowitz et al., 1980). The HANES survey,
which included milder cases, found no difference (Klein and Klein, 1982). A more
recent study disclosed no difference in the incidence of AMD between women and men
except after 75 years of age, whereupon women appear twice as likely to develop 'early'
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AMD than men of a similar age (Klein et a l, 1998).
In studies of identical (monozygotic) twins affected by AMD and who shared common
environmental and dietary influences, the fundus appearance and degree of visual loss
are strikingly similar (89-100%). Clinical concordance in dizygotic twins brought up in
a shared environment was markedly less, but still substantial (46%) (Meyers et a l,
1995; Seddon et a l, 1997).
Apolipoprotein E has been associated with AMD as the epsilon 4 allele has been shown
to be decreased in AMD prevalence (Souied et a l, 1998). In Alzheimer’s disease this
same allele modulates the age of onset, i.e. it is present in patients with young onset of
disease (Meyer et a l, 1998). Clinically, Alzheimer’s disease is similar to AMD only in
so far as it also presents in the elderly and is a degenerative disorder.
Several genetic disorders exist with phenotypes similar to those seen in AMD. The
defective genes have therefore been investigated for relevance to AMD. These include
Sorsby’s fundus Dystrophy (SFD) (TIMP 5), the familial drusen dystrophies {EFEMP
7), Stargart’s disease that involves the ABCR gene (Stone et a l, 1998) and effects the
photoreceptor outer segments. North Carolina macular dystrophy linked to chromosome
6ql6 {MCDRl) locus (Small et a l, 1993), Best’s disease, with a defect in the dystrophin
gene (VMD-2) and the Peripherin /RDS gene defects which result in many phenotypes
such as Pattern dystrophies and autosomal dominant retinitis pigmentosa disorders.
SFD is an autosomal dominant macular degeneration developing in the third and fourth
decade. These patients have similarities with patients with neovascular AMD including
loss of central vision from sub-retinal neovascular membranes, and atrophy of the
choriocapillaris, RPE, and retina. There are sub-RPE deposits in both conditions. SFD
in the U.K. has been linked to the locus 22ql3-qter (Weber et a l, 1994b), which
includes the gene for tissue inhibitor of metalloproteinases 3 (TIMP 3). TIMP 3 is one
of a group of four endogenous inhibitors of the metalloproteinases (MMP)(Kishnani et
a l, 1995), and is thought to more specifically regulate the gelatinases MMP 2 and MMP
9 (see section 1.7.1). Individuals affected by the common mutation show an adenine to
thymidine transversion causing a serine to cysteine mutation at residue 181 in the
protein (Weber et al., 1994a). Four other mutations have also been described elsewhere
in the world (Jacobson et a l, 1995; Apte et a l, 1994; Felbor et a l, 1996). The
incorporation o f an additional cysteine residue, which occurs in all of the mutation
types, is thought to cause TIMP 3 dimer formation, which probably results in decreased
turnover (Fariss et a l, 1998). Thus, the role of TEMP 3 in AMD must also be
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considered. Work by two groups (De La Paz et al., 1997) (Felbor et al., 1997) found no
linkage between the TIMP 3 locus and AMD. However they could not exclude the
possibility of a subset of cases caused by abnormal TIMP 3 expression or turnover, or
that different components of the enzyme system are involved in AMD.
Doyne’s honeycomb dystrophy/malattia leventinese causes a diffuse deposition of
drusen/ BLamD like deposits in the fundus.

These patients have mutation in the

epidermal growth factor-containing fibrillin-like extracellular matrix protein 1 gene
{EFEMI^l) on chromosome 2pl6-21(Heon et al., 1996), the protein is found just
beneath the RPE cells. Stargart’s disease. North Carolina macular dystrophy. Best’s
disease and Pattern dystrophies can all result in a non-specific macular degeneration
especially with end stage disease. Retinitis pigmentosa especially the autosomal
dominant type can also present as a macular disease and therefore all these genes could
be considered as targets for further study with respect to AMD, as reviewed by
Musarella (Musarella, 2001).

Figure 1.6 Summary diagram of the aetiological factors involved in AMD
pathogenesis
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1.2 Pathology of the normal ageing eve
1.2.1 Normal Anatomy
The richly vascularised choroid extends from the ciliary body to the optic nerve and its
inner aspect is firmly adherent to the RPE. The outer surface of the choroid is loosely
attached to the overlying sclera.
Bruch’s membrane delineates the choroid from the overlying RPE. It is composed of 5
distinct layers, the basal lamina of the overlying RPE, an inner collagenous layer, an
elastic-rich component, the outer collagenous layer and the basal lamina of the
endothelial cells of the underlying capillary network (choriocapillaris) (figure 1.7).
The choriocapillaris is located in the innermost choroidal stroma and connects with
other choroidal vessels to nourish the outer retina. The choroidal stroma contains
abundant pigmented melanocytes, collagen fibres, neurones of the autonomic nervous
system and a prominent vascular system.
The retina consists of the photoreceptors, a variety of other neurones (ganglion, bipolar,
horizontal and amacrine cells), neuroglial cells (Muller cells and astrocytes) and the
RPE. The RPE is a monolayer of cells that contain intracytoplasmic melanosomes.

Figure 1.7 Anatomy of the posterior layers of the eye
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1.2.2 Ageing eye
The RPE begins to show changes at around the age of 20 years. Cytoplasmic changes
include depigmentation with migration of pigment granules into the basal portion of the
cell and accumulation of lipofuscin granules in the cytoplasm (Feeney-Bums et al.,
1984). Lipofuscin encompasses a group of complex autofluorescent lipid/protein
aggregates that form largely undegradable products from the phagocytosis of, for
instance, photoreceptor outer segments (Lord, 1996) and their enclosure in phagosomes.
Within the phagosomes, gradual digestion of the disks of the outer segments occurs,
eventually producing stmctures known as residual bodies (Green, 1985).
Large numbers of residual bodies can be seen in most eyes at about the ages of 60 years,
and by the age o f 80 years, considerable accumulation of these stmctures has occurred
(Feeney, 1978). Other breakdown products of the cell, including degenerating
mitochondria, lipids and the membranes of the endoplasmic reticulum, also are enclosed
in phagosomes in the cytoplasm and undergo digestion (Winkler et al., 1999).
Bmch’s membrane also changes with age. By light microscopy, it is seen to become
thickened because of increased amount of collagen and basophilic. The increase in
thickness is thought to be due to both remodelling of its fibrous stmcture and the
deposition o f material within it. There is accumulation of granular, membraneous,
filamentous and vesicular material in the two collagenous zones. In some cases it
becomes more basophilic, the basophilia resulting from the change in pH of the
collagenous fibres and the deposition of calcium salts in the elastoid tissue. The elastin
layer also shows progressive accumulation of granular and fine fibrillar electron dense
material (Hogan et al., 1971; Newsome et al., 1987). In some instances calcification of
the elastin layer may occur (van der Schaft et al., 1992) and with increasing age it
becomes increasingly perforated and disorganised (Hogan et al., 1971). Changes in
solubility of specific components of Bruch’s membrane, from near 100% in the first
decade of life to 40-50% in the ninth decade have been proposed to be due to increased
cross-linking of the collagen components (Karwatowski et al., 1995). There is also an
age- related increase in the lipid content on Bruch’s membrane (Pauleikhoff et al.,
1990), (Sheraidah et al., 1993).
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1.3 Pathology of the AMD eve
Histopathologically, AMD is characterised by changes in the RPE that are also observed
to a lesser degree in normal ageing. Indeed it is difficult to know whether AMD is
simply ‘exaggerated’ ageing or fundamentally a different process operating in the
context of an ageing eye. AMD includes a spectrum of abnormalities, commencing with
advanced alterations in the pigment epithelium and Bruch's membrane. The transition to
actual disease is gradual. In some individuals, a rapid course ensues, and in others, the
process may require years. In some situations, the changes are mild and involve only
alterations in the RPE, whereas in others, they are more dramatic and are manifested as
extensive geographical atrophy or haemorrhage from choroidal neovascularization
There is deposition of material both focally and diffusely beneath the RPE. The focal
deposits are known as drusen. Material can also accumulate diffusely between the basal
lamina of the RPE cell and its basement membrane as basal laminar deposit (BLamD)
or within the inner portion of Bruch’s membrane as basal linear deposits (BLinD)(see
section 1.7.2). Sub-RPE deposits, once formed, cause displacement of the RPE away
from its blood supply, the choriocapillaris. It is likely that sub-RPE deposits also
interfere with the adhesion of the RPE to the underlying extracellular matrix. This
manifests clinically as pigment epithelial detachments and there is the likelihood that
this will sever connections between the basal aspect of the RPE cell and its basement
membrane. These changes may ultimately generate a vicous cycle that continues until
either the RPE cells die (geographic atrophy), or new vessels form from the choroid and
extend into the sub-RPE and/or sub-retinal space (Green et al., 1985). These vessels
extend possibly through tracts created from fractures across the calcified Bruch's
membrane (Green, 1985) or alternatively the vessels can create their own defects
(Heriot et al., 1984). The end stage scarred macula is often disc shaped, referred to as
disciform scarring.
The differences between an ageing and AMD eye can be summarised in Table 1.1
below:

32

Chapter One- Introduction
Table 1.1 Histopathology of the ageing and AMD eye
AMD

Age

Depigmentation and migration of pigment granules

+

+

Lipofuscin and residual body formation

++

+

Thickening of Bruch’s membrane

++

+

CNV formation

+

-

GA

++

+

Sub-RPE deposits (focal and diffuse)

++

+

FED

+

-

Table comparing the histopathology o f AM D with ageing. + = present,
= not present. C N V =

-H -

= present in larger amounts, -

choroidal new vessels, G A = geographic atrophy, PED = pigment epithelium

detachments.
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1.4 Theories of pathogenesis
Although it is widely accepted that the primary locus of the disease is the retinal
pigment epithelium, this remains speculative (Young, 1987). The choriocapillaris,
neural retina and Bruch's membrane are other potential primary foci of disease. The
precise pathogenesis however remains unclear.

1.4.1 The potential role of the RPE cell in the pathogenesis of AMD
The close proximity o f the RPE to the site of disease and the fact that sub-RPE deposits
are only seen to form in the presence of close by, viable, RPE cells, make this a highly
probable primary focus. RPE appears vulnerable given the pathology and its separation
from choriocapillaris with sub-RPE deposits.
Young proposed that abnormal molecules gradually accumulate within the RPE due to
imperfections in the cells’ ‘digestive’ mechanisms. Waste residues from incomplete
molecular degradation increasingly interfere with normal metabolism provoking
aberrant excretions with deposit formation. Finally, either the death of the RPE occurs
or there is neovascularisation, with eventual death of the overlying photoreceptors
(Young, 1987).
Deposition o f extracellular material, increase in autofluorescence due to lipofuscin
accumulation, and senescence of RPE are all factors associated with AMD which give
further evidence that the RPE may be showing a gradual failure of metabolic integrity
and becoming increasingly vulnerable.

In counter argument to the RPE being the primary focus of disease in AMD, diseases
such as Stargart’s dystrophy or Doyne’s honeycomb dystrophy/malattia leventinese
which appear clinically similar to the pathology seen in AMD, are in fact neural retinal
or ECM diseases (see section 1.1.8.2 on genetics of AMD).

1.4.2 Immune pathogenesis theories of AMD
See section 1.7.2.5 on the potential role of immune mediated processes in sub-RPE
deposits.

1.4.3 ECM turnover abnormalities in AMD and ‘blockage’ theory
Evidently sub-RPE deposit formation is a major finding in AMD. The regulation of
Bruch’s membrane, a highly organised ECM structure is discussed in section 1.7.
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Bruch’s membrane separates the choroidal circulation from the outer retina. In health, it
therefore, must allow the passage of a variety of molecules including water and
electrolytes in one or both directions. Changes in the constituent molecules of Bruch’s
membrane may therefore have some impact on transport across the membrane and lead
to blockage and possibly accumulation of waste products down stream to the blockage.
Accumulation may manifest in the different types of sub-RPE deposits seen.
Experiments on the hydraulic conductivity of Bruch’s membrane have shown an age
related decrease in conductivity (Starita et al., 1996). However, although it has been
demonstrated that there is an increasing deposition of lipid within Bruch’s membrane
with age (Pauleikhoff et ah, 1990), the decreased conductivity cannot be attributed by
the increasing deposition of lipid alone (Starita et al., 1996). Using excimer laser
ablation, the major site of resistance has been localised to inner Bruch’s membrane
(Starita et al., 1997), at the junction with the elastic layer in Bruch’s membrane.
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1.5 The retinal pigment epithelium cell
1.5.1 Overview of the RPE cell
The RPE monolayer is embryologically derived from the same neural tube tissue that
forms the neurosensory retina. It is necessary for the support and viability of the
photoreceptors. The cells are cuboidal in cross section and hexagonal when viewed en
face. Each cell is 10-14 pm in diameter in the macula but becomes flatter and broader in
the periphery. The apical side of the RPE has numerous long microvilli, which reach up
and envelope the outer segments for phagocytosis (Bok et al., 1993) and also participate
in retinal adhesion (Hageman et al., 1995). The mid-portion contains the nucleus, Golgi
apparatus, endoplasmic reticulum and other organelles. Basal vesicles are also seen in
this area and thought to be important in the health of the RPE cell (Ishibashi et al., 1986;
Orzalesi et al., 1982). The basal membrane has convoluted infoldings that increase its
surface area for absorption and secretion. Table 1.2 describes the many function of the
RPE.

Table 1.2 Role of the retinal pigment epithelium cell
Role

Function

Optical (pigment)

Light screening
Scatter reduction / light reflection
Photoreceptor support
Shed photoreceptor phagocytosis
Retinal adhesion
Posterior blood-retinal barrier
Ion and water transport
Nutrient transport
Free radical binding
Retinoid binding and storage
Visual pigment regeneration
Cycling of other outer segment
constitutents
Ocular development and regeneration
Response to injury by repair mechanisms

Structural

Environmental

Visual cycle

Trophic

Table adapted from (Marmor and Wolfensberger, 1998) showing the various functions o f the RPE.
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1.5.1.1 RPE cytoskeleton
The ability o f eukaryotic cells to adopt a variety of shapes and to carry out coordinated
and directed movements depends on a complex network of protein filaments that extend
throughout the cytoplasm called the cytoskeleton.
The RPE cytoskeleton consists of
1. Membrane cytoskeleton, which contributes to membrane contour, stability,
motility and cell- cell interactions through junctional complexes such as zonulae
adherens (Hitt and Luna, 1994; Path and Burgess, 1994; Gilligan and Bennett,
1993).
2. Cytoplasmic cytoskeleton, which is responsible for the structural and tensile
properties of the cell as well as intracellular transport (Hitt and Luna, 1994; Path
and Burgess, 1994; Gilligan and Bennett, 1993).
The cytoskeleton is composed of three fibrous elements, actin filaments, microtubules
and intermediate filaments. Actin filaments are two-stranded helical polymers of the
protein actin with a diameter of 5-9 nm. The actin cytoskeleton has structural and motile
roles in the RPE. Structurally, they provide anchorage for membrane proteins, maintain
epithelial integrity (Kalnins et al., 1995), cell deformability and otherwise contribute to
the mechanical properties of the cytoplasm (Hitt and Luna, 1994). It supports cell
projections and maintains cell shape (Clarke and Spudich, 1977). Actin filaments also
interact with myosin motors to produce contraction and intracellular transport of cellular
constituents (Burnside et al., 1983), cell locomotion (Campochiaro and Glaser, 1986)
and phagocytosis (Besharse et al., 1982). In polarised RPE cells, actin filaments are
localised to the basal infoldings, the lateral membrane cytoskeleton, apical projections
and dense circumferential microfilament bundles (CMB), which encircle the cell
(Nguyen-Legros, 1978; Marmor and Wolfensberger, 1998).
Microtubules are hollow, long cylinders made of the self-assembling polymer protein,
tubulin with an outer diameter of 25nm. They have a critical role in cell structure,
forming a scaffold within the cell (Marmor and Wolfensberger, 1998)(chapter 3).
Microtubules have been shown to be involved in fast axonal transport of membranous
organelles (Vale et al., 1985), extension of tubular lysosomes in macrophages
(Hollenbeck and Swanson, 1990), and pigment granule movement (Rodionov et al.,
1991).
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Intermediate filaments are rope like fibres with a diameter of lOnm and made of
intermediate filament proteins, which constitute a large and heterogeneous family. The
expression pattern of RPE cell intermediate filaments proteins varies with species and
culture conditions. Human RPE cells express cytokeratins 8 and 18 in vivo with no
vimentin, but when placed in culture they express cytokeratins 7,8,18,19 and vimentin
(Hunt and Davis, 1990; McKechnie et al., 1988). The pattern in vitro is also influenced
by culture conditions. For example, exposure to vitreous decreases expression of both
cytokeratins and vimentin (Vinores et al., 1990).
Integrins are only briefly mentioned at this point to illustrate the importance of these
transmembrane proteins for the ECM to communicate with the cytoskeleton (Burridge
et al., 1988; Sastry and Horwitz, 1993). Integrins are the main transmembrane linker
proteins, whose external domains bind to the ECM while the cytoplasmic domain is
linked to the actin filaments in stress fibers. In addition integrins can activate
intracellular signalling cascades (Damsky and Werb, 1992; Boudreau and Jones, 1999).

1.5.2 Melanin / lipofuscin relationship
Melanin granules are abundant in the apical and mid-portion of the RPE (Hogan et al.,
1971; Feeney, 1978). Two shapes of granules are present, ellipsoid granules (1pm in
diameter to 2-3pm in length) primarily located towards the apical portion of the cell and
spherical granules in the mid-portion (Hogan et al., 1971). Melanin granules are
involved in: free radical scavenging, free radical generation, absorption of the effects of
thermal damage with additional chemical binding and photophysical properties
(Marmor and Wolfensberger, 1998)(chapter 4).
With age this distribution is lost (Hogan et al., 1971) and there is a significant decline in
total numbers o f granules after the age of 40 (Feeney-Bums et al., 1984). There is also a
corresponding increase in the complex granules melanolipofuscin (melanin with a
cortex of lipofuscin) and melanolysosomes (melanin with a cortex of enzyme reactive
material) (Feeney, 1978). These complexes exhibit a regional distribution similar to that
of lipofuscin (Marshall, 1987) with the highest density in the extrafoveal macula
decreasing density towards the periphery and the fovea (Feeney-Bums et al., 1984) and
are thought to represent melanin in the process of repair, modification or degradation
(Feeney, 1978).
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1.5.3 Growth factors in the RPE
Growth factors are one of the major types of signals needed for cells to maintain their
structure, function and survival. They are proteins that bind to cell surface receptors and
influence intracellular signal transduction pathways. Their potential role in AMD,
whether the source is RPE, retina or endothelial cells of the choriocapillaris, is very
wide-ranging. RPE cytokine production and cytokine induced changes have been
extensively reviewed by Holtkamp et al (Holtkamp et al., 2001).
The following growth factors are of particular relevance to this project;
1. Tumour growth factor (TOP) superfamily and their receptors have been shovm
to be present in the RPE; they are important in the pro-fibrotic phase of healing
and scar formation.
2. Platelet derived growth factors (PDGF) are involved in the regulation of cell
growth and differentiation (Mercola et al., 1990). In particular, in the RPE,
PDGF stimulates cell proliferation (Leschey et al., 1990; Campochiaro et al.,
1994) and migration (Campochiaro and Glaser, 1985).
3. Vascular endothelial growth factor (VEGF) released from the RPE cell increases
permeability of microvessels and is involved in angiogenesis. RPE VEGF has
been studied in vitro and in vivo (Adamis et al., 1993) in particular with
reference to diabetic retinopathy (Murata et al., 1996) and the induction of
proliferative diabetic retinopathy.
4. Fibroblast growth factor (FGF) members are produced by RPE cells; in
particular bFGF is modulated by cell density, cell adhesion, ECM components,
cellular stress and cytokines (Bost and Hjelmeland, 1993; Hackett et al., 1997).
Its function is in modulation of inflammation and the immune response as well
as its more traditional role as a mitogen and survival factor.
5. Epidermal growth factor (EGF) causes proliferation of the RPE (Leschey et al.,
1990; Arrindell et al., 1992).
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1.6 Models of AMD
There is currently no treatment available for the majority of AMD sufferers and the
development of therapeutic strategies has been hampered by the lack of an adequate
model for the disease.

1.6.1 Animal models
Animal models of retinal degenerations have included the Royal College of Surgeons
(RCS) rat, a widely studied animal model of retinal degeneration in which the inability
of the RPE to phagocytize shed photoreceptor outer segments, due to a genetic defect,
leads to a progressive loss of rod and cone photoreceptors. Other rat models have
included the use of intravitreal injections of E-64, a lysosomal protease inhibitor, to
cause an increase in RPE inclusion bodies (Okubo et al., 2000).

At least sixteen

different naturally occurring mouse mutants which manifest retinal degeneration (rd)
have also been described (Chang et al., 2002), in particular the heterozygous (rds+/-)
type (Sanyal and Hawkins, 1989) and the protoporphyria mouse model (Gottsch et al.,
1993) have all been investigated as models of retinal degeneration, rather than models
of sub-RPE deposits. Animal models of sub-RPE deposits have included data from
studies of monkeys (Hirata and Feeney-Bums, 1992; Mullins and Hageman, 1997) and
mice (Hawes et al., 2000; Kliffen et al., 2000) and have shown that drusen-like deposits
seen in non-humans may differ markedly both stmcturally and in composition
(Hageman et al., 2001). Finally, transgenic mice with increased expression of vascular
endothelial growth factor in the retina have been developed as a new model of
intraretinal and subretinal neovascularisation, replicating the wet form of AMD
(Okamoto et al., 1997).

1.6.2 In vitro models
Although RPE cells have been successfully grown for many years, it is only recently
that in vitro systems have been used to model AMD.
Importantly, primary cultures were successfully maintained from CNV membranes
from AMD eyes (Schlunck et al., 2002), this will enable new approaches to study
genetical aspects of the role of the RPE in AMD. More recently and published in
abstract form only is a study replicating the RPE-Bmch’s membrane-choriocapillaris
complex. This utilises human amniotic membranes represnting Bruch’s membrane,
ARPE 19 cells and human umbilical vein endothelial cells representing the
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choriocapillaris (Hamilton et al., 2003). This lack of adequate in vitro model led to the
development of part of this project.
The use of in vitro cultured cells over in vivo human or animal eyes has several
advantages:
1. Human tissue is in short supply (moral and ethical issues), and cell culture can
be used to amplify the number of cells needed for the application of molecular
and biochemical techniques.
2. Cultured cells can be expanded and maintained in culture for long periods of
time.
3. Cell culture provides strict control of the environment and greater experimental
flexibility and allov^s easy access to the basolateral membrane.
4. There is a potential for cultured RPE to be used in transplantation strategies for
the treatment of retinal disease, and understanding the physiology of cultured
RPE may prove vital to the success of this work.
However in vitro models have particular disadvantages, which include:
1. Phenotypic variability (Burke et al., 1996); Cultured RPE display morphological
differences from those in vivo.
2. Loss o f polarised expression of the Na"^/K^ pump and the expression of ion
channels that differ from those present in native RPE (Rizzolo, 1990; Nabi et al.,
1993)
3. Culture conditions and donor age passage number may be critical factors that
affect the cell biology of RPE cells in culture.
An ideal in vitro model of sub-RPE deposits similar to those seen in AMD would
consist of a well-characterised and stable RPE cell line expressing a differentiated
phenotype that resembles closely that found in vivo.
In general, anchorage dependant cell culture requires at least two components of
interaction with the substrate for adequate differentiation, especially when an in vitro
model is being created.

Firstly, adhesion is required to allow the attachment and

spreading necessary for cell proliferation and secondly specific interactions involving
the basement membrane and ECM are required. Differentiation can be morphological,
such as tight junction or apical microvilli formation, or functional, such as migration or
phagocytosis.
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1.7 ECM and regulation of its composition
The ECM is a complex meshwork of proteins and carbohydrates, which is synthesised
and deposited in the vicinity of the cells, forming an organised intercellular network.
The matrix not only provides a mechanical support where cells reside, but can interact
directly with cells, controlling cell shape, proliferation, migration and differentiation
(Alberts et al., 1994). Many of the molecular events that define the interaction between
cells and the ECM are still largely unknown. However an increase in our knowledge of
this interaction has come from the elucidation of the primary sequence of several ECM
proteins and the precise location and characterisation of their binding domains. The two
main classes of macromolecule in the ECM are glycosaminoglycans (GAG) and fibrous
proteins. GAGs occupy a large amount of space and form hydrated gels. They are
termed proteoglycans when linked to a protein. Fibrous proteins are of either structural
type such as collagen and laminin or adhesive type such as fibronectin.
In the eye, the RPE and its basement membrane rest upon a highly organised ECM,
Bruch’s membrane (Marmor and Wolfensberger, 1998)(chapter 34). This structure is
visible by light microscopy and its increased thickness has been associated with both
pathology and ageing as described in section 1.2.2/1.3.
The regulation of ECM is critical to a variety of important biological processes
involving signalling pathways. Degradation is controlled by the metalloproteases
(MMPs) and the serine proteases, and their inhibitors, the tissue inhibitors of the
metalloproteases (TEMPs) and the serine protease inhibitors or serpins (Alberts et al.,
1994).

1.7.1

The role of matrix metalloproteinases and their inhibitors in AMD and
ageing

There is increasing evidence that tissue inhibitors of metalloproteinases and matrix
metalloproteinases themselves have a role to play in the health and disease of the retinal
pigment epithelium. MMPs are structurally related zinc metalloproteinases. To date at
least eighteen human MMPs have been identified. They are either secreted from cells or
bound to the cell surface (Massova et al., 1998; Sethi et al., 2000). Secreted MMPs
include collagenases, gelatinases, stromelysins and matrilysins, metalloelastase,
enamelysin and epilysin. There are six membrane-type MMPs (MT-MMPs) that are
considered to participate in pericellular proteolysis.
An important feature of the MMPs is that many of the genes coding for these enzymes
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are inducible. Their effectors include growth factors, cytokines, physical stress such as
heat shock, UV irradiation and mechanical stress, oncogenic transformation, and cell
cell and cell-matrix interactions (Nagase and Woessner, 1999).
The family o f TIMPs includes four distinct gene products that are relatively specific
inhibitors of the MMPs, all with molecular weights in the range 22-29 kDa. The local
balance between MMPs and TIMPs plays a major role in extracellular matrix
remodeling during development and in disease at many sites. Unlike the other TIMPs,
which are soluble, TIMP 3 is unique in being an insoluble component of the
extracellular matrix. MMP 1,

2, 3 and 9, and TIMP 3 transcripts have been

demonstrated in cultured human RPE, choroidal microcapillary endothelium and
pericytes (Vranka et al., 1997). Chong et al have identified the presence of TIMP 3 in
Bruch's membrane and the elastic layer of large choroidal vessels (Chong et al., 2000).
Immunohistochemistry experiments by Fariss and colleagues have found TIMP 3 in
Bruch’s membrane (Fariss et al., 1997), whereas Guo et al have identified MMP 1, 2, 3
and 9 in Bruch's membrane (Guo et al., 1999) by immunohistochemistry and Western
blot analysis.
The following observations support, or are consistent with, the hypothesis that
modulation of the MMP/TIMP balance is important in ageing and the pathogenesis of
AMD.
1. Immunohistochemistry, Western blot analysis and reverse zymography have
shown an increase in TIMP 3 protein in Bruch’s membrane with AMD and age
(Kamei and Hollyfield, 1999).
2. There is an increase in MMP 2 and MMP 9 proteins in Bruch’s membrane/
choroid with age (Guo et al., 1999).
3. MMP 2 is increased in the ECM of photoreceptors in AMD (Plantner et al.,
1998).
4. Sorsby’s fundus dystrophy is a disease caused by mutations in the TIMP 3 gene
that resembles AMD. In particular this disease causes patients to produce
BLamD in large quantities (Weber et al., 1994a).
5. Abnormalities of the ECM may promote a pro-angiogenic RPE phenotype that
contributes to the development of angiogenesis (Campochiaro et al., 1999), an
important aspect of AMD.
6. Choroidal neovascular membrane formation in AMD is associated with
accumulation of MMP 2 and 9 (Steen et al., 1998).
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Further details of the role of metalloproteinases in the eye can be read in the review by
Sethi et al (Sethi et al., 2000).

1,7.1,1 The MMP/Cytokîne Connection
In addition to modifying extracellular matrix proteins, MMPs are intimately involved in
the regulation of the activities of cytokines and cytokine receptors. The MMP axis has
several areas of overlap with the cytokine network (Sivak and Fini, 2002).
Inflammatory cytokines or growth factors can regulate the expression of MMPs (Eichler
et al., 2002). Cytokine activation of cells can also lead to increased processing of MMPs
from the inactive form to the active enzymes (Eichler et al., 2002). Cytokines and their
receptors can also be substrates for MMP action, for example; the pro-inflammatory
c>tokine IL-1 can be cleaved and inactivated by MMP 1, 2, 3, and 9 (Ito et al., 1996).
At this point it is interesting to note that sub-RPE deposits, specifically drusen, have
been shown to regress following laser treatment (Choroidal Neovascularization
Prevention Trial Research Group, 1998; Friberg, 1999; Folk and Russell, 1999). Drusen
regression occurs even remote to the site of the laser bums. The mechanism of laserinduced drusen regression is not known but one possibility is that it provokes a lowgrade inflammatory response. As laser treatment has been shown to cause increased
levels of TNF-a production (Morimura et al., 2001; Bradley et al., 2000) a reduction in
drusen may be associated with increase TNF-a. In addition TNF-a, is a proinflammatory cytokine and has been reported to activate MMP-2 (Han et al., 2001)
(Gearing et al., 1994). These observations led the experiments described in section 5.7.

1.7.2 In vivo sub RPE deposits
It is conventional to divide sub-RPE deposits into focal and diffuse types. The focal
deposits are known as dmsen and maybe further classified into hard and soft subtypes.
The classification o f diffuse deposits has become confused but broadly speaking two
types are recognised; basal laminar deposits and basal linear deposits (see section
1.2/1.3).

1.7.2A Focal deposits
Drusen appear to be an important associated and predisposing feature of AMD (Dressier
et al., 1990; Sarks et al., 1985; Vinding, 1990; Dressier et al., 1994).

Their size,

number, extent of confluency, and the area of fundus involved have all been implicated
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as risk factors in AMD (Gass JDM, 1987; Pauleikhoff et al., 1990).
Hard (nodular) drusen. These deposits are localised areas of a hyaline-like material
between the RPE and Bruch’s membrane. Clinically, the nodular druse is a very small,
yellowish-white lesion located deep to the retina in the posterior pole and to a lesser
degree in the peripapillary and peripheral areas. With fluorescein angiography, the
lesion may light up early and stain late with no leakage (window defect through the
deficient RPE) or block fluorescence (see section 1.1.4). The extent to which these
drusen are seen ophthalmoscopically, without fluorescein, depends on their size, the
degree of damage of the overlying RPE, and the degree of surrounding RPE
hypertrophy. Nodular drusen may become calcified. Histopathologically, the typical
nodular druse is a rounded, dome-shaped structure lying between Bruch's membrane
and the lifted-up RPE and its basement membrane. It is strongly periodic acid Schiff
(PAS) positive and is eosinophilic but may become basophilic because of the
accumulation of calcium salts. By electron microscopy, nodular drusen can be seen to
be composed of different sized clumps of lipid-like deposits, crystalline material,
residual bodies, and granular material.
Soft Drusen. These drusen are usually larger than hard drusen with indistinct borders
that are gently sloping. They are not homogeneous and contain many inclusions and
spherical profiles. Soft drusen are further classified into soft distinct- large drusen with
uniform density or soft indistinct- large drusen with graded density and blurred edges.
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i. 7.2.2 Histopathological classification o f focal drusen
Hageman et al have described a number of distinct morphological classes or phenotypes
of drusen that can be resolved at the ultrastructural level (Hageman and Mullins, 1999).

Table 1.3 U ltrastructural classes of drusen
Class

Features

Class 1

Exhibit uniform homogeneous substructure. Range from 1-200 pms.
Largely composed of 20 nm granules. They can be nodular or diffuse.
As class 1 but in addition the druse contains small (80nm diameter)
electron lucent spherical elements, curvilinear profiles (polymerised
collagen) and larger spherical elements. Often seen to be denser in
the periphery of the druse.
Highly heterogeneous, have sloping borders and can be confluent.
Contain electron-lucent inclusions, spherical profiles, fibrin-like
profiles, curvilinear profiles and cellular debris.
Comprised primarily of electron lucent 50-400 nm diameter
membrane-bound vesicles.
Often confluent and are similar in
appearance to basal linear deposits.
Contains numerous membrane bound vesicles that vary between 80SOOnm in diameter. Interspersed is BLamD and small-calcified
inclusions. These are typically small and less than 30 pms in
diameter.
No relationship between size and sub-structural morphology was seen
in the first 4-druse types in the study.

Class 2

Class 3

Class 4

Class 5

Table showing the features o f the morphological classes o f drusen seen ultrastructurally.
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Figure 1.8 Ultrastructural image of a druse

;# # #
Extracellular focal deposits found between the basement m em brane o f the RPE cell and B ruch’s
m em brane. Granules, curvilinear profiles and spherical elem ents are present (class 2 drusen). Bar = 500
nm.
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i. 7.2.3 Composition o f focal sub-RPE deposits
Little is known of the exact constituents or composition of sub-RPE deposits due to the
difficulty in isolation of these small deposits and the insolubility of many of their
components. However a number of studies that have investigated the composition of
sub-RPE deposits have been carried out.
Pauleikhoff et al found that the deposits vary depending on whether they consist of
neutral-lipids or phospholipids, and hence whether they are hydrophilic or not
(Pauleikhoff et al., 1992b). More recently Curcio et al described the presence of both
esterified and unesterified cholesterol in Bruch’s membrane and drusen (Curcio et al.,
2001 ).

Using immunohistochemical techniques, Hageman et al demonstrated immunoreactivity
for: vitronectin, fibronectin, IgG and IgM, beta amyloid, amyloid P protein, ubiquitin,
complement factors (Clq, C3c, C3d and C4), Apo E protein and TIMP 3.

More

recently a group of drusen-associated carbohydrate lectin moieties binding sites have
been identified for concanavalin A, Limua flavus agglutin and wheat germ agglutin
(Hageman and Mullins, 1999). Lectins are proteins or glycoproteins that contain at least
one binding site capable of binding carbohydrates. Different lectins are specific for
different carbohydrate moieties (Goldstein and Hayes, 1978).

Parkas et al found

variations in sialomucins, cerebrosides and or gangliosides in the deposits (Parkas et al.,
1971).
It remains unclear, whether degenerating organelles such as lysosomes or even
fragments of RPE cells exist within drusen or whether their constituents are mainly
accumulated debris, formed as a result of the RPE’s inability to clear waste (Parkas et
al., 1971; Peeney-Bums et al., 1987).

1.7.2.4 Sub-RPE deposits in other conditions
Sub-RPE deposits are seen in other disease entities apart from ageing and AMD; they
are seen in association vWth pigmented choroidal naevi (Naumann et a l, 1966) and
malignant melanoma (Pishman et a l, 1975). They are also seen in long standing serous
retinal detachments, in some cases of acute retinal destruction (Luthert and colleagues,
unpublished observation), membranoproliferative glomerulonephritis type II (Mullins et
a l, 2001), cuticular drusen (Gass et a l, 1985), Stargardt’s disease, retinitis pigmentosa
and familial drusen-like conditions such as Doynes Honeycomb Dystrophy. Pinally,
Malattia Leventinese and Sorsbys fimdus dystrophy have BLamD-like deposits, which
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are discussed in section 1.1.8.2.

1.7.2.5 Theories o f drusenformation
One possible mechanism of drusen pathogenesis is the transformation of degenerating
RPE cells. This theory is supported by detection of blebbing of the RPE basal
membrane into Bruch’s membrane (Ishibashi et al., 1998), possibly as a mechanism for
removing damaged cytosol (Feeney-Bums et al., 1987) or as a by product of phagocytic
degradation, (Young, 1987) or autophagy (Parkas et al., 1971).
Autoimmune pathogenesis theories have also been proposed based, on evidence that
molecules such as vitronectin, C5, C5b-9, HLA-DR, fibrinogen, factor X, prothrombin
and IgG are present in drusen (Hageman and Mullins, 1999; Johnson et al., 2000;
Penfold et al., 2001). Furthermore, dendritic cells, a form of antigen presenting cell
found in the choriod, are thought to be involved in drusen biogenesis (Mullins et al.,
2000). A review by Hageman et al postulates an integrated theory of drusen biogenesis,
in which damaged RPE cells activate and recruit dendritic cells (Hageman et al., 2001).
The damage could be ischaemia, Bruch’s membrane injury-induced dysfunction,
oxidative injury from, for instance, light or smoking generated compounds, lipofuscin
accumulation and /or autoimmune associated processes. Dendritic cells sustain and
amplify local inflammation, and a variety of potential pathways such as compliment
activation, ECM proteolysis and immune complex formation results. Normally there is
down-regulation of inflammation once the damage has been repaired and the dendritic
cell migrates away. In drusen biogenesis it has been suggested that a local chronic
inflammation at the RPE/ Bruch’s membrane interface persists for many years, possibly
due to genetic pre-programming or RPE gene mutations. Thus it has been proposed that
drusen development occurs in at least two distinct stages: a nucléation stage in which
RPE debris and dendritic cell-derived material accumulates in the sub-RPE space and a
maturation stage in which drusen associated constituents are deposited around the core.
This would lead to RPE cell degeneration and drusen become larger and more
numerous, resulting in photoreceptor damage and death (Hageman et al., 2001).

1.7.2.6 Diffuse Deposits
Diffuse thickening o f the inner aspect of Bruch's membrane is a commonly observed
ageing change. Two principal deposits are recognised.
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1.7.2.6.1 Basal Laminar Deposit
Basal laminar deposit (BLamD) is an extracellular material that accumulates between
the retinal pigment epithelium basal plasma membrane and its basal lamina (figure 1.7).
The importance of these deposits in AMD remains controversial as deposits are also
found in non AMD eyes (van der Schaft et al., 1991; van der Schaft et al., 1992; Green
and Enger, 1993; Curcio and Millican, 1999). Nevertheless it has been suggested that
their presence is a feature of AMD (Green and Enger, 1993; Kliffen et al., 1997; Loffler
and Lee, 1986; Sarks, 1976; Spraul et al., 1999; Spraul and Grossniklaus, 1997b; Spraul
etal., 1998).

1.7.2.6.2 Composition o f BLamD
This deposit is composed of granular and banded material located between the plasma
and basement membranes of the RPE. At times it can appear amorphous in nature with
ill-defined bands.
From an ultrastructural point of view, the banded assemblies present a series of double
bands (30 nm apart) that are repeated axially every -100 nm. Axial filaments traversing
these bands are also seen (figure 1.9).
The precise composition and origin of BLamD has not been elucidated, although it has
been suggested that it is a form of fibrous long-spacing collagen (LSC) (van der Schaft
et al., 1991). With immunohistochemistry, the fine granular component of BLamD
stained positively with antibodies against type IV collagen, heparan sulfate
proteoglycans and laminin, but the long-spacing collagen component of BLamD did
not. Neither component of BLamD was stained with antibodies against type VI collagen
or fibronectin (van der Schaft et al., 1994). Immuno-electron microscopy by Hageman
et al has found positivity for fibrillin, again in relation to the granular material as
opposed to the banded structures (personal communication).
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Figure 1.9 Ultrastructural image of basal laminar deposits

f

M icrograph on the left and in the lower right image show ing BLamD. The image on the upper left shows
the possible precursor forms seen end on (arrow) Bar = 500 nm.
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1.7.2.6.3 Basal Linear Deposit (BLinD)
Also termed diffuse drusen and diffuse thickening of the inner aspect of Bruch's
membrane, this amorphous deposit is located external to the basement membrane of the
RPE and internal to inner collagenous zone of Bruch's membrane. Basal linear deposits
consist primarily of membrane-bound structures and vesiculoid material. This material
can appear similar to soft drusen histologically with the exception that it is not focally
raised. It is believed by some that basal linear deposits are more specific, for
progression to AMD from ARM (Curcio and Millican, 1999) than the other changes
seen histologically, including focal deposits (figure 1.10).

1.7.2.6.4 Composition o f BLinD
Lipids, of both esterified or unesterified cholesterol (Curcio et al., 2001) and neutral
lipids and phospholipids (Pauleikhoff et al., 1994) in inner Bruch's membrane increase
with age in the macula and may contribute to BLinD formation.
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Figure 1.10 Ultrastructural image of basal linear deposit

«
'I

r f '

Deposition o f vesiculoid material (basal linear deposit) in B ruch’s membrane. Lower sm aller image is
taken at higher m agnification. Bar = 500 nm.

53

Chapter One- Introduction
1.7.3 In vivo and in vitro sub-RPE detection of collagens
Some studies based on the detection of various collagens laid down both in vitro and in
vivo by the RPE and of relevance to this study will be introduced.
In vitro experiments of both human, feline and monkey RPE have shown that collagen
types I, III and IV are present under the RPE monolayer (Li et al., 1984; Martini et al.,
1992). Small amounts of type II collagen was detected in vivo eyes but no type V
collagen (Campochiaro et al., 1986). However type V collagen, laminin, fibronectin and
heparan sulphate proteoglycan was detected by Newsome et al (Newsome et al., 1988a)
in vitro. In vivo human eyes, the inner and outer collagenous zones contain types I, III,
and V collagen (Marshall et al., 1994). Type IV collagen has been identified in the
choriocapillaris basement membrane and type VI collagen is thought to have a role in
anchoring the choriocapillaris to the larger choroidal vessels due to its presence in the
outer aspect of the choriocapillaris (Marshall et al., 1994). Interestingly, in vitro type I
collagen stimulates endothelial cell differentiation and migration, while type IV
collagen has an inhibitory effect (Roberts and Forrester, 1990), leading to the
hypothesis that disruption of the type IV collagen (as may, perhaps, occur with serous
detachment of the RPE) may allow an invading CNV membrane access to the
stimulatory type I collagen in the inner and outer collagenous zones, promoting further
migration (Marshall et al., 1994).

54

Chapter One- Introduction
1.8 Banded structures in the ECM
Terminology in this field is rather loose and confusing. However for the purposes of
this thesis segment long spacing collagen has been defined as a variety of fibrous long
spacing collagen (see below for definition) that occur as crystallites or short segments
240-280nm long. Short spacing collagen is defined as structureless, collagen fibrils,
with periodicity less than native collagen (range 52-62 nm) found in the ECM and in the
cell, most examples lack minor bands and for the majority of this thesis banded
structures are referred as fibrous long spacing collagen.

1.8.1 Fibrous long spacing (FLS) collagen
FLS is defined as collagen fibrils where the periodicity is markedly greater than 64nm
(wet state) of the common or native collagen fibril. However this is not to be confused
with giant collagen fibrils (which can be up to 1 micron or more in thickness but retain
their periodicity of 64nm). FLS collagen has been interpreted as aggregates or bundles
of parallel collagen molecules, giving a banded appearance. The band pattern represents
the distribution of charged groups along the molecule. These aggregates can be made in
vitro by dialyzing adenosine triphosphate (ATP) into a dilute, salt-free acidic solution of
collagen, of any type (Hirano et a l, 1989). Under these conditions, the collagen is
positively charged and the ATP bridges those charges, with maximum neutralization of
charge, occurring when the molecules are parallel (Piez, 1984).
It has become clear that “FLS-like” deposits are not unique to the sub-RPE space. In the
eye, these structures are also seen in the comeal stroma (Zabel et a l, 1989), in the basal
lamina of trabecular endothelial cells (Sun and White, 1975; Garron and Feeney, 1959;
Lutjen-Drecoll et a l, 1989) and in the cortical vitreous (Ishida et a l, 2000).
Furthermore, they are not unique to the eye, as similar banded material has been found
in the extracellular connective tissues of a variety of normal organs in particular the skin
(Sun and White, 1975). They have also been described in the myocardium and aortic
media (Banfield et a l, 1973), the cauda equina and the nucleus pulposus of the
intervertébral disks (Buckwalter et a l, 1979).

In disease, they are seen in thyroid

disease, haemangiopericytoma of the lung and sarcoidosis involving lymph nodes (Sun
and White, 1975); they are also seen in acoustic neuromas (Friedmann et a l, 1965).
They are also not unique to the human eye and can be found in mouse and monkey
eyes, figure 1.11.
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Figure 1.11: Mouse and monkey Bruch’s membrane

U pper m icrograph from a m onkey showing BLamD, m ost prom inently seen in the
RPE zone ( arrows). The low er m icrograph show s BLamD within IB zone o f
B ruch’s m em brane in the mouse eye (arrow).
For definition o f zones see Table 2.5.
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In the eye Knupp et al speculate these banded deposits form from type VI collagen
(Knupp et al., 2002; Knupp et al., 2000). Two types of FLS exist.

i. 8. L 1 FLS form ed in vitro
The tropocollagen molecules polymerise in parallel so that the length of the period is
about the same as the length of the tropocollagen molecule. There are various examples
of banded collagenous structures formed in culture, namely type I FLS collagen has
been made with ATP in fibroblast cultures (Schlumberger et al., 1989). Li et al found
culture of cat RPE produced banded material with a macroperiodicity of 118+/-23 nm
and increase in amount of deposit type IV collagen with time (Li et al., 1984). FLS
formation was increased in explant culture of dermal rat tissue with the addition of
collagenases, whereas inhibition of collagenases (EDTA) prevented FLS formation
(Kajikawa et al., 1980). Hirano et al formed 100 nm fibrils in mouse comeal stroma and
human trabecular meshwork with incubation with ATP. The périodicités in the cornea
were 90-100 nm, and the trabeculum 100-120nm (Hirano et al., 1989). Finally Akiya et
al examined rabbit vitreous and found FLS like aggregates with I75nm periodicity
(Akiya etal., 1984).

1.8. L 2 FLS form ed in vivo
Major banding o f FLS formed in vivo has a periodicity of about 120 nm (range 80-150
nm). In this case, tropocollagen molecules polymerise side by side in a half staggered
arrangement so that the length of the period is about half the length of the tropocollagen
molecule. This type of FLS contains longitudinally orientated filaments, which can be
seen traversing the length of the fibril. Formation in vivo could be one of two ways.
Firstly, FLS fibrils are the degradation products formed by the activity of endogenous
collagenases upon collagen fibrils. Secondly, there may be interaction between
immature collagen microfibrils and acid mucopolysaccharides.

1.8.2 Collagen type VI
Collagens are a major component of the ECM and comprise about one third of the
proteins found in the body (Piez, 1984). Collagens are composed of three polypeptide
chains (a-chains). Triplet Gly-X-Y where X and Y are often hydroxyproline and
hydroxylysine are characteristics of collagens and are required to assemble the a chains
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(Piez, 1984). However all collagens also have a non-triplet region which is used to subclassify different collagen types.
In eyes FLS collagen VI best fits morphologically BLamD. Initially called intimai
collagen or short chained collagen, collagen VI is as a rod-like molecule, approximately
100 nm long, with two globular domains at the extremities (Furthmayr et al., 1983);
(Ayad et al., 1994). Monomers assemble side-by-side with an approximate 30 nm axial
shift to form dimers. Pairs of dimers then assemble laterally to form a structure that
comprises two outer rod-like segments that are both about 30 nm long, and an inner rod
like segment, approximately 70 nm long. The globular domains are found at the
extremities o f the inner and outer segments (Furthmayr et al., 1983); (von der et al.,
1984). Experiments on cleaved collagen VI globular domains show that they can join
linearly, N-terminals connected to C-terminals, to form a necklace-like structure with
the beads being the globular domains themselves (Kuo et al., 1995). Tetramers can
interact to form long chains. Dimers, tetramers and polymeric chains have in common a
-30-70-30 nm spacing between the globular domains (Furthmayr et a l, 1983) (von der
et a l, 1984). The likely origin of antiparallel dimer formation was suggested by
sequence analysis of the triple helical region of type VI collagen (Knupp et a l, 2000).
Collagen VI is ubiquitous and has a close relationship with ECM glycoproteins such as
proteoglycans, GAGS, hyaluran, fibronectin and fibrillin containing microfibrils.
It is glycosylated and rich in cysteine residues, which participate in disulphide bonding
and stabilisation. Therefore it is a very stable molecule and resistant to pepsin and
collagenases, such as MMP 1,2,3,9.

1.8,2.1 Function
Collagen VPs role is to anchor large interstitial structures such as nerves blood vessels
and collagen fibrils into the surrounding connective tissue. It anchors endothelial BM by
interacting with collagen type FV. Collagen type VI has been demonstrated on the outer
aspect of the choriocapillaris, possibly indicating a role in anchoring the choriocapillaris
to the larger choroidal vessels (Marshall et a l, 1994).

58

Chapter One- Introduction
1.9 Evolution of this proiect
This chapter has aimed to present the current understanding of the pathogenesis of
AMD and to highlight the areas of confusion that exists in the current literature. This
project was instigated with a view to clarifying the importance of sub-RPE deposits and
assessment of their relation to disease and ageing.
In order to explain the significance of sub-RPE deposits, a large number of donor eyes,
based in a library at the Centre for macular degeneration in the University of Iowa, were
examined ultrastructurally and characterised.
In section 1.4.1 the proposal that RPE metabolism and eventual malfunction may lead to
AMD was discussed. This suggestion, and the additional observation of sub-RPE
deposits being present in conditions other than AMD, where high protein load might be
expected to be present, led to the hypothesis that the protein degradation pathways of
the RPE may somehow be affected in AMD. Our first approach evolved from the
observation that sub-RPE deposits are seen in long-standing exudative retinal
detachment, where the RPE cells are bathed in serum-rich fluid (Damato and Foulds,
1990; Ulbig et al., 1993). Sub-retinal fluid is known to contain approximately 16gl'^
total protein that is predominantly albumin and immunoglobulin (Berrod et al., 1993).
Furthermore, sub-RPE deposits are seen following retinal degenerations (Kuntz et al.,
1996), including Sorsbys Fundus dystrophy, Doyne’s honeycomb and Malattia
leventinese dystrophies. Finally, we have observed similar sub-RPE deposits in a young
donor eye with extensive retinal destruction due to toxoplasmosis infection; (Luthert;
unpublished observations). In order to test the hypothesis that a high protein load or
‘degenerate’ retina might provoke sub-RPE deposit formation, an in vitro model was
established.
The second set of in vitro experiments arose from section 1.4.3 where ECM turnover
abnormalities have been postulated to be important in AMD pathogenesis. The
hypothesis that matrix deposition in the in vitro model could be modified by the
addition of an MMP and TNF was tested.
The following represents diagrammatically the various interactions discussed in this
thesis and demonstrates the points at which a number of hypotheses were tested.
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Figure 1.12 Summary diagram of the interactions studied in this project

EXPERIMENTAL STRESS

GENETIC

Eg) protein load
In vivo

In vitro

RPE
Cytokines
V

Sub RPE deposits

AMD

MMPs/ TIMPs

Ageing

Figure showing, the R PE ’s central role in AMD pathogenesis, w hich led to the creation o f an in vitro
model o f sub-RPE deposits. This diagram also shows the tw o hypotheses tested in this thesis, firstly o f
increasing phagocytic challenge to the RPE in the form o f phagocytic load and secondly attem pting to
alter the ECM balance (red arrows). The green arrows are to dem onstrate the im portance o f sub-RPE
deposits in ageing and disease as assessed in the in vivo section o f this thesis.
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Aims and Objectives

AIMS
To investigate the pathogenesis and significance of sub-RPE deposits in ageing and agerelated macular degeneration

OBJECTIVES
1. To test the hypothesis that age-related thickening of Bruch’s membrane
differentially affects different layers of Bruch’s membrane, and that the
macula is more severely affected than the periphery
2. To test the hypothesis that sub-RPE deposits are more abundant in patients
with AMD than in age-matched controls
3. To test the hypothesis that focal sub-RPE deposits that form following other
conditions than ageing and AMD are the same as those seen in ageing and
AMD
4. To establish an in vitro RPE model in which to explore the pathogenesis of
sub-RPE deposits by;
/.

Investigating whether increasing the phagocytic load, in the form of PCS,
albumin or retinal homogenate promotes sub-RPE deposit formation in
vitro

a.

Determining whether the pro-inflammatory cytokine tumour necrosis
factor alpha (TNFa) and the metalloproteinase 2 (MMP2) modulate the
formation of sub-RPE deposits in vitro
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CHAPTER TWO- MATERIALS AND METHODS
An alphabetical list of supplier’s location is found in Appendix 3

2.1 Development of a cell culture model of sub-RPE deposits
2.1.1 Cell types
2.1,L I Cell lines used
A number of RPE cell lines were initially evaluated for their suitability for generating a
model of sub-RPE deposit formation. The RPE cell lines hRPE 7 and hRPE 116 had
been derived from SV-40 large T cell transfected human RPE cells as previously
described by Kanuga et al (Kanuga et al., 2002). The spontaneously arising human
ARPE 19 cell line was obtained from ATCC (CRL-2303).

Clone hRPE 116 had

problems in surviving freezing conditions in liquid nitrogen, and in general ARPE 19
were more robust when manipulated for passage and storing and were subsequently
used for the majority of experiments. Control non-RPE cell lines; Madin-Darby Canine
kidney cells (MDCK) and GP8 (rat brain endothelium cell line) (Greenwood et al.,
1996) were also to demonstrate the species specificity of the culture.

Table 2.1 Different cell lines used in developing a model
Cell Line/clone
hRPE 7
hRPE 116
ARPE 19

Species
Human
Human
Human

Mode
transformation
SV40 large T cell
SV40 large T cell
Spontaneously

Source
Greenwood Lab.
Greenwood Lab.
ATCC

2.1,1.2 Primary cultures
Primary cultures were obtained from donor eyes from the Moorfields Eye Hospital eye
bank. The anterior segment was removed by dividing the eye through the pars plana
using a scalpel. The sensory retina and vitreous were peeled away to expose the RPE.
The posterior segment was washed in Hank’s balanced salt solution (HBSS; calcium
and magnesium free) (Gibco). Incisions were then made to allow the eyecup to flatten,
and sterile cloning rings placed on the RPE. The RPE within the cloning ring was then
treated with 0.25 % (v/v) trypsin (Sigma) for 1 hour at 37 °C. The trypsin was then
gently removed from the cloning rings and replaced with culture medium. Following
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gentle agitation and pipetting, loose RPE cells were collected and placed into flasks
with culture medium (Flood et al., 1980).

2.1.2 Aseptic technique
All work areas including the laminar flow cabinet were maintained scrupulously clean
with 70 % (v/v) industrial methylated spirit. A class II tissue culture hood was used for
all cultures.

2.1.3 Preparation of media
The hRPE 7, hRPE 116 cells and GPS endothelial cells were grown in 500 ml of HAMS
FIO media (Sigma) supplemented with 10 % (v/v) foetal calf serum (FCS; Gibco), 100
U penicillin and 100 pg streptomycin (Gibco) per ml, 2 mM L-glutamine (Gibco) and
puromycin 1 pg per ml (Gibco). The MDCK and ARPE 19 cell lines were grown in
media from a stock made from: 500 ml of D-MEM/F12 (Gibco) supplemented with 10
% (v/v) FCS, 100 U penicillin and 100 pg streptomycin and 2 mM L-glutamine.
Primary RPE cultures were grown in HAMS FIO supplemented with 10 % (v/v) FCS,
500U penicillin and 500 pg streptomycin, in a 1 in 100 dilution of 2 mM L-glutamine.

2.1.4 Sub-culture
Culture media was removed and cells washed in HBSS (calcium and magnesium free),
then 1ml of trypsin solution (for a T175 flask) was added to the cells at 37 °C and the
cells were observed frequently until they had rounded up and separated from each other
(approximately 5 minutes). The flask was then rigorously tapped to dislodge the cells
and media added to neutralise the trypsin. The cells were subsequently split in a 1:4
ratio.

2.1.5 Storage of cells
Approximately one million cells (as assessed by a haemocytometer; protocol 2.1.6)
were placed into 1 ml of freezing media (10 %v/v dimethyl sulphoxide to media;
Sigma) and placed into a -70 °C freezer enclosed in a regulated alcohol-freezing device
for 24 hours. The freezing vials were then transferred to liquid nitrogen.
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2.1.6 Counting cells
An Improved Neubauer haemocytometer (Weber) was used according to manufacturers’
instructions. Cells were placed in suspension after trypsinisation (section 2.1.4) and a
small volume in the region of 100 pi was introduced by capillary action. When
necessary viability of the cells was assessed using trypan blue dye in serum free media.
This relies on the ability of living cells to exclude stains from crossing the intact plasma
membrane.

2.1.7 Substrate variation
The above cell lines were maintained for up to 13 weeks with and without various types
of membrane inserts. Membrane inserts were used as they provide a more physiological
environment for the cells to adhere and differentiate (Chlapowski and Haynes, 1979).
Initial experiments were carried out on polyester tissue culture membrane inserts
(Costar). However, type I collagen coated membranes from ICN were adopted for the
majority of the work after comparisons were made of the sub-RPE deposits formed.
Furthermore a comparison of RPE cells was also made between manufactured inserts
and a naturally occurring membrane in the form of porcine lens capsule. These were
prepared by dissecting out the anterior or posterior lens capsule from of freshly
harvested porcine eyes (Fresh tissue supplies). Eyes had their anterior segment removed
initially with a scalpel. The iris was then carefully cut using a surgical microscope,
taking care not to rupture the lens capsule. To free the lens the zonules were then cut.
Using a pair of Ongs scissors a circumferential cut around the lens was made. With
histoacryl tissue glue (B.Braun) the capsule was attached to the plastic support from 8
well chamber slide that had been broken up into individual squares (figure 2.1).
This insert was then placed in HBSS for 48 hours to allow all surviving cells to die and
to ensure no infection had occurred during the dissection. Cells were then seeded
according to our usual protocol.
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Figure 2.1 Porcine insert formation
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Diagram m atic representation o f the technique used to produce porcine lens epithelial tissue
culture inserts.

2.1.8 Control for cell number
In order to ensure that experiments were being carried out on equal numbers of cells, the
same numbers of cells were always seeded and cell numbers were counted in all
experimental conditions. This was done so that if cell numbers changed, the potential
influence of any such change on, for instance, alteration of sub-RPE deposit formation,
could be determined.
Cells were counted following initial fixation with 3.7 % (v/v) formaldehyde (Sigma) at
a volume of 500 pi in each well of a 24 well plate for 20 minutes and then treated with
500 pi of 0.1 % triton X-100 (Sigma) for 15 minutes. Propidium iodide (50pg per ml;
Sigma) in 10 ml of phosphate buffered saline (PBS) (one tablet (Oxoid) in lOOmls of
double distilled H20 for IxPBS) was then used for counterstaining the nuclei. This
solution was added at 500 pi per well for 5 minutes and the cells were subsequently
washed in PBS.

Cells were counted on an Olympus CK40 microscope with the

Olympus U-RFLT50 burner with a x40 objective magnification and with the diaphragm
open fully for transmitted light and the UV filter closed to the minimum. Random views
were selected three times and counted; only whole nuclei in each view were counted.
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2.1.9 Control for cell morphology
Using an inverted Leica DM IRB photomicroscope, RPE cell morphology was assessed
by microscopy at; 24 hours, 4 days, 1 week, 2 weeks, 3 weeks, 5 weeks, 7 weeks and 11
weeks post seeding. Any abnormalities such as changes in shape and degree of
confluence were assessed. Experiments were only carried out if no abnormalities, for
example in the form of infections, were detected.

2.1.10 Resistance measurements
Transepithelial monolayer resistance measurements were carried out to assess the
integrity and differentiation of the monolayer of cultured cells with regards tight
junction formation. These experiments were carried out in a laminar flow cabinet using
World precision Instruments EVOM-G Model ohmmeter.
The electrodes were sterilised in 70% alcohol, the cells and instrument were then
washed with HBSS and background resistance across the membrane was recorded in the
absence of cells. The insert, with cultured cells, was then placed into the recorder
chamber according to the manufacturers instructions. Actual resistance measurement
was calculated by subtracting the background reading from this reading.

2.1.11 Phagocytosis assays
Native RPE cells have phagocytic capabilities; in order to assess this capability in the
cultured cell, fluorescent microsphere beads, 0.2 pm diameter (Molecular Probes) were
added to the media at a concentration of 3 x 10^ beads per cell for 24 hours. Cells were
washed thoroughly prior to visualisation with a Leica DM IRB fluorescent microscope
in order to remove beads that had not been phagocytosed. All remaining ingested beads
were then visualised using 13 (Blue) and N2.1 (Green) Ploem filter cubes (Leica) and
photographed.

2.1.12 Lipofuscin accumulation as assessmed by autofluorescence measurements
The lipofuscin content of cells was measured indirectly by measuring autofluorescence
using a Leica DM IRB inverted microscope, at x20 magnification on cells grown in 24
well plates. One dark field (background) photograph was taken of each well in addition
to the bright field photograph. Data was analysed using AQM 2001 software from
Kinetic Imaging Ltd by subtracting the background autofluorescence measurement from
the actual image. Prior to each assay the equipment was calibration with a known
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standard (orange standard-474256 Leica) to allow comparisons with different
experiments.

2.1.13 Assessment of supernatant and ECM for TIMP 3
2.1.13.1 SDS-PA GE / Western blot analysis
Western blot analysis was used in order to assess the production and or secretion of
TIMP 3 by RPE cells. Glass plates, plastic spacers and combs for the BioRad Mini
Protean II were cleaned with weak detergent solution and dried.

The plates were

assembled according to manufacturer instructions; and the equipment checked for
leakage by pouring ethanol between the plates.
Ten ml of 12 % (v/v) resolving gel and 5 ml of 4 % (v/v) stacking gel were prepared.
When the resolving gel was set, the stacking gel was poured to fill the remainder of the
volume and a comb was inserted to form wells at the top of the gel. When the stacking
gel had set, the combs were removed and the wells rinsed with electrophoresis buffer.
The electrophoresis apparatus was then assembled in the tank with buffer between the
two gel assemblies and sufficient electrophoresis buffer in the tank to just cover the
bottom of the gels.
Samples consisted of supernatant and ECM. Supernatant consisted of the overlying
media from the cultures and was used both, with and without prior concentration (10
pi). Concentration of the supernatant was achieved by using Centricon 100
microconcentrators (Amicon), according to manufacturers instruction and centrifuged at
5000 rpm at 4 °C for 40 minutes. ECM preparation involved removing the cells with
EOT A (see section 2.6.1). The ECM was washed initially with HBSS and then with
deionised water. Laemmli buffer (1 ml) (2 %(w/v) SDS, 10 % (v/v) glycerol, 0.05 M
tris pH 6.8) was placed on the ECM for 5 minutes and a rubber ‘policeman’ was then
used to scrape the ECM from the culture vessel. Both the ECM and the supernatant
were stored at -20°C prior to analysis.
When required each sample to be tested was thawed on ice, SDS loading buffer (5 pi)
was added (100 mM Tris-HCL, pH 6.8; 4 % (w/v) SDS; 20 % (v/v) glycerol; 5 % (v/v)
2-mercaptoethanol; 0.2 % (w/v) bromophenol blue), arid the mixture heated to 95 °C for
5 minutes. Prior to loading appropriate and equal volumes were placed on ice for 5
minutes ,then loaded onto the gel. One well was loaded with pre-stained molecular
weight markers. Positive human TIMP 3 control (Chemicon) was loaded in the
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adjacent well. Electrophoresis (25 mM Tris; 250mM glycine; 0.1 % (w/v) SDS) was
carried out at 70 volts for at least one hour, or until the markers (8.5- 213 kDa) had
resolved.

2.1.13.2 Coomassie Blue staining o f polyacrylamide Gels
In early experiments, Coomassie blue staining was used to check if the protein
extraction method was working efficiently. After electrophoresis, the gel was placed in
Coomassie stain (45 % (v/v) methanol; 10 % (v/v) glacial acetic acid; 0.15 % (w/v)
Coomassie brilliant blue R-250) for one hour, then washed on a shaker in several
volumes of destain solution (40 % (v/v) methanol; 10 % (v/v) glacial acetic acid; 50 %
(v/v) water) for up to 12 hours. This process stained protein bands dark blue.

2.1.13.3 Western blot analysis
After electrophoresis, the gel was removed from between the glass plates and a Bio-Rad
semi-dry blotter was used to transfer the separated proteins to a cellulose nitrate
membrane (Protran BA 85). Transfer buffer consisted of: 192mM glycine; 25mM Tris
pH 11.0; 20 % (v/v) methanol. The gel was sandwiched between filter paper and the
membrane. The current was limited to 0.4 amps per gel and run at 15 volts for 15
minutes. After transfer, the membranes were used for immunodetection. Membranes
for immunodetection were first blocked with 3 % (w/v) bovine serum albumin (BSA) in
PBS containing 1 % (v/v) Tween 20 (PBST) for 60 minutes on a shaker at room
temperature or at 4 °C overnight. Then the membranes were incubated with the primary
antibody mouse anti-human TIMP 3 (Chemicon) in PBST/ BSA at an optimised
concentration of 1 in 1000 for 60 minutes on a shaker at room temperature or at 4 °C
overnight. The membranes were then washed 3 times with at least 100 ml of PBST for
5 minutes in each wash. Finally the membranes were incubated with 1 in 8000 dilution
of antimouse IgG whole molecule peroxidase conjugate antibody (Sigma) for 60
minutes. Prior to detection the membranes were washed again 3 times for 5 minutes.
Detection was by Enhanced chemiluminescence (ECL+ kit; Pharmacia). Exposure to
X-ray film from Kodak for various time periods allowed for definition of the bands.
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2.2 Protein overloading experiments
2.2.1 FCS and albumin experiments
In order to assess the effect of FCS and albumin on the sub-RPE deposits, cells were
incubated with 3 % (v/v), 10 % (v/v) or 20 % (v/v) FCS or with BSA (0.42gm in 100ml
of 10% (v/v) FCS; (Sigma).
The amount of albumin used was derived from figures produced by Gibco BRL,
manufacturers of our FCS. They stated that there is approximately 4- 4.3 gms/100 mis
o f total protein in FCS. Therefore cells fed 20 % (v/v) FCS media had 0.42 gm of
additional protein in comparison to those fed 10 % (v/v) FCS. To allow changes
produced in cells fed 20 % (v/v) FCS to be attributed to protein, the same increased
amount was used with the albumin supplementation.
Media was collected from below and above the membrane tissue culture insert after 3
days, or just from above if grown directly on tissue culture wells, from the last feed and
stored.

The insert/ well was then fixed in tannic acid and processed for electron

microscopy as described below.

2.2.2 Retinal homogenate experiments
Porcine retina was dissected fresh on the day of slaughter from whole eyes. The anterior
segment was removed, the vitreous peeled and the whole retina removed and snapfrozen in penicillin -streptomycin solution, which was stored at -70 °C.

The final

concentration used was one retina per 20 ml of media. When needed, homogenisation
was carried out by harsh pipetting using a 10ml disposable pipette (Falcon). This
mixture was added to the RPE cells for five days prior to analysis.

2.2.1.1 Adhesive properties o f RPE cells
In order to assess if the addition of retinal homogenate to cultures altered the attachment
of the RPE cells to the substrate, an assay was developed to assess the ability of cells to
resist trypsinisation. Initially it was found that merely counting the cells in a
haemocytometer after trypsinisation resulted in large errors between the same samples,
possibly as a result of clumping of cells. Therefore the end point was quantified by
lysing the cells and measuring the total amount of protein left in the solution, as an
indirect method o f counting cell numbers detached at each time point in trypsin.
Cells were initially washed twice with HBSS for 5 minutes. Trypsin-EDTA solution
(500pl) was then added in each well of a 24-well tray, for various time periods. The
69

Chapter Two- Materials and methods
cells were then washed with HBSS twice in a consistent but careful manner, in order not
to physically remove the cells. The cells were then lysed in double distilled water for 1
hour and the total amount of protein assessed according to manufacturers instructions
using a EGA kit (Pierce). Each experiment was carried out in duplicate and on two
separate occasions.
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2.3 Manipulation of sub-RPE deposit formation
2.3.1 Effect of TNFa and MMP 2 on sub-RPE deposits
Cytokines TNFa and MMP 2 (R&D Systems) were each added at two concentrations.
Initially cells were prepared in serum free media for 48 hours. Then TNFa was added at
a concentration of 10 ng/ml or 40ng/ml and MMP2 at Ing/ml or 70ng/ml to RPE cells
grown on membranes for 48 hours in serum free media. The MMP2 doses were derived
from values quoted by Turck et al (Turck et al., 1996) using glomerular mesangial cells,
whilst the doses of TNF a were according to a personal communication from Dr. A
Limb, from her work on RPE cells at the Institute of Ophthalmology.
Studies were carried out after 5, 7 and 11 weeks of RPE culture. These times were
chosen as they were previously assessed to be appropriate times as cultures were found
to be confluent, stable and differentiated (section 2.1.8).

2.3.2 MMP 2 and 9 production by RPE cells
Gelatin zymography was used to measure the amount of MMP 2 and 9 in RPE cell
supernatants. Supernatant media from the cultured cells was removed and concentrated
two fold using Centricon 100 microconcentrators, according to the manufacturers’
instructions. Equal volumes of sample were denatured with an equal volume (15 ml) of
dissociating buffer (125 mmol/L Tris-HCl, pH 6.8, 20 % (v/v) glycerol, 4 % (w/v)
sodium dodecyl sulfate, 0.005 % (v/v) bromophenol blue; Novex, R&D Systems Ltd.)
for 10 minutes at room temperature. Equal loading was ensured by prior analysis for
total protein content using BCA protein quantitation kit. The samples were then run on a
10 % (v/v) Tris-glycine polyacrylamide gel (Novex, R&D Systems Ltd.) containing 0.1
% (w/v) gelatin for 90 minutes with constant 125 V voltage and 40 mA current, within
running buffer (25 mmol/L Tris base, 192 mmol/L glycine, 0.1 % (w/v) sodium dodecyl
sulfate, pH 8.3; Novex, R&D Systems Ltd.). Prestained molecular weight markers (MW
7.2 to 208 kDa; Bio-Rad) were also run with the samples. The gels were then placed in
renaturing buffer with gentle agitation for 30 minutes. The renaturing buffer was
removed and replaced with developing buffer (2.5 % (v/v) Triton X-100; Novex, R&D
Systems Ltd.) for 30 minutes, which was then replaced with fresh developing buffer and
incubated overnight at 37 °C. The gel was then stained with 0.5 % (w/v) Coomassie
blue (Bio-Rad) in 45 % (v/v) methanol, 45 % (v/v) distilled water, 5 % (v/v) glacial
acetic acid for 2 hours. The gel was destained in 45 % (v/v) methanol, 45 % (v/v)
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distilled water, 5 % (v/v) glacial acetic acid to visualize the clear bands of protease
activity against the blue background. The gel was dried and photographed with a
Polaroid camera (Kodak).
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2.4 Assessment of RPE cells and ECM

2.4.1 Immunocytochemistry
Immunohistochemical analysis of cells grown on membrane inserts, was hampered by
loss of the cell monolayer during processing. With a view to solving this problem a
variety of alternative fixation methods were used. These were: ice-cold methanol for 20
minutes, 3.7 % (v/v) formaldehyde 10 minutes and finally 2.5 % (v/v) glutaraldehyde
for 2 hours. In addition other supports such as cucumber, liver or agar were placed as
cushions on either side of the membrane and used with paraffin sections. These also
failed to maintain the integrity of the cell monolayer. Whole membranes were also used
for confocal imaging, again, with little preservation of cell morphology. Finally plastic
embedding was attempted. Tissue was fixed as described above, the membrane inserts
were then washed in PBS and placed in 6.8 %(w/v) sucrose over night at 4 ®C, prior to
dehydration in 100 % (v/v) acetone for 1 hour. Plastic infiltration was achieved by
placing the membrane in a 50/50 mixture of 100 %(v/v) ethanol and infiltrating solution
for 2 hours, then in 100 %(v/v) infiltrating solution over night at 4°C. The infiltrating
solution consisted of 100 ml o f base liquid Technovit 8100 with 0.6 gm hardener.
Finally embedding was carried out in 15 ml of infiltrating solution plus 1ml of hardener
(solution 2) at 4 °C and used within 5 minutes. Embedding medium was placed in a
mould and then hermetically sealed and placed in the freezer overnight. Section were
cut at 5-10 pm using a glass knife, spread on water and dried onto glass for 2 hours at
37 °C. Plastic embedding was successful in maintaining morphology but only when
used with glutaraldehyde, as the fixative. However this combination did not maintain
antigenicity.
In summary therefore, if fixation was improved antigenicity was lost and if antigenicity
was improved by reducing fixation, then morphology became inadequate. Therefore,
further attempts at assessment of the ECM were carried out on cells grown on 8 well
chamber slides.
The following array of antibodies listed in tables 2.2 and 2.3 were used. All the
antibodies were against human antigens. Negative controls were performed using
normal non-immune rabbit or mouse serum (Dako X0936 and X0931 respectively) at
the same protein concentration as the appropriate primary antibody. Positive controls
were histological sections fixed in formalin. Final dilutions used (tables 2.2 and 2.3)
were derived from serial dilution experiments for each antibody.
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Assessment was made on both the cells and the ECM. RPE cells were grown on glass 8
well chamber slides, as plastic slides were found to distort, after they were compared to
plastic chamber slides to ensure that there was no difference in the amount of sub-RPE
deposits formed. The media was taken off, and where ECM was assessed the cells were
removed with EOT A according to section 2.6.1. Ice-cold methanol was used to fix the
cells and the ECM for 20 minutes. Three washes of one minute each were carried out
before blocking with a mixture of 3 % (v/v) BSA and 10 % (v/v) goat serum for 40
minutes. The primary antibody, in blocking solution was then placed on the cells for 1
hour or overnight at 4 °C followed by three washes, each for 1 minute. Secondary CY3
bound antibody in blocking solution was used at 1 in 200 concentration for 1 hour.
After 3 further washes nuclear counter staining was carried out when required with
either 4% 6-diamidino-2phenlndole (DAPI) (Sigma) media or with propidium iodide.
Finally after mounting the glass cover slips in non-fluorescent mounting media (Dako),
the slide was sealed with clear nail polish. Three separate experiments were carried out,
each with 2-4 separate wells.
Photography was carried out according to the details in section 2.1.12, using a
standardised and validated fluorescence measurement microscope and camera. The
ECM (but not the cellular) fluorescence was quantitatively compared to the negative
controls. This was carried out in the steps described below:
1. Statistical analysis of three negative controls from three experiments using
ANOVA showed no significant difference in the three experiments and between
species of primary antibody used and no interaction between these two, p =
0.569, p = 0.209 respectively (n =10). The primary antibodies were either raised
in rabbit or mouse species.
2. As there was no significant difference between the controls these data were
amalgamated and the mean control fluorescence value was calculated (44.76
fluorescent units).
3. The percentage of the mean value was calculated for each antigen.
4. Any values above or below two standard deviation of the controls (44.76 ±
12.20) were taken to be significant.
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Table 2.2 Antibodies used to assess the ECM of the model
Antigen

Raised in

Dilution

Supplier

Amyloid P

Rabbit

1:200

Dako

HLADR

Mouse

1:150

Dako

Fibronectin

Rabbit

1:200

Dako

TEMP 3

Rabbit

1:200

Sigma

IgG gamma

Rabbit

1:500

Dako

Compliment (C3c)

Rabbit

1:200

Dako

Elastin

Mouse

1:100

NovoCastra

Collagen IV

Mouse

1:200

Dako

Collagen VI

Mouse

1:200

Chemicon

Apolipoprotein E

Rabbit

1:200

Dako

Ubiquitin

Rabbit

1:150

Dako

Vitronectin

Mouse

1:200

ICN

Antibodies used for ECM immunocytochemistry on 8 w ell glass chamber slides

Table 2.3 Antibodies used for cellular assessment
Antigen

Raised in

Dilution

Supplier

Amyloid P

Rabbit

1:200

Dako

ZOl

Rabbit

1:100

Zymed

HLADR

Mouse

1:150

Dako

TEMP3

Rabbit

1:200

Sigma

IgG

Rabbit

1:500

Dako

Compliment (C3c)

Rabbit

1:200

Dako

Elastin

Mouse

1:100

NovoCastra

Collagen IV

Mouse

1:200

Dako

Collagen VI

Mouse

1:200

Chemicon

Apolipoprotein E

Rabbit

1:200

Dako

Ubiquitin

Rabbit

1:150

Dako

Vitronectin

Mouse

1:200

ICN

Antibodies used for cellular immunocytochemistry on 8 w ell glass chamber slides

75

Chapter Two- Materials and methods

2.4.2 Electron microscopy
Following initial tissue processing for the studies, all subsequent EM processing after
fixation was carried out by the EM unit staff of the Institute of Ophthalmology, to the
stage o f grid staining. Initially a comparison was made between fixation techniques.

2.4.1.1 Karnovsky fixation
Standard one half strength Karnovsky fixative was used comprising of 3 % (w/v)
glutaraldehyde (Agar scientific Ltd.) and I % (v/v) paraformaldehyde (Agar Scientific
Ltd.), buffered to pH 6.9 with 70 mM sodium cacodylate-HCl (Agar Scientific Ltd.).
After 1-12 hours the cells are washed three times with PBS, osmicated for I hour with 1
% (v/v) aqueous solution of osmium tetroxide (Agar Scientific Ltd.) and dehydrated
through ascending alcohols (50-100 % (v/v), 10 minutes per step). After four changes
of 100 % ethanol wells containing the cells were filled with Araldite (Agar Scientific
Ltd.), which was cured overnight at 60 °C. Semithin and ultrathin sections were cut
using a Leica ultracut S microtome fitted with a diamond knife. Following sequential
contrasting with 1 % (w/v) uranyl acetate (Agar Scientific Ltd.) and lead citrate (Agar
Scientific Ltd.) thin sections were viewed and photographed at x 10,000 using a JEOL
1010 TEM operating at 80 kV. Negatives were developed on Kodak paper electron
microscopy film 4489 (8.3 x 10.2 cm) and printed on Ilford multigrade paper (10 x 8
inches). The images used in this thesis were produced using a Minolta Dimage negative
scaimer at 2400-4800 dpi.

2.4.1.2 Tannic acid fixation
Tannic acid fixation involved fixation with 2.5 % (w/v) glutaraldehyde and 0.5 % (w/v)
tannic acid (Sigma), buffered to pH 6.9 with 70 mM sodium cacodylate-HCl. After 112 hours the cells are washed three times with PBS, osmicated for 1 hour with 1 % (v/v)
aqueous solution of osmium tetroxide and dehydrated through ascending alcohols (50100 % (v/v), 10 minutes per step). Further processing was as for Karnovsky fixation
method.

2.4.1.3 3D analysis o f banded sub-RPE deposits
Analysis of EM grids was carried out using a JOEL 1200 EX transmission electron
microscope based at Imperial College and carried out in collaboration with Dr Knupp.
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Numerous images were taken at a calibrated magnification of 15,000 or 20,000. The
micrographs were digitised with a Leaf-scanner 45 at 20 pm per pixel and analysed on a
Compaq XP 1000 workstation and using software developed in house at Imperial
College.
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2.5 Quantification of m icrographs

A brief introduction will be given to the techniques used in this study to quantify subRPE deposits from electron micrographs. A variety of techniques were used from direct
measurement to stereological approaches.

2.5.1 Thickness measurements of sub-RPE deposits
Mean thickness of sub-RPE deposit was assessed directly on photomicrographs using a
systematic randomised-sampling scheme, with 5 thickness measurements per
micrograph. Initially a die was tossed. The number shown was used, in centimetres to
be the point from the micrographs label where the first thickness measurement would be
taken. The remainder of the micrograph was measured and divided into four to generate
the other sites for thickness measurements. Five readings were taken using an eyepiece
graticule (Peak), and the average calculated, (figure 1.12).
Examples of direct measurements include: the quantification of RPE cell basement
membrane thickness using an eye piece graticule in chapter 3 or in chapter 4 where
mean thickness of sub-RPE deposit was assessed directly on photomicrographs using a
systematic randomised-sampling scheme (figure 1.12).

2.5.2 Analysis of sub-RPE deposits using point counting technique
Stereology is a set of simple and efficient methods for quantification of threedimensional microscopic structures, which is specifically tuned to provide reliable data
from sections. It is a precise tool for obtaining quantitative information, both efficiently
and without bias. Bias is defined as ‘without systematic deviation from the true value’
and efficiency as ‘with a low variability after spending a moderate amount of
time’(Gundersen et al., 1988). In chapter 3 the area of BLamD was quantified by
measuring the boundaries of the deposits seen, using computer software, however this
technique is notorious for introducing observer bias and being inefficient. This bias
arose when the observer would draw around the area of interest, either within or just
outside the actual area. Point counting was developed with a view to reducing this bias
and inefficiency. In this study, point counting involved estimation of sub-RPE deposit
area with a 5x 5 mm grid.

With a view to ensuring that counting was consistent,

different observers would count the same micrographs (figure 1.12). Point counting
involved estimation of sub-RPE deposit area with a 5 x 5 mm grid. With a view to
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ensuring that counting was consistent, different observers would counted the same
micrographs (one post-doctoral research worker and the other myself) (figure 1.12).
In order that direct comparisons could be made between these observers it was felt that
it would be simpler if the grid used for the counting were placed on the micrograph in a
fixed and non-random manner. Randomness was thought to be sufficiently introduced
in the processing, sectioning and photography itself. This was confirmed by analysing
63 random micrographs. Wherever the label on each micrograph was, it was placed at
the bottom. The angle the membrane made to the label, through the cell (if possible)
was measured. This was assessed for ‘randomness’ using a Chi square test. All
subsequent counts were using a fixed grid.

Figure

2.2

Schematic

representation

of

point

counting

and

thickness

measurements
5 x 5 mm grid

ÏPE CE
Thickness measurem ent

Point counting

Tissue culture plastic or insert boundary
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The deposits or morphological features of interest were classified into 6 categories;

Table 2.4 Morphological classification of sub-RPE deposits features formed in vitro
Deposit/ feature
Condensed deposit

Fibrillar deposit
Banded deposit
Membranous deposit
Space / no deposit

Undefined

Description
Dense granular or closely-knit fibrillar
material with no space component and
being mostly electron dense.
The most frequently found deposit
composed mainly of fibrillar material.
Fibrillar material with banding pattern
(approx. lOOnm periodicity).
Bilayered membrane-like circular or oval
deposits.
Areas of absent deposit between the cell
basement membrane and the membrane
or plastic support.
Points falling on unclassifiable or
ambiguous areas.

2.5.2.1 Conversion o f point counting to thickness o f deposits
The relative contribution of different components of the sub-RPE deposits and the
ultrastructure of the cells were studied. The area fractions of condensed, fibrillar, space
membranous, banded, undefined material were estimated. Taking area estimates and
dividing by the length of sub-RPE sampled, enabled us to calculate an estimate of
equivalent deposit thickness (figure 2.2). The total amount of deposit formed was
calculated according to the following calculation:
Total deposit = fibrillar deposit+ condensed+ banded + membranous

Figure 2.3 Concept of equivalent thickness

A)

B)

Area shaded in A) as calculated by point counting is equivalent to the area shaded in B)
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Conversion of the number of points counted to nanometres thickness was using the
following calculation:
On each printed micrograph, 12.5 mm = 500 nm
1 mm = 40 nm
1 point = (5 mm)^ = (200) nm^
1 point = 25 mm^ = 40000 nm^
So if); = number of points landing on deposit of interest
Area deposit =y *40000 nm^
Each length of RPE (x) was measured in centimetres,
Therefore length of RPE = jc*400 nm
Thickness (nm)

*40000/% *400 = 100* y /x

2.5.3 Banding periodicity measurements
Banding periodicity was measured as described in figure 2.3. Diameters of fibrils were
measured using a hand held graticule over the micrographs with direct comparison with
the scale bars printed on the micrographs. At times the banding pattern could be
indistinct, in these circumstances the angle of the specimen could be rotated within the
microscope specimen holder in an attempt to enhance any banding.

Figure 2.4 Schematic representation of banding pattern periodicity measurements

Periodicity

2.5.4 Statistical analysis
Multiple variables were assessed using a fixed effect analysis of variance (ANOVA)(S
plus 4.5 statistical software). Any significance determined was further explored using a
Student’s t-test or the Kruskal-Wallis test. Normality was assessed by the F-test and by
QQ plots.

2.5.5 Intraobservational and interobservationa! variability
Intraobservational and interobservational variability between counts were compared
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using the recommended technique by Bland and Altman (Bland and Altman, 1986).
This uses a graphical technique and simple calculations as opposed to using a
correlation coefficient. Graphically plotting the difference between the two readings
against their means, allowed the demonstration of any possible relationship between the
measurement error and the true value. The expectation is that any differences are likely
to lie between ±2 standard deviations (SD), and are likely to follow a normal
distribution because the variation between subjects has been removed and only the
measurement error remains. The measurements themselves do not have to follow a
normal distribution, and often they will not. Provided the differences vrithin ±2 SD are
not ‘material to the conclusions to be drawn’ one can therefore assume inter and
intraobserver variability are acceptable.
Intraobserver variability was assessed on 11 randomly selected micrographs using the
‘total’ deposit category, by counting the same micrographs by the same observer twice.
Differences between two different observers were also assessed on all the membrane
insert experiment micrographs. Any discrepancy was re-examined by both observers
and the areas of discrepancy discovered. These tended to be in micrographs where the
area of deposit was irregularly shaped and where the junction between the deposit and
the membrane insert could not be distinguished clearly (figure 2.5). Subsequently
changes were instigated in which potential problems in point counting were defined and
rules instigated in the measurement protocol to overcome such future discrepancies.
These changes included: measuring the length of RPE analysed at higher resolution,
identifying micrographs where potential discrepancies might arise in assessing the area
of sub-RPE deposit, and then analysing these images by at least two observers (figure
2.5)
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Figure 2.4 An example of a micrograph which needed careful
analysis

Micrograph show ing a large and distorted sub-RPE area which can lead to
discrepancies between observers w hen quantification w as carried out.
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2.6 Development of a protein assay to assess sub-RPE deposits
In an attempt to replace the rather time consuming and expensive method of electron
microscopy for assessing sub-RPE deposits, the sub-RPE deposit load was measured
directly using a protein assay. Various strategies were tested to obtain the best method.
This involved initial removal of cells and then quantification of the protein remaining.

2.6.1 Cell removal for protein quantification and ECM analysis
The following series of techniques were used to assess the best method for cell removal
whilst leaving the ECM intact.
1. Ice cold citric saline (132 mM KCL, 17 mM sodium citrate, p.H 7.6) for 15
minutes.
2. 5 mM Ethylene glycol-bis (P-aminoethyl ether)-N,N,N’,N’-tetraacetic acid
(EOTA) (Sigma) at 37 °C for 15 minutes
3. Triton X (Sigma)O.I %(v/v) and 0.2 %(v/v) for 15 minutes at 37 °C for 15
minutes
4. Trypsin xl for 20 minutes at 37 °C
5. IGEPAL CA-630 (Sigma) 1 %(v/v) and 2 %(v/v) for 15 minutes at 37 °C

EGTA was found to be most effective in removing cells without the potential cleavage
and loss of proteins from the ECM, as was seen with the use of trypsin. Therefore
EGTA was used for all subsequent experiments.

2.6.2 Protein quantification
A variety of ready-made protein quantification kits were used including the BCA and
nano-orange kits. However the most appropriate was found to be the CBQCA kit
(Molecular Probes), in terms of the protein range detected by the kit (10 ng-150 pg).
The protocol finally used in all experiments was as follows:
All cells were removed using 5 mM EGTA at 37 °C for 15 minutes, or longer if
necessary. The cells were then rinsed off with 3 gentle washes taking care not to directly
dislodge any ECM. The CBQCA with an extended BSA protein standard curve (020,000 ng) was used according to manufacturers instructions after incubation of the
ECM with the 0.1 M-borate buffer. Fluorescence was measured at 473 nm with a Y520
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filter on a 2D densitometer (FLA 3000).
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2.7 Assessment of sub-RPE deposits in ageing and AMD
Sub-retinal deposits were studied in human donor eyes of various ages, with and
without AMD, using transmission electron microscopy. Donor eyes were selected from
a repository of approximately 2800 pairs of human donor eyes (between 0- 102 years of
age) obtained from the MidAmerica Transplant Services (St Lois, MO), the Iowa Lions
Eye Bank (Iowa City, lA), The Heartland Eye Bank (Columbia, MO) and the Virginia
Eye Bank (Norfolk, VA).

Many of these donors had clinical records and fundus

photography before death. A panel of observers (at least 2), including retinal surgeons,
designated donor eyes as disease free or shovring the features of age related
maculopathy (ARM) or age-related macular degeneration (AMD). ARM was diagnosed
in the presence o f macular pigment changes and/ or macular drusen, whereas AMD was
diagnosed only in the presence of geographical atrophy or choroidal neovascularisation
and/or disciform scars. If discrepancies existed within the panel of observers the case
was re-examined, discussed and a final unanimous conclusion reached. Routine paraffin
sections were also prepared on all donors and examined where indicated. Ultrastructural
analyses was carried out on two standardised regions of all donors, namely the macula
which was defined as the area within one and a half disc diameters from the foveal
depression. The peripheral region was defined as the area immediately anterior to the
vascular arcades.
Eyes were processed for transmission electron microscopy by fixation in one-half
strength Karnovsky’s fixative within four hours of death for a minimum of 24 hours,
then transferred to 100 mM sodium cacodylate buffer pH 7.4 prior to dehydration,
embedding in epoxy resin, sectioning and electron microscopy and photography.
Random peripheral and macular micrographs of donors were photographed at x 5000
magnification and printed on multigrade paper (10 x 8 inches). The area of basal
laminar deposit (BLamD) deposition was measured and a variety of Bruch’s membrane
thickness measurements were taken and compared for ageing and disease effect. A
number of observations, referred in the literature as possible morphological features of
AMD were also noted. These included the number of RPE cell basal infoldings, RPE
cell basal vesicles, choroidopathy as witnessed by choroidal ghosts and choroidal cuffs,
calcification o f the elastic layer of Bruch’s membrane and the presence of drusen
(section 3.5.4). Finally, each micrograph was subjectively assessed as to the amount of
deposition of deposits of any type in Bruch’s membrane and an arbitrary class allocated
on the basis o f relative occupancy (defined in section 2.7.4). Each donor had 3-5
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micrographs examined from both the macula and periphery.

2.7.1 BLamD measurements
The area of BLamD was quantified using the image analysis programme “object image
1.62n 7+” (developed by N. Vischer and based on NIH image.). For the purpose of this
study, BLamD was classified into 3 types; granular, amorphous or polymerised. All
types (section 1.7.2.6.1) were measured. In addition material identical to BLamD was
seen in the remainder of Bruch’s membrane. This was termed BLamD-like material
(BLamDLM) and it was also quantified. Bruch’s membrane was divided into four
separate zones according to table 2.5 (figure 2.5).

Table 2.5 Definition of Bruch’s membrane zones used for BLamD and BLamD-like
m aterial assessment
Zone

Abbreviation

Description

RPE

RPE

Inner Bruch’s

IB

Outer Bruch’s

OB

Choriocapillaris

CC

Area between the RPE cell membrane and the RPE
basal lamina. (BLamD)
The inner collagenous layer of Bruch’s membrane
(BLamDLM)
The outer collagenous layer of Bruch’s membrane
(BLamDLM)
Area within the inter-vascular pillars (BLamDLM)
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Figure 2.6 Diagrammatic representation of Bruch’s membrane zones and
thickness measurements taken

B la m D
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RPE zon e
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WWWWWW svvs^w s

IB z o n e
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EL to R P E B M

OB zone
E L to C C B M
CC zon e

Diagrammatic representation of B ruch's membrane zones (labelled m blue)
in which BlamD deposition was assessed and thickness m easurem ents of
Bruch’s membrane taken (labelled in black)

2.7.2 Bruch’s membrane thickness measurements
Measurements were taken three times on each micrograph. All measurements taken
were in micrometres and analysed using object image 1.62n 7+ software. The following
thickness measurements were taken (see also figure 2.5).
•

The thickness of the RPE basement membrane (RPEBM) was taken directly
from the micrographs using an eyepiece graticule. 1mm on the micrograph was
equivalent to 800 nm.

•

The thickness of ‘true’ IB; this was defined as the area extending from the
middle of the elastic layer (EL) to a point on the RPE side where there was an
abrupt end of the normal collagen fibrils in Bruch’s membrane, towards the
RPE.

•

The thickness of ‘true’ OB; this was defined as the area extending from the
middle of the elastic layer (EL) to a point on the choroidal side where there was
an abrupt end of the normal collagen fibrils in Bruch’s membrane, towards the
choroid.
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•

The distance from the EL to the RPE BM

•

The distance from the EL to the choriocapillaris endothelium basement
membrane (CCBM).

The following addition dimensions were calculated from these measurements;
•

Inner fibrous collagen-free zone (IFCFZ); calculated by subtracting the EL to
RPEBM thickness measurement from the ‘true’ IB thickness. This area
corresponded to the area of BLinD deposition and was used as an indirect
measure of these deposits.

•

Outer fibrous collagen-free zone (OFCFZ); calculated by subtracting the EL to
CCBM thickness measurement from the ‘true’ OB thickness.
True Bruch’s membrane thickness; calculated by the addition of ‘true’ IB and
‘true’ OB measurements.
Total Bruch’s membrane thickness; calculated by the addition of the thickness
from the EL to the RPEBM to the thickness from the EL to the CCBM.

2.7.3 Number of basal infoldings
The number o f basal infoldings, of the RPE basement membrane was assessed by
counting the number of infoldings per length of RPE assessed. Only obvious trunks
were counted and those over drusen were omitted, as these are likely to have been
distorted by the mass effect of the drusen. A trunk was defined as a direct extension
from the basal lamina of the RPE cell. The average numbers were then presented for
each region (figure 3.10, section 1.5.1).

2.7.4 Analysis of the relative occupancy of Bruch’s membrane
A class number was allocated based on the relative occupancy of Bruch’s membrane
with various deposits on each micrograph examined (table 2.6). The class was summed
for each region o f each donor and the median calculated, thereby allocating a median
class (table 2.6)(figure 3.22).
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Table 2.6 Occupancy of Bruch’s mem brane
Occupancy

Abbreviation

Class

Description

Full

F

3

Both IB and OB zones full o f
deposits

Outer Bruch’s, inner

IBOB>h

2

IB and OB more than half full o f

Bruch’s or both
Outer Bruch’s, inner

deposits
IBOB<h

1

IB and OB less than h alf full o f

Bruch’s or both
Empty

deposits
E

0

Only normal collagen fibrils
present with no other deposit types

2.7.5 Analysis of the presence of certain morphological features on micrographs
A number of observations were made on each micrograph as to the presence or absence
of specific morphological features: Each micrograph was designated a ‘+ ’ if the
measured variable was present and

in it was not present. The number of +’s were

summed for each donor. The fraction of positive micrographs per donor was calculated
and divided into 4 groups (table 2.7).

Table 2.7 Definitions of groups allocated for presence or absence measurements
G roup
1
2
3
4

Fraction of positive micrographs
0 - 0.25
0.25 - 0.50
0.50 - 0.75
0.75- 1.00

Observation made were:
1. Basal vesicles; these were defined as small discrete intracellular vesicles found
in the basal (lower half) aspect of the RPE cell (figure 3.14, section 1.5.1).
2. Choriocapillaris ghosts; these were defined as areas where the choriocapillaris
vessels were absent giving an impression of a ‘ghost’ vessel, (figure 3.16,
section 1.1.8.1).
3. Basal linear deposits; defined as accumulation of vesicles at the junction of the
RPE BM and inner Bruch’s membrane zone, (figure 1.10, section 1.7.2.8).
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4. Choriocapillaris cuffs; defined as abnormal thickening of the choroidal vessels
basement membranes, (> 0.1mm on the micrographs)(figure 3.15, section
1. 1. 8 . 1).

5. Calcification of the elastic lamina of Bruch’s membrane; defined as electron
dense, irregular and sharply angulated thickening of the elastic lamina and/ or
collagen fibrils (figure 3.20, section 1.2.2/1.3).
6. Drusen; any type of drusen as classified according to table 1.3 was enumerated
if present, (figure 1.8, section 1.7.2.1).

2.7.6 Statistical analysis
Statistical analyses were carried out by our in-house statistician; Ms Catey Bunce, using
SPSS statistical software (SPSS Inc.)
Statistical analyses of ageing effects were carried out using the Spearman rank
correlation coefficient test. The macula was compared to the periphery using the
Wilcoxon sign rank test. Diseased groups (AMD and ARM) were compared to normal
age-matched groups using the Kruskal-Wallis test. If a significant p value was produced
from this analysis then the individual groups were in turn analysed, using the MannWhitney test, to deduce where the change lay i.e. AMD group was compared to the
ARM group and the normal aged group and the ARM group was compared to the
normal group. The data produced for the retinal pigment epithelium basement
membrane thickness (RPE BM) measurements was normal in its distribution and a
quadratic model was fitted as a linear fit was found to be inappropriate.
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2.8 Assessment of drusen constituents seen in diseased eves other than AMD
Drusen are seen in conditions other than AMD, for example ocular melanoma and end
stage phthisical eyes. With a view to comparing these non-AMD sub-RPE deposits to
those seen in AMD eyes, a series of donated eyes were selected from the archives at the
Institute of Ophthalmology, whose routine haematoxylin and eosin slide showed subRPE deposits. The following were selected in the non-AMD group:
•

five eyes with ocular melanoma, all under the age of 45 years

•

one 2 year old with retinoblastoma

•

four end stage phthisical eyes, all under the age of 45 years

These were compared to two specimens with end stage AMD, which had no other
abnormality that could not be attributed to AMD. Lastly the panel included a rare donor
eye with Sorsby’s fundus dystrophy, where extensive basal laminar-like deposits are
seen (section 1.1.8.2).
The panel of antibodies chosen were; complement component 3, ApoE, TIMP 3, IgG,
collagen type VI, S I00, ubiquitin, vitronectin, HLA DR and elastin. However, due to
the unreliability of the elastin antibody we also used histochemical stains for elastin
namely; Gomori’s aldehyde fuchsin stain for mature elastic fibres (Bancroft and
Gamble, 2002) and the Fullmer and Lillie’s oxidation step in addition to the aldehyde
fuchsin step to identify oxytalan fibres (Fullmer and Lillie, 1958), the immature
elements. The oxidation procedure was achieved by exposure to 10% caroat (potassium
peroximonosulphate) for 60 minutes.
Following exposure to a formaldehyde-based fixative, all tissue specimens were
processed through ascending concentrations of alcohol and embedded in paraffin wax.
Xylene was used to dewax the sections. Sections were cut at a microtome setting of
5 pm and mounted on amino propyl triethoxy silane (APES) coated microscope slides.
Immunohistochemistry was performed using a

standard alkaline phosphatase

streptavidin biotin complex method using immunochemicals obtained from Dako Ltd.
Primary antibodies were applied overnight at 4 °C.
All of the antigens studied required antigen retrieval, either:
•

0.1 % (w/v) trypsin in Tris buffer pH 7.8 at 37 °C for 10 minutes.

•

0.4 % (w/v) pepsin (Sigma) in 0.01 M hydrochloric acid at 37°C for 30 minutes.
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•

Citric acid buffer pH 6.0 (1 % (w/v) citric acid in distilled water), with 2% (w/v)
disodium hydrogen orthophosphate, heated in an 800-watt microwave oven on
high for 10 minutes followed by a 25-minute cooling period.

Antigen distribution was identified as the red final reaction product of Vector red
SK5100 (Vector Laboratories Ltd). The antibodies used, together with technical
information are outlined in table 2.8. Negative controls were performed using normal
non-immune rabbit and mouse serum (Dako X0936 and X0931 respectively) at the
same protein concentration as the primary antibody.
General morphology was assessed using haematoxylin and eosin stained preparations.
Sub-RPE deposits were classified into focal or diffuse. The numbers of focal deposits
per section were counted and each deposit was assessed for its staining intensity. The
amount of staining was graded into: none, weakly positive, moderately positive and
strongly positive. Diffuse deposits were likewise graded but not counted. Each section
was then allocated an overall grade of staining intensity based on the major staining
pattern seen. This major staining pattern was calculated as the mean of the different
numbers of drusen and their staining intensity. Magnifications for the Nickon Coolpix
990 camera were calibrated using a stage micrometer which gave horizontal field
dimensions as follows; at xlO (945 microns), x20 (322 microns) and x40 (186 microns).

Table 2.8 Sub-RPE deposits associated antigens sought in donor eyes
Antigen
IgG
Compliment 3
Elastin
TIMP 3
Collagen VI
Apolipoprotein
E
Ubiquitin
SlOO
HLADR
Vitronectin

Raised in
Rabbit
polyclonal
Rabbit
polyclonal
M ouse
clone B A -4
Rabbit
polyclonal
M ouse
Clone V I-26
Rabbit
polyclonal
Rabbit
polyclonal
Rabbit
polyclonal
M ouse
Clone CR3/43
M ouse

Antigen
retrieval

Dilution

^Control tissue

Supplier

Trypsin

1:4000

Tonsil

Dako

Trypsin

1:1000

Tonsil

Dako

Trypsin

1:250

Skin

NovoCastra

Heat

1:100

Carcinoma breast

Chemicon

Pepsin

1:10,000

Skin

Chemicon

Heat

1:750

N one

Dako

Heat

1:100

Brain

Dako

Trypsin

1:1200

M elanoma

Dako

Trypsin

1:500

Tonsil

Dako

Heat

1:100

N one

ICN

Antibodies used in immunohistochemistry o f donor eyes
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Results will be discussed in three chapters. The first will present studies of human donor
eyes, the second chapter will present the work from the development of an in vitro
model and the third will involve investigation of drusen composition in non-AMD eyes.

3 CHAPTER THREE- RESULTS OF IN VIVO STUDY
This chapter will present data produced from the analyses of donor eye electron
micrographs. One hundred and thirteen donor eyes were selected from a repository of
approximately 2800 pairs of human donor eyes, which were all processed in an identical
manner. There were 10 donors with geographical atrophy (GA), 25 with choroidal
neovascular membranes (CNV), 26 with age-related maculopathy (ARM), 26 normal
eyes over the age of 50 and 26 normal eyes under the age of 50. Diagnosis of disease
status o f donor eyes was made by a panel of observers (see section 2.7).
For each donor eye, 3-5 electron micrographs were available per region (macula and
periphery). Ageing effects were analysed by correlation methods and graphically
represented in three age groups, 0-30, 31-60 and 61-100 years. Disease effects were
analysed in 3 groups: AMD, ARM and normal age-matched controls (>50 years). The
macula and periphery were assessed separately.
The effect of ageing was analysed by using the Spearman rank correlation coefficient
test (SRCC). A comparison between macula and periphery was assessed using the
Wilcoxon signed rank test (WSRT). For the comparison between diseased groups and
normal age-matched groups, the Kruskal-Wallis test (KWT). Any significant value
produced with this test was reanalysed using the Mann-Whitney test (MWT), also
known as Wilcoxon rank sum test. A quadratic model was fitted to the RPEBM
thickness measurements (section 2.7.6).
Graphical representation of group data is in the form of box and whiskers plots. These
graphs show values for the median, the 1®^ and 3^^^ quartile, the minimum and maximum
observation range and any extreme outliers defined as 1.5 x the interquartile range less
than the first quartile or greater than the third quartile (figure 3.1).
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Figure 3.1 Box and whiskers plots
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3.1

Analyses of the distribution of basal lam inar deposits and BLamD-like

material within Bruch’s membrane zones
The area between the basal lamina of the RPE and the RPE basement membrane was
termed the RPE zone. Banded deposits in this zone were termed basal laminar deposits
(BLamD). The area between the RPE BM to the EL was termed IB zone, the area
between the EL and the outer part of outer Bruch’s membrane was termed OB zone and
any area from outer Bruch’s membrane to the intervascular pillars of choriocapillaris
was termed the CC zone. Banded deposits seen in these areas were termed basal laminar
deposit-like material (BLamDLM). For a detailed description of the zones see figure
2.5. The average area of BLamD/ BLamDLM per donor per region, namely macula or
periphery, in each of the four zones was measured in microns squared and divided by
the length of RPE measured and hence an equivalent thickness of the amount of deposit
produced (microns)(table 2.5).
Figure 3.2 Basal laminar deposits

%

i
BLamD w ith their characteristic double banding pattern. BLamD are deposited in the RPE zone (black
arrow), in the IB and OB zones (grey arrows) and the CC zone (white arrow) the term BLamDLM was
used for the same deposits. Bar = 500 nm.
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3.1.1 BLamD / BLamDLM distribution changes with ageing in Bruch’s membrane
The amount of BLamD in the RPE zone increased after the age of 60 years for both the
macular and peripheral regions (p< 0.001), analysis by SRCC. When present, the
distribution of BLamD was not significantly different between the macula and the
periphery in each age group studied, namely 0-30, 31-60 and 61-100 years; analyses by
WSRT.
In the macula, the BLamDLM content of the IB, OB and CC zones showed an
increasing trend with age up to approximately 60 years and then a decreasing trend from
the age o f 60 years and upward. This trend was just significant for the IB zone (p =
0.0419 and the OB zone (p = 0.008); analysis by SRCC. In the periphery, the amount of
BLamDLM remained constant. However, as a consequence of the observed increase
then decrease of macular Bruch’s membrane BLamDLM, when comparing the macula
with the periphery in the 3 age groups, all three zones showed a significant difference.
In the 31-60 age group there was more BLamDLM in the macula than the periphery: (p
= 0.004 for IB zone, p < 0.001 for OB zone and p = 0.004 for the CC group). In the 61100 age group the macula was significantly greater than that in the periphery in the OB
zone (p < 0.001) and CC zone (p < 0.001) but not in the IB zone. Finally, the macula
and periphery did not differ significantly in all three zones in the youngest age group (030 years); analyses where the macula were compared to the periphery was by WSRT.
The total amount of BLamD/ BLamDLM in Bruch’s membrane in the macula, as
calculated by the addition of the IB, OB, CC and RPE zones increased initially and then
decreased with age. This reflected the same trend seen in the IB, OB and CC zones,
however due to the influence of the RPE zone BLamD after the age of 60 the decreasing
trend seen was dampened, which produced a statistically significant ageing effect (p=
0.001); analysis by SRCC. The total amount of BLamD/ BLamDLM in the periphery
also increased significantly with age (p<0.001), analysis by SRCC, due to the increase
seen in the RPE zone. The comparison of the macula with the periphery in the three age
groups, showed a statistical significance for the 31-60 year and the 61-100 year groups,
with more BLamD/ BLamDLM being present in the macula (p < 0.001 and p =0.001
respectively; analyses by WSRT) (figure 3.3).
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Figure 3.3 Distribution of basal laminar deposits/ basal laminar
deposit-like material in ageing within Bruch’s membrane zones
Graphs depicting the amount o f BLam D/ BLamDLM in various zones o f Bruch’s membrane;
RPE, IB, OB and CC. The bottom graph is the sum o f all the zones. Virtually no donors under
the age o f 60 had BLamD in the RPE zone, this increased in the macula and the periphery
with age. In the IB, OB and CC zones macular BLamDLM rises and then decreases with
age. It is relatively stable in the periphery. The total amount o f BLam D / BLamLD in
Bruch’s membrane also rises with a subsequent fall in the macula and increases in the
periphery. For statistical analyses see table 3.1.
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3.1.2

BLamD / BLamDLM distribution changes with disease in Bruch’s
membrane

In the RPE zone, AMD eyes have more BLamD in the macula RPE zone compared to
the ARM group (p < 0.001), which in turn has a higher amount than age-matched
controls (p= 0.027); analyses by MWT. In the periphery there is no statistical significant
difference between the amounts of BLamD in the 3 groups. The macular and peripheral
regions differed significantly in the AMD group (p<0.001), with the macula burden of
BLamD being substantially higher, but not in the ARM or normal age-matched group,
analyses by WSRT.
The amount o f macular BLamDLM in the IB zone was less in the AMD group as
compared to the control group (p < 0.001). The amount of macular BLamDLM in the
ARM group was less than the control group ( p = 0.001), analyses by WSRT. The
amount of BLamDLM in the IB zone (macula) in the ARM and control groups did not
differ however. The amount of peripheral BLamDLM also differed in the AMD and
normal control groups significantly (p = 0.011), with there being more BLamDLM in
the normal control group. However, the AMD group did not differ from the ARM group
and the ARM group did not differ significantly from the normal control group. There
was no significant difference in the amount of BLamDLM between the macular and the
peripheral regions in the IB zone of AMD, ARM and normal groups, analyses by MWT.
In the macula the AMD, ARM and control groups did not differ in the OB zone,
analyses by MWT. The peripheral OB zone BLamDLM did not differ significantly
between the 3 groups. The macula differed significantly from the periphery in the
AMD, ARM and normal groups (p < 0.003, p < 0.001 and p< 0.001 respectively), with
there being fewer deposits in the periphery, analyses by WSRT.
In the CC zone, no significant difference in the amount of BLamDLM was observed
between the AMD, ARM and age-matched normal group in the macula or periphery. In
all groups the macula contained more BLamDLM than the periphery; (p= 0.001 for the
AMD group, p= 0.001 for the ARM group and p = 0.001 for the normal group),
analyses by WSRT.
A significant increase in the total amount of BLamD/ BLamDLM was detected in the
macular region in the AMD group, as compared to the ARM group and the control
group (p =0.005, p =0.008), analyses by MWT. The amount of BLamD/ BLamDLM in
the normal age-matched and ARM groups did not differ significantly in this region. The
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peripheral BLamD/ BLamDLM did not differ significantly between the 3 disease
groups, whereas that in the macular and peripheral regions differed significantly in all 3
groups; (AMD p< 0.001, ARM p= 0.035 and normal groups p= 0.001), there being less
BLamD/ BLamDLM in the peripheral region; analyses by WSRT (figure 3.4).
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Figure 3.4 Distribution of basal laminar deposits and basal laminar
deposit-like material in disease within Bruch’s membrane zones
Graphs showing the amount o f BLam D / BLamDLM in the various zones o f Bruch’s membrane;
RPE, IB, OB and CC. The bottom graph depicts the sum o f all the zones. In the RPE zone,
the amount o f macular BLam D is significantly greater in the AM D group than the ARM
and normal age-matched groups. In the IB and OB zones, AM D eyes have less BLamDLM
than the ARM and normal groups. In the CC zone little difference between the diseased
and age-matched normal groups is seen. The total amount o f BLam D / BLamDLM
in the macula is significantly greater in the AM D group. For statistical analyses see table 3.2.

102

M acu la

P e rip h e ry

AMD

ARM

N orm al

0.4
0 .3 -

0.2
0.1

5

0.0 M
AMD

g
2u
E

0.9

îc

0.5

o

0.3

c

0.1

1

0.0

0

ARM

i
N orm al

0.7

3

S

^
AMD

O"

B

=
ARM

N orm al

LU

0.8 -

0.6 0 .4 -

0.2 0 . 0-1

AMD

AMD

ARM

ARM

N orm al

N orm al
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Table 3.1 Statistical analyses of the amounts of BLamD/ BLamDLM as a function
of age and comparisons of the macula to the periphery of each zone of Bruch’s
membrane

Zone

Age
group

M acula and
periphery
comparison

Rank correlation
analyses of
BLamD (macula)

Rank correlation
analyses of
BLamD
(periphery)

RPE

0-30
31-60
61-100
0-30
31-60
61-100
0-30
31-60
61-100
0-30
31-60
61-100
0-30
31-60
61-100

p = 0.171
p = 0.623
p = 0.686
p = 0.264
p = 0.004**
p = 0.189
p = 0.550
p < 0.001***
P< 0.001***
p = 0.2876
p = 0.004**
p < 0.001***
p = 0.337
p < 0.001***
p = 0.009**

p <0.001***

p <0.001***

p = 0.419

p = 0.051

p = 0.008**

p = 0.641

p = 0.084

p = 0.118

p = 0.001**

p <0.001***

0-30
31-60
61-100

p = 0.337
p < 0.001***
p = 0.002**

p = 0.020*

p = 0.699

IB

OB

CC

Sum o f
RPE,IB, OB
and CC
zones
Sum o f IB,
OB and CC
zones

A geing effects were analysed using the Spearman-Rank correlation coefficient. A nalyses for macula and
periphery comparisons w as using W ilcoxon Sign Rank test. Significance; *= p<0.05, **p<0.01,
♦**p<0.001

104

Chapter Three- In vivo results
Table 3.2 Statistical analyses of the amounts of BLamD/ BLamDLM in the AMD,
ARM and normal groups with comparison of the macula to the periphery in each
zone of Bruch’s membrane

Z one

G roup

RPE

AM D
ARM
Normal

C om parison o f the
m acula to the
p eriphery
p <0.001***
p = 0.321
p = 0.204

IB

AM D
ARM
Normal

p = 0.342
p = 0.325
p = 0.049*

OB

AM D
ARM
Normal
AM D
ARM
Normal
AM D
ARM
Normal

p = 0.003**
p = 0.001**
p < 0.001***
p < 0.001***
p < 0.001***
p < 0.001***
p <0.001***
p = 0.035*
p = 0.001**

AM D
ARM
Normal

p <0.001***
p <0.001***
p <0.001***

CC

Sum o f
RPE,
IB, OB
and CC
zone
Sum o f
IB, OB
and CC
zone

C om parison o f A M D , A R M
and norm al age-m atched
groups in th e m acula
p < 0.001***
A M D - Normal, p < 0.001***
AM D-ARM , p <0.001***
ARM - normal, p =0.027*
p = 0.001**
A M D - Normal, p < 0.001***
AM D-ARM , p =0.404
ARM- normal, p =0.008**
p = 0.107

C om parison o f A M D , A R M
and norm al age-m atched
groups in the periphery
p = 0.170

p = 0.268

p = 0.567

p = 0.005**
A M D- Normal, p = 0.008**
AM D-ARM , p =0.005**
ARM- normal, p =0.714

p = 0.4464

p = 0.010*
AM D - Normal, p = 0.003**
AM D-ARM , p =0.650
ARM - normal, p =0.030*

p = 0.0522

p = 0.028*
A M D- Normal, p = 0.011*
AM D-ARM , p =0.670
ARM - normal, p =0.070
p = 0.171

AM D, ARM and normal age-matched groups were compared with the Kruskal-Waliis test, if significant,
individual groups were compared using the Mann- W hitney test. The macula was compared to the
periphery using the W ilcoxon Sign Rank test. Significance; *= p<0.05, **p<0.01, ***p<0.001
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3.2 Bruch’s membrane thickness measurements
A series of measurements were taken from Bruch’s membrane that included RPE
basement membrane thickness (RPE BM), inner Bruch’s membrane (IB) and outer
Bruch’s membrane (OB) thickness and the distances from the elastic layer (EL) of
Bruch’s membrane to the RPE BM and to the choriocapillaris basement membrane
(CCBM). There were three measurements per micrograph and four micrographs in the
macula and four in the periphery.

3.2.1 Retinal pigment epithelium basement membrane thickness measurements
The RPE basement membrane (RPE BM) is by definition one of the five layers of
Bruch’s membrane (Marmor and Wolfensberger, 1998). Its thickness was measured
using a hand held graticule on individual micrographs three times. The average value
was calculated for each donor in the macula and the periphery.
The data produced peaked at approximately 50 years of age and was normally
distributed (figure 3.5). It was possible to fit the following non-linear, quadratic,
regression equation to the data:
RPE BM thickness = a + b*age + c*age^ (where a, b and c are constants)
Regression analysis involves discovering the equation for a line or curve that most
nearly fits the given data. That equation is then used to predict values for the data. The
goal of regression analysis is to determine the values of the parameters that minimise
the sum of the squared residual values (R^) for the set of observations. Therefore, in this
project, wherever regression analysis is carried out this figure is quoted.
The variation in thickness of the RPE BM with age was best approximated by a non
linear quadratic model (p <0.001 for both the linear and quadratic components of the
model, in both the macula and the periphery)(figures 3.5).
The RPE BM thickness in the macula was reduced with AMD compared to both the
normal age-matched group (p = 0.017) but not with the ARM group. In the periphery
the same trend was seen, with AMD having reduced RPE BM thickness compared to
normal age-matched group (p < 0.001) and compared to ARM (p == 0.017). The ARM
and normal groups did not differ significantly the macula but did so in the periphery
(0.047); analyses by MWT.
There was no significant difference between the macula and the periphery in the three
aged and diseased groups; analyses by WSRT (figure 3.6).
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Figure 3.5 Graphs of RPE BM thickness in the macula and periphery with age
G ra p h show ing th e co rrelatio n b e tw e e n a g e a n d R P E BM th ic k n e s s in both th e
m a c u la (black s q u a re s ) a n d p e rip h e ry (p u rp le circles), e x p r e s s e d a s a q u a d ra tic
m odel. A d ju sted
(m ac u la) = 0 .4 7 1 ; R P E BM th ic k n e s s = 0 .4 0 7 + 0 .1 7 * a g e 0.001 *age2 . A d ju sted R^ (p erip h ery ) = 0.2 7 ; R P E BM th ic k n e s s = 0 .2 5 6 + 0 .2 5 * a g e
- 0.001 *age^. For sta tistica l a n a ly s is s e e ta b le 3.3.
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Figure 3.6 Graph of RPE BM thickness with disease
C o m p a riso n of th e R P E BM th ic k n e s s in AMD, ARM a n d n o rm al a g e m a tc h e d
individuals in b oth th e m a c u la a n d th e p erip h ery . N o te th e in c re a s e d th ic k n e s s of th e
R P E BM with d is e a s e . F or sta tistic a l a n a ly s is s e e ta b le 3.4.
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Table 3.3 RPE BM thickness measurements with age and comparing the macula
with the periphery
Age group

M acula and periphery
comparison (p value)

Regression term
(B*age)
Macula p< 0.001***

Regression term
(C*age")

0-30
p = 0.277
Macula p< 0.001***
Periphery p< 0.001***
Periphery p< 0.001***
31-60
p = 0.241
61-100
p = 0.404
Macula and periphery comparisons were using the W ilcoxon Sign Rank test. A lso presented are the
regression equation terms. Significance; *= p<0.05, **p<0.01, ***p<0.001

Table 3.4 Comparison of macula to periphery RPE BM thickness in AMD, ARM
and normal aged matched groups
Group

M acula and
periphery
comparisons

AM D
ARM
Normal

p = 0.770
p = 0.286
p = 0.780

Comparison o f AM D, ARM
and normal age-matched
groups in the macula
p = 0.044*
AM D-Normal (p=0.017*)
A M D-ARM (p=0.080)
ARM-Normal (p=0.589)

Comparison o f AM D, ARM
and normal age-matched
groups in the periphery
P<= 0.001***
AM D-Normal (p<0.001***)
A M D -AR M (p=0.017*)
ARM-Normal (p=0.047*)

Macula and periphery analyses w as using W ilcoxon Signed-rank test. Kruskal W allis test was used for
comparisons o f AMD, ARM and normal group. Individual group analyses w as using the Mann-W hitney
test. Significance; * = p < 0.05, **p<0.01, ***p<0.001

3.2.2 Inner Bruch’s membrane thickness
Inner Bruch’s membrane (IB) thickness was defined as the distance between the EL to
where normal inner Bruch’s membrane collagen fibres ended. This measurement
increased with age in the macula (p= 0.015) but not the periphery, analyses by SRCC.
In the 31-60 and 61-100-year groups there was a significant difference between the
macula and periphery with thickness being greater in the macula (p= 0.001 and p=
0.029 respectively). The macula and periphery did not differ significantly in the 0-30year group; analyses by WSRT, (figure 3.7).
Comparison of the AMD, ARM and normal age-matched groups showed that in the
macula AMD eyes had greater IB thickness measurements than the normal age-matched
group (p =0.001). The ARM IB thickness measurements were significantly greater than
the normal group (p=0.048) but not the AMD group. Similarly in the periphery AMD
eyes had greater IB thickness than normal eyes (p =0.016) and ARM eyes (p =0.044).
The ARM group did not differ significantly from the normal group, analyses by MWT.
The macula thickness was significantly greater than the periphery in all groups, (AMD
p< 0.001, ARM p< 0.001 and normal age-matched group p= 0.009); analyses by WSRT
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(figure 3.8).
3.2.3 Outer Bruch’s membrane thickness
Outer Bruch’s membrane (OB) thickness was defined as the distance from the EL to
where normal collagen fibres in outer Bruch’s membrane ended. The thickness of OB
increased significantly with age in the periphery (p= 0.006), but although it increased in
the macula, the increase was not statistically significant (p=0.336), analyses by SRCC.
The macula had significantly larger OB thickness than the periphery in the 0-30 age
group (p = 0.034), and in the 31-60 age group (p <0.001) but not in the eldest age group,
analyses by WSRT (figure 3.7).
In the macula the AMD group had an OB thickness which was greater than that
recorded in both the normal group (p <0.001) and the ARM group (p =0.003). In the
periphery the AMD group again had greater OB thickness measurement than both the
normal (p =0.004) and the ARM (p =0.018) groups. The OB thickness in ARM and
normal group did not differ significantly in the periphery, but was significantly different
in the macula (p =0.010); analyses by MWT. The macula and periphery differed
significantly in the AMD and ARM groups, (p< 0.001 and p=0.004 respectively), with
the macula having a greater OB thickness than the periphery. There was no significant
difference between the macula and the periphery in the normal age-matched group;
analyses by WSRT (figure 3.8).

3.2.4 Distance between the elastic lamina of Bruch’s membrane to the retinal
pigment epithelium basement membrane
The distance from the elastic layer (EL) in Bruch’s membrane to RPE BM increased
with age in both the macula (p< 0.001) and periphery (p= 0.014); analyses by SRCC.
The macula and peripheral distances differed in the 31-60 and the 61-100 year groups
(p= 0.001 and p= 0.011 respectively), whilst in the 0-30 year group there was no
significant difference; analyses by WSRT (figure 3.7).
In the macula, the AMD group was found to have a greater EL to RPE BM thickness
measurement than both the ARM group (p =0.035) and the normal group (p <0.001).
The ARM group also differed significantly from the normal group (p =0.018). In the
periphery, comparison of these parameters between the 3 groups demonstrated a
difference between the AMD and normal groups only (p =0.012). The AMD and ARM
or the ARM and control groups did not differ significantly; analyses by MWT.
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Comparison of the macula with the periphery in each group showed that the EL to RPE
BM thickness is significantly greater in all groups; (AMD p<0.001, ARM p< 0.001 and
normal groups p= 0.001); analyses by WSRT (figure 3.8).

3.2.5

Distance between the elastic lamina of Bruch’s membrane to the
choriocapillaris basement membrane

The thickness between the middle of the elastic layer of Bruch’s membrane to the
choriocapillaris endothelium basement membrane (CC BM) increased with age in both
the macula and periphery, (p< 0.001 for both); analyses by SRCC. The 0-30 and 31-60
year groups differed significantly between macula and the periphery; (p= 0.018 and p=
0.025 respectively), however the 61-100-year group did not; analyses by MSRT (figure
3.7).
The AMD, ARM and normal groups did not differ in the thickness measurements taken
between the EL to the CCBM in the macula or in the periphery. The groups all differed
significantly between the macula and the periphery, with the macula distance being
greater; (AMD p<0.001, ARM p<0.001 and normal age-matched p= 0.022); analyses
byWSRT (figure 3.8).
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Figure 3.7 Graphs of IB, OB, EL to RPEBM and EL to the CC BM
thickness in the macula and periphery with ageing
Graphs showing the four distances measured on electron micrographs o f Bruch’s membrane.
N ote the increased thickness o f IB, OB, EL to RPEBM and EL to the CC B M with age in
both the macula and the periphery. For statistical analyses see table 3.5.
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Chapter Three- In vivo results
Figure 3.8 Graphs of IB, OB, EL to RPEBM and EL to the CC BM
thickness in the macula and periphery with disease
Graphs showing the four distances measured on electron micrographs o f Bruch’s membrane.
A M D having greater IB, OB, EL to RPEBM, thickness compared to normal age-matched
group, whilst the ARM measurements occupy a middle position. The measurement taken
between the EL to CC B M showed no significant differences w ith disease. The macula
thickness was greater than the periphery in all o f the groups. For statistical analyses see table 3.6.
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Chapter Three- In vivo results
3.3 Derived paramters from Bruch’s membrane thickness measurements
From the various thickness measurements taken of Bruch’s membrane a number of
calculations were made.
1. IB + OB = ‘real’ Bruch’s membrane thickness
2. EL to RPE BM + EL to CC BM = total Bruch’s membrane thickness
3. EL to RPE BM - IB = inner fibrous collagen-free collagen zone, this was taken
to be an indirect measurement of basal linear deposit (BLinD)
4. EL to CC BM - OB = outer fibrous collagen-free collagen zone

3.3.1 ‘Real’ Bruch’s thickness
The sum of the thickness of IB and OB was defined as ‘real’ Bruch’s membrane. This
measurement increased with age in periphery (p =0.019) but not in the macula; analyses
by SRCC, with a significant difference between the macula and the periphery in the 030 and 31-60 year age groups, (p = 0.039 and p < 0.001 respectively); analyses by
WSRT (figure 3.9).
In the AMD group ‘real’ Bruch’s membrane thickness measurements showed increased
thickness in the macula that was greater than the ARM group (p =0.042) and normal
group (p <0.001). The ARM group also differed from the control group (p =0.034). In
the periphery the AMD group also had greater ‘real’ Bruch’s membrane thickness
measurements than normal age-matched group (p =0.003) and the ARM group (p
=0.022). In the periphery the ARM and normal groups did not differ significantly;
analyses by MWT. The macula thickness was found to be greater than the periphery in
the diseased groups; (AMD p< 0.001, ARM p< 0.001), but not in the control group;
analyses by WSRT (figure 3.10).

3.3.2 Total Bruch’s thickness
The sum of the thickness measurements taken from the EL to RPEBM and the EL to
CCBM was defined as total Bruch’s membrane thickness. Similar to ‘real’ Bruch’s
thickness this increased in the macula and periphery with age (p<0.001 in both);
analyses by SRCC. It differs from ‘real Bruch’s measurements only in so far as the only
age group to differ significantly between macula and the periphery was in the 31-60 age
band (p= 0.005). The 0-30 year group and the 61-100 year group did not differ; analyses
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by WSRT (figure 3.9).
AMD eyes had a higher total Bruch’s membrane thickness measurement than the
normal age-matched group (p =0.001) in the macula. The ARM group in turn had
greater thickness than the normal group (p =0.028). The AMD and ARM groups did not
differ from each other significantly. Comparisons in the periphery of the three groups
showed no statistical difference; analyses by MWT. The macula and periphery were
significantly different in each group; (AMD p<0.001, ARM p<0.001 and normal p=
0.006), with the macula measurements being larger; analyses by WSRT (figure 3.10).

3.3.3 Inner fibrous collagen-free zone
The difference between the measurements taken from the EL to RPE BM and IB
thickness was termed inner fibrous collagen free zone (IFCFZ). This area corresponded
to the area of BLinD deposition. Both the macula and the periphery increased in the
thickness of this measurement with age, (p< 0.001 and p= 0.019 respectively); analyses
by SRCC, only the 61-100 year group differed significantly between the macula and the
periphery with the periphery having greater IFCFZ thickness (p= 0.029). In the 0-30 and
the 31-60 year groups macula measurements did not differ significantly from the
periphery; analyses by WSRT (figure 3.9).
In the macula the AMD group exhibited a larger IFCFZ measurement than both the
ARM group (p =0.047) and the normal group (p =0.001). The ARM and normal groups
did not differ significantly from each other; analyses by MWT. There was no difference
between the AMD, ARM and control groups in the periphery in this zone. The macula
differed from the periphery in the AMD group (p= 0.007), whereas the normal group
and ARM group did not differ significantly in these two regions; analyses by WSRT
(figure 3.10).

3.3.4 Outer fibrous collagen-free zone
The difference between the measurements taken from the EL to CCBM and OB
thickness was termed outer fibrous collagen free zone (OFCFZ). This value increased
with age in the macula and the periphery, (p<0.001 in both); analyses by SRCC, with no
significant difference between the two regions in any age group (figure 3.9).
No significant difference in the OFCFZ thickness was found in the AMD, ARM and
normal eyes, in either the macula or periphery. The macula OFCFZ thickness however
was significantly greater than the peripheral thickness in all groups; (AMD p< 0.001,
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ARM p< 0.001 and normal p= 0.016); analyses by WSRT (figure 3.10).
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Figure 3.9 Graphs of ‘real’, total Bruch’s membrane, IFCFZ and
OFCFZ thickness in the macula and periphery with ageing
‘R eal’ Bruch’s membrane w as the sum o f IB and OB zones, the sum o f EL to RPE BM
and EL to CC w as termed total Bruch’s membrane thickness. EL to RPE B M minus IB
was termed the IFCFZ, this was taken to be an indirect measurement o f basal linear deposit a
nd EL to CC B M minus OB was termed the OFCFZ. N ote the increased thickness with age
in both the macula and periphery in ‘real’, ‘total’, IFCFZ and OFCFZ distances. For statistical
analyses see table 3.5.
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Chapter Three- In vivo results
Figure 3.10 Graphs of ‘real’, total Bruch’s membrane, IFCFZ and
OFCFZ thickness in the macula and periphery with disease
‘Real’ Bruch’s membrane was the sum o f IB and OB zones, the sum o f EL to RPE BM and
EL to CC was termed total Bruch’s membrane thickness. EL to RPE BM minus IB was
termed the IFCFZ, this was taken to be an indirect measurement o f basal linear deposit and
EL to CC BM minus OB was termed the OFCFZ. Note the increased thickness of ‘real’,
‘total’ Bruch’s membrane thickness and IFCFZ thickness in the macula o f the AMD group
over the ARM group and normal age-matched group. In the periphery only ‘real’ Bruch’s
membrane increased in thickness with disease significantly. For statistical analyses see table 3.6.
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Table 3.5 Statistical analyses of age and thickness measurements taken in the
macula and periphery of Bruch’s membrane

Zone

Age
group

M acula and
periphery
comparisons

Regression analyses
o f age in the macula

Regression analyses
o f age in the
periphery

IB

0-30
31-60
61-100
0-30
31-60
61-100
0-30
31-60
61-100
0-30
31-60
61-100
0-30
31-60
61-100
0-30
31-60
61-100
0-30
31-60
61-100
0-30
31-60
61-100

p = 0.231
p = 0.001**
p = 0.029*
p = 0.034*
p < 0.001***
p = 0.919
p = 0.744
p = 0.001**
p = 0.011*
p = 0.018*
p = 0.025*
p = 0.119
p = 0.039
P < 0.001***
p = 0.179
p = 0.159
p = 0.005**
p = 0.089
p = 0.071
p = 0.670
p = 0.029*
p = 0.196
p = 0.217
p = 0.0502

p = 0.015*

p = 0.076

p = 0.336

p - 0.006**

p <0.001***

p = 0.014*

p <0.001***

p <0.001***

p = 0.020

p = 0.019*

p <0.001***

p <0.001***

p <0.001***

p = 0.019*

p <0.001***

p <0.001***

OB

EL to RPEBM
thickness
EL to CC thickness

Real Bruch’s
thickness
Total Bruch’s
thickness
IFCFZ thickness

OFCFZ thickness

A geing analyses w as carried out using Spearman rank correlation coefficient test and the W ilcoxon Sign
Rank test for analyses o f the macula with the periphery. Significance; *= p<0.05, **p<0.01, ***p<0.001
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Table 3.6 Statistical analyses of Bruch’s m em brane thickness measurements in
AMD, ARM and normal groups
Zone

Age
group

M acula and
periphery
comparison

AM D, ARM and normal
group comparisons in the
macula

AM D, ARM and normal
group comparisons in the
periphery

IB

AM D
ARM
Normal

p < 0.001***
p < 0.001***
p - 0.009**

OB

AM D
ARM
Normal

p < 0.001***
p = 0.004**
p = 0.580

EL to RPEBM
thickness

AM D
ARM
Normal

p <0.001***
p <0.001***
p = 0.002**

EL to CC thickness

AM D
ARM
Normal
AM D
ARM
Normal

p <0.001***
p <0.001***
p = 0.022
p <0.001***
p < 0.001***
p = 0.051

p = 0.003**
AM D-Normal (p =0.001**)
A M D-ARM (p = 0.127)
ARM-Normal (p = 0.048*)
p < 0.001**
AM D-Normal (p<0.001***)
AM D -AR M (p = 0.003**)
ARM-Normal (p = 0.010*)
p < 0.001***
AM D-Normal (p<0.001***)
A M D -AR M (p = 0.035*)
ARM-Normal (p = 0.018*)
p = 0.125

p = 0.029*
AM D-Normal (p = 0.0 1 6 * )
A M D-ARM (p = 0.044*)
ARM-Normal (p = 0.564)
p = 0.007**
AM D-Normal (p = 0.004**)
A M D -AR M (p = 0.018*)
ARM-Normal (p = 0.564)
p = 0.031*
AM D-Normal (p = 0.012*)
A M D-ARM (p = 0.371)
ARM-Normal (p = 0.077)
p = 0.585

Total Bruch’s
thickness

AM D
ARM
Normal

p <0.001***
p <0.001***
p = 0.006**

p = 0.008**
AM D-Normal (p = 0.003**)
AM D -AR M (p = 0.022*)
ARM-Normal (p = 0.580)
p = 0.367

IFCFZ thickness

AM D
ARM
Normal

p = 0.007**
p = 0.116
p = 0.100

OFCFZ thickness

AM D
ARM
Normal

p <0.001***
p <0.001***
p = 0.016*

P< 0.001***
AM D-Normal (p<0.001***)
AM D -AR M (p = 0.042*)
ARM-Normal (p = 0.034*)
p = 0.006**
AM D-Normal (p = 0.001**)
AM D -AR M (p =0.363)
ARM-Normal (p =0.028*)
p = 0.003*
AM D-Normal (p = 0.001**)
A M D -AR M (p = 0.047*)
ARM-Normal (p = 0.098)
p = 0.685

Real Bruch’s
thickness

p = 0.071

p = 0.976

Macula and peripheral analyses w as using Kruskal- W allis test. The W ilcoxon sign -rank test was used to
compare AM D, ARM and normal age-matched groups, w hich were further analysed, if significant using
the Mann-Whitney test. Significance; *= p<0.05, **p<0.01, ***p<0.001
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3.4 Number of basal infoldings
Basal infoldings are normal folds of the RPE basal lamina to increase surface area
(figure 3.11). Their reduction in both number and size has been attributed to diseases
such as Keams-Sayre syndrome and diabetes (McKechnie et al., 1985; Caldwell et al.,
1987). Basal infolding alterations have also been linked to ageing (Katz and Robison,
Jr., 1984; Weisse et al., 1990; Katz and Robison, Jr., 1985; Fite et al., 1985).

Figure 3.11 Basal infoldings of the RPE

Basal infoldings were assessed by counting the num ber o f folds per length o f RPE assessed (arrow). Bar
= 500nm.

Basal infoldings were enumerated from each micrograph per length of RPE measured.
Only obvious trunks were counted and those over drusen were omitted. There were four
micrographs per region, namely macula and periphery, for each donor.
The number of infoldings was found to decrease with age in both the macula and the
periphery (p= 0.024 and p<0.001 respectively) with more infoldings in the periphery
compared to the macula; analysis by SRCC. All age groups differed significantly in the
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former group; (0-30 year group p< 0.001, the 31-60 year group p= 0.020 and for the 61100 year group p= 0.016; analyses by WSRT) (figure 3.12, upper graph).
The number of basal infoldings decreased with disease p=0.010 in the macula but not in
the periphery (p=0.491), analysis by KWT. In the macula the AMD group exhibited less
infoldings than the ARM group (p =0.021) and the normal group (p =0.006), analyses
by MWT. The macula and periphery differ in all groups (AMD p< 0.001, ARM p=
0.015 and normal groups p= 0.006; analyses by WSRT)(figure 3.12 lower graph).

Table 3.7 Statistical analyses comparing basal infoldings with age and comparing
macula and periphery in the different age groups
Age group

Macula and
periphery
comparison

Ageing correlation
(macula)

Ageing correlation
(periphery)

p = 0.024*
0-30
p < 0.001***
p<0.001***
31-60
p = 0.02)*
61-100
p = 0.016*
Macula and periphery were compared using W ilcoxon Sign Rank test. A geing effects were assessed using
the Spearman rank correlation coefficient test. Significance; *= p<0.05, **p<0.01, ***p<0.001

Table 3.8 Statistical analyses comparing basal infoldings in the macula and
periphery in AMD, ARM and normal groups

Age group

M acula and
periphery
comparison

Comparison o f AMD,
ARM and normal agematched group (macula)

Comparison o f AMD, ARM
and normal age-matched
group (periphery)

AMD
ARM
Normal

p <0.001***
p = 0.015*
p = 0.006**

p = 0.010*
AM D-Normal (p=0.006**)
A M D -A R M (p =0.021*)
ARM -Normal (p = 0.801)

p = 0.491

Macula and periphery were analysed using W ilcoxon sign- rank test. The Kruskal-Wallis test was used
for comparison o f the A M D , ARM and normal groups. Significant results were reanalysed using the
M ann-W hitney test. Significance; *= p<0.05, **p<0.01, ***p<0.001
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Figure 3.12 Graphs of basal infoldings with age and disease, in the macula and the
periphery
U p p er g ra p h sh o w in g th e d e c r e a s e in n u m b e rs of b a s a l infoldings with a g e , th e m a c u la
a lw a y s hav in g le s s th a n th e p erip h e ry . W ith d is e a s e (low er g ra p h ) th e re a r e le s s b a s a l
infoldings in th e m a c u la only. F or sta tistic a l a n a ly sis s e e ta b le 3.7 a n d 3.8.
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3.5 Analyses of the presence of AMD morphological features
A series o f morphological features were assessed for their presence on each micrograph.
There were 3-5 electron micrographs per region, namely the macula and the periphery.
The fraction o f positive micrographs per donor was calculated and divided into 4
groups. Group 1 = 0-0.25 average number of positive micrographs, group 2 = 0.25-0.5,
group 3 = 0.50-0.75 and group 4 = 0.75-1.00. Therefore the higher the group number,
the greater the fraction o f positive micrographs.
3.5.1 Basal linear deposits
Basal linear deposits were assessed in two ways, the first was an indirect measurement
o f the difference between the thickness values of EL to RPE BM and IB, termed the
IFCFZ and reported in an earlier section (section 3.3.3), and the second was noting the
presence of BLinD on each micrograph studied, as defined by the linear deposition of
vesicular, round clear lesions as described in section I.7.2.6.3.

3.5.1.1 Assessment o f the presence o f BLinD.
The presence o f BLinD was noted for each micrograph as defined by the features
described in section I.7.2.6.3.
All donors in the 0-30-year group were found to have little BLinD in either the macula
or periphery (all in group 1). In the 31-60-year group, however, there were increased
amounts of BLinD in the macula (groups 2-4) followed by the periphery in the oldest
age group (61-100). The amount of BLinD in this group was even greater in the macula.
Disease in the macula was associated with a greater abundance of BLinD, but without
any corresponding increase in the periphery. ARM tends to occupy a middle ground
when compared to AMD and normal groups (figure 3.13). Figure 3.9/3.10 confirm the
findings of the other indirect method used to assess BLinD in this project, namely
IFCFZ thickness measurement assessment.
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Figure 3.13 Proportion of micrographs with BLinD with age and diseases
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3.5.2 Basal vesicles
The basal area of the RPE cell contains membrane bound vesicles, thought to be
important in the endocytic and exocytic pathways and in the general health of the RPE
cell (Ishibashi et al., 1986; Orzalesi et al., 1982). In this project the presence or absence
of basal vesicles as noted on each micrograph (figure 3.14). Basal vesicles were defined
as small discrete intracellular vesicles found in the basal aspect of the RPE cell. It was
ensured that they were not basal infoldings by close inspection and magnification where
necessary, although in a two dimensional image it may be impossible to definitively
define vesicular profiles as vesicles and not sections through tubular structures.
With this caveat age appeared unrelated to the presence of basal vesicles in either the
macula or periphery and no effect was seen with disease (figure 3.15).

Figure 3.14 Basal vesicles of the RPE cell

Small, discrete intracellular vesicles seen in the basal portion o f the RPE cell (arrow). Bar = 500 nm.
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Figure 3.15 Basal vesicles with age and disease
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group 3= 0.50-0,75 and group 4= 0.75-1.00.
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3.5.3 Analyses of choroidopathy
The association of hypertension with AMD has led to many theories of a choroidopathy
as the cause of AMD (section 1.1.8.1). Indeed diabetic choroidopathy causes narrowing
o f capillaries, capillary dropout and focal scarring (Hidayat and Fine, 1985). With
ageing similar changes have been noted (Pauleikhoff et al., 1992a), especially in animal
models where there is diffuse thickening of the choriocapillaris basement membrane
and narrowing of the choriocapillaris (Bhutto and Amemiya, 2002; Gottsch et al.,
1993). In this project all micrographs were assessed for the features of choroidopathy by
assessing for the presence of choroidal ghosts and choriocapillaris basement membrane
thickening or ‘cuffs’.
Ghosts were defined as large areas of absent choriocapillaris vessels, giving an
impression of an absent or ‘ghost’ vessel (figure 3.16 upper image), whereas choroidal
cuffs were defined as thickening of the choroidal vessels BM, (figure 3.16 lower
image).
An increase in choroidal ghosts or absence of vessels was seen with age in the macula
and periphery. AMD donors were found to have more ghosts in both the macula and
periphery. ARM eyes did not differ in the expression of ghosts compared to the normal
age-matched group (figure 3.17).
Choroidal cuffs were found to increase with age in the macula but not the periphery.
Disease also increased the amount of choroidal cuffs seen in the macula but not the
periphery (figure 3.18).
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Figure 3.16 Choroidal ghosts and choroidal cuffs

A *>£î

upper image shows the absent choriocapillaris, with replacement with fibrous tissue giving the
impression o f an absent or ‘gh osf vessel (black arrow). The lower image shows thickened choroidal
vessel’s endothelial cells basement membrane (arrow). Bar = 500 nm.

132

Chapter Three- In vivo results
Figure 3.17 Choroidal ghosts with age and disease
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Figure 3.18 Choroidal cuffs with age and disease
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3.5.4 Drusen
Drusen of any type, defined according to table 1.3 were included in the evaluation.
The periphery was found to have more drusen than the macula. An increased amount of
drusen was seen with increasing age in the periphery alone. Disease was associated with
the presence of drusen in the macula and periphery (figure 3.19).
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Figure 3.19 Drusen with age and disease
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Upper set o f green graphs show ing more drusen in the periphery and increasing am ount o f drusen with
age in this region alone. The lower set o f black graphs show disease increased the am ount o f drusen in the
periphery and less so in the macula. The x-axis is the group in w hich the donor falls as classified by the
fraction o f positive m icrographs, the y-axis is the proportion o f donors in each group (relative frequency).
Group 1= 0-0.25, group 2= 0.25-0.5, group 3= 0.50-0.75 and group 4= 0.75-1.00.
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3.5.5 Bruch’s membrane calcification
Bruch’s membrane calcification has been linked to both ageing (van der Schaft et al.,
1992) and more importantly with AMD (Spraul et al., 1998; Spraul and Grossniklaus,
1997a). In this study all micrographs were assessed for the presence of Bruch’s
membrane calcification (figure 3.20). This was defined as electron dense, irregular and
sharply angulated thickening of the elastic lamina with possible extension into IB and
OB zones. No Bruch’s membrane calcification was seen in donors less than 60 years of
age. Calcification of the elastic lamina increased in AMD but not in ARM, in both the
macula and periphery (figure 3.21).

Figure 3.20 Calcification of the elastic layer of Bruch’s membrane

Note the irregular, sharply angulated deposition o f electron dense material (calcium) within the elastic
layer. Bar = 500 nm.

137

Chapter Three- In vivo results
Figure 3.21 Bruch’s membrane calcification with disease
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macula and periphery. AM D increases calcification in the m acula and periphery. The x-axis is the group
in which the donor falls as classified by the fraction o f positive m icrographs, the y-axis is the proportion
o f donors in each group (relative frequency). Group 1= 0-0.25, group 2= 0.25-0.5, group 3= 0.50-0.75 and
group 4= 0.75-1.00.
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3.6 Analyses of the relative occupancy of Bruch’s membrane
With a view to explain the continued increasing thickness of Bruch’s membrane with
age, the relative occupancy of Bruch’s membrane in each micrograph was assessed and
allocated a median class. The average class was then calculated for each donor
depending on the numbers of micrograph examined; class 0 = normal collagen fibrils
only present in Bruch’s membrane, class 1= IB and OB less than half full of deposits
other than normal fibrils, class 2= IB and OB more than half full and class 3= IB and
OB are full o f deposits (figure 3.22).
A progressive increase in the class was seen with age both in the macula and periphery,
with the periphery following the macula with an age gap of approximately 30 years. In
disease most donors in the macula region have a higher class than aged matched normal
group. There was no change with disease in the periphery (figure 3.23).
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Figure 3.22 Assessment of the relative “occupancy” of Bruch’s membrane
Top image showing both the IB and OB zones full o f deposits (class 3). The low est image shows the
normal collagen fibrils only (class 0). Classes 1 and 2 are IB and OB zones with less then, or more than
h alf full o f deposits (m iddle image). Bar = 500 nm.
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Figure 3.23 Graphs of relative occupancy of Bruch’s membrane with age and
disease in the macula and the periphery
Periphery

Macula

0-30 year

d
31-60 year

□ d]

eD

n

61-100 year

D□

Normal

CLLO

(h

ARM

□

□
11

AMD
0

D□□

Average class (0-3)

U pper 6 graph shows the step wise increase in class o f phenotype w ith age and the delay o f the periphery
with respect to the macula. L ow er 6 graphs shows that more donors have a “fuller” B ruch’s m em brane
than the normal group. Class 0= normal collagen fibrils only present in B ruch’s membrane, class 1= IB
and OB less than half full o f deposits other than normal fibrils, class 2= IB and OB more than h alf full
and class 3= IB and OB are full o f deposits. Y -axis is the proportion o f the sample in each group (relative
frequency).
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3.7 Summary
3.7.1 BLamD
• BLamD in the RPE zone increases significantly after the age of 60 years both in
the macula and the periphery. The amount of BLamD in the macular, but not the
peripheral, RPE zone is greater in AMD than in age-matched controls.
• The amount of BLamDLM in the macula of the IB, OB and CC zones shows an
increase followed by a decrease with age. The amount of BLamDLM in these
zones is reduced with AMD.
• Donors with ARM typically exhibit features midway between the normal and
AMD groups.

3.7.2 Bruch’s membrane thickness
• RPE BM thickness increases and then decreases with age in both the macular
and peripheral regions (figure 3.24 A and B). RPE BM thickness in both the
macular and peripheral regions decreases with respect to AMD (figure 3.24 C
and D). The ARM group showed changes midway between the normal and
AMD groups

• The incidence of BLinD (equivalent to the IFCFZ) increased equally in both the
macular and peripheral regions with advancing age (figure 3.25 A and B). The
amount in the macula was greater in donors with AMD (figure 3.25 C and D).
The ARM group tended to show changes midway between the normal and AMD
groups

• IB thickness increased with age in both the macula and the periphery (figure
3.25 A and B). There was little change with AMD (figure 3.25 C and D)

• OB thickness changed little with age or disease (figure 3.25).
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•

The OFCFZ increased with age in the macula and periphery (figure 3.25 A and
B), but no effect was seen with AMD (figure 3.25 C and D)

•

Real Bruch’s membrane thickness changed little with age, but total Bruch’s
thickness increased with age in both the macula and the periphery. AMD
increased the thickness measurements further in both real and total Bruch’s
membrane thickness this was due to an increased thickness internal to the EL
and not external to it. The ARM group tended to show changes midway between
the normal and AMD groups

3.7.3 AMD associated observation on micrographs
• The number of basal infoldings decreased with age. There are more basal
infoldings in the periphery in all age groups. Disease reduced the amount of
basal infoldings in the macula but not the periphery.
• There was no difference noted with age or disease in the number of basal
vesicles.
• Increased amount of choroidal ghosts were seen with age and with disease in the
macula and the periphery. The amount of choroidal cuffs increased with age and
disease in the macula only.
• More drusen were present in the periphery than the macula. The amount of
drusen increased with disease and age in the macula and periphery.
• Calcification of Bruch’s membrane occurred with age and disease in the macula
and periphery.

3.7.4 Analyses of the progressive increase in occupancy of Bruch’s membrane
• A progressive deposition of various deposits occurs within Bruch’s membrane
substance with increasing age in the macula and periphery, and further
deposition occurs with AMD in the macula.
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Table 3.9 Sum m ary results of findings
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Figure 3.24: Summary graphs showing the amount of BLamD in the different zones of
Bruch s membrane
Equivalent thickness (microns)

A) Macula (donors without AMD)

B) Periphery (donors without AMD)
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Graphs colour graded according to scale bar w ith the lighter the colour the more the deposit found. The x-axis
represents age in decades and the y-axis represents the 4 zones in w hich BLamD or BLam D LM w as m easured
w ithin B ruch’s m em brane; for a definition o f the zones see Table 2.5. G raph A and B include donors w ithout
AM D and graphs C and D include all donors. N ote that more BLamD and BLam D LM is present throughout the
m acula as apposed to the periphery ( com pare graphs A with B and C with D). The am ount o f BLamD increases
with disease in the 8-10^ decades in the m acula (com pare graph A w ith C in the RPE zone). The am ount o f
BLamDLM increases up to the fifth decade and then a decreases up to the 10^ decade w ith both ageing (A ) and
disease (C) in the IB,OB,and CC zones.

Figure 3.25: Summary graphs showing the thickness in the different regions of Bruch s
membrane
T hickness (microns)

B) Periphery (donors without AMD)

A) Macula (donors without AMD)
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Graphs colour graded according to scale bar w ith the lighter the colour the m ore the deposit found. G raph A and
B include donors w ithout AM D and graphs C and D include all donors. The x axis depicts the decade o f the
donor eye and the y axis the thickness o f the different distances m easured w ithin B ruch’s m em brane as defined
in section 2.7.2. IFCFZ, IB and OFCFZ all increased with age in the m acula and periphery (com pare graphs A
with B), w ith a tendency o f the m acula thickness being larger. Disease increased the IFCFZ thickness (com pare
graphs A w ith C).
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4 CHAPTER FOUR- DISCUSSION OF IN VIVO STUDY
This study has differed from previous investigations in a number of ways. Firstly it has
been possible to examine a large numbers of donor eyes processed in a standardised
way. This enabled comparisons of topography (macula versus periphery), ageing and
disease state, in one investigation in a way not previously possible. Secondly it has
generated new data on BLamD, an area previously rife with confusion, in terms of its
definition and importance with regard ageing and disease.
This discussion is divided into three sections. The first addresses BLamD/ BLamDLM
distribution within Bruch’s membrane, the second discusses the relationship of Bruch’s
membrane thickness measurements and finally a possible mechanism is postulated, to
include the observations of various AMD associated morphological features that may be
seen in AMD eyes and which were investigated in this project.

4.1 BLamD distribution in Bruch’s membrane
In this study, the term BLamD has been reserved for banded deposits seen in the RPE
zone and used the term BLamDLM for the same kind of deposit, if seen within Bruch’s
membrane. In reality this distinction is likely to be inappropriate as morphologically the
deposits were the same. However this separation has served to demonstrate that both
with ageing and more so with AMD, the amount of these deposits differed in the
different areas of Bruch’s membrane. These findings may be useful in furthering our
understanding the pathobiology of these deposits.
To date the importance of BLamD in ageing and AMD remains unclear as a result of
contradictory evidence. In a number of studies, nan der Schaft and colleagues found
BLamD in both the young and peripheral retina, they did not however, separate diseased
donor eyes from aged eyes (van der Schaft et al., 1991; van der Schaft et al., 1992). In
1993 Green and colleagues investigated 760 donor eyes and concluded that both
BLamD and BLinD were important in choroidal neovascular membrane formation
(Green and Enger, 1993). Finally in 1999, a study on 41 eyes found BLinD and not
BLamD important in disease (Curcio and Millican, 1999).
The results of this study, however, have demonstrated that the amount of BLamD
(deposits in the RPE zone only) increased with age in both the macula and periphery.
Virtually no donor under the age of 50 years had BLamD at either the macula or the
periphery in this zone. In individuals in their 50’s, with BLamD, there was often

147

Chapter Four- In vivo discussion
plentiful deposit present and looking at the elderly cases as a whole there was no
apparent trend for BLamD to be more abundant with increasing age. This implies that
BLamD may accumulate relatively rapidly as if donors in their 50’s with abundant
BLamD had been laying down deposit gradually over many years, it would be expected
that more donors in their 40’s would have had smaller amounts of BLamD. From these
observations it appears possible that a ‘one o ff event happens around 50 years of age,
which results in a relatively rapid deposition of BLamD that does not continue with
further increasing age (see scatter plots in Appendix 1). AMD donors were seen to
demonstrate an exaggeration of the normal ageing deposition. In addition no clear
correlation between the amount of peripheral and macular BLamD could be
demonstrated in this study with age, though more extensive sampling might have
revealed a positive correlation between the two sites (data in Appendix 1- Linear
regression models). The interdependency of macular and peripheral BLamD was
explored using two methods; by linear regression and contingency tables for the
presence or absence of BLamD in the two sites. When all donors were included a
significant interdependence was found (p =0.001, by linear regression and contingency
analysis) but this largely reflected that fact that both macular and peripheral BLamD are
age-related. When only those donors over the age of 50 years were analysed no
significant interdependence was seen in either the normal control group or the AMD
group. Similarity for BLamDLM in the macula and the periphery, no interdependency
was found (data in Appendix 1- contingency tables).

The observed pattern of BLamDLM deposition with ageing seen was quite different to
that seen with BLamD. The amount of BLamDLM increased up to 50 years of age and
then decreased in the latter decades. With AMD a reduction in the amount of
BLamDLM was seen within the IB and OB zones compared to control groups. Donors
labelled as ARM occupy a middle ground position in the amount of both BLamD and
BLamDLM found.
Interestingly this increasing then decreasing pattern seen in BLamDLM was also seen in
in the thickness measurement of the RPE BM with age. Initially up to around 50 years
of age, the RPE BM thickness increased and then decreased in the latter decades. AMD
again exaggerated this decrease.
It is tempting to explain this bell-shaped pattern with the notion that Bruch’s membrane
normal turnover and maintenance is altered with both ageing and to a greater extent
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with disease. This results in dysregulation of protein turnover, with net reduction of
some deposit types (BLamDLM) and increase in others, such as BLamD and BLinD.
Progressive accumulation of deposits within the substance of Bruch’s membrane would
inevitably cause an obstruction of normal flow of waste from the RPE to the
choriocapillaris and nutrients from the choriocapillaris to the RPE. More importantly,
the abnormal accumulation of material between a cell and its basement membrane, as
seen more specifically with BLamD formation, would lead to impaired adhesion and
disturbed signal transduction. For instance, integrin binding to the basement membrane
will be disrupted if material accumulates between the basement membrane and the
plasma membrane. Whether such changes would lead to progression of AMD or not
remains to be ascertained.
How BLamD or BLamDLM forms is unknown. It, or its precursor, must derive from
the RPE itself or from the choroidal side of the RPE basement membrane or possibly
from both. The work carried out in vitro for this project demonstrated that RPE cells
grown in culture form banded material indistinguishable from that seen in donor eyes.
This, and the close proximity to the basal plasma membrane of the RPE makes the RPE
a likely source of BLamD.
In summary, BLamD and BLamDLM are likely to be formed by RPE cells and are a
product of the normal maintenance of Bruch’s membrane. It is reasonable to assume
that Bruch’s membrane is maintained by a delicate balance of protein synthesis and
protein degradation. Progressive insults to the RPE with age, or with external insults,
result in a shift in this balance with resultant deposition of BLamD beneath the RPE
plasma membrane. This severs the cell from its basement membrane.
It is however, important to note that the data generated in this project has some
limitations. The first is that some of the donors included in this investigation and
labelled as disease free would presumably have gone on to develop ARM or AMD at a
later stage had they survived. Such cases may not be strictly normal and there may be
pathology ‘contaminating’ the control group. Secondly, the alteration seen in the
amount of BLamD/ BLamDLM with both disease and with age merely implies that
older donors differed from younger donors at the time of this study and this may
represent a secular trend. A secular trend refers to the tendency of succeeding
generations to be different, from the previous generations, for example the tendancy
over the last hundred or so years for each succeeding generation to mature earlier and
become, on average, larger.
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4.2 Bruch’s membrane thickness measurements
Several previous studies have shown that Bruch’s membrane thickness increases with
age (Hogan et al., 1971; Newsome et al., 1987; Feeney-Bums and Ellersieck, 1985;
Pauleikhoff et al., 1990; Sheraidah et al., 1993; Karwatowski et al., 1995; Marshall et
al., 1992; Okubo et al., 1999). These conclusions have been drawn predominantly from
light microscopic studies, and the different layers of Bruch’s membrane were not
individually examined. This project has demonstrated that the various layers of Bruch’s
membrane change differentially vWth respect to their thickness during ageing and with
ARM and AMD.
The measurements taken of the different components of Bruch’s membrane (figure 4.1),
showed that the main collagenous component of Bruch’s membrane (‘real’ Bruch’s
membrane) does not change greatly with age at the macula. However, increasing
thickness of ‘total’ Bruch’s membrane asseen to be due to increasing thickness of the
IFCFZ and the OFCFZ. This suggests that there is deposition of ‘material’ from the
choriocapillaris and / or RPE sides resulting in an increased thickness of Bruch’s
membrane vsdth age. Age-related changes in the periphery, resembled those seen in the
macula. Bruch’s membrane thickness in the macula was increased in diseased eyes in all
the measurements taken except the OFCFZ thickness and the periphery was relatively
spared. From these results it is evident that BLamD deposition does not contribute to
Bruch’s membrane thickening as the major change seen in BLamD deposition occurs
within the RPE zone, this zone is not included in Bruch’s membrane thickness
measurements. However, much of the light microscopic increase in Bruch’s membrane
thickness with age reported previously probably relates to BlamD. Furthermore
BLamDLM was seen to reduce in the latter decades in the remaining zones of Bruch’s
membrane and could therefore not contribute to the increasing thickness seen.
The second major deposit type investigated was BLinD. BLinD was estimated in two
separate and independent ways; the first involved an indirect method of subtraction of
the IB thickness from the EL to RPEBM thickness as this area corresponds to the site of
BLinD deposition. The second involved assessing the presence of BLinD in each
micrograph and analysing the relative proportion of micrographs containing this deposit
in the different age and diseased groups. Both techniques gave similar results and
complement one another.
BLinD was seen, with increasing age, equally within the macula and the periphery.
Further deposition in disease was observed in the macula only. Therefore, deposition of
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BLinD can explain at least part of the increased in thickness of ‘total’ Bruch’s
membrane in the macula. However when ‘real’ Bruch’s membrane thickness is
assessed, which was a sum of the IB and OB zones only and does not include the IFCFZ
(corresponding to BLinD deposition), a continued increased in thickness was still seen
with age. This increase cannot be explained by deposition of BLinD and therefore
implies that deposition of BLinD was not the only deposition responsible for the
increase in thickness of Bruch’s membrane.
This increasing thickness of Bruch’s membrane, which is not accountable for by the
deposition of BLinD, was demonstrated by the assessment of the relative occupancy or
‘filling up’ of Bruch’s membrane with age and more so with disease, affecting the
macula to a greater degree than the periphery.
A further observation drawn from this study was that disease spares Bruch’s membrane
external to ‘real’ Bruch’s membrane. This was confirmed in the measurements termed
‘OFCFZ’. This measurement, taken of the outer-most portion of Bruch’s membrane,
showed ageing changes in the form of increasing thickness but no change resulting from
disease. A pilot study by Starita et al involving 5 eyes, one with AMD, found that the
critical site of resistance in Bruch’s membrane was the junction between the elastic and
inner collagenous zones (Starita et al., 1997; Moore et al., 1995). Although highly
speculative it appears that the outer aspect of Bruch’s membrane is relatively spared in
disease and less so with ageing.
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Figure 4.1 Summary of Bruch’s membrane thickness measurements
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D iagram atic representation o f statistical analysis results (blue arrow s) seen w ith age (upper tw o images)
and w ith AM D (low er tw o images). The green bracket represents ‘to tal’ B ruch’s m em brane thickness and
the yellow bracket represents ‘real’ B ruch’s membrane thickness. Upper light grey rectangle represents
the IFC FZ and the low er dark grey rectangle the OFCFZ. The vertical hashed rectangle represents inner
B ruch’s m em brane and the horizontal hashed rectangle represents outer B ruch’s membrane. RPE BM =
RPE basem ent m em brane, CC BM = choriocapillaris basem ent membrane.
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4.3 Summary of findings and conclusions
It is apparent that many changes seen in AMD are exaggerations of changes seen in
normal ageing. No single ultrastructural morphological feature, as examined in this
project, is sufficient to diagnose AMD. The work reported in this chapter has shown
that ageing changes are manifest as a progressive alteration in Bruch’s membrane as
represented by increasing thickness in terms of increase deposition of BlamD, BLinD
and increasing occupancy. This progressive accumulation alters the environment within
Bruch’s membrane and beneath the RPE basal lamina (RPE zone) with increasing
distancing of Bruch’s membrane from both the RPE and the choriocapillaris, which is
likely to result in altered transport between the two. Possibly this new environment
allows polymerisation of trapped collagen VI fibres in the RPE zone (Kajikawa et al.,
1980; Hirano et al., 1989). Furthermore, the reduction of BLamDLM after the age of 50
years may be due to attempts at clearing the increasing deposition of BLamD on the
opposite side of the RPE BM, with little effect. In this regard, BLamD/ BLamDLM may
therefore be regarded as an epiphenomenon of this presumed reduction in flow between
the RPE and choriocapillaris. These changes could continue in a spiralling fashion with
further thickening of Bruch’s membrane and separation of the RPE from the
choriocapillaris.
This mechanism could also explain the various other AMD associations previously
noted and confirmed in this project. The decrease in basal infoldings might possibly
reflect ‘poor’ health of the RPE and secondly, an element of mechanical ‘stretching’ of
the RPE BM which may occur to allow for the deposition of irregular BLamD
underneath the RPE BM. ‘Stretching’ might also occur secondary to RPE cell loss.
Dystrophic calcification of Bruch’s membrane can also be assumed likely in an area of
reduced nutrient supply. The choroidopathy associated with ageing and AMD, seen in
the form of choroidal cuffs and ghosts, could also be attributed to increasing isolation of
the choriocapillaris from the RPE, the RPE is known to be essential in the maintenance
of the choriocapillaris (Henkind and Gartner, 1983), possibly due to the release of the
trophic factors. Furthermore, it is possible that the choroidopathy detected could be the
primary event leading to disease, rather than a secondary finding. Finally drusen
deposition, as a form of repair or healing could potentially exacerbate the already
deprived environment still further (Hageman et al., 2001).
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5 CHAPTER FIVE - RESULTS OF IN VITRO STUDY
This chapter will begin with the description of the development of an in vitro model
system of sub-RPE deposit formation. Data will be presented relating to the use of
different cell types and substrates, together with characterisation of the model. This is
followed by the assessment of the deposit produced, by electron microscopy and
immunocytochemistry. Finally, results will be presented where attempts were made to
alter the nature of the deposit by the addition of differing concentrations of FCS,
albumin, retinal homogenate, MMP 2 and TNFa to the system.

5.1 Tissue culture
5.1.1 Comparison between different RPE cell lines
With a view to deciding which was the optimal cell system, the SV-40 immortalised
human RPE cell lines (hRPE) 7, 116 and the spontaneously immortalised human RPE
cell line, ARPE 19 were compared to primary cultures of human RPE.
Certain well-documented problems were experienced with primary cultures, namely
difficulty in producing pure cultures and in particular the limited and unpredictable
supply of donor eyes. As a result it was not considered feasible to develop this approach
further. The analysis of various phenotypically stable human cell lines was therefore
undertaken.
The cell lines studied varied in their morphology. Both hRPE 7 and hRPE 116 cell lines
exhibited a more spindle shaped morphology than ARPE 19, which appeared more
columnar with better evidence of differentiation (figure 5.1). HRPE 116, in paticular
was found to have survival problems under liquid nitrogen conditions.
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Figure 5.1 Electron micrograph of ARPE 19 and hRPE 7

%

U pper image show ing the cuboidal m onolayer o f ARPE 19 cells w ith apical m icrovilli, the arrow head
points to well form ed cell to cell junction and the black arrow points to the sub-RPE deposits formed.
The lower image show ing the flatter Clone 7 cell line, with the arrow head pointing to cell to cell
junction. Bar = 500 nm.
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Finally, to decide on one cell line, detailed ultrastructural comparisons between hRPE 7
and ARPE 19 of their sub-RPE deposits were carried out, as these two appeared to be
the most promising in terms of passage stability, storage in liquid nitrogen and
formation of sub-RPE deposits. These showed a statistically significant difference
between the total amounts of deposit formed (where total was the sum of all the deposit
types) as assessed by point counting (section 1.9.2). The ARPE 19 cell line exhibited a
greater amount of sub-RPE deposit than the hRPE 7 cell line (p<0.001) (figure 5.2).
Therefore, subsequent experiments were restricted to the ARPE 19 cell line.

Figure 5.2 Comparison of ARPE 19 and hRPE 7 sub-RPE deposit formation
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The total am ount o f sub-RPE deposit formed (thickness m easurem ents) at each o f the 3 tim e points
exam ined showed more deposit form ing with the ARPE 19 cell line than w ith the hRPE 7 cell line.
Statistical analysis by ANOVA, p <0.001, n =3 per cell line at each tim e point. E rror bars = mean ± 1SD.

5.1.2 Comparison of growth with substrate variation
Parallel experiments to determine the most appropriate substrate for the model were also
carried out. Polyester membrane inserts, both transparent and non transparent, collagen
coated inserts and porcine lens capsule membranes were compared. Cells seeded on
polyester inserts (both types) produced less deposit than those cells that were grown on
collagen coated inserts.

Porcine lens capsule supported cells resulted in a more

dramatic and faster rate of sub-RPE deposit formation.

However in view of the
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difficulties experienced with pig lens capsule isolation and usage, namely high infection
rates in culture and the restrictions in supply resulting from the foot and mouth
epidemic, it was decided to use collagen coated membrane inserts for all subsequent
experiments requiring a membrane insert, figure 5.3.

Figure 5.3 Substrate variations

Image A

Image B

Image C

Image D

'4 y s .

I

Im age A shows A RPE 19 cells grown on transparent polyester m em brane supports. The arrow points to
the sub-RPE deposits, im age B are cells grown on non-transparent polyester supports. Im age C are cells
grown on plastic tissue culture plates with no m em brane supports. The arrow head points to the edge o f
the sub-RPE deposit w ith the im pression left behind from the plastic and the arrow points to the plasm a
m em brane o f the cell, im age D show the deposits formed when ARPE 19 cells are grown on porcine lens
supports (arrow head). Bar = 500 nm.
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5.1.3 Cell density measurements
Cell number was assessed throughout the experiments to ascertain whether or not the
differences in sub-RPE deposit might be due to the differences in cell numbers as
opposed to being the consequence of changes in experimental conditions. Each well or
membrane was seeded with 1x10^ cells, as assessed using a haemocytometer before
seeding.
Assessment o f cell number was carried out on cells grown in 24 well plates over
different durations of time in culture, following changes in FCS concentration, or
challenge with retinal homogenate or albumin. Each experimental condition was
repeated at least three times.
The results showed that after seeding, cell numbers initially increased, plateaued at
approximately 18 days in culture and remained constant thereafter (p = 0.069)(figure
4.4). Changes in FCS concentration from 3% to 20% had no significant effect on cell
number (p = 0.360), as analysed with ANOVA at three time points (figure 5.5). There
was no significant difference in numbers of cells when treated with or without
homogenate for 1 week, (p = 0.778) (figure 5.6) and no significant difference in cell
numbers when treated with or without albumin, (p = 0.179) (figure 5.7). Analysis for
the latter 2 conditions was using Student’s t test.
In summary, all experimental conditions, namely; time in culture, changes in FCS
concentrations in the media, and challenge with albumin and homogenate did not alter,
significantly cell numbers after 5 weeks in culture. Therefore, any alterations in subRPE deposits could not be attributed to alterations in cell numbers in culture.All
subsequent experiments were therefore carried out at a minimum of 5 weeks in culture
to ensure stability of cell numbers.
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Figure 5.4 Change in cell number with time

Ï

days in culture

Graph showing the mean number o f ARPE 19 cells in a well o f a 24 well tissue culture plate at various
tim e points. After an initial increase in cell num ber after seeding, num bers plateau and remain constant.
A nalysis by ANOVA, p = 0.069, (n = 3). Error bars = mean ± ISD. Cell num bers xloV m l = num ber o f
cells X lO'* per ml o f media.

Figure 5.5 Effect of changing the concentration of FCS on cell number
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No significance difference (AN O V A) in cell numbers was noted with changes in the concentration o f
FCS used in the media (p = 0.360)(n = 3). Error bars = mean ± ISD. FCS = foetal calf serum
concentration, cell num bers xlO''/ml = num ber o f cells x 10^ per ml o f media.
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Figure 5.6 Effect of challenging RPE cells with retinal homogenate on cell number
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N o significant difference in cell num bers was noted with a retinal hom ogenate challenge (p = 0.778)
(Student’s t test) (n = 3). Error bars = mean ± ISD. Cell num bers xloV m l = num ber o f cells x 10'* per ml
o f media

Figure 5.7 Effect of challenging RPE cells with albumin on cell number
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N o significant difference in cell num ber was noted with an albumin challenge (p = 0.179) (Student’s t
test) (n = 3). Error bars = mean ± 1SD. no o f cells xlO'^/ml = num ber o f cells x lO'* per ml o f media.
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5.2 Characterisation of the model
Having selected ARPE 19 cells grown on collagen I coated membrane inserts or 24 well
plates as the main model system, the following characteristics were assessed;
morphology, tight junction formation, phagocytic capabilities, lipofuscin accumulation,
and TIM? 3 production. This was in order to evaluate if the model demonstrated in vivo
features characteristics of RPE cells.

5.2.1 Cell morphology
Cell morphology at light microscopy level of ARPE 19 cells in culture at the five time
points used in all experiments was assessed by photomicrography, namely 1 day, 4
days, 5 weeks, 7 weeks and 11 weeks after seeding. These images showed no change in
morphology with time, concentration of FCS used in the media, homogenate challenge
or albumin challenge (figure 5.8).

Figure 5.8 Phase photographs of ARPE 19 cells

mmsmi
Images show confluent cultures (left image) and non confluent cultures (right image), bar = 100 gm .

Ultrastructurally assessment of cellular morphology included the observation of many
aggregates of intracellular deposits, which resembled glycogen. Preliminary analysis of
membrane inserts with ARPE 19 cell for glycogen confirmed these deposits to be
glycogen (figure 5.9).

161

Chapter Five- In vitro results
Figure 5.9 Intracellular glycogen accumulation in cultures of ARPE 19 cells

# # #

5.2.2 Trans-epithelial resistance measurements
Trans-epithelial resistance measurements were carried out to assess the integrity and
differentiation of the monolayer of cultured cells with regards tight junction formation.
With functional tight junctions and a confluent monolayer, a considerable resistance
should exist between the apical cell membrane and below the membrane insert. Values
quoted by other authors for cultured RPE are in the region of 50-1000/ cm^ (Dunn et
al., 1996), but fully ‘tight’ endothelial cell monolayers achieve much higher resistance
mesurement.
ARPE 19 cells were grown on membrane inserts and resistance measured between
electrodes placed above and below the membrane insert. Background resistance
measurements were subtracted from these values. Background resistance was calculated
by measuring the resistance without any cells on the membrane inserts, this measured at
23 ± lohms (O). Raw data are given in appendix 2.
These experiments showed that a low resting resistance exists for the in vitro cultures
and the values seen here did not increase significantly with increasing time in culture (p
= 0.206)(figure 5.10). There was, however a trend towards higher resistance
measurements with time and statistical significance may possibly not have been reached
as a result of the small numbers involved in the experiments and the relatively high
variation at each time point.
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Figure 5.10 Transepithelial electrical resistance

40

time in culture (weeks)

Graph showing an increasing trend with tim e in the average transepithelial resistance generated in culture,
n = 3. This trend did not reach statistical significance; analysis with ANOVA p = 0.206. Error bars =
mean ± 1SD

5.2.3 Phagocytic capabilities of the RPE cell line
In VIVO, RPE cells have phagocytic capabilities and they ingest shed photoreceptor
outer-segments. The ARPE 19 cell line used in this model also showed phagocytic
activity as shown by the ingestion of fluorescent beads (Shirato et al., 1989), which
were seeded onto the cells in culture for 48 hours. After thorough washing the
remaining beads were presumed to have been ingested (figure 5.11). This phagocytic
capability seen in the ARPE 19 cell line confirms the results published by Finnemann et
al (Finnemann et al., 1997) and other co-workers in the Institute of Ophthalmology on
ARPE 19 cells (Dr M Hayes: Divison of Cell Biology: personal communication).
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Figure 5.11 Phagocytosis of fluorescent beads by ARPE 19 cells

i* : *
••

s- %

Ingested fluorescent beads seen in confluent ARPE 19 cultures on the left. The image on the
right is control cultures, which were not fed fluorescent beads. Bar = 100 gm.

5 .2 .4 L ip o fu s c in a c c u m u la tio n a s s e s s e d by a u to flu o r e s c e n c e

Lipofuscin is an intracellular lipoprotein conjugate, which fluoresces when excited by
ultraviolet light. The cultures were assessed for their autofluorescence content by
recording images at various time points, up to 77 days in culture.
Although a late rise in the mean amount of autofluorescence is seen, this has a broad
range with one of the three values differing from the other two (see error bar range).
Student’s t test analysis comparing this latter 11-week culture without the outlier, to the
mean of the other readings however, still produced a statistically significant result (p =
0.020), suggesting that the increase seen at 11 weeks is not spurious. However, with the
outlier included p = 0.287. Further experiments, including those at longer time points,
are needed to explore further the significance or otherwise of these observations (figure
5.12).
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Figure 5.12 Autofluorescence measurements of ARPE 19 cultures

tim e in c u ltu re (days)

Graph showing tim e in culture and the autofluorescence emitted. An increase is seen at 77 days in culture,
but note the large range with repeated experiments. Student’s t test analysis com paring the 77 day
readings to the rest o f the data set without the outlier; p = 0.020 and with the outlier p = 0,287. = outlier,
(n = 3)

5.2.5 Assessment of supernatant and ECM for TIMP 3
RPE in vivo have the capability to secrete TIMP 3 into the ECM. The in vitro ARPE 19
cell model was assessed for the same capability.
After optimisation. Western blot analysis showed both the ECM and the supernatant
contained TIMP 3 (figure 5.13). Bands were seen at 24 and 30 kDa corresponding to the
unglycosylated and glycosylated forms respectively. Bands at 48-50 kDa corresponded
to dimers of TIMP 3 and those at 12-15 kDa to breakdown products. Culture conditions
and sample preparation influences the appearance of the bands seen. For example
reducing a sample and letting it cool before loading on a gel increased the dimer band as
is seen in figure 4.13 and multiple freeze/ thaw cycles increased the other bands
mentioned

above.

The effect

of time

in storage

was not

assessed.

The

immunocytochemistry of the ECM for TIMP 3 is described in section 5.3.1.
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Figure 5.13 Western blot for TIMP 3
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The low er blot shows the two positive control bands at approxim ately 25 kDa, corresponding to the
unglycosylated and glyosylated forms o f TIM P 3, sim ilar bands in the sam ple specim ens are seen in lanes
3 and 4. Lanes 1-4 are supernatant specim ens; note lanes 1 and 2 have little or no TIM P 3 production. The
upper blot shows the negative control blot, w ere no band were seen for the positive control lane or any o f
the specim en lanes. + = Positive control, E = ECM ,

5.2.6 Immunocytochemistry
The following panel of antigens were selected for immunocytochemical analysis on
ARPE 19 cells as these have been investigated in in vivo sub-RPE deposits; ApoE,
amyloid P, complement 3, collagen types IV and VI, elastin, HLADR, IgG, TIMP 3,
ubiquitin and vitronectin. Staining for zonula occludens antigens was also carried out to
investigate the morphological integrity of the tight junctions. Three independent
experiments were carried out; with each run containing four wells. The following
images show the presence of the following antigens in the cultures TIMP 3, IgG, C3,
ZOI, ApoE, collagen VI and IV, figure 5.14.
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Figure 5.14 Cellular immunocytochemistry o f cultures

Col VI

C o lIV

TIMP3

H LADR

, Ubiquitio

Im m unocytochem istry o f ceils grown on glass cham ber slides. N ote the positive staining for ApoE,
collagen VI, collagen IV, eom plem ent, Z O I, IgG and TIM P 3. Lowest images are the negative
control. Bar = 50 pm.
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5.3 Assessment of ECM
5.3.1 Immunocytochemical analysis of ECM constituents
The ECM was assessed using the following panel of antigens; fibronectin, ubiquitin,
vitronectin, ApoE, Amyloid P, complement 3, collagen types IV and VI, elastin,
HLADR, IgG, and TIMP 3. The ECM was assessed by firstly removing the cells (as
described

in

section

2.6.1)

followed

by

the

same

technique

as

cellular

immunocytochemistry, whereby a fluorescent tertiary complex was used. Subsequent
quantification of the amount of immunoreactivity was carried out by assessing the mean
intensity of fluorescence in a xlOO objective and photograph using the Kinetic software.
The results of the controls were amalgamated and the mean control fluorescent value
was calculated as 44.76 arbitrary fluorescence units. The percentage of the mean value
was calculated for each rest antigen. Any values above or below two standard deviations
of the controls; namely 44.76 ± 12.20 were taken to be significant. Table 5.1 shows the
results. See methods section 2.4.1 and raw data given in Appendix 2.
From these results and the following images it can be seen that ApoE, complement 3,
collagen 6 and fibronectin show a significant increase in fluorescence from the controls
and therefore are reasonably considered to be part of the sub-RPE deposits, figure 5.15.
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Figure 5.15 ECM immunochemistry o f cultures
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Images show ing fibronectin, com plem ent 3, ApoE and collagen VI. The lowest images are negative
controls for anti mouse and antirabbit controls respectively. Non- significant differences w ere found
for: ubiquitin, vitronectin, am yloid P, collagen IV, elastin, IgG, H LA D R and TIM P 3 (data not
shown). Bar = 20 pm.
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Table 5.1 ECM immunocytochemistry
Actual fluorescence in
Antigen

arbitrarty units

% Of the mean

Apcllpoprotein E

6 5 .6 3

132.40*

Amyloid P

4 1 .1 3

102.19

Complement 3

5 6 .5 0

129.62*

Collagen VI

6 2 .6 4

128.61*

Collagen IV

5 7 .8 9

125.13

Elastin

4 6 .9 3

108.10

Fibronectin

92.71

177.05*

HLADR

50 .7 7

12 5 .0 8

IgG

58 .6 7

125.89

Timp3

5 9 .7 6

123.09

Ubiquitin

47.21

9 8 .3 0

Vitronectin

4 8 .1 7

106.33

T able show ing antigens sought and the percentage o f th e m ean control fluorescent value. *= S ignificance
as defined by any value greater than the control m ean +2SD , (44.76 + 12.20).
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5.3.2 Electron microscopy
The use of tannic acid and glutaraldehyde in comparison to the Kamovsky mixture for
fixation of cells resulted in better definition of membranes and sub-RPE deposits. It was
therefore chosen as the fixation technique for further studies (figure 5.16)

Figure 5.16 The use of tannic acid in electron microscopy processing

%

Image on the left shows the use o f tannic acid in fixation, the right image is without. N ote the better
contrast and definition o f m em branes with the use o f tannic acid. Bar = 500 nm.
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Using tannic acid the different types of sub-RPE deposits produced by ARPE 19, were
classified into six morphological categories (figure 4.17);

Table 5.2 Deposit types
Deposit type

Abbreviation

Description

Fibrillar

fib

Condensed

con

Banded

band

Membranous

mem

Space/ no deposit

space

Undefined

und

Electron lucent, usually the most frequently found
deposit, composed mainly of filamentous material.
Dense granular or closely-knit fibrillar material
with no space component and being mostly
electron dense.
Clusters of banded material approximately lOOnm
apart.
Bilayered membrane-like circular or oval vesicle
like structures.
Any area seen without deposit between the cell
plasma membrane and the substrate
Points falling on unclassifiable areas.
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Figure 5.17 Images of the different sub-RPE deposits formed in culture
Sub-RPE deposits formed in culture, (A) shows fibrillar deposits formed in an orderly fashion parallel to
the m em brane support, the arrow head dem onstrates fibrils on end. (B) shows condensed deposits with
probable banding material (arrow head), w hich would probably becom e visible on rotation o f the grid.
(C) displays m em branous deposits (arrowhead). Also shown are fibrillar deposits (arrow). (D) shows
definite banding deposits (two arrow heads), also m em branous deposits are seen (arrow). Bar = 500 nm
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The ECM of the unchallenged ARPE 19 cell line, whether grown on membrane inserts
or not, showed variable amounts of loosely packed fibrillar material with constituent
fibrils measuring 10-15nm in diameter. These fibrils were usually organised in an
orderly fashion, approximately parallel to the basal lamina of the cell. The condensed
deposits were present in small aggregates scattered evenly throughout the area
measured. The membranous component was less abundant than the fibrillar component,
and more abundant than the condensed component.
The appearances changed following challenge with retinal homogenate for 5 days with
significantly more separation of the cells from the insert (i.e increased ‘space’
component) and more indistinct condensed material. The fibrillar component was less
organised and of more random orientation. It was also more abundant. When present the
periodicity of banded material ranged from 66nm-l lOnm.
Changes in the concentration of FCS had no effect on the appearances of the sub-RPE
deposit. Following a challenge with albumin however, as compared with cultures grown
with 10% FCS, there was substantially more membranous type deposit.
Cells grown on porcine lens capsule developed condensed and banded deposits more
rapidly (days rather than weeks of culture). No membranous deposits were seen with
lens capsule membrane cultures.

5.3.3 Preliminary analysis of the amount of sub-RPE deposit formed in culture
Preliminary analysis was carried out on the rate of sub-RPE deposition, and to
determine when net deposition stabilised. Cells were grown in 24 well plates for various
time periods ranging from 1 day to 77 days.
Fibrillar deposit was laid down initially. This deposit type increased rapidly and the
amount stabilised around the 5 week time period. This time period was the same as the
period where RPE cell numbers were found to be stable (section 5.1.3). Condensed
deposits were not seen until 21 days in culture and then increased with time. The
residual space initially decreased and thereafter remained approximately constant. The
total amount o f sub-RPE deposit was therefore estimated to stabilise around 5 weeks of
culture (figure 5.4). All subsequent experiments on culture conditions were therefore
carried out at a minimum period of 5 weeks in culture.
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Figure 5.18 Effect of time on sub-RPE deposits grown in 10% FCS in 24 well
plates
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Graph showing the effect o f tim e in culture on the deposit types and space com ponent o f ARPE 19 cells
grow n on 24 well plates Initially there is a gradual increase in the am ount o f fibrillar deposits with time,
there is virtually no condensed deposit up to 21 days in culture. The space com ponent decreases
imm ediately then remains level with time. M em branous and banded deposits were not formed in
sufficient quantities to allow graphical representation Error bars = mean ± ISD. Fib = fibrillar deposit,
con = condensed deposit, space = space com ponent and total = all deposit types. N = 3.

5.3.4 Ultrastructural 3D analysis of banded deposits
Although rare, banded material was formed in vitro and was seen in long-term cultures,
in particular when ARPE 19 cells were challenged with retinal homogenate, see section
5.6.1. If there was any ambiguity as to whether banded deposits were present, the
specimen was reanalysed using a JOEL 1200 EX transmission electron microscope
based at Imperial College. This microscope possesses a double tilt specimen stage,
which enables tilting of the grid under the electron beam at larger angles, (up to 60°)
than the Joel 1010 microscope (used for the majority of this work and based at the
Institute of Ophthalmology), which allows tilting of only 20° maximally.
According to methods given in section 2.4.1.3, two images of definite banded material
from two separate cultures were assessed by 3D analysis with a view to determining
more accurately the banding patterns seen.
Figures 5.19 and 5.20 are the unprocessed images of the deposits. They show the
characteristic primary transverse banding pattern. The double bands are approximately
30 nm apart and repeated axially every 100 nm. In figure 5.20 axial filaments are also
seen and are staggered laterally by about 20nm.
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The lower images in figures 5.21 A) and B) shows the Fourier filtered appearance of the
aggregates from the corresponding figures 5.19 and 5.20. Fourier analysis states that
any function defined within an interval or period can be represented as a series o f sine
and cosine functions. These sine and cosine functions whether of space or time, and can
best be understood as a periodic regression fit of data points; namely a ‘fourier fit’.
Images 5.21 A and B both show the primary set of transverse double bands and image
4.21 A shows a secondary series of pairs of transverse bands, again approximately 30
nm apart that are repeated approximately every 100 nm. These secondary sets of double
bands are situated between and equidistant from the main pairs (green arrows in figure
5.21).
At the top of the section of figure 5.21 the corresponding protein density of the bottom
half image is shown. It is possible to see clearly the double band character of the protein
distribution, projected as double-crested peaks. Figure 4.21C shows similar analysis on
BLamD seen in AMD, postulated to be collagen type VI (Knupp et al., 2002). This
donor eye showed both the primary and secondary sets of tranverse bands.
Simple visual inspection, together with the similarity in their axial periodicity, suggests
strongly that the aggregates in figures 5.19 and 5.20 and AMD are very similar. Slight
differences in appearance may be attributed changes in the protein polymerisation such
as the addition of sugar groups, which may account for the secondary set of double
bands, or to small differences of the aggregate orientation in the microscope and to
distortions suffered by the specimens during preparation, figure 5.19 and 5.20.
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Figure 5.19 3D analysis of banded deposits (image 1)

A rrow heads show the characteristic transverse double banding pattern approxim ately 30 nm
apart w ith a repetition o f the double bands every 100 nm, x20,0000.

Figure 5.20 3D analysis of banded deposits (image 2)

-

V*

W hite arrowheads show ing the transverse double bands, the w hite arrow points to axial filam ents
staggered by approxim ately 20 nm. The black arrow dem onstrates m em branous deposit types, x20,000.
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Figure 5.21 Fourier transformations and protein density images of figures 4.19 and
4.20

2 5 K* 0 .8
2 5 K

* 0 .8

The low er segm ents o f image A and B are the Fourier transform ations o f Figures 5.19 and 5.20
respectively. The lower h a lf o f image C is sim ilar transform ation o f BLamD seen in AM D eyes. The top
half o f each image is the corresponding protein density images. Images A and B were taken at x25000
m agnification and m ultiplied by 0.8 to coordinate with the AM D image which was taken at x20000. Red
arrows correspond to prim ary transverse bands seen in both figure 5.19 and 5.20and green arrows to the
secondary transverse bands seen in figure 5.19.
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5.4 Ultrastructural quantification of sub-RPE deposits
All micrographs were printed on 20 cm x 25.5 cm photographic paper and at x 10,000
final magnification. Initially thickness measurements, where 5 random measurements
were taken of the thickness of the sub-RPE deposit per micrograph, were used (see
section 2.5.1). It soon became apparent however, that a technique would be needed
whereby the different deposit types could be described. This was achieved by placing a
transparent 5 mm x 5 mm grid on the micrograph. The number of points falling on each
type of deposit was then counted.
These two methods, namely the thickness measurement and the point counting were
shown to generate comparable results (p = 0.20), (figure 5.22). By dividing the number
of points counted in an area by the length of the area measured an equivalent relative
thickness was derived (figure 2.3).

Figure 5.22 Comparison o f ‘thickness’ and ‘points’ measurements
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Graph com paring point counting with ‘thickness’ measurem ents. N ote that in both m easurem ents sim ilar
patterns are produced with tim e (p = 0.20). Analysis by Student’s t test. Error bars = mean ± ISD , (n = 3)
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5.5 Validation of point counting technique
Point counting provides an unbiased estimate of surface area of 2D objects and has
many advantages over alternative methods (see section 2.5.2). In any point counting
experiment the number of points falling on an object of interest may vary according to
the precise orientation and location of the grid on the object, and from potential
differences in observer classification of what, if any, features of interest each point
lands on. The former source of variation is unbiased as long as there is an equal
probability of a point landing on any part of the plane to be sampled. This is best
achieved by ensuring that either the test pattern of dots or the position and orientation of
the plane to be sampled are random.
In order to assess reproducibility of point counting, interobserver and intraobserver
variation was assessed. It soon became evident that in order to best achieve this, the test
grid placed on the photomicrographs needed to be in a fixed location. This ensured that
repeated classification of points could be carried out independent of variation arising
from differences in location and orientation of the test grid. Therefore, I needed to
assess whether fixation of the test grid destroyed randomness of orientation of the
micrographs. This was assessed by examining 63 random micrographs. The angle the
monolayer of RPE cells made with the micrograph label was measured. Analysis using
the Chi square test showed no difference between the angles seen on the micrographs
whether the grid was placed in a fixed manner or theoretically random (p = 0.65), see
table 5.3. Therefore, I was able to fix the grid for analyses as sufficient randomness of
orientation was introduced by specimen processing and photography.
In order to assess interobserver and intraobserver variation I clipped or fixed the
sampling grid onto the photomicrograph so that repeated classification of points could
be carried out independent of variation arising from difference in location and
orientation of the test grid. In addition, as we were interested in thickness of sub-RPE
deposit I needed the length of RPE examined. This measurement of length was a further
source o f error, which I was able to analyse if the grids were fixed.
In summary, therefore, I sought to define where error, if any, was introduced during
point counting technique and to correct this.
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Table 5.3 Analysis of variation with ‘fixed’ or ‘non fixed’ grid

Degrees
0-60
61-120
121-180

No of micrographs
24
21
18

No that would be expected if random
21
21
21

Table showing that within the 63 micrographs analysed the different positions o f the monolayer (as
measured in degrees separation from the label o f the micrograph) were not significantly different from
that which would be expected if they were random. Chi square test p = 0.651.

5.5.1 Intraobserver variability
Intraobserver variability was assessed on 11 randomly selected micrographs using the
‘total’ deposit category, by counting the same micrographs by the same observer twice.
The technique described by Bland and Altman suggests a graphical representation of the
difference and the average of the readings taken (Bland and Altman, 1986). Then,
providing the data points are scattered around the mean and provided the differences are
within the mean difference ± 2SD, then the variability can be considered acceptable.
From table 5.4 the mean difference is -0.13 and in this example mean difference + 2SD
= 0.85 and mean difference - 2SD = -1.10. According to figure 5.23 intraobserver
counting differences were considered to be within acceptable limits, with a symmetrical
distribution of points and all within 2 SD of the mean difference.

Table 5.4 Intraobserver variability
1st count 2nd count

Difference

Average

4 .7 5

4 .4 4

0.31

4 .6 0

3 .5 7

4 .1 2

-0 .5 5

3 .8 4

5 .9 0

5.41

0 .4 9

5 .6 6

4 .4 6

3 .7 6

0 .7 0

4.11

4 .4 7

4 .7 6

-0 .2 9

4 .6 2

2 .9 4

2 .9 4

0 .0 0

2 .9 4

1 0 .8 6

1 1 .1 3

-0 .2 8

1 0 .9 9

3 .6 8

4 .6 7

-0 .9 8

4 .1 8

8 .2 7

8 .7 3

-0 .4 7

8 .5 0

4 .5 6

4 .8 6

- 0 .3 0

4.71

2 .8 6
2 .9 2
-0 .0 5
2 .8 9
Table, showing the number o f points on the first and second count by the same observer. The difference
and the average between the tw o values were also calculated.
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Figure 5.23 Intraobserver variation
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A ltm an-Bland plot show ing the scatter o f points where the difference is plotted against the average. All
the counts fall within the mean difference (-0.13) ± 2SD (0.85 and -1.10). Therefore the observer counted
in a sim ilar and consistent manner on the tw o separate series o f counts.

5.5.2 Interobserver variability
Differences between two different observers were also assessed on all the membrane
insert experiment micrographs (n = 108). The mean difference ± the 2SD in this
example were: mean difference + 2SD = 0.58 and mean difference - 2SD = -1.62.
Figure 5.24 shows the slightly asymmetrical distribution of the majority of points
counted around the mean difference (-0.52), with 1 definite outlier.
In summary although variations in counting were consistent in each observer,
differences between observers could be seen, with one observer counting lower than the
other. This difference however was within the limits of acceptability that were set.
The micrographs that had generated the outlier were re-examined by both observers and
the areas of discrepancy discovered. Subsequently changes were instigated in which
potential problems in point counting were defined and rules formulated to overcome
such future discrepancies, see section 2.5.5.

182

Chapter Five- In vitro results
Table 5.5 Interobserver variability
Observer 1 Observer 2 Difference Average
4.31

4.01

-0.31

4 .1 6

4 .5 3

5 .1 6

-0 .6 3

4 .8 5

4 .5 8

5 .1 8
7 .4 7

-0 .6 0

4 .8 8

5 .6 9

-1 .7 8

6 .5 8

4 .1 7

4.01

-0 .1 7

4 .0 9

4 .1 8

4 .0 0

-0 .1 8

4 .0 9

4 .5 7

4 .7 3

-0 .1 6

4 .6 5

4 .7 8

4.61

0 .1 6

4 .6 9

5.41

5.41

0 .0 0

5.41

5 .2 0

5 .9 6

-0 .7 6

5 .5 8

5 .3 0
5 .9 9

5.01

-0 .2 8

5 .1 5

6.71

-0 .7 2

6 .3 5

9 .2 2

1 0 .5 9

-1 .3 7

9 .9 0

Table showing the values counted by the tw o observers, the difference and the average betw een the two
values.

Figure 5.24 Interobserver variation
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5.6 Modulation of deposits by variation in culture conditions
In the following section, the pattern of sub-RPE deposit formed will be presented for all
culture conditions studied, namely: time in culture, concentration of FCS used (3%,
10% and 20%), challenge with 4.2% albumin solution, challenge with retinal
homogenate (1 retina per 20 ml of media) and comparison of cells grown directly on 24
well plates to those grown on a membrane inserts (figure 5.25). All data are presented
by graphical representation and statistical analysis. Raw mean data are presented in
tables in Appendix 2).

Figure 5.25 Conceptual image of experimental design

Additions to the media

Tissue culture
plastic or
m em brane inserts

Time
(weeks)

Conceptual image o f experim ental design. The vertical axis represents the tim e in w hich cultures w ere
grown, the horizontal axis represents the various conditions used to challenge the cultures and the
anteroposterior axis represents the two types o f insert used. 3%, 10% and 20% refer to concentrations o f
FCS used in the media. Alb = albumin, hom og = retinal hom ogenate, P = plastic tissue culture and M =
m em brane insert.
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5.6.1 Analysis of culture conditions
Cells were grown in non-coated 24 well plates and on collagen type I coated membrane
inserts. Three micrographs were taken from three independent wells for each culture
condition.
To assess the effects of increasing the duration in culture, cells were assessed at three
time points, namely 5, 7 and 11 weeks in culture. These times were chosen as
preliminary experiments had shown that ARPE 19 cells and sub-RPE deposits stabilised
at 5 weeks of culture; see section 5.3.3 and 5.1.3.
With increasing time, after the initial 5 weeks of culture, there was no change in total
deposit (p = 0.832). The amount of condensed deposit type increased with time in
culture significantly (p < 0.001). The fibrillar component also altered with time in
culture, initially increasing from 5 weeks to 7 weeks and then decreasing from 7 to 11
weeks of culture (p = 0.004). The remaining deposit types did not alter with time in
culture (figure 5.26)(table 5.6).
Cells incubated with 3%, 10% and 20% FCS showed no change in the total amount of
sub-RPE deposit formation (p = 0.205) or any change with individual subtypes of
deposit (figure 5.27).
Albumin challenge resulted in a significant increase in the total amount of deposit
formed (p = 0.019). This was due to a significant increase in the membranous deposit (p
= 0.001). The other deposit types were not significantly altered with the addition of
albumin to the media (figure 5.28; table 5.7). Finally, challenge with retinal homogenate
showed increasing amounts of total deposit (p = 0.024). The increase was due to
significant increases in the condensed (p < 0.001) and banded (p = 0.015) forms. The
fibrillar and membranous deposits were not altered significantly. The amount of space
(no deposit) was also found to increase significantly (p < 0.001)(figure 5.29)(table 5.8)
(section 5.6.2 further investigates this area). Cultures grown on a membrane insert and
on solid tissue culture plastic were also compared; the total amount of deposit formed
differed significantly, with more deposits forming when cells were grown on a
membrane insert (p < 0.001). The increase was seen in the condensed (p < 0.001) and
membranous (p < 0.001) deposits (figure 5.30)(table 5.9).
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Figure 5.26 Effect of time on cultures
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Different deposit types are com pared with tim e in culture. N ote the increasing am ount o f condensed
deposits with tim e and the fall o f the fibrillar deposit at 11 weeks. Error bars = mean ± ISD. Fib =
fibrillar deposit, con = condensed deposit, band = banded, space = space com ponent, mem = m embranous
and tot = total deposit, (n = 3).

Table 5.6 Statistical analyses of the effect of time in culture
Deposit type/ space

P value

Total

0.220

Fibrillar

0 004**

Condensed

<0.001***

Space

0 831

Membranous

(1529

Banded

0.271

Analyses by Student’s t test showing significance in the fibrillar and condensed com ponent o f the deposit
only and not the total deposit. Significance, *= p<0.05, **p<0.01, p<0.001***.
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Figure 5.27 Effect of FCS concentration change
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Graph show ing the effect o f alterations in the concentration o f FCS used in the media, at all tim e points.
N ote no significance could be seen in any o f the deposit types w ith changes in FCS used in the media.
Error bars - mean ± ISD. Fib = fibrillar deposit, con = condensed deposit, band = banded, space =
com ponent, mem = m em branous and tot = total deposit, (n = 3).

Figure 5.28 Effect of albumin on cultures
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Graph show ing the effect o f albumin on deposits, at all tim e points. Error bars - mean ± 1SD. Note the
significance increase in the am ount o f m em branous and total deposit types. Fib = fibrillar deposit,
condensed = condensed deposit, band = banded, space = space com ponent, mem = m em branous and tot =
total deposit, (n = 3).
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Table 5.7 Statistical analyses of the effects of albumin on cultures
Deposit type/ space

P value

Total

0.019*

Fibrillar

0.721

Condensed

0.607

Space

(1235

Membranous

<0.001***

Banded

0.225

A nalysis using Student’s t test showed significance in the m em branous and the total deposit groups.
Significance; *= p<0.05, **p<0.01, p<0.001***.

Figure 5.29 Effect of retinal homogenate on cultures
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H om ogenate challenge increases the condensed deposit, banded deposit, space com ponent and total
deposit. Analysis was at all tim e points. Error bars = mean ± ISD. Fib = fibrillar deposit, con =
condensed deposit, band = banded, space = space com ponent, mem = m em branous and tot = total deposit,
(n = 3).
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Table 5.8 Statistical analyses of the effects of homogenate on cultures
Deposit type/ space

P value

Total

0.024*

Fibrillar

0.143

Condensed

<0.001***

Space

<0.001***

Membranous

0.155

Banded

0.015*

Analyses by Student’s t test showing significance in the condensed, banded, total and space com ponent
types formed with retinal hom ogenate challenge. Significance; *= p<0.05, **p<0.01, p<0.001***.

Figure 5.30 Comparison of cultures grown on membrane insert and solid plastic
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Com parison o f sub-RPE deposits formed w ith cells grown on collagen type I coated m em branes to cells
grown in 24 well plates. E rror bars = mean ± ISD. Fib= fibrillar deposit, condensed = condensed deposit,
band = banded, space = space com ponent, mem = membranous, (n = 3).
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Table 5.9 Statistical analyses comparing cultures grown on m em brane inserts to
cultures grown on solid plastic
Deposit type/ space

P value

Total

<0.001***

Fibrillar

0.587

Condensed

<0.001***

Space

<0.001***

Membranous

<0.001***

Banded

0.189

Analyses by ANOVA showing significance in the total, condensed, space component and membranous
deposit types. Significance; *=p<0.05, **p<0.01, p<0.001***.

5.6.2 Cell adhesion properties of ARPE 19 grown on m embrane inserts
While experiments were being carried out on homogenate-treated cells, it became
apparent that those challenged with retinal homogenate were easier to trypsinise than
untreated cells. RPE adhesion capabilities have clinical significance in that adhesion
seems to be reduced with AMD, with resultant pigment epithelial detachments; this is
detachment of the RPE fi-om the underlying choriocapillaris.
With a view to quantifying this difference, an assay was developed to assess resistance
to tiypsinisation with time. This assay confirmed that cells treated with homogenate
detached more quickly than those cells not treated (p = 0.05), figure 5.31.
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Figure 5.31 Assessment of the relative ease of trypsinisation of cultures
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G raph com paring relative ease o f trypsinisation w ith cells numbers, as measured indirectly by lysing cells
and then m easuring their protein concentration. A consistent difference can be observed, namely the
hom ogenate challenged have less adhesive capabilities, (p = 0.05)(n = 4). Analysis by ANOVA, error
bars - m e a n ± ISD.
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5.6.3.1 Summary o f cell culture results
Effect of time on sub-RPE deposits:
•

The total amount of sub-RPE deposit formed did not significantly alter from 5
weeks to 11 weeks in culture. However, the amount of condensed deposit
increased with time in culture at the expense of the fibrillar deposit type which
dropped at 11 weeks of culture.

Effect of FCS concentration changes on sub-RPE deposits
•

No effect was seen on sub-RPE deposit formation with changes in concentration
of FCS used.

Effect o f albumin on sub-RPE deposits
•

A significant increase in membranous deposit type was seen. This was reflected
in the total amount of deposit formed.

Effect of retinal homogenate on sub-RPE deposits
•

An increase in the total amount of sub-RPE deposit formed was seen on the
addition of retinal homogenate to the culture media. This was a reflection in the
banded and membranous component. In addition the space component was
increased significantly.

•

A reduction in attachment to the substrate

Effect of membrane insert on sub-RPE deposits
• An increase in sub-RPE deposits; total, condensed and membranous types was
seen with cells grown on membrane inserts.
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5.7 Modulation of sub-RPE deposits by the addition of MMP 2 and TNF a
In order to investigate the effect of TNF a or MMP 2 on the amount of sub-RPE deposit
formed, cells were cultured on membrane inserts for various time periods, treated with
retinal homogenate for 5 days and then challenged for 48 hours in serum free media
containing either TNF a or MMP 2, each at two different doses; for TNF a this was 10
and 40 ng/ml and for MMP 2 it was 1 and 70 ng/ml. Control samples were treated with
retinal homogenate for 5 days followed by serum free media alone. The cultures were
then processed and analysed for deposits as previously described.
Cells treated with TNF a or MMP 2, showed a dramatic reduction in the amount of subRPE deposit (p = 0.004 and p == 0.035 respectively). There was an apparent dose
response relationship with TNF-a, with the lower dose (10 ng/ ml) having less of an
effect on the sub-RPE deposit than the higher dose (40 ng/ ml). Low doses of MMP 2
(Ing/ ml) reduced sub-RPE deposit in 7 and 11-week old cultures but not in 5-week
cultures (figure 5.32, table 5.10).
Deposit sub-type analysis was not carried out as the reduction in sub-RPE deposits was
extensive and involved all types.

Figure 5.32 Effect of TNF a and MMP 2 on total sub-RPE deposits
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Graph show ing the effect o f TNF a and M MP 2 on the total am ount o f deposit formed as com pared with
no treatment (SFMH), N ote M M P 2 70ng/ml reduced the total am ount o f deposit formed at all tim e
points, w hereas at the low er dose o f 1 ng /ml has effects on 7 and 11 week cultures only. TNF a also
reduced the total am ount o f deposit formed at all time points, but its lower dose has a reduced effect.
SFMH = serum free media after retinal hom ogenate challenge. E rror bars = mean ± ISD, (n = 3).
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Table 5.10 Statistical analyses of deposit types treated with TNF a and MMP
Treatm ent with

P value

TNF a

0.004**

MMP 2

0.035*

A nalysis by ANOVA, o f the total am ount o f deposit formed w ith increasing dose o f TNF a and M M P 2.
Significance; *= p< 0.05, **p<0.01.

Figure 5.33 U ltrastructural images of sub-RPE deposits challenged with TNF a
and MMP 2

TNF 10

TNF 40

................. .

MMP 40

Control
vW

r^ ’’j* |T v C
*

"

fïr li

Cells treated with TN F 40 ng/ml show little sub-RPE deposits com pared to controls (low er image on
right). Cells challenged w ith 10 ng/ ml o f TNF have less sub-RPE deposits than control specim ens and
m ore than cells challenged with 40 ng/ ml o f TNF.
Cells challenged with M M P 2 70 ng/ ml show a sim ilar reduction in sub-RPE deposits form ed com pared
to control specim ens. Bar = 500 nm.
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5.7.1 Analysis of MMP production
With a view to determining if TNF a altered the MMP balance, the amounts of activated
MMP 2 and 9 were assessed in the culture system. Zymography demonstrated that
unchallenged cells produced predominantly MMP 2. The addition of TNF a stimulated
MMP 9 production alone. The amount of MMP 9 produced was the same at 40 ng/ ml
or 10 ng/ ml. MMP 2 addition increased the amount of active MMP 2 in the system with
no effect on MMP 9 production (figure 5.34).

Figure 5.34 Zymogram gel from culture supernatents
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Zym ography o f tissue culture supernatants following treatm ent with T N F-a or M MP-2. T40 = TNF 40
ng/ml, TIO = TNF 10 ng/m l, SFH = serum free m edia with hom ogenate, SF = serum free media, M M P-2
- M M P-2 1ng/ml and M 70 = M M P-2 70ng/ml. Top band seen at 92 kD a corresponded to M M P- 9 and
low er band seen at 72 kD a corresponded to M M P- 2.
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5.8 Development of a protein assay
With a view to replacing the lengthy process of electron microscopic analysis with a
more efficient method of assessing the amount of ECM deposit, a protein analysis kit
was used to determine the total amount of protein in the ECM after removal of the cells.
It was considered that this would provide an alternative measure of the total amount of
deposit formed by the cells in culture.
Initially cells were removed with EOT A and subsequently quantification of the ECM
was carried out using a protein quantification kit.

5.8.1 Cell removal prior to protein quantification
In order to determine the best method of cell removal from cultures grown on solid
plastic, whilst leaving the ECM intact, citric saline, triton X, IGEPAL and EOT A were
compared (section 2.6.1.2). Ice-cold citric saline for 15 minutes has little effect without
vigorous washing; EOT A at 37 °C for 15 minutes detached the cells adequately, in
terms of efficiency of detaching cells without needing an additional force such as
tapping or washing to dislodge the cell.
Triton X 0.1% and 0.2% for 15 minutes was more efficient than IGEPAL in cell
removal. Trypsin xl for 20 minutes at 37 °C was used as the gold standard in its
efficiency of cell removal though it was not used experimentally as it has the ability to
digest components of the ECM. Treatment with EGTA for 15 minutes was finally
chosen as the method for cell detachment as it appeared to be the most efficient at cell
removal whilst leaving the ECM intact (figure 5.35). It was used for all subsequent
experiments where the ECM was needed for analysis, namely immunocytochemistry of
the ECM and protein quantification of the ECM.
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Figure 5.35 Ultrastructural image of sub-RPE deposits grown without membrane
supports with the cells removed.

Image show ing the sub-RPE deposits remain after removal o f the cells w ith EGTA. Bar = 500 nm.

5.8.2 Protein quantification of sub-RPE deposits
Protein quantification following EGTA removal of cells detected an increase in the total
amount of protein in sub-RPE deposits with time in culture. The amount of sub-RPE
deposit formed was seen to stabilise around the 5 week period when examined
ultrastructurally, however this plateauing was not seen in the protein quantification of
sub-RPE deposits (figure 5.36). The effects of varying concentrations of FCS and
challenge with retinal homogenate and albumin produced no significant difference in
the amount of deposit formed as evaluated by total ECM protein (table 5.11). Increased
numbers of observations might have exposed a significant difference.
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Figure 5.36 ECM protein concentration changes with time
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Cells were removed with EGTA and the rem aining ECM was quantified using a fluorescent protein kit
The total am ount o f fluorescence, representing total am ount o f protein, proportionally increases w ith tim e
in culture, n = 3. Error bars = mean ± 1SD

Table 5.11 ECM protein concentration changes with culture conditions
Culture condition Concentration of protein (ng)

1 SD

3%

1 6 3 .9

2 5 .4 2

10%

1 7 7 .9 3

1 2 .9 3

20%

1 8 8 .4 5

14.51

album in

1 6 6 .7 6

2 4 .0 2

h o m o g en a te

1 8 4 .9 2

6 .8 8

Table show ing mean protein concentration o f sub-RPE deposits, all taken after 5 w eeks o f culture SD = 1
standard deviation, n = 3.
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6 CHAPTER SIX- DISCUSSION OF IN VITRO STUDY
6.1 Development of a sub-RPE deposit model
A major aim o f this project was to establish an in vitro model, with which to explore the
pathogenesis o f sub-RPE deposits. This was achieved by using a combination of either
collagen I coated supports or tissue culture plastic and ARPE 19 cells. The decisions as
to which cell type and which support were to be used arose from not only the amount of
sub-RPE deposit formed, but also from practical considerations such as being able to
regularly supply the needed constituents of the model. A particular benefit of the ARPE
19 cell line was that it has been used by other groups within the Institute of
Ophthalmology and has been extensively characterised in-house. The following is a
summary of relevant information, demonstrated by groups within the Institute of
Ophthalmology on ARPE 19 cells: the cells expressed RPE 65 and CRALBP (two RPE
specific proteins), they produced a series of growth factors including PEDF and VEGF
and the cells have been shown to express various junctional proteins such as P-catenin,
pl00-pl20 and occludin and intracellular antigens such as cytokeratins 5, 8 and 18; all
of which were detected using human specific antibodies. Finally, as expected, the
endothelial cell marker, von Willebrand factor, has been shown to be negative (Kanuga
et al., 2002)(courtesy of Prof. Greenwood and co-workers).
The majority of the work carried out was on membrane inserts, as these have been
shown to allow faster differentiation of cells (Dunn et al., 1996). Our studies
demonstrated that significantly more deposit formed with cells cultured on inserts than
without inserts. The cell substrate used was collagen type I coated, however this was
again chosen over other membrane inserts for practical reasons of supply and infection
control (in particular relevance to porcine lens supports).
In fact the ideal cell-substrate combination might have been primary RPE cultures and
porcine lens capsule supports as these produced deposits most rapidly. But the practical
considerations o f limited availability of primary human RPE cells and difficulties with
infections when using lens capsule, however, were major disadvantages of this
approach.
The combination of cells and substrate used had an important influence on the sub-RPE
deposit formed. Not only did more deposit form when cells were grown on membrane
supports but the type o f deposit formed altered, for example, more banded deposits
formed when cells were grown on porcine lens epithelium. Also, the combination of
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cells and substrate appeared to show a species specificity, with ARPE 19 cells not
growing on bovine lens capsule (Greenwood laboratory) and rat endothelial cells (GP8)
and canine kidney epithelial cells (MDCK) were found not to grow on porcine lens
capsule (figure 6.1). This illustrates the importance of both the cell type and its
attachment to its matrix, for ECM deposition.

Figure 6.1 MDCK cells grown on porcine lens epithelium

m

Image showing, unhealthy and partly degenerate, darkly stained M DCK cells, which were grown on
porcine lens epithelium . Stressed or dying cells initially show leaking intracellular organelle m em branes
with subsequent increased uptake o f tannic acid and eventual lead staining, resulting in a darkly stained
cell cytoplasm. A rrow dem onstrates a thin and wispy am ount o f sub-RPE deposit. These changes were
seen in three separate experim ents and dem onstrate the species specificity o f the RPE cells with the
porcine lens epithelium support. Bar = 500 nm.
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6.1.1 Technique of measuring sub-RPE deposits
To be able to compare the effects of different culture conditions on sub-RPE deposit
formation we needed to develop accurate tools for deposit analysis and quantification.
The technique of measuring sub-RPE deposits went through a series of modifications.
This eventually resulted in a technique that was reproducible, efficient and allowed the
contribution of the different types of sub-RPE deposits formed to be classified. In this
project there was an 82 % concordance between observers. Where disagreement
occurred they involved micrographs where some ambiguity lay in the area of deposit;
for example if the membrane insert could not be clearly differentiated from condensed
deposits forming adjacent to the membrane, or when there was large and irregularly
shaped artefactual separation of the cells from the inserts.
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6.2 Comparison of sub-RPE deposits formed in vitro to those seen in vivo
It is apparent that the deposits formed in vitro share some features with those seen
ultrastructurally in vivo (Li et al., 1984; Campochiaro et al., 1986; Newsome et al.,
1988a; Kigasawa et al., 1998), therefore implying that some of the constituents of an
ageing/ diseased Bruch's membrane are derived from RPE cells.
In our model system the fibrillar material formed resembled that seen in Bruch’s
membrane, with similar fibril diameters (10-15nm) (personnal communication; Dr G.
Hageman and unpublished observations). The banded deposit type also showed similar
pattern of banding to that seen in BLamD. We have shown, with ultrastructural 3D
analysis that the banding periodicity seen in vivo was consistent with polymerised
collagen type VI (Knupp et al., 2002). Similar analysis on the in vitro banded deposit
types confirms that these deposits are also in keeping with collagen type VI and
therefore the deposits seen in vivo. In addition further investigation of the ECM with
immunocytochemistry showed definite increased staining for collagen type VI over
negative controls (section 5.3.1). Other in vitro studies using immunohistochemistry and
ELISA techniques have found collagen IV to be the main collagen products produced
by primary RPE cells in culture, but these studies did not search for collagen type VI (Li
et al., 1984; Campochiaro et al., 1986; Newsome et al., 1988a; Kigasawa et al., 1998).
Collagen types 1 and 111 were also present (Campochiaro et al., 1986; Newsome et al.,
1988a) but to a lesser extent and collagen type 11 production was variably seen
(Newsome et al., 1988a; Miceli et al., 1994; Campochiaro et al., 1986; Kigasawa et al.,
1998).
In this in vitro system there was an apparent progression from fibrillar to condensed
deposits. Evidence for the progression of fibrillar to condensed deposit type includes the
increasing amount of condensed deposit type with time (5 to 11 weeks) in culture,
associated with a decrease in the amount of fibrillar deposit from 9 to 11 weeks of
culture associated with no increase in the total amount of deposit formed during this
time period. Therefore, implying a shift from fibrillar to condensed deposit types with
time.
It is reasonable to speculate that further progression of condensed deposits to banded
deposits also occurs (figure 6.2). The evidence for this second step or progression arises
from the observation that the material in which there was a suspicion of banding
blended imperceptibly with condensed deposit, and it seems probable that banded
material forms within condensed deposit. The amount of banded deposit was therefore
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likely to have been underestimated, as tilting analysis for banded deposits was only
carried out if there was a suspicion of banding. It may be that if more grids were
routinely tilted further deposits could have been classified as banded. Finally, it has
been suggested that condensed material becomes banded under certain culture
conditions, such as the presence of collagenases, ATP, low pH and temperatures of 37
°C (Kajikawa et al., 1980; Hirano et al., 1989), in rat skin, mouse comeal and mouse
trabecular meshwork cultures.
The membranous type deposits consisted of spherical membrane bound vesicular
elements. Ultrastmcturally the deposits were seen to line up in an ordered fashion
parallel to the RPE plasma membrane and in many ways were morphologically similar
to BLinD. BLinD are described in section 1.6.2.8 and figure 1.10 shows the similar
vesicular pattern. BLinD has been considered to be a relatively specific indicator of
disease rather than simply an ageing phenomenon (Curcio and Millican, 1999). The
importance of BLinD as an indicator of disease was further verified in sections 3.3.3
and 3.5.1 of the ZMvivo work from this project.
Therefore this in vitro model of sub-RPE deposits produced deposits morphologically
similar to those seen in vivo namely; BLamD and BLinD. Drusen-like deposits
however, were not seen in this model, possibly due to the fact that there were no
dendritic cell equivalents in the culture system (these have been postulated to be
essential in dmsen biogenesis (Hageman et al., 2001)) or the lack of RPE BM.
Finally, it is interesting to note that when a membrane support was used in the cultures,
more deposits formed, in particular the membranous deposit type. These deposits form
beneath the RPE BM in vivo, and it may be that RPE BM-like effect, as produce by a
membrane support, is needed for BLinD formation.
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Figure 6.2 Proposed progression of fibrillar deposit
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6.3 Modification of sub-RPE deposits in vitro
With a view to modifying sub-RPE deposits formed in vitro a number of challenges
were used in this project. As previously described ( in section 1.7.2.4) sub-RPE deposits
are seen in conditions other than AMD and their presence in association with long
standing retinal detachments where sub-retinal fluid concentrations can be as high as 16
g / 1 (Berrod et al., 1993), led to one of the hypothesis postulated in this project; namely
that the protein degradation pathways of the RPE maybe somehow be overloaded in
AMD.
Increasing the concentration of foetal calf serum had no effect on the sub-RPE deposits.
PCS is known to cause a rise in RNA synthesis followed by increased protein synthesis
and cell division (Holley and Kieman, 1968), which is probably as a result of the action
of the growth factors it contains. PCS contains variable amounts of protein at a
concentration of approximately 40.8g/l (Life technologies biochemical profile of PCS),
with albumin being the predominant protein. Total lipid concentrations are in the region
of lg/1 (Life technologies biochemical profile of PCS). The ARPE 19 cell line is a
robust cell line, which can tolerate low serum content media (1 %) for long periods (1
month) with little effect on morphology (Dunn et al., 1996; Tezel and Del Priore, 1998).
The range of PCS used in this study (3-20%, equivalent to 1.22-8.16g/l) may therefore
not have been large enough to alter significantly the metabolic activity of the RPE cell
and therefore the sub-RPE deposit formed, even if the two were linked.
The addition of albumin to the media significantly increased the amount of membranous
deposit and hence, also the total amount of deposit formed. In contrast, retinal
homogenate challenge increased the amounts of condensed, banded and total deposit
types. Both albumin and retinal homogenate challenge increased protein concentration
in the media surrounding the RPE cells and this lends some support to the concept that
there may be abnormalities of protein metabolism in the RPE cell in ageing and AMD.
This might in turn contribute to the increase in Bruch’s membrane thickness seen in
ageing and AMD and possibly the accumulation of BLamD in the elderly and
BLamDLM in earlier life.
Retinal homogenate challenge also increased the space component. This may reflect
reduced adequacy of cell-substrate attachment and is entirely consistent with the results
of the adhesion assay, were retinal homogenate challenge reduced the resistance of the
ARPE 19 cells to trypsinisation (section 5.6.2). Pigment epithelial detachments are a
common manifestation of AMD(Bird et al., 1995)and may represent changes in
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attachment of the RPE to Bruch’s membrane (Pauleikhoff et al., 2000).

Further

investigation of this reduction of adhesion in the model system on treatment with retinal
homogenate may come to represent a forme fruste of serous RPE detachments.
Our second hypothesis involved the reduction of sub-deposits by altering the balance of
metalloproteinases by the addition of MMP 2 or by the addition of the pro-inflammatory
cytokine, TNF a, in the culture media. The addition of retinal homogenate to the
cultures reduced active MMP 2 formation, but increased the total amount of deposit
formed. Rather dramatically, all the deposit types were reduced on addition of 70 ng /ml
MMP 2 and 40 ng /ml TNF a. The lower dose of TNF a had a reduced effect on subRPE deposit reduction, implying a possible dose-response relationship between the
amount o f TNF a used and the degree of sub-RPE deposit reduction. MMP 2 challenge,
at both doses, increased MMP 2 activity to the levels seen in cultures not challenged
and grown in serum free media alone.
The mode of action of MMP 2 and TNF a on the deposits needs further elucidation.
From the zymography data it is evident that at least two different pathways are
involved, both of which result in sub-RPE deposit reduction in vitro. The first, involves
MMP 9 activation by TNF a (and not MMP 2) and the second involves a direct increase
in active MMP 2 concentrations, with no change in MMP 9 concentrations.
If sub-RPE deposit formation is a key process in the pathogenesis of AMD it is possible
that suppression of formation or enhanced clearance of deposit might bring therapeutic
benefit. It is very difficult to assess diffuse deposits clinically, but drusen are more
readily seen and have been shown to regress following laser treatment (Choroidal
Neovascularization Prevention Trial Research Group, 1998; Friberg, 1999; Folk and
Russell, 1999). It is not known how laser treatment leads to the clearance of drusen, but
given that laser therapy has been reported to increase TNF-a expression it now appears
that downstream increased production of active MMP-9 is one possibility. A recognised
complication of laser treatment is choroidal neovascular membrane formation
(Choroidal Neovascularization Prevention Trial, 2003), presumably due to damage to
Bruch’s membrane. Pharmacological approaches would be expected to avoid this
complication. However, both TNF a and MMP 2 are known to be toxic and this toxicity
would limit their used in AMD eyes.

Significantly, the results show proof of principle that the deposit formation can be
modified by either increasing the amount of sub-RPE deposit formed, using a protein
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load challenge in the form of albumin or adding retinal homogenate or decreasing the
amount of deposit with the use of TNF a and MMP 2.
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6.4 Protein quantification of sub-RPE deposits
The protein quantification analysis was developed with a view to analysing sub-RPE
deposits in a more efficient manner. The relationship between fluorescence in the
protein assay and ultrastructural deposit thickness is shown in figure 6.3.

Figure 6.3 Protein quantification using fluorescent dye and comparison to deposit
thickness
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Graph showing a linear relationship betw een the total am ount o f sub-RPE deposit formed and
quantification o f the am ount o f sub-RPE using a protein quantification kit.

This figure illustrates the linear relationship of increasing fluorescence with increasing
deposit thickness. However, ultrastructural analysis showed the total amount of deposit
formed plateaued with time. This discrepancy between the protein assay and
ultrastructural analysis results can be best explained in the context of the deposit subtype analysis. With increasing time in culture the condensed deposit sub-type increased
and the fibrillar sub-type decreased. Therefore, it is reasonable to assume that dye/
fluorescence binds condensed deposits more avidly than fibrillar deposits. However,
further work is needed to test this hypothesis and to clarity the extent of dye penetration
into the sub-RPE deposit.
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6.5 Summary
This project was successful in developing an in vitro model, which produced sub-RPE
deposits similar to those seen eyes of eldery subjects and patients with ARM or AMD.
With the additional use of the protein quantification assay this model could be used for
a rapid analysis system to test both risk factors and potential therapeutic agents on
diseases associated with sub-RPE deposit formation, such as AMD. Finally, this model
can be used to increase our understanding of the pathobiology of AMD and the
importance of sub-RPE deposits in AMD.
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7 CHAPTER SEVEN - COMPARISON OF SUB-RPE DEPOSITS IN
EYES WITHOUT AMD OR AGEING
Diffuse deposits and focal deposits can be visualised by light microscopy (figure 7.1).
With respect to diffuse deposits, no distinction between BLamD and BLinD can be
made at the level of magnification available in light microscopy and all that can be
discerned is a generalised diffuse thickening of the area beneath the RPE cell. Drusen,
however, can be relatively easily identified, due to their eosinophilic nature and wekll
formed edges. In addition they distort the RPE cell, which is easily identified due to its
pigmentation.
As previously described in section 1.6.2.4, sub-RPE deposits are seen in conditions
other than AMD. In particular, they are seen overlying choroidal malignant melanomas
and in end-stage phthisical eyes where there has been long-standing retinal detachment.

Figure 7.1 Diffuse and focal sub-RPE deposits seen at light microscopy

.

4

Image A dem onstrate diffuse deposits in an A M D eye and image B focal deposits seen in a donor with
retinoblastom a, near the optic nerve head. x200 m agnification with H&E stain.

Sections 1.7.2.3, 1.7.2.6.1 and 1.7.2.8.1 describe in detail the published literature on the
various antigens investigated in sub-RPE deposits in AMD and aged eyes.
With a view to comparing sub-RPE deposits seen in AMD eyes to deposits seen in
young, non-AMD eyes, immunohistochemistry using a panel of antibodies in each
group was carried out. Young cases were used to reduce the likelihood of co-existing
age-related pathology.
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The panel of antibodies chosen were; complement component 3, ApoE, TIMP 3, IgG
and collagen type VI as these antigens were found to be present in the ECM, the
supernatant and in ARPE 19 cells, as previously demonstrated in this thesis (sections
5.2.5, 5.2.6 and 5.3.1). SlOO and HLA DR were used in an attempt to demonstrate
dendritic cells, thought to be important in the pathogenesis of drusen (section 1.6.2.5).
Ubiquitin and vitronectin were used as historical controls, as these have been shown to
be positive in AMD related drusen (Hageman et al., 1999; LoefEer and Mangini, 1997).
Finally an elastin antibody and two histological stains for members of the elastin family
were used as abnormalities of elastin processing have been postulated to be important in
Sorsby’s fundus dystrophy, where diffuse deposits predominate (Chong et al., 2000).
The histochemical stains used for elastin were Gomori’s aldehyde fuchsin (AF) stain
and the Fullmer and Lillie’s oxidation step in addition to the aldehyde fuchsin step
(OxAF) (section 2.8).
When quantifying the results of the immunohistochemistry, it soon became apparent
that a number of problems needed addressing. Primarily, there was great variability in
the staining pattern within the same eye and between eyes (figure 7.2). This was
overcome by calculating an an overall mean grade of positive staining for each section /
eye (section 2.8).
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Figure 7.2 Variation in the extent of staining using immunohistochemistry
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“ig .
Images A and B are from the same eye using an IgG antibody. Image A show ed stong positive staining o f
the drusen substance and image B showed no staing and w as graded as negative (arrow).
Images C and D are also from the same eye (eviceration specim en) using HLA D R antibody. Image C
was graded as negative w hereas image D show ed a punctate staining and graded as weakly positive
(arrow).
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Figure 7.3 Variation within the same deposit

Picture o f drusen with vitronectin antibody taken at x220 m agnification. The arrow points to a focal
deposit that was partially positive and the arrow head points to a deposit that was virtually
com pletely strongly positive.

Secondly, owing to the nature of the sections, namely that the deposits were small and
cut-out in deeper levels, it was impossible to follow the same set of deposit through
serial sections, therefore each section had different numbers of deposits. Finally whilst
searching for deposits, there was a bias towards picking up positive staining deposits
over negative staining deposits due to their prominence This was particularly true in
deposits directly adjacent to the tumour where it could also be very difficult to assess
and separate the deposits from foci of exudation (figure 7.4).
Despite these limitations quantification of focal deposits was carried out. In addition the
staining pattern of diffuse deposits was noted and graded. Details of the donors and the
antibodies used are presented in section 2.8.
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Figure 7.4 Melanoma associated sub-RPE deposits

x350

x350

f
All the images show exam ples o f deposits found to be difficult to interpret. Image A is using A poE
antibody, image B ubiquitin, image C and D are ApoE antibody, arrowhead dem onstrates focal deposits
M = m elanom a
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7.1 Immunohistochemical analysis of drusen in AMD and non-AMD eves
As previously mentioned and depicted in Table 7.1, there was large variability in the
staining pattern of drusen within and between eyes stained by immunohistochemistry
and aldehyde fuschin stains. This variability, and the small number of donor eyes
available for this study, prevented the identification of any definitive pattern of staining
or differences in staining between AMD and non-AMD eyes. However, a certain
number of observations can be made. In AMD eyes, vitronectin, IgG, ApoE, TIMP 3
and OxAF staining were consistently positive and in non-AMD, non-melanoma eyes,
vitronectin, IgG and ApoE were also consistently positive. In melanoma eyes no
consistent pattern of positive staining was seen, though collagen type VI, ubiquitin and
HLA DR were consistently negative. No consistent differences were seen between
AMD and non-AMD eyes, however the inflammation-associated molecules such as
HLA DR and C3 were more marked in the AMD and non-AMD (non-melanoma) eyes
than in the melanoma eyes. Similarily TIMP 3 and ubiquitin were more extensively
expressed in the AMD and non-AMD (non-melanoma) eyes compared to the melanoma
eyes. There was little difference in any of the groups in the expression of vitronectin,
IgG and ApoE, which was present in all groups. SlOO, elastin, AF and collagen type VI
staining were largely negative (figure 7.5).
Focal deposits in the single Sorsby’s fundus dystrophy donor eye showed a similar
positive staining pattern as the AMD group, ie. vitronectin, IgG, ApoE, TIMP 3 and
OxAF with the additional weakly positive staining with ubiquitin.

Figure 7.5 Various stains for elastic tissue
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Image A shows the negative staining pattern with an elastin antibody, sim ilarly aldehyde fuchsin
(im age B) is also negative. Image D incorporated an oxidative step prior to staining w ith aldehyde
fuchsin and showed strong positive staining o f the sub-RPE deposits. x l5 0 m agnification.
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Table 7.1 Immunohistochemical analysis of drusen
Melanoma (n=S)
Sorsby
Antigen

Others (n=5)

A M D (n=2)

tumour

C3

1-, 1+++

1-,1+,2++,1+++

3-.1 +

H LA DR

1-,1+++

2-.1++, 2co

5-

1 + + ,1+++

1+,1+++,1++, 2co

4-

Vitronectin
Ubiquitin
IgG
ApoE
SlOO
lim p 3
Coll. VI
Elastin
AF

Ox AF

exudate

non
involved
retina

(n=1)
overall

1-.1+
2-

5-.2+

-

8-

-

1++

2++

4-,3++

1++,1-

3++, 2-

4-

1-

6-

+++
+

1++, 1+++

3++, 2+

2++.2+

CO

1-

2++,2+,1-

+++

2+++

1+,2++,1+++, 1co

2-.2++.1 +

1+

1+

2-,2++,3+

+++

2-

8-

1-.1 +
1-

6-

-

21++, 1+++

5-

5-

1-,1+,1++,2+++

2-

3-, 2+

1-, 4+
5-

2-

5-

4-

1-

6-

2-

5-

5-

2-

8-

-

1-, 1++

5-, 3++

+

1++, 1+++

2-, 3++

3-, 2++

1+
CO

2-, 6+

-

++

Immunohistochemistry o f drusen in AMD eyes, phthisical eyes and eyes with choroidal melanoma. A
single case o f Sorsby’s fundus dystrophy is also included. Numbers shown in columns correspond to the
number of eyes analysed. The melanoma group was sub-divided into drusen occurring on the melanoma,
under the exudate associated with the melanoma and not associated with the melanoma itself or in non
involved retina with either the tumour or exudate. The overall category is a sum o f the latter 3 groups.
- = negative staining, + = weakly positive, ++ = moderately positive and +++ = strongly positive, AF =
aldehyde fuchsin. Ox ^oxidation, co = deposits cut out on deeper levels.
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7.2 Immunohistochemical analysis of diffuse deposits in AMD and non-AMD eves
Despite the small numbers of donors involved, diffuse deposit assessment was relatively
consistent between donors and there was less variability within the same eye in staining
patterns (table 7.2). All three groups stained positively for vitronectin, ubiquitin, IgG,
ApoE, TIMP 3 and OxAF. SlOO, elastin and AF stains were all consistently negative.
Stains for complement component 3, HLA DR and collagen type VI were more variable
with C3 staining being less positive (in one case negative) compared to the non-AMD
and Sorsby’s group. This pattern was reversed with HLA DR antibody and the AMD
group was more strongly positive that the non-AMD group.

Figure 7.6 Diffuse deposits at light microscopy
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x350
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Image A shows negative staining of diffuse deposits with collagen type VI staining and image B
demonstrates variable positive staining with TIMP 3, arrowhead points to a region where staining was
weak and the arrow points to an area where staining was strongly positive .
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Table 7.2 Immunohistochemical analysis of diffuse deposits
Antibody

AMD (n=2)

Sorsby (n=1)

Other (n=2)

C3

-/+

++

++/+

HLA DR

++/+

-

-/+

Vitronectin

++

++

++

Ubiquitin

++

+

+

IgG

++

++

++

ApoE

++

++

++

collagen VI

-

+

-

SlOO

-

-

-

Timp 3

++/+++

+

++

Elastin

-

-

-

AF

-

-

-

OxAF

++/+++

+

+

Immunohistochemistry o f diffuse deposits in two AMD cases, one case o f Sorsby’s fundus dystrophy and
two cases under the age o f 45 with end stage phthisical eyes.
- = negative staining, + = weakly positive, ++ = moderatly positive and +++ = strongly positive, AF =
aldehyde fuchsin. Ox =oxidation.
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8 CHAPTER EIGHT-DISCUSSION OF SUB-RPE DEPOSITS IN
EYES WITHOUT AMD OR AGEING
8.1 Drusen analyses

In this study I was unable to demonstrate a difference between drusen found in nonAMD associated eyes from those found in melanoma eyes and end stage phthisical
eyes. The major point of note, however, was the great variability in the staining seen.
This variation could be due to a number of factors. Firstly, there may be a genuine
heterogeneity of constituents, secondly the deposits showed variable staining possibly
because they are at different stages of their development and finally the variability could
be due to the inherent problems associated with immunohistochemical techniques
The first point is quite compelling and it may be that a complex series of events leads
to, or follows from the formation of sub-RPE deposits and possibly many up and down
stream molecules are being detected, for example, pro inflammatory cascades, with or
without complement activation may be operating in concert with other manifestations of
inflammation including exudation of plasma proteins and longer term wound healing
processes. Clearly in order to resolve these issues a study including large numbers of
donor eyes would be required so that distinct patterns of expression may be identified.

8.2 Diffuse deposits
Two AMD eyes and two phthisical eyes from patients under the age of 45 had diffuse
deposits as seen by light microscopy. These groups differed in their staining pattern
with HLA DR and complement component 3. HLA DR is a class II human leukocyte
antigen located on chromosome 6 and closely related to some complement genes.
Whereas MHC class I antigens are found on all nucleated cells, class II antigens are
present on cells directly involved in the immune response. These proteins are thought to
provide appropriate guidance for T cells and their interaction with antigen presenting
cells. C3 is the crucial complement product that unifies the classic and alternative
complement pathways. Either of the two pathways results in the conversion of C3 into
C3a and C3b. C3a caused degranulation of basophils and mast cells and is chemotactic
for neutrophils, whereas C3b triggers the membrane attack complex pathway by its
interaction with C5 (Mullins et al., 2000). Therefore it may be that generation of AMD
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associated diffuse deposits involves different inflammatory pathways than those seen in
non-AMD eyes, including the Sorsby’s fundus dystrophy donor eye. As with drusen
analysis, a much enlarged study would help confirm these preliminary findings.

8.3 Conclusion
This study was carried out to test the hypothesis that sub-RPE deposits seen in nonAMD eyes did not differ from those seen in AMD eyes. The major conclusion derived
from these results was the observation of the large variability in sub-RPE deposit
staining pattern. This goes some way in explaining the confusing literature that exists on
the nature of these deposits. In addition, this particular study was hampered by the small
numbers of eyes in each group. This stems in part from a national difficulty in donation
of organs and their harvesting within an appropriate time after death. All of the eyes
used in this study were evisceration and enucleated specimens from living patients.
These specimens are rarely available as there is relatively little need for removal of
these non-malignant eyes.
However despite these limitation the consistently positive results with vitronectin, IgG
and ApoE in all deposit types imply that sub-RPE deposits, both focal and diffuse may
have these constituents in common and indicate a possible inflammatory response being
involved (Johnson et al., 2000; Hageman et al., 2001). More recently the positive
staining with ApoE has been linked to complement activation (Johnson et al., 2002). In
addition the consistently negative staining seen with SlOO, elastin and AF imply that
sub-RPE deposits do not contain mature elastin fibres or SlOO positive cells sufficiently
to produce positive staining results with the techniques employed in this study.
Some differences were evident between AMD and non-AMD eyes, in particular in
relation to the diffuse deposits and it may be that sub-RPE deposits are a final common
pathway to a potential series of insults to the RPE and may have a variety of processes
involved in their pathogenesis, in particular local inflammatory events. Further work to
determine the exact pathways at a cellular level are needed in order to be able to
determine the pathobiology of these deposits and to establish at which point the
pathways of AMD may differ from other diseases.
Finally it is important to emphasise that staining with collagen type VI was largely
negative in all deposits examined. This finding is contrary to the findings of
ultrastructural studies (Knupp et a l, 2002) and the ECM analysis of in vitro deposits
carried out in section 5.3. This difference in results between the in vitro and in vivo
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work needs further investigation and it may be that light microscopy of in vivo deposits
is inadequate and future work should focus on higher resolution microscopy 9electron
microscopy).
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9 CHAPTER NINE- GENERAL DISCUSSION
This project has elucidated some important morphological features of ageing and
AMD in donor eyes and using these criteria, has clarified differences between the
two. The in vivo work has demonstrated that AMD appears to be an exaggeration of
changes that occur with normal ageing, whereas the in vitro work has demonstrated
the importance of the RPE cell in both maintenance and formation of sub-RPE
deposits, many of which resemble the deposits seen in within Bruch’s membrane in
vivo. This latter section has also demonstrated that by increasing the protein
concentration of the media culture, RPE cell produced increased amounts of ECM,
most noteably banded and membranous types.
In summary, ageing of the RPE cell could result in abnormalities of protein
metabolism with subsequent sub-RPE deposit formation. Disease, by way of genetic
predisposition or environmental factors exaggerate the normal ageing changes. Figure
9.1 shows a schematic diagram of possible pathways involved.
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Figure 9.1 Postulated AMD pathogenesis
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D iagram representing the potential pathways involved in both ageing and AMD. The AM D pathway is
m ore exaggerated than the ageing pathway. G reen boxes represent areas w here this study has focused
on.
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10 CHAPTER TEN- CONCLUSIONS
10.1 In vivo study
The major objectives of the in vivo section of this project was to test the hypothesis that
age-related thickening of Bruch’s membrane differentially affects different layers of
Bruch’s membrane, and that the macula is more severely affected. Furthermore, we also
set out to test the hypothesis that sub-RPB deposits are more abundant in patients with
AMD than in age-matched controls
This project demonstrated that all of the sub-RPE deposit changes that are seen in AMD
at ultrastructural level are also seen with normal ageing but are exaggerated in disease.
In particular deposition of BLamD directly beneath the RPE basal lamina and BLinD
deposition are important indicators of disease as opposed to ageing alone. The periphery
was seen to be less severe affected with age and not significantly affected by AMD.

In a separate study carried out at the light microscopic level, sub-RPE deposits seen in
conditions other than ageing and AMD were also compared. Drusen and diffuse
deposits were found to contain a number of inflammatory pathway components in
common and confirm the findings of other investigators (Johnson et a l, 2000; Hageman
et a l, 2001). In addition the consistently negative staining seen with SI00, elastin and
AP imply that sub-RPE deposits do not contain mature elastin fibres or S I00 positive
cells sufficiently to produce positive staining results with the techniques employed in
this study. This may be due to the inadequacy of light microscopy for the study of in
vivo deposits and future work should focus on higher resolution microscopy.
Some differences were evident between AMD and non-AMD eyes, in particular in the
diffuse deposits and it may be that sub-RPE deposits are a final common pathway to a
potential series of insults to the RPE. Thus, there may be a variety of processes involved
in the pathogenesis of sub-RPE deposit formation.

10.2 In vitro study
The major objectives of the in vitro section of this project was to establish an in vitro
model in which to explore the pathogenesis of sub-RPE deposits. This project
demonstrated that the human RPE cell line ARPE 19, lay down an extracellular matrix
in vitro that resembles the deposits seen in Bruch’s membrane in vivo. These deposit
types included banded deposits with similar periodicity to BlamD and membranous
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deposits with similar morphology to BlinD. In addition, fibrils with the same diameter
as those seen in vivo were also observed. The amount of ECM formed was found to be
increased by challenging RPE cells with retinal homogenate or albumin. Finally, the
amout of sub-RPE deposit was decreased with the addition of TNF a and MMP 2.
This project was successful in developing an in vitro model, which produced sub-RPE
deposits similar to those seen in in vivo. However, equivalent structures to focal
deposits were not seen.
These deposits could under the correct culture conditions, be encouraged to increase in
volume, whereas the addition of TNFa and MMP 2 reduced their formation
significantly.

10.3 Summary
The aim of this project was to investigate the pathogenesis and significance of sub-RPE
deposits in ageing and age-related macular degeneration. The results have demonstrated
that these deposits are likely to form from insults to the RPE and as a consequence of
normal ageing, and are likely to represent an epiphenomenon. Despite this, the use of
the sub-RPE in vitro model characterised in this project may prove beneficial for the
development of potential therapeutic agents or in studies to prevent further deterioration
of the RPE. Finally, the model may be used to increase our understanding of the
pathobiology of AMD and its causative agents.
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11 CHAPTER ELEVEN-FUTURE DIRECTIONS
Given the extremely varied etiological factors involved in AMD, it is evident that a
complex pattern of gene and protein expression is seen in post mortem specimens of
patients with AMD. It is also apparent that huge variations exist from case to case.
This may reflect different stages of disease and more importantly different modes of
death for the individual donor. For this reason a large numbers of cases need to be
studied and the data generated potentially difficult to interpret.

11.1 Future work
•

In vitro cellular ultrastructure was not investigated to the same extent as subRPE deposit. However, certain observations were made which indicate that
further detailed analysis in these areas may add valuable information to the
pathogenesis of AMD. In particular, it would be interesting to assess residual
bodies’ counts and to assess intracellular glycogen accumulation in cultures of
ARPE 19 cells (sections 5.2.1 and 5.2.4).

•

The interesting observation of decreased adhesion on treatment of cultures
with retinal homogenate also implies changes in basal cellular attachment such
as through integrin attachment to the ECM and formation of focal adhesion
plaques. The cause of decreased adhesion is an interesting area of future work
(section 5.6.2).

•

One of the major concerns arising from the methods involved with the protein
assay developed for the analysis of the ECM, was the possible variation of dye
affinity for the various sub-RPE deposit subtypes and the extent of dye/
fluorescence penetration of the sub-RPE deposits (section 6.4). Further
elucidation of the mechanisms involved in the protein assay could enable rapid
assessment of various external conditions/ media constitutes on the formation
of sub-RPE deposits, possibly in a 96-well plate format.

•

It would be helpful to understand the cellular control of sub-RPE deposit
formation, with a view to delineating the upstream cellular pathways that
correlate with abnormal deposit formation. This knowledge would potentially
lead to the discovery of non-toxic agents, which could be used in vivo to
reduce sub-RPE deposits formation. To achieve this, cells could be grown
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under conditions believed to optimise sub-RPE deposit formation, for example
risk factors implicated in AMD, such as smoking and nicotine. Any potential
new non-toxic agent could then be used to try and reduce these deposits. Gene
expression studies, using m RNA of the RPE cultures could be compared in
treated and non-treated groups to see which genes are up or down regulated. A
panel of genes that are maximally up or down regulated could be identified. In
addition protein expression can also be studied with 2D gel electrophoresis of
the media and the substrate deposits formed.

These in vitro results could be used to compare with the findings of existing
large post-mortem studies of AMD pathogenesis (Hageman lab). Through this
integrated approach, significant cellular pathways could become more clearly
identified and such knowledge might lead to the development of effective
therapies for the treatment of AMD.

227

REFERENCES

1. Abdelsalam, A., L.Del Priore, and M.A.Zarbin. 1999. Drusen in age-related
macular degeneration; pathogenesis, natural course, and laser photocoagulationinduced regression. Surv. Ophthalmol 44:1-29.
2. Adamis, A.P., D.T.Shima, K.T.Yeo, T.K. Yeo, L.F.Brown, B.Berse,
P.A.D'Amore, and J.Folkman. 1993. Synthesis and secretion of vascular
permeability factor/vascular endothelial growth factor by human retinal pigment
epithelial cells. Biochem. Biophys. Res. Commun. 193:631-638.
3. Akiya, S., YUemura, and T.Fujiwara. 1984. Electron microscopic observation
on the developing rabbit and human vitreous collagen fibrils by negative
staining. Ophthalmic Res. 16:233-238.
4. Alberts, B., D.Bray, J.Lewis, M.Raff, K.Roberts, and J. Watson. 1994. Molecular
biology of the cell. Garland Publishing, New York.
5. Algvere, P.V. and S.Seregard. 2002. Age-related maculopathy: pathogenetic
features and new treatment modalities. Acta Ophthalmol Scand. 80:136-143.
Apte, S. S., M.G.Mattei, and B.R.Olsen. 1994. Cloning of the cDNA encoding
human tissue inhibitor of metalloproteinases-3 (TIMP-3) and mapping of the
TIMP3 gene to chromosome 22. Genomics 19:86-90.
7. Arrindell, B.L., B. S.McKay, G.J.Jaffe, and J.M Burke. 1992. Modulation of
potassium transport in cultured retinal pigment epithelium and retinal glial cells
by serum and epidermal growth factor. Exp. Cell Res. 203:192-197.
8. Ayad, S., R P.Boot-Hanfbrd, M.J.Humphries, K.E.Kadler, and Shuttleworth.
1994. The Extracellular Matrix Facts Book. Academic Press, London, San
Diego, New York, Boston, Sydney, Tokyo, Toronto.
9. Bancroft, J.D. and M.Gamble. 2002. Connective tissue and stains. In Theory and
practice of histological techniques. Churchill Livingstone, London. 142-158.
10. Banfield, W.G., C.KLee, and C.W.Lee. 1973. Myocardial collagen of the
fibrous long-spacing type. Arch. Pathol 95:262-266.

228

11. Beatty, S., H.Koh, M.Phil, D.Henson, and M Boulton. 2000. The role of
oxidative stress in the pathogenesis of age-related macular degeneration. Surv.
Ophthalmol. 45; 115-134.
12. Berrod, J.P., P.Kayl, P.Rozot, and A.Raspiller. 1993. Proteins in the subretinal
fluid. Eur. J. Ophthalmol. 3:132-137.
13. Besharse, J.C., D.A.Dunis, and B.Bumside. 1982. Effects of cyclic adenosine
3',5'-monophosphate on photoreceptor disc shedding and retinomotor
movement. Inhibition of rod shedding and stimulation of cone elongation. J.
Gen. Physiol 79:775-790.
14. Bhutto, I. A. and T.Amemiya. 2002. Choroidal vasculature changes in
spontaneously hypertensive rats - transmission electron microscopy and
scanning electron microscopy with casts. Ophthalmic Res. 34:54-62.
15. Bird, A C., N.M Bressler, S.B.Bressler, I.H.Chisholm, G.Coscas, M.D.Davis,
P.T.de Jong, C.C.Klaver, B.E.Klein, and R.Klein. 1995. An international
classification and grading system for age-related maculopathy and age-related
macular degeneration. The International ARM Epidemiological Study Group.
Surv. Ophthalmol. 39:367-374.
16. Bland, J.M. and D.G. Altman. 1986. Statistical methods for assessing agreement
between two methods of clinical measurement. Lancet 1:307-310.
17. Blumenkranz, M S., N.M Bressler, S.B.Bressler, G.Donati, G.E.Fish,
L.A.Haynes, H.Lewis, J.W.Miller, J.M.Mones, M.J.Potter, C.Poumaras,
AReaves, P.J.Rosenfeld, A.P.Schachat, U.Schmidt-Erfurth, M.Sickenburg,
L.J.Singerman, J.S.Slakter, A.Strong, and S. Vannier. 2002. Verteporfin therapy
for subfoveal choroidal neovascularization in age- related macular degeneration:
three-year results of an open-label extension of 2 randomized clinical trials-TAP
Report no. 5. Arch. Ophthalmol. 120:1307-1314.
18. Bok, D., G.S.Hageman, and R.H.Steinberg. 1993. Repair and replacement to
restore sight. Report from the Panel on Photoreceptor/Retinal Pigment
Epithelium.
Ophthalmol. 111:463-471.
19. Bost, L.M. and L.M.Hjelmeland. 1993. Cell density regulates differential
production of bFGF transcripts. Growth Factors 9:195-203.
20. Boudreau, N.J. and P.L.Jones. 1999. Extracellular matrix and integrin signalling:
the shape of things to come. Biochem. J. 339 ( Pt 3):481-488.

229

21. Bradley, J.M., A.M.Anderssohn, C.M.Colvis, D.E.Parshley, X.H.Zhu,
M.S.Ruddat, J.R. Samples, and T.S.Acott. 2000. Mediation of laser
trabeculoplasty-induced matrix metalloproteinase expression by IL-lbeta and
TNFalpha. Invest Ophthalmol Vis. Sci. 41:422-430.
22. Bressler, N.M., J.C.Silva, S.B.Bressler, S.L.Fine, and W.R.Green. 1994.
Clinicopathologic correlation of drusen and retinal pigment epithelial
abnormalities in age-related macular degeneration. Retina 14:130-142.
23. Bressler, S B., M.G.Maguire, N.M.Bressler, and S.L.Fine. 1990. Relationship of
drusen and abnormalities of the retinal pigment epithelium to the prognosis of
neovascular macular degeneration. The Macular Photocoagulation Study Group.
Arch. Ophthalmol 108:1442-1447.
24. Buckwalter, J.A., J.A Maynard, and R.R.Cooper. 1979. Banded structures in
human nucleus pulposus. Clin. Orthop.259-266.
25. Burke, J.M., C.M Skumatz, P.E.Irving, and B.S.McKay. 1996. Phenotypic
heterogeneity of retinal pigment epithelial cells in vitro and in situ. Exp. Eye
Res. 62:63-73.
26. Burnside, B., R. Adler, and P.O'Connor. 1983. Retinomotor pigment migration in
the teleost retinal pigment epithelium. I. Roles for actin and microtubules in
pigment granule transport and cone movement. Invest Ophthalmol. Vis. Sci.
24:1-15.
27. Burridge, K., K.Fath, T.Kelly, G.Nuckolls, and C.Tumer. 1988. Focal
adhesions: transmembrane junctions between the extracellular matrix and the
cytoskeleton. Annu. Rev. Cell Biol. 4:487-525.
28. Caldwell, R.B., S.M.Slapnick, and B.J.McLaughlin. 1987. Quantitative freezefracture and filipin-binding study of retinal pigment epithelial-cell basal
membranes in diabetic rats. Exp. Eye Res. 44:245-259.
29. Campochiaro, P.A. and B.M.Glaser. 1985. Platelet-derived growth factor is
chemotactic for human retinal pigment epithelial cells. Arch. Ophthalmol
103:576-579.
30. Campochiaro, P. A. and B.M.Glaser. 1986. Mechanisms involved in retinal
pigment epithelial cell chemotaxis. Arch. Ophthalmol 104:277-280.
31. Campochiaro, P.A., S.F.Hackett, S.A.Vinores, J.Freund, C.Csaky,
W.LaRochelle, J.Henderer, M.Johnson, I.R.Rodriguez, Z.Friedman, and . 1994.
230

Platelet-derived growth factor is an autocrine growth stimulator in retinal
pigmented epithelial cells. J. Cell Sci. 107 ( Pt 9):2459-2469.
32. Campochiaro, P.A., J.A.Jerdon, and B.M.Glaser. 1986. The extracellular matrix
of human retinal pigment epithelial cells in vivo and its synthesis in vitro. Invest
Ophthalmol. Vis. Sci. 27:1615-1621.
33. Campochiaro, P.A., P.Soloway, S.J.Ryan, and J.W.Miller. 1999. The
pathogenesis of choroidal neovascularization in patients with age- related
macular degeneration. Mol. Vis. 5:34.
34. Chang, B., N.L.Hawes, R.E.Hurd, M.T.Davisson, S.Nusinowitz, and
J.R.Heckenlively. 2002. Retinal degeneration mutants in the mouse. Vision Res.
42:517-525.
35. Chlapowski, F.J. and L.Haynes. 1979. The growth and differentiation of
transitional epithelium in vitro. J. Cell Biol. 83:605-614.
36. Cho, E., M.J.Stampfer, J.M.Seddon, S.Hung, D.Spiegelman, E.B.Rimm,
W.C. Willett, and S.E.Hankinson. 2001. Prospective study of zinc intake and the
risk of age-related macular degeneration. Ann. Epidemiol. 11:328-336.
37. Chong, N.H., R.A.Alexander, T.Gin, A.C.Bird, and P.J.Luthert. 2000. TIMP-3,
collagen, and elastin immunohistochemistry and histopathology of Sorsby’s
fundus dystrophy. Invest Ophthalmol. Vis. Sci. 41:898-902.
38. Choroidal Neovascularization Prevention Trial. 2003. Laser treatment in fellow
eyes with large drusen: updated findings from a pilot randomized clinical trial.
Ophthalmology 110:971-978.
39. Choroidal Neovascularization Prevention Trial Research Group. 1998. Laser
treatment in eyes with large drusen. Short-term effects seen in a pilot
randomized clinical trial. Ophthalmology 105:11-23.
40. Christen, W.G., R.J.Glynn, J.E.Manson, U.A.Ajani, and J.E.Buring. 1996. A
prospective study of cigarette smoking and risk of age-related macular
degeneration in men. JAMA 276:1147-1151.
41. Ciulla, T.A., A.Harris, L.Kagemann, R.P.Danis, R.Maturi, L.McNulty,
L.M Pratt, M.Xiao, M.H.Criswell, and D. Weinberger. 2001a. Transpupillary
thermotherapy for subfoveal occult choroidal neovascularization: effect on
ocular perfusion. Invest Ophthalmol. Vis. Sci. 42:3337-3340.

231

42. Ciulla, T.A., A.Harris, and B.J.Martin. 2001b. Ocular perfusion and age-related
macular degeneration. Acta Ophthalmol. Scand. 79:108-115.
43. Clarke, M. and J.ASpudich. 1977. Nonmuscle contractile proteins: the role of
actin and myosin in cell motility and shape determination. Annu. Rev. Biochem.
46:797-822.
44. Cresswell, P. and E.AHughes. 1997. Protein degradation: the ins and outs of the
matter. Curr. Biol. 7:R552-R555.
45. Cristofalo, V.J. and R.J.Pignolo. 1996. Molecular markers of senescence in
fibroblast-like cultures. Ex/7. Gerontol. 31:111-123.
46. Curcio, C.A. and C.L.Millican. 1999. Basal linear deposit and large drusen are
specific for early age- related maculopathy. Arch. Ophthalmol. 117:329-339.
47. Curcio, C.A., C.L.Millican, T.Bailey, and H.S.Kruth. 2001. Accumulation of
cholesterol with age in human Bruch's membrane. Invest Ophthalmol. Vis. Sci.
42:265-274.
48. Damato, B.E. and W.S.Foulds. 1990. Tumour-associated retinal pigment
epitheliopathy. Eye 4 ( Pt 2):382-387.
49. Damsky, C.H. and Z.Werb. 1992. Signal transduction by integrin receptors for
extracellular matrix: cooperative processing of extracellular information. Curr.
Opin. Cell Biol. 4:772-781.
50. De La Paz, M.A., M. A.Pericak-Vance, F.Lennon, J.L.Haines, and J.M.Seddon.
1997. Exclusion of TIMP3 as a candidate locus in age-related macular
Invest Ophthalmol. Vis. Sci. 38:1060-1065.
51. Dimri, G.P., X.Lee, G.Basile, M.Acosta, G.Scott, C.Roskelley, E.E.Medrano,
M Linskens, I.Rubelj, and O.Pereira-Smith. 1995. A biomarker that identifies
senescent human cells in culture and in aging skin in vivo. Proc. Natl. Acad. Sci.
U. S. A 92:9363-9367.
52. Dorey, C.K., G.Wu, D.Ebenstein, AGarsd, and J.J.Weiter. 1989. Cell loss in the
aging retina. Relationship to lipofuscin accumulation and macular degeneration.
Invest Ophthalmol. Vis. Sci. 30:1691-1699.
53. Dunn, K.C., A E.Aotaki-Keen, F.R.Putkey, and L.M.Hjelmeland. 1996. ARPE19, a human retinal pigment epithelial cell line with differentiated properties.
232

Exp. Eye Res. 62:155-169.
54. Eichler, W., U.Friedrichs, A.Thies, C.Tratz, and P.Wiedemann. 2002.
Modulation of Matrix Metalloproteinase and TIMP-1 Expression by Cytokines
in Human RPE Cells. Invest Ophthalmol. Vis. Sci. 43:2767-2773.
55. Eldred, G.E. 1995. Lipofuscin fluorophore inhibits lysosomal protein
degradation and may cause early stages of macular degeneration. Gerontology
41 Suppl 2:15-28.
56. Eye Disease Case-Control Study Group. 1993. Antioxidant status and
neovascular age-related macular degeneration. Arch. Ophthalmol. 111:104-109.
57. Fariss, R.N., S.S.Apte, P.J.Luthert, A.C.Bird, and A.H.Milam. 1998.
Accumulation of tissue inhibitor of metalloproteinases-3 in human eyes with
Sorsby's fundus dystrophy or retinitis pigmentosa. Br. J. Ophthalmol. 82:13291334.
58. Fariss, R.N., S.S.Apte, B.R.Olsen, K.Iwata, and A.H.Milam. 1997. Tissue
inhibitor of metalloproteinases-3 is a component of Bruch’s membrane of the
eye. Am. J. Pathol. 150:323-328.
59. Farkas, T.G., V.Sylvester, D.Archer, and M.Altona. 1971. The histochemistry of
drusen. Am. J. Ophthalmol. 71:1206-1215.
60. Fath, K.R. and D.R.Burgess. 1994. Membrane motility mediated by
unconventional myosin. Curr. Opin. Cell Biol. 6:131-135.
61 . Feeney, L. 1978. Lipofuscin and melanin of human retinal pigment epithelium.
Fluorescence, enzyme cytochemical, and ultrastructural studies. Invest
Ophthalmol. Vis. Sci. 17:583-600
62. Feeney-Bums, L. and G.E.Eldred. 1983. The fate of the phagosome: conversion
to 'age pigment' and impact in human retinal pigment epithelium. Trans.
Ophthalmol. Soc. U. K. 103 ( P t4):416-421.
63. Feeney-Bums, L. and M.R Ellersieck. 1985. Age-related changes in the
ultrastructure of Bruch's membrane. Am. J. Ophthalmol 100:686-697.
64. Feeney-Bums, L., C.L.Gao, and M.Tidwell. 1987. Lysosomal enzyme
cytochemistry of human RPE, Bmch's membrane and dmsen. Invest
Ophthalmol. Vis. Sci. 28:1138-1147.
233

65. Feeney-Bums, L., E.S.Hilderbrand, and S.Eldridge. 1984. Aging human RPE;
morphometric analysis of macular, equatorial, and peripheral cells. Invest
Ophthalmol. Vis. Sci. 25:195-200.
66. Felbor, U., D.Doepner, U.Schneider, E.Zrenner, and B.H.Weber. 1997.
Evaluation of the gene encoding the tissue inhibitor of metalloproteinases-3 in
various maculopathies. Invest Ophthalmol Vis. Sci. 38:1054-1059.
67. Felbor, U., H.Stohr, T.Amann, U.Schonherr, E.Apfelstedt-Sylla, and
B.H.Weber. 1996. A second independent Tyrl68Cys mutation in the tissue
inhibitor of metalloproteinases-3 (TIMP3) in Sorsby's fundus dystrophy. J. Med.
Genet. 33:233-236.
68. Ferris, F.L. 1983. Senile macular degeneration: review of epidemiologic
features. Am. J. Epidemiol. 118:132-151.
69. Finnemann, S.C., V.L.Bonilha, A.D.Marmorstein, and E.Rodriguez-Boulan.
1997. Phagocytosis of rod outer segments by retinal pigment epithelial cells
requires alpha(v)beta5 integrin for binding but not for internalization. Proc.
N atl Acad. Sci U S. A 94:12932-12937.
70. Fishman, G.A., D.J. Apple, and M.F.Goldberg. 1975. Retinal and pigment
epithelial alterations over choroidal malignant melanomas. Ann. Ophthalmol
7:487-2.
71. Fite, K.V., L.Bengston, and P.Doran. 1985. Retinal pigment epithelial correlates
of avian retinal degeneration: electron microscopic analysis. J. Comp Neurol
231:310-322.
72. Flood, M.T., P.Gouras, and H.Kjeldbye. 1980. Growth characteristics and
ultrastmcture o f human retinal pigment epithelium in vitro. Invest Ophthalmol
Vis. Sci 19:1309-1320.
73. Folk, J.C. and S.R Russell. 1999. Can laser photocoagulation of eyes with highrisk dmsen prevent vision loss from age-related macular degeneration?
Ophthalmology 106:1241-1242.
74. Friberg, T.R. 1999. Laser photocoagulation of eyes with dmsen: will It help?
Semin. Ophthalmol. 14:45-50.
75. Friedman, E. 1997. A hemodynamic model of the pathogenesis of age-related
macular degeneration. Am. J. Ophthalmol 124:677-682.

234

76. Friedman, E., S.Krupsky, A.M.Lane, S.S.Oak, E.S.Friedman, K.Egan, and
E.S.Gragoudas. 1995. Ocular blood flow velocity in age-related macular
degeneration. Ophthalmology 102:640-646.
77. Friedmann, I., T.Cawthome, and E.S.Bird. 1965. Broad-banded striated bodies
in the sensory epithelium of the human macula and in neurinoma. Nature
207:171-174.
78. Fullmer, H.M. and R.D.Lillie. 1958. The oxytalan fiber: A previously
undescribed connective tissue fiber. J. Histochem. CytochemA25-430.
79. Furthmayr, H., H.Wiedemann, R Timpl, E.Odermatt, and J.Engel. 1983.
Electron-microscopical approach to a structural model of intima collagen.
Biochem. J .2 W :303-311.
80. Garron, L.K. and A.B.Feeney. 1959. Electron Microscopic Studies of the
Human Eye. Arch. Ophthalmol. 62:966-973.
81. Gass JDM. 1987. Stereoscopic atlas of macular diseases: diagnosis and
treatment. Mosby, St Louis.
82. Gass, J.D., S.fallow, and B.Davis. 1985. Adult vitelliform macular detachment
occurring in patients with basal laminar drusen. Am. J. Ophthalmol. 99:445-459.
83. Gearing, A.J., P.Beckett, M.Christodoulou, M.Churchill, J.Clements,
A.H.Davidson, A.H.Drummond, W.A.Galloway, R.Gilbert, J.L.Gordon, and .
1994. Processing of tumour necrosis factor-alpha precursor by
metalloproteinases. Nature 370:555-557.
84. Gilligan, D M. and V.Bennett. 1993. The junctional complex of the membrane
skeleton. Semin. Hematol. 30:74-83.
85. Giovannini, A., C.Mariotti, E.Ripa, S.B.Scassellati, and R.Tittarelli. 1994.
Choroidal filling in age-related macular degeneration: indocyanine green
angiographic findings. Ophthalmologica 208:185-191.
86. Goldstein, I.J. and C.E.Hayes. 1978. The lectins: carbohydrate-binding proteins
of plants and animals. Adv. Carbohydr. Chem. Biochem. 35:127-340.
87. Gottsch, J.D., L.A.Bynoe, J.B.Harlan, E.V.Rencs, and W.R.Green. 1993. Lightinduced deposits in Bruch's membrane of protoporphyric mice. Arch.
Ophthalmol. I l l : 126-129.
235

88. Green, D.R. and J.C.Reed. 1998. Mitochondria and apoptosis. Science
281:1309-1312.
89. Green, W.R. 1985. Ophthalmic Pathology, An Atlas and Textbook.
W.B.Saunders Company, Philadelphia. 604-947 pp.
90. Green, W.R. and C.Enger. 1993. Age-related macular degeneration
histopathologic studies. The 1992 Lorenz E. Zimmerman Lecture.
Ophthalmology 100:1519-1535.
91. Green, W.R., P.J.McDonnell, and J.H.Yeo. 1985. Pathologic features of senile
macular degeneration. Ophthalmology 92:615-627.
92. Greenwood, J., G.Pryce, L.Devine, D.K.Male, W.L.dos Santos, V.L.Calder, and
P. Adamson. 1996. SV40 large T immortalised cell lines of the rat blood-brain
and blood- retinal barriers retain their phenotypic and immunological
characteristics. J. Neuroimmunol 71:51-63.
93. Gregor, Z. and L.Joffe. 1978. Senile macular changes in the black African. Br. J.
Ophthalmol. 62:547-550.
94. Gundersen, H.J., T.F.Bendtsen, L.Korbo, N.Marcussen, A.Moller, K.Nielsen,
J.R.Nyengaard, B.Pakkenberg, F.B.Sorensen, A.Vesterby, and . 1988. Some
new, simple and efficient stereological methods and their use in pathological
research and diagnosis. APMIS 96:379-394.
95. Guo, L., A.A.Hussain, G.A.Limb, and J.Marshall. 1999. Age-dependent
variation in metalloproteinase activity of isolated human Bruch's membrane and
choroid. Invest Ophthalmol. Vis. Sci. 40:2676-2682.
96. Haab, O. 1885. Erkrankungen der Macula lutea. Centralblatt furpraktische
Augenheilkunde 9:383-384.
97. Hackett, S.F., C.L.Schoenfeld, J.Freund, J.D.Gottsch, S.Bhargave, and
P. A.Campochiaro. 1997. Neurotrophic factors, cytokines and stress increase
expression of basic fibroblast growth factor in retinal pigmented epithelial cells.
Exp. Eye Res. 64:865-873.
98. Hageman, G.S., P.J.Luthert, N.H.V.Chong, L.V.Johnson, D.H.Anderson, and
R.F.Mullins. 2001. An integrated hypothesis that considers drusen as biomarkers
of immune- mediated processes at the RPE-Bruch's membrane interface in aging
and age-related macular degeneration. Prog. Retin. Eye Res. 20:705-732.

236

99. Hageman, O.S., M.F.Marmor, X.Y.Yao, and L.V.Johnson. 1995. The
interphotoreceptor matrix mediates primate retinal adhesion. Arch. Ophthalmol.
113:655-660.
100. Hageman, G. S. and R.F.Mullins. 1999. Molecular composition of drusen as
related to substructural phenotype. Mol. Vis. 5:28.
101. Hageman, O.S., R.F.Mullins, S.R Russell, L.V.Johnson, and D.H.Anderson.
1999. Vitronectin is a constituent of ocular drusen and the vitronectin gene is
expressed in human retinal pigmented epithelial cells. FASEBJ. 13:477-484.
102. Hamilton,R., A.J.Foss, and L.Leach. Characterisation of an in vitro model for
retinal pigment epithelium- choriocapillaris complex. Invest Ophthalmol
Vis.Sci.(Abstract) 1710/B606. 2003.
Ref Type: Abstract
103. Han, Y.P., T.L.Tuan, H.Wu, M .H u^es, and W.L.Gamer. 2001. TNF-alpha
stimulates activation of pro-MMP2 in human skin through NF- (kappa)B
mediated induction of MTl-MMP. J. Cell Sci. 114:131-139.
104. Hawes, N.L., B.Chang, G.S.Hageman, S.Nusinowitz, P.M.Nishina,
B.S.Schneider, R.S.Smith, T.H.Roderick, M.T.Davisson, and J.R.Heckenlively.
2000. Retinal degeneration 6 (rd6): a new mouse model for human retinitis
punctata. albQSCQns. Invest Ophthalmol. Vis. Sci. 41:3149-3157.
105. Heiba, I.M., R.C.Elston, B.E.Klein, and R Klein. 1994. Sibling correlations and
segregation analysis of age-related maculopathy: the Beaver Dam Eye Study.
Genet. Epidemiol 11:51-67.
106. Henkind, P. and S.Gartner. 1983. The relationship between retinal pigment
epithelium and the choriocapillaris. Trans. Ophthalmol. Soc. U K . 103 (P t
4):444-447.
107. Heon, E., B.Piguet, F.Munier, S.R.Sneed, C.M.Morgan, S.Fomi, G.Pescia,
D.Schorderet, C.M.Taylor, L.M.Streb, C.D.Wiles, D.Y.Nishimura,
V.C. Sheffield, and E.M.Stone. 1996. Linkage of autosomal dominant radial
drusen (malattia leventinese) to chromosome 2p 16-21. Arch. Ophthalmol
114:193-198.
108. Heriot, W.J., P.Henkind, R.W.Bellhom, and M S.Bums. 1984. Choroidal
neovascularization can digest Bruch's membrane. A prior break is not essential.
Ophthalmology 91:1603-1608.

237

109. Hidayat, A. A. and B.S.Fine. 1985. Diabetic choroidopathy. Light and electron
microscopic observations of seven cases. Ophthalmology 92:512-522.
110. Hirano, K., M.Kobayashi, K.Kobayashi, T.Hoshino, and S.Awaya. 1989.
Experimental formation of 100 nm periodic fibrils in the mouse comeal stroma
and trabecular meshwork. Invest Ophthalmol Vis. Sci. 30:869-874.
111. Hirata, A. and L.Feeney-Bums. 1992. Autoradiographic studies of aged primate
macular retinal pigment epithelium. Invest Ophthalmol Vis. Sol 33:2079-2090.
112. Hitt, A.L. and E.J.Luna. 1994. Membrane interactions with the actin
cytoskeleton. Curr. Opin. Cell Biol 6:120-130.
113. Hjelmeland, L.M., V.J.Cristofolo, W.Funk, E.Rakoczy, and M L.Katz. 1999.
Senescence of the retinal pigment epithelium. M ol Vis. 5:33.
114. Hogan, M., J. Alvarado, and J. Weddell. 1971. Histology of the Human Eye.
Saunders Company, Philadelphia.
115. Hollenbeck, F.J. and J. A. Swanson. 1990. Radial extension of macrophage
tubular lysosomes supported by kinesin. Nature 346:864-866.
116. Holley, R.W. and J.A.Kieman. 1968. "Contact inhibition" of cell division in 3T3
cells. Proc. Natl. Acad. Sci U S. A 60:300-304.
117. Holtkamp, G.M., A.Kijlstra, R.Peek, and A.F.de Vos. 2001. Retinal pigment
epithelium-immune system interactions: cytokine production and cytokineinduced changes. Prog. Retin. Eye Res. 20:29-48.
118. Holz, F.G., T.J.Wolfensberger, B.Piguet, M.Gross-Jendroska, J.A.Wells,
D.C.Minassian, I.H.Chisholm, and A.C.Bird. 1994. Bilateral macular dmsen in
age-related macular degeneration. Prognosis and risk factors. Ophthalmology
101:1522-1528.
119. Hunt, R.C. and A A.Davis. 1990. Altered expression of keratin and vimentin in
human retinal pigment epithelial cells in vivo and in vitro. J. Cell Physiol
145:187-199.
120. Ishibashi, T., T.Murata, M.Hangai, R.Nagai, S.Horiuchi, P.F.Lopez,
D.R.Hinton, and S.J.Ryan. 1998. Advanced glycation end products in agerelated macular degeneration. Arch. Ophthalmol 116:1629-1632.

238

121. Ishibashi, T., N.Sorgente, R.Patterson, and S.J.Ryan. 1986. Aging changes in
Bruch's membrane of monkeys: an electron microscopic study. Ophthalmologica
192:179-190.
122. Ishida, S., K.Yamazaki, K Shinoda, S.Kawashima, and Y.Oguchi. 2000.
Macular hole retinal detachment in highly myopic eyes: ultrastructure of
surgically removed epiretinal membrane and clinicopathologic correlation.
Retina 20:176-183.
123. Ito, A., A Mukaiyama, Y.Itoh, H.Nagase, I.B.Thogersen, J.J.Enghild,
Y.Sasaguri, and Y.Mori. 1996. Degradation of interleukin Ibeta by matrix
metalloproteinases. y. Biol Chem. 271:14657-14660.
124. Jacobson, S.G., A.V.Cideciyan, G.Regunath, F.J.Rodriguez, K.Vandenburgh,
V.C.Sheffield, and E.M.Stone. 1995. Night blindness in Sorsby's fundus
dystrophy reversed by vitamin A. Nat. Genet. 11:27-32.
125. Johnson, L.V., W.P.Leitner, A.J.Rivest, M.K.Staples, M J.Radeke, and
D.H.Anderson. 2002. The Alzheimer's A beta -peptide is deposited at sites of
complement activation in pathologic deposits associated with aging and agerelated macular degeneration. Proc. Natl. Acad. Sci. U. S. A 99:11830-11835.
126. Johnson, L.V., S.Ozaki, M.K.Staples, P.A.Erickson, and D.H.Anderson. 2000. A
potential role for immune complex pathogenesis in drusen formation. Exp. Eye
Res. 70:441-449.
127. Kajikawa, K., I.Nakanishi, and T.Yamamura. 1980. The effect of collagenase on
the formation of fibrous long spacing collagen aggregates. Lab Invest 43:410417.
128. Kalnins, V.I., M.Sandig, G.J.Hergott, and HNagai. 1995. Microfilament
organization and wound repair in retinal pigment epithelium. Biochem. Cell
Biol 73:709-722.
129. Kamei, M. and J.G.Hollyfield. 1999. TIMP-3 in Bruch's membrane: changes
during aging and in age-related macular degeneration. Invest Ophthalmol Vis.
Sci 40:2367-2375.
130. Kanuga, N., H.L.Winton, L.Beauchene, A.Koman, A.Zerbib, S.Halford,
P.O.Couraud, D.Keegan, P.Coffey, R D.Lund, P. Adamson, and J.Greenwood.
2002. Characterization of genetically modified human retinal pigment epithelial
cells developed for in vitro and transplantation studies. Invest Ophthalmol Vis.
Sci 43:546-555.

239

131. Karwatowski, W.S., T.E.Jeffries, V.C.Duance, J.Albon, A. J.Bailey, and
D.L.Easty. 1995. Preparation of Bruch's membrane and analysis of the agerelated changes in the structural collagens. Br. J. Ophthalmol. 79:944-952.
132. Katz, M.L. and W.G.Robison, Jr. 1984. Age-related changes in the retinal
pigment epithelium of pigmented rats. Exp. Eye Res. 38:137-151.
133. Katz, M.L. and W.G.Robison, Jr. 1985. Senescence and the retinal pigment
epithelium: alterations in basal plasma membrane morphology. Mech. Ageing
Dev. 30:99-105.
134. Kigasawa, K., H lshikawa, H.Obazawa, T.Minamoto, Y.Nagai, and Y.Tanaka.
1998. Collagen production by cultured human retinal pigment epithelial cells.
TokaiJ. Exp. Clin. Med. 23:147-151.
135. Kishnani, N.S., P.W.Staskus, T.T.Yang, F.R.Masiarz, and S.P.Hawkes. 1995.
Identification and characterization of human tissue inhibitor of
metalloproteinase-3 and detection of three additional metalloproteinase inhibitor
activities in extracellular matrix. Matrix Biol. 14:479-488.
136. Klaver, C.C., R.C.Wolfs, J.J.Assink, C.M.van Duijn, A.Hofman, and P.T.de
Jong. 1998. Genetic risk of age-related maculopathy. Population-based familial
aggregation study. Arch. Ophthalmol. 116:1646-1651.
137. Klein, B.E. and R.Klein. 1982. Cataracts and macular degeneration in older
Americans, ylrc/z. Ophthalmol. 100:571-573.
138. Klein, B.E., R.Klein, and K.E.Lee. 1998. Incidence of age-related cataract: the
Beaver Dam Eye Study. Arch. Ophthalmol. 116:219-225.
139. Kliffen, M., E.Lutgens, M.J.Daemen, E.D.de Muinck, C.M.Mooy, and P.T.de
Jong. 2000. The AP0(*)E3-Leiden mouse as an animal model for basal laminar
deposit. Br. J. Ophthalmol. 84:1415-1419.
140. Kliffen, M., T.L.van der Schaft, C.M Mooy, and P.T.de Jong. 1997.
Morphologic changes in age-related maculopathy. Microsc. Res. Tech. 36:1 Ob122.
141. Knupp, C., S.Z.Amin, P.M Munro, P.J.Luthert, and J.M.Squire. 2002. Collagen
VI assemblies in age-related macular degeneration. J. Struct. Biol. 139:181-189.
142. Knupp, C., P.M Munro, P.K.Luther, E.Ezra, and J.M.Squire. 2000. Structure of
240

Abnormal Molecular Assemblies (Collagen VI) Associated with Human Full
Thickness Macular Holes. J. Struct. Biol. 129:38-47.
143. Kuntz, C.A., S.G.Jacobson, A.V.Cideciyan, Z.Y.Li, E.M.Stone, D.Possin, and
A.H.Milam. 1996. Sub-retinal pigment epithelial deposits in a dominant lateonset retinal degeneration. Invest Ophthalmol. Vis. Sci. 37:1772-1782.
144. Kuo, H.J., D.R.Keene, and R.W.Glanville. 1995. The macromolecular structure
of type-VI collagen. Formation and stability of filaments. Eur. J. Biochem.
232:364-372.
145. Leibowitz, H.M., D.E.Krueger, L.R.Maunder, R.C.Milton, M.M.Kini,
H.A.Kahn, R.J.Nickerson, J.Pool, T.L.Colton, J.P.Ganley, J.I.Loewenstein, and
T.R Dawber. 1980. The Framingham Eye Study monograph: An
ophthalmological and epidemiological study of cataract, glaucoma, diabetic
retinopathy, macular degeneration, and visual acuity in a general population of
2631 adults, 1973-1975. Surv. Ophthalmol. 24:335-610.
146. Leschey, K.H., S.F.Hackett, J.H.Singer, and P.A.Campochiaro. 1990. Growth
factor responsiveness of human retinal pigment epithelial cells. Invest
Ophthalmol. Vis. Sci. 31:839-846.
147. Li, W., L.E.Stramm, G.D.Aguirre, and J.H.Rockey. 1984. Extracellular matrix
production by cat retinal pigment epithelium in vitro: characterization of type IV
collagen synthesis. Exp. Eye Res. 38:291-304.
148. Linskens, M.H., J.Feng, W.H.Andrews, B.E.Enlow, S.M.Saati, L A.Tonkin,
W.D.Funk, and B.Villeponteau. 1995. Cataloging altered gene expression in
young and senescent cells using enhanced differential display. Nucleic Acids
Res. 23:3244-3251.
149. Loeffler, K.U. and N.J.Mangini. 1997. Immunolocalization of ubiquitin and
related enzymes in human retina and retinal pigment epithelium. Graefes Arch.
Clin. Exp. Ophthalmol. 235:248-254.
150. Loffler, K.U. and W.R Lee. 1986. Basal linear deposit in the human macula.
Graefes Arch. Clin. Exp. Ophthalmol. 224:493-501.
151. Lord, J.M. 1996. Go outside and see the proteasome. Protein degradation. Curr.
Biol. 6:1067-1069.
152. Lutjen-Drecoll, E., M.Rittig, J.Rauterberg, R.Jander, and J.Mollenhauer. 1989.
Immunomicroscopical study of type VI collagen in the trabecular meshwork of
241

normal and glaucomatous eyes. Exp. Eye Res. 48:139-147.
153. Macular Photocoagulation Study Group. 1991. Subfoveal neovascular lesions in
age-related macular degeneration. Guidelines for evaluation and treatment in the
macular photocoagulation study,
Ophthalmol. 109:1242-1257.
154. Macular Photocoagulation Study Group. 1997. Risk factors for choroidal
neovascularization in the second eye of patients with juxtafoveal or subfoveal
choroidal neovascularization secondary to age-related macular degeneration.
Arch. Ophthalmol. 115:741-747.
155. Mares-Perlman, J.A., W.E.Brady, R.Klein, G.M.VandenLangenberg, B.E.Klein,
and M Palta. 1995. Dietary fat and age-related maculopathy [see comments].
Arch. Ophthalmol. 113:743-748.
156. Mares-Perlman, J.A., R.Klein, B.E.Klein, J.L.Greger, W.E.Brady, M.Palta, and
L.L.Ritter. 1996. Association of zinc and antioxidant nutrients with age-related
maculopathy. /trcA. Ophthalmol. 114:991-997.
157. Marmor, M.F. and T.J.Wolfensberger. 1998. The Retinal Pigment Epithelium.
Oxford University Press, New York.
158. Marshall, G.E., A.G.Konstas, G.G.Reid, J.G.Edwards, and W.R.Lee. 1992. Type
IV collagen and laminin in Bruch's membrane and basal linear deposit in the
human macula. Br. J. Ophthalmol. 76:607-614.
159. Marshall, G.E., A.G.Konstas, G.G.Reid, J.G.Edwards, and W.R.Lee. 1994.
Collagens in the aged human macula. Graefes Arch. Clin. Exp. Ophthalmol.
232:133-140.
160. Marshall, J. 1987. The ageing retina: physiology or pathology. Eye 1 ( Pt 2):282295.
161. Martini, B., R.Pandey, T.E. Ogden, and S.J.Ryan. 1992. Cultures of human
retinal pigment epithelium. Modulation of extracellular matrix. Invest
Ophthalmol. Vis. Sci. 33:516-521.
162. Maruo, T., N.Ikebukuro, K Kawanabe, and N.Kubota. 1991. Changes in causes
of visual handicaps in Tokyo. Jpn. J. Ophthalmol. 35:268-272.
163. Massova, I., L.P.Kotra, R.Fridman, and S.Mobashery. 1998. Matrix
metalloproteinases: structures, evolution, and diversification. FASEBJ. 12:1075242

1095.
164. Matsunaga, H., J.T.Handa, A.Aotaki-Keen, S.W.Sherwood, M.D.West, and
L.M.Hjelmeland. 1999. Beta-galactosidase histochemistry and telomere loss in
senescent retinal pigment epithelial cells. Invest Ophthalmol. Vis. Sci. 40:197202 .
165. McKechnie, N.M., M.Boulton, H.L.Robey, F.J.Savage, and I.Grierson. 1988.
The cytoskeletal elements of human retinal pigment epithelium: in vitro and in
vivo. J. Cell Sci. 91 ( Pt 2):303-312.
166. McKechnie, N.M., M King, and W.R.Lee. 1985. Retinal pathology in the
Keams-Sayre syndrome. Br. J. Ophthalmol. 69:63-75.
167. Mercola, M., C.Y.Wang, J.Kelly, C.Brownlee, L.Jackson-Grusby, C.Stiles, and
D.Bowen-Pope. 1990. Selective expression of PDGF A and its receptor during
early mouse embryogenesis. Dev. Biol. 138:114-122.
168. Meyer, M R., J.T.Tschanz, M.C.Norton, K.A.Welsh-Bohmer, D C.Steffens,
B.W.Wyse, and J.C.Breitner. 1998. APOE genotype predicts when-not whetherone is predisposed to develop Alzheimer disease [letter]. Nat. Genet. 19:321322.
169. Meyers, S.M., T.Greene, and F A.Gutman. 1995. A twin study of age-related
macular degeneration. Am. J. Ophthalmol. 120:757-766.
170. Miceli, M.V., M.R.Liles, and D.A.Newsome. 1994. Evaluation of oxidative
processes in human pigment epithelial cells associated with retinal outer
segment phagocytosis. Exp. Cell Res. 214:242-249.
171. Midena, E., A.C.Degli, M.C.Blarzino, M. Valenti, and T.Segato. 1997. Macular
function impairment in eyes with early age-related macular degeneration. Invest
Ophthalmol. Vis. Sci. 38:469-477.
172. Mishima, K., J.T.Handa, A.Aotaki-Keen, G.A.Lutty, L.S.Morse, and
L.M.Hjelmeland. 1999. Senescence-associated beta-galactosidase
histochemistry for the primate eye. Invest Ophthalmol. Vis. Sci. 40:1590-1593.
173. Moore, D.J., A.A.Hussain, and J.Marshall. 1995. Age-related variation in the
hydraulic conductivity of Bruch’s membrane. Invest Ophthalmol. Vis. Sci.
36:1290-1297.

243

174. Morimura, Y., A.Okada, A.Hayashi, S.Fujioka, Kawahara.S, and T.Hida. 2001.
Dose-Dependent Histology and Heat Shock and Other Protein Expression in
Transpupillary Thermotherapy of Normal Pigmented Rabbit Eyes. Invest
Ophthalmol Vis. Sci. 42:8226.
175. Mullins, R.F., N.Aptsiauri, and G.S.Hageman. 2001. Structure and composition
of drusen associated with glomerulonephritis: implications for the role of
complement activation in drusen biogenesis. Eye 15:390-395.
176. Mullins, R.F. and G.S.Hageman. 1997. Histochemical comparison of ocular
drusen in monkey and human. In Degenerative Retinal Diseases. M.M.LaVail,
J.G.Hollyfield, and R.Anderson, editors. Plenum Press, New York. 1-10.
177. Mullins, R.F., S.R Russell, D.H.Anderson, and G.S.Hageman. 2000. Drusen
associated with aging and age-related macular degeneration contain proteins
common to extracellular deposits associated with atherosclerosis, elastosis,
amyloidosis, and dense deposit disease. FASEBJ. 14:835-846.
178. Murata, T., K.Nakagawa, A.Khalil, T.Ishibashi, H.Inomata, and K.Sueishi.
1996. The relation between expression of vascular endothelial growth factor and
breakdown of the blood-retinal barrier in diabetic rat retinas. Lab Invest 74:819825.
179. Musarella, M.A. 2001. Molecular genetics of macular degeneration. Doc.
Ophthalmol. 102:165-177.
180. Nabi, I.R., A.P.Mathews, L.Cohen-Gould, D.Gundersen, and E.RodriguezBoulan. 1993. Immortalization of polarized rat retinal pigment epithelium. J.
Cell Sci. 104(Ptl):37-49.
181. Nagase, H. and J.F.Jr.Woessner. 1999. Matrix metalloproteinases. J. Biol. Chem.
274:21491-21494.
182. Naumann, G., L.E.Zimmerman, and M.Yanoff. 1966. Visual field defect
associated with choroidal nevus. Am. J. Ophthalmol. 62:914-917.
183. Newsome, D.A., W.Huh, and W.R.Green. 1987. Bruch's membrane age-related
changes vary by region. Curr. Eye Res. 6:1211-1221.
184. Newsome, D.A., B.A.Pfeffer, A.T.Hewitt, P.G.Robey, and J.R.Hassell. 1988a.
Detection of extracellular matrix molecules synthesized in vitro by monkey and
human retinal pigment epithelium: influence of donor age and multiple passages.
Exp. Eye Res. 46:305-321.
244

185. Newsome, D.A., M.Swartz, N.C.Leone, R.C.Elston, and E.Miller. 1988b. Oral
zinc in macular degeneration,
Ophthalmol. 106:192-198.
186. Nguyen-Legros, J. 1978. Fine structure of the pigment epithelium in the
vertebrate retina. Int. Rev. Cytol. Suppl2^7-32S.
187. Okamoto, N., T.Tobe, S.F.Hackett, H Ozaki, M.A.Vinores, W.LaRochelle,
D.J.Zack, and P.A.Campochiaro. 1997. Transgenic mice with increased
expression of vascular endothelial growth factor in the retina: a new model of
intraretinal and subretinal neovascularization. Am. J. Pathol. 151:281-291.
188. Okubo, A., R H.Rosa, Jr., C.V.Bunce, R.A.Alexander, J.T.Fan, A.C.Bird, and
P.J.Luthert. 1999. The relationships of age changes in retinal pigment epithelium
and Bruch's membrane. Invest Ophthalmol. Vis. Sci. 40:443-449.
189. Okubo, A., M.Sameshima, K.Unoki, F.Uehara, and A.C.Bird. 2000.
Ultrastructural changes associated with accumulation of inclusion bodies in rat
retinal pigment epithelium. Invest Ophthalmol. Vis. Sci. 41:4305-4312.
190. Orzalesi, N., M Fossarello, S.Carta, G.Del Fiacco, and G.Diaz. 1982.
Identification and distribution of coated vesicles in the retinal pigment
epithelium of man and rabbit. Invest Ophthalmol. Vis. Sci. 23:689-696.
191. Pauleikhoff, D., J.Chen, A C.Bird, and A.Wessing. 1992a. The Bruch membrane
and choroid. Angiography and functional characteristics in age-related changes.
Ophthalmologe 89:39-44.
192. Pauleikhoff, D., C.A.Harper, J.Marshall, and A.C.Bird. 1990. Aging changes in
Bruch's membrane. A histochemical and morphologic study. Ophthalmology
97:171-178.
193. Pauleikhoff, D., G.Sheraidah, J.Marshall, A.C.Bird, and A.Wessing. 1994.
Biochemical and histochemical analysis of age related lipid deposits in Bruch's
membrane. Ophthalmologe 91:730-734.
194. Pauleikhoff, D., S.Wojteki, D.Muller, N.Bomfeld, and A.Heiligenhaus. 2000.
Adhesive properties of basal membranes of Bruch's membrane.
Immunohistochemical studies of age-dependent changes in adhesive molecules
and lipid deposits. Ophthalmologe 97:243-250.
195. Pauleikhoff, D., S.Zuels, G.S.Sheraidah, J.Marshall, A.Wessing, and AC.Bird.
1992b. Correlation between biochemical composition and fluorescein binding of
deposits in Bruch's membrane. Ophthalmology 99:1548-1553.
245

196. Penfoid, P.L., M.C.Madigan, M.C.Gillies, and J.M Provis. 2001. Immunological
and aetiological aspects of macular degeneration. Prog. Retin. Eye Res. 20:385414.
197. Pharmacological Therapy for Macular Degeneration Study Group. 1997.
Interferon alfa-2a is ineffective for patients with choroidal neovascularization
secondary to age-related macular degeneration. Results of a prospective
randomized placebo-controlled clinical trial. Arch. Ophthalmol. 115:865-872.
198. Piez, K. A. 1984. Molecular and Aggregate Structures of the Collagens. In
Extracellular Matrix Biochemistry. K A.Piez and A H.Reddi, editor. Elsevier
Science Publisher, New York. 28-34.
199. Plantner, J.J., C. Jiang, and A Smine. 1998. Increase in interphotoreceptor matrix
gelatinase A (MMP-2) associated with age-related macular degeneration. Exp.
Eye Res. 67:637-645.
200. Preclinical and phase 1A clinical evaluation of an anti-VEGF. 2002. Preclinical
and phase lA clinical evaluation of an anti-VEGF pegylated aptamer (EYEOOl)
for the treatment o f exudative age-related macular degeneration. Retina 22:143152.
201. Rasmussen, H., K.W.Chu, P.Campochiaro, P.L.Gehlbach, J.A.Haller,
J.T.Handa, Q.D.Nguyen, and J.U.Sung. 2001. Clinical protocol. An open-label,
phase I, single administration, dose- escalation study of ADGVPEDF.l ID
(ADPEDF) in neovascular age-related macular degeneration (AMD). Hum.
Gene Ther. 12:2029-2032.
202. Reichel, E., A M Berrocal, M.Ip, A.J.Kroll, V.Desai, J.S.Duker, and
C.APuliafito. 1999. Transpupillary thermotherapy of occult subfoveal choroidal
neovascularization in patients with age-related macular degeneration.
Ophthalmology 106:1908-1914.
203. Rizzolo, L.J. 1990. The distribution of Na+,K(+)-ATPase in the retinal
pigmented epithelium from chicken embryo is polarized in vivo but not in
primary cell culture. Exp. Eye Res. 51:435-446.
204. Roberts, J.M. and J.V.Forrester. 1990. Factors affecting the migration and
growth of endothelial cells from microvessels of bovine retina. Exp. Eye Res.
50:165-172.
205. Rodionov, V.I., F.K.Gyoeva, and V.I.Gelfand. 1991. Kinesin is responsible for
centrifugal movement of pigment granules in melanophores. Proc. Natl. Acad.
Sci. U.S. A 88:4956-4960.
246

206. Rosenberg, T. 1987. Prevalence of blindness caused by senile macular
degeneration in Greenland. Arctic Med. Res. 46:64-70.
207. Sackett, C.S. and S.Schenning. 2002. The age-related eye disease study: the
results of the clinical trial. Insight. 27:5-7.
208. Sanyal, S. and R.K.Hawkins. 1989. Development and degeneration of retina in
rds mutant mice: altered disc shedding pattern in the heterozygotes and its
relation to ocular pigmentation. Curr. Eye Res. 8:1093-1101.
209. Sarks, S., P.Penfold, M.Killingsworth, and D.van Driel. 1985. Patterns in
macular degeneration. In Retinal diseases. S.J.Ryan, A.K.Dawson, and
H.L.Little, editors. Grune&Stratton, Orlando. 87-93.
210. Sarks, S.H. 1976. Ageing and degeneration in the macular region: a clinicopathological study. Br. J. Ophthalmol 60:324-341.
211. Sastry, S.K. and A.F.Horwitz. 1993. Integrin cytoplasmic domains: mediators of
cytoskeletal linkages and extra- and intracellular initiated transmembrane
signaling. Curr. Opin. Cell Biol. 5:819-831.
212. Schachat, A.P., L.Hyman, M.C.Leske, A.M.Connell, and S.Y.Wu. 1995.
Features of age-related macular degeneration in a black population. The
Barbados Eye Study Group. Arch. Ophthalmol. 113:728-735.
213. Schlumberger, W., M.Thie, J.Rauterberg, KKresse, and H.Robenek. 1989.
Deposition and ultrastructural organization of collagen and proteoglycans in the
extracellular matrix of gel-cultured fibroblasts. Eur. J. Cell Biol 50:100-110.
214. Schlunck, G., G.Martin, H.T.Agostini, G.Camatta, and L.L.Hansen. 2002.
Cultivation of retinal pigment epithelial cells from human choroidal neovascular
membranes in age related macular degeneration. Exp. Eye Res. 74:571-576.
215. Seddon, J.M., U.A.Ajani, and B.D.Mitchell. 1997. Familial aggregation of agerelated maculopathy. Am. J. Ophthalmol 123:199-206.
216. Seddon, J.M., U.A.Ajani, RD.Sperduto, R.Hiller, N.Blair, T.C.Burton,
M.D.Farber, E.S.Gragoudas, J.Haller, and D.T.Miller. 1994. Dietary
carotenoids, vitamins A, C, and E, and advanced age-related macular
degeneration. Eye Disease Case-Control Study Group. JAMA 272:1413-1420.
217. Seddon, J.M., W.C.Willett, F.E.Speizer, and S.E.Hankinson. 1996. A
247

prospective study of cigarette smoking and age-related macular degeneration in
JAMA 276:1141-1146.
218. Sethi, C.S., T.A.Bailey, P.J.Luthert, and N.H.Chong. 2000. Matrix
metalloproteinase biology applied to vitreoretinal disorders. Br. J. Ophthalmol
84:654-666.
219. Sheraidah, G., R Steinmetz, J.Maguire, D.Pauleikhoff, J.Marshall, and A.C.Bird.
1993. Correlation between lipids extracted from Bruch's membrane and age.
Ophthalmology 100:47-51.
220. Shirato, S., C.G.Murphy, E.Bloom, L.Franse-Carman, M.T.Maglio,
J.R Polansky, and J. A. Alvarado. 1989. Kinetics of phagocytosis in trabecular
meshwork cells. Flow cytometry and morphometry. Invest Ophthalmol Vis. Scl
30:2499-2511.
221. Sivak, J.M. and M.E.Fini. 2002. MMPs in the eye: emerging roles for matrix
metalloproteinases in ocular physiology. Prog. Retin. Eye Res. 21:1-14.
222. Small, K.W., J.Weber, A.Roses, and P.Pericak-Vance. 1993. North Carolina
macular dystrophy (MCDRl). A review and refined mapping to 6ql4-ql6.2.
Ophthalmic Paediatr. Genet. 14:143-150.
223. Souied, E.H., P.Benlian, P.Amouyel, J.Feingold, J.P.Lagarde, A.Munnich,
J.Kaplan, G.Coscas, and G.Soubrane. 1998. The epsilon4 allele of the
apolipoprotein E gene as a potential protective factor for exudative age-related
macular degeneration, ^/w. y. Ophthalmol 125:353-359.
224. Spraul, C.W. and H.E.Grossniklaus. 1997a. Characteristics of Drusen and
Bruch’s membrane in postmortem eyes with age-related macular degeneration.
Arch. Ophthalmol 115:267-273.
225. Spraul, C.W. and HE.Grossniklaus. 1997b. Characteristics of Drusen and
Bruch's membrane in postmortem eyes with age-related macular degeneration.
Arch. Ophthalmol 115:267-273.
226. Spraul, C.W., G.E.Lang, H E.Grossniklaus, and G.K.Lang. 1998. Characteristics
of drusen and changes in Bruch's membrane in eyes with age-related macular
degeneration. Histological study. Ophthalmologe 95:73-79.
227. Spraul, C.W., G.E.Lang, H.E.Grossniklaus, and G.K.Lang. 1999. Histologic and
morphometric analysis of the choroid, Bruch's membrane, and retinal pigment
epithelium in postmortem eyes with age-related macular degeneration and
248

histologie examination o f surgically excised choroidal neovascular membranes.
Surv. Ophthalmol 44 Suppl 1:S10-S32.
228. Starita, C., A.A.Hussain, S.Pagliarini, and J.Marshall. 1996. Hydrodynamics of
ageing Bruch’s membrane: implications for macular disease. Exp. Eye Res.
62:565-572.
229. Starita, C., AA.Hussain, A.Patmore, and J.Marshall. 1997. Localization of the
site o f major resistance to fluid transport in Bruch’s membrane. Invest
Ophthalmol Vis. Scl 38:762-767.
230. Steen, B., S.Sejersen, L.Berglin, S.Seregard, and A.Kvanta. 1998. Matrix
metalloproteinases and metalloproteinase inhibitors in choroidal neovascular
membranes. Invest Ophthalmol Vis. Scl 39:2194-2200.
231. Stone, E.M., A.R.Webster, K.Vandenburgh, L.M.Streb, R.R.Hockey,
A J.Lotery, and V.C.Sheffield. 1998. Allelic variation in ABCR associated with
Stargardt disease but not age- related macular degeneration [letter]. Nat. Genet.
20:328-329.
232. Stur, M., M.Tittl, A.Reitner, and V.Meisinger. 1996. Oral zinc and the second
eye in age-related macular degeneration. Invest Ophthalmol Vis. Scl 37:12251235.
233. Sun, C.N. and H.J.White. 1975. Extracellular cross-striated banded structures in
human connective tissue. Tissue Cell 7:419-432.
234. Taylor, H R., S.West, B.Munoz, F.S.Rosenthal, S.B.Bressler, and N.M.Bressler.
1992. The long-term effects of visible light on the eye. Arch. Ophthalmol
110:99-104.
235. Tezel, T.H. and L. V.Del Priore. 1998. Serum-free media for culturing and serialpassaging of adult human retinal pigment epithelium. Exp. Eye Res. 66:807-815.
236. The Eye Disease Case-Control Study Group. 1992. Risk factors for neovascular
age-related macular degeneration. i4rc/z. Ophthalmol 110:1701-1708.
237. Thomas, M.A., M.G.Grand, D.F.Williams, C.M Lee, S.R.Pesin, and M.A.Lowe.
1992. Surgical management of subfoveal choroidal neovascularization.
Ophthalmology 99:952-968.
238. Turck, J., A.S.Pollock, L.K.Lee, H.P.Marti, and D.H.Lovett. 1996. Matrix
249

metalloproteinase 2 (gelatinase A) regulates glomerular mesangial cell
proliferation and differentiation. J. 5/o/. Chem. 271:15074-15083.
239. Ulbig, M.R., P.Riordan-Eva, F.G.Holz, H.C.Rees, and P.A.Hamilton. 1993.
Membranoproliferative glomerulonephritis type II associated with central serous
retinopathy, ^/w. J. Ophthalmol 116:410-413.
240. Vale, R.D., B.J.Schnapp, T.Mitchison, E.Steuer, T.S.Reese, and M.P.Sheetz.
1985. Different axoplasmic proteins generate movement in opposite directions
along microtubules in vitro. Cell 43:623-632.
241. van der Schaft, T.L., W.C.de Bruijn, C.M.Mooy, D.A.Ketelaars, and P.T.de
Jong. 1991. Is basal laminar deposit unique for age-related macular
degeneration? Arch. Ophthalmol 109:420-425.
242. van der Schaft, T.L., C.M.Mooy, W.C.de Bruijn, F.T.Bosman, and P.T.de Jong.
1994. Immunohistochemical light and electron microscopy of basal laminar
deposit. Graefes Arch. Clin. Exp. Ophthalmol. 232:40-46.
243. van der Schaft, T.L., C.M.Mooy, W.C.de Bruijn, F.G.Oron, P.G.Mulder, and
P.T.de Jong. 1992. Histologic features of the early stages of age-related macular
degeneration. A statistical analysis. Ophthalmology 99:278-286.
244. Vinding, T. 1990. Occurrence of drusen, pigmentary changes and exudative
changes in the macula with reference to age-related macular degeneration. An
epidemiological study of 1000 aged individuals. Acta Ophthalmol (Copenh)
68:410-414.
245. Vingerling, J R., C.C.Klaver, A.Hofman, and P.T.de Jong. 1995. Epidemiology
of age-related maculopathy. Epidemiol Rev. 17:347-360.
246. Vinores, S.A., P.A.Campochiaro, R.McGehee, W.Orman, S.F.Hackett, and
L.M.Hjelmeland. 1990. Ultrastructural and immunocytochemical changes in
retinal pigment epithelium, retinal glia, and fibroblasts in vitreous culture. Invest
Ophthalmol Vis. Scl 31:2529-2545.
247. von der, M.H., M.Aumailley, G.Wick, R.Fleischmajer, and R Timpl. 1984.
Immunochemistry, genuine size and tissue localization of collagen VI. Eur. J.
Biochem. 142:493-502.
248. Vranka, J.A., E.Johnson, X.Zhu, A Shepardson, J.P.Alexander, J.M.Bradley,
M.K Wirtz, R G.Weleber, M.L.Klein, and T.S.Acott. 1997. Discrete expression
and distribution pattern of TIMP-3 in the human retina and choroid. Curr. Eye
250

Res. 16; 102-110.
249. Wallace, D.C. 1999. Mitochondrial diseases in man and mouse. Science
283:1482-1488.
250. Weber, B.H., G.Vogt, R.C.Pruett, H.Stohr, and U.Felbor. 1994a. Mutations in
the tissue inhibitor of metalloproteinases-3 (TIMP3) in patients with Sorsby's
fundus dystrophy. Nat. Genet. 8:352-356.
251. Weber, B.H., G.Vogt, W.Wolz, E.J.Ives, and C.C.Ewing. 1994b. Sorsby's
fundus dystrophy is genetically linked to chromosome 22ql3- qter. Nat. Genet.
7:158-161.
252. Weisse, I., H.Loosen, and H.Peil. 1990. Age-related retinal changes—
comparison between albino and pigmented rats. Lens Eye Toxic. Res. 7:717-739.
253. West, S., S.Vitale, J.Hallfrisch, B.Munoz, D.Muller, S.Bressler, and
N.M Bressler. 1994. Are antioxidants or supplements protective for age-related
macular degeneration?
Ophthalmol. 112:222-227.
254. Winkler, B.S., M.E.Boulton, J.D.Gottsch, and P.Sternberg. 1999. Oxidative
damage and age-related macular degeneration. Mol. Vis. 5:32.
255. Young, R.W. 1987. Pathophysiology of age-related macular degeneration. Surv.
Ophthalmol. 31:291-306.
256. Yuzawa, M., K.Hagita, T.Egawa, H Minato, and M.Matsui. 1991. Macular
lesions predisposing to senile disciform macular degeneration. Jpn. J.
Ophthalmol. 35:87-95.
257. Zabel, R.W., I.M.MacDonald, G.Mintsioulis, and D.J.Addison. 1989. Scheie's
syndrome. An ultrastructural analysis of the cornea. Ophthalmology 96:16311638.
258. Zarbin, M.A. 1998. Age-related macular degeneration: review of pathogenesis.
Eur. J. Ophthalmol 8:199-206.

251

1 APPENDICES
Appendix 1- Raw in vivo data
Scatter Plots
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Scatter graphs o f the entire data set; Open black circles represent normal non-diseased donors, black
squares represent donors with AM D and green triangles ARM donors. The x-axis shows increasing age
and the y-axis BLamD. The upper graph is m acular and the lower is peripheral. N ote the sudden increase
in BLamD, with no gradation.
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Linear regression models
Macula BLamD and peripheral BLamD in the normal subgroup of all ages
P= 0.0015, R-Squared: 0.1867

Macula BLamDLM and peripheral BLamDLM in the normal subgroup of all ages
P= 0.5302, R-Squared: 0.008091

Macula BLamD and peripheral BLamD in the normal aged subgroup
P= 0.0719, R-Squared: 0.1287

Macula BLamDLM and peripheral BLamDLM in the normal aged subgroup
P= 0.7859, R-Squared: 0.003133

Macula BLamD and peripheral BLamD in the AMD subgroup
P= 0.2200, R-Squared: 0.05141

Macula BLamDLM and peripheral BLamDLM in the AMD subgroup
P= 0.3387, R-Squared: 0.02777

Contingency tables
0= not present, 1= present, RowTotl= row total, ColTotl= column total

Macula BLamD and peripheral BLamD in the normal subgroup of all ages
10

I1

1R o w T o t l I

0

139

13

I42

I

1

14

15

19

I

151

I

C o l T o t l 1 43

18

ChD2 = 13.13476 d.f.= 1 (p=0.0003)
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Macula BLamDLM and peripheral BLamDLM in the normal subgroup of all ages
10

11

IRowTo t l I

0

14

12

16

1

1

18

137

145

I

C o l T o t l 112

139

151

I

Chi^2 = 7.032479 df. = 1 (p=0.0080)

Macula BLamD and peripheral BLamD in the normal aged subgroup
10

I1

IRow To t l I

0

13

15

18

I

1

14

I14

I18

I

I19

126

I

ColTotl!7

Chi^2 = 0.6570593 d.f. = 1 (p=0.4176)

Macula BLamDLM and peripheral BLamDLM in the normal aged subgroup
10

II

IRowT o tl I

0

II

II

12

I

1

15

119

124

I

ColTotlI 6

120

126

I

Chi^2 = 0.8847222 d.f.= 1 (p=0.3469)
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Macula BLamD and peripheral BLamD in the AMD subgroup
10

11

IR o w T o t l I

0

12

11

13

I

1

17

121

128

I

ColTotlI 9

122

131

I

Chi^2 = 2.283249 d.f.= 1 (p=0.13078)

Macula BLamDLM and peripheral BLamDLM in the AMD subgroup
I0

I1

IRow T o tl I

0

13

14

17

I

1

116

I12

128

I

C o l T o t l 119

116

135

I

Chi^2 = 0.4605263 d.f.= 1 (p=0.4973781)
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Appendix 2- Raw in vitro data
Transepithelial potential
Weeks in culture

Average Q (n=3)

5

3 9 .5

7

4 3 .5

11
47
culture with the transepithelia potential generated, n= 3.

ECM immunocytochemistry
Fluorescence % Of the mean Combined results
Antigen
Apolipoprotein E
65.63
150.94*
132.40*
52.43
113.85
Amyloid P
41.13
94.58
102.19
50.57
109.80
Complement 3
129.94
129.62*
56.50
59.54
129.29*
Collagen VI
62.64
144.05*
128.61*
52.11
113.16
Collagen IV
57.89
133.13*
125.13
117.13
53.94
Elastin
46.93
107.93
108.10
108.27
49.86
Fibronectin
213.23*
177.05*
92.71
64.87
140.87*
HLADR
50.77
116.77
125.08
61.43
133.40*
58.67
134.94*
125.89
IgG
53.81
116.85
Timp3
137.43*
123.09
59.76
50.08
108.76
Ubiquitin
108.58
47.21
98.30
40.53
88.01
Vitronectin
48.17
110.79
106.33
101.87
46.91
E C M im m unocytochem istry; table show ing antigens sought and th e percentage o f the m ean control
fluorescent value. *= Significance as defined by any valu e g reater than th e control m ean +2SD , (44.76 +

12 . 20 ).
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Comparison of ARPE 19 with Clone 7 RPE cells
Cell type

Time(wks)

Media

Thickness (nm)

Standard dev.

Clone 7

5

10%

145.24

122.10

Clone 7

7

10%

144.36

136.83

Clone 7

11

10%

148.53

118.35

ARPE 19

5

10%

386.40

190.54

A R P E 19

7

10%

328.00

136.24

A R P E 19

11

10%

457.33

353.39

Comparison of thickness with points measurement
Cell type

Tlme(wks)

Media

Thickness (nm)

Standard dev.

ARPE 19

5

10%

386.40

190.54

A R P E 19

7

10%

328.00

136.24

A R P E 19

11

10%

457.33

353.39

ARPE 19

5

10%

487.88

82.75

ARPE 19

7

10%

409.29

10.55

ARPE 19

11

10%

558.32

199.50

thickness

points
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Plastic culture data
Thickness deposit subtypes (nm)
Time

Media

fib

con

band

space

mem

und

total

12hours

74.18

0.00

0.00

96.62

0.00

0.00

170.80

4/7

93.42

0.00

0.00

17.59

0.00

0.00

111.01

1/52

151.59

0.00

0.00

23.86

0.00

0.00

175.45

2/52

140.74

14.51

0.00

28.41

0.00

0.00

183.66

3/52

3%

298.94

0.00

0.00

54.80

0.00

0.00

353.74

3/52

10%

331.81

0.00

0.00

35.54

0.00

0.00

367.35

3/52

20%

325.17

0.00

0.00

35.54

0.00

0.00

360.71

271.57

0.00

0.00

36.64

0.00

0.00

308.21

3/52

Alb

5/52

3%

289.15

1.88

0.00

52.50

0.00

0.00

343.53

5/52

10%

338.66

1.10

0.00

29.37

0.00

0.00

369.13

5/52

20%

304.41

1.68

0.00

41.77

0.00

0.00

347.86

264.63

0.73

0.00

44.43

0.00

0.00

309.80

5/52

Alb

7/52

3%

392.91

25.57

0.00

50.25

0.00

0.00

468.73

7/52

10%

358.09

25.76

0.00

38.59

0.00

0.00

422.44

7/52

20%

482.62

13.57

0.00

41.77

0.00

0.00

537.96

488.86

6.61

0.00

39.70

0.00

0.00

535.18

7/52

Alb

11/52

3%

168.93

41.11

6.67

14.74

1.48

0.00

232.93

11/52

10%

185.38

38.99

0.00

18.08

0.00

0.00

242.45

11/52

20%

198.54

27.37

0.00

12.61

0.00

0.00

238.52

212.31

29.41

3.13

7.06

3.68

0.00

255.60

11/52

Alb

M em brane deposit data
Thickness deposit subtypes (nm)
Time (wks)

Media

fib

con

band

space

mem

und

total

5

3%

270.61

40.17

0.00

5.54

99.65

0.00

571.12

5

10%

334.70

44.50

0.00

4.71

100.83

0.00

658.01

5

20%

358.01

47.40

0.00

3.87

78.60

0.00

673.59

5

Alb

368.77

44.93

0.00

44.77

199.23

0.00

792.66

7

3%

289.94

29.53

0.00

3.83

85.78

0.00

523.36

7

10%

279.02

28.41

0.00

10.60

91.26

0.00

512.34

7

20%

371.42

37.75

0.00

10.47

45.34

0.00

605.54

7

Alb

218.90

77.73

0.00

10.06

162.79

0.00

770.33

11

3%

371.81

29.54

0.00

20.65

118.87

0.00

638.36

11

10%

344.00

79.68

0.00

36.05

95.61

2.99

838.00

11

20%

330.85

71.53

0.00

11.06

102.00

0.00

790.49

11

Alb

333.99

42.66

0.00

50.85

194.48

13.31

741.76

258

Retinal homogenate data
Thickness deposit subtypes (nm)
Media

fib

5

nohomog

314.66

28.50

0.00

42.77

1.69

0.00

458.83

5

homog

380.95

56.75

1.75

134.06

0.00

0.00

666.44

7

nohomog

410.88

50.34

0.00

100.07

0.00

0.00

662.58

7

homog

415.05

57.79

0.00

125.68

0.00

0.00

704.00

11

nohomog

502.25

51.01

8.75

71.06

0.00

0.00

766.06

11

homog

524.32

105.61

0.00

130.58

0.00

0.00

1052.35

Time (wks)

con

band

space

mem

und

total

Substrate data
Thickness deposit subtypes (nm)
Substrate

Time (wks)

Media

fib

con

ban

space

mem

und

total

plastic

5

ail

306.87

0.00

0.00

40.63

0.00

0.00

347.50

plastic

7

ail

299.21

1.35

0.00

42.02

0.00

0.00

342.58

plastic

11

ail

191.29

34.22

2.45

13.12

1.29

0.00

242.37

support

5

ail

333.02

44.25

0.00

14.72

119.58

0.00

511.57

support

7

all

289.82

43.36

0.00

8.74

96.29

0.00

438.21

support

11

ail

345.16

55.85

0.00

29.65

127.74

4.08

562.48

M odulation of sub RPE deposit formed by the addition of M MP 2 and TNF
Thickness d eposit subtypes (points/ length R PE)
Time
Dose
und
total
(weeks) Treatment (ng/ml)
con
band space mem
fib
SFMH
0.00
5
0.57
0.00
0.79
0.02
4.80
3.42
7
0.35
0.52
0.00
3.86
SFMH
0.38
0.02
2.59
11
SFMH
0.07
0.18
0.00
2.98
2.02
0.71
0.00
10
0.08
0.00
3.10
5
TNF
0.25
0.00
0.47
2.30
7
TNF
10
0.62
1.15
0.00
3.98
2.10
0.11
0.00
11
TNF
10
1.98
0.00
3.50
0.65
0.00
0.27
0.59
5
TNF
40
0.44
0.41
0.00
2.06
1.01
0.20
0.00
7
40
0.00
2.07
TNF
0.13
0.00
0.10
0.51
1.33
11
TNF
40
0.07
0.15
0.00
2.33
1.98
0.12
0.00
5
MMP
0.00
1
0.86
0.22
4.82
3.45
0.28
0.00
7
MMP
1
1.05
0.00
2.13
0.74
0.08
0.00
0.26
0.00
11
MMP
1
0.20
2.36
1.96
0.15
0.00
0.05
5
70
0.00
1.20
MMP
0.00
0.17
0.00
0.87
0.16
7
MMP
70
0.17
0.39
0.00
2.17
1.47
0.13
0.00
11
70
0.00
MMP
0.28
0.00
0.08
0.19
2.45
1.90
Table showing the number of points per length of RPE cell measured in the various different types with
time (5,7 and 11 weeks o f culture) and treatment with TNF a at 10 and 40 ng/ml, and MMP 2 at 1 and 70
ng/ml.
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