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Preface

The International Symposium on Retinal Degeneration has been held in conjunction
with the biennial International Congress of Eye Research (ICER) since 1984. These
RD Symposia have allowed basic and clinician scientists from around the world to
convene and present their new research findings. They have been organized to allow
sufficient time for discussions and one-on-one interactions in a relaxed atmosphere,
where international friendships and collaborations can be fostered.

The XIII International Symposium on Retinal Degeneration (also known as
RD2008) was held from September 18-23, 2008 at the Hong Zhu Shan Hotel at
the foot of Emei Mountain in the Sichuan Province of China, near Chengdu. The
meeting brought together 152 basic and clinician scientists, retinal specialists in
ophthalmology, and trainees in the field from all parts of the world. In the course
of the meeting, 42 platform and 88 poster presentations were given, and a majority
of these are presented in this proceedings volume. New discoveries and state of the
art findings from most research areas in the field of retinal degenerations were pre-
sented. The RD2008 meeting was highlighted by three special lectures. The first was
given by Glen Prusky, PhD, Weill Cornell Medical College of Cornell University,
New York City, NY. Dr. Prusky discussed the measures of vision in rodents as
a tool for evaluating the treatment of retinal degenerative diseases. The second
was given by Kang Zhang, MD, PhD, on the molecular genetics of Stargardt’s
Disease. Dr. Zhang’s undergraduate degree in biochemistry is from West China
University in Chengdu, and he currently is at the Shiley Eye Center, University
of California at San Diego, San Diego, CA. The third plenary lecture was given by
Peter Campochiaro, MD, of the Wilmer Eye Institute, Johns Hopkins University,
Baltimore, MD. Dr. Campochiaro discussed the role of oxidant stress in macular
degeneration.

This Symposium would not have been possible without the support of our
colleagues at the Sichuan People’s Provincial Hospital and the Department of
Ophthalmology of West China Hospital, Sichuan University. Fan Ying Chuan,
MD, Vice Chairman, Sichuan Ophthalmology Society, Director of Ophthalmology
Department, Sichuan Academy of Medical Science & Sichuan Provincial People’s
Hospital and Chen Xiao Ming, MD, Chairman, Sichuan Ophthalmology Society,
Director of West China Eye Center, West China Hospital, Sichuan University,
gave tirelessly to our effort from the beginning. We are especially grateful to the
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X Preface

administration of the Sichuan People’s Provincial Hospital, which provided the
financial guarantees necessary to secure the meeting venue. The assistance of Chen
Hui (Robert), MD, of the SPPH throughout the planning and the meeting itself
were of enormous help to us. We appreciate all of the officers of various med-
ical associations who gave support or participated in the Welcoming Ceremony.
These include: Li Yuan Feng, MD, President, Sichuan Academy of Medical
Science & Sichuan Provincial People’s Hospital; Cai Li, MD, Vice President,
Sichuan Academy of Medical Science & Sichuan Provincial People’s Hospital;
Xiong Jun Hao, MD, Assistant President, Sichuan Academy of Medical Science &
Sichuan Provincial People’s Hospital; Fang Yong, MD, General Secretary, Sichuan
Medical Association; Wang Wei, MD, Vice General Secretary, Sichuan Medical
Association; and Shi Ying Kang, MD, President, West China Hospital, Sichuan
University.

We were pleasantly surprised that our old friend and colleague Dominic Lam,
PhD attended and spoke at our Opening Ceremonies. Dominic is well known in oph-
thalmology circles in China. As President and CEO of the World Eye Organization,
he has been responsible for establishing a number of eye clinics throughout China
to provide care for those who cannot afford it. Most recently he established the
Thorsten Wiesel Research Institute at West China University in Chengdu, in honor
of his mentor Nobel Laureate Thorsten Wiesel.

We also thank the management and staff of the beautiful Hong Zhu Shan Hotel
for all of their assistance in making this a truly memorable experience for all of the
attendees. We are especially grateful to Walton Wang, the hotel representative who
worked with us from the outset to make sure that everything went smoothly.

The Symposium received international financial support from a number of orga-
nizations. We are particularly pleased to thank The Foundation Fighting Blindness,
Owings Mills, Maryland, for its continuing support of this and the previous bien-
nial Symposia, without which we could not have held these important meetings. In
addition, for the fourth time, the National Eye Institute of the National Institutes
of Health contributed to the meeting. Funds from these two organizations allowed
us to provide 35 Travel Awards to young investigators and trainees working in
the field of retinal degenerations. The response to the Travel Awards program was
extraordinary, with 74 applicants.

We also acknowledge the diligent and outstanding efforts of Ms. Holly
Whiteside, who carried out most of the administrative aspects of the RD2008
Symposium, designed and maintained the meeting website, and organized and
edited the production of this volume. Holly is the Administrative Manager of
Dr. Anderson’s laboratory at the University of Oklahoma Health Sciences Center,
and she has become the permanent Coordinator for the Retinal Degeneration
Symposia. Her dedicated efforts with the Symposia since RD2000 have provided
continuity not available previously, and we are deeply indebted to her. We are also
indebted to Dr. Md. Nawajes A. Mandal, who served as the Associate Editor of
this volume. Dr. Mandal read every manuscript and organized them into thematic
blocks.



Preface xi

Finally, we honor the memory of two colleagues who died in 2007. Ruben Adler
was a great friend to most who attend our RD meetings. He was our keynote speaker
in Argentina, where he gave an extraordinary lecture on the hope, reality, and chal-
lenges of using stem cells to treat blinding diseases. Wei Cao was a colleague at the
Dean McGee Eye Institute and also a great friend to many of our attendees. Wei was
solely responsible for arranging for this meeting to be held in Sichuan Provence and
in securing the support of the local organizers. We dedicate this volume to Ruben
and Wei.

Robert E. Anderson
Matthew M. LaVail
Joe G. Hollyfield
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Chapter 1

Analysis of Genes Differentially Expressed
During Retinal Degeneration in Three Mouse
Models

Yogita Kanan, Michael Centola, Frank Bart, and Muayyad R. Al-Ubaidi

Abstract An estimated 100,000 people in the US alone have retinitis pigmentosa.
This disease, caused by the loss of rods and cones, results in blindness. With the
intention of identifying common cell death pathways that result in RP, the pattern
of global gene expression in three different mouse models of retinal degeneration
was analyzed using DNA arrays. The models used were opsin?°=23% a trans-
genic mouse line that expresses a mutant form of opsin with a deletion of an
isoleucine at either position 255 or 256; the Bouse C mouse, whereby normal opsin
is over-expressed by over 2 folds; MOTI, a model that expresses SV-40 T antigen
downstream of opsin promoter and leads to retinal degeneration. We found that, at
least in the 2 models of retinal degeneration that are characterized by rhodopsin
abnormalities, death is due to the TNF pathway. In addition, there are a number of
unknown genes not yet annotated in each of the models that could be promising in
revealing novel functions in photoreceptors.

1.1 Introduction

Millions worldwide suffer from the blinding disorder retinitis pigmentosa (RP)
(Hartong et al. 2006). This condition is characterized by a gradual loss, through
cell death, of rods and cones. To understand the cell death process in RP and in
the hope of identifying genes that can be targets for therapy, we analyzed differen-
tial gene expression during photoreceptor death by performing microarray analysis
between age matched C57Bl/6 mice and three mouse models of retinal degenera-
tion. These models are Bouse C, a model where the opsin protein is over-expressed

M.R. Al-Ubaidi (=)
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by 2.2 folds of the levels measured in non-transgenic animals (Tan et al. 2001),
opsin 4239726 a3 model with a deletion in an isoleucine in opsin either at position
255 or 256 (Gryczan et al. 1995) and MOTI”~ a model that expresses SV-40 T
antigen downstream of opsin promoter and leads to retinal degeneration (Al-Ubaidi
et al. 1992).

1.2 Methods

1.2.1 RNA Preparation and cDNA Labeling

Retinas were removed at postnatal days (P) 10, 12 and 14 and the retinal pigment
epithelium was dissected away under a microscope. Total RNA was prepared using
Trizol (Invitrogen, Carlsbad, CA). Genomic DNA contamination was removed
by treatment of the samples with RQ1 RNase free DNase (Promega, Madison,
WI). cDNA was synthesized using CyScribe First-Strand cDNA Labeling Kit (GE
Healthcare, Piscataway, NJ). Microarrays were made using a 70-mer oligonu-
cleotide library from Qiagen/Opern (Mouse genome set, version 2.0). The library
contains 70-mer, gene specific oligonucleotides representing about 16,463 mouse
genes.

1.2.2 Hybridization of Slides, Image Acquisition
and Bioinformatics

Cy-3-labeled transgenic mouse cDNA, and the Cy-5-labeled age matched C57Bl/6
mouse were dissolved in Hybridization Buffer (Clontech, San Jose, CA) and
hybridized at 42°C for 8 h in a microarray hybridization station (Ventana Medical
Systems, Tucson, AZ). Fluorescent intensity was analyzed by a dual-channel scan-
ner (Affymetrix, Santa Clara, CA). An associative analysis approach was used to
identify genes that are differentially expressed between the transgenic mouse mod-
els and wild type mice (Dozmorov and Centola 2003). Only genes up-regulated or
down-regulated by about 2-folds were analyzed further.

1.2.3 Real-Time PCR

Real-time quantitative PCR was performed as described before (Kanan et al. 2008).
Real time PCR confirmed all gene modulations observed on the arrays and presented
herein.



1 Analysis of Genes Differentially Expressed During Retinal Degeneration 5

1.3 Results

1.3.1 Microarray Analysis of Opsin 4%5-256 =~ Model

One of the first opsin mutations observed in humans was the rhodopsin 1255/256
mutations (Inglehearn et al. 1991). This mutation eliminates one of 2 sequential
isoleucines at rhodopsin position 255, 256, which are present in the transmembrane
helix 6. Transgenic mice expressing the opsin 4?>-2°0 were previously generated
(Gryczan et al. 1995). Histological comparisons of the homozygous 1255/256 strain
of mice with the age matched wild type mice C57/B16 show a fast rate of pho-
toreceptor loss (Penn et al. 2000). At P10, opsin 4226 retinas exhibit early
degenerative changes, and by P15, the outer nuclear layer is reduced to half that
of the wild type mice. We analyzed RNA samples from homozygous opsin 4237236
strain of mice at P10, P12 and P14 retina and compared it to age matched retinas
from C57/BL mice by microarray. At P10, all the genes on the array were compara-
ble in expression levels to wild type mice. Array analysis at P12 and P14 showed 56
genes differentially modulated, with 37 genes down-regulated and 19 up-regulated
(Table 1.1). The down-regulated genes belonged mainly to the categories of struc-
tural proteins (8%), proteins involved in metabolism (8%), protein transport (8%),
phototransduction (33%) and transcription factors (19%). About 24% of the proteins
down-regulated were unknown proteins. Up-regulated genes belonged to the cate-
gories of apoptosis (10%), protein degradation (16%), signal transduction (16%),
lipid metabolism (21%), transcription factors (10%) while 27% of the proteins were
unknown.

Table 1.1 List of genes differentially regulated in the Opsin 22>9-2%6 model
Genes down-regulated in the opsin??>-2%6 model
Gene modulated P12 P14
Phototransduction genes
Guanine nucleotide binding protein, alpha transducing 1 0.08 0.0
Guanylyl cyclase 0.12 0.08
ROM1 0.41 0.07
Retinitis pigmentosa 1 0.50 0.06
Cyclic nucleotide-gated channel beta subunit 1 0.37 0.02
Guanine nucleotide binding protein, beta 1 0.38 0.09
Recoverin 0.26 0.08
Retinitis pigmentosa GTPase regulator interacting protein 1 0.37 0.13
Unc119 homolog 0.42 0.36
Similar to retinol-binding protein 3 0.40 0.14
Prominin 0.69 0.26
Cyclic nucleotide gated channel, cGMP gated 0.30 0.0
Structural genes
Adiponectin receptor 1 0.42 0.22
Elovl4 0.53 0.23

Photoreceptor cadherin 0.77 0.25
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Genes down-regulated in the opsin®?>3-2%6 model

Gene modulated P12 P14

Metabolism genes

Lactate dehydrogenase 1 0.74 0.41

Hexokinase 1 0.59 0.47

Ornithine decarboxylase antizyme 0.79 0.50

Protein binding or transport genes

Karyopherin (importin) alpha 2 0.52 0.27

Rab5ef-pending|Rab5 exchange factor 0.45 0.45

PH domain containing protein in retina 1 0.80 0.48

Transcription factor genes

N-myc downstream regulated 1 0.87 0.39

High mobility group nucleosomal binding domain 2 0.79 0.23

Neurogenic differentiation 1 0.82 0.38

Hematopoietic zinc finger 0.61 0.40

Signal recognition particle 54 kDa 1.35 0.43

Cold shock domain protein A 0.52 0.07

Cone-rod homeobox containing gene 0.60 0.15

Unknown genes

RIKEN c¢DNA 2900052E22 gene 0.38 0.20

Mus musculus, Similar to hypothetical protein FLJ13993 0.30 0.12

Retbindin 0.35 0.22

Coiled-coil domain containing 96 0.47 0.11

Aryl-hydrocarbon interacting protein-like 1 0.38 0.10

RIKEN full-length enriched library, clone:2310065B16 0.60 0.28

Glutamate receptor, ionotropic, N-methyl 0.71 0.48
D-asparate-associated protein 1

RIKEN full-length enriched library, clone:9030405D 14 0.45 0.48
product

Emopamil binding protein-like 0.63 0.34

Genes up-regulated in the opsin4255-256 model

Apoptosis genes

Shugoshin-like 2 tumor necrosis factor-alpha-induced protein 1.45 5.25
B12 — human

Similar to Death-associated protein 1 (DAP-1)The 1.96 2.30
ubiquitin-homology protein

Protein degradation genes

Ring finger 38, lippopolysaccharide induced ubiquitin ligase 1.53 2.09

Histone deacetylase 6 1.09 2.60

Transcription factor genes

Zinc finger protein 95 1.03 3.34

RIKEN c¢DNA 2310028D20 gene, positive regulation of 0.93 2.28

transcription from Pol II promote
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Table 1.1 (continued)

Genes down-regulated in the opsin®?>3-2%6 model

Gene modulated P12 P14
Signal transduction genes

Par-6 partitioning defective 6 homolog gamma 1.02 5.40
Ppab2b|Phosphatidic acid phosphatase type 2B 1.02 2.38
Calmodulin 1 1.28 2.29
Lipid metabolism genes

RIKEN c¢DNA 2300002D11 gene, lipid binding activity 1.15 2.28
Sterol O-acyltransferase 1 1.45 2.38
Peroxiredoxin 5 1.48 2.26
Apolipoprotein E 1.67 2.88
Unknown genes

HAI-2 related small protein 1.2 10.72
RIKEN clone:6330411115 1.4 2.46
F-box protein 16 0.89 293
RIKEN clone:5730419014 2.28 3.55
RIKEN clone:6230410101 0.74 292

1.3.2 Microarray Analysis of Bouse C Model

To determine whether cell death in other models of retinal degeneration follows the
same pattern, modulated genes in the Bouse C that over-expresses opsin were stud-
ied. We analyzed RNA samples from homozygous Bouse C strain of mice at P10,
P12 and P14 retina and compared it to that of age matched C57/BL. At P10 all the
genes on the array were comparable in expression levels to wild type mice except
opsin, which is up-regulated 4-fold. However, at P12 and P14, there was signifi-
cant modulation of expression compared to wild type controls (Table 1.2). There
were a total of 78 genes that were differentially regulated, with 15 genes down-
regulated and 63 genes up-regulated. Down-regulated genes fell into the groups
of phototransduction (53%), transcription factors (13%), metabolic (20%) and ion
transport (13%). Up-regulated genes belonged to the classes of apoptosis (3%),
protein biosynthesis (6%), transferase activity (5%), lipid metabolism (3%), car-
bohydrate metabolism (3%), transcription factor (19%), electron transport (3%),
protein transport (5%), neurotransmitter secretion (3%), and unknown genes (50%).

Table 1.2 List of genes differentially regulated in the Bouse C model

Genes down-regulated in the Bouse C model

Gene modulated P12 P14

Phototransduction genes
Guanine nucleotide binding protein, alpha transducing 1 0.26 0.14
Cyclic nucleotide-gated channel beta subunit 1 0.78 0.38
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Genes down-regulated in the Bouse C model

Gene modulated P12 P14
Cyclic nucleotide gated channel, cGMP gated 0.61 0.25
Guanylate cyclase activator 1B 0.16 0.16
Guanine nucleotide binding protein, beta 1 0.60 0.39
Retinitis pigmentosa 1 homolog (human) 0.86 0.36
Cone-rod homeobox containing gene 0.87 0.37
Prominin 0.89 0.48
lon transport genes
ATPase, Na*K* transporting, alpha 3 subunit 0.71 0.36
ATPase, H transporting, lysosomal (vacuolar proton pump), 0.88 0.37
beta 56/58 kDa, isoform 2
Transcription factor genes
Aryl hydrocarbon receptor nuclear translocator 1.00 0.34
B lymphoma Mo-MLYV insertion region 1 1.19 0.37
Metabolism genes
Glucose phospha-te isomerase 1 complex 0.67 0.33
Phosphofructokinase, liver, B-type 0.45 0.33
Pyruvate kinase 3 0.77 0.38
Genes up-regulated in the Bouse C model
Transcription factor genes
Zinc finger with KRAB and SCAN domains 6 0.87 5.61
Zinc finger and BTB domain containing 7C 0.95 2.34
Chromobox homolog 2 (Drosophila Pc class) 1.01 2.33
Zinc finger protein of the cerebellum 1 0.95 4.46
Fetal liver zinc finger 1 2.22 77.22
MIx interactor MIR 1.2 4.2
Hypothetical transcription factor nuclear regulation homolog 0.47 2.39
polymerase RNA alternative containing protein
Early development regulator 1 (homolog of polyhomeotic 1) 0.86 2.82
Upstream transcription factor 2 0.87 3.16
Homeo box A10 0.73 77.09
High mobility group box 2-like 1 1.18 3.56
Kruppel-like factor 16 0.81 3.99
Protein biosynthesis genes
Ribosomal protein S27a 1.24 3.74
Ribosomal protein S19 1.28 31.72
Mitochondrial ribosomal protein S16 1.24 225
Ribosomal protein S27-like (Rps271) 1.27 242
Apoptosis genes
Tumor necrosis factor receptor superfamily, member 1b 0.73 1086127
Tumor necrosis factor receptor superfamily, member 23 1.08 3.04
Neurotransmittor release genes
Histamine N-methyltransferase 0.77 2.16
Synapsin | 1.27 3.24
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Table 1.2 (continued)

Genes down-regulated in the Bouse C model

Gene modulated P12 P14
Lipid metabolism genes
Patatin-like phospholipase domain containing 3 1.00 523
Protein kinase, AMP-activated, gamma 1 non-catalytic subunit 1.68 2.06
Carbohydrate metabolism genes
N-acetylneuraminate pyruvate lyase 0.90 2.74
Mannosidase 1, beta 0.61 40.23
Transferase activity genes
Williams Beuren syndrome chromosome region 22 0.97 2.15
Dihydrolipoamide 0.86 2.48
S-succinyltransferase
Dolichol-phosphate (beta-D) mannosyltransferase 1 1.26 4.64
Electron transport genes
Cytochrome c oxidase, subunit VIla 3 1.34 3.15
ATPase inhibitor 1.25 2.21
Protein transport genes
ADP-ribosylation factor 5 0.83 6.67
ADP-ribosylation factor-like 8B 0.90 2.03
RABI, member RAS oncogene family 0.97 2.3
Unknown genes
Glycoprotein 38 2.01 0.99
Transmembrane protein 16A 0.71 13.77
c¢DNA, RIKEN clone:4921511C04 5,540 2,363
cDNA, RIKEN clone:6230414M07 0.73 2336671
c¢DNA, RIKEN clone:4632407G05 0.64 10.26
cDNA, RIKEN clone:4930423020 0.78 12.85
c¢DNA, RIKEN clone:B230110018 0.94 8.62
cDNA, RIKEN clone:1200014H14 0.79 9.68
c¢DNA, RIKEN clone:4921518G09 1.02 19.09
c¢DNA, RIKEN clone:1700097M23 1.02 4.03
c¢DNA, RIKEN clone:4930512M02 1.03 5.08
0.81 1712243
c¢DNA, RIKEN clone:3000002G13 1.01 168
c¢DNA, RIKEN clone:4930569F06 0.73 24.13
cDNA, RIKEN clone:4933405L10 6.02 20.20
c¢DNA, RIKEN clone:5530401N18 1.15 2.30
c¢DNA, RIKEN clone:2600001G24 0.91 4.12
c¢DNA, RIKEN clone:4933400F21 1.39 3.57
cDNA, RIKEN clone:4933417C20 5.14 1204875
c¢DNA, RIKEN clone:9530097N15 0.84 8.74
cDNA RIKEN 9630055N22 gene 0.73 1514470
c¢DNA, RIKEN clone:1700016M24 0.77 4.62
cDNA, RIKEN clone:2210021122 0.93 2.00
c¢DNA, RIKEN clone:3110006121 1.16 2.08

Golgi autoantigen, golgin subfamily a, 7 0.89 3.65
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Table 1.2 (continued)

Genes down-regulated in the Bouse C model

Gene modulated P12 P14
Mus musculus mg53d08.r1 mRNA 19.08 17.38
cDNA, RIKEN clone:1700027D21 3.88 79.15
cDNA, RIKEN clone:2310015L07 1.24 3.01
cDNA, RIKEN clone:4632426C10 1.06 2.27
Mus musculus plakophilin 4 1.29 2.67
cDNA, RIKEN clone:1110001H19 1.05 2.25
cDNA, RIKEN clone:6230409E21 2.26 223
cDNA, RIKEN clone:4933431J24 1.13 9.89

1.3.3 Microarray Analysis of MOT1 Mouse

MOTT1 is a model that expresses SV-40 T antigen under the opsin promoter (Al-
Ubaidi et al. 1992). The expression of the viral oncogene forces the postmitotic
photoreceptors to re-enter the cell cycle and then undergo apoptosis. At P10 there
is no photoreceptor loss. However at P15, there is a loss of 50% rod photorecep-
tors and only cone photoreceptors survive by P25 (Al-Ubaidi et al. 1992). In this
model, we observed gene modulations as early as P10 whereby, 36 genes were dif-
ferentially expressed (Table 1.3). Out of these, 20 genes were down-regulated and
16 genes were up-regulated. Down regulated genes belonged to the categories of
phototransduction (65%), transport protein (16%) and unknown genes (20%) while
Up-regulated genes fell into the categories of DNA binding proteins (25%), tran-
scription factors (13%), protein binding (25%), cell cycle (13%), ubiquitin cycle
(13%) and unknown genes (13%).

Table 1.3 List of genes differentially regulated in the MOT1 model

Genes down-regulated in the MOTI model

Gene modulated P10 P12 P14
Phototransduction genes

Rod opsin 0.16 0.13 0.09
Guanine nucleotide binding protein, alpha 0.14 0.07 0.05

transducing 1

Retinitis pigmentosa 1 homolog (human) 0.60 0.39 0.26
Rod photoreceptor 1 0.63 0.33 0.23
Retinol dehydrogenase 12 0.59 0.36 0.25
Guanine nucleotide binding protein, beta 1 0.61 0.41 0.41
Retinol-binding protein 3, interstitial 0.51 0.35 0.28

Guanine nucleotide binding protein, beta 5 0.37 0.32 0.25
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Table 1.3 (continued)
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Genes down-regulated in the MOTI model

Gene modulated P10 P12 P14

Unc119 homolog 0.54 0.39 0.49

Retinitis pigmentosa GTPase regulator interacting 0.40 0.32 0.18
protein 1

Similar to cyclic nucleotide-gated channel beta 0.47 0.38 0.26
subunit 1

Rod outer segment membrane protein 1 0.64 0.44 0.34

Recoverin 0.23 0.19 0.22

Transport genes

Potassium inwardly-rectifying channel, subfamily J, 0.37 0.0 0.03
member 14

Cyclic nucleotide gated channel, cGMP gated 0.48 0.33 0.12

Vesicular glutamate transporter 1 0.50 0.34 0.21

Unknown genes

RIKEN c¢DNA 9630013K17 gene 0.01 0.0 0.25

Oxysterol binding protein 2 0.55 0.44 0.29

RIKEN cDNA 4921513E08 gene 0.51 0.43 0.26

RIKEN ¢DNA 9030405D14 gene 0.66 0.44 0.74

Genes up-regulated in the MOT1I model

DNA binding genes

Topoisomerase (DNA) II alpha 644038 761293 798278

Breakpoint cluster region protein 1 2.46 1.89 1.95

H2A histone family, member Z 291 2.96 4.77

Nucleosome assembly protein 1-like 1 1.21 2.10 0.96

Transcription factor genes

Homeo box B1 2.46 3.59 6.89

Zinc finger protein 467 2.17 1.04 1.52

Protein binding genes

Non-SMC condensin II complex, subunit G2 2.98 1.85 1.97

PDZ binding kinase 14.65 30.72 14.20

EMI domain containing 2 2.25 1.46 1.48

Solute carrier family 3 (activators of dibasic and 2.65 1.42 1.54
neutral amino acid transport), member 2

Cell cycle genes

Antigen identified by monoclonal antibody Ki 67 4.69 6.54 7.04

Similar to acidic protein rich in leucines 96.42 708217 341

Ubiquitin genes

Ubiquitin-conjugating enzyme E2C 82623 460584 61924

ubiquitin-conjugating enzyme E2S 2.14 5.32 2.07

Unknown genes

RIKEN c¢DNA 2510015F01 gene 2.49 3.33 2.50

RIKEN c¢DNA 2610008F03 gene 16.58 419236 8.09
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1.4 Discussion

To uncover common genes that will be modulated in different retinal degenerative
mouse models, we performed microarray analysis on 3 mouse models of retinal
degeneration. Two of these models are related to rthodopsin, of which one of the
models has a deletion of isoleucine at position 255 or 256 (opsin A255-256) The
second rhodopsin model, over expresses opsin by over two folds (Bouse C). The
third model expresses the oncogene SV-40 T antigen (MOT1) downstream of opsin
promoter. The first phototransduction gene to be severely affected in all the models
is guanine nucleotide binding protein, alpha transducing 1.

In the opsin 4?°3-256~~ model, we observed up-regulation of 2 proteins involved
with cell death, Shugoshin-like 2 tumor necrosis factor-alpha-induced protein B12
and death-associated protein 1 (DAP-1), which causes TNF mediated cell death by
the recruitment of FADD death effector (Liou and Liou 1999). The Bouse model of
retinal degeneration up-regulates 2 death genes, the tumor necrosis factor receptor
superfamily, member 1b and tumor necrosis factor receptor superfamily, member 23
suggesting that in these 2 models of retinal degeneration that are characterized by
rhodopsin abnormalities, death is due to the extrinsic TNF pathway.

In the MOT1 model of retinal degeneration, we observed up-regulation of genes
involved in DNA binding, DNA replication and ubiquitin mediated degradation.
Since MOT]1 is a model for cell-cycle dependant cell death, an intracellular event, it
is very likely that the intrinsic mitochondrial pathway is activated. In addition, there
are several unknown genes not yet annotated in each of the models that could be
promising in revealing novel functions in photoreceptors.

In summary, the three models of retinal degeneration show very few similarities
regarding modulation of retinal gene expression during degeneration. In conclusion,
although the degenerative process appears very similar by histologic examination,
the initially activated cell death pathway may be totally different.
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Chapter 2
Regulation of Angiogenesis by Macrophages

Rajendra S. Apte

Abstract Abnormal angiogenesis is a cardinal feature in the pathophysiology
of several diseases of the retina including retinopathy of prematurity, diabetic
retinopathy and choroidal neovascularization associated with age-related macular
degeneration. Recent evidence has implicated macrophages as components of the
innate immune system that play a key role in regulating angiogenesis in the retina
and choroid. This review will focus on the role of macrophages in regulating ocular
angiogenesis.

Immune vascular interactions are important role in regulating angiogenesis during
development and in disorders of aging such as cancers, atheromatous heart disease
and blinding eye disease such as age-related macular degeneration (AMD) (Apte
et al. 2006; Espinosa-Heidmann et al. 2002; Hansson 2005; Kelly et al. 2007; Nakao
et al. 2005; Taylor et al. 2005). AMD is the leading cause of blindness in North
America in people over 50 years of age and blindness in AMD occurs largely from
the exudative (wet) form of the disease that is characterized by the development
of abnormal blood vessels underneath the retina i.e. CNV (Klein et al. 2004; van
Leeuwen et al. 2003). Strong evidence has implicated macrophages in this pro-
cess. Macrophages have been demonstrated to be necessary and sufficient in order
to induce regression of lens vasculature during development and in inhibiting the
growth of abnormal blood vessels in the eye in AMD (Ambati et al. 2003; Apte
et al. 2006; Dace et al. 2008; Lobov et al. 2005). On the other hand, alternative lines
of evidence have also implicated macrophages in promoting abnormal blood vessel
growth in AMD (Espinosa-Heidmann et al. 2003; Sakurai et al. 2003).

Recent studies have demonstrated that cytokines can influence macrophage
polarization and their regulation of angiogenesis. Mice that lack interleukin-10
(IL-10-/-) are significantly impaired in their ability to generate CNV after laser-
induced tissue injury (Apte et al. 2006; Kelly et al. 2007). In the eye, IL-10 promotes
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angiogenesis by altering macrophage function. Polarization of macrophages can
play a pivotal role in determining the ultimate effector function of these cells
(Mosser 2003). Macrophages stimulated in presence of IFN-y, LPS or GM-CSF
produce high levels of cytokines such as IL-12, IL-23, IL-6, TNF-a and iNOS2
with low levels of IL-10, TGF-p and arginase 1(Arg-1). This signature defines a
classically activated, anti-angiogenic macrophage (M1) that is also important in
anti-bacterial and inflammatory functions. Our laboratory has previously demon-
strated that GM-CSF cultured macrophages polarize to an M1 phenotype and can
inhibit laser-induced CNV upon injection in to the eyes of host mice (Apte et al.
2006; Kelly et al. 2007). In presence of IL-10, IL-4, or IL-13, macrophages become
alternatively activated and polarized to a pro-angiogenic phenotype (M2) character-
ized by high levels of IL-10, TGF-f and Arg-1 and low levels of pro-inflammatory
cytokines such IL-6 and TNF-a. This is especially relevant as aging in mice leads
to a drift in the macrophage population to a pro-angiogenic phenotype (Kelly et al.
2007). Although classification of macrophages in to two distinct compartments such
as M1 and M2 might be too simplistic, there is clearly a spectrum of macrophage
phenotype as it pertains to angiogenic function.

It is important to elucidate factors that regulate macrophage-mediated regulation
of developmental and post-developmental angiogenesis especially since abnormal
angiogenesis in the aged eye in AMD and in the young eye in ROP leads to blind-
ness. VEGF-A is an important factor in inducing CNV in patients with AMD.
Currently, a number of treatments directed at exudative AMD and neovasculariza-
tion from diabetic retinopathy are focused on neutralization of VEGF-A activity in
the eye (Brown et al. 2006). These treatments have offered physicians an ability to
intervene in this difficult disease and significantly reduced the risk of severe vision
loss from complications of unbridled angiogenesis. They have also enhanced the
likelihood of improving vision in patients affected by the disease. Unfortunately,
VEGF inhibitors have to be delivered directly in to the eye with multiple, frequent
intraocular injections, a process that is highly unpalatable to the patient and one
that may be associated with serious ocular adverse events such as infections, hem-
orrhage and retinal detachments (Brown et al. 2006; Rosenfeld et al. 2006). It has
been shown that anti-VEGF agents delivered in to the eye can reach the systemic
circulation and that chronic systemic inhibition of VEGF may be associated with
significant cardiovascular and cerebrovascular risk. In addition, anti-VEGF therapy,
although relatively effective in treating neovascular processes in the eye has not been
proven efficacious as a) prophylactic therapy to reduce disease progression and the
possibility of developing CNV in AMD or b) curative in successfully inhibiting
CNV without sustained therapy. Although complement factor H polymorphisms
are also associated with AMD, there is no data that suggests a role for comple-
ment in macrophage function and its regulation of angiogenesis (Edwards et al.
2005).

We are now in an era where identifying signaling pathways within macrophages
that stimulate abnormal angiogenesis is critical in advancing the gains achieved with
anti-VEGEF therapy and in order to develop preventive therapies. Also, it is crucial
to identify safe and effective modalities of targeted delivery of potential therapeutic
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agents to the site of disease processes in order to maximize sustained treatment
benefit and minimize local or systemic adverse events.

2.1 Macrophage Polarization and Its Role in Angiogenesis

Polarization of macrophages can play a pivotal role in determining the ultimate
effector functions of these cells (Mosser 2003). Macrophages stimulated in pres-
ence of IFN-y, LPS or GM-CSF undergo classical activation and produce high levels
of IL-12, IL-23, IL-6, TNF-a, iNOS2 and low levels of IL-10, TGF-p and Arg-1.
This signature highlights an M1 macrophage that has important anti-bacterial and
inflammatory functions and has also been shown to be anti-angiogenic. Our labo-
ratory has previously demonstrated that GM-CSF cultured macrophages can inhibit
CNYV upon injection in to the eyes of host mice at the time of tissue injury (Apte
et al. 2006). In presence of IL-10 or IL-4, macrophages undergo alternative acti-
vation and become polarized to a pro-angiogenic phenotype characterized by high
levels of IL-10, TGF- B and Arg-1 and low levels of M1 cytokines. This alterna-
tively activated macrophage has also been called an M2 macrophage. We have also
demonstrated that senescence and IL-10 can influence the macrophage phenotype.
Aging and high levels of IL-10 in the micromilieu (as seen with senescence) can
independently influence macrophages to become pro-angiogenic.

In non-ocular tumors, it has been shown that the tumor micromilieu can influ-
ence the polarization and activation of the tumor associated macrophages (TAM)
to a pro-angiogenic M2 phenotype. The M2 TAM has been shown to promote the
growth and proliferation of several non-ocular tumors while the M1 TAM has pro-
inflammatory and anti-angiogenic properties. It is clear that the combined effect of
the cytokine profile is what drives the angiogenic phenotype of the macrophage e.g.
although TNF-a has been shown to be pro-angiogenic in cancers, it is also secreted
at functionally significant levels by the anti-angiogenic M1 macrophages (Sethi
et al. 2008). Although we have shown that the level of FasL on the surface of the
macrophage can be regulated by aging (and IL-10) and may represent a membrane-
bound marker for defining macrophage polarization, it is unclear what other factors,
especially signaling intermediates, play a role in the drifting macrophage pheno-
type and its downstream effects on immune surveillance function. This is especially
important in the light of published data that FasL. on the macrophage and the RPE
are critical in regulating angiogenesis (Apte et al. 2006; Kaplan et al. 1999).

Immune privilege can be characterized as a subversion of the effector immune
response that is unique to the eye, the central nervous system and the fetal-maternal
interface in the uterus (Niederkorn 2006). Evolutionarily, it may have evolved to
protect delicate tissues in the eye from innocent bystander damage and necrotic
cell death that are part of a vigorous cell-mediated immune response to antigen.
Immune privilege in the eye is orchestrated by membrane-bound molecules such as
FasL and TRAIL as well as soluble factors such as TGF-$, VIP, a-MSH and MIF
among others (Apte et al. 1997; Apte and Niederkorn 1996; Niederkorn 2006). The
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deviant immune response in privileged settings such as the eye is highly complex
and is ultimately characterized by the suppression of delayed type hypersensitiv-
ity (DTH). The F4/80+ macrophage is essential for induction of immune privilege
(Lin et al. 2005). Although there is apparent loss of privilege in retinal degen-
erate [rd] mice as they age, the effect of normal aging on immune privilege and
immune deviation is not reported (Welge-Lussen et al. 1999). Formation of blood
vessels in the eye after birth i.e. post-developmental angiogenesis is always patho-
logic and is associated with diseases of the eye such as ROP, DR and AMD.
Teleologically, the anti-angiogenic function of young, healthy ocular macrophages
can potentially be perceived as an extension of immune privilege in order to inhibit
the destructive effects of abnormal blood vessel growth on visual function. We have
demonstrated that aging, IL-10 and hypoxia unmasks the pro-angiogenic phenotype
in a macrophage.
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Chapter 3

Protein Kinase C Regulates Rod Photoreceptor
Differentiation Through Modulation of STAT3
Signaling

Carolina Pinzon-Guzman, Samuel Shaomin Zhang, and Colin J. Barnstable

Abstract The molecular signals governing retinal development remain poorly
understood, but some key molecules that play important roles have been identified.
Activation of STAT3 by cytokines such as LIF and CNTF specifically blocks dif-
ferentiation of rod photoreceptors. Here we test the hypothesis that PKC activation
promotes development of rod photoreceptors by inhibiting STAT3. Explant cultures
of mouse retina were used to study the effects of PKC activation on rod develop-
ment. The expression of opsin, a rod specific marker, is induced at an early stage in
retina explants cultured in the presence of PMA and this effect is prevented by the
PKC inhibitor Go7874. Histological experiments show that there is expression of
PKC betal, but not PKC-alpha in the outer nuclear layer between E17.5 and PNS5.
In vitro data derived from cell lines shows that activation of PKC results in reduc-
tion of STAT3 phosphorylation. In addition, inhibition of PKC results in increase
STAT3 phosphorylation. We suggest that cross talk of signals between STAT3 and
PKC may determine the differentiation of rods from retinal progeitors.

3.1 Introduction

Rod photoreceptors are among the last cell types to differentiate from multipo-
tential retinal progenitors. Much of the information necessary to generate rod
photoreceptors is intrinsic to the retinal epithelium since explants of embryonic
retinas are capable of forming all the major classes of cells (Sparrow et al. 1990).
Within the retinal epithelium, however, photoreceptor differentiation can clearly
be influenced by a number of cell interactions mediated by either direct cell-cell
contacts or through soluble factors released from cells (Watanabe and Raff 1990;
1992; Reh 1992; Altshuler and Cepko 1992). Several of these factors have been
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identified that can promote the formation of rods but the mechanisms by which these
signals regulate the transition from progenitor to postmitotic neuron are only
partially understood (Altshuler et al. 1993; Levine et al. 2000; Yang 2004).

One of the most robust findings by many groups has been that signal transducer
and activator of transcription 3 (STAT3) is a key signaling protein that regulates
rod formation. STAT3 is tyrosine phosphorylated in response to a range of factors
including epidermal growth factor (EGF), granulocyte colony-stimulating factor
(G-CSF), leptin and IL-6 family cytokines such as ciliary neurotrophic factor
(CNTF), oncostatin M and leukemia inhibitory factor (LIF). In addition to activat-
ing STAT3, the IL-6 family of ligands causes activation of the ERK1/2 members of
the MAPK family. We, and others, have shown that IL-6 family ligands are potent
inhibitors of rod differentiation (Neophytou et al. 1997; Ezzedine et al. 1997; Zhang
et al. 2004). By using adenovirus constructs controlling expressing of dominant
negative or constitutively active forms of STAT3, and inhibitors of ERK activation,
we showed that the inhibitory action of CNTF was mediated entirely by STAT3
(Zhang et al. 2004). Similar results have been obtained in a number of other studies
(Rhee et al. 2004). Because STAT3 is found in proliferating progenitors and then
rapidly lost from the postmitotic rods, we suggested that a major action of CNTF
and related ligands might be to inhibit exit of daughter cells from the progenitor
pool into a differentiation path (Zhang et al. 2005).

There is much less information about the mechanism by which rod formation is
induced.

Although a number of factors, as diverse as taurine and IL-4, can increase the
number of rods formed in vitro, little is know about the ways in which these effects
are achieved (Altshuler et al. 1993; da Silva et al. 2008). We have recently found
that protein kinase C (PKC) is a key signal molecule in this process. PKC is a cyclic
nucleotide-independent enzyme that phosphorylates serine and threonine residues
in many target proteins. There are a number of isozymes of PKC and one group of
these shares the property of activation by phorbol esters. Since PKC was first identi-
fied, its involvement in many biological processes has been demonstrated, including
development, memory, and carcinogenesis. It also triggers several pathways
signaling cell proliferation and differentiation.

In this study we show that activation of PKC by phorbol esters leads to an
increase in the number of rod photoreceptors in retinal explants. We examined the
expression of the phorbol-ester activated isoforms of PKC in the developing retina
and found that PKC-betal, but not PKC alpha or PKC beta?2, is present at the right
time in the right place to regulate rod formation. One of the ways in which PKC
may exert its action is blocking the activation of STAT3.

3.2 Materials and Methods

3.2.1 Reagents

Recombinant mouse LIF was purchased from Chemicon (Temecula, CA), STAT3
(C20) polyclonal antibodies were from Santa Cruz Biotechnology (Santa Cruz,
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CA). Phosphorylated STAT3 (P-Tyr705) polyclonal antibodies were purchased from
Cell Signaling Technology (Boston, MA). Antibodies recognizing isoforms of PKC
were obtained from various suppliers. Ret-P1 monoclonal antibody recognizes an
epitope on the N-terminus of opsin of rod photoreceptor (Hicks and Barnstable
1987).

3.2.2 Animals and Retina Explant Culture

Timed-pregnant C57B1/6 J mice were purchased from Jackson Laboratories (Bar
Harbor, ME). All mouse protocols were in accordance with ARVO guidelines and
were approved by the TACUC of PSU. Most of the litters were born on E19.5, which
was considered equivalent to postnatal day 0 (PNO). E17.5 embryos were dissected
in cooled phosphate-buffered saline (PBS). Retinas were isolated and cultured in
serum free medium supplied with L-glutamine and antibiotics. The phorbol ester
PMA (12-O-tetradecanoylphorbol 13-acetate), dissolved in 100% DMSO, and/or
LIF were added in the culture medium 5 h after isolation and kept for 1 or 5 days.
Every 2 or 3 days half of the total medium was replaced by fresh medium. Treated
and control (Blank control and DMSO control) retina samples were collected after
1 or 7 days. Immunocytochemistry and western blots were performed to detect the
changes of rod photoreceptor marker expression and the protein levels of PKC,
phospho-PKC, STAT3, and phospho-STAT3.

3.2.3 Cell Culture

3T3 cells were maintained in DMEM supplemented with 10% fetal bovine serum,
10 pg/ml gentamycin and 2 mM glutamine.

3.2.4 Western Blot Assay

Retinas from embryonic and postnatal mice or explanted retina were suspended
in a whole cell extract buffer. The tissues were frozen and thawed three times to
lyse the cells. The supernatant was collected by micro-centrifugation, and protein
concentrations were measured. Twenty to 40 g of the whole cell extract were
separated by SDS-polyacrylamide gel electrophoresis and transferred to Immun-
BlotTM polyvinylidene difluoride membrane (Bio-Rad). After blocking with 1-5%
non-fat milk in washing buffer, membranes were incubated with primary antibodies.
Following washes, they were incubated in anti-rabbit or anti-mouse IgG cou-
pled to horseradish peroxidase. The immunoreactive bands were visualized using
SuperSignalR Chemiluminescent Substrate (Pierce).
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3.3 Results

3.3.1 Phorbol Esters Increase Rod Generation

Retinal explants from neonatal mice were maintained in culture with no additions,
with PMA or with LIF. After 96 h of culture explants were fixed, sectioned and
labeled with an antibody against opsin to identify rod photoreceptors (Fig. 3.1).
In the control explants we observed a few opsin-labeled rods. LIF treatment
blocked even this low level of rod formation and no opsin-expressing cells were
found. Treatment with PMA, however, substantially increased the number of opsin-
expressing rods in the explants. To confirm that the rod-promoting effect of PMA
was due to its action on PKCs we carried out the same type of experiment in the
presence of the broad-spectrum PKC inhibitor Go7874. Go7874 blocked the effect
of PMA and reduced the number of detectable rod photoreceptors to control lev-
els (Fig. 3.2). Together these experiments indicate that activation of PKC promote
the production of rod photoreceptors from progenitor cells in the developing retinal
epithelium.

Fig. 3.1 Rod photoreceptor expression in P1 retinal explant cultures. Retinas were placed in cul-
ture in the presence of 100 nM PMA, or 20 ng/mL LIF. Retinas were fixed after 96 h in culture,
paraffin embedded and THC was used to identify rod photoreceptors with Ret-P1 antibody spe-
cific for opsin. Retinas cultured in PMA develop more rod photoreceptors than control retinas. LIF
treatment inhibited rod photoreceptor development

PMA + G07874

Fig. 3.2 Rod photoreceptor expression in P1 retinal explant cultures. Retinas were placed in cul-
ture in the presence of 100 nM PMA, or PMA plus 100 nM Go7874 (pan inhibitor of PKC).
Retinas were fixed after 96 h in culture, paraffin embedded and IHC was used to identify rod
photoreceptors. PMA induction of rod photoreceptor development was blocked with 100 nM of
Go7874
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3.3.2 Expression of PKC Isoforms in Developing Retina

We examined expression of PKC alpha, Betal, and Beta2 isoforms of PKC by
immunocytochemistry in sections of retina from E17.5, PN1, and PN5 animals.
These ages span the period of major rod photoreceptor formation in the mouse. No
expression of PKC Beta2 was found at any age. PKC alpha was also absent at these
ages and only became detectable in a population of bipolar cells as these developed
(not shown). PKC Beta 1 was expressed both in the inner retina and in a strong
band at the Outer Limiting Membrane. From the timing and location of expression
we suggest that PKC Betal may be responsible for the action of phorbol esters in
stimulating rod photoreceptor differentiation.

3.3.3 Activation of PKC Decreases Phosphorylation of STAT3

We tested the interaction of PKC and STAT3 using mouse 3T3 cells and western
blots probed with antibodies selective for the activated forms of the proteins. When
cells were treated with PMA for 15 min we detected an increase in PKC activation
but no change in STAT3 activation. This increase was blocked by the addition of the
PKC inhibitor Go7874. When cells were treated for 15 min with LIF we detected
an increase in STAT3 activation but no change in PKC activation. When cells were
treated with both PMA and LIF the increase in STAT?3 activation was reduced and,
when PKC was inhibited by Go7874, LIF elicited a larger increase in activated
STAT3. Together these results suggest an interaction between PKC and STAT3 such
that activation of PKC is able to inhibit STAT3 activation (Figs. 3.3 and 3.4).

El7.5 PNI1 PN5

o --
- -- -

Fig. 3.3 Immunocytochemical detection of PKC isoforms in the developing retina. Retinas were
isolated at the ages indicated and fixed, embedded in paraffin and 5 pm sections prepared. No
expression of PKC alpha was detected at the ages shown. PKC Beta 1 was detectable at the outer
edge of the retina at E17.5 and was strongly expressed in both the inner and outer retina at PN1.
The labeling declined dramatically by PN5
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PMA 15min

LIF 15min
PMA+LIF15Smin
PMA+PKC Inh 15min
LIF+PKC Inh 15min
T+L+Inh 1Smin

Inh 15min

control

........ Beta Actin

Fig. 3.4 Activation of PKC reduces the LIF-induced activation of STAT3 in 3T3 cells. Incubation
of 3T3 cells with 100 nM PMA for 15 min activated PKC but not STAT3. Incubation with 20 ng/ml
LIF for 15 min activated STAT3 but not PKC. Pre-treatment with PMA reduced the activation of
STAT3 induced by LIF and this effect was removed by the PKC inhibitor Go7874

3.4 Discussion

There is clear evidence that the progression of progenitor cells into differentiated rod
photoreceptors can blocked by the activation of STAT3. There remains some doubt
as to the actual stage of development at which this block takes place (Neophytou
et al. 1997; Zhang et al. 2004). Nevertheless, it seems likely that a critical step
in commitment to rod formation is the relief of this block by decreased activation
of STAT3. The data presented above clearly show that activation of at least one
isoform of PKC results in decreased STAT3 activation and increased formation of
rod photoreceptors.

Previous studies have also demonstrated that PKC activation rapidly decreases
the levels of CNTF-induced STAT3 tyrosine phosphorylation, but not serine phos-
phorylation, and causes a slower decrease in STAT3 protein levels (Malek and
Halvorsen 1999; Yokogami et al. 2000). This effect shows specificity because while
the PKC activator PMA reduced STAT3 protein levels it did not affect the levels of
several other STAT proteins (Malek and Halvorsen 1999). The mechanism by which
PKC achieves this effect is unclear.

We suggest that movement of retinal progenitors into a rod photoreceptor dif-
ferentiation pathway is normally blocked by the action of STAT3 and only occurs
when STAT3 activity is decreased. Whether PKC is the only signal molecule that
can regulate STAT3 activity is not clear. Also, the natural regulators of PKC activ-
ity in the developing retina have yet to be identified. Finally, it is intriguing to
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consider whether these interactions are of more general applicability in the devel-
oping retina. STAT3 is expressed in the inner retina during embryonic development
and then appears in the outer retina at the time when rod photoreceptors are being
generated (Zhang et al. 2003). Perhaps other retinal cell types can only differentiate
when their STAT3 block is overcome by the actions of other factors, possibly also
acting through isoforms of PKC.
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Chapter 4

Pigment Epithelium-derived Factor Receptor
(PEDF-R): A Plasma Membrane-linked
Phospholipase with PEDF Binding Affinity

Preeti Subramanian, Patricia M. Notario, and S. Patricia Becerra

Abstract Pigment epithelium-derived factor (PEDF), a multifunctional protein,
acts in retinal differentiation, survival and maintenance by interacting with high
affinity receptors on the surface of target cells. We have recently identified PEDF-
R, a new member of the patatin-like phospholipase domain-containing 2 (PNPLA2)
family with characteristics of a PEDF receptor. The PEDF-R sequence reveals a
patatin-like phospholipase domain toward its amino-end, and four transmembrane
domains interrupted by two extracellular loops and three intracellular regions along
its polypeptide sequence. This newly identified protein is present on the surface of
retina and RPE cells, and has the expected transmembrane topology. It has specific
and high binding affinity for PEDF, and exhibits a potent phospholipase A, activity
that liberates fatty acids. Most importantly, PEDF binding stimulates the enzymatic
phospholipase A; activity of PEDF-R. In summary, PEDF-R is a novel component
of the retina that is a phospholipase-linked membrane protein with high affinity for
PEDF. The results suggest a molecular pathway by which PEDF ligand/receptor
interactions on the cell surface could generate a cellular signal. These conclusions
enhance our understanding of the role of PEDF as a neurotrophic survival factor.

4.1 Introduction

Pigment epithelium-derived factor (PEDF), a non-inhibitory member of the serine
protease inhibitor superfamily (SERPIN), is a multifunctional protein involved in
neuronal survival and differentiation (Barnstable and Tombran-Tink 2004; Becerra
2006; Bouck 2002). It was discovered as a 50-kDa protein released by cultured pig-
ment epithelial cells from fetal human retina (Tombran-Tink et al. 1991). PEDF
is ubiquitously expressed and distributed in the human body (Singh et al. 1998).
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The retinal pigment epithelium (RPE) expresses the highest levels of PEDF tran-
scripts among ocular tissues (Becerra et al. 2004; Perez-Mediavilla et al. 1998) and
secretes the protein product into the interphotoreceptor matrix (Tombran-Tink et al.
1995; Wu et al. 1995). PEDF acts to promote photoreceptor and retinal neuron cell
survival (Cayouette et al. 1999; Takita et al. 2003), and prevents the pathological
invasion of neovessels (Dawson et al. 1999). Decreased levels of PEDF have been
linked to several retinal diseases, such as age-related macular degeneration (AMD),
diabetic retinopathy, and neuroretinal dystrophies (Duh et al. 2004; Holekamp et al.
2002; Ogata et al. 2004). The importance of PEDF in the development, mainte-
nance, and function of the retina and CNS is evident in animal models for inherited
and light-induced retinal degeneration, elevated intraocular pressure, retinopathy of
prematurity, as well as for degeneration of spinal cord motor neurons (Bilak et al.
1999; Cao et al. 2001; Cayouette et al. 1999; Dawson et al. 1999; Duh et al. 2002).
The above observations have prompted development of clinical trials on the efficacy
of PEDF in the context of AMD (Chader 2005). Although the mechanisms of neu-
roprotection and angiogenesis inhibition remain unknown, it has been implied that
they are associated with receptor interactions at cell-surface interfaces.

4.2 Identification of a PEDF Receptor

The surface of normal and tumor retina cells exhibit high affinity binding for
PEDF ligands (Kp = 2-8 nM) (Alberdi et al. 1999; Aymerich et al. 2001). Plasma
membranes of retina cells from different species contain specific PEDF-binding
components that migrate as 80—-85-kDa proteins by SDS-PAGE (Alberdi et al. 1999;
Aymerich et al. 2001). Yeast 2-hybrid experiments performed using a commer-
cial fetal human liver cDNA library as target and human PEDF plasmids as bait,
reveal about 50 clones with potential PEDF interacting genes, but only a few of the
sequences are of interest (Notari et al. 2006). One of them, clone 12c, contains a
cDNA with 100% identity to a fragment of a new mRNA transcript isolated from
the RPE of a human eye, which we have termed PEDF-R.

4.3 In Silico Information

The newly identified PEDF-R transcript has a coding capacity of 504 amino acids
and four N-glycosylation consensus sites. The sequence shares strong homology
with members of the Ca2+—independent PLA;, (iPLAj)/desnutrin/patatin-like phos-
pholipase domain-containing protein 2 (PNPLA2) family (Jenkins et al. 2004;
Notari et al. 2006). Members of the PNPLA2 family have demonstrable triglyc-
eride lipase, triacylglycerol transacylase and phospholipase activities. The PEDF-R
nucleotide and its derived amino acid sequences match those of human TTS-2.2
and iPLA2g, and share high identity to mouse desnutrin and ATGL, all of which
are synonyms of PEDF-R. The PEDF-R gene contains 10 exons with the initiat-
ing methionine codon in the second exon (Fig. 4.1, top panel). The structure of the
exon/intron junctions reflects to a certain degree the proposed domain structure of
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Fig. 4.1 In silico information of gene, transcript and protein structure of PEDF-R. (Top)
Transcript summary information for human PEDF-R obtained from http://www.ensembl.org for
ENSTO00000336615 (Hubbard et al. 2005). PEDF-R gene has 10 exons (fop line), the transcript
length is 2,071 bps (exons are illustrated by boxes; coding regions are black and grey; introns are
lines flanking boxes); and the translation length is 504 amino acid residues. (Bottom) Computer
programs predict a transmembrane topology for PEDF-R. Exons are mapped on the illustration
and are coded as in Top Panel. Features illustrated are: the coding region corresponding to the
yeast-2 hybrid clone p12c; the locations of peptide antigens for antibodies Ab-R” and Ab-R€, and
the Ser*7-Asp!% catalytic dyad

the protein (Fig. 4.1, bottom panel). Hydrophobicity plots predict a transmembrane
nature for the PEDF-R polypeptide product with 4 transmembrane (TM) domains
interrupted by 2 extracellular loops and 3 intracellular regions. The region of the
first two TM domains plus the smallest extracellular loop located between them is
flanked by introns. Each of the other TM domains and the smallest intracellular
loop are also flanked by introns; while the longest extracellular loop and the last
intracellular region are composed entirely of exons.

4.4 Expression and Distribution in the Retina

Most tissues of several species express PEDF-R transcripts (Notari et al. 2006).
Although adipose tissues express the highest levels among tissues, PEDF-R mRNA
is clearly expressed in ocular tissues, especially in the neural retina and the RPE
(Table 4.1). The RPE cell lines ARPE-19 and H-Tert, and the retina precursor cell
lines R28 and RGC-5 also express significant levels of PEDF-R transcripts. In the
native retina PEDF-R protein is distributed in the RPE and in the inner segments of
the photoreceptors, and at lower levels, in the inner nuclear and retinal ganglion
cell layers (Notari et al. 2006). It partitions with plasma membrane proteins by
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Table 4.1 PEDF-R expression survey includes sources of interest. Selected cDNA sources from
the UniGene reported expression survey fall into three main categories, as related to the key
functions of PEDF

Ocular sources Neuronal sources  Tumorigenic sources
Retinal pigment epithelium  White matter Retinoblastoma, adenocarcinoma,

(RPE) Hypothalamus chondrosarcoma, germ cell tumors, pooled,
Choroid Brain squamous cell carcinoma, pituitary
Optic nerve Hippocampus adenomas, serous papillary carcinoma,
Fetal eye Medulla choriocarcinoma, epithelioid carcinoma,
Lens leiomyosarcoma cell line, anaplastic
Retina oligodendroglioma, epithelioid carcinoma
Eye anterior segment cell line, renal carcinoma, myeloma,
Lacrimal gland astrocytoma grade 1V, hepatocellular

carcinoma, ductal carcinoma, duodenal
adenocarcinoma, chronic lymphotic
leukemia, meningioma, melanoma, adrenal
adenoma

biochemical cell fractionation. Western blots with a specific antiserum to PEDF-
R clearly demonstrate the presence of a single immunoreacting band that migrates
as an 83-kDa protein in RPE, retina, ARPE-19, RGC-5 and R28 cell membrane
fractions (Fig. 4.2).

Human Bovine Rat Rat
ARPE-19 RPE Retina RGC-5 R28
rw \ \( N \

o]

2 5‘ =

MW x 103
107.0-

81.0-

48.7-

33.8-

- 1
Fig. 4.2 Subcellular localization of PEDF-R in retinal cells. Cell lysates (Lys) were fraction-
ated by high speed centrifugation (80,000x g) into cytosolic (cyt) and membrane fractions (Mb).
Western blots of fractions were immunostained with anti-PEDF-R# antibody. Total protein loaded
in lanes were as follows: (ARPE-19, Lys) 19.8 ng; (ARPE-19, Cyt) 12 ug; (ARPE-19, Mb) 6.5 g;
(RPE, Cyt) 67 pg; (RPE, Mb) 10 pg; (Retina, Cyt) 71 pg; (Retina, Mb) 10 pg; (RGC-5, Mb)
9.5 ng; and (R29, Mb) 5.7 pg respectively. The asterisks point to the migration position of
PEDF-R
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4.5 Transmembrane Topology

Specific biotinylation of cell-surface proteins labels PEDF-R in ARPE-19 cells,
demonstrating that PEDF-R is a plasma membrane protein in these cells (Notari
et al. 2006). Immunocytochemistry of ARPE-19 cells using antibodies to spe-
cific peptides designed from presumptive extracellular (R*) and intracellular (RC)
regions of the PEDF-R sequence (Fig. 4.1, bottom panel) provides informa-
tion of the PEDF-R transmembrane topology. Only the anti-R* antibody stains
non-permeabilized cells, while both antibodies detect PEDF-R in permeabilized
ARPE-19 cells (Notari et al. 2006). These results demonstrate that the R* and R
regions of PEDF-R are extracellular and intracellular, respectively, as predicted from
the PEDF-R sequence.

4.6 Binding to PEDF Ligands

Epitope-tagged PEDF-R can be overexpressed using a cell-free system and the
recombinant PEDF-R polypeptide can be purified by affinity column chromatog-
raphy. Binding assays unequivocally show that the recombinant protein binds to
PEDF when either one is immobilized or in solution. PEDF-R can rapidly and
reversibly interact with PEDF sensor chips in a specific fashion by Surface Plasmon
Resonance (Notari et al. 2006). The kinetic parameters reveal high binding affin-
ity for the PEDF:PEDF-R interactions with a dissociation constant (Kp = ~3 nM)
that is similar to the that of PEDF to intact cells. Furthermore, fluorescein-labeled
human recombinant PEDF (FI-PEDF) binds specifically to cell surfaces with a pat-
tern similar to that observed with anti-RA antibody (Notari et al. 2006). These results
demonstrate that PEDF binds to PEDF-R at the plasma membrane interface.

4.7 Phospholipase Activity

The patatin-like phospholipase domain of PEDF-R has sequence homology to the
catalytic domain of two well-known PLA enzymes, Patatin B2 and cytosolic PLA,.
The PLA active site of these enzymes is formed by a Ser-Asp catalytic dyad within
the conserved motifs GXSXG and DXG/A (Hirschberg et al. 2001; Rydel et al.
2003). The sequence of human PEDF-R reveals structural homologies to these
motifs, having a serine residue in position 47 (S*”) and aspartic acid residue in posi-
tion 166 (D'6¢) (Fig. 4.1, bottom panel). Functional studies have demonstrated that
the amino acids S*’ and D' are crucial for lipase activity of PEDF-R (Smirnova
et al. 2006). These residues are located in the membrane interface by the second and
third TM2 and TM3 domain of the transmembrane PEDF-R topology. The location
of these critical residues suggests that the Ser-Asp catalytic dyad in PEDF-R is in
the vicinity of potential phospholipid substrates.
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PLA assays demonstrate that the recombinant PEDF-R exhibits PLA activity that
liberates fatty acids from phospholipid substrates. The concentration response curve
shows that the PLA specific activity of the recombinant PEDF-R is higher (>4-fold)
than that of the commercial hog pancreas PLA; (Notari et al. 2006). Bromoenol
lactone, a known inhibitor of triolein lipase activity for iPLAjs, inhibits the PLA
activity of PEDF-R. A pH curve reveals optimum enzymatic activity at pH 7.5 for
recombinant PEDF-R protein. More interestingly, PEDF increased the PLA activity
of PEDF-R, and, in contrast, PEDF did not affect commercial hog PLA, activity
(Notari et al. 2006). These results demonstrate that PEDF stimulates the release
of fatty acids and lysophosphatidic acid from phospholipids catalyzed by the PLA
activity of PEDF-R.

4.8 PEDF-R Activity in Retinal Cells

Recent studies have demonstrated PEDF as a survival factor for R28 cells in
response to serum starvation (Murakami et al.2008). R28 cells, rat retinal cells
expressing neuronal genes, contain functional cell-surface PEDF-R, as detected by
immunoblotting of R28 plasma membrane fractions (Fig. 4.2). Moreover, these frac-
tions exhibit PLA activity (Fig. 4.3a) similar to human recombinant PEDF-R protein
(Notari et al. 2006). Interestingly, the PLA activity of the R28 fractions further
increases upon preincubation with PEDF ligand (Fig. 4.3b), similar to the activities
of human recombinant PEDF-R and ARPE-19 plasma membrane fractions (Notari
et al.2006).

The membrane PEDF-R protein is labile in solution upon extraction with deter-
gents from the lipid environment of membranes. Extracted PEDF-R can readily lose
activity upon storage. However the enzyme can be stabilized by adding 0.8 pM
PEDF to the solubilization buffer used to extract proteins from membrane pellets
obtained by high speed centrifugation. This approach increases protein solubility
and the enzymatic activity of PEDF-R (Fig. 4.3c), which is further stimulated by
preincubation of the fraction with PEDF ligand (Fig. 4.3c). These results suggest
that binding of the membrane-embedded PEDF-R to PEDF ligands does not satu-
rate its PLA activity and can provide structural stability to enhance activity. Thus,
PEDF-R has a potential role to mediate the survival effect of PEDF on R28 cells.

4.9 Conclusions

PEDF-R is a newly-identified membrane-linked receptor with lipase activity and
high binding affinity for PEDF present in the retina. The protein contains a func-
tional phospholipase domain and a transmembrane topology for PEDF-R with
extracellular loops available to interact with the PEDF ligand. The PEDF-mediated
stimulation of the PLA activity of PEDF-R supports the idea that PEDF signaling
is mediated by the released fatty acids and lysophospholipids from phospholipids at
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Fig. 4.3 PLA activity of PEDF-R. Detergent-soluble membrane fractions from R28 cells were
assayed for PLA activity using (1,2-dilinoleoyl)-phosphatidylcholine as substrate and lipoxyge-
nase as the coupling enzyme in reaction buffer (50 mM Tris-HCI, pH 7.5, 3 mM deoxycholate) as
described (Jimenez-Atienzar et al. 2003). Formation of the product was measured spectrophoto-
metrically by increase in the absorbance at 234 nm per min (dA/min; y-axis). (a) Dose response of
PLA activity of R28-derived PEDF-R. Proteins from R28 cell membranes were solubilized with
phosphate buffered saline pH 6.5 containing 0.1% NP-40, and the PLA activity was determined for
increasing amounts of detergent-soluble protein fractions. (b) Effects of PEDF on the R28-derived
PEDF-R activity. Extracts were preincubated with PEDF for 10 min and then assayed for PLA
activity. Concentrations of PEDF used in each assay are indicated in the x-axis. (¢) PEDF-R pro-
teins were solubilized from ARPE-19 membrane protein precipitate with phosphate buffered saline
pH 6.5 containing 0.5% CHAPS in the absence (grey boxes) or presence of 0.8 uM PEDF (black
boxes). PLA activity was measured as in Panel B in the absence (none) or presence of 10 nM
PEDF

the cell-surface interface. In the retina, DHA is one of the most abundant fatty acids
in the membrane phospholipids, which in turn is the precursor of neuroprotectin
D1, a neuroprotectant and antioxidant agent in the retina, RPE and CNS (Bazan
2005). The PEDF:PEDF-R interactions could participate in the generation of neu-
roprotectin D1 via its PLA activity to act as a bioactive signal mediator for the
PEDF neurotrophic activity (Bazan et al. 2005). In summary, these findings suggest
amolecular pathway by which PEDF ligand/receptor interactions on the cell-surface
could generate a cellular signal.
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Chapter 5

The Function of Oligomerization-Incompetent
RDS in Rods

Dibyendu Chakraborty, Shannon M. Conley, Steven J. Fliesler,
and Muna I. Naash

Abstract The photoreceptor-specific tetraspanin glycoprotein RDS (retinal degen-
eration slow) is associated with many forms of inherited retinal disease. RDS shares
features in common with other tetraspanin proteins, including the existence of a
large intradiscal D2 loop containing several cysteines. While these cysteines are
used only for intramolecular disulfide bonds in most tetraspanins, RDS expresses
a seventh, unpaired cysteine (C150) used for intermolecular disulfide bonding in
the formation of large RDS oligomers. To study oligomerization-dependent vs.
oligomerization-independent RDS functions in rods, we generated a transgenic
mouse line harboring a point mutation that replaces this Cys with Ser (C150S), lead-
ing to the expression of an RDS protein that cannot form intermolecular disulfide
bonds. The mouse opsin promoter (MOP) was used to direct C150S RDS expression
specifically in rods in these transgenic mice (MOP-T). Here we report improvement
in scotopic ERGs in MOP-T/rds*"~ mice (compared to non-transgenic rds*"~ con-
trols) and the appearance of malformed outer segments (OSs) in MOP-T mice that
do not express native RDS (MOP-T/rds™"). These results suggest that while nor-
mal OS structure and function require RDS oligomerization, some RDS function is
retained in the absence of C150. Since one of the functions of other tetraspanin pro-
teins is to promote assembly of a membrane microdomain known as the “tetraspanin
web”, future studies may investigate whether assembly of this web is one of RDS’s
oligomerization-independent functions.

The photoreceptor (PR)-specific glycoprotein RDS (retinal degeneration slow) is a
member of the tetraspanin protein family. This family contains proteins that share a
similar structural arrangement: four transmembrane domains containing some polar
residues, a consistent loop arrangement, and the presence of cysteines in the so-
called D2 loop. These proteins are expressed in almost every cell of the body and
are involved in a diverse range of biological processes, including modulating the
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immune system, enhancing fertilization, cell motility/adhesion, the formation of
neuromuscular junctions, and, of course, retinal function (Hemler 2003). In spite
of the variety of processes linked to tetraspanins, there are similarities in their roles
in many tissues (Hemler 2003; Stipp et al. 2003). For example, RDS is a structural
protein known to be required for the formation and maintenance of the PR outer
segment (OS), a role with many parallels to that of the tetraspanin CD151, which
has been shown to regulate cytoskeletal remodeling in epithelial and mesenchymal
cells by interacting with integrins, protein kinase C, actin, and E-cadherin (Shigeta
et al. 2003).

On the molecular level, tetraspanins are known to interact directly with
themselves and other tetraspanins, with cell-matrix adhesion receptors, such as
integrin a3p1 and a4f1 (Serru et al. 1999; Yauch et al. 1998), with other non-
tetraspanin membrane proteins (Wu et al. 1995), and with cytoskeletal components
(Delaguillaumie et al. 2002; Lagaudriere-Gesbert et al. 1998). Furthermore, via
palmitoylation and other secondary interactions, tetraspanins form large functional
complexes known as the “tetraspanin web”. This typically contains a core of directly
interacting tetraspanins linked covalently or non-covalently to other complex mem-
bers and commonly defines a membrane microdomain similar to, but distinct
from, lipid rafts (Hemler 2003; Levy and Shoham 2005; Stipp et al. 2003). Taken
together, these findings support the notion that tetraspanins such as RDS may play
a significant modulatory role in maintaining cell structure.

The RDS gene encodes a PR-specific glycoprotein found in both rods and cones
(Connell and Molday 1990; Travis et al. 1991) that exhibits evolutionary conserva-
tion all the way from skates to humans (Li et al. 2003; Naash et al. 2003). RDS is
restricted to the rims of PR discs, as well as the basal regions of rod and cone outer
segments (OSs) adjacent to the cilia where disc morphogenesis occurs (Arikawa
et al. 1992; Moritz et al. 2002). In the PR inner segment, RDS assembles into non-
convalently bound tetramers, which are then trafficked to the OS where they are
further assembled into disulfide bonded higher-order oligomers (Chakraborty et al.
2008b; Loewen and Molday 2000). RDS is necessary for disc assembly, orienta-
tion, and physical stability (Molday et al. 1987; Wrigley et al. 2000), and although
most research on RDS has focused on its role in the PR and vision, recent insights
into its other potential functions have come from research on other members of the
tetraspanin family.

Over 80 mutations in the RDS gene have been identified in multiple forms of both
rod- and cone-dominant hereditary retinal degeneration (Farjo and Naash 2006),
http://www.retina-international.org/sci-news/rdsmut.htm. Both the phenotypic vari-
ability seen in patients with RDS mutations and animal/cell biological studies of
RDS mutations support the hypothesis that RDS behaves differently in rod vs.
cone PRs.

The vast majority of RDS disease-causing mutations reside within the large
intradiscal polypeptide loop (D2) of RDS. The D2 loop is a common tetraspanin
feature and contains the conserved cysteines that are involved in intramolecu-
lar disulfide bonding (Hemler 2001). In addition to these six Cys residues, RDS
contains a seventh, unpaired cysteine (C150), which is involved in intermolecular
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disulfide bonding and is thought to be required for the formation of RDS oligomers
(Chakraborty et al. 2008; Goldberg et al. 1998). Interestingly, the lack of this cys-
teine in other tetraspanins highlights one of the differences between the role of RDS
in the PR vs. the biological functions of other tetraspanins. While it is likely that
RDS forms a tetraspanin web within the OS disc membrane, it is also responsible
for the formation of the OS disc rim region, a function which requires that RDS
complexes help to bridge adjacent membranes. This bridging function is not one
usually attributed to tetraspanins. Given that a large portion of the function of most
tetraspanins is due to their role in the assembly of the tetraspanin web (a function
that does not rely on intermolecular disulfide bonds, since other tetraspanins do not
form them), we wanted to see what functions (if any) of RDS are retained when the
ability to form these intermolecular disulfide bonds is disrupted.

The role of RDS intermolecular disulfide bonds in formation of the flattened
OS disc was first highlighted in in vitro studies. When wildtype (WT) RDS is
incorporated into microsomal vesicles under non-reducing conditions, an abnor-
mal, flattened morphology is produced, whereas vesicles incorporating RDS under
reducing conditions possess a characteristically rounded appearance (Wrigley et al.
2000). However, when mutant C150S RDS is expressed, vesicular flattening is abol-
ished. Subsequent studies in which GFP-tagged C150S RDS was co-expressed in
X. Laevis rods with WT RDS showed no dominant-negative effect on rod pho-
toreceptors (Loewen et al. 2003). Studies in COS cells have confirmed the role of
C150 in the formation of intermolecular disulfide bonds; C150S RDS expressed
in COS cells folds properly and forms tetramers, but does not form higher-order
oligomers (Goldberg et al. 1998). To further study the role of intermolecular disul-
fide bonding in the mammalian retina, we have generated two transgenic mouse
models expressing C150S RDS in either rods (MOP-T) or cones (COP-T) by means
of cell type-specific opsin promoters (Chakraborty et al. 2008). One of our goals
is to differentiate between RDS functions that depend on intermolecular disulfide
bonding (and, thus, higher-order oligomer formation) vs. those functions that do
not, e.g., the formation of the RDS tetraspanin web.

Mice expressing C150S in cones exhibit a striking, dominant cone degenera-
tion in which cone photoreceptors have extremely malformed OSs and die even in
the presence of the WT RDS protein. Consistent with the structural defect, cone
function is obliterated in these animals (Chakraborty et al. 2008). Interestingly, this
dominant degenerative defect is not observed when C150S RDS is expressed in
rods. While the different phenotype in the MOP-T vs. COP-T mice helps explain
the differential role of RDS in rods and cones, the severity of the cone defect makes
it difficult to study oligomerization-dependent vs. oligomerization-independent
effects. Therefore, we have undertaken a further, more detailed examination of the
milder rod phenotype of the MOP-T transgenic mice.

Previously, we showed that in rods and in the absence of native RDS, C150S
RDS can form tetramers and retains the ability to bind ROM-1 (Chakraborty et al.
2008). However, velocity sedimentation studies showed that, as expected, C150S
RDS does not form higher-order oligomers in the absence of WT RDS (Chakraborty
et al. 2008). This observation is confirmed by the non-reducing Western blot shown
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Fig. 5.1 Biochemical analysis of MOP-T; Retinas were harvested from transgenic (MOP-T) or
non-transgenic (NT) animals at postnatal day (P) 30. Total retinal extracts were used for non-
reducing (a) or reducing (b) SDS-PAGE followed by immunoblotting (IB) with the antibodies
indicated (RDS-CT, ROM-1, rod outer segment membrane protein-1, an RDS homolog; and actin).
Expression of C150S RDS does not interfere with the ability of WT RDS to form higher-order
oligomers, but it cannot form oligomers alone

in (Fig. 5.1a). Higher-order oligomers can be seen when C150S RDS (MOP-T) is
expressed in the presence of WT RDS, but in its absence no oligomers or disulfide
linked dimers are observed. Under reducing conditions (Fig. 5.1b) oligomers are
reduced to monomers and low levels of dimers. However, no dimers are detected in
MOP-T/rds ™~ retinas, although C150S monomer is stably expressed.

The results of functional full-field rod (scotopic a-wave) ERG studies undertaken
at various ages are shown in (Fig. 5.2a). At early timepoints, there is no difference in
retinal function between transgenic (MOP-T) and non-transgenic littermates (NT)
in the WT RDS background confirming that there is no dominant negative effect on
rods. Furthermore, although transgenic animals appear to lose rod function slightly
faster than do non-transgenic controls, at 18 months of age both have similar rod
function. This observation is confirmed on the structural level in (Fig. 5.2b). Light
microscopic analysis undertaken at 18 months of age (Fig. 5.2b) shows that there is
no structural difference in the retina between transgenic and non-transgenic mice
on a WT background. These experiments clearly demonstrate that the presence
of oligomerization-incompetent RDS (C150S RDS) is not harmful to rods in the
presence of native RDS.

To further study the importance of RDS oligomerization for RDS function, ERG
studies were undertaken at 2 months of age in multiple RDS backgrounds (Fig. 5.2c,
left panel). In contrast to the situation in the WT background, when expressed in
the rds*”~ background, the presence of C150S RDS improves rod function (even
though it cannot form oligomers). However, in the absence of native RDS (rds™")
no ERG signals were detected. As expected, since C150S RDS in MOP-T mice is
not expressed in cones, no alterations in photopic (cone) amplitudes were detected
(Fig. 5.2a, right panel). The lack of functional improvement in the rds™~ background
confirms that RDS oligomerization is required for retinal function. However, the
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Fig. 5.2 Functional analysis of MOP-T; (a) Non-transgenic (WT) and transgenic (MOP-T/WT)
animals in the WT background underwent full-field scotopic ERG. Shown are maximum scotopic
a-wave amplitudes at various ages as indicated. At both early (1-2 months) and late (18 months)
ages, there is no difference in maximum scotopic ERG amplitude between transgenic and non-
transgenic mice. (b) Toluidine blue stained, plastic embedded sections were collected from eyes
harvested from transgenic and non-transgenic animals at 18 months of age. Scale bar, 20 pm. The
C150S transgene has no structural effect on the retina in the WT background. (¢) At P60, trans-
genic and non-transgenic animals in multiple RDS backgrounds underwent full-field scotopic and
photopic ERG. Shown are averages (+/— S.E.M.) from 5 to 7 animals/category. In the absence of
WT RDS, no retinal function is detected, however, the presence of the C150S transgene improves
the maximum scotopic a-wave amplitude in the heterozygous rds*~ mouse

functional improvement seen when oligomerization-incomptent RDS (C150S) is
present in the heterozygous background (MOP-T/rds*~) suggests that complete reti-
nal function may depend on other RDS functions that do not necessarily require
intermolecular disulfide bonding.

To see whether there is any structural evidence to support this hypothesis, we
undertook detailed ultrastructural (electron microscopic, EM) analyses. Previously
we have shown that in the absence of native RDS (MOP-T/rds”") the OS layer
is virtually gone and looks similar to that of rds™~ retinas (Chakraborty et al.
2008). Consistent with the lack of function shown in Fig. 5.2c, the MOP-T/rds™~
retina had no properly formed OSs. The OS areas of rds”~ and MOP-T/rds™~ mice
were not identical however; MOP-T/rds™~ mice had more membranous structures
than their non-transgenic counterparts. To further study these structures, we per-
formed EM immunogold analysis with monospecific antibodies against rhodopsin
to determine whether these membranes are derived from the OS. In contrast to rds ™~
retinas, where no opsin immunoreactivity is detected (due to complete absence of
an OS layer), membranous material in the OS area of MOP-T/rds™~ did contain
anti-opsin immunopositive staining. Furthermore, very rarely, rounded membranous
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Fig. 5.3 Ultrastructural analysis of MOP-T; Eyes were harvested from P30 transgenic and non-
transgenic eyes and processed for immunogold/EM (a) or EM (b). (a) mAB 1D4 against rhodopsin
was used to label OSs in MOP-T/rds™ and WT (as a control) animals. No normal OSs were
observed in MOP-T/rds™'~ animals, only rounded whorl-like membranous structures reminiscent
of those seen in the rds™~ (b), only larger. Scale bar, 2 pm

structures were observed in MOP-T/rds ™~ retinas that were anti-opsin immunoposi-
tive (Fig. 5.3a). Interestingly, these structures are reminiscent of the malformed OSs
seen in the rds*'~ mouse (cf. Fig. 5.3b), although they are much more infrequent. The
appearance of these structures suggests that MOP-T/rds™~ animals are trying, albeit
unsuccessfully, to make OSs. Immunofluorescent labeling with anti- RDS antibody
also was used to confirm that these attempted OSs contain the transgenic C150S
RDS protein (data not shown).

Our structural and functional observations presented here support the idea that
oligomerization-competent RDS is required for normal OS structure and function,
but that RDS has some oligomerization-independent functions; hence, having a
mutant (C150S) RDS is better than having no RDS at all. We hypothesize that
one of these oligomerization-independent functions may be assembly of specialized
membrane microdomains (i.e., the tetraspanin web); however, at present, there is no
direct evidence to support this hypothesis. Current studies are underway to identify
other RDS binding partners and determine the composition of the RDS tetraspanin
web, while future studies may investigate the role of oligomerization-incompetent
(C150S) RDS in that process.
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Chapter 6
The Association Between Telomere Length
and Sensitivity to Apoptosis of HUVEC

Ji Zhang, Chen Hui, Liu Su, Wu Xiaoyun, Huang Xi, and Fan Yingchuan

Abstract
Objectives: To study the association between the mean telomere length (MTL) of
human umbilical endothelial cells (HUVEC) and their sensitivity to apoptosis.

Methods: Apoptosis of HUVEC was induced by using free hydroxyl radicals. The
rate of apoptosis was determined and mean telomere length of HUVEC that were
cultured for 1 or 3 months were measured by Southern Blot.

Results: At 0.2 mmol/l FeS04/0.0001 mmol/l HyO, free radical concentration,
the apoptosis rate was 8.0 and 17.5% and MTL was 4.66 + 0.05 and 3.40 +
0.46 kb for HUVEC cultured for 1 and 3 months, respectively. At 0.2 mmol/l
FeS04/0.005 mmol/l H,O,, apoptosis rates were 17.4 and 36.0% and MTL were
3.67 £ 0.06 and 2.90 =+ 0.20 kb for HUVEC cultured for 1 and for 3 months, respec-
tively. Control HUVEC had apoptosis rates of 0.5 and 1.0% and MTL of 5.43 £ 0.45
and 4.57 £ 0.21 kb for 1 and 3 months, respectively. The MTL and the apoptosis
rates in the treatment groups differed significantly from the controls (p <0.05).

Conclusions: HUVEC with less culture time or short telomere were sensitive to
oxidation stress. Oxidation stress also can enhance the shortening of telomere
length.

6.1 Introduction

Since the telomere hypothesis, which states that more cell divisions in somatic
cells result in shorter telomere lengths, while less cell divisions result longer telom-
ere lengths, was raised (Harley et al. 1990), the relationship between the telomere
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length and cell division or cell replicative senescence has been examined. Much
effort has centered on whether the telomere can be used as a biologic timing device
for ageing (Cawthon et al. 2003; Thomas et al. 2008). Evidence from kidneys, lens
epithelium, and trabecular meshwork cells supporting this perspective has grown
substantially in last few years (Melk et al. 2000; Pendergrass et al. 2001; Yamazaki
et al. 2007). While others (Bodnar et al. 1998; van Steensel et al. 1998) found
an association between telomere length and apoptosis; when the telomere length
decreased to Hayflick limits, cells lost their ability to be susceptible to chromoso-
mal fusion and their potential for division, going into replicative senescence and
apoptosis or cancer.

Some researchers gradually realized that the ageing process is not simply a time
problem, but is accompanied by or involves the accumulative effects from various
environmental factors such as oxidation and radiation (Goytisolo et al. 2000). Hence
research has been initiated to identify the bridge between the gene and the environ-
ment by using the telomere (Huda et al. 2007; Starr et al. 2008). The current study
was initiated to examine the association among oxidation factors, telomeres, ageing,
and apoptosis and to determine whether the sensitivity or susceptibility to apoptosis
can be expressed by mean telomere length (MTL).

6.2 Methods

6.2.1 The Culture of HUVEC and the Construction of Cell
Division Model

We used culture time to reflect both the amounts of cell division and telomere length
according to our working hypothesis. For example HUVEC cultured for 1 month
represented the less cell division group (long telomere length) and HUVEC cultured
for 3 months represented the more cell division group (short telomere length).

6.2.2 Construction of an Apoptosis Model of HUVEC with Free
Hydroxyl Radicals

The Fenton reaction (Fe** + H,O, =Fe** + OH™ +.OH) was used to produce
free hydroxyl radicals as the oxidative factor to induce apoptosis in HUVEC.
The reaction system comprising 0.2 mmol/l FeSO4 and 0.1, 0.05, 0.01, 0.005, or
0.0001 mmol/l HO, was tested to find the appropriate concentration of free rad-
icals for inducing the apoptosis of HUVEC. Apoptosis was induced in HUVEC
at 0.2 mmol/l FeSO4/0.0001 mmol/l H»O, and 0.2 mmol/l FeS04/0.005 mmol
H>0,; and necrosis of HUVEC was found at the other concentrations. Thus,
0.2 mmol/l FeSO4/0.0001 mmol/l H,O, was added to 1-month-cultured HUVEC
and 0.2 mmol/l FeSO4/0.005 mmol H,O, was added to 3-month-cultured HUVEC.
Apoptosis of HUVEC was detected with HE stain, Hoechst 33,258 fluorescent stain,
and apoptotic DNA ladder.
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6.2.3 Measurement of Apoptosis Rates and Telomere Lengths

Fluorescent microscopy was used to determine apoptosis. The apoptosis rate
of HUVEC with fluorescent stain was calculated by the amount of apoptotic
HUVEC/(the amount of apoptosis HUVEC + the amount of normal HUVEC). MTL
was measured by using Southern Blot.

6.2.4 Statistics Analysis

Chi-Square, random T test and Q test were performed using SAS software.

6.3 Results

6.3.1 Relationship Between the Time of Culture and the Telomere
Length

HUVEC that were cultured for 1 month, which represented the group with less cell
division, had significantly longer telomeres (5.43 4 0.45 kb) than the telomeres
(4.57 £ 0.21 kb) in HUVEC that were cultured for 3 months, which represented
group with more cell division (p <0.05) (Table 6.1, Figs. 6.1 and 6.2).

Table 6.1 Mean telomere length of human umbilical endothelial cells that were cultured for 1 or
3 months

Mean telomere

Groups length (kb) t P
1 month 5.43 +£045 3.022 0.0391
3 months 4.57 £0.21

6.3.2 Relationship Among Apoptosis Rates, Culture Times
and Oxidation

Apoptosis rates in the control group (without oxidation) were 0.5% at 1 month and
1.0% at 3 months (p >0.05), indicating that apoptosis rates of HUVEC without oxi-
dation were not affected by culture time (Table 6.2). While the oxidation group
exposed to 0.2 mmol/l FeSO4/0.0001 mmol/l H,O; had apoptosis rates of 8.0% at 1
and 17.5% at 3 months (p = 0.054) and the oxidation group exposed to 0.2 mmol/l
FeS04/0.005 mmol H,O; had rates of 17.4% at 1 and 36.0% at 3 months (p <0.05).
These data indicate that the apoptosis rate was affected by the oxidation and as cul-
ture time increased (cell division amounts). Thus, HUVEC with shorter telomere
length had a higher apoptosis rate than the apoptosis rate in HUVEC with shorter
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Fig. 6.1 Southern Blot of
telomere lengths of HUVEC
that were cultured

1 month. 1: normal (control);
2: apoptosis group cultured in
0.2 mmol/l

FeS04/0.0001 mmol/l HO2;
3: apoptosis group cultured in
0.2 mmol/l

FeS04/0.005 mmol/l HyO,

Table 6.2 The apoptosis rate of human umbilical endothelial cells that were cultured for 1 or 3
months and induced by free radicals

FCSO4/H202

concentrations

(mmol/l) 1 month (%) 3 months (%) x2 P

Control 0.5 1.0 0.168 >0.05
0.2/0.0001 8.0 17.5 3.703 0.054 (<0.1)
0.2/0.005 17.4 36.0 8.733 <0.05

culture time and longer telomeres. We conclude that HUVEC with shorter telomeres
are sensitive to free radicals.

6.3.3 Oxidation Enhances the Telomere Shortening

There are significant differences between the telomere lengths influenced by dif-
ferent oxidation concentrations (p <0.05) at which HUVEC were cultured for 1 or
3 months. As the free radical concentration increased, MTL decreased, indicating
the increasing oxidation can enhance the telomere shortening (Table 6.3, Figs. 6.1
and 6.2).
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Fig. 6.2 Southern Blot of
telomere lengths of HUVEC
that were cultured for 3
months. 1: normal (control);
2: apoptosis group cultured in
0.2 mmol/l

FeS04/0.0001 mmol/l HyOg;
3: apoptosis group cultured in
0.2 mmol/l

FeS04/0.005 mmol/l H,O,

marker
kb

Lo

Table 6.3 Mean telomere length of human umbilical endothelial cells that were cultured for 1 or

3 months under different oxidation concentrations

0.2 mmol/l 0.2 mmol/l

FeS04/0.0001 FeS04/0.005

mmol/l HyO, mmol/l HyO,
Groups Control (kb) (kb) (kb) F )4
1 month 5.43 +0.45 4.66 + 0.05 3.67 £ 0.06 33.24 0.0006
3 months 4.57 +0.21 3.40 £ 0.46 2.90 £+ 0.20 22.44 0.0016

6.4 Discussion

Over the past decades, scientists have found that the telomere shortening is present
in Hutchinson-Gilford progeria and Down’s syndrome (Vaziri et al. 1993). More
recent reports show telomere shortening is associated with age-related diseases
(Gilley et al. 2008), even cardiovascular diseases (Kurz et al. 2006; Brouilette et al.
2008), and diabetic nephropathy (Verzola et al. 2008). These studies attempted to
elucidate the age-related mechanism between telomere length, age and the environ-
ment. We designed this experiment to simplify the detailed, complicated interactions
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among the environment and cell, gene-gene interactions, gene-protein interactions,
and apoptosis and ageing. We show the environment-telomere-apoptosis interac-
tions through the use of culture time to reflect the telomere age. As expected,
telomeres of HUVEC shortened as culture time increased. Importantly, we found
that the apoptosis rate was not only affected by oxidative concentrations, but also by
the culture time and TML (as an indirect measure of the amount of cell division),
indicating that the cells with more cell divisions or with short telomeres are sensitive
or susceptible to oxidation. In other words, we hypothesize short-telomere cells are
susceptible to apoptotic factors, while long-telomere cells are tolerant to apoptosis.
Thus, we speculate the age-related diseases, degenerative diseases might occur at
young ages in individuals who have short telomeres, and vice versa. This hypothe-
sis can explain not only the variance of cells in an individual’s organ to apoptosis,
but also the differences between individuals. It can provide evidence for research on
age-related diseases through the examination of telomere lengths.

Most importantly, this hypothesis also can be applied to non-dividing cells such
as neurons or myocardial cells. Horvitz and Herskowitz (1992) and Morrison et al.
(1997) elucidated the symmetric and asymmetric divisions for stem cells, especially
the division of neuron stem cells. For symmetric division, cell division amounts are
the same, while some cells experience more divisions and some have fewer divisions
in asymmetric division. Translating this hypothesis to telomere length, asymmetric
division in stem cells produces large amounts of cells with a significant variance
in telomere lengths resulting from different division times. This is the reason that
telomere length shows as a band or range on Southern blots, thus telomere length in
non-dividing cells after birth are different, originating from asymmetric division of
the stem cells. We have found this to be the case for telomere length variance in sepa-
rated rabbit retinal ganglion cells (unpublished). Hence the telomere hypothesis may
also be applied to age-related neuropathy such as glaucoma, retinal degeneration
diseases to suggest an explanation for their sensitivity to apoptosis.

Furthermore, we found that oxidation can enhance the telomere shortening. This
is consistent with the report by Toussaint et al. (2000), which showed telomeres are
highly susceptible to oxidative stress. De Meyer et al. (2008) also showed that ele-
vated levels of oxidative stress and inflammation further increase the rate of telomere
attrition. These data show there is a relationship between telomere length and oxida-
tion, suggesting that we can construct a “bridge” among genes and the environment,
and ageing and apoptosis through the use of telomeres.
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Chapter 7
Photoreceptor Guanylate Cyclases and cGMP
Phosphodiesterases in Zebrafish

Ross F. Collery and Breandan N. Kennedy

Abstract Tightly regulated control of cGMP levels is critical for proper functioning
of photoreceptors, and mutations in cGMP synthesis or degradation factors can lead
to various forms of retinal disorder. Here we review heterogenous human retinal
disorders associated with mutant retinal guanylate cyclases (RetGCs) and phos-
phodiesterase 6 (PDE6), and describe how zebrafish are being used to examine
phototransduction components and their roles in these diseases. Though muta-
tions in RetGCs and PDEG6 lead to retinal disorders, there is a lack of molecular
and biochemical data on routes of subsequent photoreceptor degeneration and
visual impairment. Use of animal model systems provides important information
to connect in vitro biochemical analyses of mutant genes with clinically observed
pathologies of human retinal diseases. Zebrafish are an excellent in vivo system to
generate animal models of human retinal disorders and study photoreceptor com-
ponents, and have already provided valuable data on retinal diseases caused by
phototransduction component mutations.

7.1 Regulation of cGMP Levels in Photoreceptor Outer
Segments

Cyclic GMP (cGMP) is a key second messenger in photoreceptor outer segments
(for review, see Kaupp and Seifert 2002), regulating intracellelular calcium ion entry
through cyclic nucleotide-gated (CNG) channels (Fig. 7.1). Depletion of cGMP
causes these ion channels to close, while photoreceptors continue to efflux ions via
other cGMP-independent ion channels. This leads to a drop in intracellular ionic
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concentration, hyperpolarisation of the photoreceptor plasma membrane and trans-
mission to higher-order neurons in the retina. For photoreceptors to function, cGMP
levels are tightly regulated at the levels of synthesis and degradation. In photore-
ceptor outer segments, cGMP is synthesised from GTP by membrane-bound retinal
guanylate cyclases, (RetGC) (Fig. 7.1). Light stimulation of photoreceptor visual
pigments activates a phosphodiesterase (PDE6) which hydrolyses cGMP to GTP
(for reviews, see Arshavsky et al. 2002; Pugh et al. 1997). Inappropriate activity of
either RetGC or PDES6 leads to an imbalance in cGMP levels, which is associated
with multiple retinal disorders. Here, we outline human retinal diseases resulting
from RetGC or PDE6 mutations, and describe the usefulness of the zebrafish to
investigate these diseases.
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Fig. 7.1 The phototransduction cascade; during dark phase, RetGC synthesises a basal level of
c¢GMP, which keeps some CNG channels in an open configuration, and allows the influx of cal-
cium, while ion pumps efflux calcium. An incident photon (hv) activates opsin, which (indirectly)
derepresses phosphodiesterase 6, and breaks down cGMP. The CNG channels close as the cGMP
level drops, and GCAP is derepressed, and stimulates RetGC-1. As the light impulse stops, the
phosphodiesterase no longer breaks down cGMP, and RetGC-1 synthesises more cGMP, allowing
some CNG channels to reopen, and the photoreceptor to depolarize

A

7.2 Retinal Disorders Associated with Mutations in RetGCs
and PDEG6

The central role played by RetGC-1 in phototransduction implies that its absence
or incorrect function will have severe consequences for visual function. A lack of
c¢GMP is thought to lead to the inability of photoreceptors to depolarise, and an
overabundance of cGMP may lead to constitutive opening of the CNG channels,
keeping photoreceptors constantly hyperpolarised and unable to respond to light
impulses (for review, see Duda and Koch 2002). The human gene encoding RetGC-
1 was the first gene implicated in Leber congenital amaurosis (LCA) (Perrault et al.
2000). LCA is an autosomal recessive, early-onset, retinal dystrophy and one of the
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most severe forms of inherited blindness in children. It is estimated that ~20% of
LCA cases are caused by RetGC-1 mutations, which predominantly result in inac-
tive RetGC-1 (Perrault et al. 2000). Tucker and colleagues observed that mutations
in RetGC-1 could lead to LCA, or to other, less severe retinal disorders, depending
on the position of the mutation (Tucker et al. 2004). This strengthened the proposal
that mutations in different regions of RetGC-1 may contribute to a spectrum of reti-
nal disorders that were previously segregated due to differing severity of symptoms
(Perrault et al. 2000).

Another severe retinal degeneration, linked in this case with dominant RetGC-1
mutations, is cone-rod dystrophy 6 (CORD6). Kelsell and colleagues show that
CORD6 symptoms, including loss of central vision, photophobia, and “bull’s-eye”
maculopathy are associated with mutations in the dimerisation domain of RetGC-1
(Kelsell et al. 1998). Despite the clinical analysis of the symptoms of CORD6, and
a correlation between mutations in RetGC-1 and the severity of phenotype, there are
few studies of the molecular effects associated with mutant RetGC-1 in the retina. It
is not known whether dominant mutant RetGC-1 synthesises an excess of cGMP and
is less easily inactivated in the retina as biochemical data suggest (Tucker et al. 1999;
Ramamurthy et al. 2001), or if another cellular process leads to CORD6. There is a
clear need to use in vivo models to better characterise the disease pathways induced
by mutant RetGCs.

PDE®G6 is a holoenzyme composed of PDE6A, PDE6B and two PDE6G subunits
in rods, and two PDE6C and two PDEG6H subunits in cones (for review, see Ionita
and Pittler 2007). Though the subunits work cooperatively, mutations in single sub-
units lead to distinct disease phenotypes. Rod-specific PDE6A mutations lead to
autosomal recessive retinitis pigmentosa (arRP) (Huang et al. 1995), while muta-
tions in PDE6B cause arRP or congenital stationary night blindness (Gao et al. 1996;
Gal et al. 1994). Mutations in the cone-specific PDE6C are less well characterized,
but are associated with cone photoreceptor loss and recessive achromatopsia (Chang
et al. 2001; Chang et al. 2002). Mutations in the rod PDE6G subunit are associ-
ated with recessive retinitis pigmentosa (Tsang et al. 1996), while cone PDE6H
subunit mutations lead to a recessive form of cone dystrophy (Piri et al. 2005).
The heterogeneity of disease phenotypes reflects the spatial expression of different
PDES6 subunits, and that disease-associated mutations are present in catalytic and
inhibitory subunits of the PDE6 holoenzyme. As with retinal disorders associated
with mutations in RetGC, the link between altered activity of PDE6 and photore-
ceptor degeneration is not well understood, and in vivo animal models will provide
valuable data on these pathologies.

7.3 Analysis of Teleost RetGC and PDEs in Retinal Function
and Disorders

The infraclass Teleostei are contained in the class Actinopterygii, the ray-finned
fishes, and contains a number of discrete species of fishes that are extremely use-
ful in genetic analyses, including visual function, development and disease (Collery
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et al. 20006). In particular, teleost models have abundant cone photoreceptors medi-
ating color vision and thus are advantageous for analyzing cone retinopathies (for
review, see Goldsmith and Harris 2003). In medaka (Oryzias latipes), four discrete
guanylate cyclase mRNAs are expressed in the retina: OIGC-R2 OIGC3, OIGC4
(OIGC-RI), and OIGC-C (OIGCS5) (Hisatomi et al. 1999; Seimiya et al. 1997).
In the retina, OIGC-C (OIGC5) is cone-exclusive whilst OIGC4 (OIGC-RI) and
OIGC-R2, are expressed only in rods; and all are expressed in the pineal (Hisatomi
et al. 1999).

Recent data shows zebrafish to express three membrane-bound retinal GCs:
zGCl1, zGC2 and zGC3 (Ritscho et al. 2009) (Fig. 7.2a). zGC1 and zGC2 are
expressed in rods, while zGC3 is expressed exclusively in cones. zGC1 and zGC2
are equivalent to human RetGC-2 both by sequence homology and rod localization,
while zGC3 is equivalent to human cone RetGC-1. The zebrafish zatoichi mutant
has no cone-driven visual response owing to a null mutation in zGC3, and was iden-
tified through a lack of optokinetic or optomotor visual function (Muto et al. 2005).
As zGC3 corresponds to human RetGC-1, the zatoichi mutant may be considered
an animal model of LCA. Although zatoichi zebrafish have no visual function, there
is no observed abnormal retinal histology at 5 days post fertilization (Muto et al.
2005). This at least initial preservation of photoreceptors in zatoichi zebrafish allows
testing of in vivo therapies such as gene therapy, cell transplantation and pharma-
cological modifiers to recover functionality of extant photoreceptors. In addition,
zatoichi photoreceptors can be utilized to examine the effects of the absence of
7zGC3/RetGC-1, and to understand better the molecular mechanisms behind the
progression of LCA.

Orthologues of human PDEG6C, -A, -G and -H have also been identified in
zebrafish (Vihtelic et al. 2005), and PDE6B can be found through database
homology searches (zPDE6B, XM_679910). Similarly, PDE6 subunit ortho-
logues can be found in medaka libraries (OIPDE6B, ENSORLG00000009868;
OIPDEG6C, ENSORLG00000005135; no PDE6A orthologue is currently discover-
able in medaka). Phylogenetic comparisons indicate that PDE6A orthologues are
most closely related between species, followed by PDE6B orthologues (Fig. 7.2b).
Cone-specific PDE6C orthologues differ more between species, which may reflect
comparison of diurnal and nocturnal animals.

Functional work already done in zebrafish has examined the effects on photore-
ceptors of mutations in the PDE6C subunit. Stearns and colleagues examined lines
with a pde6¢ frameshift mutation that likely leads to a truncated protein or an mRNA
targeted for degradation, where insufficient breakdown of cGMP leads to cone
death, followed by localized rod death (Stearns et al. 2007). Similarly, Nishiwaki
and colleagues examined lines with a pde6 mutation that confers a single amino acid
change within the cGMP-binding GAF domain, and found opsin mislocalization and
cone death, though without accompanying rod death (Nishiwaki et al. 2008). It is
currently unknown whether excess cGMP due to RetGC-1 mutations also leads to
cone cell death. The death of cones associated with PDE6 components indicates the
importance of the phototransduction cascade components in normal maintenance of
photoreceptors, as well as visual signaling. The heterogeneity of disease phenotypes
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seen when comparing truncated and missense PDE6C zebrafish proteins illustrates
how the zebrafish model system can be used to dissect how multiple mutations in a
single gene can cause a range of symptoms. A loss of cones followed by rods when
cone-specific PDE6C has a truncation mutation indicates that the rods die as a result
of cone death; loss of cones without rod loss due to a single amino acid change in
PDEGC indicates distinct mechanisms of degeneration. Work of this kind is useful
to highlight potential routes for therapeutic intervention (e.g. cell death inhibitors vs
cone cell transplantation).

In addition to using zebrafish to characterize altered visual function due to loss-
of-function mutations in retGC or PDES, transgenic zebrafish lines may be used to
characterize gain-of-function disease phenotypes associated with dominant human
visual diseases. We are currently assessing the pathology of expressing mutant
human RetGC-1 in zebrafish cones to recapitulate CORD6, whose symptoms are
well characterized (see Section 7.2), but where little is known about the in vivo
effects of the mutant protein. Already, the misexpression of native GCs in the
zebrafish has demonstrated the importance of correct levels and spatial expression
of cGMP synthesis, as ectopic expression of zGC1 (gucy2f) leads to serious defects
in the nervous system (Maddison et al. 2009).
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Fig. 7.2 (a) Phylogenetic tree showing retinal guanylate cyclases from human (Homo sapiens),
Rat (Rattus norvegicus), Mouse (Mus musculus), Medaka (Oryzias latipes) and Zebrafish (Danio
rerio). (b) Phylogenetic Tree showing PDE6 Subunits from the above species. Functionally related
proteins are demarcated by white and shaded ellipses. Sequences were aligned using ClustalW.
Disease phenotypes associated with mutations in these genes are inset in rounded rectangles

In summary, current zebrafish methods allow researchers to make transgenic
lines expressing mutant proteins to study the effects of dominant heritable diseases,
and to reduce or eliminate native proteins to study recessive and null mutation
diseases. Identification of zebrafish genes orthologous to RetGCs and PDE6 sub-
units means that zebrafish can be used to generate models of recessive retinitis
pigmentosa, congenital stationary night blindness, dominant cone-rod dystrophy,
and achromatopsia. In parallel with furthering knowledge about the onset and pro-
gression of these diseases, zebrafish can be easily used to assay molecular and
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pharmacological factors with potential to prevent retinal cell loss or malfunction-
ing, and to evaluate stem cell therapy or whole retinal transplantation to recover
visual function. In conclusion, teleosts are an important model to study inherited
human retinal disease.
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Chapter 8
RDS in Cones Does Not Interact with the Beta
Subunit of the Cyclic Nucleotide Gated Channel

Shannon M. Conley, Xi-Qin Ding, and Muna I. Naash

Abstract Retinal degeneration slow (RDS) is a photoreceptor specific tetraspanin
membrane protein. It is expressed in the rim region of rod outer segment (OS) discs
and cone OS lamellae. Mutations in RDS cause both rod and cone-dominant retinal
degenerations. We have recently shown that RDS functions differently in rods vs.
cones, and have used the cone-dominant nr/”~ and rod-dominant wild-type (WT)
murine retinas to study these differences and help understand the mechanism of rod
and cone OS biogenesis. We hypothesize that the differential role of RDS in rods vs.
cones is in part related to differences in RDS binding partners. RDS has been shown
to bind to the GARP portion of the § subunit of the rod-cyclic nucleotide gated
(CNG) channel. This interaction has been hypothesized to play a role in anchoring
the disc rim to the rod plasma membrane. In this study we show that RDS does not
interact with the cone CNG. Given that cone lamellae are not entirely encased in
plasma membrane and therefore may have different anchoring requirements com-
pared with rods, this observation may help explain some of the differential behavior
of RDS in rods vs. cones.

Over 70 different disease causing mutations in the photoreceptor specific pro-
tein retinal degeneration slow (RDS) have been identified. Usually, mutations in
photoreceptor-specific genes cause predictable disease phenotypes, i.e. rod specific
genes associate with forms of rod dominant diseases (such as retinitis pigmentosa,
RP) while mutations in cone specific genes tend to cause cone-dominant diseases
(such as macular degeneration, MD). In contrast, different mutations in RDS have
been linked to both rod-dominant and cone-dominant disease. The spectrum of
RDS-associated retinal disease phenotypes ranges from traditional RP to MD to
butterfly macular dystrophy to cone-rod degeneration depending on the mutation
(http://www.retina-international.com/sci-news/rdsmut.htm).
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The naturally occurring retinal degeneration slow (rds”~) mutant mouse has
proved an excellent model for studying the phenotypic divergence in RDS-
associated retinal degenerations. These mice do not form OSs and exhibit slow,
progressive death of photoreceptors coupled with panretinal degeneration (Chaitin
et al. 1988; Sanyal et al. 1980; Sanyal and Zeilmaker 1984). In the rds*"~ mouse,
OSs form but do not assemble into properly organized, stacked discs (Hawkins et al.
1985; Sanyal et al. 1986). This haploinsufficiency phenotype is characterized by
an early onset slow rod degeneration followed by late onset slow cone degenera-
tion (Cheng et al. 1997). The deformed discs are capable of subnormal levels of
phototransduction, but the lack of a proper OS causes degeneration throughout the
retina.

Unfortunately, the wild-type (WT) mouse retina is 95-97% rods rendering it
difficult to study the mechanisms underlying cone degeneration associated with
mutations in RDS. Even in cone only models such as the early ages of the rhodopsin
knockout mouse (rh0~"), the small number of cones makes analysis very difficult.
The recent development of a cone-dominant mouse model containing a null muta-
tion in the Neural Retinal Leucine Zipper (NRL) transcription factor gene (Daniele
et al. 2005; Mears et al. 2001; Nikonov et al. 2005) has provided an elegant way
to overcome the rod-bias problem. When retinal progenitor cells fail to receive the
NRL regulatory cue, they divert from a developmental fate to rods and form blue-
responsive cones instead (Farjo et al. 1997; Farjo et al. 1993; Mitton et al. 2000;
Rehemtulla et al. 1996; Swaroop et al. 1992). The nrl”~ mouse is an ideal model
for studying MD since it makes possible the examination of cones in the absence
of rods. We have recently taken advantage of the nrl”~ mouse to study the behav-
jor of RDS in cones. Unlike the WT rods, cones of the nrl”" retina lacking RDS
(nrl”~Irds™") retain OS structures and the capacity for photopic visual function.
The cone OSs of the nri™”/rds™ are severely malformed and have no lamellae, but
continue to express OS proteins such as S-opsin. This situation is in marked contrast
to the WT and underscores the different role of RDS in rods and cones.

The question remains though, what causes RDS to behave differently in rods vs.
cones? Expression of RDS is limited to the OS rim region of both rod and cone
photoreceptor disc rims/lamellae (Arikawa et al. 1992; Moritz et al. 2002). RDS
forms tetramers in the photoreceptor inner segment which then traffic to the OS
and further assemble via the second intracellular (D2) loop disulfide bonds into
octamers and other higher order complexes. RDS is known to form non-covalent
heterotetramers with its homologue, a protein called rod outer segment membrane
protein 1 (ROM-1) in addition to homotetramers (Chakraborty et al. 2008; Goldberg
and Molday 2000; Goldberg et al. 1995). However, differential interactions with
ROM-1 are unlikely to be responsible for rod-cone differences in RDS behavior.
Both rods and cones express ROM-1 and our biochemical studies on ROM-1 in the
nrl”~ retina show that RDS/ROM-1 are biochemically similar in cones and rods
(Chakraborty et al. 2008).

Little is known though about other potential RDS interacting partners in rods and
cones. Tetraspanin proteins typically assemble with themselves and other proteins
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into a large functional protein complex known as the tetraspanin web which is sim-
ilar to but distinct from lipid rafts (Hemler 2003; Levy and Shoham 2005; Stipp
et al. 2003). This web consists of proteins that are covalently and non-covalently
bound (similar to RDS and ROM-1) and of proteins that are more loosely associ-
ated. The function of tetraspanins is often dictated or modulated by the composition
of this tetraspanin web, so it makes sense that differential behavior of RDS in rods
vs. cones might result from different interacting partners in the two cell types.

In addition to ROM-1, RDS in the rod dominant retina is known to interact with
at least two other proteins. The first protein, melanoregulin, is a protein associated
with membrane fusion. Kathy Boesze Battaglia’s group has shown that in concert
with melanoregulin, RDS helps mediate membrane fusion and thus possibly OS
disc sealing at the base of the OS (Boesze-Battaglia 2000; Boesze-Battaglia et al.
2007). The expression of melanoregulin and its potential interactions with RDS in
cones have not been studied, but represent a particularly interesting area for future
experimentation.

The second known RDS interacting protein is the f subunit of the rod cyclic
nucleotide-gated (CNG) channel. The CNG channel functions as a heterotetramer
comprised of o and P subunits (Kaupp et al. 1989). It is responsible for the rest-
ing dark current in rod photoreceptors and closes upon hydrolysis of cGMP by
phosphodiesterase after light induced G-protein coupled receptor/second messen-
ger signaling (Kaupp et al. 1989; Pugh 2000). The N-terminus of the f subunit
has a large glutamic acid/proline rich domain called GARP (Colville and Molday
1996). There are also two free protein forms of this GARP domain, GARP-1 and
the slightly longer GARP-2 (Colville and Molday 1996; Korschen et al. 1999).

These proteins are intrinsically disordered and have been known to act as scaf-
folding type proteins in other tissues (Batra-Safferling et al. 2006). Molday’s group
has shown that both free GARP and the GARP domain of the CNG channel 8
subunit can interact with RDS (Poetsch et al. 2001) in bovine rod OSs. They hypoth-
esize that CNG-GARP-RDS interactions might be responsible for the anchoring
filaments that have been observed between the disc rim and plasma membrane of
rods (Poetsch et al. 2001; Roof and Heuser 1982). They further hypothesize that
interactions between free GARP and RDS might serve to connect adjacent discs.
Although there is no direct proof supporting this hypothesis, advanced structural
analysis of GARP has shown that its size and shape are consistent with this role
(Batra-Safferling et al. 2006).

Cones also have a cGMP gated channel responsible for maintenance of the dark,
“off” current, but it is not the same channel as that expressed in rods. It is thought
that differences in the regulation/kinetics of the cone vs. rod CNG channels help
explain the differences in phototransduction kinetics between the two cell types.
Cone channels have a ten-fold lower ligand sensitivity than rod channels and are
between 30 and 100 times less sensitive to light (Picones and Korenbrot 1995; Pugh
2000). It has recently been shown that the cone channel also functions as a heterote-
tramers composed of o and B subunits (Matveev et al. 2008). The B subunit of the
cone channel does not have a GARP domain, so we hypothesized that RDS would
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not interact with the cone channel thus partially explaining the differential role of
RDS in rods vs. cones.

Our first step was to determine expression of the cone CNG channel in WT
and nrl”~ retina using polyclonal antibodies against the cone CNG channel sub-
unit CNGA3 and CNGB3 (Matveev et al. 2008). Immunohistochemical analysis
of retinal sections taken from 1-month-old animals labeled with the CNGA3 and
CNGB3 antibodies demonstrates that both subunits of the cone CNG channel are
expressed in the cone OSs of WT and nrl”~ retinas (Fig. 8.1a). We do not detect any
protein expression in other retinal cell types, or in other portions of the photorecep-
tor. The labeling pattern in the WT retina is consistent with cone-only expression,
but to confirm this, co-labeling studies were undertaken with rod opsin (mAB 1D4,
generously shared by Dr. Robert Molday) and CNGA3. The left panel of Fig. 8.1b
shows CNGA3 labeling while the middle panel is rhodopsin (1D4) labeling. The
labeling patterns are quite distinct and the two proteins do not co-localize (overlay,
right) indicating that cone CNG is not expressed in rods. To confirm the size of the

Bl CNGA3

Fig. 8.1 CNGA3 and CNGBS3 is expressed in cones OSs of WT and nri”~ Retinas; (a) Paraffin
embedded sections from P30 WT or nrl~ mice were stained with CNGA3 and CNGB3 polyclonal
antibodies and visualized using anti-rabbit Cy3 secondary antibody. Sections were counterstained
with DAPI to label nuclei. Expression of cone channel subunits is limited to the OS layer in both
WT and nri”" retina. Scale bar 20 wm. (b) P30 WT paraffin embedded sections were stained
with CNGA3 (left) and mAB 1D4 (against rhodopsin-middle). The two proteins do not co-localize
(right) indicating that cone CNG is not expressed in rods. Scale bar 10 wm. OS, outer segment;
ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer
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cone CNG subunits, whole retinal extracts from P30 retinas underwent reducing and
non-reducing SDS-PAGE/Western blotting. Rod-dominant WT extracts were used
as controls while nrl”~ was used as a cone-dominant model. Historically, the only
available cone-dominant model has been the young rhodopsin knockout (rho™")
retina, so those retinas were also included as a control, although they express sig-
nificantly lower quantities of cone proteins than the nrl”~ retina. Under reducing
conditions, both the a and p subunits of cone CNG appear as monomers of approxi-
mately 75 kDa (Fig. 8.2a, b left) in all samples. This is consistent with the predicted
peptide sizes of 72 kDa (A) and 79 kDa (B) and is in contrast to rod CNG chan-
nel subunits which have been shown to migrate abnormally on SDS-PAGE (Poetsch
et al. 2001). The involvement of disulfide-linkages in multi-subunit channel assem-
bly was examined by non-reducing SDS-PAGE. A significant amount of CNGB3
dimer was detected at ~170 kDa (Fig. 8.2b, right) although little dimerization of
CNGA3 was noticed in these retinas (Fig. 8.2a, right).
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Fig. 8.2 CNGBS3 is present as both a monomer and dimer, while CNGA3 is present only as a
monomer; Retinal extracts from P30 WT (rod-dominant), nrl”~ and rho™~ (cone-dominant) mice
underwent reducing (left) and non-reducing (right) SDS-PAGE and Western blotting. (a) CNGA3
is only present as the monomeric form (~75 kDa) while CNGB3 (b) exhibits a substantial quantity
of both monomer and dimer

Since previous studies had shown that the bovine rod CNG channel associates
with RDS (Poetsch et al. 2001) via the GARP portion of the CNG p-subunit, we
wanted to confirm that we could detect this interaction in mice. Retinal extracts from
one month old WT mice underwent immunoprecipitation (IP) with either the RDS
antibody or the GARP monoclonal antibody 4B1 (generously shared by Dr. Robert
Molday, University of British Columbia). Bovine rod OSs were used as a positive
control while nrl”~ retinal extracts served as a negative control since they do not
express the rod CNG-GARP. As shown in Fig. 8.3a (input), WT retinal extracts
express both splice variants of free GARP while the rodless nrl™~ retinas do not. As
demonstrated by reciprocal co-IP shown in the left two panels of Fig. 8.3a, in mouse
rods, RDS does interact with GARP. To determine whether the cone CNG B-subunit
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Fig. 8.3 The rod CNG f subunit interacts with RDS while the cone CNG f subunit does not;
(a) Retinal extracts from WT and nrl”~ P30 mice and bovine OSs underwent IP using either RDS
C-terminal antibody or monoclonal (4B1) GARP antibody. This reciprocal co-IP confirms that rod
CNG does interact with RDS. (b) WT and nrI™" retinal extracts and nrl”~ OSs underwent IP with
RDS C-terminal antibody. Although CNGB3 was present in the samples, none was detected in the
immunoprecipitants

interacts with RDS, similar experiments were undertaken. RDS complexes from
WT and nrl”~ retinal extracts or nrl”~ OS preparations were immunoprecipitated
using the RDS antibody. OS preparations (Chakraborty et al. 2008) were used as
an enriched source of OS proteins such as CNG and RDS. The IP was successful as
evidenced by detection of RDS in all three samples (Fig. 8.3b, bottom). However the
B subunit of cone CNG was not detected in any of the immunoprecipitants although
it was detected in the initial samples (Fig. 8.3b, top left).

These results confirm our hypothesis that the cone CNG B-subunit does not inter-
act with RDS, most likely due to the lack of a GARP domain in the cone channel.
Furthermore, they clearly identify the first difference in the RDS tetraspanin web in
rods vs. cones. It is likely that additional study will identify further RDS interacting
partners that are rod or cone specific and will further enhance our understanding of
the role of RDS in OS biogenesis.
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Chapter 9
Increased Expression of TGF-1 and Smad 4 on
Oxygen-Induced Retinopathy in Neonatal Mice

Fan Yingchuan, Lei Chuntao, Chen Hui, and Hu Jianbin

Abstract Retinal neovascularization (NV) is a major cause of the blindness asso-
ciated with such ischemic retinal disorders as diabetic retinopathy, retinopathy of
prematurity and retinal occlusion. Neovascularization is induced by complex inter-
actions among growth factors and cytokines. Some studies confirm that VEGF play
a central role in neovascularization, there remain some questions as to why VEGF
antagonists are only partially effective. Transforming growth factor-p (TGF-f) has
been implicated in the development of neovascularization (Gerard et al. 2000). Smad
4 plays the most important role in the TGF-f signal transduction (Zimowska 2006).
In this study, we used the model of oxygen-induced retinopathy in neonatal mice to
investigate the expression of TGF-f1 and Smad 4 mRNA in the retina, to explore
their role in the development of retinal neovascularization.

9.1 Introduction

Retinal neovascularization (NV) is a major cause of the blindness associated with
such ischemic retinal disorders as diabetic retinopathy, retinopathy of prematurity
and retinal occlusion. Neovascularization is induced by complex interactions among
growth factors and cytokines. Some studies confirm that VEGF play a central role
in neovascularization, there remain some questions as to why VEGF antagonists
are only partially effective. Transforming growth factor-p (TGF-) has been impli-
cated in the development of neovascularization (Gerard et al. 2000). Smad 4 plays
the most important role in the TGF-f signal transduction (Zimowska 2006). In
this study, we used the model of oxygen-induced retinopathy in neonatal mice to
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investigate the expression of TGF-f1 and Smad 4 mRNA in the retina, to explore
their role in the development of retinal neovascularization.

9.2 Material and Methods

9.2.1 Animals

All experimental procedures were approved by the institutional committee for
the use of Animals in Research and Education. Oxygen-induced retinopathy was
induced in C57BL/6 newborn mice according to the protocol of Smith (Smith et al.
1994). Briefly, litters of 7-day-old mice, together with their mothers, were exposed
to 75% =+ 3% oxygen for 5 days and then returned to room air, followed by 5 days
of room air recovery. Another natural sized litter was raised in room air as normal
control. 17-day-old mice were killed by intraperitoneal injections of overdose of
sodium pentobarbital. Both eyes were enucleated and placed in 4% Para formalde-
hyde in PBS, and embedded in paraffin. Serial 3-um axial sections of the retina were
obtained. Sections were stained with hematoxylin and eosin. Numbers of nuclei on
the internal limiting membrane at the vitreous side were counted.

9.2.2 Methods

9.2.2.1 TGF-B Immunohistochemistry (IH) and Smad-4 In Situ Hybridization
(ISH)

Monoclonal TGF-g1 antibody was obtained from Santa Cruz Company. The
reagents for streptavidin-biotin and DAB were obtained from Zymed Company. The
dilution of the primary antibody was 1:100 and DAB was used for the detection.
PBS replacing the primary antibody was used as control.

Expression of Smad-4 was detected by in situ hybridization (ISH). A biotin
conjugated oligonucleotide probe of mouse Smad-4 was synthesized by Shanghai
Shenneng Biological Company (5°-Biotin-GGT GGC GTT AGA CTC TGC CGG
GGC TAA CAG-3’; 1035-1064 bp, GC% = 63.33). The secondary detection
reagents were streptavidin-conjugated to HRP, and DAB, respectively. PBS replac-
ing the probe was used as control.

The images were captures and analyzed with Image-pro Plus software system.
The result of ISH was semi-quantified with optical density value (OD).

9.2.3 Statistical Analysis

The experimental data presented as mean =+ standard deviation. SPSS software was
used for 7 test to compare between two groups. P<0.05 was considered statistically
significant.
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9.3 Results

Extensive vitreous neovascularization was noted in oxygen-induced mice, in which
the number of endothelial nuclei were 22 + 3.5 (Fig. 9.1a). While the control mice
showed lesser neovascularization, and we detected only a single endothelial cell
nuclei each in 4 control sections (Fig. 9.1b; P < 0.01).

Fig. 9.1 HE strain, a: Normal control; b: Oxygen-induced group, which shows the endothelial
cell entering into the internal limiting membrane

Positive brown signals in endothelial nuclei in the neovascularized region from
IH and ISH were detected in the retina of all oxygen-induced group (Figs. 9.2a
and 9.3a) and few in control group (Figs. 9.2b and 9.3b). The intensity of label-
ing recorded by Image-pro Plus software system were 0.214 + 0.005 for IH and
0.209 £ 0.007 for ISH, while that in the control were 0.081 £ 0.007 for IH
(P <0.01) and 0.077 &£ 0.005 for ISH (P < 0.01).
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Fig. 9.2 [H, a: control group, in which few expression of TGF-B1 shown; b: Oxygen-induced
group, marked expression of TGF-$1
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A

Fig. 9.3 ISH, a: control group, in which few expression of Smad 4 shown; b: Oxygen-induced
group, marked expression of Smad 4

9.4 Discussion

TGF-p is a multifunctional cytokine with an array of biological effects such as cell
growth, differentiation, and immunomodulation (Wakefield and Roberts 2002). In
the experiment we found that expression of TGF-f1 and Smad-4 were increased
in the retinal neovascular from oxygen-induced mice. But the roles of TGF-B1 and
Smad 4 in the formation of neovascular are not clear.

Members of the transforming growth factor family (TGFb1, TGFb2, and TGFb3)
are multifunctional proteins that regulate cell growth, differentiation, migration,
and extracellular matrix production and also play important roles in embryonic
development, wound healing, immune responses, and vascular development(Blobe
et al. 2000; Behzadian et al. 2001). VEGF, on the other hand, shown to be play a
critical role in the development of CNV and other retinal neovascularization disor-
ders. There are some studies on the relationship between TGF-8 and VEGF, which
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showed all three isoforms of TGF-8 enhanced secretion of VEGF significantly.
Increase in the mRNA levels of VEGF by TGF- and blocking of its enhanced
secretion by actinomycin-D, an inhibitor of transcription, suggested that TGF-f
induced VEGF expression predominantly by transcriptional activation (Nagineni
et al. 2003).

Current concept of TGFB-Smad signaling pathway, which transfer the stimu-
lating signal from outside into the affected cells by binding of the active form of
TGF-B, to TGF-f receptor type II that initiates phosphorylation of TGF-p1 receptor
type I, which is followed by the phosphorylation of receptor regulated Smad-2 and
3 proteins. These phosphorylated Smad proteins bind to costimulatory Smad pro-
tein (Smad-4) and are translocated to the nucleus for transmission of transcriptional
signals (Mehra and Wrana 2000; Yamashita et al. 1997).

But on the contrary to the above findings, TGF-f has been shown to inhibit vas-
cular tumor growth (Dong et al. 1996), in vitro studies have shown that TGF-f can
inhibit proliferation of vascular endothelial cells and smooth muscle cells (Orlidge
and D’Amore 1987). And also VEGF over expression in photoreceptors did not
develop CNV in the transgenic mice. Therefore, the alternative hypothesis is that
angiogenesis is stimulated by VEGF and other angiogenic factors released by the
inflammatory cells and in cases where inflammatory reactions not observed, TGF-f
does not induce angiogenesis. But in our experiment, we did not notice the inflam-
matory reaction, and therefore, we suggest that it may be related to the upregulated
TGF-B (Zhao and Overbeek 2001).

In summary, our present study demonstrates the significant increase of TGF-f1
and Smad-4, which may play an important role in regulation of ocular vas-
cular development. Further investigations are required to find out how TGF-p1
and Smad 4 signaling pathways act at molecular levels in regulation of vascu-
lar development. Understanding of the mechanism of TGF-g and Smad- mediated
formation of neovascularization will provide new ideas to prevent or treat ocular
neovascularization.

References

Behzadian MA, Wang XL, Windsor LJ et al (2001) TGF-beta increases retinal endothelial cell
permeability by increasing MMP-9: possible role of glial cells in endothelial barrier function.
Invest Ophthalmol Vis Sci 42:853-859

Blobe GC, Schiemann WP, Lodish HF (2000) Role of transforming growth factor b in human
disease. N Engl J Med 342:1350-1358

Dong QG, Graziani A, Garlanda C et al (1996) Anti-tumor activity of cytokines against oppor-
tunistic vascular tumor in mice. Int J Cancer 65:700-708

Gerard C, William P, Harvey F (2000) Role of transforming growth factor 3 in human disease. N
Engl J Med 342:1350-1358

Mehra A, Wrana J (2000) TGF — beta and the Smad signal transduction pathway. Biochem Cell
Biol 80:605-622

Nagineni CN, Samuel W, Nagineni S et al (2003) Transforming growth factor-beta induces expres-
sion of vascular endothelial growth factor in human retinal pigment epithelial cells: involvement
of mitogen-activated protein kinases. J Cell Physiol 197:453-462



9 Increased Expression of TGF-1 and Smad 4 on Oxygen-Induced Retinopathy 77

Orlidge A, D’Amore PA (1987) Inhibition of capillary endothelial cell growth by pericytes and
smooth muscle cells. J Cell Biol 105:1455-1462

Smith LE, Wesolowski E, McLellan A et al (1994) Oxygen-induced retinopathy in the mouse.
Invest Ophthalmol Vis Sci 35:101-111

Wakefield LM, Roberts AB (2002) TGF-b signaling: positive and negative effects on tumorigene-
sis. Curr Opinion Gen Dev 12:22-29

Yamashita H, Tobari I, Sawa M et al (1997) Functions of the transforming growth factor-beta super
family in eyes. Nippon Ganka Gakkai Zasshi 101:927-947

Zhao S, Overbeek PA (2001) Elevated TGFbeta signaling inhibits ocular vascular development.
Dev Biol 237:45-53

Zimowska M (2006) Signaling pathways of transforming growth factor beta family members.
Postepy Biochem 52(4):360-366



Chapter 10
ZBED4, A Novel Retinal Protein Expressed

in Cones and Miiller Cells

Debora B. Farber, V.P. Theendakara, N.B. Akhmedov, and M. Saghizadeh

Abstract To identify genes expressed in cone photoreceptors, we previously car-
ried out subtractive hybridization and microarrays of retinal mRNAs from normal
and cd (cone degeneration) dogs. One of the isolated genes encoded ZBED4, a novel
protein that in human retina is localized to cone photoreceptors and glial Miiller
cells. ZBED4 is distributed between nuclear and cytoplasmic fractions of the retina
and it readily forms homodimers, probably as a consequence of its hATC dimeriza-
tion domain. In addition, the ZBED4 sequence has several domains that suggest it
may function as part of a co-activator complex facilitating the activation of nuclear
receptors and other factors (BED finger domains) or as a co-activator/co-repressor
of nuclear hormone receptors (LXXLL motifs). We have identified several puta-
tive ZBED4-interacting proteins and one of them is precisely a co-repressor of the
estrogen receptor o.

10.1 Introduction

The most common types of inherited retinal degenerations in man and animals are
those involving the specific demise of photoreceptor cells. The loss of rods occurs
first in many of these disorders — usually as the result of mutated genes expressed
selectively in rod photoreceptors — but it is followed by the demise of cones even
when the defective gene is not expressed in these cells. In contrast, those retinal
degenerations presenting first loss of cone photoreceptors caused by mutated genes
expressed specifically in cones may or may not manifest subsequent loss of rods.
Different hypotheses have been formulated as to why defective rod or cone-specific
genes can lead to degeneration of the other type of photoreceptor. However, this is
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a subject that still needs to be studied much more, particularly because the relative
paucity of cones in the mammalian retina has made their study difficult and has left
behind the understanding of the molecular nature of our most used photoreceptors.
In fact, very few cone genes have been characterized in detail and the functional
significance of the majority of these genes remains unknown.

One of our goals has been precisely to isolate and characterize novel genes
expressed in cones. We have already studied a few of these genes (i.e., Viczian
et al. 1995; Ahkmedov et al. 1997; Ahkmedov et al. 1998; Reid et al. 1999;
Akhmedov et al. 2002) and are currently involved in the characterization of ZBED4,
a gene isolated by microarraying the output of the second round of Representational
Difference Analysis using the mRNA from adult cd dog retina (that has lost a large
number of its cones due to an autosomal recessive cone degeneration) and normal
adult dog mRNA.

10.2 Methods and Results

The human ZBED4 gene contains two exons. The first exon (169 base pairs)
is a part of the 5 UTR; the second exon contains the rest of the 5" UTR, the
complete open reading frame and the 3’ UTR. After cloning and sequencing the
complete ZBED4 transcript, we confirmed that the generated sequence encodes a
putative DNA-binding protein with several DNA binding domains and a dimeriza-
tion domain (Fig. 10.1). In addition, human ZBED4 contains two LXXLL motifs,
which are found in proteins that function as co-activators of nuclear hormone recep-
tors. The presence of these motifs suggests a co-activator function for ZBED4.
Overall, human, dog, mouse and rat ZBED4 proteins share 8§1-82% homology while
chicken only exhibits 62% homology with the human counterpart.

10.2.1 ZBED4 mRNA is Expressed in Human Retina

Northern blots using human retinal RNA and a human 3" UTR ZBED4 probe
revealed two transcripts, 5.0 and 7.0 kb long. Both of these transcripts encode the
same ZBED4 protein. The blot was also hybridized with a 5" UTR/coding region
probe. In this case, three transcripts were detected (5.0, 7.0 and 4.0 kb). All these
mRNAs have been recently reported in the databases for ZBED4.

10.2.2 ZBED4 mRNA is Expressed in Mouse and Human Cones

Studies using real time PCR on mouse cone cells sorted by activated flow cytometry
revealed the expression of ZBED4 in cone photoreceptors. Dissociated mouse retinal
cells were incubated with FITC-conjugated peanut agglutinin (PNA). PNA binds
preferentially to galactosyl (B-1, 3) N-acetylgalactosamine, which is present only in
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Fig. 10.1 (a) Diagrammatic representation of the genomic organization of human ZBED4, its
corresponding mRNA and the conserved domains of the encoded protein; these domains are num-
bered: the zinc BED fingers (1-4) are shown as light gray boxes and the dimerization domain (5)
as a dark gray box

the matrix surrounding cone photoreceptors, but not in that surrounding rods. FITC-
labeled cone cells were then sorted by FACS (Fig. 10.2a) and their total RNA as well
as that of the dissociated retinal cells was obtained. Figure 10.2b shows the results of
the quantitative PCR experiments using these RNA samples and appropriate primers
for ZBED4, cone PDE«’, and rod PDEx mRNAs. As we anticipated, the level of rod
PDEw in the cone enriched cell fraction was barely detectable since PDE« is a rod-
specific enzyme, whereas that of PDEa’ mRNA was about 29-fold more abundant
than PDE« in the cone enriched cell fraction. Accordingly, ZBED4 mRNA was also
enriched by about 16-fold compared to PDEx mRNA.



82 D.B. Farber et al.

Specimen_001_Control fes

o Spaeinea_001_Centrol les -

ST e 21 Control.fcs:
gy %] '

% - - Region | R1 | R2
z E‘F”_c._, Events [3523| 0
g _ %Gated | 100 0
g e X Mean | 2.21| **

& Y Mean | 2.84| ***
200 40 600 50 100 100 100 12 108 1ot

1
ESC-4 FITCA

Specimen_001_Son Samplefes:s  Specimen_001_Son Sample fcs

Control.fcs:

Events |5196| 220
%Gated | 100 | 4.23

X Mean | 2.21 [33.84
Y Mean | 2.84 | 3.35

0 200 400 600 800 1000 10° 10' 10 10° 10
FSC-A FITC-A

Genes Fold expression of cone
enriched/dissociated cells
PDEd'/ PDEa 29
ZBED4/PDEa 16

Fig. 10.2 FACS-sorted mouse cone cells and quantitative RT-PCR analysis of mRNA expression
in sorted cones and non-sorted, dissociated cells; (a) A typical dot plot illustration of the cell
suspension. Upper panels, control (not labeled cell suspension); lower panels, PNA-labeled cell
suspension. Labeled cone cells from the R1 gated region were further sorted and found in the R2
region (middle panels). In these panels, the x-axis represents the relative fluorescence intensity, and
the y-axis represents the relative granularity of cells. (b) cDNAs encoding rod PDEw, cone PDEo/,
and ZBED4 from cells before and after sorting were quantified by QPCR using p-actin cDNA as
normalizer. Our results show the relative expression of cone PDEa’ and ZBED4 mRNAs to rod
PDEa mRNA in cone-enriched versus dissociated retinal cells
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Sections of human retina used for in situ hybridization with a ZBED4 antisense
riboprobe showed a positive signal in the inner segment of cone photoreceptor cells
as expected. No signal was seen after hybridization with the control ZBED4 sense
riboprobe (data not shown).

10.2.3 ZBED4 is Expressed Both in Nuclei and Cytoplasm
of Human Cones

Immunohistochemistry studies were performed on sections of different donor
human retinas and also on sections of cow retina using the polyclonal antibody
generated against a ZBED4 N-terminus synthetic peptide. ZBED4 is present in the
nucleus and in the inner segment of cones. The protein can also be observed in
the pedicle of cones and in the innermost retinal layer (Fig. 10.3a). ZBED4 is not
detectable in the outer segments. An oblique section of human retina (Fig. 10.3b)
clearly shows the presence of ZBED4 in the cytoplasm of the inner segments.
The same localization of ZBED4 can be seen in cow retina (Fig. 10.3c). Sections
stained with pre-immune serum and with antibody against ZBED4 that had been
pre-absorbed with the peptide used to generate it showed no positive signal.

10.2.3.1 Human ZBED/4 is Also Expressed in Miiller Cells Endfeet

In order to determine whether the anti-ZBED4 staining of the innermost retinal cell
layer was specific for ganglion cells or the endfeet of Miiller cells, we used mark-
ers for these cell types in double labeling experiments. Only the antibody against
vimentin, a Miiller glial cell marker, showed co-localization with ZBED4 at the
Miiller cell endfeet.

10.2.4 Human ZBED4 is Distributed Between Nuclear
and Cytoplasmic Retinal Fractions

Cellular fractionation of human retinas was performed to separate nuclear and
cytoplasmic extracts, followed by SDS-PAGE of the samples and immunoblotting.
Anti ZBED4 polyclonal antibody specifically identified a protein with an apparent
molecular mass of 135-kDa in both the nuclear and cytosolic extracts of human
retina.

10.2.5 Subcellular Localization of ZBED4 in Stably Transfected
Cells

To study the subcellular localization of ZBED4, its complete coding region was
subcloned into the mammalian expression vector, pcDNA4/HisMax, tagged at the
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GC & Miiller

cells’ endfeet

DAPI Anti ZBED4

Fig. 10.3 Localization of the ZBED4 protein in human and bovine retinas; Human and bovine reti-
nal sections were double-stained with N-terminus ZBED4 antibody followed by FITC-conjugated
secondary antibody, rhodamine-conjugated PNA and DAPI. Individual images were obtained for
the staining of nuclei (DAPI, left panels) and anti-ZBED4 (right panels) with the use of appropriate
filters. (a) Human retinal section showing staining of cone nuclei (arrows) and cone inner segments
(arrowheads). Note also the anti-ZBED4 staining of the innermost layer of the retina and of cone
pedicles (open arrowhead). Magnification: 400X. (b) An obliquely cut retinal section shows the
cone inner segment localization of ZBED4 (arrows). (¢) Bovine retinal section, cone inner segment
(arrowheads) are stained and to a lesser degree the endfeet of Miiller cells. Magnification: 600X.
OS, outer segments; 1S, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL,
inner nuclear layer; /PL, inner plexiform layer; GCL, ganglion cell layer
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N-terminus with both Xpress and poly-histidine (6-His) epitopes. HEK293 cells
were stably transfected with this construct and the expressed fusion protein was
double immunostained using an Anti-Xpress-FITC mouse monoclonal antibody
and a rabbit polyclonal peptide antibody (aa 8-25) against ZBED4. Using fluores-
cence microscopy, the fusion protein was localized to the nuclei of transfected cells
(Fig. 10.4) by both antibodies.

Anti-Xpress Anti-ZBED4

Fig. 10.4 Intracellular distribution of the ZBED4 protein in HEK293 cells stably transfected with
a ZBED4 expression vector; Cells were double stained with antibodies against ZBED4 and Xpress,
and with DAPI for localization of nuclei. The images were obtained by fluorescence microscopy.
Both antibodies detected nuclear localization of expressed ZBED4

10.2.6 Purification of His-Tagged ZBED4 and Its Dimerization
In Vivo

A nickel column was used to purify the His-tagged ZBED4 from protein extracts
corresponding to the nuclear fraction of the stably transfected HEK293 cells. Protein
extracts from untransfected HEK 293 cells, stably transfected HEK 293 cells,
and the purified His-tagged ZBED4 were then separated by SDS-PAGE on an
inverted gradient gel. The presence of both the endogenous (135 kDa) and recom-
binant (139 kDa) ZBED4 proteins on the Western blot of the purified sample from
the nickel column suggests self-association of these endogenous and recombinant
ZBED4 proteins. The hATC domain of ZBED4 may be responsible for this dimer-
ization. This is supported by studies that have shown that the conserved hydrophobic
amino acids in the hATC domain of proteins function in self association, an essen-
tial feature required for nuclear accumulation (seen as puncta) and DNA binding
(Yamashita et al. 2007).

10.2.7 Mass Spectrometry Identifies Putative Proteins Interacting
with ZBED4

The enriched recombinant ZBED4 protein was subjected to SDS-PAGE on an
inverted gradient gel and stained with SYPRO Ruby. The destained area of the
gel that corresponded to the ZBED4 band on the Western blot was excised,



86 D.B. Farber et al.

trypsin-digested and subjected to MALDI-TOF-MS spectrometry. SAFB1 (scaffold
attachment factor B1) is one of the proteins that were identified by mass spec-
trometry analysis. We are currently determining whether it interacts with ZBED4
(Table 10.1).

Table 10.1 Putative proteins interacting with ZBED4

Protein Mr(expt) Mr(calc) Score Peptide

SAFBI 1160.3943 1160.6111 69 K.ILDILGETCK.S

SF3B2 1231.3069 1231.6237 47 R.YGPPPSYPNLK.I
HNRPU 1646.9186 1646.8376 74 R.NFILDQTNVSAAAQR.R

10.3 Discussion

In the present study, we analyzed the expression of the novel ZBED4 mRNA and
its encoded protein in human and mouse retinas, and in transfected HEK 293 cells.
ZBED4 is an 1171 amino acid (~135 kDa) protein that has all the typical features
of a nuclear regulatory protein. It contains four zinc finger BED domains with the
characteristic Cx,Cx,Hx3_s[H/C] signature in the amino-terminal-half, and a hATC
dimerization domain in the carboxy-terminal end. In addition, two nuclear receptor-
interacting modules (LXXLL) are present in the ZBED4 amino acid sequence.

Our in situ hybridization and FACS results indicated that the ZBED4 mRNA
is expressed mostly in cone cells. Immunocytochemical localization of ZBED4 in
human retinal sections using anti-ZBED4 antibodies showed a positive reaction in
the inner segments of photoreceptors that were PNA-labeled, also indicating that the
ZBED4 protein is expressed predominantly in cones. In addition, we demonstrated
that the expression of this protein in the human retina is not only neuronal but, to a
lesser degree, also glial, since we found it in the endfeet of Miiller cells.

MALDI-TOF-MS spectrometry analysis of the ZBED4 protein band from the
lane of the SDS-gel containing the enriched ZBED4 also identified another pro-
tein in the same band: the scaffold attachment factor B1. SAFBI is known to be
involved in chromatin organization, transcriptional regulation, RNA metabolism,
stress response and can also function as a potent ERa co-repressor (Townson
et al. 2003). Over-expression of SAFB1 inhibits ERa-mediated transcription, while
its deletion from mouse embryo fibroblasts results in increased ERa activity
(Oesterreich 2003). Since the sequence of ZBED4, just as that of SAFBI1, indicates
the presence of two nuclear receptor-interacting modules (LXXLL), ZBED4 may
also be a co-activator/co-repressor of nuclear hormone receptors (NHRs). Therefore,
we decided to characterize the interaction of ZBED4 and SAFBI1 and to determine
if they are part of the same activating or repressing complex. In addition to medi-
ating effects of NHRs, some co-activators/co-repressors also seem to enhance the
activity of other transcription factors such as c-Fos and c-Jun while others do not
bind directly to NHRs but markedly enhance their ligand-dependent transcriptional
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activity in vivo by modulating another co-activator’s activity (Clark et al. 1995).
The characterization of ZBED4 and SAFBI1 interaction will determine whether the
complex binds to ERa and stimulates the transcription of cone-specific genes that
have ERa response elements in their promoters. These studies may be of great sig-
nificance as several epidemiological investigations have shown that changes in gene
expression resulting from variations in hormonal regulation are associated with the
incidence of ocular conditions such age-related macular degeneration (AMD) and
idiopathic full thickness macular hole.
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Chapter 11
Tubby-Like Protein 1 (Tulp1) Is Required for
Normal Photoreceptor Synaptic Development

Gregory H. Grossman, Gayle J.T. Pauer, Umadevi Narendra,
and Stephanie A. Hagstrom

Abstract Mutations in the photoreceptor-specific tubby-like protein 1 (TULPI)
underlie a form of autosomal recessive retinitis pigmentosa in humans and pho-
toreceptor degeneration in mice. In wild type (wt) mice, Tulpl is localized to the
photoreceptor inner segment, connecting cilium and synapse. To investigate the
role of Tulpl in the synapse, we examined the pre- and postsynaptic architecture
in tulp -/~ mice. We used immunohistochemistry to examine fulp [-/— mice prior to
retinal degeneration and made comparisons to wt littermates and rd10 mice. In the
tulp1-/— synapse, the spatial relationship between the ribbon-associated proteins,
Bassoon and Piccolo, are disrupted, and few intact ribbons are present. Furthermore,
bipolar cell dendrites are stunted, most likely a direct consequence of the malformed
photoreceptor synapses. Comparable abnormalities are not seen in rd10 mice. The
association of early onset and severe photoreceptor degeneration, which is pre-
ceded by synaptic abnormalities, appears to represent a phenotype not previously
described. Our new evidence indicates that Tulpl is not only critical for photore-
ceptor function and survival, but is essential for the proper development of the
photoreceptor synapse.

11.1 Introduction

Retinitis pigmentosa (RP) is a genetically and phenotypically heterogeneous disor-
der, affecting over 1 million individuals worldwide (Boughman et al. 1980; Bunker
et al. 1984). Mutations in a gene named TULPI have been shown to cause a form
of autosomal recessive RP (Hagstrom et al. 1998; Banerjee et al. 1998; Gu et al.
1998; Paloma et al. 2000). Tulp1 is expressed exclusively in photoreceptors, local-
izing to the inner segment (IS), connecting cilium (CC), perikarya and terminals,
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which form synaptic contacts with dendrites of second order neurons in the outer
plexiform layer (OPL) (Hagstrom et al. 1999; Ikeda et al. 2000; Hagstrom et al.
2001). Tulp1 is a cytoplasmic protein that associates with cellular membranes and
the actin cytoskeleton (Xi et al. 2005). In fulpl—/— mice, there is an early-onset
progressive photoreceptor degeneration, rod and cone opsins are mislocalized, and
rhodopsin-bearing extracellular vesicles accumulate around the ellipsoid region of
the IS (Hagstrom et al. 1999). These defects indicate that Tulpl may be involved in
actin cytoskeletal dynamics such as protein transport from the IS to the outer seg-
ment (OS) via the CC (Hagstrom et al. 1999; 2001; Xi et al. 2005; 2007). Additional
evidence signifies that Tulpl may also be involved in membrane dynamics at the
highly active photoreceptor synapse. We have shown that Tulpl co-localizes with
and binds to the neuronal-specific protein Dynamin-1 at the IS and the photore-
ceptor terminals (Xi et al. 2007). Dynamin-1 is a GTPase that also binds actin and
regulates vesicle movement at the trans-Golgi network, the plasma membrane and
the synaptic membrane (van der Bliek 1999; McNiven et al. 2000; Xi et al. 2007).
Furthermore, the b-wave component of the electroretinogram (ERG) generated by
depolarizing bipolar cells (DBCs) is markedly reduced in young fulp/—/— mice, indi-
cating an alteration in synaptic communication in the absence of Tulpl (Xi et al.
2007). Based upon these findings, we hypothesize that Tulp1 plays a role in synaptic
function.

In the present study, we examined the architecture of the fulp [-/— synapse at P16,
an age at which synaptic development is complete in wild type (wt) mice (Dick
et al. 2003), but precedes photoreceptor degeneration in fulp/—/— mice (Hagstrom
et al. 1999). To test whether synaptic alterations are specific to the tulp/—/— retina
and not a consequence of a generalized retinal degeneration, parallel studies were
conducted in the retinal degeneration 10 (rd10) mouse, a mouse model of retinal
degeneration due to a different molecular defect (Chang et al. 2002). These mice
have a comparable rate of photoreceptor degeneration but do not exhibit early synap-
tic defects (Chang et al. 2007; Gargini et al. 2007). We show that at an early age,
tulpl—/- mice lack the tight coupling between the ribbon-associated proteins,
Bassoon and Piccolo, and few intact ribbons are present. In addition, dendrites of
bipolar cells are attenuated at an early age. Similar defects are not seen in rd10 mice.
Our results indicate that the absence of Tulpl is associated with a synaptic malfor-
mation that precedes photoreceptor degeneration and most likely interferes with the
proper development of post-receptoral dendrites. It is evident that Tulpl plays an
important role in photoreceptor synapse development as well as in photoreceptor
function and survival.

11.2 Methods

11.2.1 Animals

The generation and genotyping of fulpl/—/— mice has been described previously
(Hagstrom et al. 1999). Homozygous rd10 breeders (B6.CXB1-Pde6bRP1017) were
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purchased from The Jackson Laboratory (Bar Harbor, Maine). Mice were euth-
anized by CO, inhalation followed by cervical dislocation. All experiments on
animals were approved by the Institutional Animal Care and Use Committee of
the Cleveland Clinic and were performed in compliance with the ARVO Statement
for the Use of Animals in Ophthalmic and Visual Research.

11.2.2 Immunofluorescent Staining of Retinal Sections

Mouse eyes were prepared as previously described (Xi et al. 2007). Briefly,
eyes were fixed in 4% paraformaldehyde, immersed through a graded series of
sucrose solutions, embedded in OCT and flash frozen. The tissue was sectioned at
10 pm thickness using a cryostat. Retinal sections were blocked before incuba-
tion with primary antibodies overnight at 4°C. Primary antibodies and dilutions
were as follows: Tulpl: rabbit polyclonal M-tulpIN 1:250 (Hagstrom et al. 2001);
Piccolo: rabbit polyclonal 1:500 (ab20664: Abcam Inc); Bassoon: mouse mono-
clonal 1:500 (SAP7F407: Assay Designs Inc); Ribeye/CtBP2: mouse monoclonal
1:500 (612044: BD Biosciences); Protein Kinase C-a (PKC): rabbit polyclonal
1:1,000 (SC208: Santa Cruz Biotechnology Inc); Rhodopsin: mouse monoclonal
1:100 (B630N: P. Hargrave, Univ. of Florida). Sections were washed and incubated
in fluorescent secondary antibodies at room temperature for 1 h. Secondary antibod-
ies were: Alexa Fluor® 488 goat anti-rabbit IgG and goat anti-mouse IgG; Alexa
Fluor® 594 goat anti-rabbit IgG and goat anti-mouse IgG (Invitrogen). The sec-
tions were then coverslipped in mounting media with DAPI (Vector Laboratories).
Sections were imaged using an Olympus BX-60 fluorescent microscope equipped
with a CCD monochrome camera (Hamamatsu Photonics, Bridgewater, NJ). For
the imaging of ribbon-associated synaptic proteins (Bassoon, Piccolo and Ribeye),
2 wm Z-stacks were acquired using nearest neighbor deconvolution, followed by a
maximum intensity Z-axis projection (SlideBook, Intelligent Imaging Innovations).
For the co-localization of Bassoon and Piccolo, three-dimensional surface plots
were generated from the Z-stacks.

11.3 Results

To describe the synaptic terminal architecture of tulp/—/— mice, we examined
the distribution of synaptic proteins at ages prior to photoreceptor degeneration.
Photoreceptor ribbon synapses are thought to be critical for the transport, release and
recycling of synaptic vesicles (Morgans 2000; tom Dieck and Brandstitter 2006).
Piccolo and Bassoon are proteins that have been associated with the organization
of the photoreceptor synapse as well as the functioning of the ribbon (Dick et al.
2001; 2003). These proteins normally localize together at the presynaptic mem-
brane with a crescent-like arrangement. We recently confirmed that Tulpl is present
in the photoreceptor synapse by its co-localization with Bassoon in the wt retina.
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Figure 11.1a shows a surface plot of a wt mouse retinal section at P16, double-
stained with antibodies to Piccolo (dark grey) and Bassoon (light grey). Arrows
point to examples of the normal coupling between these two proteins. In contrast, the
structure and distribution of both Piccolo and Bassoon staining appears abnormal in
tulp1—/— mice at the same age (Fig. 11.1b). Their staining appears punctate, and nor-
mal ribbons are rarely seen. Furthermore, even though the two proteins are in close
proximity, only a few terminals display any coupling between Piccolo and Bassoon
(Fig. 11.1b; arrowheads indicate independent ribbon staining). Interestingly, Piccolo
and Bassoon are correctly aligned in the terminals of rd10 mice at P16 (Fig. 11.1c¢).
Moreover, this coupling is maintained at P21 (Fig. 11.1d), a time point at which
photoreceptor cell death is maximal (Chang et al. 2007; Gargini et al. 2007), sug-
gesting that the structural disturbance in the fulp/—/— photoreceptor synapse is not
the result of an early degenerative process.

Fig. 11.1 Three-dimensional surface plots of Bassoon (light grey) and Piccolo (dark grey)
immunofluorescence from the OPL of mouse retinal sections. In the wt OPL at P16 (a), rd10
at P16 (c¢) and P21 (d), photoreceptor synaptic ribbons are clearly visible. Arrows point to the
coupling of Bassoon and Piccolo, forming individual crescent-shaped ribbons. In the fulpl—/-
OPL at P16 (b), the ribbons appear to exhibit morphological anomalies, indicative of a structural
defect. While both proteins are present and in close proximity, they are not united into the classic
crescent-shaped ribbon formation (arrowheads highlight the separate ribbon staining of Bassoon
and Piccolo). Gridlines, 10 um
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B tulp1-/-P16

rd10:P16 ., rd10:P21

Fig. 11.2 Immunofluorescent staining of Ribeye in the OPL of mouse retinal sections. In the
wt OPL at P16 (a), rd10 at P16 (c¢) and P21 (d), the synaptic ribbons decorated with Ribeye
immunoreactivity display the classic crescent-like appearance (arrows highlight examples in mag-
nified insets). In contrast, few intact ribbons are detectable in the fulp/—/— OPL at P16 (b). Scale
bar, 10 pm

We further characterized the synaptic architecture using antibodies against
Ribeye, a protein thought to constitute the core of the ribbon (Schmitz et al. 2000).
Ribeye co-localizes and binds with Piccolo and Bassoon (tom Dieck et al. 2005;
Heidelberger et al. 2005). Figure 11.2a shows that in the P16 wt OPL, numer-
ous distinct crescent-shaped Ribeye-positive ribbons (see arrows) can be observed.
This is also the case in rd10 retinas at P16 (Fig. 11.2c) and P21 (Fig. 11.2d),
prior to and after the commencement of retinal degeneration. In contrast, the P16
tulp 1-/— retina contains few normal ribbons (Fig. 11.2b), providing further evidence
of a malformation of the ribbon synapse.

Next, we investigated the downstream consequences of the photoreceptor synap-
tic malformation on postsynaptic targets in fulpl—/— retinas using antibodies
against Protein Kinase C-a (PKC), which labels rod DBCs and their dendrites
(Greferath et al. 1990). At P16, wt DBC dendrites have elongated dendrites
that penetrate the OPL, and each termination has a high degree of branching
(Fig. 11.3a; vertical lines track a process of an individual DBC - indicated by
an arrow). In contrast, DBC dendrites of P16 fulp/—/— mice are notably shorter
and present far less branching (Fig. 11.3b). Interestingly, DBC terminals of the
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Fig. 11.3 Immunofluore-
scent staining of DBC bodies
(arrows) and dendrites
(vertical lines) in the OPL of
mouse retinal sections. In the
wt OPL at P16 (a) and rd10 at
P16 (c), long dendrites
display ornate branching. In
contrast, both the tulp-/—
OPL at P16 (b) and rd10 at
P21 (d) have severely
shortened dendrites.
However, branching is still
observed in the rd10 OPL at
P21. Scale bar, 10 pm

D rd10:P21

'It(/

P16 rd10 retina resemble those of wt (Fig. 11.3c). DBC dendritic retraction was,
however, noted in the P21 rd10 retina (Fig. 11.3d), which resembled the P16
tulp I-/- phenotype.

11.4 Discussion

In young tulpl-/— mice, two key ribbon-associated proteins, Piccolo and Bassoon,
are rarely united into the horseshoe shape characteristic of the wt photoreceptor
ribbon synaptic complex. These proteins are, however, situated in close proximity
to one another and are both confined to the OPL. These observations indicate that
in the absence of Tulpl, Piccolo and Bassoon are able to arrive at their correct
destination, but are unable to coordinate into the normal synaptic architecture. In
addition, immunostaining for Ribeye showed that in the fulp/—/- retina, few intact
ribbons are present. We note that prior to and during the height of photoreceptor
degeneration, normal synaptic architecture is readily seen in the rd10 retina. This
does not necessarily indicate that the observed synaptic defects are unique to the
tulp I-/— retina, but it does make clear that generalized photoreceptor degeneration
is not sufficient to induce synaptic alterations. However, it may be the case that
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defects in ribbon-associated proteins are specific to mutants involving proteins that
are critical for photoreceptor synapse formation.

Concomitant with a presynaptic malformation and prior to retinal degeneration,
we show that mice lacking Tulpl have a reduced dendritic composition. Due to the
photoreceptor presynaptic structural defects in the tulpI—/- retina, we hypothesize
that there should be a reduction in the signaling to second-order neurons. The attenu-
ation of photoreceptor signaling has been associated with the consequent alterations
in the downstream neural layers of the retina (Marc et al. 2003; Léveillard et al.
2004). Therefore, we hypothesize that the reduction of the DBC dendritic com-
position in fulpl-/— mice is a direct result of a decrease in neurotrophic and/or
neurotransmitter release. It is important to note that in the rd10 retina, a reduction in
length and branching of DBC dendrites is noted only during the height of photore-
ceptor cell death. The atrophy of postsynaptic dendritic processes has been observed
in many models of retinal degeneration, and has been termed retraction to denote the
negative remodeling from a prior developed state as a direct and downstream effect
of photoreceptor cell death (Marc et al. 2003; Gargini et al. 2007). However, in the
tulp1-/— retina, shortened dendrite lengths as well as reduced branching are detected
prior to photoreceptor cell death.

In conclusion, the absence of Tulpl results in abnormalities that affect struc-
ture and function in multiple retinal sites. The photoreceptor degeneration and OS
defects of tulp/—/— mice have been described, providing evidence that Tulpl may
function in the polarized transport of proteins at the apical end of the photorecep-
tor (Hagstrom et al. 1999; 2001). We have shown that Tulpl interacts with Actin
and Dynamin-1, two proteins known to be critical in the cytoskeletal scaffold and
involved in the molecular pathway of vesicular protein transport occurring from the
IS to the OS and in vesicle cycling at photoreceptor terminals (Xi et al. 2005; 2007).
Thus, Tulpl may be functioning in intracellular protein trafficking throughout the
photoreceptor cell, and in its absence, two distinct abnormalities at polar ends of the
cell are highlighted. Here we provide evidence that photoreceptor ribbon synapses
and DBC dendrites are also severely affected at an early age. These new findings
indicate that Tulpl is essential for photoreceptor cell survival, and is also required
for the proper development of the photoreceptor synapse.
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Chapter 12

Growth-Associated Protein43 (GAP43)

Is a Biochemical Marker for the Whole Period
of Fish Optic Nerve Regeneration

Manabu Kaneda, Mikiko Nagashima, Kazuhiro Mawatari, Tomoya Nunome,
Kenichiro Muramoto, Kayo Sugitani, and Satoru Kato

Abstract In adult visual system, goldfish can regrow their axons and fully restore
their visual function even after optic nerve transection. The optic nerve regenera-
tion process in goldfish is very long and it takes about a half year to fully recover
visual function via synaptic refinement. Therefore, we investigated time course of
growth-associated protein 43 (GAP43) expression in the goldfish retina for over
6 months after axotomy. In the control retina, very weak immunoreactivity could be
seen in the retinal ganglion cells (RGCs). The immunoreactivity of GAP43 started
to increase in the RGCs at 5 days, peaked at 7-20 days and then gradually decreased
at 30-40 days after axotomy. The weak but significant immunoreactivity of GAP43
in the RGCs continued during 50-90 days and slowly returned to the control level
by 180 days after lesion. The levels of GAP43 mRNA showed a biphasic pattern; a
short-peak increase (9-folds) at 1-3 weeks and a long plateau increase (5-folds) at
50-120 days after axotomy. Thereafter, the levels declined to the control value
by 180 days after axotomy. The changes of chasing behavior of pair of goldfish
with bilaterally axotomized optic nerve also showed a slow biphasic recovery pat-
tern in time course. Although further experiment is needed to elucidate the role of
GAP43 in the regrowing axon terminals, the GAP43 is a good biochemical marker
for monitoring the whole period of optic nerve regeneration in fish.

12.1 Introduction

Unlike mammals, fish optic nerve regenerates and restores the visual function after
optic nerve lesion (Sperry 1948). The optic nerve regeneration process in fish is a
long-lasting one. We classified four periods of goldfish optic nerve regeneration after
nerve lesion from morphological, biochemical and behavioral results (Kato et al.
1999, 2007). The first period is a preparation period within 5-6 days after nerve
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lesion. The second period is an axonal elongation period within 1-5 weeks after
nerve lesion. The third period is a synaptic connection and refinement in the tectum
within 1.5-4 months after nerve lesion. The fourth period is a recovery period of
visual function within 5-6 months after nerve lesion.

In previous studies, many factors or substances involved in the axonal elongation
process were identified (Ballestero et al. 1997; Liu et al. 2002; Sugitani et al. 2006).
However, there are few studies as for the molecules involved in the processes of
the first and third period mentioned above. There is nothing to involve in the whole
periods of long optic never regeneration process in fish.

In the present study, we want to know a regeneration-associated molecule which
involves in the whole period of optic nerve regeneration in goldfish. If we can find
such a molecule, we can easily decide the start and end points of optic nerve regen-
eration. In a previous paper, we described the fast and slow phases of goldfish
behavior during optic nerve regeneration after nerve lesion (Kato et al. 1999). In
this study, we investigated two-point distance of pair of goldfish with bilaterally axo-
tomized optic nerve. The visual-guided behavior could recover more than 4 months
after nerve lesion. In this view point, we checked biochemical expressions in the
goldfish retina for over 4 months. As a candidate molecule, we focused on growth-
associated proteind3 (GAP43), because it is a famous marker protein of growing
axons in development and regeneration (Benowitz and Routenberg 1997). It is also
well known that the localization of GAP43 is at the growth cone and presynaptic
terminals (Benowitz and Routenberg 1997). The location of GAP43 at the growth
cone is used to be a biochemical marker for growing axons. However, the location
of GAP43 at the presynaptic terminals has been entirely neglected. The presynaptic
terminals of goldfish visual regeneration system are the just site in which synaptic
refinement of regrowing optic axons occurs in the tectum. Therefore, we investigate
the expression of GAP43 mRNA and protein in the goldfish retina for over 4 months
after optic nerve lesion.

12.2 Experimental Procedures

12.2.1 Animal

Goldfish (Carassius auratus) was used throughout the experiment. Goldfish after
optic nerve transection were reared in a water tank at 22 + 1°C with 12/12 h light
and dark cycle. The eye was enucleated at appropriate time points under anesthesia.

12.2.2 Immunohistochemistry

The retina was isolated and fixed with 4% paraformaldehyde solution containing
0.1 M phosphate buffer (pH7.4) and 5% sucrose. The thin sections of the retina
in 12 wm thickness were reacted with primary anti-GAP43 antibody (1:300) and
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further reacted with secondary anti-mouse IgG (1:500). The immunoreactivity was
visualized with avidin-biotin immunoenzymatic method.

12.2.3 RT-PCR Analysis

Primers of forward and reverse forms of goldfish GAP43 cDNA were determined by
referring to that of goldfish GAP43 cDNA (database No. emb: M26250). RT-PCR
was performed in a linear range of product. GAPDH mRNA levels were used as a
control under non-saturation level.

12.2.4 Behavioral Analysis

Images of moving two goldfish with bilateral optic nerve transection were cap-
tured by a computer image processing system (Kato et al. 2004). The positional
coordinates of moving two fish were treated and analyzed at a frame rate of 30/s.
The chasing ratio of two fish was counted as a percentage of chasing times/total
observation time (Kaneda et al. 2008).

12.3 Results

12.3.1 Immunohistochemical Studies of GAP43 Protein
in the Goldfish Retina After Optic Nerve Transection

We followed up the changes of GAP43 protein in the goldfish retina until 180 days
after nerve injury with an immunohistochemical analysis. In the control retina, a
faintly positive signal of GAP43 protein could be seen in the RGCs (Fig. 12.1a).
The positive signals of GAP43 slightly increased in the RGCs 5 days (Fig. 12.1b)
and peaked at 20 days (Fig. 12.1c) after axotomy. Thereafter, the positive signals
gradually decreased in the RGCs 60 days (Fig. 12.1d) and 90 days (Fig. 12.1e), and
finally returned to the control levels by 180 days (Fig. 12.1f) after nerve lesion.

12.3.2 Time Course of GAP43 mRNA Expression in the Goldfish
Retina During Optic Nerve Regeneration

Next, we semi-quantitatively measured the level of GAP43 mRNA in the retina over
180 days after axotomy using RT-PCR method. After electrophoresis, a 639 bp sin-
gle band was detected. The level of GAP43 mRNA rapidly increased at 3 days,
peaked at 7-20 days (about 9-folds) and then rapidly decreased to 6-folds by
30 days after axotomy (Fig. 12.2a). The over control increase (5-folds) lasted for
a long time (50-120 days), and then gradually returned to the basal level by 180
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Fig. 12.1 Changes of GAP43 protein in the goldfish retina after optic nerve transection with
immunohistochemical analysis. (a) In the control retina, weak immunoreactivity of GAP43 could
be seen in the goldfish retinal ganglion cells (RGCs). (b) The immunoreactivity started to increase
in the RGCs at 5 days (b), peaked at 20 days (c) and then gradually declined at 30-40 days
after axotomy with a significant increase of immunoreactivity. Then the significant increase of
immunoreactivity continued in the RGCs at 60 days (d) and gradually decreased at 90 days (e) and
finally returned to the control value by 180 days after axotomy (f). Scale = 50 pm

days after axotomy (Fig. 12.2a). Thus, the time course of GAP43 mRNA levels in
the retina after axotomy showed a biphasic pattern, a short peak increase and a long
plateau increase (Fig. 12.2a). The PCR product was sequenced and the sequence was
completely matched with that of goldfish cDNA fragment for GAP43. The levels of
GAPDH mRNA did not change throughout the whole periods (data not shown).
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Fig. 12.2 Time course of GAP43 mRNA expression and chasing behavior of pair of goldfish
with bilaterally axotomized optic nerve. (a) Changes of GAP43 mRNA levels during optic nerve
regeneration. Levels of GAP43 mRNA rapidly increased at 3 days and peaked 9-folds at 7—
20 days and then rapidly decreased 6-folds at 30 days after axotomy. The increase (5-folds) of
GAP43 mRNA continued for a long time (50-120 days) after optic nerve lesion and then slowly
returned to the control level by 180 days after axotomy. An upper panel shows a band amplified by
RT-PCR for GAP43. The level of GAP43 mRNA shows a biphasic increase pattern in expression.
(b) Changes of chasing behavior of pair of goldfish with optic nerve transection during optic nerve
regeneration. Chasing ratio rapidly decreased just after optic nerve transection and then started to
recover at 2-3 weeks after axotomy. The chasing ratio further increased a half value of control at
40 days and the recovery level continued for a long time (50-120 days). Thereafter the chasing
behavior finally recovered by 180-200 days after axotomy. (n = 15-20 in each time point)

12.3.3 Chasing Behavior of Two Goldfish with Treatment of Optic
Nerve Transection During Optic Nerve Regeneration

A pair of moving goldfish swims as a group with a short two-point distance (Kato
et al. 1999). This habit of pair of goldfish is a schooling behavior of fish. In this
behavioral analysis, we defined a chasing ratio with references to the two-point
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distance and accessing movement of two fish (Kato et al. 2004). We measured
changes of chasing behavior for 30 min at various time points after optic nerve
injury by using an image processing system. In control pair, the chasing ratio was
72% (Fig. 12.2b, 0 day). The bilateral optic nerve transection of two fish induced
a significant reduction of this ratio to 20% just after axotomy. The low value was
maintained for 1-2 weeks and then the chasing ratio gradually increased 40% at
40 days after axotomy. The value (40%) continued during 50-120 days and then
was slowly recovered to control value by 180-200 days after injury (Fig. 12.2b).

12.4 Discussion

12.4.1 Termination of Optic Nerve Regeneration in Goldfish

The optic nerve regeneration in goldfish is a long process and therefore it is very
difficult to decide the endpoint of this process. As for the fish optic nerve regen-
eration process, the excess number of ectopic optic axons initially reinnervate the
tectum 3—6 weeks and then the optic axons are repulsed 2—4 months after axotomy.
Finally exact topographic retinotectal connections are completed 5-6 months after
axotomy (Edwards et al. 1985; Meyer and Kageyama 1999). In a previous paper,
we followed up the time course of cell body response to nerve injury in the goldfish
retina for over 4 months (Kato et al. 1999). We found that cell body of RGCs after
optic nerve transection became hypertrophic 1 week and peaked 2-folds at 2 months
after axotomy. Then the cell body returned to the normal size by 4 months after
axotomy (Kato et al. 1999). Moreover, we described that two-point distance of pair
of goldfish with axotomized optic nerve was initially very long and then gradually
shortened 1.5-4 months and finally recovered the control value 5-6 months after
axotomy (Kato et al. 1999). From these morphological and behavioral observations,
the finish of optic nerve regeneration in goldfish is more than 5-6 months after axo-
tomy. So far as we know, we have no biochemical marker expressing throughout
the whole period of optic nerve regeneration. It is worthy to search such a maker
for announcing the initial and terminal point of this long process, in basic and clin-
ical neuroscience of nerve regeneration. In this view point, the present study was
performed.

12.4.2 GAP43 Is a Good Marker for Monitoring the Long Process
of Optic Nerve Regeneration in Fish

GAP43 protein was originally discovered as a rapidly transported acidic protein
from cell bodies to the axons in the regenerating optic nerves after nerve crush
(Skene and Willard 1981; Benowitz et al. 1981). Later, GAP43 was further local-
ized at the major growth cone and presynaptic terminals (Deckker et al. 1989). In
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Fig. 12.3 Time course of regeneration-associated molecules in expression after optic nerve tran-
section in goldfish. IGF-I, p-Akt and p-Bad expression increased 1-5 days (Koriyama et al. 2007)
after axotomy. Purpurin expression increased 2—5 days (Matsukawa et al. 2004) after axotomy.
Transglutaminase (TGR) expression increased 10-30 days (Sugitani et al. 2006) after axotomy.
Bcl-2 expression also increased 10-20 days and caspase-3 expression rather decreased in this
period (Koriyama et al. 2007). In contrast, GAP43 expression increased for a long time 3-150
days after axotomy with a biphasic expression pattern

a previous paper (Bormann et al. 1998), changes of GAP43 mRNA were followed
up in the zebrafish retina until 56 days after optic nerve transection. Their in situ
hybridization studies showed that positive signals of GAP43 mRNA increased in
the RGCs 1-2 weeks and then gradually decreased by 56 days after optic nerve
injury. In the present study we investigated changes of GAP43 protein in the gold-
fish RGCs over 180 days after axotomy. The immunoreactivity of GAP43 started to
significantly increase 5 days, peaked at 2-3 weeks and continued for near 150 days
after axotomy (Fig. 12.1). Interestingly, the expression pattern of GAP43 mRNA
was clearly biphasic, a short peak phase (9-folds) at 7-20 days and a long plateau
phase (5-folds) at 50-120 days after axotomy (Fig. 12.2a). In the time course of
schooling behavior of pair of goldfish with bilateral optic nerve transection was
also biphasic, a rapid recover phase at 7-40 days and a long plateau phase at 50—
120 days after axotomy. The similar time course between GAP43 expression and
recovery phase of chasing behavior leads to a conclusion that changes in GAP43
expression in the fish retina during optic nerve regeneration well reflect the state of
visual function after nerve injury. We have cloned many factors and enzymes as a
regeneration-associated molecule during goldfish optic nerve injury (Liu et al. 2002;
Matsukawa et al. 2004; Sugitani et al. 2006; Koriyama et al. 2007), they almost all
worked as an axonal elongation factor in the goldfish optic nerve regeneration sys-
tem (Fig. 12.3). GAP43 is an exceptional molecule which works throughout the
whole period of optic nerve regeneration with a characteristic biphasic expression
pattern. Further experiment is needed to elucidate the role of GAP43 on the short
peak (7-20 days) and the long plateau (50-120 days) phases in the regrowing optic
axons.
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Chapter 13

Multiprotein Complexes of Retinitis Pigmentosa
GTPase Regulator (RPGR), a Ciliary Protein
Mutated in X-Linked Retinitis Pigmentosa
(XLRP)

Carlos Murga-Zamalloa, Anand Swaroop, and Hemant Khanna

Abstract Mutations in Retinitis Pigmentosa GTPase Regulator (RPGR) are a
frequent cause of X-linked Retinitis Pigmentosa (XLRP). The RPGR gene under-
goes extensive alternative splicing and encodes for distinct protein isoforms in
the retina. Extensive studies using isoform-specific antibodies and mouse mutants
have revealed that RPGR predominantly localizes to the transition zone to primary
cilia and associates with selected ciliary and microtubule-associated assemblies in
photoreceptors. In this chapter, we have summarized recent advances on under-
standing the role of RPGR in photoreceptor protein trafficking. We also provide
new evidence that suggests the existence of discrete RPGR multiprotein complexes
in photoreceptors. Piecing together the RPGR-interactome in different subcellular
compartments should provide critical insights into the role of alternative RPGR
isoforms in associated orphan and syndromic retinal degenerative diseases.

13.1 X-Linked RP (XLRP)

XLRP is a relatively severe form of retinal degeneration, accounting for 10-20% of
all RP (Bird 1975; Fishman 1978). Most affected males exhibit early-onset visual
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symptoms with night-blindness in the first decade and rapid progression towards
blindness by age 40 (Bird 1975; Fishman et al. 1988). Heterozygous carrier females
can show electroretinographic (ERG) abnormalities and tapetal reflex (Fishman
et al. 1986). Some XLRP patients have abnormal sperm phenotype (Hunter et al.
1988) or hearing defects (Iannaccone et al. 2004; Zito et al. 2003). To date, six
genetic loci have been mapped: RP2, RP3, RP6, RP23, RP24 and RP34 (Fujita et al.
1996; Gieser et al. 1998; Hardcastle et al. 2000; McGuire et al. 1995; Melamud et al.
2006; Wright et al. 1991). The genes for two major forms of XLRP, RP2 [Schwahn
et al. 1998] and RP3 [RPGR (Meindl et al. 1996; Roepman et al. 1996)], have been
cloned.

Mutations in RP2 account for approximately 10% of XLRP (Breuer et al. 2002;
Hardcastle et al. 1999; Mears et al. 1999; Sharon et al. 2003). The RP2 gene encodes
a putative protein of 350 amino acids (Chapple et al. 2000; Schwahn et al. 1998).
The crystal structure of the RP2 protein reveals an amino-terminal B-helix that is
structurally and functionally homologous to the tubulin-specific chaperone, cofac-
tor C (TBCC); most disease-causing missense mutations are present in this domain
(Bartolini et al. 2002; Grayson et al. 2002; Kuhnel et al. 2006). RP2 interacts
with ADP-ribosylation factor-like 3 (ARL3) (Kuhnel et al. 2006), a microtubule-
associated small GTP-binding protein (Kahn et al. 2005) that localizes to the sensory
cilium of photoreceptors (Grayson et al. 2002). However, the precise role of RP2 in
photoreceptors has not been delineated.

13.2 Retinitis Pigmentosa GTPase Regulator (RPGR)

Mutations in the RPGR gene account for over 70% of XLRP and as much as
25% of simplex RP males (Breuer et al. 2002; Shu et al. 2007). Initial analysis
of a ubiquitously-expressed RPGRF*!~1? transcript (derived from exons 1-19; 815
amino acids) identified mutations in only 10-20% of XLRP patients and families
(Buraczynska et al. 1997; Fujita et al. 1997; Meindl et al. 1996; Roepman et al.
1996; Sharon et al. 2000). The discovery of an alternative transcript with a purine-
rich terminal exon ORF15, which included a part of the original intron 15 (called
RPGRORFIS) revealed additional mutations in almost 50% of individuals with
XLRP (Breuer et al. 2002; Sharon et al. 2003; Vervoort et al. 2000). Mutations in
RPGRORFIS have also been identified in patients with cone-rod dystrophy, atrophic
macular degeneration, and Coat’s-like exudative vasculopathy (Ayyagari et al. 2002;
Demirci et al. 2006; Demirci et al. 2002; Sharon et al. 2003; Yang et al. 2002).
Some individuals with RPGR mutations are reported to show a syndromic pheno-
type that may include respiratory tract infections, hearing loss, and primary cilia
dyskinesia (Iannaccone et al. 2004; Koenekoop et al. 2003; Moore et al. 2006; van
Dorp et al. 1992; Zito et al. 2003). In addition, patients with mutations in RPGR
exons 2—14 appear to display a more severe clinical phenotype than those with
exon ORF15 mutations (Sharon et al. 2003). However, further genotype-phenotype
studies are needed to elucidate the clinical heterogeneity associated with RPGR
mutations.
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13.3 RPGR Isoforms in the Retina

The N-terminal region of RPGR contains tandem repeats (termed RCCl1-like
domain; RLD) homologous to RCC1, which is a guanine nucleotide exchange fac-
tor (GEF) for Ran-GTPase that is involved in nucleo-cytoplasmic transport (Meindl
et al. 1996; Renault et al. 2001). Complex splicing patterns are reported for RPGR
though the physiological relevance of these transcripts is unclear (Hong and Li 2002;
Kirschner et al. 1999; Vervoort et al. 2000; Yan et al. 1998). Multiple immunoreac-
tive bands are observed using isoform-specific RPGR antibodies (Chang et al. 2006;
He et al. 2008; Hong and Li 2002; Khanna et al. 2005; Mavlyutov et al. 2002; Otto
et al. 2005; Shu et al. 2005; Yan et al. 1998).

Several different groups have reported the localization of RPGR in the retina.
Initially RPGR was shown to localize to the photoreceptor cilium independent of
the species tested (Hong et al. 2003); however, another study demonstrated species-
specific differences in RPGR localization (Mavlyutov et al. 2002). By immunogold
labeling, we demonstrated the RPGRORF!S protein in the transition zone and basal
bodies of both mouse and human photoreceptor cilia though some additional label-
ing was detected in the inner and outer segments (Khanna et al. 2005; Shu et al.
2005). In proliferating cells, centrioles were labeled with anti-RPGR antibodies
(He et al. 2008; Shu et al. 2005). It should be noted that primary cilia arise from
mother centrioles in post-mitotic cells (Pedersen et al. 2008). Distinct localization
of RPGRORFIS jsoforms may reflect their relative abundance in distinct subcellular
compartments of photoreceptors.

13.4 Animal Models of RPGR

A knockout (ko) mouse with deletion of exons 46 of Rpgr was reported to show
late-onset cone-rod degeneration (Hong et al. 2000); however, this Rpgr-ko mouse
is not a complete null and expresses some specific RPGRORF!S isoforms that local-
ize to the transition zone of photoreceptor cilia (Khanna et al. 2005). Interestingly,
ectopic expression of an ORF15 variant could partially rescue the Rpgr-ko pheno-
type (Hong et al. 2005), or behave as a dominant gain-of-function variant resulting in
rapid disease progression (Hong et al. 2004). Attempts to generate a complete Rpgr
null mutation in mouse have not been successful. Notably, frameshift mutations
in RPGRORF!S have been identified in two naturally-occurring canine mutants; the
XLPRA?2 dog exhibits relatively rapid photoreceptor degeneration and severe ERG
abnormalities, whereas the XLPRA1 mutant shows a milder phenotype (Beltran
et al. 2006; Zhang et al. 2002). Aberrant behavior of the two mutant ORF15 proteins
in cultured cells may reflect the phenotypic differences in the two canine models
(Zhang et al. 2002).

13.5 Sensory Cilia

Photoreceptor outer segment (OS) membrane discs and inner segment (IS) are
linked by a sensory cilium (CC), which is a modified primary cilium (Young 1968).
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Ciliogenesis involves an evolutionarily conserved process, called Intraflagellar
Transport (IFT) (Rosenbaum et al. 1999). In photoreceptors, components of the IFT
complex and cargo proteins are synthesized in the IS, docked at the basal body, and
transported distally by the anterograde heterotrimeric motor, Kinesin-II (Besharse
et al. 2003). The IFT components are believed to be replenished by their transport
back to the basal body by a presumptive retrograde motor cytoplasmic dynein 1b/2
(Besharse et al. 2003).

Vertebrate photoreceptors are highly metabolically active; approximately 10%
of OS disks are turned over each day (Bok and Young 1972; Young 1968). It is
estimated that ~2000 opsin molecules are transported to the OS per minute in an
adult human retina (Besharse 1986; Williams 2002). The opsin molecules are syn-
thesized in the IS and are targeted to the basal body, where they are fused with the
ciliary membrane and trafficked distally to the OS (Deretic et al. 2005). Hence, it
is not surprising that perturbations in ciliary transport of opsins or OS biogenesis
are associated with severe retinal degeneration and blindness (Insinna and Besharse
2008).

13.6 Retinal Degeneration Caused by Mutations in Ciliary
Proteins

IFT-mediated transport of rhodopsin and other signaling proteins is critical for
photoreceptor survival and function. Conditional Kif3a™~ mice and Tg737°7, a
hypomorphic allele of IFT88, result in opsin accumulation in the IS (Marszalek et al.
2000; Pazour et al. 2002). A number of retinal disease proteins CEP290/NPHP6,
RPGRIPI and RPI1 are required for cilia-dependent OS transport, generation or
maintenance (Chang et al. 2006; Liu et al. 2004; Zhao et al. 2003). Several
pleiotropic disorders, such as Senior-Loken Syndrome, Joubert Syndrome, and
Bardet-Biedl Syndrome, are also caused by mutations in ciliary proteins and share
retinopathy as a common phenotype (Badano et al. 20006).

13.7 Macromolecular Complexes of RPGRORF1S

RPGR exists in macromolecular complexes with other proteins in photoreceptors.
Two proteins were initially identified by yeast two-hybrid analysis using the RPGR-
RLD as bait: RPGRIPI, which is localized to the sensory cilium and mutated
in retinopathy patients (Boylan and Wright 2000; Dryja et al. 2001; Hong et al.
2001); and delta subunit of rod cyclic guanosine monophosphate phosphodiesterase
(PDE6D), a prenyl-binding protein involved in the retrieval of PDE from rod
outer segment membranes by interacting with Rab13 (Linari et al. 1999; Zhang
et al. 2004). Two chromosome-associated proteins SMC1 and SMC3 (Hirano 2006;
Khanna et al. 2005; Liu et al. 2007) and two ciliary disease-associated proteins,
NPHPS5 (Otto et al. 2005) and CEP290/NPHP6 (Chang et al. 2006; Sayer et al.
2006) are also reported to be a part of the RPGRORFIS macromolecular complexes.
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In addition, RPGR can associate with Tg737/Polaris/IFT88 (Davenport and Yoder

2005; Pazour et al. 2002) and several microtubule transport proteins (Khanna et al.
2005).

13.8 Dissection of RPGRORF15 Complexes

We hypothesize that RPGR isoforms are partitioned in distinct multiprotein com-
plexes in photoreceptors. To evaluate this hypothesis, we have carried out sequential
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Fig. 13.1 (a) Schematic representation of the strategy to dissect distinct RPGR-containing mul-
tiprotein complexes in photoreceptor cilia. IP: Immunoprecipitation; Ab: antibody. (b) Protein
extract (~150 ng) was subjected to immunoprecipitation using indicated antibodies. The precipi-
tated beads (Pellet) and supernatant (Sup) were analyzed by SDS-PAGE and immunoblotting (IB)
using same antibodies. No signal in the supernatant indicates sufficient immunodepletion of the
respective proteins from the extract. (¢) and (d) CEP290 — or SMC1 — immunodepleted (ID) extract
was subjected to IP using RPGR antibody or rabbit IgG (immunoglobulin) followed by SDS-PAGE
and immunoblotting (IB) using indicated antibodies
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immunodepletion experiments. We initially used antibodies against two of the
RPGR partners, CEP290/NPHP6 and SMC1, in order to immunodeplete RPGR that
is part of these complexes from the retinal ciliary extract preparation. The remaining
supernatant was subjected to immunoprecipitation (IP) with the anti-RPGRORF1S
antibody, followed by immunoblotting to test for the presence or absence of remain-
ing RPGRORF1S_interacting proteins (Fig. 13.1a). Even after immunodepletion of
CEP290 from the retinal ciliary fraction (Fig. 13.1b), RPGR was still associated
with IFT88, KIF3A, and y-tubulin, but not with SMC1 and SMC3 (Fig. 13.1c¢).
This data suggests that RPGR’s complex with CEP290, SMC1, and SMC3 is distinct
from that with IFT88, KIF3A, and y-tubulin. On the other hand, after SMC1 immun-
odepletion, RPGR antibody could immunoprecipitate only a fraction of CEP290
from retinal ciliary extract. Similar results were obtained with SMC3 (data not
shown).

These observations indicate that RPGR exists in at least three distinct complexes:
first with IFT88, KIF3A, and y-tubulin; second with CEP290, SMC1, and SMC3
and; third with CEP290 and probably other ciliary proteins (Fig. 13.2). Future
detailed analysis of these and additional complexes should assist in dissecting the
RPGR function in photoreceptors.

_Gs

PROTEIN TRANSPORT

PUTATIVE RPGR COMPLEXES

Fig. 13.2 Schematic representation of the putative distinct RPGR complexes that can exist in
photoreceptors. Proteins A and B represent as yet unidentified molecular partners that can be part
of such complexes

13.9 Conclusion

Despite extensive investigations, the underlying mechanism of ciliary transport-
associated photoreceptor dysfunction is poorly understood at this stage. We suggest
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that RPGR-defect could occur at multiple stages: (a) cargo loading onto the vesi-
cles; (b) vesicular trafficking towards the basal body, (c) docking of the cargo-laden
vesicles at the basal body, (d) selection of cargo and transfer to the IFT complex,
or (e) anterograde transport towards the distal OS. We reckon that the different
RPGR complexes may participate in some or all of these transport processes.
Given the importance of these pathways in photoreceptor development and sur-
vival, mutations in RPGR may disrupt its interactome thereby leading to retinal
degeneration.
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Chapter 14
Misfolded Proteins and Retinal Dystrophies

Jonathan H. Lin and Matthew M. LaVail

Abstract Many mutations associated with retinal degeneration lead to the pro-
duction of misfolded proteins by cells of the retina. Emerging evidence suggests
that these abnormal proteins cause cell death by activating the Unfolded Protein
Response, a set of conserved intracellular signaling pathways that detect protein
misfolding within the endoplasmic reticulum and control protective and proapop-
totic signal transduction pathways. Here, we review the misfolded proteins associ-
ated with select types of retinitis pigmentosa, Stargadt-like macular degeneration,
and Doyne Honeycomb Retinal Dystrophy and discuss the role that endoplasmic
reticulum stress and UPR signaling play in their pathogenesis. Last, we review new
therapies for these diseases based on preventing protein misfolding in the retina.

14.1 Endoplasmic Reticulum Stress and Retinal Degeneration

The retina collects and transmits light information through an intricate network of
highly specialized neural cells. To accomplish this unique sensory function, cells of
the retina produce a specialized array of proteins such as rhodopsin. Transmission of
accurate visual information depends on the continuous production of high-quality,
functional proteins by cells of the retina. Cells have evolved elaborate mechanisms
to ensure that membrane and secreted proteins are accurately folded and assembled
before export or delivery to the cell surface. Stringent quality control is imposed
by the endoplasmic reticulum (ER), a membrane-bound organelle, where virtually
all plasma and secreted proteins begin their journey to the surface. Only properly
folded proteins are allowed to exit the ER. Misfolded proteins are retained by the
ER and degraded to prevent the generation of proteins that may be dysfunctional
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or potentially toxic. If ER protein quality control fails and chronic protein misfold-
ing ensues, cell death occurs via apoptosis. Cells have evolved a set of intracellular
signaling pathways termed the Unfolded Protein Response (UPR) that detect pro-
tein misfolding within the ER and direct protective and proapoptotic responses (Lin
et al. 2008). The UPR provides an attractive molecular framework to investigate
the molecular pathogenesis of retinal dystrophies arising from protein misfolding.
Over 100 different heritable mutations have been identified that lead to death of reti-
nal cells and loss of vision (www.sph.uth.tmc.edu/retnet/). Many of these genetic
defects lead to the production of abnormal proteins by retinal cell types. Here we
review some of the protein mutations linked to retinal degeneration and evidence
that implicates UPR signaling in the cell death elicited by these mutations.

14.2 Misfolded Proteins in Photoreceptors

Rhodopsin is by far the predominant protein within photoreceptors, where it com-
prises ~30% of the entire proteome of photoreceptors and over 90% of all proteins
in the outer segment region of photoreceptors (Hargrave 2001). Rhodopsin plays
a critical role in phototransduction and is expressed solely by rod photoreceptors.
Rhodopsin is the archetypal serpentine G-protein coupled receptor and consists of
a 348 amino acid polypeptide organized into 7 transmembrane helices and a bind-
ing pocket for light-sensitive 11-cis-retinal (Hargrave 2001; Palczewski et al. 2000).
Like virtually all membrane proteins, rhodopsin synthesis occurs at the ER, where
the nascent rhodopsin polypeptide is co-translationally inserted into the membrane
and undergoes multiple post-translational modifications including disulfide bond
formation and glycosylation at asparagine residues (Fukuda et al. 1979; Kaushal
et al. 1994; Krebs et al. 2004). Once properly folded, rhodopsin exits the ER and
enters the Golgi apparatus where it undergoes additional sugar modifications and is
eventually delivered to the rod photoreceptor outer segment (Liang et al. 1979). In
the rod outer segment, the 11-cis-retinal vitamin A derivative is covalently linked to
opsin (the apoprotein of rhodopsin) by a protonated Schiff base at a lysine residue
to create the final rhodopsin chromophore. When light strikes rhodopsin, a pho-
ton is absorbed that causes the retinal to isomerize to the all-trans form which drives
the rhodopsin protein through a series of transient photo-intermediates that bind and
activate the G protein, transducin. A cascade of biochemical events ensues that result
in a drop in cGMP concentration, the closing of the calcium conductance channels
in the plasma membrane, and hyperpolarization of the cell, thereby generating an
electrical signal and activating the neural circuitry underlying vision.

Mutations in the visual pigment, thodopsin, are the most common cause of hered-
itary of RP and account for 25-30% of autosomal dominant RP (adRP) (Berson et al.
2001; Sohocki et al. 2001). Over 100 distinct missense mutations in rhodopsin have
been identified that lead to retinal degeneration, including recessive and autosomal
dominant forms of retinitis pigmentosa, and congenital stationary night blindness
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(Retnet http://www.sph.uth.tmc.edu/RetNet). These mutations are found through-
out the rhodopsin molecule. Seminal studies performed by the labs of Jeremy
Nathans and Gobind Khorana in the 1990s demonstrated that the vast majority of
adRP-linked rhodopsin mutations lead to misfolding of the rhodopsin protein.

Many of these studies have focused on the most common rhodopsin mutation
leading to adRP in the United States, a missense mutation at amino acid posi-
tion 23 of rhodopsin that replaces a proline with a histidine residue (P23H RHO)
(Retnet http://www.sph.uth.tmc.edu/RetNet). P23H RHO fails to bind 11-cis-retinal
(Kaushal and Khorana 1994; Kaushal et al. 1994; Liu et al. 1996). The crystal struc-
ture of rhodopsin indicates that the proline? residue is located in the N-terminal
intradiscal tail within one of the B-strands that comprise the N-terminal plug of
the molecule (Palczewski et al. 2000). The N-terminal plug normally positions and
binds 11-cis-retinal to form fully functional rhodopsin. Mutations in this region,
such as the P23H substitution, could lead to misfolding of the N-terminal plug
and hence impair binding of the chromophore. Biochemical data support that the
P23H mutation induces rthodopsin misfolding: mutant rhodopsins form oligomeric
aggregates; P23H rhodopsin displays abnormal sensitivity to trypsin compared to
wild-type rhodopsin when expressed in cell culture; P23H rhodopsin is not prop-
erly glycosylated compared to wild-type rhodopsin, and instead, is complexed with
ER-resident chaperones such as BiP or Grp94 (Anukanth and Khorana 1994; Liu
et al. 1996; Noorwez et al. 2004). Immunocytochemical and ultrastructural studies
in cultured cells and retinas from transgenic mice and frogs also revealed that P23H
rhodopsin is localized to the ER/Golgi, whereas wild-type rhodopsin translocates
to the surface membrane (Frederick et al. 2001; Kaushal and Khorana 1994; Saliba
et al. 2002; Sung et al. 1991; Tam and Moritz 2006). In sum, these findings pro-
vide biochemical, cellular, and genetic evidence that P23H rhodopsin is misfolded
in the ER and set the foundation for investigating the molecular events downstream
of rhodopsin misfolding and retention in the ER leading to photoreceptor cell death.
Moreover, data established for P23H rhodopsin are likely to hold true for addi-
tional adRP-linked mutant rhodopsins; indeed, in Liu, Garriga, and Khorana PNAS
93:4554-4559, 1996, they state that: “We suggest that most, if not all, of the point
mutations in the intradiscal domain identified in adRP cause partial or complete
misfolding of rhodopsin (Liu et al. 1996).”

Recent studies indicate that the Unfolded Protein Response (UPR) signaling
pathways link rhodopsin misfolding in the ER and cell fate. In a Drosophila model
of retinal degeneration arising from rhodopsin misfolding, robust activation of the
IREI1 signaling pathway of the UPR was observed in the fly and intriguingly, genetic
down-regulation of this pathway accelerated retinal degeneration (Ryoo et al. 2007).
In multiple rodent models of adRP that express different levels of P23H rhodopsin
and undergo different rates of retinal degeneration, multiple distinct UPR signaling
pathways were selectively activated in P23H animals compared to wild-type sib-
lings. In these animals, proapoptotic UPR signaling molecules such as CHOP were
markedly elevated in animals expressing misfolded rhodopsin at time points that
preceded frank loss of photoreceptors, raising the possibility that activation of UPR
signaling by misfolded rhodopsin directly drives photoreceptor cell death (Lin et al.
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2007). Future studies will focus on determining causality between UPR activation
and photoreceptor cell survival after rhodopsin misfolding.

Mutations in ElovL4 have been identified in Stargadt-like macular degeneration,
an autosomal dominant form of juvenile retinal degeneration (Zhang et al. 2001).
ElovL4 encodes an enzyme thought to be involved in the generation of long-chain
fatty acids (Karan et al. 2004; Oh et al. 1997; Vasireddy et al. 2008). Consistent
with its role in lipid biosynthesis, ELOVL4 is a membrane protein targeted to the
ER (Karan et al. 2004; Vasireddy et al. 2005). Photoreceptors express high levels of
ELOVLA4, but in contrast to rhodopsin, its expression has also been reported in other
cell types in the eye (Zhang et al. 2003). At the molecular level, mutations in ElovL4
that trigger macular degeneration lead to premature truncations of the protein that all
result in loss of an ER retention motif. In biochemical studies, mutant ELOVL4 is
isolated as a higher-order complex, and in transfected cells, immunofluorescence
reveals that mutant ELOVL4 is no longer distributed in a reticular manner but
instead found as perinuclear aggregates (Karan et al. 2005; Vasireddy et al. 2005).
These findings are consistent with misfolding of mutant ELOVLA4. Intriguingly, in
these in vitro studies, mutant ELOVLA4 binds and sequesters wild-type ELOVLA4 into
higher order aggregates, perhaps accounting for its dominant phenotype (Karan et al.
2005; Vasireddy et al. 2005). Mutant ELOVL4 also activates the UPR in transfected
cells, raising the possibility that these signaling pathways link ELOVL4 misfolding
and aggregation in the ER and photoreceptor cell fate (Karan et al. 2005).

The rdl mutation results in the profound reduction of PDE6-8 protein presum-
ably through destabilization of the mutated mRNA or nascent protein. PDE6-$ is
a catalytic subunit of a phosphodiesterase that regulates cGMP levels in photore-
ceptors in response to light activation. Absence of the PDE6- disrupts phosphodi-
esterase activity and accumulation of cGMP, which in turn, enhances cGMP-gated
ion channels, leading to significant rises in intracellular calcium and ultimately
photoreceptor cell death. Recent work demonstrates that multiple UPR signaling
pathways are also activated in the rd/ mouse at ages that precede frank photorecep-
tor cell death (Yang et al. 2007). These findings suggest that UPR signaling may also
play arole in the pathogenesis of this type of retinal degeneration. However, PDE6-8
is a cytosolic enzyme, whereas UPR signaling pathways are activated by perturba-
tions in the ER. How would the rd/ mutation then trigger the UPR? Besides protein
folding, the ER also performs crucial cellular functions that include the synthesis of
lipids and sterols and the storage of calcium. Defects in lipid/sterol metabolism and
calcium homeostasis can also elicit endoplasmic reticulum stress (Lin et al. 2008).
Calcium dysregulation in rd/ and other retinal diseases could activate the UPR,
though this remains to be investigated.

14.3 Misfolded Proteins in Retinal Pigment Epithelial Cells

A missense mutation in fibulin-3 leading to an arginine-to-tryptophan substitu-
tion at amino acid 345 (R345W) has been found in an autosomal dominant
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maculopathy, malattia leventinese and Doyne Honeycomb Retinal Dystrophy
(ML/DHRD) (Stone et al. 1999). Fibulin-3 encodes an extracellular protein that is
expressed and secreted by retinal pigment epithelial (RPE) cells (Marmorstein et al.
2002). In cell culture studies, mutant R345W Fibulin-3 is inefficiently secreted, and
the majority is retained in the ER (Roybal et al. 2005). UPR signaling pathways
are activated leading to increased BiP/grp78 and VEGF production (Blais et al.
2006; Roybal et al. 2005). These findings support a model whereby mutant fibulin-3
leads to macular degeneration through its misfolding in the ER and activation of
UPR signaling pathways in RPE cells, followed by enhanced VEGF production and
choroidal neovascularization. Enhanced VEGF levels and choroidal neovasculariza-
tion are also key features of AMD (Campochiaro 2007), raising the possibility that
abnormal ER stress and UPR activity in RPE may also be at play in sporadic types
of macular dystrophy.

14.4 Pharmacologic Targeting of Protein Misfolding to Prevent
Retinal Degeneration

Given the link between protein misfolding and retinal degeneration, most clearly
established in the case of rhodopsin, pharmacologic prevention of protein misfold-
ing has emerged as an exciting new strategy to treat these diseases. Chaperones are
ubiquitous proteins dedicated to folding and stabilizing proteins, and recent studies
by Noorwez and colleagues have demonstrated that retinoids and other related dif-
fusible artificial chaperones can promote mutant rhodopsin binding of 11-cis-retinal
such that it can function as a light chromophore (Noorwez et al. 2003, 2004, 2008).
Mendes and colleagues have also recently demonstrated, in vitro, that retinoids
and other agents that prevent protein aggregation can prevent cell death elicited by
rhodopsin misfolding (Mendes and Cheetham 2008). These compounds suggest that
preventing rhodopsin misfolding may be a new strategy to prevent retinal degener-
ation. This approach may also be efficacious in other retinal diseases arising from
protein misfolding.
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Chapter 15

Neural Retina and MerTK-Independent Apical
Polarity of ovf5 Integrin Receptors in the
Retinal Pigment Epithelium

Mallika Mallavarapu and Silvia C. Finnemann

Abstract The apical plasma membrane domain of retinal pigment epithelial (RPE)
cells in the eye faces the outer segment portions of rods and cones and the inter-
photoreceptor matrix in the subretinal space. Two important receptor-mediated
interactions between the apical surface of the retinal pigment epithelium (RPE)
and adjacent photoreceptors are adhesion ensuring outer segment alignment and
diurnal phagocytosis of shed outer segment fragments contributing to outer seg-
ment renewal. Both depend on the apical distribution of the integrin family adhesion
receptor avpS as lack of avB5 in mice causes weakened retinal adhesion and asyn-
chronous phagocytosis. With age, lack of avp5 leads to accumulation of harmful
lipofuscin in the RPE and to vision loss. Here, we discuss three different possible
mechanisms that could generate the exclusive apical distribution of avf5 integrin
receptors in the RPE. (1) avp5 could be apical in the RPE because RPE attachment
to neural retina generally or avp5 ligands specifically in the subretinal space stabi-
lize apical but not basolateral avf5 surface receptors. (2) avB5 could be apical in
the RPE because it resides in a complex with other components of the phagocytic
machinery that assembles at the apical, phagocytic surface of the RPE. (3) avp5
could be apical due to mechanisms intrinsic to this receptor protein and specifically
to its B5 integrin subunit.
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RPE retinal pigment epithelium
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15.1 Introduction

Post-mitotic retinal pigment epithelial cells (RPE) in the eye form a stationary
monolayer epithelium whose lateral junctions seal off the neural retina from the
underlying vascularized choroidal tissue forming the outer blood-retinal barrier. The
plasma membrane of each RPE cell is strictly divided by a tight junction permeabil-
ity barrier. The RPE’s basolateral domain faces Bruch’s membrane, a multi-layer
basement membrane rich in adhesive glycoproteins such as laminin and collagen IV
connecting to the vascularized choroid. The RPE’s apical plasma membrane faces
the avascular subretinal space where it adheres to components of the interphotore-
ceptor matrix and possibly the outer segment plasma membrane of photoreceptor
rods and cones. These apical interactions are unusual compared to most other epithe-
lial tissues that line fluid-filled lumina. Distinct protein distributions at its basolateral
and apical surfaces are an obvious prerequisite for functions of the RPE associated
with its control of molecular flux into and out of the neural retina, such as vectorial
transport of ions, water, and metabolites. Moreover, other functions of RPE cells
also take place exclusively at one of their surface domains. Diurnal phagocytosis
of shed photoreceptor outer segment fragments and mechanically stable adhesion
likely mostly to interphotoreceptor extracellular matrix components are two recep-
tor protein-dependent functions that take place at the apical surface of the RPE in
the eye (Finnemann and Chang 2008). To qualify for an essential role in the molecu-
lar machineries involved in these RPE functions membrane candidate proteins must
therefore localize at least in part to the apical surface of the RPE in situ.

15.2 Functions of Apical av@5 Integrin Receptors in Retinal
Phagocytosis and Adhesion

Diurnal synchronized phagocytosis of photoreceptor outer segment tips shed daily
by photoreceptor cells is an essential task of the RPE deficiencies of which cause
retinal degeneration in animal models and cause some forms of human retinitis pig-
mentosa. Prompted by the initial observation that onset of expression at the apical
surface of the integrin family adhesion receptor avp5 correlates exactly with the
begin of daily shedding and phagocytosis in maturing rat RPE (Finnemann and
Bonilha 1997) we studied RPE phagocytosis in knockout mice lacking the 5 inte-
grin subunit and thus avf5 integrin receptors (Nandrot and Kim 2004). As young
adults, B5 integrin knockout mice had normal retinal morphology and function but
we counted similar numbers of outer segment derived phagosomes in their RPE
cells at all times of day. This was in sharp contrast to strain- and age-matched wild-
type mice whose RPE contained phagosomes only within 3 h following light onset,
similar to earlier observations by others. Furthermore, RPE cells of 85 knockout
mice at old age contained excess numbers of autofluorescence inclusions resem-
bling lipofuscin granules that increasingly accumulate in human RPE with age. At
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the same age, photoreceptor function measured by electroretinography was con-
siderably impaired in 85 knockout mice suggesting that accumulation of debris
accumulating with age in B5 knockout RPE is harmful for the retina. Finally, RPE
cells isolated from young 5 knockout mice in culture demonstrated normal mor-
phology but dramatically reduced binding activity towards isolated photoreceptor
outer segment fragments. Notably, lack of avf5 in situ or in RPE in culture abol-
ished the stimulation of tyrosine kinases focal adhesion kinase (FAK) and Mer
tyrosine kinase (MerTK) both of which are essential for POS engulfment. Taken
together, these results identified a critical function for avB5 receptors in synchroniz-
ing diurnal RPE phagocytosis likely by stimulating rhythmic downstream tyrosine
kinase signaling.

Like diurnal phagocytosis, robust adhesion of the apical aspect of the RPE to the
retina generally and the interphotoreceptor matrix and outer segments specifically is
enormously important for retinal health. Its disruption in retinal detachment rapidly
leads to a variety of well described stress responses in the neural retina (Fisher and
Lewis 2005). If prolonged, retinal detachment will result in photoreceptor apoptotic
cell death and hence vision loss (Cook and Lewis 1995). The receptor proteins on
the RPE’s apical surface that are responsible for retinal adhesion are only poorly
characterized. Since avf5 integrin promotes adhesion to extracellular matrices in
other tissues, we tested if apical avp5 receptors may contribute to retinal adhesion.
B5 integrin knockout mice do not exhibit retinal detachment. However, using semi-
quantitative detachment assays we demonstrated that resistance to shear forces is
considerably reduced in these mice indicating weakened retinal adhesion (Nandrot
et al. 2006). Since PS5 knockout retinal adhesion differed to similar extent from
wild-type retinal adhesion at all ages examined, we concluded that this impairment
was not a consequence of asynchronous phagocytosis and lipofuscin accumulation.
Instead, we concluded that avB5 integrin receptors fulfill two distinct functions at
the apical surface of the RPE, retinal adhesion and phagocytosis.

15.3 Apical Polarity of avp5 Integrin Receptors is Independent
of the Neural Retina

Integrin receptors that reside on cellular surfaces are likely engaged in receptor-
ligand interactions. Unoccupied integrins may indicate lack of proper tissue context
and have been demonstrate to be sufficient to induce apoptotic cell death (Frisch
and Screaton 2001). Thus, it is generally thought that, at steady-state, integrins only
localize to surfaces where appropriate ligands are available. Related to this, once
ligand-bound, integrin receptors are more likely to persist at the cell surface for
longer periods of time than unoccupied integrin receptors. Apical polarity of avp5
receptors in the RPE may thus be a consequence of unique availability of stabilizing
ligands at the apical surface. This would imply that ligands for avp5 may be scarce
or even absent at the basolateral surface of the RPE. However, this is an unlikely
scenario.
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First, RPE cells in the eye express numerous integrin receptors. All integrin
receptors found to be expressed by the RPE in the retina besides avf5 show a highly
polarized basolateral distribution. This includes the integrin receptor, avf3, which
is most related to avp5 sharing the av subunit and with overlapping if not identi-
cal ligand binding preferences (Finnemann and Bonilha 1997). Our knowledge of
integrin ligands available to RPE cells in the eye at either surface aspect are not
fully characterized but the joint ligand for avp3 and avp5, vitronectin, localizes to
Bruch’s membrane. We have previously identified the extracellular RGD-domain
glycoprotein MFG-E8 as sole ligand that activates avp5 downstream signaling
toward MerTK in the retina that is essential for diurnal phagocytosis (Nandrot and
Anand 2007). Mice lacking MFG-ES lack the diurnal rhythm of RPE phagocyto-
sis exactly like mice lacking avB5. This correlation is supported by RPE culture
studies showing that recombinant MFG-ES8 enhances wild-type phagocytosis and
restores phagocytosis by MFG-ES8 knockout RPE cells to wild-type levels but has
no effect on uptake by B5 knockout RPE cells. These data demonstrate that MFG-
E8 is the only essential ligand for the phagocytic function of avp5 in the retina.
Notably, mice lacking MFG-E8 have only minimally reduced retinal adhesion in
contrast to f5 knockout mice. This implies that the retinal adhesive function of
avp5 uses ligands other than MFG-ES in the subretinal space. At this time, these
ligands remain unidentified. However, avp3 can bind MFG-ES8 like avf5 but exclu-
sively localizes to the basolateral and not the apical surface of the RPE in the retina.
Taken together, these results suggest that ligands for avf5 exist at both apical and
basolateral surfaces of the RPE rendering selective retention at the apical surface
unlikely.

Second, if specific apical ligands available to avB5 generate the strict apical
polarity observed for this receptor, disruption of the native apical interactions of
RPE cells would likely promote avB5 redistribution. Earlier studies aiming to iden-
tify molecular mechanisms involved in generating specific protein polarity in the
RPE have shown that some transmembrane proteins that distribute apically in the
RPE in the retina are non-polar or basolateral in RPE cell in culture. This has been
particularly well studied for two type I transmembrane proteins, the Ig-CAM family
cell adhesion receptor N-CAM and the matrix metalloproteinase protein EMMPRIN
(Marmorstein and Gan 1998; Gundersen and Powell 1993). Both are commonly
expressed by epithelial tissues and cell lines. Both are basolateral in kidney epithe-
lium as well as in the best-characterized culture model for cell polarity, the kidney
epithelium derived Madin Darby Kidney (MDCK) cell line. Both mostly distribute
to the apical surface of RPE cells in the retina but rapidly relocalize in RPE in
culture. N-CAM assumes a strictly lateral localization likely contributing to adhe-
sive contacts between neighboring RPE cells in culture. EMMPRIN is non-polar in
culture. While the precise interacting molecules remain to be identified, these data
suggest that the steady-state apical distribution of both N-CAM and EMMPRIN in
RPE in situ is a consequence of molecular interactions of the RPE’s apical surface
that take place in the subretinal space.
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Yet, avp5 receptors maintain their apical steady-state polarity even in RPE cells
in tissue culture. Indeed, immunofluorescence microscopy of avp5 surface recep-
tors in primary, unpassaged mouse RPE, the immortalized rat RPE cell line RPE-J,
the human spontaneously immortalized cell line ARPE-19 and the human RPE
derived d407 cell line demonstrates that like RPE in the eye facing the interpho-
toreceptor matrix with its ligand MFG-ES all these RPE model cells possess apical
avp5 despite great species and phenotypical discrepancies among them otherwise
(Fig. 15.1). These findings demonstrate that the apical polarity of avf5 is maintained

- >
human d407 cell line  primary wt mouse RPE

Fig. 15.1 Apical polarity of avp5 integrin receptors in RPE cells in culture. Rat RPE-J, human
ARPE-19 and human d407 RPE cell lines, as indicated, were grown to confluence on glass cov-
erslips and labeled live on ice with avB5 surface dimer-specific antibody P1F6. 3D projections
representing the upper 2 pm of apical aspects of cells are shown. Wild-type 129 strain mouse
RPE was isolated in patches from 10-day-old mouse eyes, cultured for 4 days before fixation and
labeling with antibody recognizing the 5 integrin cytoplasmic domain. Images were acquired by
laser scanning confocal microscopy. Representative whole cell maximal projections of the same
field are shown in x—y plane and in x—z plane. x—z projection is shown with (upper panel) and
without (lower panel) nuclei counterstaining. Approximate locations of apical (ap) and basolateral
(bl) surfaces of cells are indicated by arrowheads in the upper panel. Scale bar is 10 pm for cell
lines and 20 pwm for primary RPE
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by RPE cells autonomously independent of their apposition to and interactions with
the neural retina and the MFG-ES8-rich interphotoreceptor matrix.

15.4 Apical Polarity of avp5 Receptors is Independent of the
Essential Engulfment Receptor MerTK

Phagocytic mechanisms involve the coordinated activities of numerous cell surface
receptors, associated cytosolic proteins and the actin cytoskeleton. As outlined ear-
lier, RPE phagocytosis in the eye and in culture involves avf5 integrin recognition
of its ligand MFG-ES8, which likely acts to bridge shed POS and avp5. In the mouse
retina, this interaction is required for subsequent maximal stimulation of MerTK via
FAK causing the burst of engulfment activity that characterizes the response to POS
of wild-type RPE. Additional receptor proteins such as the receptor for modified
lipids, CD36, likely contribute to RPE phagocytosis as well although their precise
roles remain unresolved thus far. Given the close functional interaction of avp5 with
MerTK we hence hypothesized that the apical polarity of avp5 may be a result of its
integration into the complex phagocytic machinery of the RPE, which exists solely
at the apical surface of the RPE in the eye. This would predict that avp5 apical
polarity persists in RPE in culture as commonly studied primary and permanent
RPE cell culture models (some of them mentioned above) retain specific phagocytic
activity toward POS. We therefore studied whether avf5 was apical in mutant RPE
cells that lack phagocytic function. Royal College of Surgeons (RCS) rats carry a

Long Evans RPE culture  RCS RPE culture

Fig. 15.2 Apical polarity of avB5 integrin receptors in MerTK-mutant RCS RPE cells. Wild-type
Long Evans and mutant RCS rat RPE cells were isolated in patches from 10-day-old rat eyes and
cultured for 4 days before live labeling on ice with avp5 surface dimer-specific antibody P1F6.
Representative epifluorescence images are shown. Scale bar is 20 pm
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mutation that eliminates MerTK protein expression. As a result, RCS RPE cells
are unable to engulf POS in vivo and in vitro. Despite their phagocytic incompe-
tence, RCS RPE cells in primary culture possess apical avf5 integrin receptors at
equal levels as RPE cells isolated from wild-type rats (Fig. 15.2). This suggests that
neither MerTK specifically nor a functional engulfment mechanism generally are
required for the apical polarity of avf5 integrin receptors in RPE cells.

15.5 Motifs of the g5 Integrin Subunit Cytoplasmic Domain that
May Promote Apical Polarity of «vp5 Integrin Receptors

As discussed thus far, available data do not support a critical role for either neural
retina apposition and specific ligands of the subretinal space, or for the essential
phagocytic receptor MerTK and a functional phagocytic machinery in causing the
unique apical polarity of avp5 integrin receptors in the RPE (Fig. 15.3). We there-
fore hypothesize that avp5 receptors traffic to or are specifically retained at the
apical surface of the RPE as a result of specific motifs inherent to avf5 receptors.
Because the av subunit is not specific to avp5 but also forms basolateral avp3 recep-
tors in the RPE, we will focus on possible contributions to receptor polarity of the
B5 integrin protein subunit and particularly its cytoplasmic domain.

The B5 cytoplasmic domain consists of 60 amino acids (Legate and Fassler
2009). The B5 cytoplasmic tail is responsible for interaction with FAK in transfected
cells (Eliceiri and Puente 2002) and FAK resides in the apical avB5 integrin com-
plex in RPE cells where it is critical for stimulating MerTK and POS engulfment
(Finnemann 2003). It contains an NPxY motif that is important for recruitment and
binding of cytoplasmic proteins forming adhesive complexes in other proteins such
as the actin binding protein talin (Horwitz and Duggan 1986; Calderwood 2004).
Talin interacts with avf5 integrin receptors in transfected cells and this depends on
the B5 subunit (Singh and D*Mello 2007). While this domain is thus likely important
for avB5 function in RPE as well, it is also present in $1 and 3 integrin cytoplasmic
domains and hence, does not explain the unique apical polarity of avp5. However,
overall only 28 amino acids of the terminal 42 are identical between f5 and p3 tails.
Single and di-leucine motifs contribute to trafficking mechanisms in other proteins
(Deora and Gravotta 2004; Hunziker and Fumey 1994). Notably, in the 5 integrin
the x position of the NPxY motif is leucine while in the 83 integrin the x position is
isoleucine. Finally, The B5 integrin tail contains an inserted stretch of eight amino
acids close to the carboxiterminus that has no homology to either B1 or 83 integrin
and that effectively extends the B35 tails (Legate and Fassler 2009). Taken together,
both B5 and B3 integrin subunits form phagocytic receptors with the av subunit
with very similar functions but in RPE cells only avB5 but not avp3 heterodimers
localize to the apical plasma membrane. We therefore hypothesize that the unique
residues and motifs of the B5 integrin cytoplasmic domain are responsible for the
unique polarity of avf5 receptors.
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Fig. 15.3 Summary of steady-state polarity of selected transmembrane proteins in different RPE
models as discussed in the text. a. Polarity in the RPE in the eye. b. Polarity in RPE cells in culture.
c¢. Polarity in MerTK-deficient RCS RPE cells in culture

15.6 Perspective

avp5 integrin receptors fulfill two distinct and equally important functions at the api-
cal surface of the RPE by contributing to retinal adhesion and by synchronizing diur-
nal POS phagocytosis. All evidence suggests that the unique apical polarity of avf5
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receptors in the RPE is not merely a consequence of ligand-induced stabilization
or of anchorage to the MerTK dependent engulfment machinery. Rather, we pro-
pose that RPE cells use a trafficking pathway to specifically sort avf5 to the
apical surface. This pathway is likely to recognize motifs of the B5 cytoplasmic
domain. Comparing trafficking and complex formation among avp5 receptors with
cytoplasmic deletions and point mutations will be our future approach to identify
trafficking-relevant residues and motifs of the $5 integrin cytoplasmic tail.
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Chapter 16
Mertk in Daily Retinal Phagocytosis: A History
in the Making

Emeline F. Nandrot and Eric M. Dufour

Abstract It took 62 years from the description of the retinal dystrophy in rats from
the Royal College of Surgeons (RCS) strain to the discovery of the molecular defect
underlying the phenotype. Phagocytosis of photoreceptor outer segments (POS) by
retinal pigment epithelial (RPE) cells follows a daily rhythm with a peak of activity
1.5-2 h after light onset for rod photoreceptors. We identified a deletion in the Mer
tyrosine kinase (MerTK) receptor in RCS rat that abolishes internalization of POS
by RPE cells. Accumulation of debris in the subretinal space then leads to dras-
tic photoreceptor degeneration and rapid loss of vision. Interestingly, in wild-type
mice and rats, MerTK is phosphorylated at the time of the phagocytic peak. We also
demonstrated that the couple avB5 integrin receptor and MFG-E8 ligand synchro-
nizes daily retinal phagocytosis. Indeed, when either one is absent in knockout mice,
phagocytosis follows steady-state levels, and peak activation of integrin-associated
protein and of MerTK does not occur. We now have a more precise picture of the
sequence of molecular events governing retinal phagocytosis. However, requirement
of MerTK ligands in vivo and linked signaling pathways still remain elusive so far.

16.1 Introduction

The retina is constituted of post-mitotic cells organized in layers that differentiate
during eye development. Among these, two adjacent cell types of the outer retina,
photoreceptors (PR) and retinal pigment epithelial (RPE) cells, interact with each
other functionally and are highly inter-dependant. RPE cells form a highly special-
ized monolayer endorsing many activities to ensure function and integrity of the
neural retina and therefore vision (review: Strauss 2005). On their apical side, RPE
cells extend microvilli that ensheath the outer segment of rod and cone PRs.

E.E. Nandrot (X)

Centre de Recherche Institut de la Vision, UMR_S968, Inserm, UPMC University of Paris 06,
17 rue Moreau, 75012 Paris, France

e-mail: emeline.nandrot@inserm.fr

R.E. Anderson et al. (eds.), Retinal Degenerative Diseases, Advances in Experimental 133
Medicine and Biology 664, DOI 10.1007/978-1-4419-1399-9_16,
© Springer Science+Business Media, LLC 2010



134 E.FE. Nandrot and E.M. Dufour

Photoreceptor outer segment (POS) structure consists of stacked membranous
disks containing the phototransduction machinery. POS are subjected to sustained
light exposure thus generating high levels of oxidative stress. In order to ensure life-
long function, both photoreceptor rods and cones continuously replace their outer
segments (Young 1967). New membranous disks are initiated in the connecting cil-
ium, inserted at the base of the inner segment, and progressively move towards the
distal end of the POS. As a counterpart regulatory mechanism, PRs shed their most
distal tips every day to keep constant cell length. The daily shedding of POS tips is
controlled by strong circadian rhythms influenced by the dark-light cycle (Goldman
et al.1980). Animal studies in rod-dominant species revealed that rods mainly shed
their outer segments within 2 h after the light onset (LaVail and Mullen 1976). Upon
rhythmic shedding, RPE cells respond with a burst of synchronized phagocytosis
that efficiently digests POS and recycles their components (Young and Bok 1969).
In mammals, each RPE cell serves approximately 30 POS that shed 7% of their
outer segment mass every day (Young 1967), thus rendering RPE cells the most
active phagocytes in the body.

16.2 RCS Rat and MerTK Receptor: An Intimate Story

Over 70 years ago, Margherita C. Bourne described a retinal degeneration occurring
in rats affected by cataracts (Bourne et al. 1938) (Fig. 16.1a). She started breeding
affected rats together, and the following year, she showed that the defect was trans-
mitted as an autosomic recessive trait (Bourne and Griineberg 1939). This animal
model would be known later as the Royal College of Surgeons (RCS) rat strain.

The first defect detected is the accumulation of POS disk-like structures observed
at 12 days on electron micrographs and 18 days with light microscopy (Dowling and
Sidman 1962). Electroretinogram (ERG) retinal responses begin to decrease at 18
days until no more response can be detected at 3 months (Dowling and Sidman
1962; Nandrot et al. 2000) (Fig. 16.1b). PR cell death starts around 3 weeks of
age until the complete loss of PR cells at 3 months (Bourne et al. 1938; Dowling
and Sidman 1962; Nandrot et al. 2000) (Fig. 16.1a). Then, further disruption of the
whole retina structure and cell degeneration spreads to all the other cell layers.

Mullen and LaVail (1976) used chimeras of non-pigmented RCS and pigmented
control rats and showed that RPE cells completely fail to engulf POS, which in turn
causes the drastic accumulation of POS debris in the subretinal space. Consistently,
Edwards and Szamier (1977) demonstrated in vitro that the RPE cells defect is
POS-specific, RPE cells being able to phagocytose latex beads. The exact phago-
cytosis disruption was pinpointed by Chaitin and Hall (1983) and further confirmed
by Hall and Abrams (1987): RCS RPE cells bound POS properly but were unable
to subsequently internalize them.

It took almost 15 more years to identify the molecular defect underlying the RCS
rat retinal dystrophy. The gene was first localized to chromosome 3 by MM LaVail
(1981) using co-transmission of enzymatic markers with the retinal dystrophy. In
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Fig. 16.1 Defective MerTK is responsible for the retinal degeneration in RCS rats. (a) Retinal
sections of 2-month-old non-dystrophic (control) and dystrophic RCS (RCS) congenic rats were
stained in order to visualize cell nuclei. Numbers of photoreceptor (PR) nuclei are greatly reduced
in RCS rats, indicating an advanced stage of retinal degeneration. RPE: retinal pigment epithelium,
BC: bipolar cells, RGC: retinal ganglion cells. (b) Scotopic electroretinogram (ERG) responses
recorded from RCS rats during the retinal degeneration process. Already diminished at 3 weeks
of age, they are completely absent at 3 months. (¢) Rat mertk cDNA was amplified by RT-PCR
from non-dystrophic control (C) and dystrophic RCS (R) retinas in 4 fragments spanning the full
molecule (100 bp DNA ladder on the left). A deletion was detected in the 5° part of the cDNA,
leading to a premature stop codon and a non-functional MerTK protein of 20 amino acids. Modified
from Nandrot et al. (2000), with permission from Elsevier

RGC s,

2000, a single gene defect the Mer tyrosine kinase (MerTK) receptor was identified
concomitantly by 2 research groups (D’Cruz et al. 2000; Nandrot et al. 2000). We
used genetic mapping and biocomputing analysis to determine candidate genes. We
identified a deletion in the MerTK cDNA (Nandrot et al. 2000) (Fig. 16.1c), which
results from a large genomic deletion (D’Cruz et al. 2000). As a consequence, the
20-amino-acid MerTK protein is non-functional and RPE’s ability to internalize
POS is abolished. MerTK kinase dead (MerXP) transgenic mice develop the same
phenotype as RCS rats (Duncan et al. 2003), resembling the symptoms of retini-
tis pigmentosa patients. In humans, MerTK mutations are associated with retinitis
pigmentosa (Gal et al. 2000) and other pathologies such as rod-cone and cone-rod
dystrophies (Tschernutter et al. 2006).

16.3 Changes Associated with Absence of MerTK in the Rat
Retina

In order to study the effect of absence of MerTK and POS internalization on RPE
cells function, we extensively analyzed differential expression of mRNAs and pro-
teins during the peak of phagocytosis in non-dystrophic control and dystrophic RCS
rats (Dufour et al. 2003). We choose to perform the study on 2- and 3-week-old rats,
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when phagocytosis already occurs in normal retina and degenerescence does not yet
affect RCS rat retina.

Absence of MerTK and phagocytosis generate modulation of several genes
expression. Some down-regulated genes are responsible for retinal pathologies,
such as Sorsby’s retinal dystrophy (7imp3) and retinitis pigmentosa (RGRopsin).
Interestingly, one third of the genes down-regulated in RCS RPE cells were
phagocytosis- or trafficking-related, and a large proportion of genes was related
to modulations of metabolism. After ingestion of POS, membrane trafficking is
required to compensate for membrane loss at the cell surface. Accordingly, abo-
lition of MerTK entrained down-regulation of several genes involved in exocytosis,
thus connecting RPE phagocytosis to the necessary local delivery of vesicles to
the plasma membrane. Additionally, genes part of a same pathway, e.g. Akt and
mTor, are both down-regulated in RCS rat RPE, confirming the consistency of the
changes observed in our study. As well, we detected a down-regulation of genes
related to oxygen metabolism associated with an up-regulation of genes linked
to oxidative stress (mostly hypoxia). Taken together, these data show that loss of
MerTK-associated phagocytosis decreases dramatically membranes biosynthesis
and trafficking, and affects the global metabolic activity of RPE cells.

16.4 Daily Rhythmic Activation of Mertk: The Intracellular Way

RPE phagocytosis is a saturable receptor-mediated process divided in 2 independent
steps, particle binding followed by internalization, which can be experimentally
dissociated (Hall and Abrams 1987). avBS integrin receptors constitute the first
molecular step of phagocytosis, by recognizing and binding POS (Finnemann et al.
1997; Finnemann 2003). avp5 is the only integrin receptor that localizes to the api-
cal, phagocytic surface of RPE in vitro and in vivo, and antibodies blocking avf5
abolish POS binding by RPE but have no effect on internalization of POS pre-
bound to the RPE surface (Finnemann et al. 1997). In contrast, the CD36 scavenger
receptor seems to control the rate of internalization of bound POS (Finnemann and
Silverstein 2001) and MerTK is absolutely required for POS internalization (Feng
et al. 2002). MerTK receptors redistribute to the sites of internalized POS during
phagocytosis assays (Feng et al. 2002; Finnemann 2003), and phosphorylation of
tyrosine residues, thought to reflect MerTK activity, increases accordingly (Feng
et al. 2002; Finnemann 2003).

Data on in vivo RPE phagocytosis regulation are more recent, and took advantage
of the availability of other rodent models, the p5 integrin knockout (857") and the
MFG-E8 knockout (MFG-E8~~) mice. We were able to demonstrate that avp5 inte-
grin receptor and its ligand MFG-ES are the proteins synchronizing the daily rhythm
of POS phagocytosis by RPE cells (Nandrot et al. 2004; Nandrot et al. 2007). As
expected, we detected a peak in the number of phagosomes present in RPE cells 2 h
after light onset in wild-type mice (Fig. 16.2a). Furthermore, our data demonstrated
a great increase in MerTK phosphorylation at the time of the phagocytosis peak
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Fig. 16.2 MerTK activity peaks at the time of the retinal phagocytic burst. (a, b) We harvested
eyecups from wild-type mice at different time-points of the 24-h phagocytic cycle. (a) Phagosomes
present in RPE cells were counted on retinal sections. As previously described, phagocytosis peaks
2 h after the light onset (§ AM). (b) Protein lysates were analyzed by SDS-PAGE and immunoblot-
ted for native and tyrosine-phosphorylated (P-MerTK) MerTK protein. RPE65 served as loading
control. MerTK is activated at the time of the phagocytosis peak (8 AM). Band intensities were
quantified to calculate relative levels of MerTK phosphorylation. Bars represent means =+ standard
deviation, n = 3. Modified from © Nandrot et al. 2004. Originally published in The Journal of
Experimental Medicine. doi:10.1084/jem.20041447

(Fig. 16.2b), just after activation of the focal adhesion kinase (FAK) linked to avB5
integrin receptors.

Strikingly, we showed that absence of avp5 integrin (B5") or of MFG-E8
(MFG-E8~") abolished the morning phagocytosis peak and concomitant sequen-
tial FAK and MerTK phosphorylation. Interestingly, the loss of phagocytic rhythm
is accompanied by age-dependent loss of vision and accumulation of autofluores-
cent oxidized deposits in the eye in 57~ mice only, features observed in age-related
macular degeneration (AMD) patients.

16.5 The Debate About MerTK Ligands In Vivo

MerTK belongs to a family of three receptors called TAM for Tyro-3, Axl and
MerTK sharing common vitamin K-dependent ligands, the related Gas6 and Protein
S (Stitt et al. 1995). avpS integrin, CD36 and MerTK are common phagocyte
receptors used by macrophages to phagocytose apoptotic bodies, suggesting that
shed POS may be recognized as apoptotic bodies to be cleared (Finnemann and
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Rodriguez-Boulan 1999; Scott et al. 2001). Apoptotic cells expose phosphatidylser-
ine residues at their surface that are recognized via soluble bridge molecules such
as the avp5 integrin ligand MFG-ES8 (Hanayama et al. 2002) or the MerTK ligands
Gas6 and Protein S. Although our recent data demonstrate that MFG-ES8 synchro-
nizes avp5 integrin-dependent phagocytosis of POS by RPE cells in vivo (Nandrot
et al. 2007), MerTK ligands may also prove to be of importance for the proper
fulfillment of POS phagocytosis.

Interestingly, stimulation of MerTK by the soluble ligand Gas6 enhances POS
phagocytosis in vitro (Hall et al. 2001). However, mice knockout for Gas6 do not
present any retinal phenotype, suggesting another ligand may be used for retinal
phagocytosis. Moreover, MerTK ligands are expressed in the retina and may be
relevant for POS phagocytosis. Indeed, Protein S is detected in the retina on eye-
cup sections (Prasad et al. 2006) and Gas6 and Protein S are present in retinal
lysates (Hall et al. 2005). However, the precise function of MerTK ligands and their
significance for RPE-photoreceptor in vivo have yet to be determined.

16.6 Perspectives

The continuous nature of POS renewal and shedding implies that deregulation or
absence of this process could lead to drastic and devastating consequences for the
retina: absence of RPE phagocytosis provokes rapid retinal degeneration (RCS rat
model) as can be observed in retinitis pigmentosa, and alteration in the process will
gradually cause the accumulation of PR-derived byproducts (357~ knockout mouse
model) leading to long term pathologies like AMD. Therefore strict timely regula-
tion of the phagocytic function of RPE cells is of the highest importance to maintain
retinal cell integrity and vision. Studies are underway to characterize MerTK activity
during synchronized daily retinal phagocytosis.
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Chapter 17

The Interphotoreceptor Retinoid Binding
(IRBP) Is Essential for Normal Retinoid
Processing in Cone Photoreceptors

Ryan O. Parker and Rosalie K. Crouch

Abstract 11-cis Retinal is the light-sensitive component in rod and cone photore-
ceptors, and its isomerization to all-frans retinal in the presence of light initiates
the visual response. For photoreceptors to function normally, all-frans retinal must
be converted back into 11-cis retinal through the visual cycle. While rods are pri-
marily responsible for dim light vision, the ability of cones to function in constant
light is essential to human vision and may be facilitated by cone-specific visual
cycle pathways. The interphotoreceptor retinoid-binding protein (IRBP) is a pro-
posed retinoid transporter in the visual cycle, but rods in Irbp~~ mice have a normal
visual cycle. However, there is evidence that IRBP has cone-specific functions. Cone
electroretinogram (ERG) responses are reduced, despite having cone densities and
opsin levels similar to C57BI/6 (WT) mice. Treatment with 9-cis retinal rescues the
cone response in Irbp~~ mice and shows that retinoid deficiency underlies cone
dysfunction. These data indicate that IRBP is essential to normal cone function and
demonstrate that differences exist in the visual cycle of rods and cones.

17.1 Introduction

11-cis Retinal covalently binds opsin to form the light-sensitive visual pigments in
rod and cone photoreceptors. In the dark, 11-cis retinal functions as an opsin inverse
agonist, but when light strikes a visual pigment, 11-cis retinal is isomerized to all-
trans retinal, an opsin agonist (Wald 1935, 1955). The photoisomerization of retinal
triggers the photoresponse of rods and cones, but constant function requires that new
11-cis retinal continuously replace the all-frans retinal photoproduct. The retina and
adjacent retinal pigment epithelium (RPE) accomplish this by efficiently converting
all-trans retinal back to 11-cis retinal in a series of enzymatic steps known as the
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visual cycle. While our understanding of the classical visual cycle is largely derived
from the study of rods, cones are responsible for the bulk of human vision, and there
is growing evidence that separate pathways generate a privileged supply of 11-cis
retinal to facilitate cone function in constant light (Mata et al. 2002; Mata et al.
2005).

The classical visual cycle associated with rods is a compartmentalized cascade
with steps occurring in both the photoreceptors and retinal pigment epithelium
(RPE). all-trans Retinol is generated from all-frans retinal in the photoreceptors
and passed to the RPE, where it is converted to 11-cis retinal for the photoreceptors
(Fig. 17.1). While the compartmentalization of steps in the retina and RPE drives the

Retinal Pigment Epithelium
e
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11-cis retinal all-trans retinol
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Fig.17.1 The classical visual cycle; The visual cycle begins when all-trans retinal is released from
the activated opsin and reduced to all-frans retinol in the photoreceptor outer segment. all-trans
Retinol then exits the photoreceptor, crosses the sub-retinal space, and enters the retinal pigment
epithelium (RPE). In the RPE, all-trans retinol is enzymatically converted to 11-cis retinal and
returned back across the sub-retinal space to the photoreceptors. IRBP is thought to facilitate the
delivery of all-trans retinol from the photoreceptors to the RPE and the return of 11-cis retinal
from the RPE to the photoreceptors
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flow specific retinoids in the appropriate direction, it requires that poorly soluble and
potentially toxic retinoids traverse the aqueous sub-retinal space between the pho-
toreceptors and the RPE. The Interphotoreceptor Retinoid Binding Protein (IRBP)
is the most abundant soluble protein in the sub-retinal space (Loew and Gonzalez-
Fernandez 2002) and is thought to facilitate this process (Bunt-Milam and Saari
1983; Fong et al. 1984).

In vitro studies have shown that IRBP promotes the release of all-trans retinol
from photoreceptors (Ala-Laurila et al. 2006; Wu et al. 2007) and facilitates its
delivery to the RPE (Okajima et al. 1994). Additionally, IRBP can also enhance
11-cis retinal release from the RPE (Edwards and Adler 2000), prevent its isomer-
ization in the sub-retinal space (Crouch et al. 1992), and transfer 11-cis retinal to
photoreceptors (Jones et al. 1989). Each of these steps would appear to be important
for normal visual cycle function, and were IRBP essential for any of its proposed
roles, an 11-cis retinal deficiency would inevitably occur in its absence. The Irbp~~
mouse was expected to confirm IRBP’s importance to the visual cycle in vivo (Liou
et al. 1998). Although rod function is diminished in Irbp™~ mice, the visual cycle
in rods is surprisingly normal (Palczewski et al. 1999; Ripps et al. 2000), and rod
dysfunction is thought to be secondary to degeneration (Liou et al. 1998). Cone
function in Irbp~~ mice is also diminished (Ripps et al. 2000), but the underlying
cause remains unclear.

17.2 The Cone Population in Irbp~~ Mice

Because the rod population in Irbp™~ mice is reported to degenerate (Liou et al.
1998), it is possible that cones are similarly affected, and ERGs and cone densi-
ties were used to look for cone degeneration. Cone ERGs from Irbp™~ mice were
diminished as early as 1 month (Fig. 17.2a) but showed no evidence of decline
through 9 months of age (p = 0.28) (Fig. 17.2a, b). Analysis of the cone densi-
ties of aging Irbp”~ mice produced similar results. Cone densities were calculated
using retina flat-mounts stained with peanut agglutinin (PNA), a lectin that binds
the glycoprotein sheath surrounding cones (Johnson et al. 1986). While a small
drop in the cone densities was noted from 1 to 2 months (256 & 4.3, n = 4; 222
+ 5.3, n = 4; p = 0.03), the population remained stable between 1 and 9 months
(p = 0.14) (Fig. 17.2b). Cone densities were also similar in the dorsal and ventral
retina, suggesting that neither the MWS nor SWS cones were uniquely affected.
Thus, both ERGs and cone densities in aging Irbp~~ mice suggest that a significant
degenerative process does not underlie cone dysfunction.

While a degenerative process does not appear to be present, IRBP has proposed
developmental functions (Gonzalez-Fernandez and Healy 1990), and its absence
could impair normal cone development. Thus, reduced cone densities could account
for the attenuated cone response in Irbp”~ mice. Again, PNA-stained retina flat-
mounts were used, and representative flat-mounts from Irbp™~ and WT mice at 1
and 8 months are shown in Fig. 17.3a. The similar densities found in Irbp~~ and
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Fig. 17.2 A stable cone population in aging Irbp™~ Mice; a. Single-flash photopic ERG responses
from individual WT and Irbp™ mice to a 0.4 log cd*s/m? flash. b. Single flash photopic ERGs
(0.4 log cd*s/m? stimulus) of Irbp‘/‘ miceat 1 (n =9),2(n=12),3 (n =13),and 8 (n = 12)
months showed no significant change with age (p = 0.28, one-way ANOVA). Data points represent
mean amplitudes & S.D. ¢. Cone densities counted from PNA-stained retina flat-mounts of Irbp™~
mice at 1 (n =4),2 (n =3), 6 (n =4), and 9 (n = 4) months showed a drop between 1 and 2
months (p = 0.03, Mann-Whitney test), but densities were stable between 2 and 9 months (p =
0.14, Kruskal-Wallis test). Densities were similar between the dorsal and ventral retina at all ages.
All bars represent means + S.D
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Fig. 17.3 a. Retina flat-mounts (400x) stained with PNA from Irbp”~ and WT mice at 1 and 8
months. b. Cone densities were similar in Irbp™~ and WI'mice at 1 (Irbp™~,n =4, WI,n=4;p =
0.47, Mann-Whitney test) and 8 (Irbp’/’, n=3; WT, n = 3; p = 1.00, Mann-Whitney test) months.
¢. Western blots in Irbp™~ and WT mice were used to identify MWS and SWS cone opsin levels
from 20 pg of total retina protein. At 4 months of age, levels of both cone opsins were similar in
Irbp™~ and WT mice. After staining for either the MWS or SWS cone opsins, membranes were
stripped and re-probed for B-actin as a loading control
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WT mice at both 1 month (Irbp’/’, 256 + 43, n = 4; WT, 261 &+ 11, n = 4;
p = 0.47) and 8 months (Irbp™~, 218 4 16, n=3; WT, 216 + 13, n = 3; p =
1.0) (Fig. 17.3b) suggests that cone development is normal in Irbp™~ mice. While
PNA staining allows the rapid calculation of cone densities, PNA binds the sheath
surrounding cones and not the cones, themselves. To account for this, western blots
were used to compare cone opsin levels in Irbp~~ and WT mice. In agreement with
the findings from flat-mounts, Irbp~~ and WT mice at 4 months of age had equiv-
alent levels of MWS and SWS opsin (Fig. 17.3c). Retina cross-sections confirmed
the correct localization of cone opsins to the outer segments (not shown). Together,
the normal cone densities and opsin levels suggest that cone development is not
impaired in Irbp~~ mice.

Neither degeneration nor development account for cone dysfunction in Irbp™~
mice, but an altered cone response could result from visual cycle deficits in IRBP’s
absence. We tested for 11-cis retinal deficiency in the cones of Irbp™~ mice by ana-
lyzing photopic ERGs before and after intraperitoneal (IP) injections of 9-cis retinal,
a functional analogue of 11-cis retinal (Crouch and Katz 1980). Baseline responses
from Irbp~~ mice were reduced relative to W7 mice at all intensities but recovered
dramatically after treatment with 9-cis retinal (0.375 mg, IP) (Fig. 17.4a). Intensity
response plots from Irbp™~ mice (n = 8) show that cone responses increased signif-
icantly with 9-cis retinal treatment at intensities above —0.8 log cd*s/m? (p = 0.005)
(Fig. 17.4b) and did not differ significantly from the responses of treated WT mice
(p = 0.25) (Fig. 17.4c). 9-cis Retinal had no effect on rod function in Irbp™~ mice
(a-wave, p = 0.70; b-wave, p = 0.55) and did not significantly alter the rod or cone
responses in WT mice (not shown). Thus, the cones of Irbp™~ mice were uniquely
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Fig. 17.4 Recovery of cone ERGs in Irbp™~ mice with exogenous 9-cis retinal; a. Representative
ERG traces from 2 month old animals are shown. Control responses from the Irbp~~ mouse were
reduced relative to WT at all intensities. After the intraperitoneal (IP) injection of 9-cis retinal
(0.375 mg), responses from the same mouse recovered to WT levels. b. Intensity-response plots
from ERG recordings of 2 month old Irbp‘/‘ mice (n = 8) treated with 9-cis retinal (0.375 mg,
IP) showed a significant recovery of cone responses at all intensities above —0.8 log cd*s/m? (p =
0.003, paired two-way ANOVA). ¢. Responses of WT (n = 4) and Irbp™~ mice after 9-cis retinal
injections were not significantly different (p = 0.25, two-way ANOVA)
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sensitive to exogenous 9-cis retinal, and the recovery of cone function to WT lev-
els suggests that cone dysfunction in Irbp~~ mice results from an 11-cis retinal
deficiency.

17.3 Implications for IRBP and Cone Function

IRBP is thought to link the photoreceptors and RPE in the classical visual cycle.
While its absence does not alter retinoid metabolism in rods (Palczewski et al. 1999;
Ripps et al. 2000), our findings show that IRBP is important to cone function. As
IRBP is not essential to the rod visual cycle, rod dysfunction in the model is likely
the result of a degenerative process. The accumulation of toxic photoproducts in the
absence of IRBP’s buffering abilities may be responsible (Ho et al. 1989; Crouch
et al. 1992; Wu et al. 2007), but it is also likely that IRBP has important func-
tions beyond retinoid transport. IRBP binds key outer segment components, such as
docosahexaenoic acid (DHA), that are essential for normal outer segment formation
(Chen et al. 1993; Shaw and Noy 2001). With disorganized outer segments common
in the surviving rods of Irbp™~ mice (Liou et al. 1998), shortages of essential outer
segment components could underlie rod dysfunction.

While both rod and cone responses are reduced in Irbp~~ mice, a unique mech-
anism underlies cone dysfunction. In the absence of significant degeneration or
developmental abnormalities, reduced cone function in Irbp‘/ ~ mice resulted from
cone-specific visual cycle deficits, and ERGs performed before and after 9-cis reti-
nal injections confirmed that visual cycle deficits in Irbp™~ mice are cone-specific.
9-cis Retinal had no effect on the rod responses in Irbp™~ or WT mice, nor did it
produce a significant change in WT cone responses. Only the cones of Irbp™~ mice
responded to 9-cis retinal, and treatment resulted in increased responses that were
similar to WT. Rescue of the cone response with 9-cis retinal shows that cones sur-
vive with high levels of unregenerated cone opsin and demonstrates that cones are
uniquely dependent on IRBP for normal retinoid levels.

17.4 The Cone Visual Cycle

Despite identifying a cone-specific visual cycle disruption, a number of questions
remain surrounding IRBP’s contribution to cone function. In vitro studies suggest
that IRBP can promote 11-cis retinal release from the RPE (Edwards and Adler
2000) and delivery to photoreceptors (Jones et al. 1989). While the flow of 11-cis
retinal to rods is normal in Irbp~~ mice (Ripps et al. 2000), the flow to cones has not
been analyzed, and it is possible that cones require IRBP to efficiently draw 11-cis
retinal from the RPE. Another explanation is that IRBP functions as the retinoid
transporter in the proposed cone visual cycle (Fig. 17.5). Cones are believed to
have unique pathways for regenerating 11-cis retinal from 11-cis retinol generated
in Miiller cells (Das et al. 1992; Bustamante et al. 1995; Mata et al. 2002, 2005).
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Fig. 17.5 The proposed cone visual cycle; Cones are thought to have unique access to retinoids
from Miiller cells in the inner retina. Like the classical visual cycle, the proposed cone pathway
begins when all-frans retinal (atRAL) is reduced to all-frans retinol (atROL) in the cone outer
segment. all-frans Retinol is transported to Miiller cells located along the outer limiting mem-
brane with the possible help of IRBP. Mller cells convert the all-frans retinol into 11-cis retinol
(11cROL), which is released into the sub-retinal space and returned to the cones. Again, IRBP
may facilitate this step, as one of its endogenous ligands is 11-cis retinol. Within the cones, 11-cis
retinol converted to 11-cis retinal (11cRAL) and used to regenerate functional visual pigment

Central to this theory is the unique ability of cones to regenerate 11-cis retinal from
11-cis retinol supplied to the inner segment (Jones et al. 1989). Miiller cells gener-
ate 11-cis retinol (Das et al. 1992) and contain CRALBP in microvilli located near
the cone inner segments (Bunt-Milam and Saari 1983). IRBP co-localizes with the
microvilli in a light-dependent manner (Uehara et al. 1990), is found in high con-
centration around cones (Carter-Dawson and Burroughs 1992a, Carter-Dawson and
Burroughs 1992b), and binds 11-cis retinol endogenously (Saari et al. 1985). While
a functional relationship between IRBP, Miiller cells, and cone inner segments has
not been proven, the presence of retinoid deficient cones in Irbp™~ mice provides
additional evidence for this pathway.

In summary, IRBP is not essential to the rod visual cycle, but reduced cone func-
tion in Irbp~”~ mice is due to 11-cis retinal deficiency and implies that IRBP is
essential to the normal cycling of retinoids in cones. These findings represent the
first in vivo evidence implicating IRBP as a retinoid transporter in the visual cycle,
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and indicate a critical role for IRBP in the cone function that is essential for human
vision.
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Chapter 18

Aseptic Injury to Epithelial Cells Alters Cell
Surface Complement Regulation in a Tissue
Specific Fashion

Joshua M. Thurman, Brandon Renner, Kannan Kunchithapautham,
V. Michael Holers, and Biirbel Rohrer

Abstract We have recently shown that oxidative stress of ARPE-19 cells alters the
expression of the cell surface complement regulatory proteins DAF and CD59, and
permits increased activation of complement when the cells are subsequently exposed
to serum. Based upon these results, we hypothesized that RPE cells respond to cel-
lular stress as if it is infection, and reduce their surface expression of complement
regulatory proteins to foster the local immune response. To test this hypothesis, we
examined whether cellular hypoxia would produce a similar change in ARPE-19
cells. In addition, we asked whether this response to oxidative stress is universal
in all epithelial cells, by examining the expression of complement regulatory pro-
teins on the surface of the renal and pulmonary epithelial cells. We found that the
expression of complement regulatory proteins is altered by aseptic cellular stressors
such as hypoxia and oxidative stress, but the response to these conditions differs
from tissue to tissue. In RPE cells oxidative stress reduces the expression of the
cell surface complement regulators and sensitizes the cells to complement mediated
injury. This specific response is not seen in epithelial cells from the lung or kidney,
and is not induced by hypoxia. These studies help explain the unique mechanisms
by which uncontrolled complement activation may contribute to the development
of AMD.

18.1 Introduction

The complement proteins form an important part of the innate immune system,
but uncontrolled activation of the alternative pathway of complement contributes to
the development of age-related macular degeneration (AMD) (Gehrs and Anderson
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2006). We recently reported that oxidative stress of ARPE cells alters the expres-
sion of cell surface complement regulatory proteins and permits increased activation
of complement when the cells are subsequently exposed to complement-sufficient
serum (Rohrer and Renner 2008). In a separate set of studies we have previously
demonstrated that tissue ischemia alters complement regulation on the surface of
renal epithelial cells (RPE) (Thurman et al. 2006). These findings suggest that
epithelial cells from different organs may respond to cellular stressors by alter-
ing their expression of complement regulatory proteins, and that this response may
contribute to autologous complement-mediated injury in diseases such as AMD.

Cells control complement activation on their surface through the expression
of complement regulatory proteins. The three cell surface complement regulatory
proteins are membrane cofactor protein (MCP; CD46), decay accelerating factor
(DAF; CD55), and CD59. Crry is a rodent complement regulatory protein that is a
homologue of MCP and DAF (Molina and Wong1992). Local complement activa-
tion is likely a result of the balance of complement proteins, activating molecules,
and inhibitory molecules. As the interface of the internal milieu with the out-
side world, epithelial cells must be able to protect themselves from autologous
complement-mediated injury while also fostering effective clearance of pathogens
by complement proteins present in the serum. Retinal pigmented epithelial (RPE)
cells likely perform surveillance functions, possibly triggering an inflammatory
response when pathogens are detected.

We hypothesized that RPE cells respond to cellular stress as if it is infection,
and reduce their surface expression of complement regulatory proteins to foster the
local immune response. In addition to AMD, uncontrolled activation of the alter-
native pathway on barrier epithelial layers occurs in ischemic acute kidney injury
(Thurman and Ljubanovic 2003) and in asthma (Taube and Thurman 2006); so we
further hypothesized that the mechanisms of altered complement regulation that we
have described for RPE cells might also be seen in epithelial cells derived from
the kidney and lung. We have, therefore, examined whether oxidative stress induces
changes in the expression of complement regulatory proteins on the surface of renal
and pulmonary epithelial cells, similar to what we have observed in RPE cells.

18.2 Material and Methods

18.2.1 Reagents

The reagents used in these studies included pooled normal human serum (NHS;
Quidel) as a source of complement proteins, or complement-sufficient mouse
serum obtained by bleeding C57Bl/6 mice. Primary antibodies to DAF (Chemicon
International), CD59 (Chemicon International), MCP (Monosan), Crry (BD
Biosciences), and C3 (ICN Pharmaceuticals) were used. Species-specific secondary
antibodies were from Jackson ImmunoResearch and MP Biomedicals, Inc.
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18.2.2 Cell Culture

We used three different epithelial cell lines: the retinal pigment epithelial cell line,
ARPE-19; the BUMPT, renal proximal tubular epithelial cell (PTEC) line; and the
pulmonary epithelial cell line, A549. The ARPE-19, human RPE cell line (Dunn
and Aotaki-Keen 1996; Dunn and Marmorstein 1998), was grown in DMEM-F12
(Gibco) with 10% fetal bovine serum (FBS) and penicillin-streptomycin (Pen-
Strep). Upon reaching confluence, FBS was removed completely for 2 weeks for
cells to form a monolayer with tight junctions. Monolayer barrier function was
confirmed in parallel cultures grown on transwell inserts that allow for measure-
ments of transepithelial resistance. The PTEC line was originally derived from the
Immortmouse (Sinha and Wang 2003). These cells were grown in DMEM medium
supplemented with 10% FBS, Pen-Strep, and 0.2 U/mL interferon-gamma (IFN-vy;
Peprotech). The IFN-y in this medium permits expression of the H-2Kb-tsA58
transgene in these cells (Sinha and Wang 2003). After the cells reached confluence
they were changed to 1:1 DMEM/Ham’s F12 supplemented with 5 mg/L transferrin
(Invitrogen Life Technologies), 50 nM hydrocortisone (Sigma-Aldrich), and 5 mg/L
insulin for 2 days to suppress expression of the transgene. Finally, the A549 cell
line (Lieber and Smith 1976), was grown in DMEM (Gibco) with 10% FBS and
Pen-Strep. To induce chemical hypoxia, cells were treated with 1 wM antimycin A
(Sigma-Aldrich) for 1 h. In some experiments the cells were treated with 0.5 mM
H,0, for 1 h. This dose falls within the range also used by other investigators to
induce oxidative stress in these cell types (Panayiotidis and Stabler 2008). For exper-
iments in which complement activation on the surface of the cells was examined,
the cells were subsequently incubated in 10% normal human serum (for the A549
and ARPE-19 cell lines), or complement-sufficient mouse serum (for the murine
BUMPT cell line), at 37°C for 1 h

18.2.3 Flow Cytometry

The surface expression of the complement regulatory proteins DAF, MCP, and
CD59, was examined by flow cytometry. Cells were released from the culture plates
by treatment with Accutase (Innovative Cell Technologies, Inc.), and washed in
PBS. The expression of surface proteins was examined by incubating the cells
with primary antibody to the proteins, at 4°C for 1 h and washing the cells in
PBS, and repeating this step with secondary antibodies when necessary. Cells were
then washed and resuspended in 500 WL of PBS, run on a FACSCalibur machine
(BD Biosciences), and analyzed with CellQuest Pro software (BD Biosciences). To
measure complement activation on the cell surface, the cells were washed in PBS,
incubated with a FITC-conjugated polyclonal antibody to C3 for 1 h at 4°C, and
analyzed by FACS as described above.
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18.3 Results

18.3.1 Oxidative Stress, but Not Chemical Hypoxia, Alters
the Expression of Complement Regulatory Proteins
on ARPE-19 Cells

We have previously found that antimycin A sensitizes renal epithelial cells to
complement-mediated injury (Thurman et al. 2006). We have also previously
reported that oxidative stress of ARPE-19 cells results in a decrease in levels of DAF
and CD59 surface levels, whereas MCP remains unchanged (Rohrer and Renner
2008). To determine whether decreased expression of these complement regula-
tory proteins is a common response to many types of cellular stress, ARPE-19 cells
were grown as monolayers and were treated with 1 WM antimycin A for 1 h. After
treating the cells with antimycin A, cell surface expression of the complement regu-
latory proteins DAF, MCP, and CD59, was measured by FACS analysis (Fig. 18.1).
Chemical hypoxia of the ARPE-19 cells resulted in a slight increase in surface
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Fig. 18.1 Surface expression of endogenous complement inhibitors by ARPE-19 cells does not
decrease in response to hypoxic stress; ARPE-19 cells were treated with 1 wM antimycin A for 1 h.
The cells were stained for DAF, MCP, and CD59, and the surface expression of these proteins on
experimental cells (dark line) was compared to controls (shaded curve) and isotype controls (gray
line). (a) Surface expression of DAF increased in antimycin-A-treated cells; whereas (b) surface
expression of MCP and (¢) CD59 did not change after treatment with Antimycin A
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levels of DAF, and the levels of MCP and CD59 were unchanged. Thus, the response
of ARPE-19 cells to hypoxia and oxidative stress are distinct.

18.3.2 Oxidative Stress of Renal Tubular Epithelial Cells Does Not
Alter Surface Expression of Crry by the Cells

Crry is the only membrane bound complement regulatory protein expressed by
mouse renal PTECs (Thurman et al. 2006). To determine whether expression of Crry
by PTECs: is altered by oxidative stress, we treated PTECs with 0.5 mM H»O, for
1 h and assessed surface levels of Crry by FACS analysis. Surface levels of Crry in
the oxidatively stressed cells were not detectably different than levels in unmanipu-
lated control cells (Fig. 18.2a). We also subjected PTECs to oxidative stress and then
exposed them to 10% serum. Exposure of PTECs to 10% serum caused deposition
of C3 onto the cell surface, but oxidative stress of the cells did not detectably alter
the amount of C3 deposited on serum-exposed cells compared to unmanipulated
control cells (Fig. 18.2b).

18.3.3 Expression of MCP, CD55 and CD59 on the Surface
of Lung Epithelial Cells Increases After Oxidative Stress,
but This Does Not Prevent Complement-Activation on the
Cell Surface

We treated epithelial cells derived from human lung with the same dose of HO», and
measured surface expression of the complement regulatory proteins MCP, CD5S5,
and CD59 by FACS analysis. Cells treated with HyO, demonstrated increased levels
of all three proteins when compared to unmanipulated control cells (Fig. 18.2c—e).
We also found that oxidative stress alone induced fixation of C3 to the cell sur-
face even in the absence of exogenous serum (Fig. 18.2f). Based upon these results
we suspect that oxidatively-stressed A549 cells secrete C3. Taken together, these
data demonstrate that the A549 cells increase the surface expression of complement
regulatory proteins in response to oxidative stress. This increased complement regu-
lation may be offset by other cellular responses such as the release of C3 by the cells,
however; and there is a net increase in complement deposition on the cell surface
after treatment with HO».

18.4 Discussion

We have previously shown that oxidative stress of ARPE-19 cells alters the expres-
sion of complement regulatory proteins on the cell surface, resulting in greater
deposition of C3 on the cell surface when they are subsequently exposed to com-
plement sufficient serum (Rohrer and Renner 2008). In the current study we report
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Fig. 18.2 Oxidative stress does not alter complement regulation on the surface of ptecs or A549
cells; Cells were grown to confluence and were treated with 0.5 mM H,O» for 1 h. (a) PTECs were
stained for Crry, and surface levels on oxidatively-stressed cells (shaded curve) were compared to
unmanipulated controls (solid line) and an isotype control (gray line). (b) PTECs were treated with
H,0O7 and were then exposed to 10% mouse serum for 1 h. C3 deposition on the cells treated with
H,0; (shaded curve) was compared to that seen in unmanipulated controls (solid line) and an
isotype control (gray line). Levels of (¢) DAF, (d) MCP, and (e) CD59 on H>O;-treated A549 cells
(solid lines) were compared with unmanipulated controls (shaded curves) and isotype controls
(gray lines). (f) Levels of surface C3 were assessed from A549 cells treated with HyO; (solid line)
and were compared to unmanipulated cells (shaded curve) and isotype control antibody (gray line)

that chemical hypoxia of the ARPE-19 cells does not have a similar effect. Indeed,
surface levels of DAF were increased after treatment of the cells with Antimycin A.
We also tested the effects of oxidative stress on epithelial cells derived from kid-
ney and lung. Treatment of PTECs with H,O; did not alter the surface expression
of the complement regulatory protein, Crry, and did not cause increased deposition
of C3 on the cell surface after exposure to serum. Treatment of A549 cells with
H,0, increased the surface expression of MCP, CD55 and CD59. Thus, epithelial
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cells from different tissues have distinct responses to oxidative stress. Oxidative
stress reduces the ability of RPE cells to regulate complement on the cell surface.
PTEC cells were not significantly affected by the treatment. Pulmonary epithelial
cells increased their expression of complement regulatory proteins, but were still
more susceptible to complement activation, possibly due to increased production of
complement-activating proteins by the cells.

Pathologic complement activation on epithelial barrier layers is characteristic of
inflammatory diseases in several organs, including the eye (Gehrs and Anderson
2006), the kidney (Thurman et al. 2006), and the lung (Taube and Thurman 2006).
We initially hypothesized that a reduction in cell surface complement-regulation
might be a generalized response of epithelial cells to infection or cellular stress.
Such a response might evolve to help protect the host from invasive infection. Our
current results, however, suggest that epithelial cells from different organs respond
to cellular stress in idiosyncratic ways. Oxidative stress markedly increases the sus-
ceptibility of RPE cells to complement activation, but chemical hypoxia did not
have this effect. On the other hand, hypoxia increases the susceptibility of renal
epithelial cells to complement-mediated injury, but oxidative stress had very little
effect.

The unique response of RPE cells to oxidative stress may reflect the environ-
ment in which these cells reside. The eye must be kept absolutely free of invasive
pathogens, but it is also an immunologically privileged location. Resident cells must
therefore perform surveillance functions, and generate proinflammatory factors if
they sense pathogens or tissue damage. In this context, modulated regulation of the
complement system at the RPE cell layer could be a rapid and potent defense mecha-
nism against ocular infection. Epithelial cells in organs such as the lung, in contrast,
are regularly exposed to inhaled pathogens and may have a higher threshold for
induction of proinflammatory signals. Renal epithelial cells should also maintain a
sterile environment, so it is not immediately clear why RPEs are sensitive to oxida-
tive stress, but the renal cells are sensitive to chemical hypoxia. These responses may
relate to the pathogens these cells have evolved to detect. The important role of com-
plement activation in the development of AMD (Hageman and Luthert 2001; Gehrs
and Anderson 2006), however, underscores the delicate balance that must be main-
tained to protect the RPE cell layer from autologous injury while also preventing
infectious injury.

In summary, we have found that epithelial cells derived from the eye and the
lung express DAF, CD59, and MCP. Epithelial cells from the mouse kidney express
Crry in an analogous distribution to MCP in human renal epithelial cells (Ichida and
Yuzawa 1994; Thurman et al. 2006). The expression of these proteins is altered by
aseptic cellular stressors such as hypoxia and oxidative stress, but the response to
these conditions differs from tissue to tissue. In RPE cells, oxidative stress reduces
the expression of the cell surface complement regulators and sensitizes the cells
to complement-mediated injury. This specific response is not seen in epithelial
cells from the lung or kidney, and is not induced by hypoxia. These studies help
explain the unique mechanisms by which uncontrolled complement activation may
contribute to the development of AMD. A greater understanding of the molecular
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events that cause AMD may help in the development of therapies to reduce tissue
inflammation while minimizing the risk of infection.
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Chapter 19
Role of Metalloproteases in Retinal
Degeneration Induced by Violet and Blue Light

C. Sanchez-Ramos, J.A. Vega, ML.E. del Valle, A. Fernandez-Balbuena,
C. Bonnin-Arias, and J.M. Benitez-del Castillo

Abstract

Introduction: An essential role for metalloproteases (MMPs) has been described in
blood vessel neoformation and the removal of cell debris. MMPs also play a key
role in degenerative processes and in tumors. The participation of these enzymes in
light-induced phototoxic processes is supported by both experimental and clinical
data. Given that patients with age-related macular degeneration often show deposits,
or drusen, these deposits could be the consequence of deficient MMP production by
the pigment epithelium.

Objective: To gain insight into the regulation of metalloproteases in the pathogenia
of retinal degeneration induced by light.

Materials and Methods: We examined the eyes of experimental rabbits exposed
for 2 years to circadian cycles of white light, blue light and white light lacking
short wavelengths. For the trial the animals had been implanted with a transparent
intraocular lens (IOL) and a yellow AcrySof® IOL, one in each eye. After sacri-
ficing the animals, the retinal layer was dissected from the eye and processed for
gene expression analyses in which we examined the behavior of MMP-2, MMP-3
and MMP-9.

Results: MMP-2 expression was unaffected by the light received and type of IOL.
However, animals exposed to white light devoid of short wavelengths or those fit-
ted with a yellow IOL showed 2.9- and 3.6-fold increases in MMP-3 expression,
respectively compared to controls. MMP-9 expression levels were also 3.1 times
higher following exposure to blue light and 4.6 times higher following exposure to
white light lacking short wavelengths or 4.2 times higher in eyes implanted with a
yellow IOL.
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Conclusion: Exposure to long periods of light irrespective of its characteristics leads
to the increased expression of some MMPs. This alteration could indicate damage
to the extracellular matrix and have detrimental effects on the retina.

19.1 Introduction

The exposition to light radiation causes 3 types of damages on the retina: pho-
tomechanical, photothermal and photochemical damages. Light-induced damages
mechanism is not exactly known, although there is a lot of references about the
effects of light on the retina (Wenzel et al. 2001, Wu et al. 2006), also the mechanism
to avoid these damages. In order to gain insight into the knowledge of the phototoxic
damages causes by light radiation, it is necessary to focus the analysis in the level of
the genetic expression of some possible mechanisms that are involved into the light-
induced phototoxic processes. One of the possible mechanisms, which affects the
degenerative processes, is the one in which are involved, a serial of proteins called
metalloproteases (MMPs).

MMPs are a family of proteins that degraded, in a very selective way, the
components of the basal layer and the extracellular matrix. An essential role for
metalloproteases (MMPs) has been described in blood vessel neoformation and the
removal of cell debris. MMPs also play a key role in degenerative processes and in
tumors. MMPs are involved in every process that concerns the extracellular matrix
restructuring and they act in a balanced way with their endogenous inhibitors, the
TIMs (tissue inhibitor of MMPs).

Actually, 20 MMPs, grouped in 4 families: (1) colagenases (MMP-1, 8 and 13),
which hydrolyze the interstitial collagen; (2) gelatinases (MMP-2 and 9), which
hydrolyze the denatured collagen and some non-fibrilar proteins; (3) the family of
stromelysin (MMP-3, 7, 10, 11 and 12) and 4) MMPs jointed to membranes (MMP-
14, 15, 16 and 17). In this study 3 types of MMPs have been analyzed: MMP-2,
MMP-3 y MMP-9.

These enzymes role in light-induced phototoxic processes is supported by both
experimental and clinical data. Plantner (Plantner et al. 1991; Plantner 1992;
Plantner and Drew, 1994) was the first on describing the presence of MMPs,
specifically MMP-1, MMP-3 and MMP-9, on the matrix situated between the pho-
toreceptors; later, the presence of MMP-2 was confirmed to increase due to light
exposure (Plantner et al. 1998a). Light-induced retina’s overstimulation causes an
increase in the expression of the MMP-9 or gelatinase B, regardless of whether
there’s a lost of photoreceptors or not (Papp et al. 2007). In the other hand, laser’s
photocoagulation makes the pigment epithelium to produce MMP-2, MMP-3 and
MMP-9 (Flaxel et al. 2007).

Given that patients with age-related macular degeneration (AMD) often show
deposits, or drusen, these deposits could be the consequence of deficient MMP pro-
duction by the pigment epithelium (Elliot et al. 2006). Also, there are many cases of
patients with AMD and blood vessel neoformation, what suggests also the MMPs
influence in the process.
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In a general way, proteases from MMPs family are involved in every biolog-
ical process that entails the extracellular matrix restructuring of basal layers and
blood vessel neoformation. One of the characteristics of light-induced pathologies
in humans, also in experimental models, is the appearance of not-well-characterized
deposits, drusen. Because of this, these deposits could be a consequence of a
reduction on the expression of MMPs, also this could shown the inability of the
MMPS to degrade these deposits, that shape the drusen.

Because of and in order to contribute to a better knowledge of permanent and
long-term (2 years) lighting effect on the retina, rabbit eyes (clear and yellow
intraocular lenses, IOLs have been implanted) under different permanent lighting
conditions have been studied: white light, blue light and white light without the
blue-light part (called here yellow light).

19.2 Objective

To analyze the phototoxic effect of light on the retina and its prevention by using
blue-light filtering IOLs. More specifically, to gain insight into the regulation of
metalloproteases in the pathogenia of retinal degeneration induced by light.

19.3 Materials and Methods

Experimental rabbits eyes exposed for 2 years to circadian cycles of white light,
blue light and white light lacking short wavelengths were examined. Also, animals
had been implanted with a clear IOL (left eye) and a yellow AcrySof® IOL (right
eye), one in each eye (Table 19.1). After sacrificing the animals, the retinal layer
was dissected from the eye and processed for gene expression analyses in which we
examined the behavior of MMP-2, MMP-3 and MMP-9 (Fig. 19.1 and Table 19.2).

Table 19.1 Lighting conditions diagram (yellow, white and blue) in combination with IOL’s
(clear/left eye, yellow/right eye) implanted in rabbits of the sample. IOL’s and surgery used
characteristics follows the protocol established for the Escuela de Optica (UCM)

Surgery (eye)
—_— Time
ID Left Right Light (years)
13 Clear Yellow Yellow 2
Gl Clear Clear Non exposure 2
G3 Clear Yellow White 2
G5 Clear Yellow Yellow 2
G6 Clear Yellow Blue 2
E2 Clear Yellow Blue 2,5
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Fig. 19.1 Both eyes hemi-retinas of animals exposured to the same lighting levels were pro-
cessed together. Total mMRNA was extracted from the different experimental group’s retinas by
using the TRI reagent (Sigma; St. Louis, MO), also RNA integrity was quantified with agaroses
gel electrophoresis. RNA extracted was processed for inverse transcription with the tampon solu-
tion provided by the laboratory Amersham Pharmacia Biotech (Little Chalfont, Buckinghamshire,
UK). Primers sequences used are base on the sequences published for mouse (GenBank accession).
Reaction was made on a cyclator (Hyband Th. Cycler). PCR final product was visualized by using
a tinction of bromure ethidium under UV light follows by electrophoresis in agaroses gel (2%).
Products were quantified in a PhosphorImager (Fuji)

Table 19.2 Primers used in the study, which have been manufactured following previous biblio-
graphy, concerning genetic sondas were made similar as mouse’s genome. Every hybridation’s
results were satisfactory

Metalloproteases

e MMP-2: up: 5'-CCA CTG CCT TCG ATA CAC-3', down: 5'-GAG
CCA CTC TCT GGA ATC TTC AAA-3'

e MMP-3: up:5’-GCT TTG AAG GTC TGG GAG GAG
GTG-3',down: 5-CAG CTA TCT TCC TGG GAA ATC CTG-3'

e MMP-9: up: 5'-GTT CCC GGA GTG AGT TGA-3, down: 5'-TTT
ACA TGG CAC TGC AAA GC-3'

19.4 Results

These study findings indicate that exposure to long periods of light increases the
expression of some MMPs and this could have harmful effects on the retina since
it indicates damage to the extracellular matrix. Increased MMP expression could
determine the faster turnover of the extracellular matrix to avoid the formation of
matrix deposits.

Light exposure or the intraocular implant of a yellow lens does not modify
MMP-2 expression. In animals exposed to light, lacking the blue portion of the
spectrum, and in animals implanted with a yellow IOL, MMP-3 expression was 2.9
and 3.6 times higher than in controls, respectively. Similar behaviour was observed
for MMP-9 expression which was upregulated in: animals exposed to blue light
(3.1 times), animals exposed to white light lacking the blue portion of the spec-
trum (4.6 times) and animals fitted with a yellow intraocular lens (4.2 times). Light
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Fig. 19.2 Results obtained for MMP-2, MMP-3 and MMP-9. LIT-B: white IOL; LIT-Az:
blue-light IOL; LIT-Am: yellow (white light without the blue-light part); LIO: yellow IOL

exposure results in no changes in the expression for MMP-2, whereas MM-3 and
MMP-9 were up regulated, especially in the animals exposed to white-filtered light
and carrying a yellow intraocular lens (Fig. 19.2).

These results agree partially with other animal model trials published before.
There no modifications in MMP-2 expression, but Plantner (Plantner et al. 1998)
found it increased in animals exposed to light. In the other hand, data concerning
MMP-9 expression are coincident with the obtained for Papp (Papp et al. 2007). In
general, these result can’t support the hypothesis that drusen are a consequence of
MMPs production drop in pigment epithelium (Elliot et al. 2006).

These results analysis can be made in 2 ways. First, long-term lighting exposure,
irrespective of its characteristics, increases some MMPs expression and that could
damage the retina, because this would indicate extracellular matrix injuries. In the
other hand, the increase in the expression of the MMPs would be related with an
accelerated turnover of the matrix to avoid the appearance of deposits that give rise
to drusen.

19.5 Conclusion

Exposure to long periods of light irrespective of its characteristics leads to the
increased expression of some MMPs. This alteration could indicate damage to the
extracellular matrix and have detrimental effects on the retina.
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Chapter 20
Mitochondrial Decay and Impairment
of Antioxidant Defenses in Aging RPE Cells

Yuan He and Joyce Tombran-Tink

Abstract In the eye, the retinal pigment epithelium (RPE) is exposed to a highly
oxidative environment, partly due to elevated oxygen partial pressure from the
choriocapillaris and to digestion of polyunsaturated fatty acid laden photorecep-
tor outer segments. Here we examined the vulnerability of RPE cells to stress and
changes in their mitochondria with increased chronological aging and showed that
there is greater sensitivity of the cells to oxidative stress, alterations in their mito-
chondrial number, size, shape, matrix density, cristae architecture, and membrane
integrity as a function of age. These features correlate with reduced cellular lev-
els of ATP, ROS, and [Ca2*]., lower A{rm, increased [Ca®*|m sequestration and
decreased expression of mtHsp70, UCP2, and SOD3. Mitochondrial decay, bioen-
ergetic deficiencies, and weakened antioxidant defenses in RPE cells occur as early
as age 62. With increased severity, these conditions may significantly reduce RPE
function in the retina and contribute to age related retinal anomalies.

20.1 Summary

In the eye, the retinal pigment epithelium (RPE) is exposed to a highly oxidative
environment, partly due to elevated oxygen partial pressure from the choriocapillaris
and to digestion of polyunsaturated fatty acid laden photoreceptor outer segments.
Here we examined the vulnerability of RPE cells to stress and changes in their
mitochondria with increased chronological aging and showed that there is greater
sensitivity of the cells to oxidative stress, alterations in their mitochondrial num-
ber, size, shape, matrix density, cristae architecture, and membrane integrity as a
function of age. These features correlate with reduced cellular levels of ATP, ROS,
and [Ca%*]., lower Av{rm, increased [Ca?*]n sequestration and decreased expression

J. Tombran-Tink (5<)

Department of Neural and Behavioral Sciences, Pennsylvania State University College of
Medicine, Hershey, PA, USA

e-mail: jttink@aol.com

R.E. Anderson et al. (eds.), Retinal Degenerative Diseases, Advances in Experimental 165
Medicine and Biology 664, DOI 10.1007/978-1-4419-1399-9_20,
© Springer Science+Business Media, LLC 2010



166 Y. He and J. Tombran-Tink

of mtHsp70, UCP2, and SOD3. Mitochondrial decay, bioenergetic deficiencies, and
weakened antioxidant defenses in RPE cells occur as early as age 62. With increased
severity, these conditions may significantly reduce RPE function in the retina and
contribute to age related retinal anomalies.

20.2 Introduction

It is often argued that the metabolic rate of an organism determines its life span
(Beckman and Ames 1998; Sohal et al. 2002; Pamplona et al. 2002) and that neu-
rodegenerative diseases that occur with advanced aging have a common root in
mitochondrial dysfunction. The mitochondria divide continuously throughout the
life of a cell and their numbers in the cell varies according to organism, tissue
type, and energy demands. They control a range of processes including cell sig-
naling, differentiation, death, proliferation, and cell cycle. They produce most of the
cells ATP, generate the bulk of ROS (Vifia et al. 2006; Duchen 1999; Lane 2006),
and are important to the organism’s antioxidant defense systems (Mancuso 2007;
Jezek and Hlavata 2005; Czarna and Jarmuszkiewicz 2006; Inoue et al. 2003). These
organelles are highly prone to oxidative damage, can accumulate mutations because
they lack efficient mtDNA repair mechanisms, and can pass these mutations on to
daughter cells (Passos et al. 2007; Chen et al. 2007; Stuart and Brown 2006). A
shift in the balance of the number of normal and defective mitochondria in cells
can influence senescence and apoptotic programs (Koopman et al. 2007; Chen et al.
2006; Hauptmann et al. 2008; Kwong et al. 2007).

There is compelling evidence that mitochondrial dysfunction is an early event
in many neurodegenerative diseases including Alzheimer’s disease (Lin and Beal
2006; Takuma et al. 2005; Beal 1998; Krieger and Duchen 2002; Eckert et al. 2008;
Song et al. 2004; Schapira 1999; Valente et al. 2004) and that mitochondrial decay
causes the cell’s anti-stress pathways to operate with less efficiency (Wenzel et al.
2008; Hayakawa et al. 2008; Sasaki et al. 2008; Kimura et al. 2007). It is there-
fore conceivable that unchecked propagation and accumulation of dysfunctional
mitochondria in aging RPE cells is also an underlying cause in the progression of
age-related retinal diseases such as age AMD, a multifactorial disorder with eti-
ology stemming, in part, from cumulative oxidative damage to the RPE (D’Cruz
et al. 2000; Gal et al. 2000; Dorey et al. 1989; Green and Enger 1993; Beatty et al.
2000; Dunaief et al. 2002; Winkler et al. 1999). Histological changes are evident in
the RPE and mitochondria of these cells at the earliest stages of AMD and precede
vision loss, even though the disease has been primarily associated with photorecep-
tor damage (Green et al. 1985; Young 1987; Hageman et al. 2001; Penfold et al.
2001; Feher et al. 2006).

The RPE, a metabolically active epithelium crucial to maintaining the health
of the retina, is continuously bombarded by high levels of oxidants (Weiter 1987;
Zareba et al. 2006). Among its numerous responsibilities, this epithelium consti-
tutes the blood retinal barrier, facilitates selective transport between the choroidal
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vasculature and outer retina, phagocytose and degrade shed photoreceptor outer
segments, regenerate photopigments, secrete neurotrophic, adhesion, and vascu-
lar regulatory factors, and contributes to the integrity of Bruch’s membrane and
the choriocapillaris. Disruption in any of these high-energy requiring processes is
detrimental to the health of the retina.

In the AMD retina there is abnormal regulation of several mitochondrial proteins
including ATP synthase, cytochome C oxidase complex, and mtHsp70 (Nordgaard
et al. 2008) and a link between mitochondrial dysfunction and RPE degeneration
(Jin et al. 2005; Liang and Godley 2003; Jin et al. 2001; Wang et al. 2008; Suter
et al. 2000). This is not surprising given the daily challenges the RPE faces. Here
we provide evidence for structural and functional modifications in the mitochondria
of RPE cells, attenuation of the cells antioxidant system, and increased sensitiv-
ity of the RPE to oxidative stress with increased chronological age. We propose
that increased accumulation of defective mitochondria in RPE cells with aging con-
tributes to reduced function of these cells and increased pathological consequences
in the retina.

20.3 Materials and Methods

20.3.1 Primary Human RPE Cell Culture

Human RPE cells were isolated from non-diseased donors as previously described
(McKay and Burke 1994) and cultures maintained in DMEM supplemented with
5% FBS. Cultures in third to sixth passages from normal human donors, ages 9, 52,
62, and 76 years, were used for the experiments below.

20.3.2 Hydrogen Peroxide Toxicity — PI Assays

Cells were seeded at a density of 1 x 10° for 24 h in serum free medium (SFM), then
exposed to 320 uM H»O; for 2 h. Cultures were washed and cell death estimated
by propidium iodide (PI) (4 pg/ml) staining.

20.3.3 Mitochondrial Morphometrics

RPE cells were seeded onto fibronectin coated Thermanox cover slips, fixed and
processed for electron microscopy (Pavlovic et al. 2008; Zagon et al. 2007).
Twenty individual RPE cell EM micrographs were randomly taken along differ-
ent planes of cells from each donor and for each group, a carbon grating replica
was photographically recorded to calibrate the magnification of the cells (Laguens
1971). Micrographs were enlarged to 16,200X to count the mitochondria in three
49 jum? perinuclear areas of the cell (Fig. 20.3). The counting template consisted of
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Area 1, placed closest to the nucleus in the mitochondrial dense region and Area 2
and 3 located at a 45° angle to area 1 and at the same distance of 10.5 wm from
the nucleus. The mitochondria morphology was examined at 35,000x and morpho-
metric analysis performed using the NIH Image J program. Data is presented at the
mean for each individual area/20 cells and the mean of all three areas/20 cells.

RPE cell morphology was also examined using phase-contrast and confocal
microscopy and cell size estimated by flow cytometry. Mitochondrial population
was estimated by labeling detached cultures with 50 nM MitoTracker Red and anal-
ysis of 10,000 cells by flow cytometry (BD FACS AriaTM, Becton Dickinson, USA)
at an excitation wavelength of 488 nm and emission of 590 nm.

20.3.4 Protein and Weight Estimation of RPE Cells
and Mitochondria

RPE cells (1 x 10°) for each donor age were harvested by centrifugation. Pellets
were weighed, lysed, and protein concentrations estimated. Mitochondria were
isolated using reagents from the Pierce mitochondria isolation kit for cultured
cells (Pierce Chemical Co Rockford, Illinois, USA) (Hauptmann et al. 2008).
Mitochondrial pellet weights were estimated, then the organelles were lysed,
centrifuged, and concentration of protein in the supernatant estimated.

20.3.5 Measurement of ROS, ATP and Mitochondrial Membrane
Potential (A¥m)

Cellular oxidative stress was determined by the amount of ROS in the cytoplasm
(Degli Esposti 2002; Amer et al. 2003) of the RPE cells essentially as we have
described previously (He et al. 2008a). Cells were harvested by centrifugation,
washed, and 2 x 10° cells/ml incubated at 37°C for 30 min with 0.4 WM ROS
indicator Ho-DCF-DA. Excess Hy-DCF-DA was removed from the samples and
cells analyzed by flow cytometry using 488 nm excitation and 530 nm emission
wavelengths. ATP levels were determined using a luciferin/luciferase-based assay
essentially as described (He et al. 2008a) and luminescence measured using a
luminometer (Orion II Luminometer, Berthold Detection Systems, TN).

Av{rm measurements were carried out as we have previously described (He et al.
2008a) using the indicator JC-1, a lipophilic and cationic dye, which fluoresces red
when it aggregates in the matrix of healthy, high-potential mitochondria and fluores-
cence green in cells with low AWm. JC-1 (1 pg/ml) was added to 2 x 10° cells/ml
in suspension and samples incubated for 20 min at 37°C, washed, and analyzed by
flow cytometry. Data were collected at an emission wavelength of 530 nm for green
fluorescence and 590 nm for red fluorescence.
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20.3.6 Measurement of ([Ca®*].) and ([Ca**1y,)
Cytoplasmic calcium [Ca®*]. levels were measured with the fluorescent probe fluo-
3/AM and mitochondrial calcium [Ca%*] ,, with Rhod-2/AM (Kgq ~570 nM) as
described (He et al. 2008b; Deng et al. 2006; Mironov et al. 2005) using 1 x 10°
cells/well in SFM. The cells were loaded with either 1 uM fluo-3/AM for 30 min,
or 1 wM rhod-2/AM for 1 h, trypsinized, washed twice, resuspended in 200 1 PBS,
then analyzed by flow cytometry at excitation and emission wavelengths of 488
and 525 nm respectively, for fluo-3/AM, and 549 nm and 581 nm respectively, for
Rhod-2/AM.

20.3.7 Expression of Mitochondrial Associated Genes

Total mRNA from RPE cultures was isolated, RT-PCR and real time-PCR performed
at an annealing temperature of 58°C for 35 cycles for the mitochondria associated
genes, mtHsp70, UCP2, ATPase-a, 8, v, SODI1, SOD2, SOD3, Bax, Bcl-2, COX1
and COX2 using their respective primers (Invitrogen, Carlsbad, CA). GAPDH was
used as an internal RNA loading control and no reverse transcriptase (NRTs) reac-
tions as negative controls to confirm that amplification was RNA dependent. For
real-time PCR, the 2-step amplifying protocol was used with iQ SYBR green super-
mix solution (BioRad). Both the melting curve and gel electrophoretic analyses were
used to determine amplification homogeneity and quality of the reaction.

20.4 Results

20.4.1 Age Related Sensitivity of RPE Cells to Oxidative Stress

Phase-contrast micrographs of primary cultures of RPE cells show that RPE cells
from the 9 yo donor grow as a monolayer of tightly packed cobblestone-like cells
in culture whereas those from individuals >62 yo are larger and more fibroblastic in
appearance (Fig. 20.1). The identity of the cells in the cultures was established by
visual observation of the pigmented cells by phase contrast microscopy and using
RPEG65 as an expression marker. Visual observation and immunocytochmistry indi-
cate that greater than 99% of the cells in the primary cultures were pigmented and
expressed RPEGS.

In Fig. 20.2, we show that there are age related differences in the susceptibility of
RPE cells to oxidative stress. When treated with 160-320 uM H202, approximately
90% of cells were PI positive in cultures >62 yo compared to the 9 and 52 yo donors.
Flow cytometry for PI fluorescence intensity also confirms greater cell death in the
older cultures.
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Fig. 20.1 Phase-contrast micrographs of primary cultures of RPE cells obtained from various
donors ages (upper). Cells from donors >60 yo are larger and more fibroblastic in appearance
compared to those obtained from 9 and 52 yo individuals. >99% of the cells in all cultures are
pigmented and express RPE 65. Scale bar = 30 pm

20.4.2 Variation in Mitochondrial Number, Structure, and Size

We used a template that consisted of three identical counting areas to sample the
number of mitochondria per unit area in the mitochondria polarized region of the
RPE cells. RPE cells of all ages contain a mitochondrial-polarized region found in
a crown-like shape in the perinuclear area although there is some distribution of
these organelle throughout the cytoplasm of the cells (Fig. 20.3). In Table 20.1, we
show that there are fewer mitochondria per unit area of the mitochondrial polar-
ized cytoplasm of the RPE cells with increased donor age with >2 fold differences
between cells from the youngest and oldest donors (p <0.05). The average number
of mitochondria in all three areas/cell (mitochondria/147uM?/cell) is 46.22 + 12.86,
37.75 £ 13.78, 25.68 + 8.69 and 20.15 £ 5.30 for the 9, 52, 62 and 76 yo RPE,
respectively.

Electron microscopic comparison of the various RPE cultures shows very marked
differences in the mitochondrial populations of the cells (Fig. 20.4). Those from the
9 and 52 yo individuals are numerous, more regular in size, and are either round or
oval in shape. The cristae are distinctly visible and outer membranes intact. Cells
from the 62 and 76 yo donors have mitochondria that are sparsely distributed in the
cytoplasm, irregular in size, tubular in shape, have highly electron-dense matrices,
less distinct cristae, and disrupted outer membranes. There is a higher density of
mitochondria in the 9 and 52 yo cells compared to those from older individuals in
the mitochondrial polarized perinuclear area of the cells.

These findings were also confirmed by confocal microscopy (Fig. 20.5) where we
show that Mito Tracker Red (Hauptmann et al. 2008) labeling intensity decreases as
a function of RPE age. Labeling was perinuclear and discrete in the 9 yo samples
compared to the diffused, branching pattern of the 62 and 76 yo cells.
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Fig. 20.2 Phase-contrast light micrographs of cells treated with 320 WM H202 for 2 h showing
sensitivity to oxidative stress. Scale bar = 30 wm. PI staining indicates that there is ~90% cell
death in the 76 yo cultures compared to 26% in 9 yo after exposure the H202

Table 20.1 Results summarized from EM analyses indicate that mitochondria number decreases
as a function of age in RPE cells

Cytoplasm area

Number of 1(close to

mitochondria/age nucleus) 2 3 1+2+3

9 year 22.11 +£3.62 13.78 £ 7.43 10.33 £ 5.55 46.22 +12.86
52 year 13.25 £ 5.22* 1325 £ 6.51 11.25 +7.99 37.75 £ 13.78
62 year 10.00 £ 4.27* 7.63 + 4.70* 8.05 £4.17 25.68 £ 8.69*
76 year 7.38 £2.93* 5.92 +4.82* 6.85 +3.48 20.15 £ 5.30*

n =20 cells x 3 areas; area = 49 pm?; *p < 0.05
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Fig. 20.3 EM micrographs showing mitochondria in perinuclear regions of cells from various
donor ages and position of templates used for mitochondrial counting. Scale bar = 10.5 pm

In Table 20.2, we provide our results for cellular and mitochondrial weight and
protein estimations for equal number of cells in each sample. There is a ~1.6 fold
increase in both wet weight and protein per 1 x 10 RPE cells from the 62 and 72
yo individuals compared to the 52 and 9 yo culures. Although there are fewer mito-
chondria in the aging cells, there is a ~2 fold increase in wet weight and amount
of protein in mitochondrial samples isolated from the two older donor samples sup-
porting the EM observations that mitochondria increase in size in the RPE with
increased donor age.

20.4.3 ROS and ATP Production, and AVm Decrease in RPE
Cells with Aging

Data collected from flow cytometric acquisition/analyses indicate that the amount of
ROS generated by the 62, and 76 yo RPE cultures decreases by 3.23-fold (£ 0.18)
and 4.76-fold (£ 0.21) respectively, when compared to the 9 yo cultures (Fig. 20.6)
(p <0.05) (Fig. 20.6). There is also an early and consistent decrease in ATP levels in
52, 62 and 76 yrs RPE cells by 31, 35 and 45%, respectively, compared to 9 yr old
samples (p <0.05) (Fig. 20.7). The 31% deficiency in energy production at donor age
52 may account for the lower levels of ROS generation by the cells at later stages
of aging. The bioenergetic profiles of the various aged RPE cells also correlate well
with the A{yrm in the cells. There is a 1.2-fold (£0.1), 1.52-fold (0.2) and 2.1-fold
(£0.3) decrease in Aym in the 52, 62 and 76 yo cells, respectively compared to the
9 yo cultures (Fig. 20.8). Together, these analyses suggest increased impairment in
mitochondrial function with chronological aging of RPE cells.
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Fig. 20.4 Electron EM

micrographs (magnification 35,000 % 12,500 %
35,000x and 12,500x) of R R T R P S
primary RPE cultures.

Mitochondria in 9 yo RPE

cells are oval and regular in

shape and contain intact

membranes with visibly s
distinct inner and outer @
membranes and cristae.

Those in 62 and 76 yo are

fewer, larger, irregular in size,
tubular in shape, have highly
electron dense matrices, and
disruption in membranes and

cristae. Scale bar = 1.5 pm

52 yr
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9yr

Numbers of