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Summary

SUMMARY
Visual impairment or blindness tremendously diminishes the quality of life and poses a major socio-economic
burden. In the western world, the predominant cause of blindness in the elderly people is age-related macular
degeneration (AMD). It affects more than 20 % of people above the age of 75. AMD is characterized by a
progressive loss of central high acuity vision mediated by degenerative processes in the cone-rich macula.
Currently, only the progression of the less prevalent neovascular form of AMD (nAMD) can be treated. Hence,
the early diagnosis and therapy of the more prevalent dry form of AMD is still an unmet medical need.
The etiology of AMD is not yet fully understood, but numerous genetic, environmental and lifestyle associated
factors have been identified. Among other mechanisms, age-dependent changes such as reduced choroidal
blood flow and thinning of choriocapillaries, drusen deposits and thickening of Bruch’s membrane are all
suggested to restrict oxygen availability in the outer retina. It is hypothesized that this leads to the development
of a chronic hypoxic state resulting in the stabilization of hypoxia-inducible factors (HIF), which in turn activate
the transcription of hypoxic response genes to adapt to environmental changes. Prolonged chronic activation
of HIFs ultimately leads to degenerative processes resulting in cell death of the highly oxygen dependent
photoreceptor cells or the induction of retinal neovascularization.
In the context of this work, we address the need for biomarkers suitable for an early diagnosis of dry AMD. We
thereby focused on the identification of characteristic marker proteins for the underlying hypoxic stress of the
retina which is thought to induce and promote the progression of AMD. We hypothesized that the cells of the
retina which face a chronic hypoxia produce factors, which help to cope with the limited oxygen availability.
These proteins may then ultimately also end up in the vitreous humor (VH) - an almost acellular, highly
hydrated gel-like structure adjacent to the retina. For the identification of these protein, vitreous biopsies can
be analyzed by a label-free LC-MS/MS based proteomics approach.
In a first step, we analyzed the vitreous proteome of mice mimicking limited oxygen supply in the outer retina
by a photoreceptor specific chronic activation of a hypoxia-like response. We compared the vitreous proteome
of mice with a rod-dominant (rodΔVhl) or a genetically engineered all-cone (coneΔVhl) - and thus more ‘maculalike’ - retina. We identified distinct protein compositions present at early and late time point, suggesting a wellregulated degenerative process. Despite the identification of 258 significantly differentially regulated proteins
in rodΔVhl and 356 in coneΔVhl, only 51 of these were common to the vitreous of both mouse models. This
suggests a distinct hypoxic response of rods and cones.
In a second step, the vitreous proteomes of dry AMD, nAMD and proliferative diabetic retinopathy (PDR)
patients were analyzed and quantified relative to the proteome of idiopathic epiretinal membrane (ERM)
patients. We identified 4 upregulated proteins in dry AMD, 30 in nAMD and 84 in PDR. Cholinesterase (CHLE)
was exclusively upregulated in dry AMD while ribonuclease pancreatic (RNAS1) together with probable serine
carboxypeptidase CPVL (CPVL) were upregulated in both forms of AMD.
Comparison of the findings from the vitreous proteomic analysis in mouse and men identified four – potentially
hypoxia related – proteins commonly upregulated in neovascular or dry AMD and at least in one of the mouse
models: detla-aminolevulinic acid dehydratase (HEM2), cathepsin B (CATB), spondin 1 (SPON1) and
chitinase-3-like protein 1 (CH3L1). Together with CHLE, these proteins provide the basis and starting point for
future experiments with the goal of qualifying these proteins as diagnostic biomarkers for the subpopulation of
AMD patients that may have an underlying hypoxic condition in the retina.
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Additionally, to deepen our understanding of degenerative processes in the macula, we generated a new
mouse model for Stargardt-like macular dystrophy (STGD3), in which we combined the human mutation in
‘elongation of very long chain fatty acids protein 4’ (ELOVL4) with our all-cone mouse. This enabled the
investigation of cone-degeneration in a rod-free environment, as it can be found in the central human macula.
Nevertheless, despite a tremendous depletion of very long-chain poly-unsaturated fatty acids (VLC-PUFA),
the mutation in ELOVL4 did not affect cone photoreceptor survival in the all-cone mouse, suggesting a potential
involvement of parafoveal rods in the onset of the human disease.
In conclusion, in this work we demonstrate that the comparison of findings from mouse models with human
data may help to define markers characterizing degenerative diseases, even though mice may recapitulate
only some aspects of the human condition. Although our suggested candidate markers clearly need validation
in independent research and testing for their clinical relevance, they may provide the basis for further studies.
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Zusammenfassung

ZUSAMMENFASSUNG
Sehbehinderungen, sowie der komplette Verlust des Augenlichts, vermindern die Lebensqualität von
Patienten stark und stellen zudem eine grosse sozio-ökonomische Belastung dar. Die häufigste Ursache für
eine Sehbehinderung von älteren Menschen in der westlichen Welt stellt die altersabhängige
Makuladegeneration (AMD) dar. Sie betrifft über 20 % aller Menschen im Alter über 75 Jahren.
Charakteristisch für AMD ist die bevorzugte Degeneration im Bereich der Makula, einer spezialisierten Region
der Netzhaut, welche hauptsächlich aus Zapfen besteht. Der Verlust dieser Zapfen führt zu einem
progressiven Verlust der zentralen Sehschärfe und des Farbsehens. Aktuell ist AMD nicht therapierbar.
Lediglich ein Verschlimmern des Krankheitsbildes der selteneren neovaskulären Form von AMD (nAMD) kann
zurzeit verhindert werden. Daher ist die Entwicklung neuer Diagnose- und Therapiemöglichkeiten von hoher
Dringlichkeit.
Die genaue Krankheitsursache, welche zur Entwicklung einer AMD führt, ist aktuell nicht bekannt. Es konnten
jedoch einige Lebensgewohnheiten, sowie genetische und umwelttechnische Risikofaktoren identifiziert
werden. Unter anderem können altersbedingte Prozesse, wie zum Beispiel die reduzierte Durchblutung der
Aderhaut, die Reduktion von deren Kapillarnetzwerk, zusammen mit altersbedingten Ablagerungen (Drusen)
und

einer

Verdickung

der

Bruch’schen

Membran,

möglicherweise

zu

einer

Reduktion

der

Sauerstoffverfügbarkeit in der äusseren Netzhaut führen. Die daraus entstehende chronische Hypoxie führt
dann zur Aktivierung von Hypoxie-induzierten Faktoren (HIF). Diese HIF regulieren die zelluläre Antwort auf
die reduzierte Sauerstoffverfügbarkeit. Allerdings führt eine länger anhaltende Hypoxie, speziell in den
energiehungrigen Sehzellen, trotzdem zur Auslösung von degenerativen Prozessen, sowie der Aktivierung
einer Neovaskularisation der Netzhaut.
Im Rahmen dieser Doktorarbeit haben wir uns mit der Identifikation von Biomarkern für die Diagnostik der
häufigeren, trockenen Form von AMD beschäftigt. Dabei haben wir uns speziell auf Marker-Proteine fokussiert
die für eine chronische Hypoxie, wie sie in AMD Patienten vermutet wird, charakteristisch sind. Zellen, die
einem chronischen hypoxischen Stress ausgesetzt sind, produzieren verschiedene Faktoren, welche ihnen
helfen sich der limitierten Sauerstoffverfügbarkeit anzupassen. Wir vermuten, dass diese Proteine von den
Zellen der Netzhaut schliesslich auch in den angrenzenden Glaskörper gelangen. Der Glaskörper ist eine
beinahe azelluläre, gelartige Substanz, welche auch in Menschen biopsiert werden kann. Die ProteinZusammensetzung (= das Proteom) in diesen Proben kann mittels LC-MS/MS basierten Techniken untersucht
werden.
Zur Identifikation von Hypoxie spezifischen Marker-Proteinen haben wir in einem ersten Schritt den Glaskörper
von genetisch modifizierten Mäusen analysiert. Diese Mäuse haben in ihren Sehzellen HIF stabilisiert, weshalb
ein hypoxie-artiger Zustand der Netzhaut simuliert wird. Es wurden dabei zwei verschiedene Mausmodelle
untersucht. Zum einen wurde das Glaskörper-Proteom von Mäusen mit einer von Stäbchen dominierten
Netzhaut (rodΔVhl), wie sie in Wildtyp Mäusen zu finden ist, analysiert. Zum anderen wurde aber auch das
Glaskörper-Proteom von genetisch veränderten Mäusen untersucht, welche eine Netzhaut mit ausschliesslich
Zapfen (coneΔVhl) haben. Diese ‘Zapfen-Maus’ simuliert daher die in der AMD betroffene Makula, die ebenfalls
hauptsächlich aus Zapfen besteht. Beim Vergleich der Proteome von jungen und alten Mäusen konnte jedoch
nur eine kleine Anzahl an Proteinen festgestellt werden, welche an mehr als einem gemessenen Zeitpunkt
identifiziert werden konnten. Dies weist auf einen klar regulierten, degenerativen Prozess hin. In den in rodΔVhl
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Mäusen konnten 258 und in den in coneΔVhl Mäusen 356 signifikant regulierte Proteine im Glaskörper
identifiziert werden. Davon wurden jedoch lediglich 51 Proteine in beiden Mausmodellen gefunden. Dies deutet
auf eine unterschiedliche Handhabung von hypoxischem Stress in Stäbchen und Zapfen hin.
In einem zweiten Schritt haben wir das Glaskörper-Proteom von Patienten, welche von trockener AMD, nAMD,
proliferativer diabetischer Retinopathie (PDR), oder idiopathischen epiretinalen Membranen (ERM) betroffen
waren, untersucht. Die verschiedenen Patientengruppen wurden in Relation zum Proteom der ERM Patienten
relativ quantifiziert, wodurch vier hochregulierte Proteine für trockene AMD, 30 für nAMD und 84 für PDR
identifiziert wurden. Cholinesterase (CHLE) wurde dabei ausschliesslich in trockener AMD und pankreatische
Ribonuklease (RNAS1) zusammen mit einer möglichen Serin-Protease (CPVL) in beiden Formen von AMD
identifiziert.
Der direkte Vergleich aller regulierten Proteine welche in den Mausmodellen identifiziert wurden, mit
denjenigen welche in den AMD Patienten identifiziert worden sind, resultiert in vier gemeinsam regulierten und
möglicherweise

Hypoxie-abhängigen

Proteinen:

Delta-Aminolävulisäure

Dehydrogenase

(HEM2),

Kathepsin B (CATB), Spondin 1 (SPON1) and Chitinase-3-Like Protein 1 (CH3L1). Zusammen mit CHLE
bilden diese Proteine die Grundlage für zukünftige Studien, in welchen die Eignung dieser Proteine als
diagnostische Marker zur Identifikation von Hypoxie abhängigen AMD Subpopulationen weiter untersucht
werden sollen.
Im Zuge dieser Arbeit charakterisierten wir zudem ein neu gezüchtetes Mausmodell für juvenile
Makuladegeneration, um die Prozesse, welche in der Degeneration der Makula involviert sind, genauer zu
untersuchen. Dazu kombinierten wir eine Mutation im Gen für ‘elongation of very long chain fatty acids
protein 4’ (Elovl4) welche für die Entwicklung von Stargardt-ähnlicher Makula Dystrophie 3 (STGD3)
verantwortlich ist, mit unserer Zapfen-Maus. Dies ermöglicht die Untersuchung der Degeneration von Zapfen
in einer stäbchenfreien Umgebung und simuliert so die Bedingungen in der menschlichen Makula. Zu unserer
Überraschung konnten wir aber, abgesehen von einer starken Reduktion von sehr langen, mehrfach
ungesättigten Fettsäuren (VLC-PUFA), keinen weiteren Effekt der Mutation in Elovl4 auf Zapfen feststellen.
Diese Beobachtung deutet darauf hin, dass Stäbchen welche in der Makula am Rande der Fovea zu finden
sind, eine zentrale Rolle beim Auslösen der STGD3-Krankheit spielen.
Zusammenfassend konnten wir im Rahmen dieser Arbeit zeigen, dass der direkte Vergleich von Daten aus
Mausmodellen mit Daten von Patienten helfen kann, mögliche Kandidaten zu identifizieren, auch wenn die
Mausmodelle die humane Krankheit jeweils nur zu einem gewissen Grad reproduzieren. Obwohl die im
Kontext dieser Studie vorgeschlagenen Proteine in unabhängigen Untersuchungen erst noch weiter validiert
werden müssen, stellen Sie dennoch eine vielversprechende Grundlage für weitere Studien dar.
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Introduction

1. INTRODUCTION
Of the five traditional senses - sight, hearing, taste, smell and touch - visual perception is estimated to provide
the human brain with about 80 % of the information of its environment (Sharma and Ehinger, 2003). Light is
sensed via the retina, a neurosensory tissue lining the back of the eye, converting photons into an electric
signal, which then is further processed in the brain to model a picture of the environment. Since many species
across the whole animal kingdom - and in particular humans - highly rely on visual perception, blinding
diseases have severe consequences for their interaction with the outside world.

1.1.

The retina

Vertebrate eyes are of the simple or camera type with a single optical system that creates an image on the
retina in the back of the eye. Light enters through the cornea and the lens, which both are responsible to focus
the image on the retina. The space between the cornea and lens is filled with a transparent liquid called
aqueous humor that is responsible for providing nutrition to avascular tissues in the eye like cornea and lens,
and for maintaining the intraocular pressure. The spherical space between lens and retina is filled by the
vitreous, a highly hydrated gelatinous mass, which helps to maintain the shape of the eye and transmit the
light from the lens to the retina. The retina is the light sensing, 150 to 320 µm thick, heterogeneous neuronal
tissue, which lines the innermost layer of the eyeball (Kolb, 1995) (Fig. 1).

1.1.1.

Architecture of the mammalian retina

During embryogenesis, the optic cup is formed by invagination of the diencephalon. The resulting double
layered structure of the neuroectoderm then forms the retina (inner wall of optic cup) and the retinal pigment
epithelium (outer wall of the optic cup). Thus, the retina is - despite its peripheral location - part of the central
nervous system (CNS). It is composed of two major tissues: the neural retina composed of neurons and glial
cells and the retinal pigmented epithelium (RPE), a single epithelial cell layer (Purves, 2004). The heavily
pigmented RPE cells form the outer blood-retina barrier (BRB) and among other functions are crucial for the
function of the photoreceptors, by providing nutrients, recycling of retinal (see chapter: 1.1.4) and phagocytosis
of the shed outer segments from photoreceptors.
Consistent with being a part of the central nervous system, the retina comprises a complex neural circuitry,
which amplifies, extracts and compresses neuronal signals. It is a highly organized tissue divided into three
cellular layers: The outer nuclear layer (ONL) composed of rod and cone photoreceptor cells, the inner nuclear
layer (INL) composed of bipolar, horizonal, amacrine and Müller glial cells and the vitreous facing ganglion cell
layer (GCL) composed of ganglion cells. Two synaptic layers separate the nuclear layers: the outer plexiform
layer (OPL) and the inner plexiform layer (IPL) (Fig. 1).
Photoreceptors hit by photons transform this energy into an electrochemical signal through a process called
photo transduction (see chapter: 1.1.3). The signal is then vertically transmitted from photoreceptors via bipolar
cells to ganglion cells. Lateral connections between photoreceptors and horizontal cells in addition fine-tune
the transmitted signal to the bipolar cells. Lateral connections formed by amacrine cells at the level of the inner
plexiform layer between bipolar and ganglion cells, further modulate and integrate the visual information
transmitted to the ganglion cells (Masland, 2001). The axons of the ganglion cells then form the nerve fiber
layer and converge to the optic nerve to transmit the visual information to the brain. In addition to the neuronal
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cells, three different types of glial cells are found in the mammalian retina: Müller glial cells, astrocytes and
microglia. Müller glial cells make close contact to every retinal cell type by radially spanning almost the entire
neural retina. They thereby provide structural support to the tissue, but also possess crucial metabolic and
neuroprotective functions (Bringmann et al., 2006). Astrocytes and Microglia are not intrinsic to the retina, but
migrate during development along the optic nerve into the retina (Kohno et al., 1982; Watanabe and Raff,
1988). Astrocytes are involved in the formation of the inner BRB (Gardner et al., 1997) and the development
of the retinal vasculature (Gariano et al., 1996), whereas microglia are part of the phagocyte system of the
CNS and involved in immune surveillance (Hanisch, 2002).

Fig. 1: Anatomy of the eye and structure of the retina. Left: schematic structure of the mammalian eye. Light entering
the eye passes through the cornea, anterior chamber, lens and VH, before it reaches the light sensitive retina lining the
posterior inner surface of the eyeball. The macula, a specialized structure of the retina, is responsible for high acuity color
vision in higher primates and humans. The visual information is transmitted to the visual centers of the brain by the optic
nerve. Adjacent to the retina, separated by the RPE, the choroid is located to supply oxygen and nutrients to the
metabolically highly active retina. The outermost layer of the eye is the sclera, which is important for the structural support
of the eye. Right: schematic structure of the neural retina and RPE consisting of the three main nuclear layer: outer nuclear
layer (ONL) containing nuclei of rod and cone photoreceptors, inner nuclear layer (INL) containing bipolar, horizontal and
amacrine cells, and the ganglion cell layer (GCL) composed of ganglion cells. The characteristic rod or cone shaped
segment of the photoreceptors are divided into an inner segment (IS) mainly responsible for energy supply and protein
synthesis and an outer segment (OS), the light sensitive part of the photoreceptors. The OS are engulfed by microvilli from
retinal pigment epithelial (RPE) cells crucial for proper function of the photoreceptor cells. ONL, INL and GCL are separated
by synaptic layers. In the outer plexiform layer (OPL), the photoreceptors transmit signals to the bipolar cells which in the
inner plexiform layer (IPL) form synapses with the ganglion cells. The nerve fiber layer (NFL) bundles ganglion cell axons
and transmits information to the optic nerve. (adapted from (Kimbrel and Lanza, 2015))

1.1.2.

Photoreceptor cells

Photoreceptors are polarized neurons that are sensitive to light. They transform the energy of captured photons
into electrochemical signals through a process called phototransduction (see chapter: 1.1.3). The basic
structure of photoreceptors consists of a cell body with a compact nucleus located in the ONL, of a synaptic
ending that connects to the second-order neurons in the OPL and of inner (IS) and outer (OS) segments that
face the RPE and are joined by a connecting cilium (Fig. 2A). The IS contains almost all organelles involved
in metabolism of the cell, whereas the OS contains the photopigment required for the light sensing ability of
photoreceptors. Based on the morphology and light sensing properties of the OS, cone and rod photoreceptors
are distinguished. In rods, the OS is rod-shaped and filled with a stack of flattened membrane discs surrounded
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by the plasma membrane, whereas the cone OS have a tapered shape with infoldings of the plasma
membrane. Cone OS are usually shorter than rod OS. Photopigments are found embedded in the membrane
stacks of the OS. The absorption maximum of the photopigment 11-cis-retinal together with the opsin in
rods - called rhodopsin (RHO) - is in the blue-green light (λmax: 498 nm) (Govardovskii et al., 2000;
Hecht et al., 1942). Cones on the other hand express different opsins, which shift the absorption maxima to
longer or shorter wavelengths than rhodopsin. Apart from primates, most mammals have a dichromatic color
vision with short-wavelength sensitive (S-) and middle- (M-) or long-wavelength-sensitive (L-) cone
photoreceptors. In mice the absorption maxima for S- and M-cones are at λmax = 359 nm and λmax = 511 nm
respectively (Jacobs et al., 1991). Humans and higher primates on the other hand possess a trichromatic
vision with S- (λmax = 419 nm), M- (λmax = 530 nm) and L- (λmax = 558 nm) cones (Dartnall et al., 1983; Stockman
and Sharpe, 2000). Rod photoreceptors are highly sensitive to light and able to respond to a single light
quantum (Baylor et al., 1979; Hagins et al., 1970). Thus, the rod system is mainly used for low light conditions
(scotopic vision), while the more than 100-fold less sensitive cone system is used on daylight conditions
(photopic vision).
A:

B:

Fig. 2: Rod and cone photoreceptors; (A) schematic representation of rod (purple) and cone (orange) photoreceptors,
with common structural entities: OS with membrane stacks containing visual pigment, IS connected to OS by connecting
cilium, nucleus and synaptic ending. (B) diagram showing rod (gray area) and cone (orange area) abundance in humans
in a temporal-nasal section. Inlays show cone mosaic at fovea and in periphery. (adapted from (Wright et al., 2010) and
http://www.rags-int-inc.com/phototechstuff/cameraeye/EyeConeDistrubition.jpg (accessed 22.01.2018))

In humans the retina is composed of about 125 million rods and 6 million cones (Osterberg, 1935).
Nevertheless, humans mainly rely on cone vision thanks to a specialized cone-dominant region in the retina,
the macula. The macula and its specialized center – the fovea, exclusively composed of cone photoreceptors
(Fig. 2B) – are required for high acuity vison. Mice on the other hand don’t possess such a specialized region,
but have a regular mosaic-like distribution of rods and cones (with a dorsal-ventral gradient of S- and M- cones)
in the entire retina (Szél and Röhlich, 1992).
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1.1.3.

Phototransduction

The first step in vision is the conversion of light into a neuronal signal by the photoreceptors, called
phototransduction (Fig. 3). It is based on the classical principle of GPCR signaling and takes place in the
membrane stacks of the OS, which are densely packed with opsin photopigment to increase the likelihood of
getting struck by a photon (Mayhew and Astle, 1997). After absorption of a photon, 11-cis-retinal undergoes
photoisomerization to all-trans-retinal, thereby activating the opsin molecule by inducing a conformational
change (Green et al., 1977; Rafferty et al., 1977). The activated opsin then activates transducin, a
heterotrimeric G protein, by catalyzing the exchange of guanosine diphosphate (GDP) for guanosine
triphosphate (GTP) on the α-subunit (Fung et al., 1981). The transducin α-subunit then further activates cGMP
phosphodiesterase (PDE) by binding to its inhibitory γ-subunit. The activated αβ-subunits of PDE then
hydrolyze intracellular cGMP, leading to closure of the cyclic guanosine monophosphate (cGMP) gated
channels in the plasma membrane. Ultimately the closure of these channels stops the cation inward current,
resulting in hyperpolarization of the photoreceptor plasma membrane. This stops the glutamate release at the
synaptic terminal of the photoreceptor leading to activation of ON-bipolar cells transmitting the light evoked
signal towards the brain. To recover from light stimulation rhodopsin kinase (GRK1) phosphorylates the
activated opsin at multiple sites which reduces the catalytic activity of opsin (Kühn, 1984) and in addition
increases the binding affinity of arrestin, which ultimately prevents activation of further transducin molecules
(Kühn and Wilden, 1987). Similarly, PDE is inactivated by a complex containing regulator of G-protein
signaling 9 (RGS9) that activates the intrinsic GTPase activity of the transducin α-subunit thereby promoting
the hydrolysis of the bound GTP to GDP, which leads to dissociation from the PDE γ-subunit. The inhibitory
PDE γ-subunit is then binding again to the PDE αβ-subunits and thereby ceasing their cGMP hydrolysis activity
(Anderson et al., 2009; He et al., 1998). Reopening of cGMP gated cation channels is mediated by Ca2+
dependent guanylate cyclase (Kawamura and Murakami, 1989) and the bleached all-trans-retinal has to be
replaced by a fresh 11-cis-retinal by a process called visual cycle (see chapter: 1.1.4).

Fig. 3: The phototransduction cascade; Schematic representation of an outer membrane disk in a rod photoreceptor;
Step 1: Absorption of incident photon (hν) by photopigment leads to isomerization change from of 11-cis- to all-trans-retinal,
inducing a conformational change in the opsin protein in the disk membrane resulting in its activated state (R*); Step 2: R*
activates several transducin molecules by catalyzing the release of bound GDP in exchange for cytoplasmic GTP (G*),
which leads to separation of the α- from its βγ-subunits; Step 3: G* binds inhibitory γ-subunits of the PDE activating its αand β-subunits; Step 4: Activated PDE hydrolyzes cGMP; Step 5: Reduced levels of cytosolic cGMP cause cyclic
nucleotide gated channels to close preventing further influx of Na+ and Ca2+ resulting in hyperpolarization of the
photoreceptor plasma membrane. (adapted from (Leskov et al., 2000))
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In darkness, photoreceptors are depolarized due to the high intracellular cGMP concentration, leading to a
continuous inflow of Na+ ions via cGMP-gated Na+ and Ca2+ channels, called “dark current” (Hagins et al.,
1970). As in other neurons, depolarization of the cell membrane leads to the opening of voltage gated calcium
channels in the synaptic termini. Mediated by the influx of Ca2+ ions, this results in the steady release of
glutamate into the synaptic cleft of depolarized photoreceptors.
Remarkably the human eye can sense light intensities over approximately 10 orders of magnitude, following
Weber-Fechner law – which puts the intensity of a physical stimulus in relation to its perception - for a long
range (Burkhardt, 1994; Finkelstein and Hood, 1981). This is accomplished in the first place by regulating the
amount of light reaching the retina by contraction of the iris, secondarily by switching from the more sensitive
rod to the less sensitive cone photoreceptors and third and most importantly by adaptation of the sensitivity of
the photoreceptors themselves – a process called light adaptation - mediated by intracellular Ca2+
concentrations (Stephen et al., 2008).

1.1.4.

The retinoid cycle of vision

The retinoid 11-cis-retinal undergoes a conformational change to all-trans-retinal upon light absorption, as
described in the previous section (1.1.3). To recover the sensitivity for light absorption, the bleached
chromophore must be replaced by a fresh molecule, while all-trans-retinal is regenerated by a process called
“visual cycle” (Fig. 4). In a first step, all-trans-retinal is transported to the cytoplasm by the retina specific ATP
binding cassette transporter (ABCA4) (Beharry et al., 2004), where it is reduced to all-trans retinol

Fig. 4: Schematic representation of the retinoid visual cycle; all-trans-retinal is reduced to all-trans retinol, binds to
IRBP, shuttles to the RPE and isomerizes to 11-cis-retinol by RPE65. The 11-cis-RDH is then transported back to the
photoreceptor cells; PC, phosphotidylcholine; Red: enzymes; Blue: binding proteins. (adapted from (Kiser, 2014))
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by all-trans retinol dehydrogenase (at-RDH) in an NADPH-dependent reaction (Haeseleer et al., 1998).
All-trans retinol then exits the photoreceptor, where it binds to interphotoreceptor retinoid binding protein
(IRBP), crosses the sub-retinal space and enters the RPE (Okajima et al., 1989). In the RPE, all-trans retinol
is bound to cellular retinol binding protein (CRBP) and regenerated by a sequence of enzymatic reactions.
First it is esterified by lecithin retinol transferase (LRAT) to all-trans retinyl ester. Then RPE specific 65 kDa
protein (RPE65) catalyzes the reaction from all-trans retinyl ester to 11-cis-retinol (Redmond et al., 1998),
which is then oxidized to 11-cis retinal by 11-cis-retinoldehydrogenase (11-cis-RDH). The regenerated
11-cis-retinal is then transported back into the photoreceptor, where the visual cycle is closed by recombination
of 11-cis-retinal with an opsin molecule.
Most of the knowledge about the visual cycle originates from the investigation of rod dominant animals such
as mice and cattle. Several lines of evidence such as a roughly 10 times faster dark adaptation of cones (Hecht
et al., 1937) and their ability to function in bright light without saturation (Mata et al., 2002) indicate that the
supply with chromophore differs in cones from rods. It is thus suggested that cones use a specific fast recycling
pathway of the chromophore via the Müller glia cells in the inner retina termed “cone visual cycle” (reviewed
in: (Wang and Kefalov, 2011).

1.1.5.

Ocular vasculature

Rod photoreceptors use up to 108 ATP s-1 per cell for the maintenance of the dark current (see chapter: 1.1.3)
in dark conditions (Okawa et al., 2008). The large amount of ATP needed in photoreceptors is mainly generated
by the oxygen dependent oxidative phosphorylation, making the retina to the tissues with the highest oxygen
consumption of the body (Ames et al., 1992). To provide the highly energy demanding cells of the retina with
sufficient oxygen, two vascular systems, the choroidal and the retinal vasculature, exist. The choroidal
vasculature composed of fenestrated capillaries provides oxygen and nutrients to the outer retina via the RPE
cells (Saint-Geniez and D’Amore, 2004), whereas the retinal vasculature is responsible for the supply of the
inner retina. The capillaries of the retinal vasculature are in addition also part of the inner BRB, which is the
retinal analogue of the blood-brain barrier in the CNS. The number of interconnected, parallel plexi formed by
the retinal vasculature differs among species. In mice, three plexi exist at the level of the NFL/GCL (primary
plexus), at the IPL/INL (intermediate plexus) and in the OPL (deep plexus) (reviewed in: (Fruttiger, 2007)). In
primates and rats only the deep and superficial plexi are found (Kur et al., 2012). In primate retinas the fovea
is in addition avascular to prevent perturbation of the high acuity vision (reviewed in: (Gariano, 2010)).
Interestingly, the degree of vascularization of the retina is variable among mammalian species. Guinea pigs
for example possess a completely avascular retina, and solely rely on oxygen and nutrient supply from the
choroid. Rodents, primates and cats on the other hand possess highly vascularized retinas, while rabbits have
only partially vascularized retinas (Caprara and Grimm, 2012).

1.1.6.

The retina as a part of the visual system

The retina is not only from a developmental point of view considered to be a part of the CNS, but also due to
its ability of refinement (signal amplification, extraction and compression) of visual information before its
transmission to the visual cortex of the brain. In general, visual information is vertically transmitted along the
photoreceptor – bipolar cell – ganglion cell axis, but along this axis several mechanisms exist to increase
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image quality. In contrast to rods, which only connect to a single type of bipolar cell, cones connect to ON- and
OFF-bipolar cells. ON bipolar cells express an inhibitory metabotropic glutamate receptor (mGluR), whereas
the OFF bipolar cell express an excitatory ionotropic glutamate receptor (iGluR). Thus, glutamate release from
the photoreceptors in dark conditions activates OFF-bipolar cells, whereas ON-bipolar cells remain inactive.
Parallel processing of ON (detection of light areas on dark background) and OFF (detection of dark areas on
light background) visual channels to increase the quality of an image is fundamental to vertebrate vision
(Berntson and Taylor, 2000). The mammalian retina consists of at least 10 different types of cone bipolar cells
reacting differently to the same amount of stimulation (Wässle et al., 2009). To increase contrast, horizontal
cells form lateral connections at the level of photoreceptors, to form center-surround receptive fields by lateral
inhibition of neighboring bipolar cells (Thoreson and Mangel, 2012). ON bipolar cells are connected to ON
ganglion cells and OFF bipolar cells to OFF ganglion cells, making OFF ganglion cells respond to stimuli that
are darker than the background and ON ganglion cells respond to stimuli brighter than the background
(Balasubramanian and Sterling, 2009). Ganglion cells can be further classified according to their dendritic
morphologies with different receptive fields, specialized in detection of motion (Schiller et al., 1990), contrast
(Kaplan and Shapley, 1986) and visual acuity and color vision (Merigan et al., 1991). Unlike cone bipolar cells,
rod bipolar cells are not directly connected with ganglion cells but make that connection via specialized
amacrine cells (AII). Amacrine cells integrate the signal of many rod bipolar cells and relay the integrated signal
to ON- or OFF- cone bipolar or ganglion cells, allowing the perception of very dim light (Bloomfield and
Dacheux, 2001).

1.2.

The vitreous

The vitreous is a transparent, highly hydrated (> 98 % water) gel-like structure filling the space between the
lens and the retina (Bishop, 2000). Apart from a few hyalocytes it is normally acellular (Le Goff and Bishop,
2008). In the adult human eye, the total volume of the vitreous is roughly 4.5 mL (Bishop, 2000), and in mice
with 2 to 6 µL, the relative volume - due to the different geometry of the lens - is even smaller (Cases et al.,
2017; Remtulla and Hallett, 1985; Skeie et al., 2011). The structure is maintained by a dilute network of
unbranched collagen fibrils with glycosaminoglycan (GAG) hyaluronan (HA) trapped in the fine collagen
meshwork (Scott, 1992).

Fig. 5: Schematic representation of vitreous structures (adapted from (Bishop, 2000))
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The vitreous morphology is separated into the central vitreous, basal vitreous, vitreous cortex and vitreoretinal
interface (Fig. 5). The central vitreous contains collagen fibrils spanning the whole vitreous in anterior-posterior
orientation running from vitreous base to vitreous cortex (Sebag, 1987). It also contains the canal of
Cloquet – a remnant of the embryological hyaloid vascular system (Balazs, 1975). Nowadays, this canal is
thought to drain ascorbate rich aqueous humor to the precortical vitreous pocket to protect the macula from
oxidative damage (Kishi, 2016). The central gel is surrounded by the vitreous cortex which can be identified
by the different orientation of the collagen fibrils and a low concentration of phagocytic mononuclear cells, the
hyalocytes (Grabner et al., 1980). Dense collagen fibrils at the base of the vitreous hold it firmly in place by
adherence to the inner limiting membrane and the ora serrata (Matsumoto et al., 1984).
An important role is assigned to the vitreous during embryonal eye development. It is responsible to provide
nutrients to the anterior segment and the lens by a complex hyaloid artery network (Saint-Geniez and D’Amore,
2004) and to regulate the growth and shape of the eyeball (Halfter et al., 2006). In the second trimester, this
hyaloid vasculature then completely disappears, resulting in an optically clear gel at birth (Bishop, 2000).
In the adult eye, the main functions of the vitreous are to fill the space between the lens and the retina with a
substrate that serves as a barrier for cells and large macromolecules while maintaining transparency (Fatt,
1977), to provide a structural support for the retina, and to mechanically protect the eye against trauma (Foulds,
1987). It is also thought that the vitreous gel lowers oxygen tension in the retina and lens and thereby prevents
cataract formation (Holekamp et al., 2005). Nevertheless, the physiological roles that clearly are assigned to
the vitreous may not be vital since complete removal of the vitreous (vitrectomy) does not seem to show any
negative effects (Foulds, 1987).

1.3.

Retinal degeneration

Visual impairments reduce the quality of life (Ramrattan et al., 2001), increase the risk of death
(McCarty et al., 2001) and negatively affect the economic and educational opportunities of affected patients
(Eckert et al., 2015). Globally 36 million people (of which 81 % were older than 50 years) were estimated to
be blind in 2015 (Flaxman et al., 2017). The principal causes of blindness are cataract (51 %), glaucoma (8 %),
age-related macular degeneration (AMD; 5 %), childhood blindness and corneal opacities (4 %), uncorrected
refractive errors and trachoma (3 %) and diabetic retinopathy (DR; 1 %) (Pascolini et al., 2004). According to
the World Health Organization (WHO), over 80 % of all visual impairment could be prevented or cured (World
Health Organization, 2013). Among the eye diseases directly affecting the retina, AMD is the most frequent
cause of irreversible and progressive loss of vision among the elderly in the Western world (reviewed in:
(Wong et al., 2014b)).

1.3.1.

Age-related macular degeneration

AMD is a late-onset neurodegenerative disease of the macular photoreceptor – RPE complex leading to central
high acuity vision loss (Green, 1999). It is a major cause of vision loss in industrialized countries and affects
more than 20 % of people above the age of 75 (Gehrs et al., 2006; Smith et al., 2001). As demographic trends
towards a longer life continue, increases in the prevalence of AMD are expected. For example, in Switzerland
late AMD cases are expected to rise from 37’200 cases in 2005 to 52’500 cases in 2020 and to 93’200 cases
in 2050, the majority of them being dry AMD cases (Bauer et al., 2008).
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AMD is a multifactorial disease, of which the exact pathophysiology is not yet fully understood. The clinical
hallmark and usually the first clinical finding of AMD is the presence of drusen (Kevany and Palczewski, 2010;
Sparrow et al., 2010). Drusen are deposits between the Bruch’s membrane and the basal lamina of the RPE
which are often accompanied with adjacent RPE cell death and synaptic dysfunction, although a direct
cause-effect relationship is not clear yet. In AMD pathogenesis, RPE stress or dysfunction leading to
photoreceptor cell death (Johnson et al., 2001), plays a pivotal role and is thought to be mediated by a multitude
of different factors. For example, excessive accumulation of non-degradable debris - called lipofuscin – in the
RPE is associated with AMD (Schmitz-Valckenberg et al., 2009). This lipofuscin can originate from different
sources, such as non-degraded debris of shed photoreceptor OS (Okubo et al., 1999), or by incomplete
autophagy – a cellular self-cleansing mechanism (Mitter et al., 2014). Exposure of lipofuscin to light in addition
results in reactive oxygen species (ROS) formation (Winkler et al., 1999). Furthermore, photooxidative
products of lipofuscin components such as the bisretinoid compound A2E can act cytotoxic (Bergmann et al.,
2004). Other mediators of RPE stress are Carboxyethylpyrrole (CEP)-adducts, generated by free radical
induced oxidation of docosahexaenoic acid (DHA) containing lipids, either by inducing an autoimmune reaction
(Hollyfield et al., 2008) or the activation of the complement cascade (Zhou et al., 2006). In addition, it is also
hypothesized that the thickening of the Bruch’s membrane due to RPE disfunction and thinning of
choriocapillaris in AMD patients (Green et al., 1985) may result in reduced nutrient (Starita et al., 1996) and
oxygen transport (Grunwald et al., 2005; Schlingemann, 2004). Recently, it has been suggested that activation
of hypoxia inducible factor 1α (HIF-1α) is involved in the development of dry AMD (Arjamaa et al., 2009;
Kurihara et al., 2016; McLeod et al., 2009; Sheridan et al., 2009).

Fig. 6: Classification of Age-Related Macular Degeneration (AMD); (A) early AMD with medium-sized drusen (arrows);
(B) intermediate AMD with large drusen (arrows); (C) advanced non-neovascular AMD with geographic atrophy (white
arrow; upper panel) and loss of Bruch’s membrane (black arrow; lower panel). (D) neovascular age-related macular
degeneration with subretinal hemorrhage (blue arrow; upper panel) and choroidal neovascularization (white (upper panel)
and black (lower panel) arrow). (adapted from (Jager et al., 2008))

According to the ARED-study (Age-Related Eye Disease Study Research Group, 2001), the different stages
of AMD are separated into early, intermediate and late AMD. Late stage AMD can be further divided into dry
and neovascular AMD (nAMD) (Fig. 6). Typically 85 – 90 % of AMD patients are characterized by the formation
of geographic atrophy, i.e. loss of retinal pigment epithelium and consecutive atrophy of the neuroretinal tissue
in the macula (Ferris et al., 1984; Leibowitz et al., 1980). A minority of patients (10 – 15 %) progress into the
more severe form of nAMD, which is characterized by choroidal neovascularization (CNV) where new blood
vessels are formed in the choroid, break through Bruch’s membrane and grow toward the retina resulting in
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hemorrhages, leakage and swelling of the neuroretinal tissue in the macula eventually leading to subretinal
scar formation and irreversible loss of vision (Bird, 1993).
To date, several risk factors involved in the etiology of AMD have been identified: age, cigarette smoking
(Smith et al., 2001), high body mass index (Klein et al., 2001), race and genetic variants mainly within the
complement system (Edwards et al., 2005; Haines et al., 2005; Khan et al., 2006; Klein et al., 2005). In addition,
age-dependent reduction of choroidal perfusion and resulting chronic tissue hypoxia in the retina have been
suggested to play a central role in the disease onset and progression (Grunwald et al., 2005).
Currently, no cure for AMD is available. At present most therapies target vascular endothelial growth factor
(VEGF) that is responsible for neovascularization in nAMD by intravitreal injection to prevent further vessel
growth (reviewed in: (Pożarowska and Pożarowski, 2016)). Other approaches mainly try to delay the disease
progression by changes towards a healthy lifestyle and anti-oxidant rich nutrition (Jager et al., 2008).

1.3.2.

Stargardt’s disease

A special form of macular degenerative diseases are the three forms of Stargardt’s disease. They are
characterized by decreased central and color vision, atrophy of the macular photoreceptors and underlying
RPE and frequent flavimaculatus flecks on the retina (Kniazeva et al., 1999) (Fig. 7). The inheritance of the
disease is either autosomal recessive or dominant, but all forms of Stargardt’s diseases are linked to mutations
in genes specific for disease subtypes.
The original form of Stargardt’s disease
(STGD1, OMIM #248200) was identified by
the German ophthalmologist Karl Stargardt
(Stargardt, 1909). With a prevalence of 1 in
10’000 it is the most prevalent inherited
macular dystrophy with a typical disease onset
during

the

second

decade

of

life

(Michaelides et al., 2003). Its autosomal
recessive mode of inheritance is associated to
hundreds of sequence variants in the ABCA4
gene, resulting in a highly heterogeneous
pathology (Zernant et al., 2014). Localized to
the rim of rod and cone OS discs, ABCA4 is Fig. 7: Fluorescin angiography of Stargardt disease patient with
involved in the active transport of retinoids characteristic flavimaticus flecks arround the macula;
(http://webvision.med.utah.edu/2011/06/stargardts-disease-

from photoreceptors to the RPE as part of the angiogram/ (accessed: 22.01.2018))
visual

cycle

(see

chapter:

1.1.4)

(Cideciyan et al., 2004). It is thought that mutations in ABCA4 result in insufficient removal of N-retinylidenephosphatidylethanolamine (N-ret-PE) a complex formed between the bleached 11-cis-retinal and
phosphatidylethanolamine (PE) normally transported to the RPE for regeneration of the bleached
chromophore. Accumulation of N-ret-PE ultimately leads to accumulation of A2E a highly toxic metabolite,
which accumulates as component of lipofuscin in RPE cells, ultimately leading to dysfunction and death of
RPE cells followed by photoreceptor cell death (Tsybovsky et al., 2010). While STGD1 is caused exclusively
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by mutations in ABCA4, some mutations in ABCA4 are also implicated in the pathogenesis of AMD, cone-rod
dystrophies and some forms of retinitis pigmentosa (Cremers et al., 1998).
An autosomal dominant form of juvenile-onset macular degeneration is Stargardt-like dystrophy (STGD3,
OMIM #600110). It is caused by mutations in ‘elongation of very long chain fatty acids 4’ (ELOVL4)
(Bernstein et al., 2001; Edwards et al., 2001; Maugeri et al., 2004; Zhang et al., 2001) and characterized by
formation of fundus flecks, decrease in visual acuity and early loss of central vision (Stone et al., 1994;
Zhang et al., 1994).
As the disease related protein name already indicates, ELOVL4 is involved in the elongation of very long chain
(≥ 26C; VLC) of saturated (SFA) and polyunsaturated fatty acids (PUFA) (Agbaga et al., 2008). It is composed
of five transmembrane domains, a histidine cluster motif (HXXHH) important for enzymatic activity and a
di-lysine motif (KXKXX) at the C-terminus, which represents the ER retention signal (Zhang et al., 2001). Its
expression is restricted to only a few tissues, such as retina, skin, testis and brain, where it is involved in the
elongation of saturated (brain and skin (Hopiavuori et al., 2017; Li et al., 2007; Vasireddy et al., 2007)) and
unsaturated fatty acids (retina and testis (Aveldaño and Sprecher, 1987; Poulos et al., 1986a, 1986b)). In the
adult retina ELOVL4 is strongly expressed by photoreceptor cells and to a minor portion also by ganglion cells
(Grayson and Molday, 2005; Mandal et al., 2004; Zhang et al., 2003).
Elongation of VLC fatty acids (FA) is mediated by the elongase multienzyme complex catalyzing a cyclic
four-step process composed of sequential condensation, reduction, dehydration and reduction of VLC-FA,
resulting in the elongation by two carbon atoms during each cycle (Nugteren, 1965). ELOVL4 thereby catalyzes
the initial, rate-limiting condensation step (Agbaga et al., 2008).
Since free FAs are cytotoxic, all FAs are esterified to a headgroup and thereby form lipids (Agbaga et al.,
2010). In the retina, VLC-PUFAs associate predominantly with phosphatidylcholine (PC) and DHA (Aveldaño
and Sprecher, 1987), whereas in the skin the VLC-FAs mostly bind to ceramide and sphingosine (Logan et al.,
2013). These ceramides play an important role in maintaining skin barrier functions (Vasireddy et al., 2007).
Thus, a full ablation of ELOVL4 is neonatally lethal due to dehydration within hours after birth (Cameron et al.,
2007; Li et al., 2007; McMahon et al., 2007; Vasireddy et al., 2007). The function of PC-VLC-PUFA in
photoreceptors remains elusive. Currently, it is assumed that these lipids function to stabilize the highly curved
surfaces in the OS by increasing the membrane fluidity (Agbaga et al., 2008; Bennett et al., 2014;
Guillou et al., 2010; Klein et al., 2005; McMahon and Kedzierski, 2010).
In STGD3, three independent mutations in the last exon (E6) of ELOVL4 have been identified to be diseasecausing. All mutations introduce a premature stop codon, resulting in C-terminal truncation and thereby loss
of the ER-retention signal (Bernstein et al., 2001; Donoso et al., 2001; Grayson and Molday, 2005;
Zhang et al., 2001). As a result, less VLC-FAs are produced, probably due to mislocalization of the mutant
ELOVL4, which in addition may have a dominant negative effect on the wild-type ELOVL4 by the formation of
aggregates (Karan et al., 2004; Logan et al., 2014, 2013; Vasireddy et al., 2005). Regardless of the observed
depletion of VLC-FAs from photoreceptor cells by C-terminal truncation of ELOVL4, it is currently not clear if
the observed degeneration in humans is mediated by the depletion of VLC-FAs, or – as currently favored – by
the mislocalized mutant ELOVL4 (Barabas et al., 2013; Harkewicz et al., 2012; Karan et al., 2005; Kuny et al.,
2010; Vasireddy et al., 2006).
The extremely rare form of Stargardt-like macular dystrophy 4 (STGD4, OMIM #603786) is another autosomal
dominant form of macular dystrophy. Development of STGD4 is linked to mutations in the prominin-1 (PROM1)
gene, which is involved in photoreceptor disc morphogenesis (Yang et al., 2008).
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1.3.3.

Diabetic retinopathy

Diabetic retinopathy is a serious complication of diabetes. The disease progression is mediated by the chronic
elevation of systemic blood glucose levels. It is separated into the early-stage, non-proliferative form,
characterized by retinal hemorrhages, microaneurysms and exsudation, and the late-stage form of proliferative
DR (PDR), resulting in sight-threatening vitreous hemorrhage and traction retinal detachment.
As a first symptom, high glucose mediated constriction of major arteries leads to a reduction in blood supply
to the retina (Wong et al., 2002). In addition, formation of advanced glycated end products, oxidative stress,
sorbitol accumulation as a result of polyol pathway activation and diacyl-glycerol mediated activation of protein
kinase C (PKC) have been observed (Kinoshita, 1990; Szwergold et al., 1990; Wang, 2006). The resulting
increase in vascular permeability, induction of BRB breakdown and loss of endothelial tight junctions can then
lead to microaneurysms and retinal hemorrhages (Kim et al., 2010). Disease progression from this nonproliferative form to PDR is then a consequence of the induced retinal hypoxia that is further promoted by the
PKC mediated loss of pericytes and the expression of inflammatory cytokines, such as interleukin 1β (IL1B)
and tumor necrosis factor α (TNFA) (Demircan et al., 2006). As a result of chronic tissue hypoxia, VEGF
secretion is induced, which mediates an (over-) compensatory vascular angiogenic response, potentially
resulting in vessel leakage and disruption of retinal organization by neo-vascularization (Geraldes et al., 2009).
Untreated neovascularization can further develop to vitreous contraction, vitreous hemorrhage and tractional
retinal detachment.
Apart from strict control of blood glucose levels and blood pressure, at present, panretinal photocoagulation is
the primary therapy for PDR. It causes fibrous regression of neovascularization, thereby reducing the risk for
vitreous hemorrhage and the likelihood of tractional retinal detachment (Velez-Montoya et al., 2010). Recent
studies have demonstrated that the off-label use of VEGF-targeting agents to treat PDR could be an alternative
to panretinal laser treatment, especially in cases, where laser treatment is difficult, such as in the case of
vitreous hemorrhage and dense cataract (Osaadon et al., 2014).

1.3.4.

Epiretinal membrane

Epiretinal membrane is a clinical entity, which among other names, also has been termed ‘macular pucker’,
‘preretinal macular fibrosis’, ‘epiretinal fibrosis’ or ‘cellophane maculopathy’ (Bu et al., 2014). As all these
disease names imply, ERM is characterized by a fibrocellular membrane (“scar tissue”) found at the
vitreoretinal interface of the inner limiting membrane and can distort high acuity central vision. Most of cases
are mild and do not or only little affect vision. However, in some cases mechanical distortion (“wrinkling”) in
the macula develops due to the continuous growth of the ERM (Fig. 8).

Fig. 8: OCT of normal macula in comparison to macula with ERM; Left panel: normal OCT view on macula; Right
panel: OCT view on ERM affected retina. Contraction of ERM leads to mechanical distortion of attached underlying retina,
resulting in visual impairment. (adapted from (https://frasereye.com/retina/epiretinal-membrane/; accessed: 22.01.2018))

- 12 -

Introduction

It is thought that hyalocytes, which remained on the inner limiting membrane after posterior vitreal detachment
(PVD), play an important role in ERM formation (Sebag, 2004). Activation and differentiation of these cells into
myofibroblasts upon activation by various growth factors, such as VEGF (Vagaja et al., 2012), fibroblast growth
factor 2 (FGF2) and transforming growth factor β-1 (TGFB1) (Sommer et al., 2008), results in ERM formation
and potentially ultimately contraction of the fibrocellular membrane (Kampik, 2012). These growth factors likely
originate from Müller glia cells (Lindqvist et al., 2010) or RPE (Seko et al., 1999), which secrete these factors
in response to tangential traction due to the chronic expansion of the PVD starting at the perifoveal region
towards the posterior pole (Johnson, 2005).
The majority of ERM patients are completely asymptomatic. At the lowest severity, called “cellophane
maculopathy”, only a thin transparent membrane without distortion of the underlying retina is observed. As the
disease progresses, shrinkage or contraction can result in irregular wrinkling of the inner layers up to full
thickness retinal distortion, resulting in severe visual impairment (Gass, 1997).
At present, treatment options are limited and consist of watchful waiting or vitrectomy surgery (Bu et al., 2014).
Nevertheless, the vitreous samples from ERM patients are valuable for biomedical research since no direct
retinal degeneration takes place in these eyes. Thus, vitreous samples of these patients are often used as a
reference point, as it was also done in the proteomics study of this thesis (see chapter: 3.2).

1.4.

Oxygen in the retina

The retina is a metabolically highly active tissue that requires much energy for proper function. Each rod for
example may consumes up to 108 ATP s-1 in dark conditions (Ames et al., 1992; Okawa et al., 2008). The
production of sufficient ATP - mainly by oxidative phosphorylation - requires large amounts of oxygen, provided
by the choroid and the different plexi of the retinal vasculature (see chapter: 1.1.5). Measurements of the
intraretinal oxygen profile under dark conditions revealed almost a borderline hypoxia in the IS, underlining the
extraordinary high oxygen consumption of photoreceptors for maintenance of the ‘dark current’ (Caprara and
Grimm, 2012; Yu et al., 1994). Thus, the retina is highly vulnerable to disturbances in oxygen saturation
(Arjamaa et al., 2009), and therefore needs to closely monitor cellular oxygen levels and to react adequately
to fluctuations in oxygen supply.

1.4.1.

Oxygen sensing via hypoxia inducible factors

Measurement of cellular oxygen levels and induction of a response to hypoxic conditions is mediated by a
family of heterodimeric transcription factors: the hypoxia-inducible factors (HIF). They are the ‘master
regulators’ of a cellular hypoxic response by regulating the transcription of hypoxia response genes upon
detection of a hypoxic environment.
HIFs are composed of an α- and a β-subunit, which both are constitutively expressed (Wang et al., 1995).
While HIFB - also known as aryl hydrocarbon receptor nuclear translocator (ARNT) – localizes to the nucleus,
the oxygen-labile HIFA subunit is degraded in the cytoplasm under normoxic conditions, with a half-life of less
than 1 minute (Yu et al., 1998).
In mammals, there are three paralogues of Hifa: Hif1a, endothelial PAS domain-containing protein 1 (Epas1
(also known as Hif2a)) and Hif3a and two paralogues of Hifb: Arnt1 and Arnt2 (reviewed in: (Lisy and Peet,
2008)). Arnt-like protein 1 (ARNTL (also known as brain and muscle ARNT-like 1 (BMAL1))), is closely related
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to ARNT, but dimerizes preferentially with ‘circadian locomotor output cycles protein kaput’ (CLOCK) and as
such is involved in regulation of the circadian rhythm (Lin et al., 2017).
HIF1A is conserved among most metazoans and seems to be expressed in each cell type and tissue (Graham
and Presnell, 2017), whereas EPAS1 expression is restricted to certain cell types in most organs, such as
brain, lung, heart, liver, intestine, pancreas, kidney and retina (Caprara et al., 2011; Thiersch et al., 2009;
Wiesener et al., 2003). In comparison to Hif1a and Epas1, not much is known about the function of Hif3a. Due
to its lack of a C-terminal transactivation domain (CTAD), HIF3A is thought to be a negative regulator of HIF1A
and EPAS1 (Makino et al., 2001). Nevertheless, recent studies identified distinct target genes specifically
regulated by hypoxia activated HIF3A (Zhang et al., 2014).
At a structural level, HIFA and HIFB (ARNT) proteins are characterized by the presence of an N-terminal basic
helix-loop-helix (bHLH) and a PER-ARNT-SIM (PAS) domain (Wang et al., 1995). This bHLH+PAS domain is
responsible for dimerization and specific DNA motif binding (Crews and Fan, 1999). Whereas all α-subunits
also contain an oxygen-dependent degradation domain (ODDD) (Kimura et al., 2001) and an N-terminal
transactivation domain (NTAD) responsible for target specificity (Hu et al., 2007), a C-terminal transactivation
domain (CTAD) required for the interaction with co-activators is only found in HIF1A and EPAS1 (HIF2A)
(Ema et al., 1999).

Fig. 9: Schematic representation of HIFA regulation in normoxic and hypoxic conditions; Under normoxic conditions,
the HIFA subunit is hydroxylated by PHD and FIH, resulting in the recognition by the von Hippel-Lindau protein complex.
The resulting poly-ubiquitinoylation directs the HIFA towards proteasomal degradation. Under hypoxic conditions,
insufficient oxygen is available to hydroxylate HIFA. Thus, HIFA escapes recognition by VHL and proteolytic degradation
and can translocate into the nucleus and form an active transcription factor together with HIFB and the accessory protein
p300. The binding to hypoxia response elements (HRE) on the DNA leads to the transcription of hypoxic target genes.
(adapted from (Caprara and Grimm, 2012))

As already mentioned above, HIFA is immediately degraded under normoxic conditions and only stable in
hypoxia. The stability of the α-subunit is thus regulated by an oxygen dependent mechanism. Under normoxic
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conditions, HIFA is posttranslationally hydroxylated at two proline residues within the ODDD (P402 and P564
for HIF1A; P405 and P531 for EPAS1). This hydroxylation is catalyzed by three different prolyl-4-hydroxylases
(PHD1-3), which are 2-oxoglutarat dependent dioxygenase enzymes which can hydroxylate proteins in an
oxygen dependent manner. Thus, the degree of hydroxylation is proportional to the availability of oxygen
(Epstein et al., 2001). Hydroxylated HIFA is then recognized by the Von-Hippel-Lindau (VHL) protein, which is
a component of a E3 ubiquitin ligase complex (Iwai et al., 1999). The resulting poly-ubiquitinoylation of
hydroxylated HIFA protein ultimately targets it for proteasomal degradation (Maxwell et al., 1999). In parallel
to the hydroxylation of prolines via PHD, also an asparagine residue (N803 for HIFA; N851 for HIF2A) in the
CTAD is hydroxylated by factor inhibiting HIF (FIH), which prevents the binding of the transcriptional activator
p300 (Mahon et al., 2001) (Fig. 9). Besides the basic mechanism regulating the stability of HIFA proteins,
HIF1A and EPAS1 have been proposed to be differentially stabilized depending on the duration and extent of
a hypoxic event. Experimental evidence suggests that HIF1A is transiently stabilized in acute hypoxia, while
EPAS1 (HIF2A) may induce a long-lasting change in target gene expression under conditions of chronic
hypoxia (Holmquist-Mengelbier et al., 2006; Wiesener et al., 1998).
The expression of HIFA and its direct targeting for degradation is a wasteful process, but it has the advantage
of resulting in a fast accumulation of HIFA under hypoxic conditions, as soon the hydroxylation by PHDs cannot
take place. The accumulated HIFA then translocates into the nucleus, where it forms a transcription factor by
dimerizing with ARNT and recruitment of transcriptional co-activators such as p300/CBP (CREB binding
protein) (Arany et al., 1996). The formed complex binds then to hypoxia response elements (HREs; containing
the following core-sequence: T(A/G(CGTG))) within the promotor of a multitude of target genes, which are
involved in angiogenesis, energy metabolism, survival, extracellular matrix regulation, inflammation, immune
response and apoptosis (reviewed in: (Majmundar et al., 2010; Semenza, 2004)). HIF1A and EPAS1 thereby
can induce transcription of different but overlapping sets of genes, which can be further modified by the higher
oxygen tolerance of FIH, leading to inactivation of CTAD independently of NTAD or the binding of alternative
co-activators, such as for example coiled-coil coactivators (CCC) which influence the set of target genes
(Loboda et al., 2010).

1.4.2.

Hypoxia in retinal diseases

In contrast to the reported protective effects of short-term hypoxia (Grimm et al., 2002; Whitlock et al., 2005;
Zhu et al., 2013), chronic hypoxia, among other factors, induces HIF target genes such as VEGF
(Forsythe et al., 1996) and others ultimately resulting in neovascularization and retinal degeneration. Chronic
activation of hypoxia in the adult retina can be found in several conditions, for example in retinal vein occlusion
(RVO), retinopathy of prematurity (ROP), DR or AMD.
In RVO, the blood flow is reduced due to an obstruction of retinal veins caused by degenerative changes of
the venous wall, hypercoagulability of the blood or arterial pathologies, which lead to a compression of the
thin-walled vein, especially at sites of arteriovenous crossings (Muraoka et al., 2013; Zhao et al., 1993). The
reduction of blood flow in the affected areas by up to 90 % results in a chronic local hypoxia (Eliasdottir et al.,
2015; Fujio et al., 1994). The increased venous pressure leads to transudation of plasma and blood and results
in retinal edema and hemorrhage (Channa et al., 2011). In addition, the resulting HIFA mediated induction of
VEGF transcription mediates neovascularization (Forsythe et al., 1996). Recently, also the upregulation of
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angiopoietin-like 4 (ANGPTL4) expressed from hypoxic Müller cells has been reported, indicating a HIF1
mediated secretion of factors that may additionaly promote capillary permeability (Xin et al., 2013).
ROP is the major cause of newborn blindness worldwide. It almost exclusively affects premature infants and
is associated with less than 31 week of gestation, low birth weight and oxygen supplementation during
postnatal period (Lashkari et al., 2000). ROP is characterized by vascular abnormalities induced by two phases
of oxigenation related pathological changes. The first phase after preterm birth is mediated by the exposure to
an elevated oxygen environment in the baby-incubator, which is needed for respiratory support (Tin and Gupta,
2007). The resulting hyperoxia in the retina leads to downregulation of VEGF and therefore to incomplete
retinal vascularization. In the second phase, when infants are returned to ambient oxygen, the retina is facing
a relative hypoxia, inducing abnormal proliferation of vessels and uncontrolled neovascularization (Alon et al.,
1995; Flynn et al., 1977). Ultimately, this can lead to retinal detachment and the formation of retrolental
fibrovascular membrane (Lashkari et al., 2000). Despite a strong reduction in ROP prevalence after
introduction of a strict control and monitoring of neonatal oxygen administration to a narrow optimal range,
recently the incidence of ROP increased again due to the improved neonatal care and increased survival of
very low birth weight preterm infants (reviewed in: (Hartnett, 2017)).
Development of DR is mediated by chronic hyperglycemia caused by diabetes. Formation of advanced
glycation end products (AGEs) due to the chronic hyperglycemia in the circulation is a central pathogenic
mechanism (Zong et al., 2011). AGEs originate from reaction of reducing sugars with free amino groups of
proteins, lipids and nucleic acids (Ulrich and Cerami, 2001). In the retinal vessels, AGEs are known to interact
with cell surface receptors such as the pattern recognition receptor for advanced glycation end products
(RAGE) and thereby activating pro-oxidant and pro-inflammatory signaling pathways (Zong et al., 2011). In
addition, accumulation of AGEs on capillary basement membranes can lead to capillary occlusion and leakage,
resulting in ischemic areas leading to HIF stabilization and consequently induction of VEGF mediated
neovascularization (Stitt, 2010). Also Müller glia cells can be activated by AGEs, leading to the induction of
VEGF production, resulting in neovascularization (Hirata et al., 1997) (see chapter: 1.3.3).
For AMD the increasing age is the principal risk factor. But among others, age-dependent thickening of the
Bruch’s membrane, reduced blood flow (Dallinger et al., 1998) and thinning of choriocapillaris (Green et al.,
1985) may result in reduced nutrient (Starita et al., 1996) and oxygen transport to photoreceptor cells and the
RPE (Grunwald et al., 2005; Schlingemann, 2004). This results in chronic hypoxia of the outer retina and
ultimately leads to VEGF mediated induction of choroidal neovascularization, as seen in nAMD
(Arjamaa et al., 2009; Kurihara et al., 2016; McLeod et al., 2009; Sheridan et al., 2009). In addition, an
increased metabolic activity as a result of inflammatory processes might also result in local hypoxia
(Arjamaa et al., 2009). It has recently been demonstrated that RPE cells facing such a chronic hypoxic state
shift from oxidative phosphorylation to oxygen independent glycolysis, which allows to obtain energy more
quickly but requires higher glucose intake due to the low ATP yield (Kurihara et al., 2016). This increased
intake of the RPE reduces the availability of glucose to the neuroretina, ultimately leading to retinal
degeneration (Chertov et al., 2011) (see chapter: 1.3.1).

1.5.

Mouse models for AMD

AMD is a complex and heterogeneous disease caused by a combination of a multitude of genetic and
environmental risk factors specifically affecting the unique structure of the macula. To elucidate the role of
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underlying molecular mechanisms involved in the disease onset and/or progression, animal models are crucial.
An ideal animal model of AMD would be cost-efficient, recapitulate the human morphology and function of the
retina and has a short life-cycle. Among others, several animals, such as fish, frogs, mice, rats, rabbits, pigs
and non-human primates, have already been used to model certain aspects of the disease. Despite the closest
morphological resemblance of non-human primates to the human retina, most of the current knowledge in
AMD research originates from mouse models. Apart from the most obvious differences between mouse and
human retinas including the lack of a macula and L-cones in the mouse retina (Szél and Röhlich, 1992), the
ratio of rod (97 %) to cone (3 %) photoreceptors in the mouse and human retina is similar (Carter-Dawson and
LaVail, 1979). Thus, for most research questions, the functional and morphological similarities, the shorter life
cycle, the availability and relative ease of genetical modifications, lower maintenance costs and ethical
considerations outweigh the absence of a cone-rich macula and other discrepancies (reviewed in:
(Pennesi et al., 2012)).
Based on the multifactorial pathogenesis of AMD and the fact that none of the currently existing mouse strains
develops all the features of AMD in a progressive and age-related manner, several distinct mouse models are
used to investigate the different aspects of AMD mediated retinal degeneration, such as morphological
changes, immune system dysregulation, accumulation of toxic byproducts, neovascularization and others
(Ramkumar et al., 2010).

1.5.1.

Single gene mutations inducing macular dystrophies

STGD1, STGD3, Sorsby fundus dystrophy and Doyne honeycomb retinal dystrophy are diseases resulting in
a juvenile macular dystrophy, with RPE and photoreceptor atrophy in the macula. The Mendelian inheritance
of the identified causative gene defects led to the genetic engineering of respective mouse models, such as
the Timp3-/- (metalloproteinase inhibitor 3; model for Sorsby fundus dystrophy (Weber et al., 2002)), the
Abca4-/- (model for STGD1 (Weng et al., 1999)), the C-terminal truncation of Elovl4 (model for STGD3
(Karan et al., 2005; Vasireddy et al., 2006)) and the Efemp1R345W/R345W (fibulin-3; model for Doyne honeycomb
retinal dystrophy (Marmorstein et al., 2007)), allowing the investigation of AMD-like degenerative processes.

1.5.2.

Morphological changes

A hallmark of AMD are the focal deposits between the RPE and the Bruch’s membrane. In human, their size
and number is used in diagnosis and estimation of progression (Age-Related Eye Disease Study Research
Group, 2001). For mouse models, the modeling of characteristic morphological changes of AMD, such as
drusen deposits between the RPE and the Bruch’s membrane, was not successful so far. Even though some
studies report ‘drusen-like deposits’, they have a different composition and are not localized on the basal side
of the RPE. Most likely these deposits represent collections of immune cells that have migrated into the
subretinal space (Luhmann et al., 2009). On the other hand, changes in Bruch’s membrane morphology that
are suggested to be involved in the development of choroidal neovascularization in AMD were observed in
several models, such as the afore mentioned Timp3-/- and Abca4-/- mice. In addition, a single nucleotide
polymorphism (SNP) in serine protease 11 (HTRA1) leading to overexpression of HTRA, a protein involved in
Bruch’s membrane composition regulation, has been associated with increased risk for AMD development
(Yang et al., 2006). Notably, the overexpression of the Htra1 transgene in RPE cells in mice led to the
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disruption of Bruch’s membrane and to changes of its composition (Vierkotten et al., 2011). Lack of
apoliporotein E (APOE) in ApoE-/- mutant mice resulted in increased serum triglyceride and cholesterol levels,
in a thickened Bruch’s membrane and in lipid deposits in the RPE. This highlights the important role of lipid
transport deficits in the development of AMD (Dithmar et al., 2000).

1.5.3.

Immune system dysregulation

Other mouse models intend to replicate aspects implicated in the immune system dysregulation of AMD. SNPs
in complement factor H (CFH) – an important factor in alternative complement pathway regulation – led to the
identification of the first association of a gene (CFH) with an increased risk for AMD (Hageman et al., 2005).
Analysis of aged Cfh-/- mice showed reduced ERG signals, complement C3 (CO3) deposits within the
neuroretina and lipofuscin-like subretinal deposits. This indicates that CFAH is required for maintaining the
long-term integrity of the retina (Coffey et al., 2007). Apart from the complement factors, also several
chemokine signaling pathways involved in the chemotaxis of macrophages, such as C-C chemokine motif 2
(CCL2; Also known as MCP1) (Abu el-Asrar et al., 1997) and CX3C chemokine receptor 1 (CX3CR1)
(Tuo et al., 2004) have been identified to be upregulated in AMD. Removal of the constitutively expressed
CX3CR1 protein in Cx3cr1-/- in mice leads to a chronic activation of microglia, which fail to regress from the
subretinal space at sites of retinal degeneration, resulting in large bloated microglia inducing CNV, as observed
in AMD patients (Combadière et al., 2007). For Ccl2-/- mice many hallmarks of AMD, such as drusen deposits,
CNV and photoreceptor degeneration have been reported (Ambati et al., 2003). But since other laboratories
have failed to replicate these findings (Chen et al., 2011; Luhmann et al., 2009), the exact role of CCL2 remains
elusive.

1.5.4.

Oxidative stress

As a result of the high oxygen demand of the retina, its high concentrations of polyunsaturated fatty acids and
the constant exposure to light, inflammation induced by oxidative stress could be one of the initial signals
activating the immune response in AMD. This is simulated by the immunization with CEP, an oxidation adduct
of DHA. The induced immune response against the DHA rich OS simulates low level inflammation that may
be involved in AMD onset and results in thickening of Bruch’s membrane, subretinal CO3 deposits, RPE cell
death and sub-RPE deposits (Hollyfield et al., 2008). In addition, superoxide dismutases are central for the
cellular response to oxidative stress. Sod1-/- and Sod2-/- mice developing drusen-like deposits, a thickened
Bruch’s membrane and photoreceptor loss underline the central role of this antioxidant system for retinal
homeostasis (Imamura et al., 2006; Justilien et al., 2007).
Oxidative stress may also explain the increased risk to develop AMD by cigarette smoke. It was shown that
chronic cigarette smoke led to the formation of 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-OHdG) and thus
oxidative damage in the RPE. This resulted in cell death and changes in Bruch’s membrane (Fujihara et al.,
2008).

1.5.5.

Chronic hypoxia

Morphological changes in the ageing eye result in reduced choroidal blood flow (Dallinger et al., 1998), drusen
deposits and thickening of the Bruch’s membrane, resulting in a reduction of nutrient and oxygen supply to the
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photoreceptor cells (Schlingemann, 2004). This chronic hypoxia at the level of the photoreceptor cells may
contribute to the development and progression of AMD. Mouse models with a chronic activation of a
hypoxia-like response by photoreceptor specific Vhl knockdown show a slow and progressive degeneration of
photoreceptor cells (Barben et al., submitted (a,b)). Interestingly, a similar approach inactivating Vhl specifically
in RPE cells as well leads to a progressive loss of photoreceptor cells (Kurihara et al., 2016).

1.5.6.

The all-cone mouse

AMD is a degenerative disease of the retina, which affects the cone-dominant macula. However, the majority
of mouse models used to study the different aspects of this disease have a rod-dominant retina (CarterDawson and LaVail, 1979). Thus, mice lacking the transcription factor neural retina-specific leucine zipper
protein (Nrl-/-) have been generated. These mice develop retinas composed of cone photoreceptors only since
NRL is required to direct photoreceptor progenitor cells to the rod photoreceptor cell fate during retinal
development (Mears et al., 2001). However, these retinas develop rosettes, a dysmorphogenesis of the ONL,
leading to the disruption of the retinal layering. This rosette formation is dependent on the amount of
11-cis-retinal in the retina (Kunchithapautham et al., 2009). Absence of the visual chromophore resulting from
the additional knockout of RPE65 - a central visual cycle enzyme (see chapter: 1.1.4) - results in a normally
layered retina, but without function (Wenzel et al., 2007). Combination of the Nrl-/- with a mutant form of RPE65
(Rpe65R91W) results in reduced 11-cis-retinal levels (Samardzija et al., 2008), leading to a well-layered and
functional all-cone retina (R91W;Nrl-/-) (Samardzija et al., 2014). This makes this mouse suitable to study the
molecular mechanisms of cone degenerations.

1.6.

Mass spectrometry-based proteomics for biomarker discovery

Fig. 10: Overview of different ‚Omics’ fields, also depicting the increasing complexity of possible analytes coming from
DNA (genomics), to mRNA (transcriptomics), to proteins (proteomics) and metabolites (metabolomics) with its subfields of
lipidomics (lipids) and glycomics (carbohydrates). (adapted from (Wu et al., 2011))
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‚Omics’ as for example in genomics, transcriptomics, metabolomics or proteomics aims at the universal
detection of all genes, transcripts, metabolites and proteins in a specific biological sample (Fig. 10) (Horgan
and Kenny, 2011). In contrast to the earlier candidate centered approaches, in which targets were individually
tested, the ‘omics – approach’ uses a hypothesis free approach, and thus delivers results which are unbiased
of preconceived notions or hypotheses.
Technological advances in data generation from multiple levels of biological systems have driven the field of
translational biology for the past decades. In ophthalmology, SNP microarrays, Sanger - and later next
generation sequencing (NGS) approaches have been instrumental to identify disease causing genes, like
retinal-specific ABCA4 for STGD1 already in 1997 (Allikmets et al., 1997). Since then, the number of AMD
associated loci has strongly risen and as of today comprises more than 40 gene loci (den Hollander, 2016).
Omics research in ophthalmology has so far mainly focused on genomics but proteomics has the potential to
improve the way in which eye diseases are diagnosed by complementing the genomics and transcriptomics
data with quantitation of protein abundances, detection of post-translational modifications (PTM) and
identification of protein-protein interactions (Aebersold and Mann, 2003; Cox and Mann, 2007).

1.6.1.

Mass spectrometry-based proteomics

The proteome is the dynamic set of all expressed proteins in a biological sample at a specific time point.
Advances in mass spectrometry (MS) instrumentalization in the recent years regarding detector speed and
resolution greatly contributed to the advent of the field of proteomics as a potent tool for biomarker discovery.

Fig. 11: Schematic representation of common discovery proteomics workflow; Sample denaturation and trypsination
by filter assisted sample preparation (FASP), followed by desalting step. Analysis of peptide mass (MS1) and composition
(MS2) of sample after online injection of HPLC separated peptide mixture. Computational peptide matching to identify
peptide sequence followed by protein assignment. (adapted from (Mann, 2012))
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Current mass spectrometry-based proteomics analysis of complex samples from tissue lysates or body fluids
mainly use a bottom-up approach for analysis. In this approach, all proteins are proteolytically digested into
peptides prior to mass analysis. Then, the measured peptide masses and sequences are used for the
identification of the corresponding proteins. This is analogous to shotgun genomic sequencing where a similar
approach is used and thus it is often also termed shotgun proteomics. The advantage of this approach is that
large-scale data of high-complexity samples can be acquired with high sensitivity. The drawbacks are
oversampling of high-abundant peptides, protein inference and loss of labile PTMs. The alternative top-down
approach, in which intact proteins are analyzed is mainly used for the analysis of single proteins or simple
mixtures.
Analysis of the proteome usually involves the following steps: 1) Sample preparation with peptide generation
by a proteolytic – mostly tryptic – digest, and desalting of sample; 2) Reduction of the sample complexity by
either gel-based (2D electrophoresis) or chromatographic separation methods; 3) Ionization either by matrix
assisted laser desorption/ionization (MALDI) or online electron spray ionization (ESI) of peptides; 4) Analysis
of mass-to-charge (m/z) ratio of injected peptides (MS1) with subsequent analysis of amino acid sequence by
fragmentation of the peptides and measurement of the m/z ratio of fragments (MS2). 5) Comparison of the
generated peak lists to databases for the identification of matching proteins for the measured peptide
sequences (Fig. 11).
In MS m/z ratios of charged particles are measured. The retrieved signal intensities are dependent on the
different physicochemical properties of the measured peptides and proteins and cannot be used for
quantitative comparison between different molecular species (Nikolov et al., 2012). Quantitative information
can only be retrieved by comparison of the MS signal intensities of the same molecule in different experiments
(label-free quantification) or by comparison of different isotopic compositions of the same molecule within the
same MS experiment (labeled quantification).

1.6.2.

Biomarker discovery in retinal diseases

The degenerative nature of AMD that leads to irreversible damage of the retina demands for biomarker,
allowing an early diagnosis of patients before damage is too advanced for preservation of vision by future
therapies. Although it is currently only possible to slow progression of nAMD by the injection of VEGF
neutralizing compounds (reviewed in: (Pożarowska and Pożarowski, 2016)), new therapies are currently being
developed that may help patients with the dry form of AMD (Abd et al., 2017; Barben et al., submitted (b);
Moore et al., 2017).
Biomarker, short for ‘biological marker’, are formally defined as: ‘a characteristic that is objectively measured
and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention’ (Biomarkers Definitions Working Group., 2001). It can be a substance,
structure, or biochemical or molecular alteration in body parts, fluids or products.
In ophthalmology, MS-based proteomics has been performed since its early days with the aim of identifying
proteins unique to the eye, ideally with a potential use in diagnostic and/or as therapeutic target
(Monteiro et al., 2015). For reasons of sample availability, the analysis mainly focused on the following
tissues: aqueous and VH from clinical biopsies and drusen from post-mortem samples. Of special interest is
thereby the analysis of the VH proteome, which due to its close proximity to the retina, is thought to reflect the
health state of the retina. In fact, large sets of proteins identified in the vitreous are not found in plasma and
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are thus likely to originate from neighboring tissues (Aretz et al., 2013). Additionally, also tear fluid or blood
plasma samples of patients were analyzed to identify biomarkers for an ophthalmologic condition
(H.-J. Kim et al., 2012; Kim et al., 2014).
One of the earliest proteomic analysis of diseased ocular tissue was performed by Crabb and colleagues on
isolated human drusen of donors affected by AMD. Among the 129 identified proteins, several proteins of the
crystallin family were found upregulated (Crabb et al., 2002). This observation of the upregulation of the small
heat-shock proteins α-crystallin A (CRYAA) and α-crystallin B (CRYAB) was later confirmed in independent
samples of Bruch’s membrane / choroid complex from dry AMD patients (Yuan et al., 2010). CRYAB is thereby
of particular interest due to its anti-inflammatory and anti-apoptotic potential (Kannan et al., 2012;
Ousman et al., 2007). Interestingly, among the 56 upregulated proteins identified by Yuan and colleagues,
60 % were associated with cellular defense and immune response, including many complement system
associated proteins, such as the inhibitory proteins CFAH and clusterin (CLUS). Upregulation of CLUS had
been identified in the proteome of Bruch’s membrane / choroidal complex, aqueous (T. W. Kim et al., 2012)
and vitreous (Nobl et al., 2016). Thus, this protein – as already suggested by Nobl and colleagues – potentially
can be used as a biomarker for the development of nAMD. Further proteins identified in the vitreous proteome
with potential use as biomarker were pigment epithelium-derived factor (PEDF) and prostaglandin
H2-D isomerase (PTGDS) (Nobl et al., 2016). PEDF upregulation is likely driven by VEGF, a central factor in
the development of AMD (Nobl et al., 2016). Upregulation of PTGDS represents an inflammatory component
of nAMD. It has been detected in two independent studies (Koss et al., 2014; Nobl et al., 2016), but its exact
role in disease remains elusive.
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2. AIMS OF THE THESIS
AMD is a late-onset neurodegenerative disease, which leads to severe visual impairment and eventually
blindness. Although more than 20 % of people above the age of 75 are affected by AMD, its early diagnosis,
as well as its therapy, is still an unmet medical need (Gehrs et al., 2006; Smith et al., 2001).
The etiology of AMD is known to be multifactorial, but the exact pathophysiology is not yet fully understood. At
present, several risk factors, such as life style, environment and genetic predisposition have been identified
(reviewed in: (Lambert et al., 2016)). It has been suggested by several groups that many of these risk factors
potentially converge into a mild but chronic hypoxia of the retina resulting in the activation of HIF transcription
factors (Arjamaa et al., 2009; Kurihara et al., 2016; McLeod et al., 2009; Sheridan et al., 2009). Thus, we
hypothesize, that the identification of hypoxia-related biomarkers specific for AMD could help to further
understand the degenerative processes. Moreover, such marker-proteins could also serve as a valuable target
for diagnosis or therapy. In addition, to study the pathophysiology of AMD, mouse models which reflect new
aspects of the multifactorial disease are needed.

The aims of my thesis are divided into two main sections:

A) Identification of hypoxia-related biomarkers in the vitreous proteome of AMD patients by
comparison to the vitreous proteome of mouse models with a photoreceptor specific hypoxia-like
response.

Chronic hypoxia of the retina as a consequence of oxidative stress, tissue changes, inflammatory processes,
or increased metabolic activity, is suggested to be involved in the development and progression of AMD (Green
et al., 1985; Grunwald et al., 2005; Hollyfield et al., 2008; Kurihara et al., 2016; Schlingemann, 2004). In the
Opsin-Cre;Vhlflox/flox (rodΔVhl) (Lange et al., 2011) and the Rpe65R91W;Nrl-/-;BP-Cre;Vhlflox/flox (coneΔVhl)
(Barben et al., submitted (b)) mice, HIFA is constantly stabilized. Hence, these mice represent a model system
for a chronic hypoxia-like response in rod or cone photoreceptors. The comparison of the vitreous proteome
of these mice with the vitreous proteome of AMD patients might potentially identify biomarkers characteristic
for an underlying chronic hypoxia in a subset of AMD patients. This was addressed as follows:
 Characterization of the vitreous proteome of mice with a photoreceptor-specific activation of a chronic
hypoxia-like response specifically in rodΔVhl and coneΔVhl mice to reveal characteristic proteins in the
vitreous.
 Characterization of the vitreous proteome of human dry AMD, nAMD, PDR and ERM patients to identify
characteristic vitreous proteins of dry AMD patients.
 Investigation of a small set of hypoxia regulated proteins in blood plasma of dry AMD, nAMD and PDR
patients to address whether patients suffering from retinal disease with a hypoxic component show systemic
changes of these hypoxia-regulated proteins.
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B) Characterization of a STGD3 linked mutation in Elovl4 on a ‘macula-like’ all-cone background.

Irrespective of hypoxia, mutations in the ‘elongation of very long chain fatty acids 4’ (ELOVL4) gene causes
Stargardt’s macular dystrophy 3 (STGD3), a rare juvenile onset dominant form of macular degeneration
(Mandal et al., 2014). In mice, the effect of the three disease-causing Elovl4 mutations has already been
investigated by several different mouse models. Though none of them was able to recapitulate the early-onset
cone photoreceptor degeneration as observed in the macula of STGD3 patients (Barabas et al., 2013;
Cameron et al., 2007; Karan et al., 2005; Li et al., 2007; McMahon et al., 2007; Raz-Prag et al., 2006;
Vasireddy et al., 2006). We hypothesize that the degenerative process in STGD3 is specific for a cone rich
environment like the human macula. To address this, we investigated the effect of such an Elovl4 mutation in
the all-cone (R91W;Nrl-/-) mouse (Samardzija et al., 2014) on a rod-free background as it is found in the center
of the human macula.
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Abstract
Reduced oxygenation of photoreceptors and RPE in the ageing eye may be a risk factor for the development
of both, neovascular and dry AMD. Chronic activation of the molecular response to hypoxia in RPE or
photoreceptors leads to retinal degeneration that depends on hypoxia inducible transcription factors. For the
identification of accessible markers characteristic for photoreceptors with an activated hypoxic response, we
used a proteomics approach to determine the protein composition of the vitreous humor (VH) in mice. To
discriminate between rod and cone-specific effects, we used genetically modified mice that had the hypoxic
response activated specifically in rods of a rod-dominant retina (rodΔVhl) or a genetically engineered all-cone
retina (coneΔVhl). For comparison, we exposed wild-type mice for 6 hours to acute hypoxia. We identified 1,357
unique proteins in the vitreous of mice after acute hypoxia, 1,624 in rodΔVhl and 1,895 in coneΔVhl mice. Of
these, 1,043 proteins were common to all three types of mice. Of the identified proteins, 257 were significantly
regulated by a factor of 1.5 or more in hypoxic mice, 258 in rodΔVhl and 356 in coneΔVhl mice in at least one of
the three analyzed time points. Only 51 of the significantly regulated proteins were common to the vitreous of
rodΔVhl and coneΔVhl mice, suggesting different consequences of the activated hypoxic response for rods and
cones. Guanylate binding protein 2 (GBP2) was found at increased levels in the vitreous of both rodΔVhl and
coneΔVhl mice at all time points tested. This was also reflected by increased gene expression in the retina.
Although retinal expression of the AMD-associated gene α-2 macroglobulin (A2MG) appeared increased in
both types of mice, the protein was only found elevated in the vitreous of rodΔVhl mice. Other proteins found
increased included serine protease inhibitor 3 (SPA3N), synaptosome associated protein 25 (SNAP25) and
others. The distinct protein compositions present at early and late time points, suggest a well-regulated process
in our models. We hypothesize that some of the proteins identified at early time points may potentially be used
as markers for the chronic hypoxic response of photoreceptors.

Graphical abstract:

Highlights





Label-free shotgun proteomics-based analysis of the mouse vitreous proteome
6h acute hypoxia are sufficient to induce strong changes in the vitreous proteome
Chronic hypoxia in rods and cones leads to different changes of vitreous proteomes
Some changes in the protein composition are reflected by retinal gene expression changes

Keywords
Vitreous, hypoxic response, shotgun proteomics, rods, cones, retinal degeneration, AMD
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Abbreviations
AMD

age-related macular degeneration

MMVL

moloney murine leukemia virus

A2MG (A2m)

α-2 macroglobulin

MS

mass-spectrometry

ACN

acetornitrile

MVP (Mvp)

major vault protein

ACTB (Actb)

β-Actin

nAMD

neovascular AMD

ADML (Adm)

adrenomedullin

NMWL

nominal molecular weight limit

all-cone

R91W;Nrl-/-

PANTHER

ARRC (Arr3)

arrestin-C

Protein ANalysis THrough Evolutionary
Relationships

ARRS (Sag)

S-arrestin

BP

blue pigment promotor

CBG (Serpina6)

corticosteroid-binding globulin

CDHR1 (Cdhr1)

cadherin related family member 1

CFAD (Cfd)

complement factor D

PDR

proliferative diabetic retinopathy

PLTP (Pltp)

phospholipid transfer protein

PRIDE

PRoteomics IDEntifications

qPCR

semi-quantitative real-time PCR

RET1 (Rbp1)

retinol binding protein 1

rod

CFAH (Cfh)

complement factor H

CFAI (Cfi)

complement factor I

CNN3 (Cnn3)

calponin-3

CO3 (C3)

complement factor 3

CO4B (C4b)

complement C-4B

coneΔVhl

BPCre;R91W;Nrl-/-;Vhlflox/flox

DPBS

Dulbecco's phosphate buffered saline

DTT

ΔVhl

OpsinCre;Vhlflox/flox

RPE

retinal pigment epithelium

SD

standard deviation

SNP25 (Snap25)

synaptosomal associated protein 25

SNPs

single nucleotide polymorphisms

SPA3A
(Serpina3a)

serpin family A member 3

SPA3N
(Serpina3n)

serpin family A member 3 (G3X8T9)

dithiothreitol

FA

formic acid

SYN1 (Syn1)

synapsin-1

FABP7 (Fabp7)

fatty acid-binding protein, brain

TFA

trifluoroacetic acid

FDR

false discovery rate

VASN (Vasn)

vasorin

GBP (Gbp1/2)

guanylate binding protein 1/2

VEGFA (Vegf)

vascular endothelial growth factor

GO

gene onthology

VH

vitreous humor

GO-BP

GO-biological process

VHL (Vhl)

GO-CC

GO-cellular component

von Hippel-Lindau disease tumor
suppressor

GO-MF

GO-molecular function

VPS35 (Vps35)

vacuolar protein sorting-associated
protein 35

GRAB (Grb)

granzyme B

Webgestalt

WEB-based GEne SeT AnalLysis

GSEA

Gene set enrichment analysis

YKT6 (Ykt6)

synaptobrevin homolog YKT6

GWA

genome wide association

ΔΔCT

comparative threshold cycle method

HCD

higher energy collisional dissociation

HIF (Hif)

hyoxia inducible factors

HIFA (Hifa)

hypoxia inducible factor subunit α

HIFB (Hifb)

hypoxia inducible factor subunit β

HNRPL (Hnrnpl)

heterogeneous nuclear ribonucleoprotein
L (G5E924)

HNRPR (Hnrnpr)

heterogeneous nuclear ribonucleoprotein
R

HYI (Hyi)

hydroxypyruvate isomerase (putative)

IAA

iodacetamide

LC-MS/MS

liquid-chromatography coupled tandem
MS

LRC47 (Lrrc47)

leucine-rich repeat-containing protein 47

LRP1 (Lrp1)

lipoprotein receptor-related protein 1
(CD91)
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1. Introduction
More than 20 % of people above the age of 75 are affected by age-related macular degeneration (AMD) in
western countries (Wong et al. 2014). The majority (85 – 90 %) of these patients is diagnosed with the nonexudative dry form of AMD and only 10 – 15 % suffer from the neovascular wet form (Leibowitz et al. 1980;
Ferris et al. 1984). Whereas neovascular AMD (nAMD) can be treated with intraocular injections of compounds
targeting vascular endothelial growth factor (VEGF) (Brown et al. 2006; Heier et al. 2006; Rosenfeld et al.
2006) a treatment for dry AMD is still an unmet medical need.
It was suggested that chronically reduced tissue oxygenation (hypoxia) in the ageing eye, may be involved in
the development of dry AMD (Arjamaa et al. 2009; Feigl 2009; Stefánsson et al. 2011). While oxygen is
supplied to the inner retina by retinal vessels, it is delivered to the outer retina mainly by the choroidal
vasculature (Friedman et al. 1964; Alm & Bill 1972). Thus, proper function of photoreceptors depends on
sufficient diffusion of oxygen and nutrients from the vascular choroid to the retina (Linsenmeier & PadnickSilver 2000). Since photoreceptors have an extraordinarily high energy and consequently also high oxygen
demand, mild but chronic tissue hypoxia caused by age-dependent thinning of the choroid, thickening of
Bruch’s membrane and drusen deposits (Chung et al. 2011; Liu & Xie 2012), may develop and lead to retinal
disease when above a critical threshold (Caprara & Grimm 2012).
The key factors in the molecular response to reduced tissue oxygenation are the heterodimeric hypoxia
inducible transcription factors (HIF). Low oxygen concentrations lead to the stabilization of the HIFA subunits,
a process controlled by the von Hippel-Lindau (VHL) protein complex. Under normoxic conditions, HIFAs are
hydroxylated by prolyl hydroxylases and recognized by VHL targeting them to the proteasomal degradation
pathway. Under hypoxic conditions, HIFA subunits are not hydroxylated and thus not recognized by VHL. They
escape proteolytic degradation, translocate to the nucleus, bind to the HIFB subunit, which results in the
formation of active transcription factors and regulation of the transcriptomic response to hypoxia (Greer et al.
2012). Whereas short term activation of HIF transcription factors may be beneficial and support survival of
retinal cells in reduced oxygen conditions (Grimm et al. 2002), chronic activation of HIF2 in the RPE
(Kurihara et al. 2016) or HIF1 in rods or cones (Barben et al. submitted (b); Lange et al. 2011) leads to retinal
degeneration.
To approach the identification of potential biomarkers that might indicate chronic hypoxia in photoreceptor cells
we determined the vitreous proteome in mouse models that have the molecular response to hypoxia
chronically activated in rods or cones (Barben et al. submitted (b); Lange et al. 2011). These mice have
increased HIFA levels, increased expression of HIF target genes such as adrenomedullin (Adm) and vascular
endothelial growth factor (Vegf) and exhibit retinal degeneration. The vitreous proteomes of these mice were
determined at different time points during degeneration and compared to the vitreous proteomes of wild-type
mice exposed to acute hypoxia. We observed distinct protein compositions of the vitreous present at early and
late time points, suggesting a well-regulated degenerative process in the investigated mouse models.

2. Material and methods
2.1. Animals
Mice were housed in the animal facility of the University of Zurich and maintained in a 14 hours light : 10 hours
dark cycle with access to food and water ad libitum. Animal maintenance and experimentation adhered to the
regulations of the veterinary authorities of Kanton Zurich, Switzerland and the ARVO Statement for the Use of
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Vhlflox/flox;OpsinCre (rodΔVhl) mice were generated by breeding Vhlflox/flox (Haase et al. 2001) to OpsinCre
(originally termed LMOPC1) mice that have a rod specific expression of the Cre recombinase driven by the
rhodopsin promoter (Le et al. 2006), as described earlier (Lange et al. 2011). BPCre;R91W;Nrl-/-;Vhlflox/flox
(coneΔVhl) mice (Barben et al. submitted (b)) were generated by breeding Vhlflox/flox mice to double mutant
Rpe65R91W;Nrl-/- (R91W;Nrl-/-) ‘all-cone’ mice (Samardzija et al. 2014) and mice with a cone specific expression
of the Cre recombinase driven by the blue pigment (BP) promoter (Akimoto et al. 2004). Breeding pairs were
always heterozygous for Cre and pups without Cre served as littermate controls. Genotyping was performed
by conventional PCR using DNA isolated from ear clips and primer pairs as specified elsewhere (Barben et al.
submitted (b); Lange et al. 2011).
2.2. Exposure to acute hypoxia
Wild-type (129S6; Taconic, Ejby, Denmark) mice were placed in a hypoxic chamber and gradually adapted to
hypoxic conditions by decreasing the oxygen concentration every 10 min by 2 % (by altering the O2 : N2 ratio)
until a concentration of 7 % O2 was reached. Hypoxic exposure at 7 % O2 lasted for 6 h and vitreous was
immediately isolated thereafter as described in section 2.3.
2.3. Vitreous isolation
The vitreous humor (VH) of mouse eyes was isolated as described previously (Skeie et al. 2011) with minor
modifications. Briefly, animals were deeply anesthetized with Ketamin (130 mg/kg; Parke-Davis; Berlin;
Germany) / Rompun (Xylazine; 26 mg/kg; Bayer AG; Leverkusen; Germany). After respiration has seized the
heart was exposed and the animal perfused with 10 mL of Dulbecco’s PBS (DPBS; Thermo Fisher; Waltham;
MA; U.S.A.) to minimize the risk of blood contamination in the VH during vitrectomy. To retrieve the VH, we
removed the lens together with VH and retina through a slit in the cornea and transferred them to 50 µL of
DPBS. The lens was then carefully separated from the retina causing the release of the VH into the solution.
VH was separated from lens and retina by filtrating the solution through 0.1 µm centrifugal filters (Millipore
Ultrafree; Merck & Cie; Schaffhausen; Switzerland) for 10 min at 5000 × g. The VH in the flow-through was
directly snap frozen in liquid nitrogen and stored at – 80 °C until proteomic measurement. The retinal tissue
retained by the filter was carefully separated from the lens and as well stored at – 80 °C.
2.4. Sample preparation for proteomics
VH samples were subjected to a filter assisted sample preparation (FASP)-digest adapted from
Wiśniewski et al. (2009). In brief, VH samples were denatured by 4 % SDS, 0.1 M dithiothreitol (DTT) and
incubation at 95 °C for 5 min with subsequent sonication to disrupt collagen networks. Protein concentrations
were determined by a Qubit fluorometric protein assay (Life Technologies; Zug; Switzerland). 20 µg of VH
proteins were loaded onto a 30 kDa NMWL (Nominal Molecular Weight Limit) ultrafiltration centrifugal device
(Microcon-30 kDa; Merck Millipore), centrifuged, washed with 8 M urea and alkylated with 0.05 M
iodoacetamide (IAA) for 1 min. After membranes were washed 3 times with 8 M urea and twice with
0.5 M NaCl, proteins were digested over night at room temperature in 120 μL of 0.5 M triethylammonium
bicarbonate buffer (pH 8.5) using trypsin (Promega; Dübendorf; Switzerland) at an enzyme to protein ratio of
1:100 (w/w). Digested samples were centrifuged and eluted peptides acidified with 0.5 % trifluoroacetic acid
(TFA) for the subsequent desalting step by C18 solid phase extraction columns (Sep-Pak Fenisterre; Waters
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Corp.; Milford; MA; U.S.A.) using 3 % acetonitrile (ACN) / 0.1 % TFA. Desalted tryptic peptides were lyophilized
and resolubilized in 0.1 % formic acid (FA).
2.5. Shotgun proteomic analysis
Analysis of samples using shotgun proteomics was performed by liquid chromatography coupled tandem mass
spectrometry (LC-MS/MS) on a high-resolution Fourier transformation mass spectrometer (QExactive; Thermo
Fisher Scientific; Bremen; Germany). The mass spectrometer was interfaced to a nano-HPLC system (EASYnLC 1000; Thermo Fisher Scientific) with a self-packed reverse-phase column (75 µm × 10 cm) containing
C18 beads (AQ; 3 µm; 200 Å; Bischoff GmbH; Leonberg; Germany) at a flow rate of 200 nL × min-1. The
column was equilibrated with 3 % ACN, 0.2 % FA in water. Peptides were eluted using the following gradient:
0 - 7 min, 3 % ACN, 7 - 127 min, 3 – 35 % ACN; 127 - 128 min, 35 – 95 % ACN; 128 - 130 min, 95 % ACN at
a flow rate of 200 nL × min-1. The electrospray source was fitted with a 10 µm emitter tip (New Objective;
Woburn; MA; USA) with an applied electric potential of 2.2 kV. High accuracy mass spectra were acquired in
the mass range of 300 – 1,700 m/z and a target value of 3 × 106 ions in MS1, followed by higher energy
collisional dissociation (HCD) fragmentation and top-12 MS2. Target ions already selected for MS2 were
dynamically excluded for 30 s. General MS conditions were: normalized collision energy, 25 %; ion selection
threshold, 5 × 104 counts; and activation time 120 ms for MS/MS acquisitions.
2.6. Protein identification and quantification
For MS1 intensity-based label-free relative quantification, the ProgenesisQI for proteomics software (Vers.
3.0.5995, Nonlinear Dynamics Ltd., Tyne, UK) was used with high resolution ‘thermo.raw’ files and peptide
charge states of 2+ to 5+ as input. The protein identification was based on MS2 peak lists generated by Mascot
Distiller software (Vers. 2.5.1, Matrix Science Ltd., London, UK) with the following search settings: maximum
missed cleavages: 2; peptide mass tolerance: 10 ppm; number of 13C = 1; and fragment ion tolerance: 0.04 Da.
Carbamidomethyl formation was specified as fixed modification, whereas oxidation and acetylation at protein
N-terminus were specified as variable modifications and searched against the mouse protein database
(Taxonomy ID: 10090) from UniProt (59’783 entries; downloaded: 02.09.2016) concatenated to a decoy
(reversed) database and 260 known mass spectrometry contaminants. A target-decoy approach was used to
estimate the false-discovery levels (Käll et al. 2008). Peptide and protein assignments were filtered for peptide
identification with maximally 5 % false discovery rate (FDR) and protein identification with less than 10 % FDR
by Scaffold (Vers. 4.8.3; Proteome Software; Portland, Oregon, USA). The Scaffold spectrum report was
exported and loaded into ProgenesisQI. Decoy hits and proteins with single hit peptides were excluded from
further analysis. Relative quantification was performed by the Hi-3 approach (Silva et al. 2006). The vitreous
proteome of hypoxic wild-type, rodΔVhl and coneΔVhl mice were quantified relatively to their respective agematched controls. Foldchange (FC) was calculated and statistical significance was determined by one-way
ANOVA on the hyperbolic arcsine transformed normalized protein abundance. Significant differential
regulation was defined, as |log2(FC)| > 0.58 (FC < 0.67 or FC > 1.5) with a P value < 0.05.
2.7. Semi-quantitative real-time PCR
Total RNA from retinas collected during VH isolation (see above) was prepared using an RNA isolation kit
(Nucleo Spin RNA, Macherey Nagel, Oensingen, Switzerland) according to manufacturer’s instructions with
an additional on-column DNaseI treatment. One microgram of RNA was used for reverse transcription by
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oligo(dT) and MMLV reverse transcriptase (Promega, Dübendorf, Switzerland). Semi-quantitative real-time
PCR (qPCR) was performed on a QuantStudio 3 real-time PCR system (ThermoFisher) on 10 ng cDNA
template using PowerUp SYBR Master Mix (ThermoFisher) and appropriate primer pairs (Table 1) designed
to span large intronic regions and avoid known single nucleotide polymorphisms (SNPs). Reactions were
normalized to β-Actin (Actb) and relative expression was calculated by the comparative threshold cycle method
(ΔΔCT). Statistical analysis of real-time PCR data was performed by comparing gene expression in
experimental mice to their respective controls for each time point individually using a two-tailed t-test (Microsoft
Excel for Mac 2011). All data are presented as mean values ± standard deviation (SD).
2.8. Data visualization
Categorization of the identified proteins according to their involvement in different gene ontology (GO)
processes was performed by PANTHER GO classification database (Vers. 12.0; Protein ANalysis THrough
Evolutionary Relationships; www.pantherdb.org) (Mi et al. 2017). Significantly differentially regulated proteins
of each group of mice were categorized in the respective parental GO terms ‘biological process’ (GO-BP),
‘molecular function’ (GO-MF) and ‘cellular component’ (GO-CC). For GO-CC the categories ‘extracellular
region’ and ‘extracellular matrix’ were combined to ‘extracellular proteins’. ‘Membrane’, ‘cell junction’, ‘synapse’
and ‘macromolecular complex’ were grouped into ‘membrane bound proteins’ and ‘cell part’ and ‘organelle’
were grouped into ‘intracellular proteins’.
R (Vers. 3.4.1) with the ‘RcolorBrewer’ (Vers. 1.1-2 by Erich Neuwirth) package was used for the generation
of pie charts and volcano plots. Log2-transformed normalized relative abundances were centered by
subtraction of the average relative abundance of each protein. Hierarchical Pearson clustering for proteins
was applied and visualized by heatmap using the R package ‘pheatmap’ (Vers. 1.0.8 by Raivo Kolde). The
area-proportional VennDiagram was generated by BioVenn (Hulsen et al. 2008). Gene set enrichment analysis
(GSEA) was performed with gene lists ranked by log2(FC) (Subramanian et al. 2005) using Webgestalt (Vers.
2017; WEB-based GEne SeT AnalLysis Toolkit; www.webgestalt.org) (Wang et al. 2017) together with data
mapping to wikipathways.org (Kutmon et al. 2016). Significance threshold for pathway enrichment was set to
a FDR < 0.25. The number of samples (n) used for individual experiments is given in the respective results
section.

3. Results
3.1. Proteomic analysis
The proteome of mouse VH samples after acute hypoxia and at different time points of a photoreceptor specific
chronic hypoxia-like condition, have been isolated and analyzed by LC-MS/MS. In samples after acute hypoxia
(n=3) 1’357 unique proteins were identified (Table S1), with an estimated FDR of 2.0%. The collective analysis
of the VH proteomes of 10 weeks, 16 weeks and 30 weeks old rodΔVhl mice and their respective controls (n=5
for all groups) identifed 1624 unique proteins (Tables S2) with an estimated FDR of 0.8%. Similarly, the
collective analysis of the VH proteomes of coneΔVhl mice at 4 (n=6), 8 (n=6) and 12 (n=5) weeks of age and
their respective controls idenitified 1’895 unique proteins (Tables S3) with an estimated FDR of 1.8%. Relative
label-free quantification was performed by comparison of the experimental groups with their respective
age-matched controls for each time point. The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE (Vizcaíno et al. 2016) partner repository with the dataset
identifier PXD008911.
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3.2. Changes in the vitreous proteome after acute hypoxia
The protein composition of the VH in wild-type mice after exposure to acute hypoxia (7 % O2; 6 h) was
compared to the VH proteome in normoxic control mice. 257 of the unique proteins identified were significantly
(P < 0.05) regulated with a fold change > 1.5. 159 proteins were up- and 98 were downregulated in the mouse
VH after acute hypoxia (Fig. 1A, Table S1). Principal component analysis (data not shown) and Pierson
hierarchical clustering analysis (Fig. 1B) clearly discriminated the VH samples of mice after acute hypoxia from
their respective normoxic controls. GSEA for pathways, did not reach significance for any pathway (data not
shown). Among the top 10 upregulated proteins (Table 2) we identified several proteins, of which expression
was reported to be affected by hypoxia such as LRC47 (Ma et al. 2015), SYN1 (Hu et al. 2014) and FABP7
(Qiang et al. 2012; Bensaad et al. 2014). In addition, HNRNPL (G5E924) was shown to translocate to the
cytoplasm in hypoxic conditions (Jafarifar et al. 2011). Interestingly, all 16 of the significantly regulated
crystallins were reduced by up to 15.7-fold in the VH of hypoxic mice (Table S1) and 8 of the top downregulated
proteins were crystallins (Table 2).
3.3. Changes of the vitreous proteome in rodΔVhl mice
As reported earlier, the retina of rodΔVhl mice is slowly, but progressively degenerating starting around 10 weeks
of age (Barben et al. submitted (a); Lange et al. 2011). Proteomic analysis at an early (10 weeks, initial signs
of degeneration visible), intermediate (16 weeks, ongoing degeneration) and late (30 weeks, degeneration
almost complete) time point revealed that 60 proteins (41 up; 19 down regulated), 120 proteins (92 up; 28 down
regulated) and 78 proteins (51 up; 27 down regulated), respectively, were significantly regulated with a fold
change of > 1.5 (Fig. 2A, Table S2). Apart from 2 samples of the 10 week time point, Pierson hierarchical
clustering correctly discriminated the rodΔVhl mice from the respective control mice (Fig. 2B).
Among the significantly regulated proteins, only interferon-induced GBP2 was found upregulated at all three
time points (Fig. 2C, Table S2). Although synaptobrevin homolog YKT6 (YKT6) was also significantly regulated
at all three time points, it was inconsistently regulated and found to be reduced by 1.7-fold at 10 weeks and
1.8-fold at 30 weeks, but increased by 2.4-fold at 16 weeks of age (Fig. 2C, Table S2).
Despite the identification of proteins encoded by hypoxia-regulated genes such as major vault protein (Mvp)
(Lara et al. 2009), guanylate-binding protein 1 (Gbp1) (Hwang et al. 2006) and vasorin (Vasn) (Choksi et al.
2011; Man et al. 2018) among the top 10 upregulated proteins (Table 3), GSEA analysis did not identify
hypoxia as significantly regulated pathway. GSEA analysis identified only ‘Complement and Coagulation
Cascades’ (FDR: 0.022) and ‘Blood Clotting Cascade’ (FDR: 0.231) for 10 week old rodΔVhl mice to be
significantly regulated (data not shown). Comparison of GO term analysis of all significantly regulated proteins
revealed gradual changes with time (Fig. 3). For GO-MF we noticed a reduction in ‘receptor activity’ and an
increase in ‘structural molecule activity’ for the later time points. For GO-BP, ‘cellular component organization
or biogenesis’, ‘developmental process’ and ‘multicellular organismal process’ increased, whereas
‘localization’ decreased over time (Fig. 3).
3.4. Changes of the vitreous proteome in coneΔVhl mice
Reduced oxygen supply through changes in the choroidal vasculature of the ageing eye will not only affect
rods but also cones. Thus, we also analyzed the protein composition of the VH in mice with an all-cone
(R91W;Nrl-/-) retina. Analogue to the rodΔVhl, these mice also have a chronic hypoxia-like response activated
in their photoreceptor cells (coneΔVhl). Compared to rodΔVhl mice, this hypoxic response is activated earlier and
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degeneration starts already around week 4. At 8 weeks of age, degeneration is strongly ongoing and at
12 weeks most cones have degenerated (Barben et al. submitted (b)).
At the early time point of 4 weeks only 10 proteins were identified to be significantly regulated with a fold
change > 1.5. Seven of these proteins were up and three were down regulated (Table 4). At the intermediate
time point of 8 weeks, 58 of totally 97 proteins and at 12 weeks, 235 of totally 294 proteins were upregulated
(Fig. 4A, Table S3). Heatmap representation of Pierson hierarchical cluster analysis for individual proteins and
mice showed good clustering of the mouse VH samples for the same genotype at all three time points (Fig. 4B).
There was no overlap between the differentially regulated proteins at 4 weeks and 8 weeks of age, and only
corticosteroid-binding globulin (CBG) was upregulated at both the 4 weeks (2.1-fold) and 12 weeks (4.0-fold)
time points. The significantly regulated proteins in the VH at 8 and 12 weeks, however, overlapped by
44 proteins (Fig. 4C, Table S3).
GO term analysis of all regulated proteins revealed an increase in ‘catalytic activity’ and a decrease in
‘transporter activity’ and ‘signal transducer activity’ over time for GO-MF. GO-BP showed an increase in
‘biological regulation’ and a decrease in ‘multicellular organismal process’. GO-CC terms showed a similar
distribution for all time points (Fig. 5). GSEA of cone∆Vhl mice identified the pathways ‘striated muscle
contraction’ (FDR: 0.198) and ‘complement and coagulation cascades’ (FDR: 0.239) at the 4-week time point
and ‘mRNA processing’ (FDR: 0.165), ‘IL-5 signaling pathway’ (FDR: 0.197), ‘blood clotting cascade’
(FDR: 0.200) and ‘type II interferon signaling (IFGN)’ (FDR: 0.241) at the 12-week time point. No pathway was
significantly enriched at the 8-week time point (data not shown).
3.5. Correlation of vitreous proteomics data with gene expression in the retina
Although changes of the vitreous proteome may not be necessarily reflected by gene expression changes in
the retina, we tested retinal levels of individual genes by real-time PCR and compared fold changes of the
RNA to fold changes of the proteins. As a first control, we verified increased expression of Adm mRNA as a
known hypoxia-regulated gene (Sena et al. 2014). Whereas Adm was only mildly upregulated in acute hypoxia,
we detected strongly increased levels in both rod∆Vhl and cone∆Vhl mice. In both mice, Adm levels dropped at
the latest time point, presumable due to degeneration of cells with the activated hypoxic response
(Barben et al. submitted (b); Lange et al. 2011).
Genes to test were selected primarily on the basis of their encoded proteins being detected as significantly
regulated in more than one mouse group, but we also included genes such as vacuolar protein
sorting-associated protein 35 (Vps35), Mvp and cadherin related family member 1 (Cdhr1) that were more
specific for the hypoxic, the rod∆Vhl, or the cone∆Vhl mice. In general correlation between retinal gene expression
and VH protein levels was poor for the acute hypoxia group (Fig. 6A) but better for the genetic models
(Fig. 6B,C). This may have been expected since mice in the acute group experienced a systemic hypoxia
possibly affecting all ocular tissues and the circulation. The retina may thus only have a minor influence on the
vitreous proteome in these conditions. In the genetic models, however, the hypoxic response is restricted to
rods or cones. Thus, changes in gene expression in these cells may directly or indirectly affect the vitreous
proteome in these mice.
In rod∆Vhl mice, increased VH protein levels were mirrored by increased retinal expression of A2m, Gbp1, Gbp2
and Mvp. Decreased levels were reflected by a tendency of reduced expression of hydroxypyruvate isomerase
(putative) (Hyi). No clear correlation was established for heterogeneous nuclear ribonucleoprotein R (Hnrnpr),
phospholipid transfer protein (Pltp), serpin family A member 3 (Serpina3a), Snap25 and Ykt6. It is interesting
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to note that correlation in cone∆Vhl mice differed from rod∆Vhl mice suggesting lack of Vhl in rods or cones affects
the VH protein composition differentially. In cone∆Vhl mice, increased VH protein levels correlated with
increased retinal expression of Gbp2 and Serpina3n, and decreased protein levels with gene expression of
Cdhr1. Even though A2m and Pltp were expressed at high levels in cone∆Vhl mice at all time points, VH levels
of the respective proteins were reduced. Hnrnpr, Snap25 and Ykt6 were decreased at the gene but increased
at the protein level. No clear correlation was established for Gbp1 and Hyi. Gbp2 was upregulated on both
gene and protein levels in both genetic models. Gbp2 was previously demonstrated to be upregulated during
normal ageing in rats (Van Kirk et al. 2011) and associated with apoptosis of injured neurons in rat brain
(Miao et al. 2017).

4. Discussion
Because of the proximity of the VH to the retina, proteins released due to pathophysiological changes of the
retina may be identified in the VH and indicate integrity and/or health status of the retina (Monteiro et al. 2015).
The vitreous proteome from patients with various retinal disorders including DR (Yamane et al. 2003;
Gao et al. 2008; Shitama et al. 2008; Wang et al. 2013; Loukovaara et al. 2015), nAMD (Koss et al. 2014;
Nobl et al. 2016) and dry AMD (Schori et al. submitted) have been reported in several studies. Data for VH
proteome from mouse, however, are sparse probably reflecting the difficulties to collect sufficient material for
analysis. Proteomic data have been reported for the normal mouse (Skeie & Mahajan 2013) and models of
myopia (Cases et al. 2017) and proliferative vitreoretinopathy (Márkus et al. 2017). In this study, we determined
the vitreous proteome of genetically modified mice with a chronic activation of a hypoxic response in their
photoreceptors. Hence, these mice serve as models to recapitulate the hypoxic aspect that may potentially be
involved in the development of neovascular (Feigl 2009; Stefánsson et al. 2011) and dry AMD (Arjamaa et al.
2009; Feigl 2009; Stefánsson et al. 2011). It was shown in mice that chronic activation of HIF transcription
factors in the RPE or photoreceptors leads to retinal degeneration (Barben et al. submitted (b); Lange et al.
2011; Kurihara et al. 2016).
4.2. The vitreous proteome after acute hypoxia
To investigate whether the mouse VH proteome is affected by short term hypoxia, we first analyzed mice
directly after exposure to reduced (7 %) oxygen. The strong and distinct changes of the VH proteome of
hypoxic mice (Fig. 1) shows that the VH can reflect different conditions. Remarkably, all 16 identified crystallins
were significantly down regulated in the VH after systemic hypoxic exposure of the mouse (Table S1). This
was not expected since some of these crystallins are known to be neuroprotective (Cubedo et al. 2016) or
reported to be upregulated by hypoxia (van de Schootbrugge et al. 2014).
Of the top regulated proteins, only SNAP25 was found to be regulated similarly in the transgenic models with
a chronic hypoxic response (Fig. 6, Tables S1-S3). SNAP25 was detected at significantly increased levels
after acute hypoxia (3.8-fold), at 16 weeks of age in rod∆Vhl mice (58-fold) and in cone∆Vhl mice at 8 weeks
(2.3-fold) and 12 weeks (1.9-fold) (see below). These changes, however, were not reflected by changes on
the gene expression level indicating that release of SNAP25 protein to the VH may depend on processes other
than gene expression. SNAP25 localizes to both plexiform layers (Hirano et al. 2011) and probably
photoreceptor cells (Greenlee et al. 2001) where it may bind to peripherin-2 and ROM-1 (Zulliger et al. 2015).
Interestingly, SNAP25 was detected at increased levels in cerebrospinal fluid of Alzheimer’s patients and was
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proposed as biomarker for synapse degeneration (Brinkmalm et al. 2014). Thus, increased appearance of
SNAP25 in the VH may indicate changes in synaptic architecture of the retina.
Similar to the upregulation of SNAP25, the detected 10-fold downregulation of VPS35 was not accompanied
by a similar change in retinal expression of the gene. Possibly, a posttranslational process may account for
reduced levels in our mouse models. VPS35 has been strongly associated with Parkinson’s disease
(Cui et al. 2017) and may affect mitochondrial function (Wang et al. 2016). Since VPS35 has been suggested
to be essential for rhodopsin recycling and causes retinal degeneration in its absence (Wang et al. 2014),
VPS35 might be an interesting candidate for further studies.
4.3. The vitreous proteome of mice with chronically stabilized HIFs in rods or cones
To identify proteins in the VH proteome which may reflect a chronic hypoxic response of photoreceptor cells,
two mouse models with a rod or cone specific activation of HIF transcription factors were analyzed at an early,
intermediate and late time point during the time course of degeneration.
Already at the onset of retinal degeneration, 60 proteins were detected as differentially expressed in the VH of
rodΔVhl mice. These proteins may reflect the consequences of increased HIF activity in rods. Only few of the
upregulated proteins at one time point were also identified in the vitreous proteome at another time point
(Fig. 2C). This may reflect the different degrees of stress and degeneration of rods in this model. Only the
interferon-inducible GTPase GBP2 was found upregulated at all time points. This upregulation was also nicely
reflected on the gene expression level suggesting that GBP2 might be expressed in rods in a HIF-dependent
manner. GPB2 levels are known to increase in the retina during aging (Van Kirk et al. 2011) and in DR
(Freeman et al. 2010). GBP2 was also found upregulated during neuronal apoptosis in brain (Miao et al. 2017)
but its exact role in disease progression is unknown. Similar to GBP2, increased levels of A2MG and GBP1
were detected at all time points, but significance was only reached at the first and last time points. Genes
encoding for these proteins were also expressed at higher levels indicating that both, A2MG and GBP1 might
be regulated in rods. A2MG is a ligand of low density lipoprotein receptor-related protein 1 (LRP1; CD91) and
has been proposed to be a risk factor for the development of nAMD (The Eye Disease Case-Control Study
Group 1992). A2MG was shown to be expressed at higher levels in a model of oxygen-induced retinal
neovascularization (Sánchez et al. 2006), found at increased levels in the VH of retinopathy of prematurity
patients (Sugioka et al. 2017) and was assigned several functions including activation of Müller glia cells
(Barcelona et al. 2011, 2013). GBP1, on the other hand, is critical for innate immunity (Kim et al. 2011) and
belongs like GBP2 to a family of large GTPases that are induced by interferons and inflammatory cytokines
such as interleukin-1β and tumor necrosis factor α (Lubeseder-Martellato et al. 2002).
Another protein identified at several time points was MVP (E9Q3X0) that was strongly (11.1-fold) upregulated
at the early and mildly (4.4-fold) at the intermediate, but not at the late time point. MVP is the main component
of vaults, large ribonucleoparticles involved in various cellular processes such as transport, signaling and
immune response (Berger et al. 2009). MVP was shown to form complexes with HIF1A (Iwashita et al. 2010)
and to be involved in hypoxia-induced chemoresistance of cervical tumors (Lara et al. 2009). Thus, presence
of MVP in the VH may reflect the hypoxic response of rods in rod∆Vhl mice. Hypoxic regulation of Mvp may also
be suggested by the slightly elevated gene expression levels. Interestingly, although MVP was detected in the
VH of cone∆Vhl mice (Table S3), it was not significantly regulated suggesting a difference between rods and
cones in expression of Mvp.
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As suggested by gene set enrichment for ‘complement and coagulation cascade’ (FDR: 0.022) several
significantly upregulated complement factors have been identified (complement factor H (CFAH) at 10 weeks;
complement C-4B (CO4B) at 16 weeks; complement factor D (CFAD) at 30 weeks) in the VH of rodΔVhl mice
(Table S2). Of these, CFAD was also found upregulated at the late time point in coneΔVhl mice (Table S3).
Deregulation of the complement system has been linked to AMD (Anderson et al. 2010) and GWA studies
have identified several SNPs in genes of the complement system, to be risk factors for the development of
AMD (Clark & Bishop 2017) and PDR (Jha et al. 2007). Interestingly CO4B, which is degraded by CFAI to
prevent formation of the central CO3 convertase is part of the ‘classical pathway’, which so far has not been
in the focus of AMD research since most of the complement system associated risk factors were assigned to
the ‘alternative pathway’ (McHarg et al. 2015; Geerlings et al. 2017).
In 4 weeks old coneΔVhl mice, only 10 differentially regulated proteins were identified. Among those only
calponin-3 (CNN3), a ubiquitously expressed F-actin binding protein, was also found significantly upregulated
at the later time points. Since upregulation at the later time points was only 1.4- and 1.3-fold, CNN3 did not
reach the threshold of > 1.5-fold change required to be included in Fig. 4C, despite P value < 0.05. CNN3 is
suggested to be upregulated in hypoxia (Appel et al. 2014), is highly expressed in brain (Ferhat et al. 1996)
and has been associated with stress fiber formation and remodeling (Daimon et al. 2013). GBP2, SNAP25
(see above) and SPA3N were among the proteins that were upregulated at the intermediate and late time
points. This upregulation was also reflected on the gene expression level. SPA3N is a serine protease inhibitor
which has a neuroprotective potential, by inhibiting neurotoxic granzyme B (GrB) protease activity (Haile et al.
2015) making it possible that it is produced in the retina to counteract degeneration.
Remarkably several of the top downregulated proteins at 8 and 12 weeks belonged to photoreceptor specific
proteins like CDHR1, retinol binding protein 1 (RET1), S-arrestin (ARRS) and arrestin-C (ARRC). This likely
reflects the ablation of the cone photoreceptors over time due to the degenerative process induced by the
cone specific Vhl knockdown. This is further supported by the reduced RNA expression of Cdhr1 in older
coneΔVhl mice (Fig. 6C).
The generally weak overlap of significantly regulated proteins between rodΔVhl and coneΔVhl mice (only 51
proteins or 9.3% of all regulated proteins were detected in the VH of both mice in at least one time point)
suggests that chronic HIF activation leads to different consequences in rods and cones.

5. Conclusions
The chronic activation of the molecular response to hypoxia in mouse photoreceptors alters the vitreous
proteome in a time dependent manner. The distinct protein compositions present at early and late time points,
suggest a regulated process in our models. We hypothesize that some of the proteins identified may serve as
biomarkers for retinal diseases where photoreceptors may experience chronically reduced oxygen levels.
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Table 1: Primers used for qPCR
Gene
Actb
Adm
A2m
Cdhr1
Gbp1
Gbp2
Hnrnpr
Hyi
Mvp
Pltp
Serpina3n
Snap25
Vps35
Ykt6

Fwd 5’-3’
CAACGGCTCCGGCATGTGC
TCCTGGTTTCTCGGCTTCTC
TAAATGACGAGGCTGTGCTG
CATCCAGGAGCCTTACATCA
GAGAAGATGGAGCAGGAACG
TGATGATGCAGCAGAAGGAA
GCATTCATCACCTTCTGTGGA
GTGCTGTATGCCAAGGCT
CAGTCATCAAACAGAACCAAGC
TCTGGATCTGGTGAAGCAGGA
GTCTTCTCCACACAGGCTGAC
TGATGAGTCCCTGGAAAGCAC
CTCTCAGGACCAGGTAGATT
ACAAAGGCGATCCGAAAGCG

Rev 5’-3’
CTCTTGCTCTGGGCCTCG
ATTCTGTGGCGATGCTCTGA
CATCGAGATGAGGATGGAGAA
CTTGGAGGAGTGTAGGTTCT
TATGGTGCATGATCGAGGTG
GCACTTCCCAGACGATTTGT
GGCGAATCTCATAGCTGTCA
CATGCTTCAGATTCTCCACAA
CCACCAGATCCAGCACCTC
TGCGTTGGAGATGTTCAGCAG
CAGTTTCGCAGACATTGGGACA
ATTTGGTCCATCCCTTCCTCA
GGATCATCAGAACGTAGCAG
CCGAGCGTTCCACAATCAGT
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Table 2: Top 10 up- and down-regulated proteins after acute hypoxia
up-regulated
protein
name
LRC47
SYN1
Q91V77
Q8BVQ0
PNPO
E9Q0H6
DCNL1
D3Z061
SPS2
G5E924

gene
name
Lrrc47
Syn1
S100a1
Wdr61
Pnpo
Fabp7
Dcun1d1
Uba6
Sephs2
Hnrnpl

description
Leucine-rich repeat-containing protein 47
Isoform Ib of Synapsin-1
Protein S100-A1
WD repeat-containing protein 61
Pyridoxine-5'-phosphate oxidase
Fatty acid-binding protein, brain
DCN1-like protein 1
Ubiquitin-like modifier-activating enzyme 6
Selenide, water dikinase 2
Heterogeneous nuclear ribonucleoprotein L

FC

P value

> 100
> 100
> 100
82.9
43.6
19.3
14.7
13.8
12.2
11.2

< 0.0001
0.0204
0.0079
0.0333
0.0459
0.0154
0.0402
0.0014
0.0045
0.0101

FC

P value

-15.7
-14.4
-12.4
-11.7
-10.9
-10.7
-10.6
-10.3
-10.2
-9.8

0.0085
0.0103
0.0064
0.0020
0.0057
0.0117
0.0052
0.0059
0.0149
0.0014

down-regulated
protein
name
CRYAA
CRYAB
CRBB1
CRGE
Q9QXC6
VPS35
CRBB3
CRBA4
LGSN
CRGD

gene
name
Cryaa
Cryab
Crybb1
Cryge
Cryba1
Vps35
Crybb3
Cryba4
Lgsn
Crygd

description
Isoform 2 of α-crystallin A chain
α-crystallin B chain
β-crystallin B1
γ-crystallin E
β-A3/A1 crystallin protein
Vacuolar protein sorting-associated protein 35
β-crystallin B3
β-crystallin A4
Lengsin
γ-crystallin D
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Table 3: Top 10 up- and down-regulated proteins at each time point in rodΔVhl
10 weeks
protein name
VASN
B1AVU4
E9Q3X0
Q3ULB1
GBP4
CBG
HPT
GBP1
A2MG
PSB9

up-regulated
gene name
Vasn
Gm14744
Mvp
Tes
Gbp4
Serpina6
Hp
Gbp1
A2m
Psmb9

FC
31.6
16.4
11.1
10.7
6.1
5.1
4.5
4.0
3.7
3.6

P value
0.0422
0.0144
0.0223
0.0341
0.0301
0.0202
0.0365
0.0313
0.0059
0.0235

protein name
BFSP2
PYGL
A2A4A1
CRK
GNAI2
E9QLT0
MYH9
BZW1
PLAP
SYT1

down-regulated
gene name
FC
Bfsp2
-4.3
Pygl
-4.3
Dnajc24
-2.8
Crk
-2.8
Gnai2
-2.7
Hyi
-2.3
Myh9
-2.0
Bzw1
-1.8
Plaa
-1.8
Syt1
-1.7

P value
0.0380
0.0021
0.0122
0.0049
0.0387
0.0146
0.0468
0.0451
0.0046
0.0255

down-regulated
gene name
FC
Rack1
-16.4
Tagln2
-13.8
Nmt1
-10.0
Sh3glb2
-7.5
Lsm12
-7.4
Copa
-5.7
Gart
-4.3
Arf1
-4.2
Dnaja1
-4.1
Ubxn7
-3.8

P value
0.0351
0.0458
0.0247
0.0172
0.0211
0.0171
0.0044
0.0363
0.0186
0.0378

down-regulated
gene name
FC
Arfgap3
-20.5
Ifi44l
-18.1
Orm1
-10.3
Akt2
-8.8
Hyi
-8.7
Pxn
-8.6
Crybb3
-6.5
Rtn3
-3.6
Nfasc
-2.9
Gnai2
-2.9

P value
0.0067
0.0256
0.0010
0.0312
< 0.0001
0.0070
0.0420
0.0092
0.0108
0.0133

16 weeks
protein name
PIGR
F8WHR6
NUDT5
EPM2A
SNP25
A0A0A6YYE7
SEPT4
BZW2
B1AVM1
H3BK03

up-regulated
gene name
Pigr
Ddx46
Nudt5
Epm2a
Snap25
Igkv4-57
Sept4
Bzw2
Gm12887
Pon1

FC
> 100
> 100
> 100
81.4
57.6
22.1
20.2
11.5
11.0
9.1

P value
0.0108
0.0115
0.0079
0.0040
0.0116
0.0209
0.0020
0.0105
0.0096
0.0095

protein name
RACK1
TAGL2
NMT1
A2AWI7
LSM12
COPA
PUR2
ARF1
DNJA1
G5E8R8

30 weeks
protein name
LIPR1
HPBP1
GBP1
SYCC
A2AIM4
PTBP2
A8R0U9
REEP6
A2MG
FBLN1

up-regulated
gene name
Pnliprp1
Hspbp1
Gbp1
Cars
Tpm2
Ptbp2
Esp16
Reep6
A2m
Fbln1

FC
8.5
8.4
7.1
2.9
2.7
2.6
2.4
2.3
2.3
2.3

P value
0.0410
0.0181
0.0001
0.0321
0.0389
0.0332
0.0455
0.0052
0.0005
0.0087

protein name
ARFG3
IF44L
A1AG1
AKT2
E9QLT0
F8VQ28
CRBB3
RTN3
NFASC
GNAI2
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Table 4: Top 10 up- and down-regulated proteins at each time point in coneΔVhl
4 weeks
protein name
A2AIM4
A2CES4
CBG
E9Q7P0
CNN3
MK09
VP26B

up-regulated
gene name
FC
Tpm2
> 100
Snrpb2
3.2
Serpina6
2.1
Dnah17
1.8
Cnn3
1.7
Mapk9
1.6
Vps26b
1.6

P value
0.0252
0.0373
0.0471
0.0395
0.0435
0.0093
0.0178

protein name
RBM24
IPYR2
HMGN5

down-regulated
gene name
Rbm24
Ppa2
Hmgn5

FC
-4.7
-1.8
-1.7

P value
0.0351
0.0049
0.0102

8 weeks
protein name
D3Z780
CDD
G3X8R0
AP3B1
MUG1
ARL2
TAGL
HEAT3
DNJC7
HRG

up-regulated
gene name
FC
Eif2b4
> 100
Cda
> 100
Reep5
> 100
Ap3b1
> 100
Mug1
7.9
Arl2
7.6
Tagln
7.3
Heatr3
4.8
Dnajc7
4.5
Hrg
4.4

P value
0.0112
0.0102
0.0122
0.0069
0.0149
0.0282
0.0143
0.0343
0.0091
0.0030

protein name
Q3UGB5
S4R2L0
RGL3
IDH3A
RET3
OCTC
ACBD6
O35176
BTF3
OPSB

down-regulated
gene name
FC
Dazap1
< -100
Scgb2b12
-6.2
Rgl3
-4.3
Idh3a
-3.6
Rbp3
-3.3
Crot
-3.3
Acbd6
-2.9
Scgb1b2
-2.9
Btf3
-2.8
Opn1sw
-2.7

P value
0.0428
0.0392
0.0103
0.0346
< 0.0001
0.0421
0.0445
0.0388
0.0064
0.0038

down-regulated
gene name
FC
Man2b1
-23.5
Rbp3
-10.3
Rbp3
-10.3
Pltp
-9.8
Cdhr1
-7.0
Kctd12
-6.7
Usp47
-5.4
Sag
-5.3
Arr3
-4.5
A2m
-4.3

P value
0.0135
< 0.0001
< 0.0001
0.0006
0.0003
0.0019
0.0428
0.0000
0.0013
0.0005

12 weeks
protein name
F8WHW6
G3UWD8
J3QJY4
GBP4
SPA3K
FETUB
APOH
A2AP
PLMN
Q91Z40

up-regulated
gene name
FC
Pip5k1c
51.8
Rchy1
21.0
Scgb1b3
19.9
Gbp4
9.8
Serpina3k
8.9
Fetub
7.7
Apoh
7.6
Serpinf2
6.7
Plg
5.4
Gbp7
5.3

P value
0.0011
0.0466
0.0174
0.0039
0.0295
0.0138
0.0018
0.0059
0.0001
0.0017

protein name
MA2B1
RET3
A0A0R4J0H3
A2A5K2
CDHR1
KCD12
UBP47
ARRS
ARRC
A2MG
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Figure 1:

Fig1. Changes of the vitreous proteome after acute hypoxia. A) Volcano plot of all identified proteins. Significantly differentially
regulated proteins (|log2(FC)| > 0.58; P < 0.05) are shown in red. B) Heat map representation with Pierson hierarchical clustering for
individual genes and mice of all significantly differentially regulated proteins. Shades of red: upregulated proteins; shades of blue:
downregulated proteins.
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Figure 2:

Fig. 2. Changes of the vitreous proteome in rod∆Vhl mice during ageing. A) Volcano plot of all identified proteins. Significantly
differentially regulated proteins (|log2(FC)| > 0.58; P < 0.05) are shown in red. B) Heat map representation with Pierson hierarchical
clustering of individual mice with all significantly differentially regulated proteins. Shades of red: upregulated proteins by Vhl knockdown,
shades of blue downregulated proteins by Vhl knockdown. C) Venn diagram of significantly differentially regulated proteins of rod∆Vhl mice
at different time points; significant differential regulation was defined as: (|log2(FC)| > 0.58; P < 0.05).
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Figure 3:
GO-MF

GO-BP

GO-CC

10 weeks

16 weeks

30 weeks

Fig. 3. GO analysis for ‚‛molecular function‘, ‛biological process‘ and ‛cellular component‘ of all significantly differentially regulated proteins
found in the VH of rod∆Vhl mice at 10, 16 and 30 weeks of age.
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Figure 4:

Fig. 4. Changes of the vitreous proteome in cone∆Vhl mice during ageing. A) Volcano plot of all identified proteins. Significantly
differentially regulated proteins (|log2(FC)| > 0.58; P < 0.05) are shown in red. B) Heat map representation with Pierson hierarchical
clustering of individual mice with all significantly differentially regulated proteins. Shades of red: upregulated proteins by Vhl knockdown,
shades of blue downregulated proteins by Vhl knockdown. C) Venn diagram of significantly differentially regulated proteins of cone∆Vhl
mice at different time points; significant differential regulation was defined as: (|log2(FC)| > 0.58; P < 0.05).
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Figure 5:
GO-MF

GO-BP

GO-CC

4 weeks

8 weeks

12 weeks

Fig. 5. GO analysis for ‛molecular function‘, ‛biological process‘ and ‛cellular component‘ of all significantly differentially regulated proteins
found in the VH of cone∆Vhl mice at 4, 8 and 12 weeks of age.
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Figure 6:

Fig. 6. Comparison of vitreous protein levels with retinal gene expression. mRNA levels (red columns) were determined in retinal
samples by real-time PCR, normalized to Actb and expressed relative to their controls, which were set to ‘1’. Protein levels in the vitreous
(blue columns) were determined by shotgun proteomics and expressed relative to their respective controls, which were set to ‘1’. A)
Retinal mRNA and VH protein levels in mice exposed to acute hypoxia. N = 3 (RNA), N = 3 (proteins). B) Retinal mRNA and VH protein
levels in rod∆Vhl mice at 10, 16 and 30 weeks of age. N = 3 (RNA), N = 5 (proteins). C) Retinal mRNA and VH protein levels in cone∆Vhl
mice at 4, 8 and 12 weeks of age. N = 3 (RNA), N = 5-6 (proteins). For simplicity, gene names are shown. Adm was amplified to control
for hypoxic gene induction and HIF activity in samples. Note log2 scale of y-axis. Shown are means ± SD. *: P < 0.05.
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Abstract
Purpose
In contrast to neovascular age-related macular degeneration (nAMD), no treatment option exists for dry AMD.
Hence the identification of specific biomarkers is required to facilitate diagnosis and therapy of dry AMD.
Methods
The proteome of 34 VH samples (dry AMD: n = 6, nAMD: n = 10, proliferative diabetic retinopathy (PDR):
n = 9, epiretinal membrane (ERM): n = 9) was analyzed by LC-MS/MS. Then, label-free relative quantification
of dry AMD, nAMD and PDR relative to ERM, which was defined as the reference group, was performed.
Application of a bioinformatics pipeline further analyzed the vitreous proteome by cluster analysis, gene
ontology classification and gene set enrichment analysis. A selection of differentially regulated proteins was
validated by ELISA.
Results
A total of 677 proteins were identified among the four patient groups and quantified relatively to ERM. Different
clusters of regulated proteins for each patient group were identified and showed characteristic enrichment of
specific pathways including ‘oxidative stress’ for dry AMD, ‘focal adhesion’ for nAMD and ‘complement and
coagulation cascade’ for PDR patients. We identified CHLE to be specifically upregulated in dry AMD and
RNAS1 together with CPVL to be upregulated in both forms of AMD.
Conclusions
The described pathways specific for the different patient groups and the identification of characteristic
differentially regulated proteins provide a first step towards the definition of biomarkers for dry AMD. The
presented data will facilitate the investigation of mechanistic connections of proteins to the respective disease.
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Introduction
Age-related macular degeneration (AMD) is a major cause of irreversible and progressive vision loss among
the elderly in the Western world.1–3 Two patterns of retinal changes are typically distinguished and categorized
as dry AMD or neovascular AMD (nAMD).4 Dry AMD, which affects 85 - 90 % of AMD patients5,6 is
characterized by the loss of retinal pigment epithelium and subsequent atrophy of the neuroretinal tissue.
nAMD is defined by the growth of new blood vessels from the choroid towards or into the retina, resulting in
hemorrhages, leakage and swelling of the neuroretinal tissue eventually leading to subretinal scar formation.4
While in dry AMD deterioration of vision occurs slowly, vision loss in nAMD often happens within a few
months.7–9
Risk factors for the development of AMD include age, cigarette smoking, high body mass index and genetic
variants, mainly within the complement system.10–15 In addition, age-dependent reduction of choroidal
perfusion and resulting chronic tissue hypoxia in the retina may contribute to disease progression.16 Research
into the pathogenesis of nAMD has led to the development of drugs that target the hypoxia-induced vascular
endothelial growth factor (VEGF) and its signaling pathway. These drugs prevent or slow down loss of vision
in the vast majority of patients with nAMD.17–20
For dry AMD, however, no treatment options exists. Thus, research focuses on the molecular basis of dry AMD
to identify biomarkers for diagnosis and as therapeutic targets. Since direct sampling of human retina for
research is difficult, alternative tissues are required as substitutes. Vitreous humor (VH) is considered a good
surrogate to identify disease-specific alterations due to its close proximity to the retina, based on its at least
partial reflection of the physiological and pathological state

21,22

and its accessibility during vitreoretinal

surgery.23–25
Recently, mass spectrometry (MS) based proteomics has provided a means for global proteome
characterization of the human VH26–28 and also for the analysis of ocular fluids in different eye conditions
including cataract29, idiopathic epiretinal membranes30, hematogenous retinal detachment with proliferative
vitreoretinopathy31, nAMD32,33 and diabetic retinopathy (DR).23–25
Here, we analyzed the VH proteome of eyes from patients affected by either dry AMD, nAMD, proliferative
diabetic retinopathy (PDR) or idiopathic epiretinal membranes (ERM) by liquid chromatography coupled mass
spectrometry (LC−MS/MS) and performed label-free relative quantification. Our results provide: i) the first
report of the human VH proteome of patients affected by dry AMD; ii) a direct comparison of the dry AMD,
nAMD and PDR VH proteomes; iii) an extended view on the major regulated pathways and characteristically
regulated proteins for the different patient groups.

Methods
VH patient sample collection
The study was approved by the ethics committee of Zürich, Switzerland and adhered to the tenets of the
Declaration of Helsinki. All study subjects were recruited among patients who were scheduled for elective
cataract surgery or vitrectomy. Signed informed consent was obtained from each subject prior to participation.
Exclusion criteria were: glaucoma, intraocular surgery within the last six months, ocular medications other than
lubricants, intraocular inflammation, non-proliferative diabetic retinopathy, myopia of more than 6 diopters
spherical equivalent, any other ocular vascular disease, previous retinal detachment, previous vitrectomy,
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retinal degenerative disease and presence of any other retinal condition potentially affecting either function or
oxygenation of the retina other than nAMD, dry AMD, or PDR.
Of 38 patients enrolled to this non-interventional, single-centered study at the Department of Ophthalmology
of the University Hospital Zürich, 34 (dry AMD, n = 6; nAMD, n = 10; PDR, n = 9; ERM, n = 9) were included
in data analysis. Epidemiologic details of included patients are summarized in Table S1. Four samples were
excluded from further analysis for technical reasons (Figure S1 A,B).
VH biopsies were collected using either standard pars plana vitrectomy or the needle-tap technique34 during
planned surgery. Samples were aliquoted, snap frozen and stored in liquid nitrogen.
Sample preparation and mass spectrometric measurement
VH samples were subjected to Agilent’s Plasma 7 Multiple Affinity Removal Spin Cartridge system (MARS
Hu-7; Agilent Technologies; Basel; Switzerland) for the depletion of the seven high abundant proteins
(albumin, IgG, antitrypsin, IgA, transferrin, haptoglobin and fibrinogen) according to the adapted depletion
protocol by Murthy et al.26 Depleted flow through was then pooled, desalted and concentrated by 3 kDa
Nominal Molecular Weight Limit (NMWL) low-adsorption filter membranes (Amicon Ultra-4; Merck Millipore;
Schaffhausen; Switzerland). 5 µg protein of depleted samples were subjected to filter assisted sample
preparation (FASP)-digest adapted from Wiśniewski et al.35 with a subsequent desalting step by C18 solid
phase extraction columns (Sep-Pak Fenisterre; Waters Corp.; Milford; MA; U.S.A.). Desalted tryptic peptides
were lyophilized and resolubilized in 0.1% formic acid (FA). Shotgun proteomics analysis was performed on a
high-resolution Fourier transformation mass spectrometer (Orbitrap Fusion, Thermo Fisher Scientific, Bremen,
Germany) coupled to a nano-HPLC system (EASY-nLC 1000, Thermo Fisher Scientific). High accuracy mass
spectra were acquired in the mass range of 300–1,500 m/z and a target value of 4 × 105 ions in Orbitrap MS1,
followed by top-speed MS2 via quadrupole isolation, higher energy collisional dissociation (HCD)
fragmentation and detection in the ion trap. Target ions already selected for MS2 were dynamically excluded
for 25 s.
Protein identification and quantification
ProgenesisQI for proteomics software (v3.0.5995, Nonlinear Dynamics Ltd., Tyne, UK) was used for MS1
intensity-based label-free relative quantification. The feature maps of all samples were aligned to the
measurement of a representative pool of 4 samples per patient group. Peptides with a charge state of 2+ to
5+ were used for quantification. Top five tandem mass spectra were exported using charge deconvolution and
deisotoping option at a maximum number of 200 peaks per MS2. The export was searched with Mascot Server
v2.5.1 (www.matrixscience.com; Matrix Science; London; U.K) using the following search parameters:
maximum missed cleavages: 2; peptide mass tolerance: 10 ppm (#

13

C = 1); and fragment ion tolerance:

0.5 Da. Carbamidomethyl on cysteine was specified as fixed, whereas oxidation on methionine and acetylation
at protein N-terminus were specified as variable modifications. Searches against the human protein database
(Taxonomy ID: 9606) from UniProt (59’783 entries; downloaded at: 02.09.2016) concatenated to a decoy
(reversed) database and 260 known mass spectrometry contaminants. A target-decoy approach was used to
estimate the false-discovery levels.36 Proteins with single peptide assignment and decoy hits were excluded
from further analysis. For protein quantification the normalized abundance of all non-conflicting peptide ions
of the same protein group were summed together individually for each sample to generate the normalized
quantitative protein abundance. Dry AMD, nAMD and PDR patient groups were relatively quantified to the
ERM patient group by pairwise comparison. Fold changes (FC) were calculated and statistical significance
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was determined by one-way ANOVA on the hyperbolic arcsine transformed normalized protein abundance. A
protein was defined to be significantly differentially regulated if it reached a |log2(FC)| > 0.58 with a
P value < 0.05.
ELISA
Complement factor I (CFAI; Abnova, Walnut, CA, USA), chitinase-3-like protein 1 (CHI3L1; Abnova), deltaaminolevulinic acid dehydratase (HEM2; Cloud Clone Corp., Katy, TX, USA), ribonuclease pancreatic
(RNAS1; Cloud Clone Corp.), superoxide dismutase (SODC; Abnova), vascular endothelial growth factor A
(VEGFA; Cloud Clone Corp.) and vascular endothelial growth factor receptor 1 (VGFR1; Cloud Clone Corp.)
have been selected to be measured by sandwich-ELISA in human VH samples based on the proteomics data
or their known involvement in neovascularization (VEGFA). Assays were performed according to
manufacturer’s instructions.
Bioinformatics
Gene ontology (GO) categorization of significantly differentially regulated proteins was performed by the
PANTHER GO classification database (v12.0).37 Significantly differentially regulated proteins were categorized
in the respective parental GO terms ‘biological process’ (GO-BP), ‘molecular function’ (GO-MF) and ‘cellular
component’ (GO-CC) separately. For GO-CC the categories ‘extracellular region’ and ‘extracellular matrix’
were combined to ‘extracellular proteins’. ‘Membrane’, ‘cell junction’ and ‘macromolecular complex’ were
grouped into ‘membrane bound proteins’, and ‘cell part’ and ‘organelle’ were grouped into ‘intracellular
proteins’. Identification of proteases in the vitreous proteome was performed by comparison of all significantly
differentially regulated proteins to a database of all known human proteases (MEROPS DB; v12).38
Pie charts and volcano plots were generated by R (v3.4.1) with the ‘RcolorBrewer’ (v1.1-2 by Erich Neuwirth)
package. Hierarchical Pearson clustering of log2-transformed normalized relative abundances, centered by
subtraction of the average relative abundance of each protein was visualized by heatmap using the R package
‘pheatmap’ (v1.0.8 by Raivo Kolde). The area-proportional Venn diagram was generated by BioVenn.40
Webgestalt (v2017)41 together with data mapping to wikipathways.org42 was used for gene set enrichment
analysis (GSEA) from gene lists ranked by log2(FC) as described by Subramanian et al.43 The significance
threshold for the enrichment was set to a false discovery rate (FDR) of 0.25.
Statistical analysis of epidemiological and ELISA data was performed by Prism 6 software (GraphPad). All
data are presented as means ± standard deviation (SD). One-way ANOVA with Holm-Šídák correction for
multiple comparisons was used to determine statistical significance relative to ERM group. P values < 0.05
were considered significant.

Results
Proteomic analysis
Of the 38 patient samples measured by LC-MS/MS, 4 samples (2 PDR, 2 ERM) were excluded due to technical
reasons (Figure S1 A,B). The remaining 34 samples (dry AMD: n = 6, nAMD: n = 10, PDR: n = 9, ERM: n = 9)
were analyzed in detail. Immunodepletion by MARS Hu-7 columns reduced the high abundant blood proteins
in VH samples 10- to 500-fold (Figure S2).

- 61 -

Results

LC-MS/MS measurements identified a total of 1’162 different proteins in the four patient groups, of which 677
were quantifiable (Table S2) with an estimated FDR close to zero. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the PRIDE44 partner repository with the dataset
identifier PXD008354.
Comparison of patient groups
Heatmap representation of normalized relative abundances with hierarchical clustering for proteins allowed
the comparison of the different patient groups, as well as the identification of similarly regulated protein clusters
(Figure 1A). Two main clusters of upregulated proteins (shades of red) discriminated PDR (lower branch of
dendrogram) from nAMD (upper branch of dendrogram) patient samples. Interestingly some patients of the
dry AMD group showed similar protein regulation as patients of the nAMD group, even though they were not
diagnosed with nAMD. Similarly, some nAMD samples showed a pattern comparable to the PDR group. In
general, the strongest upregulation was observed for proteins in the PDR patient group.
To gain an initial overview, GO categorization of significantly differentially regulated proteins of the patient
groups (Figure 1B) was performed. Comparison of mapped GO-MF (molecular function) terms showed an
increased percentage of proteins in the category ‘receptor activity’ for dry AMD, an enrichment of proteins
connected to ‘catalytic activity’ and ‘antioxidant activity’ for nAMD, and a higher abundance of ‘structural
molecule activity’ for PDR. For GO-BP (biological process) an enrichment of proteins related to ‘metabolic
process’ was observed in nAMD, whereas association of proteins to several categories including ‘biological
adhesion’, ‘multicellular organismal process’ and ‘cellular component organization’ was absent compared to
dry AMD and PDR. Only minor differences such as reduced ‘immune system process’ in dry AMD were
observed between dry AMD and PDR. For GO-CC (cellular component) the proportion of differentially
regulated ‘extracellular proteins’ was smallest in dry AMD and highest in PDR. The percentage of proteins
belonging to ‘membrane bound’ was similar for dry AMD and PDR, but strongly increased in nAMD samples
whereas the VH proteome in dry AMD was enriched for differentially regulated ‘intracellular proteins’.
Of the 677 quantifiable proteins 11 were associated to ‘cytokine activity’ (GO:0005125), 12 to ‘growth factor
activity’ (GO:0008083) and 34 to ‘response to hypoxia’ (GO:0001666). Mapping of all identified proteins to the
MEROPS protease database identified 74 different proteases in our dataset (Tables S3 and S4).
Top regulated proteins
Our analysis identified 34 proteins (4 up- and 30 downregulated) for dry AMD, 33 proteins (30 up- and
3 downregulated) for nAMD and 142 proteins (84 up- and 58 downregulated) for PDR to be significantly
regulated relative to ERM (Figure 2A). Comparison of these proteins revealed that most were unique to a
specific patient group (Figure 2B). Only ribonuclease pancreatic (RNAS1) and probable serine
carboxypeptidase (CPVL) were common for dry- and nAMD, as were β-2-microglobulin (B2MG),
14-3-3 protein γ (1433G), retinal dehydrogenase 1 (AL1A1), protein DJ-1 (PARK7) for nAMD and PDR. Since
nAMD and PDR have a common neovascular component, it will be of interest to test whether these proteins
are relevant for neovascular processes. The largest overlap was observed for dry AMD and PDR. Proteins
detected in the vitreous of both patient groups included HEM2, lithostathine-1-α (REG1A), intercellular
adhesion molecule 1 (ICAM1), ribonuclease 4 (RNAS4), scavenger receptor cysteine-rich type 1 protein M130
(F5GZZ9), carboxypeptidase (X6R5C5), actin (cytoplasmic 2, ACTG) and neurosecretory protein VGF (VGF).
No protein was found that was differentially regulated in all patient groups.
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It is striking that the vast majority (88 %) of differentially regulated proteins in dry AMD were downregulated.
HEM2, RNAS1, CPVL and CHLE were the only four proteins found to be upregulated (Table 1). In contrast,
more proteins were up- than downregulated in both nAMD (91 %) and PDR (59 %). VGFR1, important for the
regulation of neovascularization was the strongest upregulated factor in nAMD, followed by 1433G and retinal
dehydrogenase 1 (AL1A1; Table 1). The top 3 upregulated proteins found in PDR were hemoglobin subunit β
(HBB), carbonic anhydrase 1 (CAH1) and HEM2 (Table 1).
GSEA and pathway mapping
Although identification of specific differentially regulated proteins in individual patient groups is critical for
disease characterization and the definition of potential biomarkers, it is of equal importance to describe affected
protein and gene networks to approach pathological mechanisms, even if single members of such networks
may not reach significance by the stringent filter criteria set for protein regulation. Thus, potentially relevant
gene networks were identified by GSEA and enriched proteins were mapped to pathway maps (Table 2).
Although for dry AMD no pathway reached the significance threshold, ‘oxidative stress’ was closest
(FDR: 0.261; Table 2) and included glutathione peroxidase 3 (GPX3), superoxide dismutase 1 and 3 (SOD1,
SOD3) and catalase (CAT) that all showed a trend for upregulation (Table S2). For nAMD the pathway ‘focal
adhesion’ that included FLT1 and KDR, the genes encoding VGFR1 and VGFR2, respectively, had the lowest
FDR (0.004) (Table 2). For PDR patients the pathway ‘complement and coagulation cascade’ (FDR: 0.024)
was among the most enriched pathways (Table 2).
Validation of proteomics data by ELISA
Seven proteins identified by proteomics were validated (Figure 3) and their concentrations determined
(Table S5) by ELISA. The ELISA data matched the proteomics-based expression pattern of CFAI, CH3L1,
HEM2 and SODC in the different patient groups. However, the upregulation of RNAS1 in dry AMD and nAMD,
and of VGFR1 in nAMD, was not reproduced.
Levels of VEGFA, the main regulator of neovascularization, were also determined by ELISA, despite its
absence in our proteomics data set. It showed a slight trend towards elevated levels in PDR patients, whereas
the other patient groups – including nAMD – did not show any regulation (Figure 3).

Discussion
AMD is a major cause of blindness or visual impairment in developed countries and the third major cause
globally.45,46 Whereas anti-VEGF therapies can prevent disease progression in nAMD and PDR, no treatment
options exist for the highly prevalent dry form of AMD. The identification of biomarkers would not only facilitate
diagnosing patients early during disease but also help to understand disease mechanisms and to develop
therapies. To use biomarkers in clinics, both the nature of the tissue for analysis and the ease of material
sampling must be considered. The VH might be ideal due to its proximity to the retina and its accessibility
during vitreoretinal surgery. Thus, several studies used the human VH for MS-based proteomics, but all
focused on PDR21,23,25,47,48 and nAMD32,33. Studies concentrating on dry AMD mainly analyzed the composition
of drusen,49,50 the choroid/Bruch membrane complex51 or the RPE52 of post mortem eyes. Here, we directly
compared the VH proteome of dry AMD, nAMD, PDR and ERM patients.
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We found that 195 of the 677 proteins identified in our patient groups were significantly regulated (Fig. 2B). Of
the 34 proteins identified in dry AMD only HEM2, RNAS1, CPVL and CHLE were upregulated. The only protein
upregulated solely in dry AMD was CHLE. It is a ubiquitously expressed protein that regulates cell proliferation
in embryonic tissues and the onset of differentiation during early neuronal development.53 CHLE has
neuroprotective potential and is used to prevent nerve agent toxicity54 and - in a modified form - as cocaine
addiction therapeutic.55 HEM2 was upregulated also in PDR and is involved in catalyzing the condensation of
delta-aminolevulinic acid (ALA) to porphobilinogen.56 This activity may reduce oxidative stress as ALA is a
potential source of reactive oxygen species due to autoxidation.57 CPVL, an enzyme potentially involved in
antigen processing58 was upregulated in dry AMD and nAMD but downregulated in PDR. Interestingly, a SNP
in a haplotype block that included CPVL was associated with diabetic retinopathy in Chinese patients.59 Similar
to CPVL, RNAS1 that is secreted and responsible for the degradation of extracellular RNA60,61,62 was
upregulated in dry AMD and nAMD.
VEGF and other factors associated with neovascularization or angiogenesis were expected to be among the
upregulated proteins in nAMD and PDR.63 Even though VEGF is the most prominent and therapeutically
relevant factor for neovascularization, it was not identified in most VH discovery proteomic studies performed
by MS so far.23–25,33,47 The generally low levels of VEGF and only minor concentration changes in focal areas
may explain the lack of detection by global methods such as LC-MS/MS.47 ELISA, however, detected VEGF
and showed increased (non-significant) levels in PDR but not nAMD (Figure 3). In contrast, VGFR1 (8.2 ×,
P = 0.047, Table 1) and VGFR2 (109 ×, non-significant), the two receptors for VEGF were upregulated in
nAMD, but only VGFR2 (2.6 ×, non-significant) was found increased also in PDR (Table S2). The varying
regulation of these factors might be explained by the treatment of nAMD and PDR patients with anti-VEGF or
laser photocoagulation therapy, respectively.
As oxidative stress due to cigarette smoke64, exposure to sunlight65 and other environmental factors is likely
contributing to AMD development, it may be of significance that the NRF2 pathway that regulates a protective
antioxidant response66 was found enriched in nAMD and PDR by GSEA analysis (Table 2). Oxidative stress
may also be important for dry AMD67 since GPX3, SOD1, SOD3 and CAT involved in the regulation of reactive
oxygen species and part of the ‘oxidative stress’ pathway were upregulated (Table 2 and S2), even though
enrichment was weak (FDR: 0.261).
For nAMD, the ‘focal adhesion’ pathway was strongly enriched (0.004 FDR, Table 2). This may correlate to
the reported high incidence of focal vitreomacular adhesions at the site of choroidal neovascularization in
nAMD patients.68 Further, the enrichment of the pathway for glycolysis and gluconeogenesis (0.081 FDR)
potentially indicates a metabolic shift to aerobic glycolysis. Increased levels of lactate dehydrogenase A
(LDHA; Table 2 and S2) could be a consequence of the Warburg effect as it has been reported for nAMD
patients.69 Increased conversion of pyruvate to lactate as it occurs during glycolysis is also suggested by data
showing higher urinary lactate/pyruvate ratios in nAMD patients.70
Low level complement activation is part of the immune tolerance in the immune privileged eye.71 Deregulation
of the complement system has been linked to AMD72 and GWA studies have identified several single
nucleotide polymorphisms (SNPs) in genes of the complement system to be risk factors for the development
of AMD73 and PDR.74 Similarly to our data showing a strong enrichment (0.024 FDR) of the pathway
‘complement and coagulation cascade’ in PDR patients with significant upregulation of 11 out of 27 mapped
proteins, an enrichment of ‘complement cascade components’ in the VH of PDR patients has been reported.47
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Conversely in dry AMD patients, CFAH and CFHR1 – the only components of the alternative pathway able to
suppress complement activation on extracellular matrix73 – showed reduced levels (Table S2).
Although VH is mostly acellular, GO-CC categorization revealed that most of the identified proteins were
membrane associated or intracellular. Since seven (APOE; MYH9; PHLD; Q5H9A7; TIMP2; DAG1; ERAP1)
out of the 74 identified human proteases belonged to ‘a disintegrin and metalloprotease’ (ADAM) family,
increased ectodomain shedding may explain this observation, as it has been suggested for PDR patients.47

Conclusion
The direct comparison of the VH proteome of dry AMD, nAMD and PDR to ERM patients identified different
clusters of upregulated proteins for each patient group and showed characteristic enrichment of specific
pathways, like ‘oxidative stress’ for dry AMD, ‘focal adhesion’ for nAMD and ‘complement and coagulation
cascade’ for PDR. We identified CHLE to be specifically upregulated in dry AMD and RNAS1 together with
CPVL to be upregulated in both forms of AMD. The relevance of these factors needs to be investigated in
additional studies with larger patient cohorts.
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Table 1: Significantly up-regulated proteins for each patient group
dry AMD
Protein
Name
HEM2

Gene
Name
ALAD

RNAS1

Description

FC

P value

Delta-aminolevulinic acid dehydratase

5.5

0.035

RNASE1

Ribonuclease pancreatic

2.4

0.009

CPVL

CPVL

Probable serine carboxypeptidase CPVL

2.1

0.047

CHLE

BCHE

Cholinesterase

1.7

0.029

nAMD
Protein
Name
VGFR1

Gene
Name
FLT1

Description

FC

P value

Vascular endothelial growth factor receptor 1

8.2

0.047

1433G

YWHAG

14-3-3 protein γ

6.0

0.002

AL1A1

ALDH1A1

Retinal dehydrogenase 1

4.6

0.040

FRIH

FTH1

Ferritin heavy chain

4.3

0.021

GILT

IFI30

γ-interferon-inducible lysosomal thiol reductase

3.2

0.040

CH3L1

CHI3L1

Chitinase-3-like protein 1

3.2

0.007

GSHR

GSR

Isoform 2 of Glutathione reductase, mitochondrial

3.1

0.041

PARK7

PARK7

Protein DJ-1

2.5

0.018

MASP2

MASP2

Mannan-binding lectin serine protease 2

2.4

0.023

PGAM2

PGAM2

Phosphoglycerate mutase 2

2.3

0.010

Description

FC

P value

Hemoglobin subunit β

107.8

0.049

PDR
Protein
Name
HBB

Gene
Name
HBB

CAH1

CA1

Carbonic anhydrase 1

47.7

0.033

HEM2

ALAD

Delta-aminolevulinic acid dehydratase

34.7

0.040

SAA1

SAA1

Serum amyloid A-1 protein

26.9

0.009

RINI

RNH1

Ribonuclease inhibitor

24.7

0.026

CATA

CAT

Catalase

18.0

0.007

CAH2

CA2

Carbonic anhydrase 2

17.8

0.044

FIBB

FGB

Fibrinogen β chain

16.4

0.004

GUC2A

GUCA2A

Guanylin

16.1

0.001

FIBG

FGG

Isoform γ-A of Fibrinogen γ chain

14.5

0.002
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Table 2: Top 5 GSEA positively enriched pathways for each patient group
dry AMD
Wiki PW ID
WP408
WP1533

Enriched Pathway
Oxidative Stress
Vitamin B12 Metabolism

FDR
0.261
0.441

NES*
1.71
1.34

WP176

Folate Metabolism

0.485

1.48

WP15

Selenium Micronutrient Network

0.542

1.16

WP2064

Neural Crest Differentiation

0.554

1.36

Wiki PW ID

Enriched Pathway

FDR

NES*

WP306

Focal Adhesion

0.004

1.85

WP51

Regulation of Actin Cytoskeleton

0.007

1.80

WP289

Myometrial Relaxation and
Contraction Pathways

0.012

1.75

WP2884

NRF2 pathway

0.049

1.65

WP534

Glycolysis and Gluconeogenesis

0.081

1.58

Wiki PW ID

Enriched Pathway

FDR

NES*

WP15

Selenium Micronutrient Network

0.016

1.83

WP558

Complement Coagulation
Cascades

0.024

1.78

WP2884

NRF2 pathway

0.056

1.66

WP176

Folate Metabolism

0.060

1.69

WP1533

Vitamin B12 Metabolism

0.070

1.66

Enriched Genes
GPX3; SOD1; SOD3; CAT
ALB; HBA1; HBB; SOD1
ALB; GPX3; HBA1; HBB; SOD1;
CAT
ALB; GPX3; HBA1; HBB; SOD1;
CAT
CDH6

nAMD
Enriched Genes
COL11A1; FLNA; FLT1; KDR;
ACTB; TLN1; ACTG1
CFL1; MSN; PFN1; ACTB; ACTG1;
EZR
GUCA2A; ACTB; ACTC1; ACTG1;
YWHAV; YWHAG; YWHAZ;
CALM1; GSTO1
FTH1; FLT; GSR; GSTP1;
HSP90AA1; PGD; SERPINA1;
CBR1
ENO1; FBP1; ALDOA; ALDOC;
GAPDH; GPI; LDHA; MDH1;
PGAM2; PGK1; PKM; TPI1

PDR

*

Normalized enrichment score
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Enriched Genes
CRP; GSR; HBA1; HBB; APOB;
SAA1; PRDX2; CAT
MASP2; CPB2; CFD; F2; F9; F12;
F13B; FGB; SERPIND1; CFI;
KLKB1; KNG1; SERPINC1;
SERPINA5; PLG; SERPINF2;
PROS1; CFB; SERPING1; C1QB;
C1R; C1S; C2; C3; C4B; C6; C7;
C8G; C9; VWF
FTH1; FTL; GSR; PGD; BLVRB;
PRDX6
CRP; HBA1; HBB; APOB; SAA1;
CAT
CRP; HBA1; HBB; APOB; SAA1

Results

Figure 1:

Figure 1: Comparison of the patient groups by heatmap and GO-term analysis. A) Heatmap of normalized relative quantification
values with hierarchical Pearson clustering for proteins. Log2 of quantitative values, centered by subtraction of average values for each
protein is displayed. Higher abundance of a specific protein than average is displayed in shades of red, whereas reduced abundance is
displayed in shades of blue. B) Panther GO-Term analysis of all significantly differentially regulated proteins (|log2(FC)| > 0.58; P < 0.05)
in each patient group. The three parental GO term categories GO-MF, GO-BP and GO-CC are separately displayed. For representation
of GO-CC, “extracellular region” (GO:0005576) and “extracellular matrix” (GO:0031012) were combined to “extracellular proteins”.
“Membrane” (GO:0016020), “cell junction” (GO:0030054) and “macromolecular complex” (GO: 0032991) were grouped into “membrane
bound proteins” and “cell part” (GO:0044464) and “organelle” (GO:0043226) were grouped into “intracellular proteins”.

- 70 -

Results

Figure 2:

Figure 2: Volcano plots and Venn diagram. A) Volcano plots of all quantified proteins in the respective patient groups relative to the
ERM patient group. Significantly differentially regulated proteins (|log2(FC)| > 0.58; P < 0.05) are displayed in red. B) Venn diagram
identifying the number of significantly differentially regulated proteins, which were common to more than one patient group.
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Figure 3:

Figure 3: Validation of proteomics data by ELISA. Comparison of protein abundance measured by ELISA (dots, blue) to LC-MS/MS
based proteomics (squares, red) measurements. Protein levels were expressed relative to the ERM patient group. Shown are means ±
SD. *: P < 0.05; **: P < 0.01.
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4. DISCUSSION
Age-related macular degeneration is the predominant cause of blindness among people above the age of 60
in developed countries and due to the increasing longevity and westernization of diet and lifestyle it is becoming
similarly important also in the developing world (Evans et al., 2004; Gehrs et al., 2006; Krishnan et al., 2010).
AMD is expected to affect roughly 196 million people worldwide by the year 2020 and 288 million people by
the year 2040 (Wong et al., 2014a). Currently, only the progression of the neovascularization process in nAMD
can be slowed or stopped by intravitreal injections of compounds targeting VEGF (reviewed in: (Pożarowska
and Pożarowski, 2016)). Since nAMD accounts only for 10 to 15 % (Bird, 1993) of all AMD cases, there is an
urgent need for new therapeutic approaches to prevent disease progression also in dry AMD. However,
development of novel therapies requires solid background knowledge of disease mechanisms, which are
currently still poorly defined for degenerations affecting the macular region. This lack of knowledge is based
largely on the lack of suitable animal models. Consequently, most investigations have been conducted using
mice with their rod-dominant retina lacking a macula (see chapter: 1.5). We hypothesized that combining the
ELOVL4 mutation that causes macular dystrophy in humans with the all-cone retina of the R91W;Nrl-/- mouse
might generate a model exhibiting cone degeneration in a rod-free environment, as it can be found in the
central human macula of AMD patients. Such a model would have provided an excellent opportunity to
investigate disease mechanisms relevant for macular dystrophies and to generate for example proteomic data
sets that might provide first insights into changes of the protein composition of the vitreous during degeneration
of cones in the absence of rods. This data would nicely complement data obtained from our other mouse
models and may be relevant for human patients. However, our analyses of the resulting R91W;Nrl-/-;Elovl4mut
mouse revealed that the mutation in Elovl4 did not significantly affect cone survival in the all-cone mouse
although the retina was massively depleted from VLC-PUFAs. Influence of rods on the degeneration (or
survival) of macular cones has been nicely demonstrated by Curcio and colleagues, which reported that
parafoveal rod photoreceptors are the first cells to die in AMD (Curcio et al., 1996). Since R91W;Nrl-/-;Elovl4mut
mice lack rods altogether, a potential influence of rods on cones is not reproduced in these mice. This may
potentially account for the lack of a phenotype in R91W;Nrl-/-;Elovl4mut mice and further supports the notion of
Marchette and colleagues that findings from mouse strains expressing the human mutant ELOVL4 protein
might not represent an appropriate model for human STGD3 (Marchette et al., 2014).
In addition to the doubtlessly important definition of molecular disease mechanisms and the development of
new therapeutic approaches, it is of equal importance to describe diagnostic biomarkers that can be used for
the identification of AMD patients already during an early phase of disease. This would enable early treatment
and thereby maximize the potential for a significant preservation of remaining vision. In the context of
personalized medicine, new diagnostic biomarkers should also be able to stratify different AMD subtypes and
help to find the optimal treatment strategy for each individual patient.
Currently, the most promising biomarker candidates for AMD are components of the oxidative stress pathway,
complement system or are involved in lipid metabolism (Kersten et al., 2017).

4.1.

Vitreous proteomics in mouse and man

The vitreous is an almost acellular, highly hydrated gel-like structure (Bishop, 2000). It has been shown that
its protein composition strongly differs from the plasma proteome. Hence, it has been postulated that most
proteins found in the vitreous originate from surrounding tissues such as the retina (Aretz et al., 2013).
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The analysis of the clinically easily accessible vitreous may thus indirectly allow to study retinal
(patho-)physiology.
Advancement in speed, sensitivity and accuracy of MS instrumentation and also the development of new data
analysis pipelines make label-free shotgun proteomics approaches very suitable for hypothesis-free biomarker
discovery (Grossmann et al., 2010; Kersten et al., 2017), where it allows the identification and relative
quantification of a large number of proteins. The major downside of the data dependent acquisition (DDA)
mode as it is used in shotgun proteomics is that it does not guarantee identification of specific proteins, as it
would be the case in a targeted data independent approach (DIA). Thus, in most vitreous proteomics studies
performed so far, hallmark factors for AMD such as VEGF, platelet-derived growth factor (PDGF) or placental
growth factor (PLGF) were rarely detected (Cehofski et al., 2016, 2015). In the future, further technological
advances in speed and sensitivity of MS devices (as e.g. ThermoFisher’s new QExactive HFx), as well as the
development of new complimentary data acquisition approaches, such as SWATH (sequential window
acquisition of all theoretical mass spectra), which combines the straight forward protocol of a hypothesis free
DDA approach with the complete measurements of DIA (Gillet et al., 2012), will circumvent these limitations
and hopefully provide a more complete picture of the proteome.
However, in the vitreous proteomic approach performed in the context of this thesis, we were still using a
classical shotgun discovery approach with DDA. Consequently, we were not able to detect the
above-mentioned hallmark factors, such as VEGF, PDGF and PLGF.

4.1.1.

Mouse vitreous proteome

One of the mediators of the development of AMD could be an underlying chronic hypoxic state of the
photoreceptors as a consequence of the age-dependent reduction of choroidal perfusion and its thinning, as
well as the obstruction of oxygen diffusion by drusen deposits and Bruch’s membrane thickening (Green et al.,
1985; Grunwald et al., 2005; Schlingemann, 2004). In the context of this thesis, we analyzed changes in the
vitreous proteome of mouse models simulating such a hypoxic state of the outer retina by chronic activation
of a hypoxia-like response mediated by the rod- or cone-specific stabilization of HIFA in rodΔVhl and coneΔVhl
mice. The chronic activation of the hypoxic response leads to a progressive degeneration of photoreceptors,
which then can be studied on a molecular level (Barben et al., submitted (b); Lange et al., 2011). In contrast
to rodΔVhl mice, which show a slow, HIF1A dependent progressive degeneration (Barben et al., submitted (a)),
the coneΔVhl mice degenerate much faster and develop a HIF1A dependent neovascularization (Barben et al.,
submitted (b)). Thus, both mouse models may recapitulate certain aspects of AMD progression, making them
suitable for the investigation of the consequences of a chronic hypoxic response with respect to the potential
situation in AMD.
In contrast to human eyes, where the vitreous fills up to 80 % of the eye volume, the vitreous in mouse eyes
only fills about 30 % of the eye volume due to the spherical geometry of the lens. In addition, the mouse eye
has a roughly 250 times smaller volume than the human eye, resulting in a vitreous volume of only few
microliters compared to almost 5 mL of the human eye (Bishop, 2000; Remtulla and Hallett, 1985). In addition
to the limited sample amount and the ‘invisible nature’ of the mouse VH, the possible direct sampling of the
mouse retina may explain why – to the best of our knowledge – only three studies have been published so far
which report mouse vitreous proteomics (Cases et al., 2017; Márkus et al., 2017; Skeie and Mahajan, 2013).
While Skeie et al. investigated the composition of the normal mouse vitreous, Cases et al. investigated the
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vitreous proteome of FoxG1::LRP2 myopic mice, which had an almost 10-fold increased vitreous volume
compared to their respective controls and Márkus et al. solubilized the vitreous in situ by direct application of
a lysis buffer.
A central step of mouse vitreous proteomics is the vitrectomy. Due to the challenging handling of the gel-like
vitreous, Skeie and coworkers developed a filtration approach in which the whole vitreous gel is gently
separated from the lens and retina by centrifugation through a 100 kDa NMWL filter. Nevertheless, this method,
as well as the one applied by Márkus and coworkers, relies on dissecting the eye, resulting in a high risk for
contamination. The recently published method of Cases et al. on the other hand applied a microsurgical
approach in which the vitrectomy was performed by the insertion of a needle through the optic nerve head,
followed by aspiration of the vitreous with a micromanipulator. Avoiding dissection of the eye by this minimally
invasive vitrectomy is thought to tremendously reduce the risk of contaminations form surrounding tissues.
This is likely also reflected by the 2-fold reduction of the number of identified vitreous proteins in comparison
to the reported vitreous proteome of Skeie et al. However, despite the reduced number of proteins, a direct
comparison of the proteome obtained by Cases et al., with the proteome measured by Skeie et al., identified
only a 52 % identity. It is unclear if the remaining 48% percent of proteins were not detected by the method of
Skeie et al. due to masking effects of contaminating proteins, or if these proteins exclusively reported by Cases
et al. were specifically induced during insertion of the needle through the optic nerve. For proper comparison
of the differences between the two vitrectomy techniques, parallel experiments and with the analysis by an
identical LC-MS/MS setup are needed. Comparison of the data reported by Márkus et al. to Skeie et al. and
Cases et al. was not possible since Márkus and colleagues used a 2D-gel electrophoresis based relative
quantification approach and only analyzed 30 manually selected spots by LC-MS/MS (Márkus et al., 2017).
Since the method of Cases et al. was only published after we have already collected all our mouse vitreous
samples, we did not have the chance to directly compare these two vitrectomy techniques. Hence, in the
context of this thesis, vitrectomy was performed by a slightly modified version of the method described by
Skeie et al.

4.1.2.

Human vitreous proteome

Human vitreous proteomics has widely been used for the identification of disease specific biomarkers and in
the context of retinal degeneration especially for the analysis of PDR and also of nAMD patient samples
(reviewed in: (Monteiro et al., 2015)). Interestingly, the analysis of the dry AMD vitreous proteome has not
been reported so far. To identify potential hypoxia related biomarkers for AMD, we analyzed the vitreous
proteome of dry AMD, nAMD, PDR and ERM patients. Thereby the vitreous proteome of PDR patients was
used as a positive control since it has an established hypoxic component involved in disease onset and
progression (see chapter: 1.4.2). ERM patient samples were used as reference group since they do not show
a hypoxia related retinal phenotype but were nevertheless scheduled for surgery (see chapter: 1.3.4).
Vitreomacular pathologies such as idiopathic ERM or macular holes (MH) are not known to be linked to any
other ocular disease process and are widely used as reference groups in clinical studies (Balaiya et al., 2017;
Kim et al., 2007; Mandal et al., 2013). Both ERM and MH are thought to be caused by the release of
vitreomacular traction (Akiba et al., 1990; Bottós et al., 2012; Gass, 1988), which for unknown reasons is three
times more likely to occur in women (Steel and Lotery, 2013). However, it has recently been demonstrated
that the vitreal cytokine profile of these two conditions are different, with a clear upregulation of the majority of
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investigated cytokines in ERM (Zandi et al., 2016). Thus, a potential masking of certain profibrotic and
inflammatory cytokines has to be kept in mind when using ERM patients as a reference group in vitreous
proteomic studies (Zandi et al., 2016).
Apart from reporting the first measurement of the vitreous proteome of dry AMD, we in parallel also analyzed
the vitreous of nAMD, PDR and ERM patients. This enabled the direct comparison of the vitreous proteome
composition in the different disease conditions. Of the four significantly upregulated proteins identified in the
dry AMD group (cholinesterase (CHLE), ribonuclease (pancreatic, RNAS1), serine carboxypeptidase
(probable, CPVL) and delta-aminolevulinic acid (HEM2)), CHLE was the only detected protein specifically
upregulated in dry AMD only. It is involved in neuronal development and has a neuroprotective potential by
neutralizing neurotoxic agents (Lockridge, 2015; Mack and Robitzki, 2000) (see chapter: 3.2). However, the
number of enrolled patients was not equal for each patient group and relatively small – especially in the group
of dry AMD. This reduced the statistical power possibly preventing some potential biomarkers to reach
significance. In addition, all the investigated nAMD patients and 5 out of 9 PDR patients have been treated
with VEGF targeting compounds prior to vitrectomy. Apart from the reduced VEGF levels in the plasma of
these patients (see chapter: 3.3), it has recently been shown that the anti-VEGF treatment leads to the
downregulation of at least 15 proteins in the VH of PDR patients (Loukovaara et al., 2015). The majority of
these proteins were involved in cell adhesion (LUM, FLNC, FAT4), transport (ANR27, AFAM) and growth factor
signaling (PERQ2) (Loukovaara et al., 2015). In aqueous humor of nAMD patients, it has additionally been
shown that cathepsin D (CATD), a marker for oxidative stress, is upregulated and heat shock 70 kDa
protein 1A (HS71A) is downregulated upon injection with anti-VEGF agents (Lee et al., 2014). Interestingly,
lumican (LUM), afamin (AFAM) and CATD were all downregulated (1.3- to 1.9-fold) in the VH of dry AMD
patients in our study (see chapter: 3.2), whereas protein levels were not changed (AFAM) or slightly
upregulated (LUM, CATD) in wet AMD. Whether this signifies disease status or is connected to the treatment
regimen of the different patient groups needs to be determined.
Due to the small group size, our analysis of the dry AMD vitreous proteome was only able to provide a first
overview on potentially regulated proteins. Future studies need to be performed with larger, age- and sexmatched patient cohorts to minimize variability. This might also allow to identify patient subgroups that show
a hypoxic component in dry AMD, as it was originally suggested (see chapter: 1.3.1). Also methodological
optimizations such as substitution of the FASP sample preparation method by single-pot solid-phaseenhanced sample preparation (SP3) (Hughes et al., 2014) or in-StageTip (iST) (Kulak et al., 2014), both
methods optimized for sample amounts below 20 µg, could potentially increase the vitreous proteome
coverage (Sielaff et al., 2017).

4.1.3.

Translation of mouse to human vitreous proteome

The original research idea of this project was the identification of AMD induced hypoxia related biomarkers in
human vitreous samples by translation of the findings from the vitreous proteome of mice with a genetically
induced chronic hypoxia-like response. However, due to the limited number of available vitreous samples from
dry AMD patients, the study group was rather small, leading to a low statistical power which is in turn also
reflected by the low number of significantly regulated proteins, with the observation of only four upregulated
proteins in dry AMD patients (see chapter: 3.2). Despite an overlap of 34 % of all identified human, with all
identified rodΔVhl or coneΔVhl vitreous proteins (Fig. 12 A), the comparison of significant proteins resulted in a
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tremendously reduced overlap between the mouse and human vitreous proteomes (Fig. 12 B,C). This is likely
linked to the exceptionally low number of human vitreous proteins reaching the significance threshold. A
problem that can only be circumvented by using larger patient cohorts in a future study.
Nevertheless, analysis of the few proteins found in the human and mouse vitreous proteome still reveal
interesting features, such as the upregulation of delta-aminolevulinic acid dehydratase (HEM2) in the two
patient groups dry AMD and PDR as well as in rodΔVhl mice. HEM2 is involved in catalyzing the condensation
of delta-aminolevulinic acid (ALA) to porphobilinogen (Jaffe et al., 2001). This activity may reduce oxidative
stress as autooxidation of ALA is a potential source of ROS (Princ et al., 1998). It was the only upregulated
protein observed in the dry AMD patient group and one of our mouse models of retinal degeneration mediated
by a chronic response to hypoxia. Thus, HEM2 may be a promising target for further investigations in future
A:

B:

rodΔVhl

C:

coneΔVhl

Fig. 12: Venn diagram of vitreous proteomics data from mouse and men. (A) comparison of all identified proteins in
human, rodΔVhl and coneΔVhl vitreous measurements. (B, C) all significantly upregulated proteins (FC > 1.5; P value < 0.05)
identified in human and mouse vitreous proteomics. Comparison of the rodΔVhl (B) or the coneΔVhl (C) vitreous proteome
with the vitreous proteomes of human patients. Different human disease groups (dry AMD, nAMD, PDR) are displayed
separately, whereas the different time points analyzed for mouse vitreous proteomics (marked with red border) were
pooled. Proteins found upregulated in mouse and human vitreous are listed. Underlined proteins are found overlapping
with PDR in both rodΔVhl and coneΔVhl mice. Full protein names can be found in the list of abbreviations (see chapter: 5).
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studies. Proteins identified in nAMD and either in rodΔVhl (CATB, SPON1) or coneΔVhl (CH3L1) vitreous
proteome may represent an additional set of interesting marker molecules. CATB (cathepsin B) is a lysosomal
cysteine-protease, which plays a critical role in neuronal death through lysosomal leakage or excessive
autophagy (Koike et al., 2008; Sun et al., 2010). The lysosomal leakage of CATB into the cytoplasm can
thereby be induced by hypoxic stress or energy deprivation and triggers the activation of the NLRP3
inflammasome and also microglia (Ni et al., 2015). All these processes are also central for AMD progression
(reviewed in: (Celkova et al., 2015; Karlstetter and Langmann, 2014)). SPON1 (spondin-1), a protein involved
in extracellular matrix organization (Pagnotta et al., 2013), is potentially induced by VEGF (Tratwal et al., 2015)
and has been shown to act anti-angiogenic by inhibiting VEGF and fibroblast growth factor-2 (FGF2)
(Terai et al., 2001).
Although these factors play an important role in nAMD, it was of particular interest in the context of biomarker
discovery that the upregulation of SPON1 in the mouse vitreous has been identified in rodΔVhl mice already at
10 weeks of age when there were no strong morphological changes apparent yet. CH3L1 (chitinase-3-like
protein 1) was the only protein found upregulated in the vitreous proteome of coneΔVhl mice and in an AMD
patient group (nAMD). It is a proinflammatory glycoprotein secreted by activated macrophages and reported
to be elevated in the circulation of aged humans (Johansen et al., 2008). Thus, upregulation of CH3L1 is likely
reflecting the inflammation involved in disease progression of AMD (reviewed in: (Kauppinen et al., 2016)).
Another interesting observation was that a higher number of the proteins upregulated in the vitreous of PDR
patients was found in coneΔVhl mice than rodΔVhl mice (Fig. 12 B,C). This potentially reflects the underlying
neovascularization observed in PDR patients and coneΔVhl mice. Clearly, however, these findings need to be
corroborated on the protein level using independent human and mouse samples. It will also be of strong
interest to investigate the genes corresponding to the identified regulated proteins with respect to their potential
regulation by HIF transcription factors. These studies are planned and will be conducted as a follow-up project
to this thesis.

4.1.4.

Investigation of systemic effects

Although the phenotype of AMD is restricted to the eye, many studies addressing potential systemic effects
have been already performed (reviewed in: (Kersten et al., 2017)). Detection of one or several reliable
biomarkers in plasma would allow easy sampling from patients circumventing invasive procedures to collect
ocular tissues. However, due to the presence of the BRB, most proteins may remain in the eye or reach the
circulation only in minute amounts. In search of systemic biomarkers, we nevertheless screened plasma
samples from the patients included in the VH proteomics study for six hypoxia induced target genes by ELISA.
Data revealed that PLGF was significantly upregulated in plasma of nAMD patients and that PEDF showed a
non-significant trend for increased presence in both nAMD and dry AMD patients (see chapter: 3.3). Both
proteins have already been identified earlier by a plasma proteomics approach conducted by others (Xu et al.,
2014).
Since factors detected in the plasma can also be systemically regulated, knowledge about the general health
status of a patient is of high importance. Absence of this knowledge increases the risk of mis-interpretation of
data, potentially leading to an erroneous allocation of increased or decreased protein levels to changes in the
eye. To generate more thorough data sets of proteomes in retinal degenerative diseases it seems mandatory
to investigate also other easily accessible ocular specimen such as aqueous humor or tear fluid. These
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specimens may be less affected by systemic variations and thus potentially help to define biomarkers when
compared to data from VH and plasma.
Proteomic analysis of tear fluid has only been applied once for the identification of biomarkers in PDR patients
(H.-J. Kim et al., 2012). Here, authors observed an upregulation of β-2-microglobulin (B2M), a protein which
is part of the histocompatibility complex. Aqueous humor on the other hand has been investigated in nAMD
patients by several groups (Kang et al., 2014; T. W. Kim et al., 2012; Lee et al., 2014; Yao et al., 2013).
Especially interesting in these studies was the increased presence of PEDF in the aqueous humor of patients
(T. W. Kim et al., 2012). Neither B2M nor PEDF were identified in VH of our patients or mice. Thus, retinal
disease may differentially affect the protein composition of different tissues/specimens. This further underlines
the importance of investigation and comparison of samples from various ocular origin to finally define a set of
potential biomarkers. Hence, this has to be done in all different patient groups, but especially in patients
affected by dry AMD.

4.1.5.

Future directions in vitreous proteomics for AMD research

Despite the accessibility of aqueous humor, tears and plasma from patients, proteomic analysis of the vitreous
as a surrogate for monitoring retinal (patho-) physiology will remain an important tool to define disease
mechanisms, to develop new therapeutic approaches and to identify patient subgroups in the context of
personalized medicine. Such a subgroup might be defined by the presence of hypoxia-related biomarkers
indicating chronic retinal hypoxia, for example in AMD patients. These patients might then benefit from a
HIF1A-targeting gene therapeutic approach, as it is currently developed in our lab (Barben et al.,
submitted (b)). This translational approach from mouse to human vitreous proteomics could in the future also
be applied to other mouse models focusing on other aspects of retinal degenerative diseases.
Since posttranslational modification of proteins can significantly affect their function, future vitreous proteomic
studies will need to include analyses of protein modifications such as phosphorylations (Tamburro et al., 2010).
In general, future vitreous proteomic approaches will profit from the currently emerging new proteomic
acquisition strategies like parallel reaction monitoring (PRM) or SWATH, which are driven by the technical
improvements of the newest generation of MS devices (Sajic et al., 2015). However, size of patient
(and mouse) cohorts need to be substantially increased and analyses expanded before reliable biomarkers
can be defined.

4.2.

Concluding remarks

In the context of this thesis we investigated several aspects important for future research in the field of agerelated macular degeneration. On one hand, we performed the first measurement of the vitreous proteome of
dry AMD patients in parallel to nAMD and PDR patients (see chapter: 3.2). This identified CHLE as the only
protein exclusively upregulated in the vitreous of dry AMD patients, pointing to its potential use as a specific
marker for the diagnosis of dry AMD. On the other hand, we analyzed the vitreous proteome of mouse models
with an activated hypoxia-like response in their photoreceptors (see chapter: 3.1). Comparing the findings from
these mice to the human vitreous proteome identified four – potentially hypoxia related – proteins commonly
upregulated in neovascular or dry AMD and at least in one of the mouse models: HEM2, CATB, SPON1 and
CH3L1. Together with CHLE, these proteins provide the basis and starting point for future experiments with
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the goal of qualifying these proteins as diagnostic biomarkers for the subpopulation of AMD patients that may
have an underlying hypoxic condition in the retina.
In conclusion, we demonstrated that comparing findings from mouse models with human data may help to
define markers characterizing degenerative diseases, even though mice may recapitulate only some aspects
of the human condition. Although our suggested candidate markers clearly need validation in independent
studies and testing for their clinical relevance, they may provide the basis for further studies. The heterogeneity
of mouse models and human patients makes it necessary that such studies are upscaled to include a
significantly larger number of patients and/or mice to increase statistical power. In addition, the usage of novel
acquisition methods that were recently developed might improve the sensitivity and specificity of the method,
which may allow the identification of more differentially regulated proteins. This will enable the application of
more stringent filter criteria and make it easier to identify relevant biomarkers in future studies.
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5. LIST OF ABBREVIATIONS
1433G (Ywhag)

14-3-3 protein γ

CNS

8-OHdG

8-oxo-7,8-dihydro-2'deoxyguanosine

CNV

choroidal neovascularization

CO3 (C3)

complement C3

coneΔVhl

Rpe65R91W;Nrl-/-;BP-Cre;Vhlflox/flox

CPVL (Cpvl)

serine carboxypeptidase CPVL,
probable

CRBP

cellular retinol binding protein (RET)

CRYAA (Cryaa)

α-crystallin A

CRYAB (Cryab)

α-crystallin B

CTAD

C-terminal TAD

CX3CR1 (Cx3cr1)

CX3C chemokine receptor 1

DAG1 (Dag1)

dystroglycan

DDA

data dependent acquisition

A2AP (Serpinf2)

α-2-antiplasmin

A2E

pyridinium bisretinoid

ABCA4 (Abca4)

retinal-specific ATP binding
cassette transporter

ACTB (Actb)

actin beta

ADAM (Adam)

a disintegrin and metalloprotease

AFAM (Afm)

Afamin

AGEs

advanced glycosylation products

AL1A1 (Aldh1a1)

retinal dehydrogenase

ALA

delta-aminolevulinic acid

all-cone

R91W;Nrl-/-

AMD

age-related macular degeneration

ANGPTL4 (Angptl4)

angiopoietin-like 4

ANR27 (Ankrd27)

ankyrin repeat domain-containing
protein 27

central nervous system

DHA

docosahexaenoic acid

DIA

data independent acquisition

DR

diabetic retinopathy

ELISA

enzyme-linked immunosorbent
assay

ELOVL4 (Elovl4)

elongation of very long-chain fatty
acids protein 4

APOA4 (Apoa4)

apolipoprotein A-IV

APOE (Apoe)

apolipoprotein E

APOH (Apoh)

β-2-glycoprotein 1

EPAS1 (Epas1)

ARNT

aryl hydrocarbon receptor nuclear
translocator

endothelial PAS domain-containing
protein 1

ERAP1 (Erap1)

ER aminopeptidase 1

ARNTL (Arntl)

ARNT-like protein 1

ERM

idiopathic epiretinal membrane

ATP

adenosine triphosphate

ESI

electron spray ionization

B2MG (B2m)

β-2-microglobulin

F5GZZ9 (CD163)

scavenger receptor cysteine-rich
type 1 protein M130

FA

fatty acids

bHLH

basic helix-loop-helix

BP

biological process

BRB

blood-retina barrier

CAH1 (Cah1)

carbonic anhydrase 1

CAT (Cat)

catalase

CATB (Ctsb)

cathepsin B

CATD (Ctsd)

cathepsin D

CBP (Cbp)

CREB binding protein

FASP

filter assisted sample preparation

FAT4 (Fat4)

protocadherin Fat 4

FBLN3 (Efemp1)

fibulin 3

FC

fold-change

FDR

false discovery rate

FETUA (Ahsg)

α-2-HS-glycoprotein)

FETUB (Fetub)

fetuin-B

FGF2

fibroblast growth factor 2

FHR1 (Cfhr1)

complement factor H-related protein
1

CC

cellular component

CCC

coiled-coil coactivators

CCL2 (Ccl2)

C-C chemokine motif 2

CEP

carboxyethylpyrrole

FIBA (Fga)

fibrinogen α chain

CERU (Cp)

ceruloplasmin

FIBG (Fgg)

fibrinogen γ chain

CFAD (Cfd)

complement factor D)

FIH (Fih)

factor inhibiting HIF

CFAH (Cfh)

complement factor H

FLNC (Flnc)

filamin-C

CFAI (Cfi)

complement factor I

GAG

glycosaminoglycan

cGMP

cyclic guanosine monophosphate

GCL

ganglion cell layer

CH3L1 (Chi3l1)

chitinase-3-like protein 1

GDP

guanosine diphosphate

CHLE (Bche)

cholinesterase

GGYF2 (Perq2)

GRB10-interacting GYF protein 2

CLOCK (Clock)

circadian locomoter output cycles
protein kaput

GO

gene ontology

GPX3 (Gpx3)

glutathione peroxidase 3

CLUS (Clu)

clusterin
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GRK1 (Grk1)

rhodopsin kinase

NMWL

nominal molecular weight limit

GSEA

gene set enrichment analysis

N-Ret-PE

N-retinylidene-PE

GTP

guanosine triphosphate

NRL (Nrl)

HA

hyaluronan

neural retina-specific leucine zipper
protein

HBB (Hbb)

hemoglobin subunit β

NTAD

N-terminal TAD

HCD

higher energy collisional
dissociation

ODDD

oxygen-dependent degradation
domain

HEM2 (Alad)

delta-aminolevulinic acid
dehydratase

ONL

outer nuclear layer

OPL

outer plexiform layer

HIF

hypoxia-inducible factors

OS

outer segments

HIFA (Hifa)

HIF α-subunit

PANTHER

HIFB (Hifb)

HIF β-subunit

Protein ANalysis THrough
Evolutionary Relationships

HPLC

high-performance liquid
chromatography

PARK7 (Park7)

protein/nucleic acid deglycase DJ-1

PAS

PER-ARNT-SIM

HRE

hypoxic-response elements

PC

phosphatidylcholine

HRG (Hrg)

histidine-rich glycoprotein

PDE (Pde)

cGMP phosphodiesterase

HS71A (Hspa1a)

heat shock 70 kDa protein 1A

PDGF (Pdgf)

platelet-derived growth factor

HTRA1 (Htra1)

serine protease 11

PDR

proliferative diabetic retinopathy

ICAM1 (Icam1)

intercellular adhesion molecule 1

PE

phosphatidylethanolamine

iGluR

ionotropic glutamate receptor

PEDF (Serpinf1)

pigment epithelium-derived factor

IL1B (Il1b)

interleukin-1β

PEPD (Pepd)

peptidase D

INL

inner nuclear layer

PER

period circadian protein

IPL

inner plexiform layer

PHD

prolyl-4-hydroxylases

IRBP

interphotoreceptor retinoid binding
protein (RET)

PHLD (Gpld1)

glycoprotein phospholipase D

PKC (Pkc)

protein kinase C

IS

inner segments

PLGF (Pgf)

placental growth factor

iST

in-StageTip

PRIDE

PRoteomics IDEntifications

KNG1 (Kng1)

kininogen-1

PRM

parallel reaction monitoring

LC

liquid-chromatography

PROM1 (Prom1)

prominin-1

LDHA (Ldha)

lactate dehydrogenase A

PTGDS (Ptgds)

prostaglandin H2-D isomerase

LRAT (Lrat)

lecithin retinol acyltransferase

LUM (Lum)

lumican

m/z

mass to charge ratio

MALDI

matrix-assisted laser
desorption/ionization

MARS
MF

PTM

post-translational modification

PUFA

poly-unsaturated fatty acids

PVD

posterior vitreal detachment

Q5H9A7 (Timp1)

metalloproteinase inhibitor 1

Multiple Affinity Removal System

RAGE

receptor for AGEs

molecular function

RDH (Rdh)

retinol dehydrogenase

mGluR

metabotropic glutamate receptor

REG1A (Reg1a)

lithostatine-1-α

MH

macular hole

RET1 (Rlbp1)

retinol-binding protein 1

MS

mass spectrometry

RGS9 (Rgs9)

regulator of G-protein signaling 9

MS/MS

tandem mass-spectrometry

RHO (Rho)

rhodopsin

MYH9 (Myh9)

myosin-9

RINI (Rnh1)

ribonuclease inhibitor

NADPH

nicotinamide adenine dinucleotide
phosphate

RNAS1 (Rnase1)

ribonuclease, pancreatic

RNAS4 (Rnase4)

ribonuclease 4

nAMD

neovascular AMD

rod

NF2L2 (Nrf2)

nuclear factor erythroid 2-related
factor 2

ROP

NFL

nerve fiber layer

NGS

next generation sequencing

NLRP3 (Nlrp3)

angiotensin/vasopressin receptor
AII/AVP-like
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Opsin-Cre;Vhlflox/flox
retinopathy of prematurity

ROS

reactive oxygen species

RPE

retinal pigment epithelium

RPE65 (Rpe65)

retinoid isomerohydrolase

RVO

retinal vein occlusion
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SD

standard deviation

TIMP3 (Timp3)

metalloproteinase inhibitor 3

SFA

saturated fatty acids

TNFA (Tnfa)

tumor necrosis factor α

SH3L1 (Sh3bgrl)

SH3 domain-binding glutamic acidrich-like protein

VEGF (Vegf)

vascular endothelial growth factor

VGF (Vgf)

neurosecretory protein VGF

VGFR1 (Flt1)

vascular endothelial growth factor
receptor 1

SIM

single-minded protein

SNP

single nucleotide polymorphism

SODC (Sod1/2)

superoxide dismutase 1/2

VGFR2 (Kdr)

SP3

single-pot solid-phase-enhanced
sample preparation

vascular endothelial growth factor
receptor 2

VH

vitreous humor

SPON1 (Spon1)

spondin 1

VHL (Vhl)

STGD1

Stargardt's disease

von Hippel-Lindau disease tumor
suppressor

STGD3

Stargardt-like macular dystrophy 3

VLC

very long-chain ( > 26 carbons)

STGD4

Stargardt-like macular dystrophy 4

VTDB (Gc)

vitamin D-binding protein

SWATH

sequential window acquisition of all
theoretical mass spectra

Webgestalt

WEB-based GEne SeT AnaLysis
Toolkit

TAD

transactivation domain

WHO

world health organization

TGFB1

transforming growth factor β-1

X6R5C5 (Ctsa)

carboxypeptidase
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Table S1: Epidemiology of human vitreous samples
Number
dry AMD
nAMD †
PDR ‡
ERM

6
10
9
9

Age (± SD) *
80.3 ± 6.6
80.8 ± 6.2
59.3 ± 14.4
70.1 ± 4.1

Sex
F
5
6
4
5

M
1
4
5
4

*

Surgery Method
Vitrectomy Cataract
0
6
3
7
6§
4§
8
1

significant age differences between groups: dry AMD vs. PDR: P value = 0.0005; nAMD vs. PDR: p-value < 0.0001
all nAMD patients had anti-VEGF treatment at least 2 weeks prior to collection of samples
‡
all PDR patients had laser-treatment at least 6 months prior to collection of samples
§
one patient had cataract and vitrectomy surgery
#
patient # 2, 4, 5, 8 & 9 had anti-VEGF treatment at least 2 weeks prior to collection of samples
†
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Anti-VEGF
treatment
None
10 of 10
5 of 9 #
none
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Table S2: differential regulation of all 677 proteins in the different patient groups.
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Table S2 (continued)
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Table S2 (continued)
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Table S2 (continued)
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Table S2 (continued)
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Table S2 (continued)
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Table S2 (continued)
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Table S2 (continued)
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Table S2 (continued)
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Table S2 (continued)
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Table S3: Regulated proteins found in specific GO-categories.
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Table S4: Regulated proteins found in MEROPS database of human proteases.
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Table S5: absolute protein concentrations measured by ELISA.
Protein
CFAI (± SD)
[ng/mL]
CH3L1 (± SD)
[ng/mL]
HEM2 (± SD)
[ng/mL]
RNAS1 (± SD)
[ng/mL]
SODC (± SD)
[pg/mL]
VGFR1 (± SD)
[ng/mL]
VEGFA (± SD)
[pg/mL]

Dry AMD

nAMD

PDR

ERM

655 (± 389)

1200 (± 597)

1854 (± 1279)

837 (± 272)

321 (± 90)

706 (± 440)

699 (± 609)

321 (± 190)

2.5 (± 1.3)

3.1 (± 1.3)

5.8 (± 1.8)

3.3 (± 1.0)

2.6 (± 1.5)

3.2 (± 1.9)

8.5 (± 5.0)

4.2 (± 2.5)

11.4 (± 6.4)

17.3 (± 8.4)

33.0 (± 33.9)

9.9 (± 3.3)

11.8 (± 3.9)

12.2 (± 13.4)

14.5 (± 10.5)

13.4 (± 7.4)

817 (± 219)

1031 (± 622)

3159 (± 3633)

1050 (± 403)
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Figure S1:
A
dry AMD
nAMD
PDR
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PDR 11
ERM 11
dry AMD 2
dry AMD 1

ERM 10
PDR 10

B

dry AMD

nAMD

PDR

ERM

Figure S1: exclusion criteria for 2 ERM and 2 PDR samples from study. A) Principal component analysis (PCA) of all samples showed
good clustering for most samples of each patient group. ERM_10 and PDR_10 were identified as outliers and thus excluded from further
analysis. Despite bad clustering of dryAMD_1 and dryAMD_2, these samples were kept for further analysis, due to the very low sample
number in the dry AMD group; B: Scaling factors applied for signal level normalization. Exclusion of PDR_11 and ERM_11 (red bars) due
to biggest scaling factors, reducing the total scaling factor from 33.4 to a factor of 11.8; excluded samples marked with red box.
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Figure S2:
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Figure S2: Efficiency of depletion of seven high abundant blood proteins from VH samples. Efficiency of depletion by MARS Hu-7
columns was tested on samples (n = 3) that were not included in the study. Total spectral counts of abundant blood proteins in VH samples
before (blue) and after depletion (red) are shown as means ± SD. Note that ‘immunoglobulin’ includes both IgG and IgA.
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APPENDIX C

Supplementary Material

Elovl4 5-bp deletion does not accelerate cone photoreceptor degeneration in an
all-cone mouse
Schori C; Agbaga M.P; Brush R.S; Ayyagari R; Grimm C; Samardzija M

S1a Table: Analysis of retinal phosphatidylcholin (PC) glycerophospholipid composition
S1b Table: Analysis of retinal phosphatidylethanolamine (PE) glycerophospholipid composition
S1c Table: Analysis of retinal phosphatidylserin glycerophospholipid (PS) composition
S1d Table: Analysis of retinal total lipid fatty acid (TL-FA) composition
S1 Figure:

Supplementary gene expression data analyzed by semiquantitative real-time PCR.
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S1a Table: Analysis of retinal phosphatidylcholin (PC) glycerophospholipid composition

S1b Table: Analysis of retinal phosphatidylethanolamine (PE) glycerophospholipid composition
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S1c Table: Analysis of retinal phosphatidylserin glycerophospholipid (PS) composition

S1d Table: Analysis of retinal total lipid fatty acid (TL-FA) composition
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S1 Figure:

S1 Figure: Supplementary gene expression data analyzed by semiquantitative real-time PCR. (A) mRNA levels of G
protein subunit α transducin 2 (Gnat2), arrestin 3 (Arr3), POU class 4 homeobox 1 (Pou4f1, alias: Brn3a), visual system
homeobox 2 (Vsx2, alias: Chx10) expressed relative to 6-week-old R91W;Nrl-/- mice. (B) mRNA levels of total (left) and wt
(right) Elovl4 in indicated strains expressed relative to 12-week-old R91W;Nrl-/- mice. Expression was normalized to Actb.
Shown are means ± SD. n = 3.

- 207 -

