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ABSTRACT

1. ABSTRACT

Diabetic retinopathy (DR), the leading cause of blindness among working aged adults, is a micro-
vascular complication affecting diabetes patients. Miller cells, the major retinal macroglia, are
important in maintaining a healthy and functional retina and play a crucial role in various patho-
logical events during DR disease progression. Here, | seek to improve our understanding of Maller
cell-specific signaling pathways altered in the course of the disease with the ultimate goal to de-
velop novel gene therapeutic strategies targeting Miller cells in DR.

First, | characterized the retinal phenotype of diabetic mice and showed that db/db mice with an
age of 24 and 38 weeks are still in an early DR stage presenting with mild symptoms including
the onset of pericyte loss and first signs of microglia activation. Furthermore, | demonstrated that
the electroretinogram (ERG) can be used as a highly sensitive readout system, because it shows
functional changes clearly before major morphological changes of retinal architecture becomes
detectable and is independent from the sex of the mice.

Aiming to identify key regulators that drive Miiller cell changes in DR progression, oPOSSUM-3
transcription factor (TF) binding site cluster analysis was performed based on RNA sequencing
(seq) expression data, implementing the list of genes specifically regulated in Muller cells of 24-
week-old diabetic mice.

| identified the glucocorticoid receptor (GR, gene ID: Nr3c1) whose target gene cluster was down-
regulated in Miiller cells of diabetic animals as most promising candidate. Nr3c7 transcript was
highest expressed in Muller cells and significantly reduced in 24-week-old db/db mice. Im-
portantly, the GR was mainly located in Miller cell nuclei of diabetic and control mice. In addition,
| confirmed an elevated blood plasma level of corticosterone, the endogenous ligand of the murine
GR, in 24-week-old db/db mice. Although synthetic glucocorticoids are commonly used for thera-
peutic approaches in ophthalmology with undebatable beneficial effects, the molecular processes
of GR signaling and its role in DR progression are largely unknown. Therefore, | investigated the
effect of GR modulation in an in vitro retinal explant model implementing cortisol stimulation. Con-
stantly high cortisol levels not only influenced the GR phosphorylation level and activity, but also
induced expression changes of known downstream GR target genes.

To investigate the effects of a long-term restoration of GR activity in Muller cells of diabetic mice,
| set out to develop a gene therapeutic approach in db/db mice. AAV9-Nr3c1-eGFP particles were
intravitreally injected into the eyes of 12-week-old mice and the eyes were collected 12 weeks
thereafter. | demonstrated a successful glia-specific transduction of the construct and found an
optimal injection method in the World Precision Instruments (WPI) system. Due to time con-
straints, the long-term effect of the GR overexpression in diabetic and control mice is not a part

of this thesis and has to be investigated in the future.
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2. INTRODUCTION

2.1. RETINAL STRUCTURE AND CELL TYPES

The vertebrate retina developed in ancestral marine chordates around 500 million years ago.
Eyes adapted to the different living areas and ensured that the important visual information from
the environment are processed and could be used to increase survivability (Baden et al. 2020).
An important part of the eye is the retina which turns light into neuronal signals. Rods and cones,
the photoreceptors, capture light and their sensory signals are processed by the brain (Rodieck
1998). Vision loss or impairment is mainly caused by obstruction of the light pathway to the retina
or by the inability of the retina to detect, process or transmit sensory signals to the brain. Vision
loss in retinal degenerative diseases is mainly due to photoreceptor cells dysfunction or death
(Veleri et al. 2015). The different layers and cell types are schematically shown in Figure 1. The
retina is subdivided into different layers: nerve fiber layer (NFL), ganglion cell layer (GCL), inner
plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL) and the outer nuclear
layer (ONL). It consists of six neuronal cell classes: rods and cones (P), horizontal (HC), bipolar
(B), amacrine (AC) and ganglion cells (G) and three types of glial cells (microglia (MG), Muller
cells (M) and astrocytes (A)) (Behar-Cohen et al. 2020) (Figure1).
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Figure 1. The cellular architecture of the retina. The retina can be subdivided in different layers: NFL.:
Nerve fiber layer, GCL: Ganglion cell layer, IPL: Inner plexiform layer, INL: Inner nuclear layer, OPL: Outer
plexiform layer, ONL: Outer nuclear layer. The different retinal cell types are localized in different layers.
Astrocytes (A, yellow) and ganglion cells (G, turquoise) are mainly located in the GCL. The somata of Mdller
cells (M, orange) are located in the INL. Microglia (MG, green) are primarily found in the IPL. The cell bodies
of horizontal cells (HC, blue), bipolar cells (B, blue) and amacrine cells (AC, blue) are primarily located in
the INL. The somata of cones and rods, the photoreceptors (P, dark blue), in the ONL. A blood vessel (BV,
red) and pericyte (P, yellow) are schematically shown. RPE: Retinal pigment epithelium. Original figure by
Dr. Jens Grosche.

Furthermore, three layers of retinal vessels (superficial capillary plexus, intermediate capillary
plexus and deep capillary plexus) are pervading the retina (Picard et al. 2020). A blood vessel
(BV) of the superficial capillary plexus and a pericyte (P), which is sitting on the capillary wall is
schematically shown in Figure 1.

In the past, most of the studies about vision were performed with humans, primates and cats.
However, researchers started to carry out their studies on rodents (e.g. mice and rats) over the
last decades (Huberman and Niell 2011). Since a mouse model was used in this study, the simi-
larities and differences of the human and mouse retina are shortly described. In primates and
humans, central vision is ensured by the macula, which is a small, specialized area of the retina.
The macula contains the fovea, which is the central region of the human retina, responsible for
high resolution and a cone-only region with no rods. The mouse retina does not have a distinct
fovea or macula. In total, the human retina comprises 120 million rods (95.2%) and 6 million cones
(4.8%) (Veleri et al. 2015). In the mouse retina however, the total number of cones is 180,000
and of rods is ~ 6.4 million. Therefore, rods are 97.2% and cones are 2.8% of all the photorecep-
tors in mice (Jeon et al. 1998). Furthermore, the total retinal thickness of C57BL/6 mice is 204.41
pm. In comparison, the foveal thickness is 212 ym and the central retinal thickness (fovea cen-
tralis) is 182 ym in humans (Chan et al. 2006). More anatomical differences could be mentioned.
For example, the lens is much larger in mice compared to humans relative to the eye size (Veleri
et al. 2015). Although the mouse retina is different from the human retina and mice have relatively
poor visual acuity, mice have the greatest variety and sophistication of tools available to label,
monitor, and manipulate specific cell types and circuits (Huberman and Niell 2011). In this thesis,
| investigated the role of Mdller cells, the major macroglia of the retina, in neurodegenerative

diseases like DR in a mouse model.

2.2. THE DEVELOPMENT OF DIABETIC RETINOPATHY

DR is a common microvascular complication of diabetes and remains the leading cause of blind-
ness in people of working age. About one third of the 246 million people with diabetes have signs
of DR, and one third of these may have severe retinopathy or macular oedema (Cheung et al.

2010). Furthermore, DR is associated with an increased risk of life-threatening systemic vascular
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complications such as stroke, coronary artery disease and heart failure (Cheung and Wong 2008).
DR is classified into non-proliferative diabetic retinopathy (NPDR) and proliferative diabetic reti-
nopathy (PDR). The pathology of DR depends on the respective disease stage, the type and
duration of the underlying type of diabetes, blood glucose level and blood pressure (Tarr et al.
2013). Therefore, optimal control of blood glucose, blood pressure, and blood lipids remain the
basis for reducing the risk of disease development and progression (Cheung et al. 2010). DR is
mostly diagnosed by the detection of microaneurysms as the early symptoms. The screening
process is performed in person by ophthalmologists and trained individuals who can determine
the degree of disease by appropriate visual inspection of fundus photographs (Joseph et al.
2020). NPDR, which is the early stage of DR, is defined by increased vascular permeability and
capillary occlusions in the retinal vasculature. Furthermore, retinal pathologies such as microan-
eurysms, haemorrhages, cotton wool spots and exudates may occur, even while patients are
asymptomatic. PDR is the advanced stage of DR and is characterized by neovascularization, the
growth of new abnormal vessels. At this stage, patients may experience severe visual impairment
if the new abnormal vessels bleed into the eye and the vitreous (vitreous haemorrhage) (Wang
and Lo 2018). Diabetic macular oedema (DME), which can occur at any stage of DR, is the most
common reason of vision loss in DR. A breakdown of the blood-retinal barrier (BRB) is taking
place, which results in intra-retinal fluid accumulation and a swelling of the macula (Wang and Lo

2018). The differences between a healthy and a DR affected retina are shown in Figure 2.

Healthy retina Diabetic Retinopathy

Haemorrhages

Macula
Fovea
Optic disc

Central retinal vein

Central retinal artery Neovascularization

Microaneurysm
Exudates

Arterioles Cotton wool spots

Venules

Figure 2: Differences of a healthy retina and a diabetic retinopathy affected retina. The retinal pathol-
ogies of non-proliferative diabetic retinopathy are microaneurysms, haemorrhages, cotton wool spots and
exudates. During proliferative diabetic retinopathy, the patients often suffer from severe vision impairment,
which occurs when the new abnormal vessels (neovascularization) bleed into the vitreous, or retinal de-
tachment. The Figure was adopted from Joseph et al. 2020.

Knowledge of the pathophysiologic mechanisms underlying the development of DR continues to
improve with new research findings. Several biochemical mechanisms influence the pathogenesis

of DR through effects on cellular metabolism, signal transduction, and growth factors. It is known
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that pathways involved in the accumulation of sorbitol and advanced glycation end-products, ox-
idative stress, protein kinase C activation, inflammation, and the regulation of the renin-angioten-
sin system and the vascular endothelial growth factor (VEGF) are altered in DR (Cheung et al.
2010).

Despite the fact that cellular processes during the development of DR have already been clarified,
the interplay of the different cell types of the retina and the exact timing of these interactions have
not yet been determined. By understanding how diabetes affects the whole retina, new treatments

with neuroprotective potential could be developed.

2.3. THE ROLE OF MULLER CELLS IN DIABETIC RETINOPATHY

To understand the important role of Muller cells in DR, the unique properties and functions of
Madller cells are described. Miller cells are in contact with virtually every cell type as well as blood
vessels, vitreous, and subretinal space, since they span the whole thickness of the retina. This
unique morphology and location are the reasons that Miiller cells perform a wide range of tasks
to support correct retinal function. They play a central role in the maintenance of ion- and volume
homeostasis by mediating the transport of ions, water and various molecules. Mller cells may
also be involved in controlling vascularization and maintaining the BRB (Bringmann et al. 2006).
Furthermore, Mdller cells have neuroprotective properties via the release of neurotrophic factors,
the uptake and degradation of glutamate, and the secretion of the antioxidant glutathione
(Bringmann et al. 2006). Another function of Mller cells is their ability to act as living optical fibers
by guiding light through the retina and minimizing the intraretinal light scattering and decreasing
the signal/noise ratio (Reichenbach and Bringmann 2013). Furthermore, Mdller cells are involved
in the immune response through several mechanisms including their toll-like receptors, phago-
cytic function and secretion of cytokines and chemokines. It has also been shown that microglial
responses can be mediated by Mdller cells (Kumar et al. 2013). Consequences of Miiller cell
dysfunctions were studied in a transgenic mouse model with conditional Miller cell ablation. It
was shown that selective Miller cell ablation leads to early photoreceptor degeneration, vascular
abnormalities, BRB breakdown and neovascularization in the retina (Shen et al. 2012).

Altered Muller cell functions during DR progression have been investigated by various studies. It
was shown that the function of the glutamate transporter in Miller cells of diabetic rats is de-
creased (Li and Puro 2002). This leads to a significantly increased glutamate accumulation in the
retinae of diabetic rats (Lieth et al. 2000). Furthermore, Pannicke et al. 2006 showed a decreased
K* (potassium) conductance on the plasma membrane of isolated Muller cells from diabetic rats
due to a redistribution of the Kir4.1 K* channel. These findings are in line with the fact that the

K* conductance was also decreased in Muller cells of patients with PDR (Bringmann et al. 2002).
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The disturbance of the retinal K* homeostasis together with the dysfunction of glutamate trans-
porters in diabetic Muller cells may lead to neuronal hyperexcitation and glutamate excitotoxicity
(Pannicke et al. 2006). Muller cells get activated and perform a process called gliosis under patho-
logical conditions like diabetes. The extent to which gliotic activation of Muller glia has beneficial
and/or detrimental effects on neuronal survival is not yet completely clarified. When Miiller cells
become gliotic in the course of pathologies, they can release growth factors, cytokines, and chem-
okines. It was shown that hyperglycaemia promotes the release of VEGF and pigment epithelium-
derived factor as well as cytokines and chemokines including interleukin-1p, interleukin-6 (IL-6),
tumour necrosis factor-a and chemokine ligand-2 by Muller cells in vitro (Coughlin et al. 2017).
VEGF stimulates proliferation, migration and tube formation leading to angiogenic growth of new
blood vessels (Le 2017). Although VEGF is mainly expressed in Miller cells, endothelial cells,
astrocytes and the retinal pigment epithelium (RPE), there are indications that Miller cells are a
major source of VEGF in DR and that Miller cell-derived VEGF plays an essential role in retinal
inflammation, vascular lesions and leakage in DR (Wang et al. 2010). Although increased VEGF
from Muller cells has a negative effect on the vasculature of the diabetic retina, it is possible that
Madller cells release growth factors to protect themselves and retinal neurons from hyperglycaemia
and ultimately have a benéeficial effect (Coughlin et al. 2017). Besides growth factors, Miller cells
can release a variety of cytokines and chemokines like IL-6, which is associated with vascular
dysfunction and promotion of angiogenesis (Yoshida et al. 2001; Rojas et al. 2010). Furthermore,
a correlation between increased IL-6 levels and the development of eye complications in diabetic
patients was demonstrated (Koskela et al. 2013). It was shown that IL-6 1) prevents hyperglycae-
mia-induced Muller cell dysfunction and loss, 2) protects retinal ganglion cells from pressure-
induced cell death, 3) maintains proper neuronal function and 4) has neuroprotective effects
(Yego et al. 2009; Sappington et al. 2006). Therefore, the gliotic activation of Muller cells can
have beneficial or detrimental effects on the survival of retinal cells, particularly neurons.

Although some changes of Muller cell functions and processes in DR are already known, increas-
ing knowledge of Mdller cell function and responses in the normal and diseased retina is needed
for the development of new therapeutic approaches for retinal diseases. As normal Mdller cell
functions are important for neuronal survival, the ideal way would be to suppress negative aspects

of Muller cell gliosis and promote the positive ones.

2.4. AVAILABLE THERAPY OPTIONS FOR DIABETIC RETINOPATHY

Optimal control of blood glucose, blood pressure, and blood lipids remain the basis for reducing
the risk of disease development and progression (Cheung et al. 2010). Furthermore, current treat-
ment strategies for DR target the management of microvascular complications and include intrav-

itreal administration of pharmacologic agents, laser therapy, and vitrectomy. Intravitreal injection
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of anti-VEGF agents is currently the gold standard of therapy for early and advanced stages of
DR (Wang and Lo 2018).

Laser photocoagulation which has been the standard of treatment in the last decades is a proven
method for the treatment of DR. The panretinal photocoagulation is mainly used for the treatment
of PDR, and focal or grid laser photocoagulation for DME. In a Diabetic Retinopathy Study, which
included more than 1758 patients with proliferative disease, panretinal photocoagulation reduced
the risk of severe visual loss by 50% over 5 years in these patients (Cheung et al. 2010). The
exact mechanisms involved in panretinal photocoagulation laser therapy treatment are not yet
fully understood. It is thought to be an interaction of several factors: direct closure of leaking
microaneurysms, improved oxygenation and stimulation of the RPE, as well as reduction of retinal
blood flow through the reduced retinal tissue (Wang and Lo 2018). However, because laser ther-
apy is an invasive procedure, it can also result in moderate vision loss as a side effect, noticeable
by a reduced visual field, reduced colour vision, and decreased contrast sensitivity (Fong et al.
2007). As laser therapy continues to play an important role as an adjuvant treatment or a rescue
therapy alongside anti-VEGF therapy, novel, less invasive laser techniques such as the use of a
subthreshold micropulse diode laser, which is a promising new tool for treatment of DME, are
being investigated (Vujosevic et al. 2013).

In patients with severe PDR who do not respond to panretinal laser photocoagulation or who have
persistent vitreous haemorrhage or retinal detachment, ocular surgery with removal of the vitre-
ous (vitrectomy) is possible (Cheung et al. 2010). Since vitrectomy is also an invasive procedure,
this method has harmful effects on the diabetic eye alongside the benefits. Although the risk of
retinal neovascularization and macular oedema is reduced, the risk of iris neovascularization and
cataract formation is increased (Diabetic Retinopathy Vitrectomy Study Research Group 1985).
In recent years, the therapy with intravitreal injections of anti-VEGF has become the first-line
treatment for DR. VEGF is a growth factor that plays an important role in retinal neovascularization
and in BRB breakdown in DR (Fu et al. 2015). Therefore, treatment with anti-VEGF agents should
arrest, or even reverse PDR or DME. A large number of clinical studies have shown beneficial
effects ofintravitreal anti-VEGF injections for both and it was demonstrated that this therapy im-
proves visual acuity more effectively than laser treatment (Cheung et al. 2010). Nevertheless,
anti-VEGF therapy also comes with limitations and adverse effects. Local adverse events are
cataract formation, retinal detachment, vitreous haemorrhage, infection and potential loss of neu-
ral retinal cells (Wirostko et al. 2008). Furthermore, the effectiveness relies on repeated (monthly)
intravitreal injections due to their short half-life time in the eye and the increased incidence of

adverse effects like endophthalmitis by frequent injections (Das et al. 2015).
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Another therapy which is mainly used for DME is the intraocular administration of corticosteroids,
which are potent anti-inflammatory agents efficient in the treatment of DME. These agents be-
come increasingly important when patients prove to be resistant to the gold-standard anti-VEGF
therapy. Currently used intravitreal corticosteroids are triamcinolone acetonide, dexamethasone
and the fluocinolone acetonide (Wang and Lo 2018). The advantages of corticosteroids are that
they require a lower frequency of injections, lower costs and better patient compliance. However,
there is a high incidence of adverse effects like cataract and glaucoma. Therefore, corticosteroids
are currently only the second-line option for patients who are not responding to other therapeutic
treatments (Wong et al. 2016).

In conclusion, the existing treatments are not optimal due to their side effects, partially high costs,
and the fact that the progression of DR is slowed only to a limited extent. Hence, there is an urgent

need for the development of additional or complementary treatment approaches.

2.5. GENE THERAPETICAL APPROACHES

Gene therapy has the potential to become a new treatment method for DR. The advantages may
be fewer side effects, less injection frequency, ability to intervene at disease onset and a longer
therapeutic effect (Wang et al. 2020).

There are several strategies of gene therapy, which goal is to achieve adequate expression of a
transgene to decrease or cure a disease condition with minimal adverse effects. Strategies which
were developed in the last decades are gene augmentation, gene-specific targeting, and most
recently, genome editing (Lee et al. 2019). Gene augmentation therapy introduces a new func-
tional gene into the host cell to compensate a defective gene and therefore, it is mainly used in
monogenic diseases. Gene-specific targeted therapy aims to modulate the activity of an existing
altered gene or provide an intact copy of a gene for protection or regeneration. Genome editing
or corrective therapy transforms a mutated gene into a functional gene and can thus correct mu-
tated genes fundamentally (Wang et al. 2020).

The eye is an ideal target for gene therapy, because the tight BRB prevents viral vectors from
entering the systemic circulation. In addition, the eye is a small, defined area and thus has a high
accessibility and a relatively immune-privileged state. Vectors that are currently used in ocular
gene therapy are adeno-associated viruses (AAV), which are small single-stranded DNA viruses,
and lentivirus, RNA viruses of the retrovirus family (Moore et al. 2018). The two classical admin-
istration routes of the virus are intravitreal and subretinal injections. Intravitreal injection means
that the therapeutic agent is released into the vitreal cavity and therefore, its distribution across
the surface of the retina is possible. The therapeutic agent is released into the space between the

photoreceptors and the RPE by subretinal injections and therefore, directly targeting these cell
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populations (Dauletbekov et al. 2018). In 2017, the FDA approved the first AAV-based gene ther-
apy product for the treatment of Leber congenital amaurosis-2, which is a rare form of blindness
caused by variations in the RPE65 gene. The AAV vector, which is subretinally injected, carries
a copy of the RPE65 gene. The therapy has been successful and showed improvements in func-
tional vision and an increase in visual field and full-field light sensitivity. Furthermore, it is docu-
mented to be a safe and durable treatment (Askou et al. 2020).

Some studies have already investigated gene therapeutically approaches for the treatment of DR.
These gene-specific targeted therapies can be divided into two groups according to disease path-
ophysiology: approaches targeting neovascularization and vascular hyperpermeability and ap-
proaches with the goal to protect retinal blood vessels and neurons from damage (Wang et al.
2020). Mdller cells are interesting targets for new therapeutic approaches for retinal diseases,
due to the fact that their endfeet are located at the inner border of the retina, making them easily
accessible. Pellissier et al. 2014 demonstrated that ShH10 and AAV9 were the most powerful
capsids to infect mouse Muller glial cells. A scheme of how gene therapeutic targeting of Muller

cells by intravitreal virus injection could work is shown in Figure 3.

Intravitreal AAV
injections

Figure 3: Gene therapeutic targeting of Miiller
cells by intravitreal virus injection. Miller cell
endfeet are located at the inner border of the retina
and can be targeted by intravitreal adeno-associ-
ated virus administration with ShH10 or AAV9.
GCL: Ganglion cell layer, INL: Inner nuclear layer,
ONL: Outer nuclear layer.

In conclusion, gene therapeutical approaches hold a great potential not only for the treatment of

inherited retinal dystrophies, but also multifactorial eye diseases like DR.
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2.6. THE RETINAL GLUCOCORTICOID RECEPTOR

In ophthalmology glucocorticoids are widely used for the management of diverse diseases with
acute and chronic ocular inflammatory conditions. Intravitreal corticosteroids are efficient in the
treatment of DME (Wang and Lo 2018). Their therapeutic effects are mediated through genomic
actions of the GR (Sulaiman et al. 2018). The GR which is encoded by the gene Nr3c1 is a nuclear
hormone receptor and has broad effects on inflammatory responses, cell proliferation and differ-
entiation in target tissues (Liu et al. 2019). The molecular structure of GR contains four compo-
nents: an N-terminal transactivation domain, a central DNA binding domain, a hinge region and a
C-terminal ligand-binding domain (Vandevyver et al. 2014). The GR is ligand-inducible and can
regulate transcription in multiple ways. Without bound ligand, the GR is localized in the cytoplasm
and it is bound to a chaperone complex which consists of heat shock proteins as well as immun-
ophilins (Liu et al. 2019). As soon as glucocorticoids bind, the GR undergoes a conformational
change by post-translational modifications like phosphorylation. The two nuclear localization sig-
nals are exposed by this structural rearrangement and the GR translocates into the nucleus where
it can regulate transcription in various ways (Oakley and Cidlowski 2013). The GR signaling path-

way and the possible modes of action are shown in Figure 4.

Cytoplasm

7+
Nuclear imporl] - ——ci7TET-T
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STAT5 RE RE ~ AP-1RE

GR ligand
*

Figure 4: Glucocorticoid receptor signaling in the retina. Schematic view on possible modes of action
of the glucocorticoid receptor after ligand binding, receptor phosphorylation, dimerization and its transloca-
tion into the nucleus. Within the nucleus, the glucocorticoid receptor can regulate transcription in three main
ways: direct binding to glucocorticoid-response elements (GREs) or negative GREs (nGRESs), interacting
with other transcription factors, or by both, direct binding and interaction with others. The expression of
respective target genes can be activated or repressed. P: Phosphorylation. The Figure was adopted from
Sulaiman et al. 2018 and Liu et al. 2019.

GR activation can lead to transactivation of gene transcription directly by binding to glucocorticoid-

response elements (GRESs) or transrepression mediated by negative GREs (nGREs) (Liu et al.
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2019). Furthermore, the GR can act through protein-protein interactions with other TFs like the
nuclear factor kappa-light-chain enhancer of activated B cells (NF-kB) or activating protein-1 (AP-
1) (Sulaiman et al. 2018). It is also possible to act via both, direct binding to GREs and interaction
with other TFs (Liu et al. 2019).

The main ligand of GR is the glucocorticoid corticosterone in mice and cortisol in humans
(Buckingham 2006). Glucocorticoids have a broad range of effects and are involved in metabolic
processes, immune system, reproduction, behavior and cognitive functions. Circulating levels of
glucocorticoids are regulated by the hypothalamic-pituitary-adrenal (HPA) axis. In case of stress,
the HPA axis gets activated and an increase in glucocorticoids helps the body to cope and recover
from the stress situation (Gjerstad et al. 2018). Although glucocorticoids are commonly used, the
molecular and cellular processes of GR signaling in the diabetic eye are largely unknown.
Gallina et al. 2014 showed that GR is mainly located in nuclei of Miller cells in mouse, guinea
pig, dog and human retinae. It was demonstrated that a partial loss of GR in the retina results in
a thinner INL and that it plays a critical role in maintaining retinal homeostasis by regulating the
inflammatory response (Kadmiel et al. 2015). Furthermore, Gallina et al. 2015 found that activa-
tion of GR has a positive effect on the survival of ganglion cells in colchicine-damaged retinae,
the survival of amacrine and bipolar cells in excitotoxin-damaged retinae and the survival of pho-
toreceptors in detached retinae.

While several synthetic glucocorticoids are widely used for the treatment of several ocular dis-
eases like DME and the beneficial effect of GR activation was demonstrated in several studies,

little is yet known about the molecular mechanism of GR signaling in the eye.

2.7. ANIMAL MODEL: DB/DB MICE

Currently, no animal model recapitulates the whole pathophysiology of the multifactorial disease
DR. The db/db (Leprd) mice develop type 2 diabetes (T2D) due to a mutation in the leptin receptor
gene (Chen et al. 1996) and show a number of abnormalities similar to the characteristics of
human DR. The elevations of plasma insulin in homozygous mice begin at 10 to 14 days of age
(Coleman and Hummel 1974), they get obese at 4 weeks and hyperglycemic at the age of 4 to 8
weeks (Hummel et al. 1966). The proteome of 10-week-old db/db animals compared to controls
was investigated and a chance of membrane-associated signaling proteins detected (Ly et al.
2014). Development of the first key features of DR, namely endothelial and pericyte loss, begin
at 12 weeks of age in db/db mice (Midena et al. 1989). The total thickness of the retina is de-
creased in diabetic mice (Tang et al. 2011). The thickness of the INL and ONL in comparison to
controls is already decreased at the age of 8 weeks. Furthermore, the number of the retinal gan-
glion cells was reduced in db/db mice by8 weeks of age and key features of neurodegeneration,

a- and b-wave abnormalities in the ERG and terminal deoxynucleotidyl transferase dUTP nick
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end labeling-positive cells, were observed in diabetic animals by 16 and 24 weeks of age. More-
over, a significant overexpression of glial fibrillary acidic protein (GFAP) in Muller cells of diabetic
mice (Bogdanov et al. 2014) and the loss of anti-inflammatory defense mainly performed by mi-
croglia (Arroba et al. 2016) was observed at 8 weeks. Breakdown of the BRB is visible in 15-
month-old diabetic animals. Moreover, apoptosis of neuronal cells, glial reactivation and the pro-
liferation of blood vessels can be detected in the db/db animals by15 months of age (Cheung et
al. 2005). Sataranatarajan et al. 2016 showed that the median survival of male db/db mice was
349 days and of female mice 487 days and reported a reduced life span of males. The main cause

of death was suppurative inflammation.
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3. OBJECTIVES

The focus of this thesis was to gain knowledge about the role of Muller cells in the context of
multifactorial diseases such as DR and to target those for therapeutic use. The following objec-

tives, which are schematically summarized in Figure 5, should be addressed:

Objective 1: Identification of signaling pathways altered in diabetic Miiller cells
A transcriptome and proteome analysis of diabetic and non-diabetic mice should be performed to

shed light on the molecular pathways and processes during DR progression.

Objective 2: Identification of specific master regulator genes driving the Miiller cell pheno-
type in DR

Key regulator genes responsible for the gliotic Mller cell phenotype in T2D affected obese db/db
mice should be identified on basis of the Miiller cell-specific expression analysis. Genes identified

as relevant in Muller cell gliosis in DR should be in-depth characterized.

Objective 3: Modulation of a Miiller cell-specific gene via AAV-based gene therapy
The expression of a Miiller cell-specific regulated gene in DR should be modeled using an AAV-
based method in db/db mice with the goal to improve long-term neuronal survival by stabilizing

the neuron-supportive phenotype of Miller glia in the diseased retina.
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Figure 5: Scheme of how targeting Miiller cells may be of therapeutic use in diabetic retinopathy. In
the diabetic retina Muller cells are getting gliotic and show major alterations of cellular functions being of
key relevance for their neuronsupportive, homeostatic functions and thereby might contribute to diabetic
retinopathy progression. | wanted to identify novel aspects of Muller cell gliosis beyond known hallmarks of
this process (e.g. downregulation of potassium channels, loss of their homeostatic function and upregula-
tion of cytokines and growth factors). A long-term effective gene therapeutic approaches targeting Miiller
cells via AAV9 should be developed with the goal to promote beneficial Miiller cell functions and suppress-
ing negative aspects of Mller cell gliosis.
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4. MATERIAL

4.1. MICE

MATERIAL

Db/db heterozygous mice (BKS.Cg-Dock7m +/+ Leprdb/J) were obtained from Jackson Labora-

tories and BKS-Leprdb/db/JOrlIRj from Janvier Labs and maintained in the animal facility of the

Biomedical Center. All experiments were performed in agreement with the European Communi-

ties Council Directive 86/609/EEC and were approved by the local authorities. Animals had free

access to water and food in an air-conditioned room on a 12-hour light-dark cycle. Mice of both

genders with an age of 12, 24 and 38 weeks were used for the experiments.

4.2. OLIGONUCLEOTIDES

Table 1: Oligonucleotides

Name 5’3’ Sequence Usage
Cirn1 fw TGC TTG TCA ACG CGT CAG gPCR
CIrn1 rev GAG TACCTC TCCTTC ATT GATCTT G gPCR
Cryab fw TGAGCC CCTTCTACCTTCG gPCR
Cryab rev GTC CTT CTC CAAACG CATCT gPCR
Eno1 fw GCC CTA GAA CTC CGA GAC AA gPCR
Eno1 rev CAG AGC AGG CGC AATAGTT gPCR
Fl ATT AGA AGA TGT TTA CAT TTT GAT GGA AGG Genotyping
FO TTG TTC CCT TGT TCT TAT ACC TAT TCT GA Genotyping
GFAP fw TCG AGATCG CCACCTACAG gPCR
GFAP rev GTC TGT ACA GGAATG GTGATG C gPCR
Glul fw GCC CAAGTG TGT GGA AGA G gPCR
Glul rev AAG GGG TCT CGA AAC ATG G gPCR
Idh3b fw GCT GCG GCATCT CAATCT gPCR Housekeeper
Idh3b rev CCATGT CTC GAG TCC GTACC gPCR Housekeeper
Nr3c1 fw TGA CGT GTG GAAGCT GTAAAGT gPCR
Nr3c1 rev CAT TTC TTC CAG CAC AAA GGT gPCR
Pdhb fw TTA AAT CGG CCATTC GTG AT gPCR Housekeeper
Pdhb rev CAG GAAATCTTTTGACTGAGCTT gPCR Housekeeper
RI GTC ATT CAAACC ATAGTT TAG GTT TGT CTA Genotyping
RO CTG TAA CAAAAT AGG TTC TGA CAG CAAC Genotyping
Sfxn5 fw GCT TCC TCC AAT CGT CAT GT gPCR
Sfxn5 rev CAC GAG GCTATG CACAGGTA gPCR
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4.3. ADENO-ASSOCIATED VIRUS

Table 2: Adeno-associated virus

MATERIAL

tween for co-expression
Capsid: AAV-9, ITR: AAV-2

Titer: 2.5 x 10" GC/ml
Storage Buffer: DPBS 2/5% glycerol

Name Characteristics Supplier
AAV9-GFAP(0.7)-mNR3C1- mNR3C1 and eGFP are driven by the Vector Biolabs
2A-eGFP same promoter with a 2A linker in be- AAV-266053

4.4. ENZYMES AND PROTEINS

Table 3: Enzymes and proteins

Name Supplier Order number
5x reaction buffer Thermo Scientific™ EP0441
6x DNA gel loading dye Thermo Scientific™ R0611
DNA ladder 1 kb Thermo Scientific™ 11571595
DNA ladder 100 bp Invitrogen 15628019
DNase | Roche 11284932001
dNTP mix 10 mM Thermo Scientific™ R0192
Low ROX probe 2x mastermix dTTP blue Takyon UF-LPMT-B0701
Papain Roche 10108014001
Prestained protein™ ladder plus Thermo Scientific™ 26620
Random hexamer primer Thermo Scientific™ S0142
RevertAid reverse transcriptase Thermo Scientific™ EP0441

4.5. ANTIBODIES

Table 4: Antibodies

Name Supplier Order number
Anti-Biotin microbeads ultrapure Miltenyi Biotec 130-105-637
CD11b microbeads, human, mouse Miltenyi Biotec 130-093-634
CD29-biotin, mouse Miltenyi Biotec 130-101-943
CD31 microbeads, mouse Miltenyi Biotec 130-097-418
Donkey anti-rabbit IgG-Alexa Fluor 488 Invitrogen A21206
Donkey anti-rabbit IlgG-Alexa Fluor 555 Invitrogen A31572
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Donkey Fab anti-mouse IgG-Cy3 Dianova 715-167-003
Donkey IgG anti-Goat IgG-Alexa Fluor 647 Dianova 705-605-003
Donkey IgG anti-goat IgG-Cy2 Dianova 705-225-147
Donkey IgG anti-goat IgG-Cy3 Dianova 705-165-003
Donkey IgG anti-mouse 1gG-Cy2 Dianova 715-225-150
Donkey IgG anti-rabbit IgG-Cy5 Dianova 711-175-152
Goat anti-Calretinin antibody Swant CG1
Goat anti-GFP antibody Rockland 600-101-215
Goat anti-rabbit IgG, chain specific peroxi- .
dase conjugate Calbiochem 401315
Goat IgG anti-mouse 1gG-Cy3 Dianova 115-165-146
Goat IgG anti-rabbit IgG-Alexa Fluor 488 Dianova 111-545-144
Mouse anti-Glutamine synthetase antibody Millipore MAB302
Mouse anti-GFAP antibody Sigma-Aldrich G3893
Rabbit anti-Pdhb antibody Abcam ab155996
Rabbit anti-Cone arrestin antibody Millipore AB15282
Rabbit anti-GR antibody Cell Signaling 12041
Rabbit anti-Iba1 antibody Wako 019-19741
Rabbit anti-Pde6b antibody Thermo Fisher PA1-722
Rabbit anti-PDGFRR antibody Abcam ab32570
Rabbit anti-Phospho-GR antibody Thermo Fisher PAS5-17668
4.6. PROBES
Table 5: Probes
Probe Gene Supplier Order number
4 Cryab, Pdhb Merck (original: Roche) 04685016001
17 Cirn1 Merck (original: Roche) 04686900001
56 Nr3c1 Merck (original: Roche) 04688538001
58 Glul Merck (original: Roche) 04688554001
60 Eno1 Merck (original: Roche) 04688589001
67 Gfap, Idh3b, Sfxn5 Merck (original: Roche) 04688660001
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4.7. CHEMICALS

Table 6: Chemicals

MATERIAL

Name Supplier Order number
Acetic acid Sigma-Aldrich A6283-1L
Agarose VWR 443666A
Ammoniumpersulfate Carl Roth 9592.2
Antibiotic-antimycotic (100x) Gibco™ 15240062
Aqua-polymount Polysciences Europe 18606-20
Bromophenol blue Merck 1081220005
Bovine serum albumin Carl Roth 8076.4
Cryomatrix™ Thermo Scientific™ 6769006
DAPI Sigma-Aldrich D9564
Dimethyl sulfoxide Sigma-Aldrich 4 1640-100ML
DMEM/F-12, GlutaMAX™ Gibco™ 31331028
Donkey serum Sigma-Aldrich S30-100ML
Ethanol > 99.8% Carl Roth 0911.4
Glucose AppliChem GmbH A3730
Glycerin Sigma-Aldrich G9012-1L
Glycine Roth 3790.2
Goat serum Sigma-Aldrich S26-100ML
HEPES Millipore 391340-250GM
Hydrocortisone (Cortisol) Sigma-Aldrich HO0888-1G
Isopropanol Carl Roth 6752.5
KCI AppliChem GmbH A2939
Ketamine 10% WDT 793-319
KH2PO4 Roth 3904.2
Methocel® 2% eyedrops OmniVision GmbH 04682367
MgCl, x 6 H-0O AppliChem GmbH A4425
Mydriaticum Stulln® UD eye drops
(0.5% tropicamide-phenylephrine Pharma Stulln 4647856
2.5% eye drops)
Na, EDTA Sigma-Aldrich E1644-250G
Na;HPO4 x 2 H,0O Roth 4984 .1
NaCl Roth 0601.1
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Ursapharm Arzneimittel

Neosynephrin-POS® 10% eye drops 828590
GmbH
Paraformaldehyde Carl Roth 0335.2
RNase-free water Invitrogen 46-6004
Rompun 2% Injections solution
(Xylazine) Bayer 0859-2266-01
Rotophorese® gel 30 (30% Acryla-
i midegsolutio(n) . Roth 30291
Sodium dodecyl sulfate Roth 2326.1
B-mercaptoethanol Merck 444203
SYBR™ Safe DNA Gel Stain Invitrogen™ S33102
Tetramethylethylenediamine Roth 2367 .1
Tris Roth 3170.1
Triton™ X-100 Roth 3051.3
Trypsin 1:250 Affymetrix 22710
Tween® 80 Sigma-Aldrich P4780-100ML

4.8. COMMERCIAL KITS

Table 7: Commercial kits

Name Supplier Order number
Clarity Max™ Western ECL .
Bio-Rad 1705062
Substrate Kit
Corticosterone ELISA kit Abcam ab108821
H&E fast staining kit Roth 9194 .1
KAPABIOSYSTEMS/
KAPA Mouse Genotyping Kit KK7352
Roche
PureLink™ RNA Micro Scale
_ Invitrogen™ 12183016
Kit
4.9. CONSUMABLES
Table 8: Consumables
Name Supplier Order number
24-well plate Sarstedt 833.922.005
384-well plate Thermo Fisher 4483285
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48-well plate Sarstedt 833.923.300
10 uL, Cemented, blunt nee-
Hamilton 80383
dle, 33G
Agarose gel electrophoresis _
Biozym 615258
system
BD Microlance™ 3 (23G) BD 300800
BD Microlance™ 3 (27G) BD 302200
Blood collection tubes Sarstedt 41.1503.015
Cover glasses Carl Roth 1871
. Feather (Thermo Scien-
Disposable Scalpel No.11 N NC0134996
tific™)
E1-ClipTip (Multi-channel pi-
ThermoFisher 4672030BT
pette)
Extra Thick Blot Filter Paper Bio-Rad 1703969
Large cell columns Miltenyi Biotec 130-042-202
Micro tube 1.3 ml LH Sarstedt 411.503.105
NANOFIL™ WPI NANOFIL

Nitril® NextGen® (Cloves)

Meditrade (VWR)

ROES1283A-S

Whatman® nuclepore™ track-

otched membranes Merck WHA10417101
Omnican® 50 (0.5 ml syringe) B. Braun 9151117
Omnifix®-F (1 ml syringe) B. Braun 9161406V
PARAFILM® M Merck P7793
Pasteur capillary pipettes eoLab 44035

(glass pipettes)

Pipette tips

Tip one (starlab)

S1111-3210, S1110-3710,
S1111-0810, S1111-6810

3120000011, 3120000020,

Research® plus (pipette) Eppendorf 3120000038, 3120000054,
3120000062
SDS-PAGE system Biozym 615862
86.1253.001, 86.1688.010,
Serological pipettes Sarstedt
86.1685.020, 86.1256.001
Standard test tube, 1.5 ml Sarstedt 72.706.200
Standard test tube, 5 ml Sarstedt 72.201
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Stripes of 8 PCR tubes, 0.2 ml neolLab 7-5209
SuperFrost Plus™ Adhesion
Thermo Scientific™ 10149870
slides
TC Dish 35, Standard Sarstedt 833.900
Tube, 15 ml Sarstedt 62.554.502
Tube, 50 ml Sarstedt 62.547.004
Transfer membrane
Carl Roth 2803.1
ROTI®FluoroPVDF

4.10. BUFFERS AND SOLUTIONS

Table 9: Buffers and solution

Name

Composition

0.1 M Tris buffer (1 1), pH: 7.8

12.1 g Tris solved in distilled water

1.25 M Tris-HCI buffer (100 ml), pH: 6.8

15.1 g Tris solved in distilled water

4% PFA (11)

40 g PFA solved in 1x PBS

4x Resolving buffer (500 ml), pH: 8.8

90.75 g Tris, 2 g SDS solved in distilled wa-

ter

4x Stacking buffer, pH:6.8

30.25 g Tris, 2 g SDS solved in distilled wa-

ter

5x Extracellular solution (1 1), pH: 7.4 (with
Tris)

39.74 g NaCl, 1.12 g KCI, 1.47 g CaCl, 1 g
MgCl, x 6 H.0, 11.91 g HEPES, and 10.9 g

glucose solved in distilled water

5x SDS-PAGE sample buffer (50 ml), pH:
6.8

2.5 g SDS, 12.5 ml glycerin, 6.25 ml 3-mer-
captoethanol, 0.013 g Bromophenol blue
solved in Tris-HCI buffer (1.25 M)

10% APS (1.5 ml)

150 mg solved in distilled water

10x PBS (2.5 1), pH: 7.4

36.83 g Na;HPO,4 x 2 H20, 5 g KH2PO4, 200
g NaCl, 5 g KClI solved in distilled water

10x SDS running buffer, pH: 8.45

30.3 g Tris, 144 g glycine, 10 g SDS solved

in distilled water

10x TBS buffer (11), pH: 7.6

60.6 g Tris, 87.6 g NaCl solved in distilled

water

10x Towbin buffer (500 ml), pH: 8.7

15.2 g Tris, 72 g glycine solved in distilled

water

30% Sucrose (100 ml)

30 g sucrose solved in 1x PBS
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50x TAE buffer (1 1)

242 g Tris, 57.1 ml acetic acid, 37.2 g
Naz EDTA x 2H20 solved in distilled water

PBS/Glucose (11), pH: 7.4

2.18 g glucose solved in PBS

4.11. INSTRUMENTS

Table 10: Instruments

Name Supplier
Centrifuge 5910 R Eppendorf
ChemiDoc XRS+ system Bio-Rad
Cryostat CM3050 S Leica
SZ51 (Dissection microscope) Olympus
DMG6 fixed stage fluorescence microscope Leica

Espion ERG Diagnosys equipment

Diagnosys LLC

Heating mat

Trixie

HPLP-C-P (Hotplate)

Witeg

Galaxy 170 S CO: incubator

New Brunswick

Mastercycler® nexus X2 Eppendorf
Titramax 100 (microplate shaker) Heidolph
pH meter Lab 850 Schott Instruments
Accu-jet® pro (pipetboy) Brand
Power Supply EV1450 Consort

Q-Exactive HF mass spectrometer

Thermo Scientific™

QuantStudio 6 Flex Real-Time PCR System

Thermo Scientific™

Roll Mixer Premiere
Sigma 1-14K (benchtop centrifuge) Sigma
SP8X WLL confocal microscope with STED Leica
and digital light extension
ThermoMixer® C Eppendorf
Trans blot® Turbo™ Bio-Rad
Ultimate 3000 RSLC nano-HPLC Dionex

VisiScope CSU-X1 confocal system
equipped with a high-resolution sCMOS

camera

Microscope: VisiScope, Camera: Visitron

Systems

Vortex-Genie 2

Scientific Industries, Inc.
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4.12. SOFTWARE

Table 11: Software

MATERIAL

Name

Supplier

CoreDRAW®

Corel Corporation

Espion V6 software

Diagnosys LLC

GelAnalyzer

Created by Istvan Lazar

GraphPad PRISM 8

GraphPad Software

Fiji (Schindelin et al. 2012)

Open-source Software

Microsoft Office

Microsoft

R (R Core Team 2014)

R Core Team

QuantStudio Software v1.3

Thermo Scientific™
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5. METHODS

5.1. DNA EXTRACTION

Ear punches from the mice were provided for genotyping by the animal facility. The KAPA Mouse
Genotyping Kit from KAPABIOSYSTEMS was used for DNA extraction (KAPA Express extract
protocol).

Table 12: DNA extraction components

Components
Nuclease-free water 88 ul
10x KAPA Express extract buffer 10 ul
1 U/ul KAPA Express extract enzyme 2 ul
Mouse tissue ear punch

The components were mixed, and the lysis performed in the thermocycler using the following
protocol.

Table 13: Lysis protocol

Step Temperature Duration
Lysis 75 °C 10min—2h
Enzyme inactivation 95 °C 5 min
Storage 4°C Hold

Extracts were stored short term at 4 °C and for long term at -20 °C.

5.2. GENOTYPING DB/DB MICE

The genotyping of the homozygous db/db, heterozygous db/+ and the wild-type mice of
C57BLKS/ J strain was done by polymerase chain reaction (PCR). The protocol is based on the
method for genotyping mice with a leptin receptor mutation (Peng et al. 2018). The KAPA Mouse

Genotyping Kit provided the necessary reagents for the following reaction:

Table 14: PCR components

Components
Nuclease-free water 3.25 yl
2x KAPA2G Fast (HotStart) genotyping mix with dye 7.25 yl
Primer-Mix 2.0 ul
Template DNA 2.0 ul
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The primer mix consists of four primers: forward outside primer (FO), reverse outside primer (RO),
forward inner primer (FI) and reverse inner primer (RI). The primers were used in a concentration
of 10 uM. The ratio of outer to inner primers was 1:2. The components were mixed and the fol-
lowing thermocycling conditions have been used.

Table 15: Thermocycling conditions

Step Temperature Duration
Initial denaturation 94 °C 5 min
40 cycles 95 °C 30 sec
55 °C 30 sec
68 °C 1 min
Final extension 68 °C S min
Storage 4°C Hold

PCR products were directly loaded on a 2% (w/v) agarose gel or short term stored at 4 °C. The
mice of the db/db breeding can have three different genotypes: wild types (wt), heterozygous
(db/+) and homozygous (db/db). The wt mice showed two bands at 610 and 264 bp, db/+ mice
three bands at 610, 406 and 264 bp and the db/db mice two bands at 610 and 406 bp.

5.3. AGAROSE GEL ELECTROPHORESIS

DNA fragments were separated in a matrix of agarose by length (agarose gel electrophoresis).
2% or 1,5% (w/v) agarose was boiled in 1x TAE buffer. The solution cooled down and SYBR™
Safe DNA Gel Stain, diluted 1:20,000 in the agarose gel buffer mix, was added. Afterwards, the
liquid was immediately filled into the agarose gel electrophoresis chamber and the comb put into
the gel. The PCR products for which the KAPA Mouse Genotyping Kit from KAPABIOSYSTEMS
were used already contained a loading dye. Other DNA samples were mixed with 6x DNA gel
loading dye diluted to a 1x concentration. The samples were loaded onto the solid gel. For size
determination DNA ladders (100 bp or 1 kb) were used. The electrophoresis was performed in 1x
TAE buffer at 1.2 V/cm? for 50 min. The gel was photographed by the ChemiDoc XRS+ system.

5.4. MAGNETIC ACTIVATED CELL SORTING

Different cell types of the retina were sequentially separated by magnetic activated cell sorting
(MACS) as previously described (Grosche et al. 2016). Retinae were isolated and digested with
0.2 mg/ml papain in PBS/Glucose at 37 °C for 30 min. Afterwards, three washing steps with
PBS/Glucose were performed and the tissue incubated with 200 U/ml DNase | at room tempera-

ture (RT) for 4 min. The retinae were dissociated in extracellular solution (ECS) to get a single
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retinal cell solution and centrifuged at 600 xg and 4 °C for 10 min. The supernatant was removed
and the cells were resuspended in ECS and incubated with CD11b microbeads which have been
developed for the positive isolation of primary mouse CD11b* microglia at 4 °C for 15 min. After
centrifugation at 600xg and 4 °C for 10 min the cells were resuspended in ECS and transferred
onto a large cell column using a fire polished glass pipette. The cells were separated according
to the manufacturer’'s recommendation. The CD11b* fraction was centrifuged and the cells stored
at -80 °C. The CD11b" cells (flow through) were centrifuged, resuspended in ECS and incubated
with CD31 (Pecam1)-microbeads for the positive selection of CD31* endothelial cells at 4 °C for
15 min. After centrifugation at 4 °C and 600 xg for 10 min the cells were resuspended in ECS,
transferred onto large cell columns and eluted according to the manufacturer’'s recommendation.
The CD31" fraction was centrifuged and the cells stored at -80 °C. The CD31" cells (flow through)
were centrifuged, resuspended in ECS and incubated with CD29-biotin at 4 °C for 15 min. The
antibody binds to CD29, also known as integrin 31, which is a cell-surface receptor expressed by
Muller cells. Retinal astrocytes are assumed to be found in a small amount in the CD29" fraction.
The cells were centrifuged at 4 °C and 600 xg for 10 min, resolved in ECS and incubated with
anti-biotin microbeads which enables the positive selection of the CD29" Miiller cells at 4 °C for
15 min. After centrifugation the cells were resuspended in ECS, transferred onto the columns and
separated according to the manufacturer’s recommendation. The remaining CD29" fraction mostly
contained the retinal neurons. The remaining samples were centrifuged at 10000 xg and 4 °C for

15 min and the cell pellet was stored at -80 °C.

5.5. RNA ISOLATION

The PureLink™ RNA Micro Scale Kit was used for RNA isolation according to the manufacturer’'s
recommendation. The lysis buffer was freshly prepared via adding 1% 3-mercaptoethanol to the
provided lysis buffer of the kit. 350 pl of this lysis buffer were added to every sample before they
were vortexed. Afterwards, the cells were passed 10 times through a 23G needle and a 1 ml
syringe, 350 ul 70% ethanol was added to the samples, followed by a vortexing step. Everything
was transferred to the provided columns and centrifuged at 14000 xg and RT for 1 min. The flow
through was discarded and 350 ul per sample of the provided wash buffer 1 were added. After-
wards, the columns were centrifuged at RT and 14000 xg for 1 min and the flow through dis-
carded. 10 ul of the DNase were mixed with 10 ul DNase buffer for every sample and transferred
directly onto the middle of the column and incubated at RT for 15 min. After the incubation 350 pl
per sample of wash buffer 1 were added, the columns were centrifuged at 14000 xg and RT for
15 sec and the flow through discarded. Then, 500 ul per sample of the provided wash buffer 2
were added, the columns were centrifuged at 14000 xg and RT for 15 sec and the flow through

discarded. Afterwards, a washing step with 500 pl of the provided washing buffer 2 followed, the
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samples centrifuged at 14000 xg and RT for 15 sec and the flow through discarded. This step
was repeated and the membrane dried by centrifuging the columns at 14000 xg and RT for 1 min.
The columns were placed in collection tubes, 25 yl RNase-free water were added and incubated
for 1 min and centrifugated at 14000 xg and RT for 3 min. Afterwards, the eluate was pipetted on

top of the columns and the centrifugation step repeated. The isolated RNA was stored at -80 °C.

5.6. REVERSE TRANSCRIPTION

The isolated RNA was transformed into complementary DNA (cDNA) via reverse transcription.
The RNA samples with a volume of 25 ul were defrosted on ice and 3.5 ul RNase-free water and
1ul random hexamer primer added. The mix was incubated in the PCR thermocycler at 70 °C for
5 min. Afterwards, the samples were stored on ice and the following components were added:
Table 16: cDNA components

Components
5x reaction buffer 8.0 ul
dNTP mix 10 uM 2.0yl
RevertAid reverse transcriptase 0.5 ul

After adding the components to the sample, it was carefully mixed and the following program
performed on the PCR thermocycler.

Table 17: Thermocycling conditions

Step Temperature Duration
1 25°C 10 min
2 42 °C 60 min
3 70 °C 5 min
4 4 °C Hold

The cDNA was short term stored at -20 °C and long term at -80 °C.

5.7. PROBE-BASED QUANTITATIVE POLYMERASE CHAIN REACTION

Probe-based quantitative PCR (qPCR) was used for single gene expression analysis. It uses real-
time fluorescence from 5'-3' exonuclease cleavage of a target-specific probe to measure DNA
amplification at each cycle of a PCR. Primers were designed using the Universal ProbeLibrary
Assay Design Center (Roche®). The cDNA samples with a volume of 40 ul were defrosted and

25 ul RNase-free water were added to a total volume of 65 ul. The primers were diluted to a
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concentration of 10 uM and mixed. As the probes are light sensitive, the exposure to light was
avoided. The following mix was used for the qPCR.

Table 18: gPCR components

Components
Primer mix 4 ul
RNase-free water 0.75 ul
Low ROX probe mastermix dTTP blue 10 ul
Probe 0.25 pl

7.5 pl of this mix and 2.5 ul of the cDNA were added per well of a 384-well plate. The plate was
centrifuged and the following running conditions used.
Table 19: qPCR conditions

Step Temperature Duration
Initial denaturation 95 °C 10 min
40 cycles 95 °C 15 sec
60 °C 1 min
Storage 4°C Hold

gPCR was performed on QuantStudio 6 Flex Real-Time PCR System and the results manually

evaluated via Microsoft Excel.

5.8. IMMUNOHISTOCHEMISTRY

Immunohistochemistry with retinal sections, flatmounts and cultured flatmounts was performed to

evaluate morphological changes.

5.8.1. IMMUNOHISTOCHEMISTRY OF RETINAL SECTIONS

The mice were euthanized and the eyes removed. Afterwards, the eyes were punctured on the
anterior segments with a 23G needle and fixed in 4% PFA at RT for 5 min. A dissection micro-
scope was used for the careful removal of the anterior eye segment and the vitreous. Afterwards,
the eyes were fixed in 4% PFA at RT for 1 h and washed three times in PBS. After the washing
steps the eyes were incubated in 30% sucrose at 4 °C overnight. Then, they were embedded in
cryomatrix™ and sectioned into 10 um thick slices using a cryostat. Slices were stored at -20 °C
until immunohistochemistry was performed. After thawing, the slices were washed three times
with PBS and incubated with blocking solution (3% DMSO, 0.1% Triton X-100, 5% of goat or

donkey serum diluted in PBS) at RT for 30 - 60 min. Afterwards, the slices were incubated with

32



METHODS

the primary antibody diluted in blocking solution in a wet chamber at 4 °C overnight. The slides
were washed three times with 1% BSA in PBS at RT for 10 min and incubated with their respective
fluorescent secondary antibodies diluted in 1% BSA/PBS in a wet chamber at 4 °C overnight or
at RT for 2 h. Afterwards, the slices were washed three times with PBS for 10 min and mounted
using aqua-polymount. Experiments without the primary antibody served as negative controls.
The stainings were observed and photographed using confocal microscopy.

Stimulated emission depletion (STED) microscopy experiments were performed by Gabriela Ja-

ger (stainings) and Dr. Kirsten Wunderlich (images).

5.8.2. IMMUNOHISTOCHEMISTRY OF FLATMOUNTS

The procedure is analogous to the staining of retinal sections with the following changes. The
eyes were punctured on the anterior segments with a 23G needle and fixed in 4% PFA at RT for
5 min. After the careful removal of the anterior eye segment and the vitreous, the retina was
separated from the sclera and four to six radial cuts were made in direction to the equator under
a dissection microscope. Afterwards, the flattened retinae were fixed in 4% PFA at RT for 1 h,
washed three times in PBS and transferred to a 48-well plate for staining. The retinae were incu-
bated with blocking solution (2% BSA, 0,5% Triton X-100, 5% of goat or donkey serum diluted in
PBS) at RT for 30 - 60 min. Afterwards, the slices were incubated with the primary antibody diluted
in blocking solution in the 48-well plate covered with parafilm at 4 °C overnight (volume per well
150 pl). Then the wells were washed three times with 1% BSA in PBS at RT for 10 min and
incubated with their respective secondary antibodies diluted in 1% BSA/PBS in the 48-well plate
covered with parafilm at 4 °C overnight (volume per well 150 pl). The flatmounts were washed
three times with PBS for 10 min and mounted using aqua-polymount. Z-stacks of the stainings

were taken by a confocal microscope.

5.8.3. IMMUNOHISTOCHEMISTRY OF CLUTIVATED FLATMOUNTS

The culture medium was removed and the retinal explants were fixed directly on the membrane
with 4% PFA at RT for 1 h. Afterwards, the wells were washed three times with PBS. During this
process the flatmounts detached from the membrane. In the next step, the membranes were
removed and the flatmounts incubated in 30% sucrose at 4 °C overnight. Afterwards, they were
embedded in cryomatrix™ and sectioned into 10 um thick slices using a cryostat. Slices were
stored at -20 °C until immunohistochemistry was performed. After thawing, the same steps as
described for the immunohistochemistry of retinal sections were performed. Z-stacks of the stain-

ings were taken by a confocal microscope.
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5.8.4. QUANTIFICATION OF THE MORPHOLOGICAL STATE

For the quantification of cell numbers, pictures of slides or z-stacks of flatmounts of the central
retina near the optic nerve were taken and cell numbers quantified using Fiji (Schindelin et al.
2012) and its cell counter and find maxima tool. The measurements of length or area was also
done with Fiji (Schindelin et al. 2012).

5.9. TRYPSIN DIGEST

To analyze the vascular architecture of the retina a trypsin digest-based protocol as described in
Chou et al. 2013 was used. The eyes of the mice were collected and fixed in 4% PFA at 4 °C for
24 h before the retina was isolated. The cornea and lens were removed and the retina carefully
separated from the sclera and choroid. Any debris or remaining tissue was discarded. The retinae
were placed in a 24-well plate and washed four to five times slightly shaking with sterile water at
RT for 30 min. The retinae were left in water on the shaker at RT overnight. The water was re-
moved and the retinae digested with 3% trypsin in 0.1 M Tris buffer gently shaking at 37 °C for
1.5 h. Trypsin was exchanged by sterile water and the internal limiting membrane removed. Af-
terwards, the retinal vasculature was separated from the remaining tissue via a series of 5 min
water washing steps. When no or only little debris was left, the vasculature was carefully manip-
ulated under a dissection microscope and subsequently moved to a microscope slide via a trypsin
coated, fire polished glass pipette. After drying on a heating plate at 37 °C overnight a hematoxylin
and eosin (H&E) staining following the instructions of the kit was performed to visualize the vas-
culature, endothelial cells and pericytes. As a last step it was mounted with aqua-polymount on
the slide. After hardening the finalized vasculature was examined using an upright motorized flu-

orescence microscope.

5.10. ANALYSIS OF VASCULATURE

The cell numbers of endothelial cells, pericytes and acellular capillaries were established via the
cell counter plugin of Fiji (Schindelin et al. 2012). Pericytes and endothelial cells were identified
by their characteristic morphology. Endothelial cell nuclei are elongated and positioned in the
center of the vessel. Pericyte nuclei are more spherical in shape, their staining is denser and they
are sitting on the capillary wall. The calculation of the endothelial cell/pericyte ratio is also de-
scribed by Midena et al. 1989.

34



METHODS

5.11. WESTERN BLOT

Gels with an acrylamide concentration of 12% were used for sodiumdodecylsulfate-polyacryla-

mide gel electrophoresis (SDS-PAGE). For two separating gels the following components were

mixed:
Table 20: Separating gel solution SDS-PAGE
Components
Distilled water 7ml
30% Acrylamide solution 8 mi
4x Resolving buffer 5ml
10% APS 200 pl
TEMED 20 pl

The liquid mixture was immediately filled into two gel casting molds and covered with isopropanol.
When the gels were solid, the isopropanol was removed and the stacking gel mixed.
Table 21: Stacking gel solution SDS-PAGE

Components
Distilled water 4.2 ml
30% Acrylamide solution 0.65 ml
4x Stacking buffer 1.6 mi
10% APS 67 ul
TEMED 6.7 ul

The liquid mixture was immediately filled into the two molds and the comb put into the gel. When
the gels were solid, they were directly used or short-term stored in a wet chamber at 4 °C. The
samples were mixed with 5x SDS-PAGE sample buffer, incubated at 95 °C for 10 min and loaded
onto the gel next to the prestained protein™ ladder plus. The electrophoresis was accomplished
at 60 V for 45 min and at 150 V for 70 min. Afterwards, a Western blot was performed with a
Trans blot Turbo™ machine transferring the proteins to a 0.22 ym PVDF membrane by blotting
at 24 V for 35 min. The membrane containing the proteins was blocked in 5% BSA in TBST at RT
for 1 h to avoid unspecific binding of the antibodies. The expected size of GR was 95 kDa and of
the phosphorylated GR 86 kDa. PDHB was used as a housekeeper because it is represented on
a similar level in all retinal cell types. As it expected size was 35 kDa and the molecular weight of
the Phospho-/GR was 86/95 kDa, the membranes were cut into two pieces at the 70 kDa band
of the standard. The membrane pieces were shaking in the primary antibody at 4 °C overnight.
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On the next day they were washed three times in TBST for 10 min and incubated with the sec-
ondary antibody in 5% BSA in TBST at RT for 2 h. Next, they were washed three times in TBST
for 10 min. The Clarity Max™ Western ECL Substrate Kit was used and the bands visualized

using the ChemiDoc XRS+ system. GelAnalyzer was used for the quantification of the bands.

5.12. RNA SEQUENCING

The sample preparation for RNA seq of four different retinal cell types of diabetic and control mice
was done by Prof. Dr. Antje Grosche and Dirkje Felder. RNA was extracted from enriched micro-
glia, endothelial cells, Miller cells and neurons isolated from three db/db and control mice of 12
or 24 weeks of age. A paired-end RNA seq (coverage depth: 25-45 million reads per sample) was
performed. Statistical analysis and bioinformatics were conducted in R (R Core Team 2014). Dr.
Felix Grassmann processed and analyzed the received raw data. Furthermore, Lew Kaplan per-
formed principal component analysis (PCA) and identified genes that were differentially ex-
pressed between genotypes (t-test P<0.05) and were enriched in Miller cells compared to the
flow through. For better visualization each gene value was log-transformed and normalized to its
median across all samples from which then a heatmap was generated (Kolde 2019). The principle
component analysis was performed on the log-transformed FPKM values and plotted using the
factoextra package (Kassambara and Mundt 2020). Pathway enrichment analysis focusing on

molecular functions was done via the open-access program PANTHER (Thomas et al. 2003).

5.13. PROTEOMICS

Label-free liquid chromatography mass spectrometry was done for proteome analysis. Prote-
omics was done for two different approaches in this thesis.

First, a proteome analysis of four different retinal cell types of diabetic and control mice was per-
formed. MACS enriched retinal cell types from four control and diabetic mice at 24 weeks of age
were collected by Prof. Dr. Antje Grosche and Dirkje Felder. Sample processing, mass spectrom-
etry and data analysis was performed by the Research Unit Protein Science. The detailed method
is described in Pauly et al. 2019. Liquid chromatography-tandem mass spectrometry analysis was
performed on a Q-Exactive HF mass spectrometer coupled to an Ultimate 3000 RSLC nano-
HPLC. Full scan MS spectra (from m/z 300 to 1500) and MS fragment spectra were acquired in
the Orbitrap with a resolution of 60,000 or 15,000. Up to ten most intense ions were identified
depending on signal intensity (TOP10 method). Spectra were analyzed, exported and used for
peptide identification in the UniProtKB/Swiss-Prot taxonomy mouse database. For quantification,
the total cumulative normalized abundance was calculated. Statistical analysis was done by Lew

Kaplan using R (R Core Team 2014). A principal component analysis of the proteomics data was
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performed and a heatmap which was focusing on proteins differentially regulated in Muller cells
of diabetic mice generated by filtering P<0.05 and at least twofold difference (Kolde 2019;
Kassambara and Mundt 2020). Pathway enrichment analysis for molecular functions was done
via the open-access program PANTHER (Thomas et al. 2003).

Second, the effect of cortisol treatment on retinal explants was investigated by proteome analysis.
Six retinae per group (untreated, cortisol treated) were evaluated. Cultivation of retinal explants
with and without cortisol is described in chapter 5.17. Sample processing, mass spectrometry
and data analysis was performed by the Research Unit Protein Science. It was done in the same
way as described before. A PCA of the proteomics data was performed and a heatmap generated
by filtering P<0.05 and at least 1,3-fold difference. Pathway enrichment analysis for molecular

functions was done via the open-access program PANTHER (Thomas et al. 2003).

5.14. COMPARISON OF THE TWO OMICS DATA SETS

Since proteomic as well as transcriptomic data from 24-week-old db/db and wild-type mice in an
analogous manner were acquired, | was interested in investigating how well changes in transcript
were translated to changes in protein. The analysis, performed by Lew Kaplan, started with the
determination of glia specific genes and proteins. Briefly, FPKM or normalized abundance values
were log-transformed, before a t-test between the respective glial and flow through values was
calculated. Only genes/proteins with P<0.05 and a glia:flow through ratio of twofold were consid-
ered to be glia-specific. The final comparison encompassed genes/proteins that were glia-specific
in at least one of the two datasets and detected in both. Further, the ratios between the respective
wild-type and mutant 24-week-old animals for each dataset were calculated to directly compare
the inter-genotype differences between datasets. Finally, a spearman correlation coefficient was
calculated. This analysis and the corresponding scatter plots were done using the R programming

language (R Core Team 2014).

5.15. ELECTRORETINOGRAM

ERG was performed to test the retinal light responsiveness. The recordings were done in coop-
eration with Prof. Susanne Koch. The mice were dark adapted overnight and the ERG measure-
ments performed in the morning under dim red light illumination. The mice were weighted and
anesthetized with 100 mg/kg ketamine and 5 mg/kg xylazine by i.p. injection. The pupils of the
mice were fully dilated with 0.5% tropicamide-phenylephrine 2.5% eye drops. The mice were lying
on a heating mat with 37 °C and two reference electrodes positioned subcutaneously (on the
head and base of the tail). Espion ERG Diagnosys equipment was used for the simultaneously

recordings of both eyes. The eyes of the mice were covered with Methocel® 2% eye drops during
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the measurement and electrodes placed on the cornea. Rod-driven responses were measured
and quantified at scotopic light conditions (0.001 cd/ms?). Furthermore, mixed (rod- and cone-
driven) responses were analyzed by applying light flashes of 3 cd/ms2. Whereas, cone-driven
light responses (30 cd/ms?) were recorded after 5 min of light adaption. Analysis of the data was
done by using the Espion V6 software. The a-wave amplitude was measured from baseline to the
trough of the a-wave. The b-wave amplitude was calculated from the trough of the a-wave to the

peak of the b-wave.

5.16. MEASUREMENT CORTICOSTERONE LEVEL

The corticosterone ELISA Kit from Abcam was used for the measurement of the corticosterone
level of the blood plasma of five 24-week-old diabetic and control mice. The experiment was
performed following the protocol of the manufacturer. The blood of the mice was collected in blood
collection tubes and centrifuged at 3000 xg and 4 °C for 10 min and stored at -20 °C. The blood

plasma samples were used in a 1:100 dilution for the ELISA.

5.17. CULTIVATION OF RETINAL EXPLANTS

Retinal explants of wild-type mice were cultivated for two or five days and cortisol was added
twice a day to maintain a constantly high concentration. The experiments were done together with
Farhad Ghaseminejad as follows: The mice were euthanized and the eyes removed. Afterwards,
the eyes were punctured on the anterior segments with a 23 G needle and the anterior eye seg-
ment and the vitreous removed. The retina was separated from the sclera and four to six radial
cuts were made in direction to the equator under a dissection microscope. A 24-well plate was
used for the cultivation. Each well was filled with 500 yl medium (DMEM/F-12, GlutaMAX™ 1:100
Antibiotic-Antimycotic) and a Whatman® nuclepore™ track-etched membrane placed in each
well. The retinae were positioned in the center of the membrane and covered with a drop of me-
dium. The retinal explants were cultivated in an incubator with 37 °C and 5% CO..The medium
was changed every day in the evening and supplementary cortisol added every morning to main-
tain a constantly high concentration of 500 ng/ml. Western blot, gPCR and a proteomic analysis
via mass spectrometry were performed with two-day-cultivated explants. To check for effects of
a longer-term cortisol stimulation, retinal explants of wild-type mice were cultivated for five days

and immunohistochemistry was performed.

5.18. ADENO-ASSOCIATED VIRUS ADMINISTRATION

The mice were weighted and anesthetized with 100 mg/kg ketamine and 5 mg/kg xylazine by i.p.

injection. During the anesthesia the mice were lying on a heating mat with 37 °C. After the pupils
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of the mice were fully dilated with 0.5% tropicamide-phenylephrine 2.5% eye drops, AAV particles
(5 x 10" GC/ml) or PBS (sham control) were administered. Two different injection systems from
Hamilton and WPI were used. For intravitreal injections with the Hamilton syringe it was necessary
to generate a hole with a 27G needle where the Hamilton injection needle was inserted. The
NanoFil™ from WPI uses the same needle for entering the eye and injecting the AAV. 1 ul was
injected in the eyes of 12-week-old control mice with the Hamilton system and 2 pl with the WPI
system. Methocel® 2% eye drops were applied to the eyes of the mice after injection. The mice
were kept on the heating mat until they were completely awake from the anesthesia. 12 weeks

post injection, morphometric analysis and ERG measurements were performed.

5.19. STATISTICAL ANALYSIS

The data were analyzed with GraphPad PRISM 8 and reported as mean * standard error (SEM).
Differences among groups were determined using the ANOVA or student t-test. Identification of

outliers was also performed with GraphPad PRISM 8.
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6. RESULTS

The db/db (Lepr®) mouse, a model for T2D, was used as an animal model for DR. The phenotype
of these mice is described in chapter 2.7. To validate data from the literature and further charac-
terize this DR mouse model, a morphometric analysis was performed on eyes from db/db and
control animals at 12, 24 and 38 weeks of age. Samples for the RNA seq experiment were col-
lected from db/db mice and controls with an age of 12 and 24 weeks. The analysis of the proteome

and ERG measurements were done on 24-week-old animals (Figure 6).

Morphometry Morphometry | |Morphometry
- Development of ’|| Development of
Elevation of - ; RNA seq ERG
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plasma insulin glucose levels DR RNA seq
Proteomic
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Figure 6. The db/db mouse as an animal model for diabetic retinopathy. Timeline of the development
of features of type 2 diabetes and diabetic retinopathy in the db/db mouse model. Time points of data
collection are highlighted in turquoise.

6.1. CHARACTERISATION OF THE ANIMAL MODEL

Although the db/db mouse is a well-established animal model, | wanted to define the status of DR
progression in our breeding and define the morphological and functional changes in the retina
due to T2D.

6.1.1. UNALTERED CELL NUMBERS OF THE DIFFERENT RETINAL LAYERS IN DIA-
BETIC MICE

First, | analyzed the cell numbers of the GCL, INL and ONL, since Tang et al. 2011 described
retinal thinning in diabetic mice. DAPI-staining of eye cryosections from db/db and control animals
with different ages were performed and cell numbers were determined for the three nuclear layers
of the retina. No significant change of the cell numbers in the GCL, INL and ONL of the retina

from db/db and control animals could be detected (Figure 7).
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Figure 7. Unaltered cell numbers of the different retinal layers in diabetic mice. (A) Representative
micrograph of a DAPI-staining of the retina of a diabetic and a control mouse 38 weeks of age. Scale bar,
20 um. Cell counts of the (B) ganglion cell layer, the (C) inner nuclear layer and of the (D) outer nuclear
layer of retinae from db/db (grey bars) and control (black bars) animals are plotted. Bars represent the
mean + SEM from n=3-4 animals. Scanfield: 68 um x 200 um (whole thickness of the retina). GCL: Ganglion
cell layer, IPL: Inner plexiform layer, INL: Inner nuclear layer, OPL: Outer plexiform layer, ONL: Outer nu-
clear layer.

6.1.2. UNALTERED NUMBERS OF CALRETININ-POSITIVE CELLS IN DIABETIC
MICE

Results from DAPI-based cell counts in the inner retina were validated by the quantification of
calretinin-positive cells in the GCL and INL in retinae from diabetic and healthy mice (Figure 8).
Calretinin is typically expressed by ganglion and displaced amacrine cells in the GCL, while it is
specifically localized to amacrine cells in the INL (Lee et al. 2010; Lee et al. 2016) (Figure 8A).
The number of calretinin-positive cells in both the GCL (Figure 8B) and the INL (Figure 8C) were

not found to be significantly different between the db/db and the non-diabetic animals.
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Figure 8: Unaltered number of calretinin-positive ganglion and amacrine cells in diabetic mice. (A)
Representative micrographs of a calretinin staining of the retinae from a 38-week-old diabetic and a control
mouse. Scale bar, 20 um. Numbers of calretinin-positive cells per scanfield of the (B) ganglion cell layer
and the (C) inner nuclear layer of the retinae from db/db and control animals, respectively. Bars represent
the mean + SEM from n=3-4 animals per group. Scanfield: 200 ym x 200 ym (whole thickness of the retina).
GCL: Ganglion cell layer, IPL: Inner plexiform layer, INL: Inner nuclear layer.

6.1.3. ONSET OF CONE DEGENERATION IN AGING DIABETIC MICE

Rods and cones mediate phototransduction and are prone to degenerative processes in multifac-
torial diseases like DR (Kern and Berkowitz 2015). Therefore, the number of cones and the outer
segment length of both photoreceptor types were analyzed to identify early signs of change.
Cone-arrestin (Figure 9A) and PDE6B (Figure 9D) stainings were used to discriminate cones
and rods, respectively. While the outer segment length of rods did not differ between control and
diabetic mice (Figure 9E), outer segments of cones were significantly shorter in 38-week-old
diabetic animals when compared to controls (Figure 9C). Furthermore, the total number of cones
per scanfield was significantly reduced (Figure 9B). These results indicate that the progression
of neurodegenerative processes as one hallmark of DR is rather slow in our db/db model, given

that significant morphological changes occur late, namely not before 38 weeks of age.
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Figure 9: Onset of cone degeneration in aging diabetic mice. (A) Representative micrographs of cone-
arrestin stainings from 38-week-old diabetic and control mice. Scale bar, 20 ym. (B) Cone numbers were
quantified of retinae from diabetic and control animals. Scanfield: 200 um x 200 ym (whole thickness of the
retina). (C) The length of cone outer segments (OS) of the retinae from db/db and control animals was
measured. (D) Representative micrograph of a PDEEB staining (rods) from 38-week-old old diabetic and
control mice. Scale bar, 20 ym. (E) The rod OS length of retinae from db/db and control animals was
measured. Bars represent mean + SEM and data from n=3-4 animals per age and genotypes. OPL: outer
plexiform layer, ONL: Outer nuclear layer, OS: outer segments. *P<0.05.

6.1.4. DEFECTS OF THE VASCULAR SYSTEM IN DB/DB MICE

As the microvascular system is affected by diabetes and vascular chances are hallmarks of the

DR pathogenesis, it was investigated in db/db mice (Shin et al. 2014).
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6.1.4.1. PERICYTE LOSS IN DIABETIC MICE

The loss of pericytes is one of the key features of DR which was also detectable in db/db animals
starting at the age of 12 weeks (Midena et al. 1989). To validate this feature, the number of plate-
let-derived growth factor receptor beta (PDGFRp)-positive pericytes from db/db and control ani-
mals was quantified (Figure 10). In diabetic mice, a decreasing number of pericytes was observed
starting at 24 weeks of age which was even more pronounced in 38-week-old db/db mice (Figure
10). This age-dependent loss of pericytes was not observed in wild-type controls at any age in-
vestigated. A significantly lower number of pericytes was observed in db/db mice compared to

wild-type controls in 38-week-old animals.
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Figure 10: Loss of pericytes in diabetic mice. (A) Representative micrograph staining of platelet-derived
growth factor receptor beta (PDGFRf, green) and glutamine synthetase (GLUL, red) of retinal flatmount
preparations of diabetic and control mice with an age of 38 weeks. Scale bar, 20 um. (B) PDGFRB-positive
cells were counted per scanfield (410 um x 298 um) of the retinae from diabetic and control animals. Bars
represent mean + SEM from n=3-6 animals per group. *P<0.05.

6.1.1.1. VASCULAR HALLMARKS OF DIABETIC RETINOPATHY IN AGING DIABETIC
MICE

Utilizing H&E-stained trypsin-digested retinal flatmounts, | further analyzed alterations of the mi-
crovascular system and confirmed the findings of vascular changes, such as the observed peri-
cyte loss (chapter 6.1.4.1.). Confocal scan images from respective flatmounts of 12 and 24-week-
old db/db animals and controls (Figure 11A) were used to quantify acellular capillaries (devoid of
pericytes and endothelial cells) (Figure 11B). Subsequently, the endothelial cell/pericyte ratio
was calculated (Figure 11E). There was no difference in the number of acellular capillaries be-
tween diabetic and non-diabetic animals at any age (Figure 11B). However, a significant rise in
the endothelial cell/pericyte ratio was calculated for 24-week-old diabetic animals compared to
controls (Figure 11E). This was due to slightly higher endothelial cell numbers in db/db mice with
a concomitant decrease in pericytes (Figure 11C-D).
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Figure 11: Recapitulation of vascular hallmarks of diabetic retinopathy in 24-week-old diabetic mice.
(A) Representative images of a hematoxylin and eosin (H&E) staining of trypsin-digested retinae from dia-
betic and control mice 24 weeks of age. The arrows point at acellular capillaries. Scale bar: top panel, 500
pum; bottom panel, 50 uym. (B) Acellular capillaries per scanfield were quantified in trypsin-digested flat-
mounts of db/db and control animals with an age of 12 and 24 weeks. No differences were detected. (C)
The endothelial cell number from db/db and control animals with an age of 12 and 24 weeks was calculated
based on cell counts per scanfield. (D) The pericyte cell number from db/db and control animals with an
age of 12 and 24 weeks was calculated basing on cell counts per scanfield. (E) The endothelial cells/peri-
cytes ratio of the vasculature from db/db and control animals with an age of 12 and 24 weeks was calculated
based on cell counts per scanfield. Scanfield: 100.05 ym x 100.05 ym. Bars represent the mean + SEM
from results of n=3-4 animals per group. *P<0.05.
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6.1.5. ONSET OF MICROGLIAL ACTIVATION IN DIABETIC MICE

Microglia are resident immune cells of the retina which are highly sensitive to external factors and
morphological changes occur when the cells get activated (Rashid et al. 2019). The number of
IBA-positive microglia/macrophages from db/db and control animals was evaluated to explore the
role of neuroinflammation in our disease model (Figure12). No significant difference in the num-
ber of IBA-positive cells per scanfield was detected at any age investigated between genotypes
(Figure 12C). Additionally, | determined the area occupied by the finely branched microglial pro-
cesses, which is typically reduced upon gliotic activation. There was a tendency of smaller micro-
glial ‘territories’ in db/db mice as compared to controls (Figure 12B), although it did not reach
significance levels. Moreover, the microglial soma area in the 38-week-old diabetic animals was
significantly bigger than that of age-matched control mice, suggesting more evidence towards

initiation of microglial activation (Gaucher et al. 2007) (Figure 12D).
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Figure 12: Mild signs of microglia activation in db/db mice. (A) Representative micrograph of IBA
stainings of retinal flatmounts from 38-weeks-old diabetic and control mice. Scale bar, 20 um. (B) The area
occupied by the fine network of microglial processes from each cell was determined in retinal flatmounts
from diabetic and control animals. (C) IBA-positive cells were quantified per scanfield. Z-scans through the
whole thickness of the retina were performed and cells across all retinal layers were counted. (D) The soma
area of each microglia in a scan field was measured as an indicator of beginning microglial activation.
Scanfield: 410 ym x 298 um. Bars represent mean £+ SEM and comprise data from 3-6 animals per age
and genotype. *P<0.05.
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In conclusion, | detected mild signs of microglial activation that support the assumption that neu-

roinflammation is ongoing and potentially contributing to disease progression in db/db mice.

6.1.6. REDUCED LIGHT RESPONSIVENESS OF RETINAE FROM DB/DB MICE

Having investigated morphological features of retinae from db/db mice, | ultimately aimed to ad-
dress the effects of diabetes-associated alterations on the functional integrity of the retinal tissue.
To this end, ERG recordings were conducted to examine retinal light responsiveness. These ex-
periments were performed on 24-week-old animals of both genotypes — a time point where major
anatomical changes have not yet been observed, but initial changes of the microvascular system
(Figure 11) and microglial activity (Figure 12) could be detected.

The rod-driven b-wave amplitude measured under scotopic conditions was significantly smaller
in diabetic mice than in their control counterparts (Figure 13A). Similarly, a significant reduction

of the cone-driven b-wave was observed (Figure 13B).
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Figure 13: Reduced light responses in the electroretinogram of retinae from 24-week-old diabetic
mice. (A) Left, rod-driven responses (b-wave) were measured and quantified at scotopic light conditions
(0,001 cd/ms?) in diabetic and control mice. Note the significant reduction of the b-wave amplitude in db/db
mice. Right, representative traces of responses measured in mice of the respective genotypes. (B) Left,
the cone-driven light responses (b-wave, 30 cd/ms?) were recorded after 5 min of light adaption. B-wave
amplitudes were significantly smaller in db/db mice compared to that of controls. Right, representative
traces of cone-driven responses measured in mice of the respective genotypes. (C) Left, Mixed (rod- and
cone-driven) responses were analyzed by applying light flashes of 3 cd/ms2 to eyes of diabetic and control
mice. A- and b-wave amplitudes were significantly smaller in db/db mice compared to that of controls. Right,
representative traces of cone and rod-driven responses measured in mice of the respective genotypes.
Bars represent mean values + SEM n=11 individual mice were measured per group. *P<0.05.
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Accordingly, also the mixed responses (cones and rods) amplitudes were significantly reduced in
diabetic mice — for both a- and b-waves (Figure 13C).

In conclusion, the ERG measurements confirmed the results reported by Bogdanov et al. 2014,
who detected a-wave abnormalities in the ERGs recorded from diabetic animals with an age of
16 and 24 weeks.

Some phenotypes of the diabetes like cognitive deficits and neurovascular dysfunctions are
stronger in male animals (Fan et al. 2018) and it is known that the life span of males is reduced
compared to female db/db mice (Sataranatarajan et al. 2016). As both sexes suffer from DR, |
wanted to identify a readout method that represents the effects of diabetes for both sexes. There-
fore, | analyzed the ERG of female and male diabetic and control mice with an age of 24 weeks
(Figure 14).
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Figure 14: No major sex-specific differences in the light responses of diabetic mice. (A) Rod-driven
responses (b-wave) were measured and quantified at scotopic light conditions (0,001 cd/ms2) in 24-week-
old diabetic and control mice. Note the significant reduction of the b-wave amplitude in male and female
db/db mice. (B) Cone-driven light responses (b-wave, 30 cd/ms2) were recorded after 5 min of light adap-
tion. (C) Mixed (rod- and cone-driven) responses were analyzed by applying light flashes of 3 cd/ms2 to
eyes of diabetic and control mice. A- and b-wave amplitudes were significantly smaller in female db/db mice
compared to that of controls. Bars represent mean values + SEM. females n=4-5. males n=6-7. *P<0.05.
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The rod-driven b-wave amplitude measured under scotopic conditions was significantly smaller
in female and male diabetic mice than in their control counterparts (Figure 14A). Similarly, a
decreasing trend of the cone-driven b-wave was observed for both sexes (Figure 14B). Accord-
ingly, the mixed responses (cones and rods) b-wave amplitude was significantly reduced in fe-
male and male diabetic mice (Figure 14C). However, the mixed responses (cones and rods) a-
wave amplitude was only significantly reduced in female 24-week-old diabetic mice.

Evidently, ERG can be utilized as a highly sensitive readout, because it sensitively delineates
functional changes even before major morphological/anatomical signs of retinal degeneration be-

come detectable and is able to identify differences in both sexes.

6.2. THE TRANSCRIPTOME OF 12- AND 24-WEEK-OLD DIABETIC MICE

A transcriptome analysis of diabetic and control mice was performed to shed light on the molec-
ular processes in Miiller cells during DR progression. Therefore, four different retinal cell types
(microglia, vascular cells, Muller cells and neurons) were isolated from three db/db and control
mice at 12 and 24 weeks of age, using MACS. RNA was then extracted and sequenced to a depth
of 25-45 million reads per sample. The gene expression of marker genes of the four different cell
types implicated a successful enrichment of the respective cell population (Figure 15A). gluta-
mine synthetase (Glul) is a well-established marker for Miller cells, rhodopsin (Rho) is a neuronal
marker, integrin subunit alpha M (ltgam) is a microglia marker and platelet and endothelial cell
adhesion molecule 1 (Pecam1 or CD31) is an endothelial marker. Microglia and vascular cells
showed a mild contamination with Muller cells considering the rather high Glul expression. More-
over, irrespective of sorting out CD317-positive cells (primarily endothelial cells), a rather high ex-
pression of Pecam1 was found in the Miller cell fraction indicating its minor contamination with
vascular cells. PCA revealed that samples from each of the four different cell types were sepa-
rated, indicating that the cell identity outweighs expression changes as a result of aging or diabe-
tes-associated changes (Figure 15B). Hence, | primarily focus on expression changes of Miller
cells after the onset of DR, comparing genes which were regulated specifically in Mdller cells in
24-week-old diabetic mice to the control group. The genes which were at least twofold up- or
downregulated were identified and plotted in a heatmap (Figure 15C). Furthermore, a pathway
enrichment analysis on significantly up- or downregulated genes was performed via PANTHER
(Thomas et al. 2003) (Figure 15D-E). | found 199 genes which were down- and 128 genes that
were upregulated in Maller cells of db/db mice. Pathways related to the cytoskeleton, RNA and
protein binding and potassium channel activity were found to be enriched if checking for the down-
regulated candidate gene list (Figure 16D). In contrast, genes associated with pathways related

to growth factor signaling and ion binding were upregulated in diabetic mice (Figure 15E).
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Figure 15: Cellular marker expression, bioinformatic analysis and pathway enrichment analysis of
RNA seq data from purified retinal cell types from diabetic and control animals. (A) RNA sequencing
of magnetic activated cell sorted cells revealed an enrichment of the different retinal cell types in 12 and
24-week-old control and db/db mice. MG: Microglia, VC: Vascular cells, MC: Miiller cells, N: Neurons. Glul
Glutamine synthetase. Rho: Rhodopsin. ltgam: Integrin subunit alpha M. Pecam1: Platelet and endothelial
cell adhesion molecule 1. Age in weeks. Bars represent mean £ SEM (n=3-4). *P<0.05 (B) Principal com-
ponent analysis of the RNA seq data from major retinal cell types enriched from retinae of control and
diabetic mice at 12 and 24 weeks of age, respectively. Distinct clusters are formed by the different cell types
implicating a good level of cell enrichment. (C) Filtering (P< 0.05, at least twofold difference) was performed
to identify genes differentially expressed specifically in Mdller cells from 24-week-old animals of the two
genotypes. Three biological replicates per genotype are plotted demonstrating a low level of heterogeneity
regarding gene expression within each genotype. Molecular functions significantly down- (D) or up- (E)
regulated in Muller cells of 24-week-old db/db mice showed a high representation of pathways related to
growth factors, ion binding and channel activity. B-C: Analysis done by Lew Kaplan.

The RNA seq provided key evidence that Miller cell function might be affected by diabetes, while
partially confirming findings from earlier studies reporting diminished Muller cell homeostasis

function (e.g. via downregulation of potassium channel activity) (Pannicke et al. 2006).

6.3. THE PROTEOME OF DIABETIC MICE WITH AN AGE OF 24 WEEKS

Parallel to the transcript analysis, label-free liquid chromatography mass spectrometry was done
for proteome analysis on samples collected in the same way as RNA seq. Briefly, MACS enriched
retinal cell types from four control and diabetic mice at 24 weeks of age were analyzed and eval-
uated. The same marker genes of the four different cell types (microglia: ltgam, vascular cells:
Pecam1 or CD31, Muller cells: Glul and neurons: Rho) used for RNA seq were chosen to demon-
strate cell enrichment. These data very convincingly confirm a successful separation of the differ-
ent cell population (Figure 16A). Similar to RNA seq, the PCA showed that four distinct cell clus-
ters are formed by samples from the respective cell populations (Figure 16B). The proteins which
were at least twofold up- or downregulated in Muller cells of diabetic mice with an age of 24 weeks
were identified and plotted in a heatmap. In most cases a consistent trend of protein expression
changes was demonstrated across all biological replicates per genotype (Figure 16C). 38 pro-
teins were down- and 137 proteins upregulated in Miller cells of diabetic mice. The selected
proteins, analogous to the analysis performed on the RNA seq data set, were then subjected to
pathway enrichment analysis via PANTHER (Thomas et al. 2003) (Figure 1D-E). Pathways re-
lated to the adenosine triphosphatase (ATP) activity and transporter activity were found to be
enriched if checking for the downregulated candidate proteins (Figure 16D). In contrast, path-
ways related to RNA, protein binding, ligase and transferase activity were associated with proteins

upregulated in Muller cells from diabetic mice (Figure 16E).
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Figure 16: Cellular marker expression, bioinformatic analysis and pathway enrichment analysis of
proteomics data from purified retinal cell types from diabetic and control animals with an age of 24
weeks. (A) The protein expression of marker genes for the four cell types implicated a successful separa-
tion of the different cell population. MG: Microglia, VC: Vascular cells, MC: Miiller cells, N: Neurons. GLUL:
Glutamine synthetase. RHO: Rhodopsin. ITGAM: Integrin subunit alpha M. PECAM1: Platelet and endo-
thelial cell adhesion molecule 1. Bars represent mean + SEM (n=4). (B) Principal component analysis of
the proteomics data from four diabetic and control mice. Distinct clusters are formed by the four cell type
groups. (C) Filtering (P<0.05, at least twofold difference) was performed to identify proteins differentially
regulated in Muller cells of diabetic mice. Molecular functions significantly down- (D) or up- (E) regulated in
Muiller cells of 24-week-old db/db mice showed a high representation of pathways related to RNA binding
and protein binding. B-C: Analysis done by Lew Kaplan.

6.4. COMPARISON OF THE TWO OMICS DATA SETS

In the next step, a comparison of the two OMICS data sets was performed to test for concurrent
and/or discrepant regulation patterns of transcript and protein. The regulation pattern of both data
sets showed that 56.92% of the 3078 common genes and corresponding proteins were regulated
in the same way (Figure 17A). Furthermore, 986 genes and proteins overlapped in the Muller

cell-specific regulated data sets and 57.61% were concordantly regulated (Figure 17B).
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Figure 17: Comparison of Miiller cell-specific transcriptome and proteome profiles of 24-week-old
diabetic mice. (A) The RNA seq and proteomics data sets were compared and showed that out of the
3078 commonly identified genes and proteins 56.92% were concordantly regulated. Spearman correlation
factor: 0.24. (B) Focusing on the Miiller cell-specific genes and corresponding proteins, 986 common hits
were identified and 57.61% were concordantly regulated. Spearman correlation factor: 0.12. GFAP: Glial
fibrillary acidic protein. Analysis by Lew Kaplan.

Bogdanov et al. 2014 showed a GFAP upregulation in Muller cells, a sign of gliosis, beginning
with an age of 8 weeks in diabetic mice, a finding | could partially confirm. Our RNA seq data

showed that Gfap was significantly upregulated in Miiller cells of diabetic animals at 24 weeks,
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but not at 12 weeks of age (Figure 18A). These data were confirmed by gPCR from control and
diabetic 24-week-old mice (Figure 18B). Proteomic analysis of MACS-enriched retinal cell types
also revealed a trend of GFAP upregulation in Miller cells in 24-week-old db/db mice (Figure
18C). Nevertheless, GFAP-positive Mller cells were not present in stainings from retinal sections
of diabetic and control mice 24 weeks of age (Figure 18D). In summary, an upregulation was

detected on transcript as well as an upregulation trend on protein level in 24-week-old diabetic

mice.
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Figure 18: Glial fibrillary acidic protein upregulation in 24-week-old diabetic mice. (A) RNA seq of
magnetic activated cell sorted (MACS) retinal cell types revealed significant upregulation of glial fibrillary
acidic protein (Gfap) transcripts in Mdller cells in 24-week-old db/db mice, but not earlier. Bars represent
mean + SEM (n=3-4). *P<0.05. (B) gPCR on MACS-sorted retinal cells isolated from 24-week-old mice
confirmed the findings from RNA seq. Gfap was expressed at a higher level in Miller cells of diabetic mice.
Bars represent mean £ SEM (n=5-7). *P<0.05. (C) Proteomic analysis of purified retinal cell types demon-
strated a trend of GFAP upregulation in Muller cells of 24-week-old db/db mice. Bars represent mean %
SEM (n=4). *P<0.05. (D) Representative confocal images of a GFAP labeling in retinal sections of a control
and diabetic mouse at 24 weeks of age did not show any GFAP-positive Muller cells. GCL: Ganglion cell
layer, IPL: Inner plexiform layer, INL: Inner nuclear layer, OPL: Outer plexiform layer, ONL: Outer nuclear
layer. MG: Microglia, VC: Vascular cells, MC: Miiller cells, N: Neurons. Age in weeks. Scale bar: 20 ym.

Since those findings could not be verified by immunostaining, the rise in GFAP levels could pos-
sibly also be due to expression changes in contaminating astrocytes or still be sublevel not yet

detectable in Muller cells.

6.5. SEARCH FOR KEY REGULATORS OF DIABETIC RETINOPATHY PROGRESSION

As the goal of this thesis was to identify key regulators of DR progression, | then focused on
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TFs and ran an oPOSSUM-3 TF binding site cluster analysis (Ho Sui et al. 2005) on the basis of
the RNA seq expression data, implementing the list of genes specifically regulated in Mller cells
of 24-week-old diabetic mice. Only the gene IDs of the top hits with a Z-score and Fisher-score

over 5 are named in Figure 19A and 19B.
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Figure 19: oPOSSUM-3 transcription factor binding site cluster analysis of Miiller cell- specific reg-
ulated genes of 24-week-old diabetic animals. Genes identified by RNA seq to be significantly up- (A)
or down- (B) regulated in Miiller cells of 24-week-old diabetic mice were submitted to oPOSSUM-3 analysis
(Ho Sui et al. 2005). The goal was to search for transcription factors that may act as putative master regu-
lators determining the glial response to stress induced by diabetic conditions. Only those transcription fac-
tors that were expressed at transcript level in Mller cells as determined by our RNA seq experiment, are
shown in the graphs. Only up- (blue) or downregulated (yellow) gene IDs of the top hits (Z-score and Fisher-
score>5) were added to the graph. The promising gene cluster of Nr3c1 was labeled in red. (C) RNA seq
data (animals with 24 weeks of age) of those transcription factors whose gene cluster was significantly
upregulated in Maller cells is shown. (D) Summary of the transcriptome data (24-week-old animals) of those
transcription factors whose gene cluster was significantly downregulated in Maller cells. MG : Microglia,
VC : Vascular cells, MC : Mdller cells, N : Neurons. Bars represent mean £+ SEM (n=3). *P<0.05.
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The gene cluster of Sp1, Ebf1, Egr1, Zfx, Sox2 and Foxd1 are upregulated in Miller cells of 24-
week-old diabetic mice (Figure 19A in blue) and the cluster of the genes Sox2, Rora, Foxf2, Srf
and Nr3c1 were downregulated (Figure 19B in yellow). Furthermore, cell type specific expres-
sions in 24-week-old diabetic and control mice of these top hits were investigated. For the gene
clusters which were significantly upregulated in Mdller cells the gene expression of the TF itself
is shown in Figure 19C. Sox2 and Foxd71 are mainly expressed in Mdller cells, but the gene
expressions were not altered in diabetic mice compared to control mice.The transcriptome data
of the TFs which clusters were significantly downregulated in Muller cells are shown in Figure
19D. The cluster of Sox2 is also significantly downregulated in Muller cells, whereby the Fisher-
score and Z-score were higher than in the upregulated data set. The TF Rora is mainly expressed
in neurons and no difference in diabetic mice was detected. Nr3c17 is mainly expressed in Mdller
cells and the RNA seq revealed significant reduction of Nr3c1 transcripts in Miller cells of 24-
week-old db/db mice. Therefore, | decided to focus on Nr3c7 (Figure 19B in red), evaluating its

potential as a key regulator in DR progression.

6.6. THE ROLE OF THE GLUCOCORTICOID RECEPTOR IN DR PROGRESSION

The Nr3c1 gene codes for the GR. Treatment with GR agonists like dexamethasone were proven
to be effective in inflammatory diseases, including DR (Ghaseminejad et al. 2020). Although syn-
thetic glucocorticoids are commonly used for therapeutic approaches in ophthalmology, the mo-
lecular processes of GR signaling and its role in DR progression are not known and therefore,

investigated in this study.

6.6.1. MULLER CELL-SPECIFIC DOWNREGLUATION OF THE GLUCOCORTICOID
RECEPTOR TARGET GENES IN DIABETIC ANIMALS

The oPOSSUM-3 analysis (Ho Sui et al. 2005) showed that the target gene cluster of the GR is
downregulated specifically in 24-week-old diabetic animals compared to control mice (Figure
19B). A list with potential target genes of the GR was generated using three different databases:
JASPER, ENCODE and CHEA (Davis et al. 2018; Mathelier et al. 2014; Rouillard et al. 2016). As
the GR gene cluster was downregulated, this list was compared to the genes which were specif-
ically downregulated in Miller cells of 24-week-old diabetic mice identified by the RNA seq. 1363
genes, a quarter of the 7031 Muiller cell-specific downregulated genes, were also potential target
genes of the GR (Figure 20A). The expression of two exemplary Muller cell-specific GR target
genes is shown in (Figure 20B). Forkhead box 01 (Foxo1) is a TF that is the main target of insulin
signaling and regulates metabolic homeostasis in response to oxidative stress (Wu et al. 2018).

Its transcript is significantly downregulated in 24-week-old diabetic mice compared to control
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mice. Carbonic anhydrase 4 (Ca4) which is a member of a large family of zinc metallo-enzymes
that catalyze the reversible hydration of carbon dioxide was also significantly down-regulated in
Muller cells of 24-week-old diabetic mice.
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Figure 20: The broad influence of the glucocorticoid receptor target gene cluster on Miiller cell gene
expression changes in the diabetic retina. (A) 1363 of the 7031 genes that were downregulated in Miiller
cells as determined by RNA seq were predicted as putative direct targets of the GR by at least one of the
three databases: CHEA, JASPER, ENCODE (Davis et al. 2018; Mathelier et al. 2014; Rouillard et al. 2016).
(B) The expression on transcript level of two predicted GR target genes is significantly downregulated in
Muiller cells of 24-week-old diabetic mice. MG: Microglia, VC: Vascular cells, MC: Miller cells, N: Neurons,
Bars represent mean + SEM (n=5). *P<0.05.

Given the high representation of GR target genes in the list of genes specifically downregulated
in Maller cells of diabetic mice, | inferred that the GR might have a major influence on Mdiller cell

function and DR progression.

6.6.2. MULLER CELL-SPECIFIC DOWNREGLUATION OF THE GLUCOCORTICOID
RECEPTOR IN DIABETIC ANIMALS

Accordingly, the regulation of the GR itself was further investigated. RNA seq of MACS enriched
retinal cell types revealed significant reduction of Nr3c1 transcripts in Miller cells in 24-week-old
db/db mice (Figure 19D). As the GR was not detected in the proteomics, qPCR and Western blot
experiments on samples from MACS retinal cells isolated from 24-week-old diabetic and control
mice were performed. A GR downregulation trend at transcript and protein level was shown (Fig-
ure 21A-B). Furthermore, | could confirm earlier findings (Gallina et al. 2014) that the GR is mainly
located in the Muiller cell nuclei of the vertebrate (and more specifically mouse) retina using stand-

ard confocal and super resolution STED microscopy (Figure 21C-D).

57




RESULTS

A 15 gPCR =] ) Western blot
5 < 200 7w control

2 IS

@ _ 2 150 [ db/db

5 1.0 — o

o 5 100

S -

ey 2 g9

A 04

é O

db/db| GCL
|iPL

W -|INL
10PL

on.

Figure 21: Downregulation trend of the glucocorticoid receptor in Miiller cells of 24-week-old dia-
betic mice. (A) Quantitative PCR on magnetic activated cell sorted (MACS) retinal cells isolated from 24-
week-old mice could not confirmed the findings from RNA seq, but a Nr3¢c7 downregulations trend was
visible in Muller cells of diabetic mice. Bars represent mean + SEM (n=5-7). (B) Western blot experiments
on MACS retinal cell types isolated from 24-week-old mice show a similar trend. Less glucocorticoid recep-
tor (GR) was expressed in Muller cells of diabetic mice. Bars represent mean + SEM (n=6). (C) Left, Con-
focal image of a GR labeling in retinal section of a 24-week-old control mouse. Scale bar, 20 ym. Right,
STED images of a GR staining in the inner nuclear layer. Miiller cells were co-stained for glutamine syn-
thetase (GLUL). Scale bar, 5 um. (D) Left, Confocal image of a GR labeling in retinal section of a 24-week-
old diabetic mouse. Scale bar, 20 um. Right, STED images of a GR staining in the inner nuclear layer.
Muiller cells were co-stained for GLUL. Scale bar, 5 um. C and D: STED images were taken by Dr. Kirsten
Wunderlich. GCL: Ganglion cell layer, IPL: Inner plexiform layer, INL: Inner nuclear layer, OPL: Outer plex-
iform layer, ONL: Outer nuclear layer. MG: Microglia, VC: Vascular cells, MC: Muller cells, N: Neurons.

6.6.3. ELEVATED CORTICOSTERONE LEVEL IN DIABETIC MICE

The GR transcript as well as its target gene cluster is Mller cell-specific downregulated in diabetic
mice 24 weeks of age. The main ligand of GR is corticosterone in mice and cortisol in humans
(Buckingham 2006). It has been demonstrated that the corticosterone levels in mouse models of
type 1 and T2D are significantly elevated. It was shown that the serum corticosterone level is
increased in db/db animals with an age of 9 weeks (Erickson et al. 2017). Furthermore, diabetic
patients have a significantly higher urinary-free cortisol level (Roy et al. 1998). Here, | measured
the corticosterone level in blood plasma of 24-week-old diabetic and control mice via ELISA to

confirm these earlier findings in our mouse colony (Figure 22). In line with the earlier studies,
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diabetic animals had a mean concentration of 1281 ng/ml corticosterone in the blood plasma

compared to control animals with a mean concentration of 485 ng/ml.
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6.6.4. MODULATION OF THE RETINAL GLUCOCORTICOID RECEPTOR IN VITRO

To investigate the effect of a higher corticosterone level on the retina, | used an in vitro model.
Cortisol is the primary corticosteroid hormone in humans, whereas corticosterone is the comple-
ment in rodents (Buckingham 2006). As cortisol has higher glucocorticoid potency than corti-
costerone (Gong et al. 2015) and and its effect is well known on retinal explants in culture
(Gorovits et al. 1997; Toops et al. 2012), | used cortisol for the following experiments: Retinal
explants of wild-type mice were cultivated for two days in culture and cortisol was added twice a
day to maintain a constantly high concentration of 500 ng/ml. Western blot, gqPCR and a proteomic
analysis via mass spectrometry was performed on the explants. To check for effects of a more
long-term cortisol stimulation, retinal explants of wild-type mice were cultivated for five days and

immunohistochemistry was performed.

6.6.4.1. ACTIVATION OF THE RETINAL GLUCOCORTICOID RECEPTOR BY CORTI-
SOL TREATMENT IN VITRO

After ligand binding to the inactive cytoplasmic GR, the receptor becomes phosphorylated and
changes its conformation (Toops et al. 2012). Therefore, the amount of the phosphorylated active
GR and the amount of inactive and active forms of the receptor were measured by Western blot
analysis. A higher concentration of the active GR was detected in retinal explants which were
constantly incubated with cortisol for 2 days, while the level of whole GR (inactive and active form)
is constant in the cortisol treated and untreated retinal cultures (Figure 23). Therefore, it was
shown that | activated the GR in retinal explants due to cortisol treatment using this in vitro ap-

proach.
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6.6.4.2. EFFECT OF THE GLUCOCORTICOID RECEPTOR ACTIVATION BY CORTI-
SOL TREATMENT IN VITRO

Next, the effects of the GR activation at transcript and protein levels were investigated. Proteome
profiling was performed by mass spectrometry of six retinae per group, aiming to evaluate the
effect of the cortisol treatment on protein expression levels. The PCA of these data revealed that
the untreated and treated groups are clearly separated into two clusters (Figure 24A). The pro-
teins which were at least 1.3-fold up- or downregulated in the untreated versus treated group were
identified and plotted in a heatmap (Figure 24B). Furthermore, a pathway enrichment analysis
via PANTHER (Thomas et al. 2003) performed showed significantly up- or down-regulated pro-
teins (Figure 24C-D). | found 61 proteins which were at least 1.3-fold down- and 72 proteins that
were at least 1.3-fold up-regulated in treated explants. Pathways related to the cytoskeleton, to
energy supply and to ATP activity were those found to be enriched, by checking for the downreg-
ulated candidate gene list (Figure 24C). In contrast, pathways related to RNA binding, transcrip-
tional activity and phosphatase activity were associated with protein up-regulation upon cortisol
treatment (Figure 24D). In summary, the evaluation of the data set and the pathway enrichment
analysis of the proteome profiles clearly illustrate that cortisol treatment induces an activation of
the GR in the retina, most likely in Muller cells.

In the following, the effect of this robust GR activation on known GR target genes was evaluated.
Immunohistochemistry previously showed in this study that the GR is mainly located in the Muller
cell nuclei in mice (Figure 21C-D). Therefore, the focus was set on GR target genes which were
regulated in Muller cells in the diabetic mice. To do so, potential target genes of the GR were
identified using three different databases: JASPER, ENCODE and CHEA (Davis et al. 2018;
Mathelier et al. 2014; Rouillard et al. 2016). Next, it was examined whether these genes are also
Muiller cell-specific using the own bulk RNA seq data from purified retinal cell types (chapter 6.2.).
Finally, these Miller cell-specific putative GR targets were compared to the mass spectrometric

profiling data of retinal explants after cortisol treatment over 48 h.
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Figure 24: Bioinformatic analysis and pathway enrichment analysis of proteomics from cortisol
treated and untreated retinal explants. (A) Principal component analysis of the proteomics data from six
cortisol treated and untreated retinal explants. Distinct clusters are formed by the two groups implicating a
change in the treated explants on protein level. (B) Filtering (P< 0.05, at least 1.3-fold difference) was
performed to identify proteins differentially regulated in the treated explants. Molecular functions signifi-
cantly down- (C) or up- (D) regulated in the cortisol treated samples represent the cellular process following
the activation of the GR in the cell.

Eleven of the 72 up-regulated proteins were reported as predicted targets of GR and were ex-
pressed at high levels in Muller cells as determined by our RNA seq experiment. None of down-
regulated proteins in the cortisol treated explants were neither Muller cell-specific nor a putative
target gene of the GR (Figure 25A). Therefore, | focused on those 11 most interesting candidates.
The Muller cell-specificity of these 11 candidates was cross-validated and compared to published
single cell (sc) RNA seq resource data from mouse retina (Macosko et al. 2015). For five of these
candidate genes, an exclusive expression in Muller cells could be confirmed by this approach

(Figure 25B). The protein abundance of the untreated and treated explants of these five target
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genes is shown in Figure 25C. A literature research for the target genes in relation to diabetes
and neurodegeneration, which also takes place in DR, was performed and the proteins crystallin
alpha B (CRYAB) and enolase1 (ENO1) were identified as the two most interesting candidates.
Expression changes upon cortisol treatment were cross-validated for both genes via gPCR on
MACS Muiller cells from retinal explants cultured according to the same protocol as performed for
the initial proteome profiling. In line with the protein data, a trend towards upregulation of both
genes at transcript level in purified Mller cells of cortisol treated versus untreated retinal explants
was detected (Figure 25D).
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Figure 25: Expression changes of putative glucocorticoid receptor target genes due to enhanced
GR signaling in retinal explants. (A) Eleven of the up-regulated proteins were predicted targets of the
GR and were expressed at high transcript levels in Muller cells as determined by our RNA seq experiment
on magnetic activated cell sorted retinal cell populations. (B) Cross-validation of the Muller cell-specificity
of these 11 candidates with published single cell RNA seq data from mouse retina (Macosko et al. 2015)
(reanalyzed by Lew Kaplan) showed that five candidate genes were exclusively expressed in Miiller cells
(C) Protein expression of these candidates in the cortisol untreated and treated samples. Bars represent
mean + SEM from n=6 animals per group. *P<0.05 (D) The gene expression of the two most interesting
candidates was investigated and the upregulated trend was confirmed. Bars represent mean + SEM from
n=3 animals per group. *P<0.05.

Overall, the in vitro data from retinal explants demonstrate that GR stimulation via cortisol admin-
istration had an effect on its conformation and activity, and also on the expression of known down-

stream GR target genes with clear modulation of those specifically expressed by Muller cells.
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6.6.4.3. LONG TERM EFFECT OF THE GLUCOCORTICOID RECEPTOR ACTIVATION
VIA CORTISOL TREATMENT IN VITRO

In order to evaluate long term effects of permanent stimulation by cortisol administration, four
retinal explants from wild-type mice were cultivated for five days, while cortisol was added twice
a day to maintain high concentration levels. The same experiment was performed with four control
retinae which were cultivated without adding cortisol. Explants where then prepared for immuno-
fluorescence staining for various cell markers to assess cell survival and Muiller cell gliosis induc-
tion. After five days in culture, the different nuclear layers of the retina were well maintained (Fig-
ure 26). Even though only few calretinin-positive neuronal cell bodies were observed in the
treated and untreated explant cryosections, the three distinct layers of the calretinin-stained layers
of the IPL were clearly visible, implying that synaptic connections are still present. Furthermore,
IBA-positive microglia remained present in both cultivation conditions. As indicated by a moderate
rise of GFAP expression, Miller cells were becoming gliotic irrespective of the absence or
presences of cortisol. Apart from this, staining for GLUL, an established Muller cell marker
(Roesch et al. 2008), demonstrated that the overall morphology of Miiller cells was well preserved.
The main difference observed due to cortisol treatment over 5 days in culture was found regarding
the GR itself. While a cytoplasmic diffusion of the GR was detected in the untreated explants, it

stayed in the Miller cell nuclei when the explants were stimulated with cortisol (Figure 26).

treated

untreated

Figure 26: Cortisol treatment reduces cytoplasmic diffusion of the glucocorticoid receptor in vitro
(5-day culture). Representative micrographs of stainings of cortisol treated and untreated explant cryosec-
tions. No major differences were detected for the layering of the retina (DAPI-staining), microglia (IBA-
staining) and calretinin-staining. Muller cells keep their elongated structure and express their cell marker
glutamine synthetase (GLUL) under both cultivation conditions. A moderate gliotic activation was shown
(glial fibrillary acidic protein (GFAP) staining) due to the long-term cultivation. The main difference was
that the cortisol treatment reduced the cytoplasmic diffusion of the GR and it is still localized in the nuclei
of Muller cells. Scale bar, 50 um. GCL: Ganglion cell layer, INL: Inner nuclear layer, ONL: Outer nuclear
layer.

In sum, the data emphasize the central role of GR signaling in the retina and in Mdller cells spe-
cifically, since robust effects of the cortisol treatment of the retinal explants were detected. These
consistently high cortisol levels mimic the elevated corticosterone level in diabetic mice, reflecting

the early tissue response at the onset of DR. Nevertheless, the cultivation for 5 days also showed
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the limitation of the in vitro model. As a result of the long-term cultivation, Muller cells were be-
coming gliotic indicated by GFAP upregulation. Therefore, a gene therapeutic approach was de-

veloped to investigate the role of long-term GR modulation in mice.

6.7. GENE THERAPEUTIC INTERVENTION VIA MULLER CELL-SPECIFIC GLUCO-
CORTICOID RECEPTOR OVEREXPRESSION IN MICE

Multifactorial retinal diseases such as DR develop slowly and treatment over years or even dec-
ades is needed. Current available treatments for DR typically require repetitive application. Com-
mon methods are laser photocoagulation, injection of anti-VEGF agents or intravitreal corticoster-
oids such as dexamethasone (Das et al. 2015). In contrast, gene therapy requires a single injec-

tion in the patient’s eye, significantly reducing the risk of procedure-related complications.

6.7.1. SUCCESSFUL ADENO-ASSOCIATED VIRUS-INDUCED GLUCOCORTICOID
RECEPTOR OVEREXPRESSION IN MULLER CELLS IN VIVO

The results presented in chapter 6.6. point to GR as a promising candidate gene that could be
targeted in Miller glia to treat DR. Therefore, the goal of this study was to develop a gene thera-
peutic approach to achieve long-term efficient stimulation of GR signaling in Mdiller cells. | per-
formed experiments using an AAV9-construct for GR overexpression. The intravitreal injection
was applied using a Hamilton injection system. | demonstrated a successful glia-specific expres-
sion of the AAV construct on basis of the reporter eGFP co-expressed with GR and moderate up-
regulation of GR as determined by immunostainings (Figure 27A). 12 weeks post injection, ex-
pression analysis on MACS retinal cells was performed. Given that GR immunoreactivity was
mainly located in the nuclei of Miller cells (Figure 21C-D), only Muller cell-specific gene expres-
sion is shown in Figure 27B. A significant upregulation of Nr3c7 in AAV-injected controls and a
trend of upregulation in db/db mice was detected. However, a slight Gfap upregulation due to
AAV injection was also visible in control and db/db mice, while Glul gene expression was not
affected. Furthermore, the gene expression of four putative GR target genes enolase1 (Eno7),
clarin 1 (Cirn1), crystallin alpha B (Cryab) and siderflexin 5 (Sfxn5) were investigated. Most of
these genes were expressed at higher levels in treated eyes compared to untreated controls irre-
spective of the genotype (Figure 27B). Thus, one may deduce that changes in expression levels
are consequences of downstream effects of the AAV-induced GR upregulation. Having shown
that ERG is a highly sensitive and valuable readout which delineates functional changes even
before major morphological signs (chapter 6.1.6.) are detectable, ERG measurements were per-

formed 12 weeks post-injection.
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Figure 27: Overexpressing the glucocorticoid receptor (gene ID: Nr3c1) in Miiller cells of the mouse
retina in vivo. (A) 2.5 x 10" GC/ml AAV9-Nr3c1-eGFP particles were injected intravitreally (Hamilton sys-
tem) in 12-week-old diabetic and control mice. Tissue was collected 12 weeks thereafter and stained for
the Muiller cell marker glutamine synthetase (GLUL). EGFP indicated successful viral transduction. GCL:
Ganglion cell layer; INL: Inner nuclear layer; ONL: Outer nuclear layer. Scale bar, 20 um. (B) Quantitative
PCR on magnetic activated cell sorted retinal cells isolated from 24-week-old mice, 12 weeks after single
adeno-associated virus injection, was performed. Only Muller cell-specific gene expression is shown. |
could detect a significant upregulation of Nr3c7 in control mice and an upregulation trend in db/db mice.
Gfap was upregulated in both (control and db/db mice), while the gene expression of Glul was not affected
by the single adeno-associated virus injection. Additionally, the gene expression of four putative target
genes (Eno1, Cirn1, Cryab and Sfxnb) of GR was investigated. Bars represent mean values + SEM. control
n=6-7. Db/db n=4-5. *P<0.05 (C) A reduced light response in the ERG of retinae of adeno-associated virus
injected mice was detected. Rod-driven responses (b-wave) were measured and quantified at scotopic light
conditions (0,001 cd/ms?) in diabetic and control mice. Cone-driven light responses (30 cd/ms?2) were rec-
orded after 5 min of light adaption. Mixed (rod- and cone-driven) responses were analyzed by applying light
flashes of 3 cd/ms? to eyes of diabetic and control mice. Bars represent mean values + SEM. n=8-9.
*P<0.05.
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A reduced light response of retinae of AAV injected mice was detected, independent of the gen-
otype. This significant effect occurred in rod (0.001 cd/ms) as well as in mixed (rod- and cone-
driven, 3 cd/ms?) responses (Figure 27C). GFAP upregulation remained present up to 12 weeks
after injection and the outcome of the ERG measurements led to the conclusion that the injection
had a noticeable detrimental effect. For this reason, | set out for an optimization of the injection

protocol to overcome the described problems.

6.7.2. COMPARISON OF DIFFERENT INJECTION SYSTEMS

In order to optimize the intravitreal AAV-injection method, two different injection systems were
tested: one from Hamilton and one from WPI. The Hamilton syringe had a 33G blunt-end needle
and a loading capacity of 10 yl. However, a hole generated by use of a bigger needle (27G) was
needed to then enter the eye with this fine Hamilton syringe. This commonly used injection tech-
nique (Giove et al. 2010) comes with the disadvantage that the tissue around the injection side
could be damaged by these two insertion/retraction cycles. In contrast, the NanoFil™ (10 ul filling
volume) from WPI allows penetration and injection in a single step. The beveled needle is ex-
tremely fine (34G) and causes less severe tissue damage at the site of injection. One eye of 12-
week-old control mice was injected with the vehicle control (PBS, sham control), while the con-
tralateral eye received the AAV9-Nr3c1-eGFP construct. At 12 weeks post-injection, morphomet-
ric analysis (Figure 28A-B) and ERG measurements were performed (Figure 28C). The morpho-
metric analysis showed that Muller cells in the retinae of mice which were injected with the Ham-
ilton system stayed in a gliotic state even weeks after the initial injection, as indicated by a rise of
their GFAP expression (Figure 28A). This response was also detected outside the injection side
(Figure 28A’’) and showed that the injection induced a very wide-spread Miiller cell gliosis affect-
ing almost the whole retina. In contrast, Muller cell-specific GFAP expression was not detected in
retinae of mice which were injected with the WPI system (Figure 28B). This was neither visible
at the injection side (Figure 28B’) nor offside the injection (Figure 28B”’). Finally, ERG measure-
ments were performed 12 weeks post-injection. Light responses of mice injected with the WPI
system were better maintained compared to animals treated with the Hamilton system (Figure28
C). Considering the results regarding the GFAP expression and ERG recordings, | conclude that
the WPI system is the better choice for intravitreal AAV injection.

In sum, | showed a successful glia-specific transduction of the AAV9-Nr3c1-eGFP construct and
demonstrated that intravitreal injections via the WPI system are superior to that performed with
the Hamilton syringe. In the end, all preliminary experiments are successfully completed. In a next
step, the long-term effect of the GR overexpression in diabetic and control mice should be tested.

For time reasons these experiments cannot be part of this thesis.
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Figure 28: Suitable intravitreal injection system (World precision instruments) for intravitreal adeno-
associated virus injection. 2.5 x 103 GC/ml AAV9-Nr3c1-eGFP particles and PBS were injected intravi-
treally via the Hamilton (A) or the WPI system (B) into the eyes of 12-week-old control mice. Tissue was
collected 12 weeks thereafter and stained for glial fibrillary acidic protein (GFAP). (A) A strong gliotic re-
sponse of Muller cells was indicated by GFAP upregulation upon injection with the Hamilton system. (B)
No visible gliosis of Mller cells in eyes that were injected with the WPI system. A’ and B’: injection side.
A” and B”’: offside the injection side. GCL: Ganglion cell layer; INL: Inner nuclear layer; ONL: Outer nuclear
layer. Scale bar, 20 ym. (C) In contrast to animals injected with the Hamilton syringe, no major change in
the light responses measured via electroretinogram recordings of mice which were injected with the WPI
system were observed. Rod-driven responses (b-wave) were measured and quantified at scotopic light
conditions (0,001 cd/ms?). Cone-driven light responses (30 cd/ms2) were recorded after 5 min of light adap-
tion. Mixed (rod- and cone-driven) responses were analyzed by applying light flashes of 3 cd/ms? to eyes.
Bars represent mean values + SEM. Untreated n=11. Hamilton n=4-13. WPI n=2.
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7. DISCUSSION

7.1. ONSET OF CHANGES IN THE RETINAL MORPHOLOGY OF DIABETIC MICE

| performed an initial re-characterization of our db/db mouse breed to cross-validate their pheno-
type with that published in the literature.

Bogdanov et al. 2014 described that the total retinal thickness and thickness of the INL and ONL
of the db/db mice in comparison to controls is already decreased in the central part of the retina
at an age of 8 weeks. | could not confirm this finding. In mice from our db/db breed no significant
change was detected in GCL, INL and ONL cell counts of retinae from 12-, 24- or 38-week-old
diabetic mice compared to controls. This may be due to the fact that different analysis methods
were used. Bogdanov et al. 2014 measured the thickness of the total retina, the INL and the ONL
in um. Here, | quantified single cell numbers in the different layers to achieve a more detailed
insight into changes of the cellular tissue composition. Since retinal sections are not always 100%
planar, | consider cell counts to be more precise for the quantification of cell loss than simple
measurements of the overall thickness of retinal sections. Furthermore, a reduced number of cells
in the GCL of db/db mice at an age of 8 weeks was previously reported (Bogdanov et al. 2014).
To address this more specifically, | evaluated the number of calretinin-positive cells in the GCL
and INL. Again, there was no significant difference in the number of calretinin-positive cells be-
tween control and diabetic mice at any age or retinal layer investigated. Bogdanov et al. 2014
used as many as 15 mice per age group to detect the differences in retinal thickness, while |
analyzed 3 to 4 animals per genotype. Given that the mean difference in numbers of the cells in
GCL per 100 um (24-week-old db/+ mice: 14.5 cells, 24-week-old db/db mice: 12 cells) and also
the mean total thickness of the central retina (24-week-old db/+ mice: 240 um, 24-week-old db/db
mice: 220 ym) were minor (Bogdanov et al. 2014), it is possible that analysis of a higher number
of animals is necessary for the detection of such minor differences.

Additionally, morphological changes of photoreceptors were investigated. The outer segment
length of rods did not differ between 12-, 24- and 38-week-old control and diabetic mice, but the
outer segments of cones were significantly shorter and the total number of cones per scanfield
was reduced in 38-week-old diabetic animals. Predominant cone photoreceptor dysfunction in
early-stage DR has previously been shown in zebrafish (Alvarez et al. 2010) and humans (Cho
et al. 2000; McAnany and Park 2019). Therefore, our results in mice support these findings and
illustrate that neural cells in the retina (photoreceptors) are affected in early stages of DR.

The loss of pericytes is a DR key feature, which was detectable in db/db animals starting at an
age of 12 weeks (Midena et al. 1989). In line with this, | observed a decreasing trend in cell
number of PDGFRB-positive pericytes in our db/db mouse strain, but not in animals younger than

24 weeks of age. Even though | did not find significant differences in the number of acellular
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capillaries in our db/db mice, | could confirm a significant rise in the endothelial cell/pericyte ratio
in 24-week-old diabetic animals due to slightly higher endothelial cell numbers with a concomitant
decrease in pericytes. Therefore, | could detect initial stages of morphological changes in the
vasculature of diabetic mice, beginning with an age of 24 weeks.

Reactivation of microglia and an elevation of pro-inflammatory chemokines and cytokines are key
features of the DR pathology (Kinuthia et al. 2020). Arroba et al. 2016 described that activated
microglia are present in two status of polarization during DR progression in db/db mice. Diabetic
mice at the age of 5 weeks showed a M2 anti-inflammatory phenotype, whereas 8-week-old dia-
betic mice displayed a M1 pro-inflammatory response. Therefore, the microglia morphologies of
12-, 24- and 38-week-old diabetic and control mice were investigated. No significant difference in
the number of IBA-positive cells was detected at any age investigated between genotypes. Fur-
thermore, | determined the area occupied by the finely branched microglial processes, which is
typically reduced upon gliotic activation. There was the tendency of smaller microglial ‘territories’
in db/db mice as compared to controls. Moreover, the soma area of the microglia of the 38-week-
old diabetic animals was significantly larger than that of age-matched control mice, which provides
another indication of microglial activation. In conclusion, | detected mild signs of microglial acti-
vation that support the assumption that neuroinflammation is ongoing and potentially contributing
to disease progression in db/db mice.

| could confirm a beginning pericyte loss and microglia reactivity in the db/db animals. As the
breakdown of the BRB is visible in 15-month-old diabetic animals (Cheung et al. 2005), db/db
mice with an age of 24 and 38 weeks are still in an early DR stage and mild symptoms are visible.
Evidently, the DR phenotype in our db/db mouse breed develops later than what was already
published. Some reasons for that could be slight deviations due to the mouse strain background
or different conditions present in the animal facilities regarding stress level of the animals that
potentially add to the already triggered hormonal corticosterone stress axis. Since some of the
published morphological differences are very small (Bogdanov et al. 2014), an increase of the
animal number could show these minor changes in the diabetic mice compared to the controls.
Furthermore, the diabetes phenotype is more prominent in male animals. Fan et al. 2018 showed
that db/db males develop a greater extent of cognitive deficits and neurovascular dysfunctions
than female diabetic mice. Sataranatarajan et al. 2016 showed that the life span of males was
reduced compared to female db/db mice. The median survival of males was 349 days compared
to 487 days in female mice. Since Midena et al. 1989 and Bogdanov et al. 2014 only used male
mice in their experiments, it is possible that the manifestation of the retinal morphological changes
are stronger in males than in females. In T2D, unlike type 1 diabetes, there does not appear to
be an association between sex and DR in human patients. It is possible that the sex has an

influence on the development and progression of DR, but the effect of biological sex becomes
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less significant in advanced levels of DR (Ozawa et al. 2015). Given that both sexes are affected
and suffering from DR, | followed the overarching goal to develop treatment options that work
irrespective of sex effects. Accordingly, | included male and female mice, which might have led

to these slightly inconsistent findings.

7.2. THE ELECTRORETINOGRAM: A SENSITIVE AND SUITABLE READOUT SYSTEM

| wanted to find a suitable and sensitive readout method for the gene therapeutic approach in
diabetic animals. ERG recordings, which measure retinal light responsiveness, are sensitive to
subtle alterations in functional integrity. Bogdanov et al. 2014 detected a- and b-wave abnormal-
ities in ERG recordings from diabetic animals with an age of 16 and 24 weeks. Furthermore,
Arroba et al. 2016 described a difference in the rod-driven and mixed responses of 5-, 8- and 20-
week-old db/db mice compared to controls. In line with these findings, | could detect a significantly
smaller rod-driven and cone-driven b-wave amplitude in 24-week-old diabetic mice. Accordingly,
the mixed response (cones and rods) amplitudes were also reduced in diabetic mice, in both a-
and b-wave amplitudes. Changes of those parameters detected by the ERG were independent
from the sex of the mice. Therefore, the ERG can be used as a highly sensitive readout system,
because it shows functional changes clearly before major morphological changes of retinal de-

generation become detectable.

7.3. DIFFERENCES ON TRANSCRIPT AND PROTEIN LEVEL IN DIABETIC MICE

Although the causal link between chronic hyperglycaemia and the development and progression
of DR is confirmed, the underlying mechanism remains unclear (Tarr et al. 2013). Therefore,
transcriptome and proteome analysis of diabetic and non-diabetic model animals are commonly
used techniques to shed light on the processes during DR progression.

In my thesis, transcriptome profiles of purified Mller cells from 12- and 24-week-old diabetic and
control mice were generated. Since | was interested in processes during DR progression, the
primary focus was on 24-week-old mice, which already showed the first key features of DR. Tran-
scriptional changes on total retinal RNA have been investigated by various experts. Bogdanov et
al. 2014 performed a genome-wide expression profiling analysis on total RNA isolated from reti-
nae of 8-week-old db/db and control mice. They found that gene ontology (GO) terms related to
synaptic transmission, glutamate transport and metabolism were enriched in the down-regulated
gene panel. GO terms that were over-represented among the up-regulated genes were related
to mitochondrial respiration and oxidative stress. Kandpal et al. 2012 performed an RNA seq to

characterize the retinal transcriptome from non-diabetic and streptozotocin-treated mice 32
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weeks after induction of diabetes. They found that genes involved in disease-associated path-
ways such as inflammation, microvasculature formation, apoptosis, glucose metabolism, Wnt sig-
naling, xenobiotic metabolism, photoreceptor biology and crystallin transcripts were differentially
regulated. Since these studies focused on the whole retina, the differences in metabolism, home-
ostasis and inflammation could be due to a reaction of all retinal cell types. They provide a first
insight in the retinal process, but are not focusing on altered Miiller cell processes.

In contrast, van Hove et al. 2020 performed a single-cell RNA seq on retinal tissue from 12-week-
old wild-type and Akimba mice, which is a type 1 diabetes model for early stage DR. The retinae
of 12-week-old Akimba mice showed vascular defects including leaky spots, reduction of retinal
thickness and oedema. An analysis of differentially expressed genes in rods, cones, bipolar cells
and macroglia was performed. As Miller cells and astrocytes are the retinal macroglia, | com-
pared our Mdlller cell-specific regulated genes to the single-cell RNA seq data from macroglia.
van Hove et al. 2020 found that networks related to ribosome, cytoskeleton, immune system pro-
cesses, S100 proteins, glutathione metabolism, iron ion homeostasis, cell cycle regulation/apop-
tosis and oxidative phosphorylation (OXPHOS) were upregulated in Akimba macroglia (van Hove
et al. 2020). In our data set from 24-week-old db/db mice, pathways related to growth factor sig-
naling and ion binding were upregulated in Muller cells of diabetic mice. Genes involved in gluta-
thione metabolism like Gpx1, Gpx3, Gpx4, Gstm1, and Mgst1 were upregulated in the macroglia
of Akimba mice. The glutathione s-transferase m1 (Gstm1) is also one of the genes which was
significantly upregulated in Muller cells of 24-week-old db/db mice. Furthermore, van Hove et al.
2020 showed that genes involved in cell cycle regulation and apoptosis like Ccnd2, Cdkn1a,
Gadd45g, Id3 and Phlda3 are upregulated in the macroglia of Akimba mice. | found that the cyclin
dependent kinase inhibitor 1c (Cdkn1c) gene is Muller cell-specific and significantly upregulated
in diabetic mice. Another gene which was significantly upregulated in both data sets is metallothi-
onein-2 (Mt2). It is known that Mt2 is an antioxidant, protects against retinal neuron damage
(Suemori et al. 2006) and that it's expression is regulated by glucocorticoids (Martinho et al.
2013). | showed that corticosterone levels in 24-week-old db/db mice are significantly elevated.
Therefore, the change in Mt2 expression may be due to the high corticosterone level. This finding
is confirmed by the fact that proteomics data on 2-days cortisol treated explants showed a signif-
icantly higher protein level of Mt2 than explants which were cultivated without corticosterone (data
not shown). Furthermore, van Hove et al. 2020 showed that markers of reactive gliosis like Gfap
and Lcn2 were upregulated in the macroglia of Akimba mice. Our RNA seq data showed that
Gfap was significantly upregulated in Miller cells of diabetic mice with an age of 24 weeks, con-
firmed by gPCR data from 24-week-old control and diabetic mice. As retinal astrocytes are as-

sumed to be found in a small amount in the MACS Miiller cell fraction, this could be also due to
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an altered Gfap expression in astrocytes. In sum, networks related to gliosis, glutathione metab-
olism and cell proliferation seem to be upregulated in both diabetes models. Furthermore, Grant
et al. 2004 showed that ischemia-mediated overexpression of growth factors like VEGF, insulin-
like growth factor-1, angiopoetin-1 and -2, stromal-derived factor-1, fibroblast growth factor-2 and
tumor necrosis factor occurs in DR. These are in line with our finding that pathways related to
growth factor signaling were upregulated in Muller cells. The angiopoietin like 4 (Angptl4) gene is
for example upregulated in Mller cells of db/db mice (data not shown).

In addition, pathway enrichment analysis via PANTHER (Thomas et al. 2003) pinpoints pathways
related to the cytoskeleton, RNA and protein binding as well as potassium channel activity in the
set of downregulated Miller cell-specific genes of the diabetic retina. Van Hove et al. 2020
showed that genes involved in glycolysis, central nervous system (CNS) development and
OXPHOS were downregulated in Akimba macroglia. 5 genes were found to be overlapping be-
tween our data set and the data set of the Akimba macroglia: Cers4, Fgfbp3, Ndrg3, Pid1 and
Guf1. Ceramide synthetase 4 (Cers4) and GUF1 homolog, GTPase (Guf1) are involved in orga-
nonitrogen compound metabolic processes and NDRG family member 3 (Ndrg3) in cellular re-
sponses to stimuli (van Hove et al. 2020). Fibroblast growth factor binding protein 3 (Fgfbp3) and
phosphotyrosine interaction domain containing 1 (Pid1) contribute to the regulation of phosphate
metabolic processes (van Hove et al. 2020, ESM Table 9: Enrichment.Process). In sum, the
genes involved in general cellular functions like metabolic processes are consistently regulated
in both data sets. Furthermore, Pannicke et al. 2006 showed that glial cells in diabetic rat retina
are more sensitive to osmotic stress, partially associated with decreased potassium conductance
mediated by Kir4.1 channels. In support of that, | found that the potassium channel activity was
specifically downregulated in Muller cells of 24-week-old db/db mice.

In sum, the pathways which were differentially expressed in Muller cells of diabetic mice give first
insights into the disease progression.

In addition to changes at transcript levels, the proteome of 24-week-old diabetic mice was inves-
tigated in this thesis. 986 genes and proteins overlapped in the Mller cell-specific regulated pro-
teome and transcriptome data and 57.61% were concordantly regulated. The explanation why
protein levels do not necessarily reflect transcript expression is complex. There are manifold
mechanisms controlling the process and efficiency of protein translation (Liu et al. 2016b). In a
simplistic view, the DNA is copied to a single strand messenger-RNA (mRNA) (transcription) and
thereafter the mRNA is used as matrix to produce the respective protein (translation). Thus,
MRNA levels would determine the amount of protein generated in a linear fashion. However, from
a single gene, different transcript isoforms can be formed via alternative splicing which do not all
contain the respective protein-coding sequence. Furthermore, the mRNA can be degraded before

it gets translated which could contribute to a discrepancy between transcript and protein levels.
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For instance, a delayed protein synthesis from its mMRNA template during the cell cycle via the
regulation of the translation rate is possible. This ensures that proteins are available at high
amounts only in response to specific signals. Furthermore, proteins could have a way higher half-
live than mRNA, whereby the half-live of different proteins is also variable and needs be consid-
ered (Liu et al. 2016b). Therefore, the protein and transcript levels of identified gene candidates
have to be further validated with additional methods like gPCR, Western blot, ELISA or immuno-
histochemistry to get detailed insights into the actual function of the gene of interest.

Here, | found that pathways related to the ATP and transporter activity were enriched in the set
of downregulated proteins and pathways related to RNA and protein binding, ligase and transfer-
ase activity were upregulated in Muller cells from 24-week-old diabetic mice. Other publications
already focused on the retinal proteome of diabetic mice. Ly et al. 2014 studied alterations in the
retinal membrane proteome of 10-week-old db/db mice by label-free mass spectrometry. They
found that pathways related to synaptic transmission and cell signaling were decreased, while
pathways related to cell death/survival and metabolism were increased in protein levels (Ly et al.
2014). van Hove et al. 2020 studied the differential protein expression in retinae from 12-week-
old wild-type and Akimba mice. They showed a metabolic shift from glycolysis to OXPHOS, acti-
vation of microglia/macrophages, metal ion and oxidative stress response and reactive macroglia
in the diabetic retina. Even though | could not detect GFAP staining of Miiller cells in 24-week-old
db/db mice, | detected an onset of microglia activation in 38-week-old db/db mice. This could be
due to the fact that the db/db mice with an age of 24 and 38 weeks seem to be still in an early DR
stage as only minor morphological and functional changes could be observed. In contrast 12-
week-old Akimba mice already showed a stronger phenotype including vascular defects, reduc-
tion of retinal thickness and oedema (van Hove et al. 2020).

In conclusion, the transcriptome and proteome of our db/db mouse breeding showed that macro-
glia, together with other retinal cell types, may play a key role in retinal neurodegenerative dis-

eases like DR.

7.4. SEARCH FOR A MASTER REGULATOR OF THE MULLER CELL PHENOTYPE IN
DIABETIC RETINOPATHY PROGRESSION

To identify key regulators that drive Mdller cell changes in DR progression, | performed an oPOS-
SUM-3 TF binding site cluster analysis (Ho Sui et al. 2005) on the basis of the RNA seq expres-
sion data implementing the list of genes specifically regulated in Muller cells of 24-week-old dia-
betic mice. Gene clusters of Sp1, Ebf1, Egr1, Zfx, Foxd1 and Sox2 are upregulated and gene
clusters targeted by Sox2, Rora, Foxf2, Srf and Nr3c1 were downregulated.

For the gene clusters which were significantly upregulated in Miller cells, the gene expression of

the TF itself was investigated. Although it is known that insulin stimulates the biosynthesis of Sp1

73



DISCUSSION

Transcription Factor (Sp7) and its O-linked N-acetylglucosaminylation (Majumdar et al. 2004) and
that db/db mice have elevated circulating insulin levels (Burke et al. 2017), the expression of Sp1
was not altered in 24-week-old db/db mice. EBF transcription factor 1 (Ebf1) plays a crucial role
in early adipogenesis and it is assumed that many components of metabolic and inflammatory
pathways are positively and directly regulated by Ebf1 (Griffin et al. 2013). As db/db mice are
obese and have a higher amount of fat tissue, this could explain the transcriptional change of this
TF cluster. The transcript of Ebf1 is not regulated in diabetic mice with an age of 24 weeks. Sev-
eral studies showed that the expression of early growth response 1 (Egr1) is triggered by hyper-
glycaemia in diabetes and, indeed, Egr1 was found to be upregulated in the retinae of diabetic
rats (Ao et al. 2019). Of note, in our analysis of 24-week-old db/db mice, Egr1 expression seemed
to be upregulated in all retinal cell types investigated, even though this trend did not reach signif-
icance level. Optic nerve injury which in a secondary response also leads to Miller cell gliosis
(Wang et al. 2002), goes along with an upregulation of the zinc finger protein x-linked (Zfx). The
Zfx transcript is not altered in db/db mice with an age of 24 weeks. The family of forkhead TFs
stimulates the transcription of target genes involved in many fundamental cell processes like cell
cycle progression, DNA repair, cell survival and insulin sensitivity. The activity of these proteins
is regulated by insulin and other cytokines (Tsai et al. 2003). Therefore, the altered expression of
forkhead box d1 (Foxd1) and forkhead box f2 (Foxf2) gene clusters in db/db mice could be due
to the elevated circulating insulin levels (Burke et al. 2017). The TF Foxd1 was mainly expressed
in Muller cells, but the gene expression was not altered in diabetic mice compared to control mice.
Furthermore, the gene expression of TFs which target gene clusters were significantly downreg-
ulated in Muller cells of 24-week-old db/db mice was investigated. Foxf2 expression was not Mul-
ler cell-specific and did not change in 24-week-old db/db mice. The cluster of SRY-box transcrip-
tion factor 2 (Sox2) was significantly up- and downregulated in Miller cells, whereby the Fisher-
score and Z-Score was higher in the upregulated data set. Sox2 plays an essential role in pro-
genitor cell maintenance in the developing and adult CNS and has shown to be specifically ex-
pressed by Mller glia of C57/BL6 mice (Roesch et al. 2008). | was able to demonstrate that Sox2
expression is Muller cell-specific, but gene expression was not altered in diabetic mice compared
to control mice. Serum response factor (Srf) interacts with over 60 cofactors and, thus, is involved
in the modulation of many cellular processes. Two prominent examples are its role in coordinating
growth factor-mediated stimulation of cells and mitogen-activated protein kinase signalling as well
as the effects which are mediated through rho-dependent changes in actin dynamics (Miano
2010). The expression of the TF Srf was not altered in db/db mice with an age of 24 weeks. RAR
related orphan receptor a (Rora) expression was significantly increased in retinae of an oxygen-
induced retinopathy mouse model and it is involved in retinal inflammation and pathologic neo-

vascularization in proliferative retinopathy (Liu et al. 2016a). | found that the TF Rora is mainly
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expressed in neurons, but there was no difference in diabetic mice. Nr3c1 transcript which codes
for the GR was Miuiller cell-specific and was significantly reduced in 24-week-old db/db mice.

In the end, | identified potential key regulators that could have the potential to determine the func-
tional changes in the diabetic retina. In the following, | decided to focus on the GR. The treatment
with GR agonists like dexamethasone has proven to be an effective therapy in DR as it counter-
balances typical changes associated with DR such as breakdown of the BRB or onset of neuro-
inflammation (Ghaseminejad et al. 2020). Furthermore, previous studies have shown that the
selective GR agonist triamcinolone acetonide reduces vascular leakage (Brooks et al. 2004), in-
hibits the secretion of VEGF (Itakura et al. 2006) and prevents osmotic swelling of Miller cells
(Pazdro and Burgess 2010). Although synthetic glucocorticoids are commonly used for therapeu-
tical approaches in ophthalmology, the molecular processes of GR signaling and its role in DR

progression are not known and are investigated in this study.

7.5. POSSIBLE ROLE OF THE GLUCOCORTICOID RECEPTOR IN DIABETIC RETI-
NOPATHY PROGRESSION

The GR is a nuclear hormone receptor with broad effect on inflammatory responses, cell prolifer-
ation and differentiation in target tissues. Gallina et al. 2014 showed that the GR is mainly located
in Sox2-positive nuclei of Miller cells in mouse, guinea pig, dog and human retinae. It was con-
firmed that a partial loss of GR in the retina results in a thinner INL and that it plays a critical role
in maintaining retinal homeostasis by regulating the inflammatory response (Kadmiel et al. 2015).
Furthermore, Gallina et al. 2015 found that activation of GR inhibited the reactivity of microglia
and the loss of retinal neurons upon excitotoxic tissue damage. The activated GR can regulate
the expression of target genes through multiple ways. It can lead to transactivation or transrepres-
sion of gene transcription directly by binding to GREs in regulatory regions of specific target
genes. Furthermore, the GR can act through protein-protein interactions with other TFs like NF-
kKB and AP-1 (Sulaiman et al. 2018). The oPOSSUM-3 analysis showed that the target gene clus-
ter of the GR is downregulated specifically in 24-week-old diabetic animals compared to control
mice. Furthermore, | showed that 1363 genes, a fourth of the Miller cell-specific downregulated
genes, were also potential target genes of the GR. | studied the expression of two exemplary
Madller cell-specific GR target genes. The transcript of Foxo1 is significantly downregulated in 24-
week-old diabetic mice compared to control mice. It is involved in multiple signaling processes
and the control of insulin sensitivity, hepatic glucose production and blood glucose levels (Wu et
al. 2018). Furthermore, Ca4 which is a member of a large family of zinc metallo-enzymes that
catalyze the reversible hydration of carbon dioxide was significantly down-regulated in Miller cells
of 24-week-old diabetic mice. Ca4 is essential for acid removal from the retina and RPE-driven

acid release towards the choroid, and it has been shown that mutant Ca4 impairs pH regulation
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and causes retinal photoreceptor degeneration (Yang et al. 2005). Therefore, the major impact of
correct function of the two putative GR target genes on retinal integrity demonstrate that the reg-
ulation of the GR target gene cluster in the diabetic retina could in turn have a great influence on
the progression of the disease.

RNA seq of MACS enriched retinal cell types revealed significant and specific reduction of Nr3c1
transcripts in Mller cells of 24-week-old db/db mice. A similar trend on protein level was shown
by gPCR and Western blot. | could confirm the Miller cell-specific location of the GR in Muller cell
nuclei in diabetic and control mice. It is known that GR mRNA levels increase above the pre-
damage levels within 4 h after NMDA-induced damage and remained elevated for one day in
chicken retinae. The GR level decreased to pre-damage levels by day 2 and below pre-damage
levels by day 3 (Gallina et al. 2014). Therefore, it could well be that the retinal damage during DR
progression has an influence on GR expression.

The main ligand of the GR in mice is the glucocorticoid corticosterone. Glucocorticoids have a
broad range of effects and are involved in metabolic processes, immune system, reproduction,
behaviour and cognitive functions. Circulating levels of glucocorticoids are regulated by the HPA
axis. In case of stress, the HPA axis gets activated and an increase in glucocorticoids helps the
body to cope and recover from the stress situation (Gjerstad et al. 2018). It has been shown that
the corticosterone levels in mouse models of type 1 and type 2 diabetes are significantly elevated.
Serum corticosterone level is increased in db/db animals at an age of 9 weeks (Erickson et al.
2017). Furthermore, diabetic patients have a significantly higher urinary-free cortisol level (Roy et
al. 1998). | also confirmed an elevated blood plasma corticosterone level in 24-week-old mice. It
is known that chronic administration of glucocorticoids can constitutively downregulate GR ex-
pression via an auto-regulatory loop (Vandevyver et al. 2014). Therefore, it is possible that the
expression of the GR is negatively regulated in diabetic mice due to elevated corticosterone lev-
els.

Given that it has been shown that GR activation has a beneficial effect on the retina, | decided to
check whether an upregulation of GR in vitro with retinal explants and in vivo in diabetic mice via

gene therapeutic tools is indeed protective and slows down disease progression.

7.6. MODULATION OF GLUCOCORTICOID RECEPTOR ACTIVITY IN VITRO

In ophthalmology, glucocorticoids are widely used for management of diverse diseases with acute
and chronic ocular inflammatory conditions. For that purpose, the glucocorticoids triamcinolone
acetanoid, dexamethasone, prednisolone and flucinolone acetanoid are commonly used. Thera-
peutic effects are mediated through genomic actions of the GR (Sulaiman et al. 2018). Without
bound ligand, the GR is localized in the cytoplasm forming inactive oligomeric complexes in as-

sociation with molecular chaperones. As soon as glucocorticoids bind, the GR dissociates from
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those regulatory complexes and gets phosphorylated at multiple sites. Forming phosphorylated
dimers, it then translocates to the nucleus influencing transcription in multiple ways (Sulaiman et
al. 2018). Although glucocorticoids are commonly used, the molecular and cellular processes of
GR signaling in the diabetic eye are largely unknown.

To address this under controlled conditions, | investigated the effect of GR modulation in an in
vitro cell culture model. Since cortisol has higher glucocorticoid potency on the GR than corti-
costerone (Gong et al. 2015) and it is well-established in culture experiments using murine retinal
explants ( Gorovits et al. 1997; Toops et al. 2012), | used cortisol in the present study. As ex-
pected, a higher concentration of the active, phosphorylated GR was detected in retinal explants
treated with cortisol by Western blot analysis, while the overall level of whole GR (inactive and
active form) was unchanged. Proteome profiling revealed that pathways related to the organiza-
tion of the cytoskeleton, energy supply and ATP activity were those that were downregulated
upon cortisol treatment, while proteins associated with pathways related to RNA binding, tran-
scriptional activity and phosphatase activity were upregulated. The unbound GR, which is bound
to a chaperone complex, is located in the cytoplasm of the cell. Ligand binding induces confor-
mational changes in the GR, involving phosphorylation (Liu et al. 2019). This phosphorylation
process needs energy in form of ATP (Bennett et al. 2009) and therefore, falls in line with the fact
that the ATP pathway is also regulated in the proteome data. Given that phosphorylation of GR
leads to its translocation into the nucleus where it can function as a repressing and activating TF
(Sulaiman et al. 2018), the upregulation of the transcriptional activity and the RNA binding path-
ways could be a consequence of this enhanced nuclear localization of the GR. It can act as a TF
itself or modulate the binding affinity of other TFs to their DNA binding domains and thereby, it
can also indirectly change gene expression profiles. As an example, the GR binds to the JUN
subunit of AP-1 which is involved in a variety of cellular processes including proliferation, differ-
entiation, apoptosis and pro-inflammatory responses (Ameyar et al. 2003; Ramamoorthy and
Cidlowski 2016). Our group showed earlier that Muller cells express high levels of Fos and Jun,
potentially due to the fact that the GR is acting by modulating transcriptional activity at AP-1 sites
(Ghaseminejad et al. 2020). In line with this assumption, the pathway of JUN kinase activity was
also enriched in the proteome of cortisol treated retinae. As the interaction partners of GR play
an important role in inflammation, | evaluated the effects of GR activation on known GR target
genes that may play a role in this context. Since the GR is specifically localized in Miller cell
nuclei, | focused on GR target genes which were significantly regulated in Miller cells of diabetic
mice. Eleven of the 72 up-regulated proteins were reported as predicted GR targets and were
expressed at high levels in Miller cells, as determined by our RNA seq experiment. None of those
downregulated proteins in cortisol-treated retinal explants were also Miller cell-specific and a

putative GR target gene. The Miller cell-specificity of the 11 up-regulated candidates was cross-
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validated and compared to published scRNA seq resource data from mouse retina (Macosko et
al. 2015). For five of these candidate genes, an exclusive expression in Miller cells could be
confirmed. Cryab and Eno1 were identified as the two most interesting candidates. Eno1 is a
component of the glycolytic pathway and strongly expressed in the INL of the retina, supposedly
in Maller cells. Eno1 was found to be reduced in the macula and increased in the vitreous of
patients with Macular Telangiectasia type 2 (Len et al. 2012). Furthermore, it was altered in the
diabetic rat retina (Quin et al. 2007) and in tear proteomic analysis of patients with T2D with dry
eye syndrome (Li et al. 2014). Cryab has chaperone-like activity and is involved in the prevention
of detrimental protein aggregations under cell stress conditions. It was shown that retinal neuro-
degeneration in animal models of diabetes was associated with increased levels of the crystalline
protein family (Ruebsam et al. 2018). In support of those recent studies, | found a moderate up-
regulation of mRNA from both genes in purified Maller cells of cortisol treated versus untreated
retinal explants.

Testing whether the cortisol treatment had an impact on the cellular response in retinal explants,
| did not find major morphological differences after 5 days in vitro. The main difference | could
detect was regarding the GR itself. While an enhanced cytoplasmic GR level could be detected
in the untreated explants compared to the in vivo situation, the GR stayed in the Mdiller cell nuclei
as long as explants were stimulated with cortisol. This demonstrates that constantly high levels
of glucocorticoids are needed to maintain the nuclear localization of the GR in Miller cells. Of
note, due to the cultivation, Muller cells turned on their typical gliotic response pattern that in-
cludes a moderate rise of their GFAP expression. This aspect of Muller cell gliosis did not seem
to be affected by GR stimulation, since GFAP immunoreactivity was comparable between treat-
ment groups.

In sum, the in vitro data from retinal explants demonstrate that GR stimulation via cortisol admin-
istration had an effect not only on its conformation and activity, but also on the expression of
known downstream GR target genes with clear modulation of those specifically expressed by
Madller cells. These constantly high cortisol levels could mimic the elevated corticosterone level in
diabetic mice. However, given the pitfalls of retinal explant cultures that include persistent unspe-
cific neurodegeneration as a consequence of culturing, | did not perform further follow up experi-
ments in this model. Instead, | set out to develop a gene therapeutic approach to enable the

investigation of the long-term restoration of GR activity in Muller cells of diabetic mice.
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7.7. MODULATION OF GLUCOCORTICOID RECEPTOR ACTIVITY IN VIVO

DR is the leading cause of vision loss in adults aged 20-64 years in developed countries. As it is
a multifactorial retinal disease, it develops slowly and requires a treatment over years or even
decades. In addition to the control of systemic factors, laser photocoagulation therapy has been
mainly used as management therapy. However, there are notable side effects associated with
this mode of treatment including the worsening of existing macular edema as well as impairment
of night vision and peripheral retina function. In recent years, the use of injections of intravitreal
corticosteroids like dexamethasone or of anti-VEGF agents have revolutionized the management
of DR. Although anti-VEGF therapy showed remarkable clinical benefits in DR patients, it also
comes with limitations and adverse effects. Moreover, the effectiveness of the before-mentioned
therapeutics relies on repeated (monthly) intravitreal injections due to their short half-life in the
eye. The incidence of adverse effect like endophthalmitis increases by frequent injections (Das
et al. 2015). Intravitreal corticosteroids are efficient in the treatment of DME and they become
increasingly important especially when patients prove to be resistant to the gold-standard anti-
VEGEF therapy. The advantages of corticosteroids are that they require a lower frequency of in-
jections, lower costs and better patient compliance, but they are also associated with a high inci-
dence of adverse effects. Therefore, corticosteroids are currently only the second-line option for
patients who are not responding to other therapeutic treatments (Wang and Lo 2018). In conclu-
sion, there is an urgent need for the development of additional or complementary treatment ap-
proaches.

In contrast to monthly intravitreal substrate injections, a gene therapeutical approach ideally
should only require a single injection into the patient’s eye, thereby significantly reducing the risk
of procedure-related complications. In 2017, the food and drug administration (FDA) approved
the first AAV-based gene therapy product for the treatment of Leber congenital amaurosis-2 which
is a rare form of blindness caused by variations in the RPE65 gene. The AAV vector, which is
subretinally injected, carries a copy of the RPE65 gene. The therapy is successful and shows
improvement in functional vision as well as increase in visual field and full-field light sensitivity.
Furthermore, it is documented to be a safe and durable treatment. Therefore, this underscores
the great potential of gene therapeutical approaches, not only for the treatment of inherited retinal
dystrophies, but also for multifactorial eye diseases like DR (Askou et al. 2020).

| identified the GR as a promising candidate that could be targeted in Miiller glia to treat DR-
associated changes of the cells and therewith potentially to improve the overall retinal integrity.
Accordingly, my goal was to develop a gene therapeutic approach to achieve long-term efficient
stimulation of GR signaling in Muller cells. | demonstrated a successful glia-specific expression
of the GR expression cassette on basis of the reporter eGFP co-expressed with GR and a mod-

erate up-regulation of GR determined by immunostainings following the intravitreal injection of an
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AAV 9-construct for GR overexpression. A significant upregulation of the Nr3c17 transcript in AAV-
injected control and db/db mice was validated by gqPCR. Furthermore, a Gfap upregulation trend
due to AAYV injection was visible in control and db/db mice, while the gene expression of Glul was
not affected. The transcripts of the four putative GR target genes Eno1, Cirn1, Cryab and Sfxn5
were in most cases upregulated in db/db and control mice. Therefore, a downstream effect of
AAV induced GR upregulation on predicted target genes could be shown in this study. In ERG
recordings, a reduced light response of retinae in AAV injected mice independent of the genotype
was detected. As GFAP upregulation was still present 12 weeks after injection and the ERG
curves of AAV injected eyes were still reduced, the injection had a noticeable effect and an opti-
mization of the injection method was performed. | compared two different injection systems from
Hamilton and WPI with the goal to identify the appropriate injection system. In one eye of 12-
week-old control mice PBS (sham control) was injected and in the other eye the AAV9-Nr3c1-
eGFP construct. Single animals were injected either with the Hamilton or WPI system. 12 weeks
post injection morphometric analysis and ERG measurements were conducted. The morphomet-
ric analysis showed that Miller cells in the retinae of mice, which were injected with the Hamilton
system, were becoming gliotic as indicated by a rise of their GFAP expression due to the injection.
However, | could not detect Miller cell-specific GFAP expression as a sign for gliosis in the retinae
of mice which were injected with the WPI system. Furthermore, ERG measurements showed a
trend to better light responses of retinae of mice which were injected with the WPI system de-
tected. Therefore, the WPI system is the better choice for intravitreal AAV injection.

In conclusion, | showed a successful glia-specific transduction of the AAV9-Nr3c1-eGFP con-
struct and | found an optimal injection method using the WPI system. Due to time constraints, the

long-term effect of the GR overexpression in diabetic and control mice is not a part of this thesis.
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8. CONCLUSION

| characterized the retinal phenotype of db/db mice and showed that db/db mice with an age of
24 and 38 weeks are still in an early DR stage presenting mild symptoms including the onset of
pericyte loss and first signs of microglia activation. However, | could demonstrate that the ERG
can be used as a highly sensitive readout system, because it shows functional changes clearly
before major morphological changes of retinal degeneration become detectable. Importantly,
changes of those parameters detected by the ERG were independent from the sex of the mice.
Aiming to identify key regulators that drive Miiller cell changes in DR progression, an oPOSSUM-
3 TF binding site cluster analysis (Ho Sui et al. 2005) was performed based on the RNA seq
expression data, implementing the list of genes specifically regulated in Muiller cells of 24-week-
old diabetic mice. This identified the GR (gene ID: Nr3c1) whose target gene cluster was down-
regulated in Mdller cells of diabetic animals as a promising candidate. Nr3c1 transcript was high-
est expressed in Miller cells and significantly reduced in 24-week-old db/db mice. Importantly,
the GR was mainly located in Mdller cell nuclei of diabetic and control mice. In addition, | con-
firmed an elevated blood plasma level of corticosterone, the endogenous ligand of the murine
GR, in 24-week-old db/db mice. Figure 29 summarizes the results concerning the GR in diabetic
mice which were obtained in this study and asks the question if the long-term restoration of GR

has a beneficial effect on Muller cell function.
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Figure 29: Possible role of the glucocorticoid receptor in disease progression. | confirmed that the
glucocorticoid receptor (GR) (red dots) is mainly located in Muller cell nuclei of the healthy retina. | showed
that 24-week-old db/db mice have an increased corticosterone level. In contrast, the expression of the GR
and its target gene cluster is downregulated in Miller cells of db/db mice with an age of 24 weeks. To
investigate the long-term restoration of GR activity and the question if a beneficial effect on Miuiller cell
function occurs in diabetic mice, a gene therapeutic approach using an adeno-associated virus (AAV) con-
struct was developed.

81




CONCLUSION

As it is known that chronic administration of glucocorticoids can constitutively downregulate GR
expression via an auto-regulatory loop (Vandevyver et al. 2014), it could well be that the expres-
sion of the GR is negatively regulated in diabetic mice due to elevated corticosterone level. Alt-
hough synthetic glucocorticoids are commonly used for therapeutic approaches in ophthalmology
with undebatable beneficial effects, the molecular processes of GR signaling and its role in DR
progression are largely not known. Therefore, | investigated the effect of GR modulation in an in
vitro retinal explant model implementing cortisol stimulation. Constantly high cortisol levels not
only influenced the GR phosphorylation level and activity, but also induced expression changes
of known downstream GR target genes with specific modulation of those candidates | showed to
be specifically expressed by Miller cells. To investigate the long-term restoration of GR activity
in diabetic Muller cells which is not possible in the in vitro model, | set out to develop a gene
therapeutic approach in db/db mice. This strategy comes with the advantage that it ideally re-
quires only a single injection into the patient’s eye and thereby significantly reduces the risk of
procedure-related complications. AAV9-Nr3c1-eGFP particles were intravitreally injected into the
eyes of 12-week-old mice and the eyes were collected 12 weeks thereafter. | could demonstrate
a successful glia-specific transduction of the construct and | found an optimal injection method in
the WPI system. Due to time constraints, the long-term effect of the GR overexpression in diabetic
and control mice is not a part of this thesis and has to be investigated in the future.

In this thesis, | identified further potential key regulators that may underly the functional changes
in the diabetic retina. The TF Foxd1 whose gene cluster was significantly upregulated in Muller
cells of 24-week-old diabetic mice was also mainly expressed in Muller cells. Furthermore, | could
show that Sox2 is specifically expressed in Muiller cells and that its gene cluster was significantly
up- and downregulated in Miller cells of 24-week-old diabetic mice. As both genes are Muller
cell-specific expressed, they should be subject of further investigations. Finally, Eno1, a putative
target gene of GR, is strongly expressed in the INL of the retina, supposedly in Mdller cells, and
was found to be reduced in the macula and increased in the vitreous of patients with Macular
Telangiectasia type 2 (Len et al. 2012). Given that it was altered in the diabetic rat retina (Quin et
al. 2007) and in patients with T2D with dry eye syndrome (Li et al. 2014), Eno1 may also serve

as an interesting candidate to be investigated in future studies.
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11. ABBREVIATIONS

Table 22: Abbreviations

Abbreviation Word
AAV Adeno-associated virus
Angptl4 Angiopoietin like 4
AP-1 Activating protein-1
APS Ammonium persulfate
ATP Adenosine triphosphatase
bp Base pairs
BRB Blood-retinal barrier
BSA Bovine serum albumin
cm Centimeter
°C Degree celsius
Cdkn1c Cyclin dependent kinase inhibitor 1c
Ca4 Carbonic anhydrase 4
cd/ms? Candela per square meter
cDNA Complementary DNA
Cers4 Ceramide synthetase 4
Clrn1 Clarin 1
cm Centimeter
CNS Central nervous system
CO2 Carbon dioxide
Cryab Crystallin alpha B
DAPI 4' 6-diamidino-2-phenylindole
DME Diabetic macular oedema
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
dNTP Deoxyribonucleotide triphosphate
DR Diabetic retinopathy
dTTP Deoxythymidine triphosphate
Ebf1 EBF transcription factor 1
ECL Enhanced chemiluminescence
ECS Extracellular solution
EDTA Ethylenediaminetetraacetic acid

ABBREVIATIONS
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e.g. Exempli gratia
eGFP Enhanced green fluorescent protein
Egr1 Early growth response 1
ELISA Enzyme-linked immunosorbent assay
Eno1 Enolase1
ERG Electroretinogram
E/P Endothelial cell/Pericyte ratio
FDA Food and drug administration
Fgfbp3 Fibroblast growth factor binding protein 3
Fl Forward inner
FO Forward outer
Foxd1 Forkhead box d1
Foxf2 Forkhead box f2
Foxo1 Forkhead box o1
FPKM Fragments per kilobase million
fw Forward
g Gram
G Gauge
GC Genome copies
GCL Ganglion cell layer
GFAP Glial fibrillary acidic protein
Glul Glutamine synthetase
GO Gene ontology
Gstm1 Glutathione s-transferase m1
GR Glucocorticoid receptor
GREs Glucocorticoid-response elements
Guf1 GUF1 homolog, GTPase
h Hours
H20 Water
HCI Hydrochloric acid
H&E Hematoxylin and Eosin
HPA Hypothalamic—pituitary—adrenal
ID Identity
IL-6 Interleukin-6
INL Inner nuclear layer
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i.p. Intraperitoneal
IPL Inner plexiform layer
K* Potassium
kb Kilo base pairs
KCI Potassium chloride
kDa Kilodaltons
KH2PO, Monopotassium phosphate
kg Kilogram
| Liter
Iba lonized calcium-binding adaptor molecule 1
ltgam Integrin subunit alpha M
M Molar
MACS Magnetic activated cell sorting/sorted
MC Muller cells
MG Microglia
MgCl, Magnesium chloride
mg Milligram
Mg Microgram
min Minutes
ml Milliliter
Ml Microliter
mM Milli-Molar
pm Micrometer
mMmRNA Messenger-RNA
MS Mass spectrometry
Mt2 Metallothionein-2
n Numbers
N Neurons
Na Sodium
Naz;HPO, Disodium phosphate
NaCl Sodium chloride
Ndrg3 NDRG family member 3
NF-kB Nuclear factor kappa-light-chain enhancer of activated B cells
ng Nanogram
NFL Nerve fiber layer
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nm Nanometer
No. Number
NPDR Non-proliferative diabetic retinopathy
ONL Outer nuclear layer
OPL Outer plexiform layer
OS Outer segments
OXPHOS Oxidative phosphorylation
P Probability value
PAGE Polyacrylamide gel electrophoresis
PBS Phosphate-buffered saline
PCA Principal component analysis
PCR Polymerase chain reaction
PDEGB Phosphodiesterase 6B
PDGFRR Platelet-derived growth factor receptor beta
PDR Proliferative diabetic retinopathy
Pecam1/ CD31 Platelet and endothelial cell adhesion molecule 1
PFA Paraformaldehyde
pH Power of hydrogen
Pid1 Phosphotyrosine interaction domain containing 1
PVDF Polyvinylidene fluoride
gqPCR Quantitative PCR
Rev Reverse
Rho Rhodopsin
RI Reverse inner
RNA Ribonucleic acid
Rora RAR related orphan receptor a
RO Reverse outer
RPE Retinal pigment epithelium
RT Room temperature
sc Single cell
SDS Sodium dodecyl sulfate
sec Seconds
SEM Mean + standard error
seq Sequencing
Sfxn5 Siderflexin 5
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Sox2 SRY-box transcription factor 2
Sp1 Sp1 transcription factor
Srf Serum response factor
STED Stimulated emission depletion
T2D Type 2 diabetes
TAE Tris-Acetat-EDTA
TBS Tris-buffered saline
TBST Tris-buffered saline with 0.1% Tween 80
TEMED Tetramethyl ethylenediamine
TF Transcription factor
u Units
\Y Volt
VC Vascular cells
WPI World precision instruments
wit Wild type, wilde-type
w/v Weight per volume
VEGF Vascular endothelial growth factor
Xg Times gravity
Zfx Zinc finger protein x-linked

%

Percentage
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