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Introduction

1 Introduction

1.1 The eye and retina

The mammalian eye is an exceptionally important sensory organ for humans. It
provides us with the ability to process visible light and enables a connection to
our surroundings via perception of objects and organisms, sense of depth and
balance. Furthermore, it allows the use and interpretation of gesticulation and

facial expressions in interpersonal communication.

As seen on the left side of Figure 1 the eye has a spherical shape and is made
up of different layers each contributing to a reliable function of the eye. The mus-
cles for movement, sclera for stability and protection, choroid for vascularization.
Along the optical axis (yellow dashed line), the refractive cornea and lens focus
images onto the light sensitive retina. The iris modifies the amount of light enter-
ing the eye by expanding and reducing the pupil area. The transparent vitreous
body transmits light and fills the inside of the eye to maintain its shape.

The right side of Figure 1 illustrates the 10 retinal layers and their respective cell
types, as well as the direction of light going through the retina before reaching
the photoreceptor cells. The Photoreceptors reside in the outer retina and convert
light via the phototransduction cascade into an electrochemical message that is
passed on towards 2" order neurons in the inner retina. About 130 million pho-
toreceptor cells are present in the human outer retina, which is made up of mainly
rods and harbors only about 3% of cone photoreceptors. The latter are concen-
trated in the fovea, thinning out into the macula and further periphery (Szel et al.,
1992). Rods and cones fulfill different tasks when light interacts with them. Three
types of cone photoreceptors react to different wavelengths of light and provide
high resolution photopic images in good lighting conditions. Rod photoreceptors
have a higher sensitivity to light stimuli, enable scotopic vision for dim light vision

and recognition of silhouettes in such a low light environment.
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Figure 1: Schematic drawing of the eye and retinal cellular structure

Anatomic representation of the mammalian eyeball on the left. The right side il-
lustrates the pathway that incoming light takes through the retinal layers until
reaching the photoreceptors and starting the visual transduction. Retinal pigment
epithelium (RPE), photoreceptor segments (PS), outer limiting membrane (OLM),
outer plexiform layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL),
ganglion cell layer (GCL), nerve fiber layer (NFL), inner limiting membrane (ILM),
horizontal cell (HC), Muller glial cell (MGC), bipolar cell (BC), amacrine cell (AC),
ganglion cell (GC). Drawing of the eye and retina modified after an original draw-

ing by Yu Zhu.
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1.1.1  Visual signal transduction

In rod photoreceptors, phototransduction includes a number of key steps (Figure
2) Light reaches through the eye and the layers of retina to the opsin complex,
isomerizing 11-cis-retinal to all-trans-retinal in photoreceptor outer segments.
This triggers a biochemical cascade that dramatically amplifies the light signal.
Photoreceptors are depolarized while unstimulated with a membrane potential of
approximately - 40 mV. A conformation change from rhodopsin to metarhodopsin
Il then activates the G protein transducin, enabling it to bind guanosine triphos-
phate (GTP) instead of guanosine diphosphate (GDP). The binding part, i.e. the
alpha subunit of transducin, disconnects from transducin to bind to a subunit of
phosphodiesterase 6 (PDE6) and triggers its activity. PDE6 hydrolyzes the sec-
ond messenger cyclic guanosine monophosphate (cGMP) to guanosine mono-
phosphate (GMP), lowering the intracellular cGMP level, which in turn closes cy-
clic nucleotide gated channels (CNGC) responsible for sodium influx (Arshavsky
et al., 2002). This causes a hyperpolarization down to about -75 mV, as potas-
sium still leaves the cell, and closes voltage-gated calcium channels. In the pho-
toreceptor synapse, decreasing intracellular calcium levels lead to less glutamate
containing soluble N-ethylmaleimide-sensitive-factor attachment receptor
(SNARE) vesicles fusing with the cell membrane, decreasing the release of the
neurotransmitter glutamate. This leads to a de- or hyperpolarization of the follow-
ing bipolar cells depending on their glutamate receiving receptors (Schmitz and
Witkovsky, 1997, Grossman et al., 1994).

Part of the visual cycle is the recovery of the initial membrane potential, cascade
proteins and 11-cis-retinal in the opsin complex. All-trans-retinol is transported
into the RPE where retinyl esters are restored to 11-cis-retinol. After being re-
stored to 11-cis-retinal, it is then transported back into the photoreceptors to be

reincorporated into the opsin complex (Moiseyev et al., 2005).

The chromophores of cones are similar to those of the rods. We label three dif-
ferent cone types WhDptkRenmnd) uadocofidiedg ®Bodt h
peaks. Furthermore, all cones are stimulated by adjacent light wavelengths, en-

abling the perception of light of different colors, including yellow and purple.
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During phototransduction a chemical stimulus is converted into an electrical one,
which is then modulated and forwarded by bipolar, horizontal, and amacrine cells.
Reaching the retinal ganglion cells, the signal is transformed into an action po-
tential and transmitted to the brain via the optic nerve. Since there are more pho-
toreceptors than ganglion cells, the modulation by the interneurons leads to a
convergence of input in order to bring the signals together. This process does not
take place in the cone dominated fovea, where each cone is connected to a bi-

polar and via this to a ganglion cell (1:1:1 connectivity).
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Figure 2: Schematic - Initial steps of phototransduction in rods

Schematic drawing of a rod and cone photoreceptor on the right. The left side
demonstrates the light induced phototransduction in rods as described above.
Retinal pigment epithelium (RPE), outer segments (OS), inner segments (IS),
outer plexiform layer (OPL), guanosine triphosphate (GTP), phosphodiesterase
(PDE), guanosine monophosphate (GMP), cyclic GMP (cGMP), cyclic nucleotide
gated channel (CNGC).

1.2 Inherited retinal dystrophies

The heterogenous group of inherited retinal dystrophies (IRD) can cause partial
to full loss of vision or other restrictions of sight. To this day, 289 genes have
been identified in which mutations lead to many different vision disorders
(https://web.sph.uth.edu/RetNet/, July 12, 2024). The general ability to diagnose
the specific disease has increased after new methods in molecular genetics, like
next-generation sequencing, have simplified and reduced the cost of diagnosis
and enabled a more reliable prognosis (Georgiou et al., 2021). At present, no
treatments are available for most of these diseases, and they can only be man-

aged symptomatically and with aids for the blind.
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This study focuses on retinitis pigmentosa (RP), which, with a prevalence of 1 in
3000 people, is the most common of these IRDs (Boughman et al., 1980). In the
course of the disease the photoreceptor cells die. Especially the rods in the pe-
riphery degenerate, resulting in a secondary degeneration of the cones in the
central regions. Similarly, in fundoscopy a degeneration with bone spicule-
shaped dark pigment deposits along with retinal atrophy progressing from the
periphery into the center can be observed. The macula will stay preserved until
late stage RP, due to the high cone to rod ratio in the fovea, but presents a cen-
tripetal ring of depigmentation encircling itself in mid stages as shown in Figure
3b (Hamel, 2006). Since the rods enable monochromatic vision and the recogni-
tion of silhouettes under low light, symptoms such as night blindness and loss of
peripheral vision develop in the early stages of RP (Figure 3f). Later, the second-
ary degeneration of peripheral cones leads to the phenomenon of tunnel vision.
Eventually, with the loss of central cones as well, complete blindness sets in (Fig-
ure 3d). These symptoms are irreversible since photoreceptor cells, as
postmitotic neurons, cannot be regenerated. Furthermore, there is currently no
therapy that stops the progress of this disease or reverses the degeneration. The
exact mechanisms of cell death are not yet fully understood, although mutations
in 69 genes are known to be involved in different forms of RP. According to in-
heritance patterns, these disease genes can be subdivided into autosomal reces-
sive (51 genes), autosomal dominant (23 genes) and dominant X-linked (2 genes)
inheritance (https://web.sph.uth.edu/RetNet/, July 12, 2024). The genetic hetero-
geneity results in a broad range for the age of onset, symptoms, and speed of

disease progression.
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Figure 3: Comparison of the fundus, peripheral, and night vision between an un-
affected individual and a Retinitis pigmentosa patient

Fundoscopy picture of a healthy fundus (a), fundoscopy picture in a mid-stage
Retinitis pigmentosa (RP) patient (b), unrestricted field of view (c), visualization

of tunnel vision of an advanced stage RP patient due to a degenerated retinal
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periphery (d), unrestricted night vision (e), visualization of reduced recognition of
silhouettes and night vision in RP patients (f). Pictures (a) and (b) modified after
(Hamel, 2006).

1.2.1  Cell death pathway in RP

Although in the past it was often assumed that the loss of photoreceptors was
triggered by an apoptotic cell death mechanism (Chang et al., 1993), newer re-
search on photoreceptor degeneration in RP identified an alternative cell death
mechanism that is not linked to either apoptotic or necrotic cell death. (Arango-
Gonzalez et al., 2014). The proposed mechanism is shown in the schematic be-
low (Figure 4). The mutations lead to a defect in phosphodiesterase 6 a or b,
which is physiologically responsible for the degradation of cGMP to GMP. Due to
the lack of degradation, cGMP accumulates and starts to trigger a cascade that
ultimately leads to the degeneration of the rods (Farber and Lolley, 1974). In itself,
cGMP is a ubiquitously occurring signaling molecule with many functions. How-
ever, a greatly increased cGMP concentration can over-activate the following two

metabolic pathways:

Path 1 (left in Figure 4): The activity of protein kinase G increases, and the cas-
cade first activates the enzyme histone deacetylase and then poly-ADP-ribose
polymerase (PARP) (Paquet-Durand et al., 2009). The overproduction of poly-
ADP-ribose by PARP results in the excessive consumption of the substrate
NAD+, which is likely to trigger a breakdown in cellular energy metabolism.
(Paquet-Durand et al., 2007).

Path 2 (right in Figure 4): The probability of the CNG channel opening is in-
creased by the binding of cGMP, which in turn results in an increased influx of
Ca2pions. (Paquet-Durand et al., 2011). The rising Ca?* level lead to an increased
activity of Ca?*-dependent calpain proteases, which further degrade the cell pro-
teolytically (Kulkarni et al., 2016). Both pathways are likely to contribute to cell

degeneration and ultimately lead to cell death.
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Figure 4: Cell death mechanism in RP with PDE6 mutation

The mutated enzyme photoreceptor phosphodiesterase 6 subunit a/b (PDEG6 a/b)
cannot break down cyclic guanosine monophosphate (cGMP), leading to accu-
mulation in rod photoreceptors, activating different pathways that each lead to the
death of the affected rod. The negative feedback loop mediated by calcium ions
restricting retinal guanylyl cyclase (RetGC) activity is insufficient to stop this pro-
cess. cGMP strongly activates protein kinase G (PKG), which then phosphory-

lates multiple targets, continuing the cascade until cell death occurs.

1.2.2 The rd1l mouse model

Several animal models with different mutations exist for retinal degeneration and
have been used to investigate the pathology of RP (Moshiri, 2021). One of these
models is the rd1l mouse. The severe early onset retinal degeneration observed
in these animals leads to blindness and behavioral changes at a young age. Sub-
sequent histological examinations have revealed that the animalsérodless retina
is the cause of these changes (Keeler, 1924). This animal model is affected by

homozygous mutations in the Pde6b gene by a nonsense mutation and a murine
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viral insert (Bowes et al., 1990, Chang et al., 2002). The process of cells dying in
the rd1 animal model begins early and peaks at P13 (Sahaboglu et al., 2013).
The degeneration leads to just 2% rods remaining at P17, with very few rods
remaining at P47, and none left at P65 (Carter-Dawson et al., 1978). The rd1
animal model in the ex vivo retinal explant culture system shows a similar degen-

eration process as in vivo (Caffe et al., 1993).

The rd1 animal model was in focus in different studies in search for a treatment
option for RP. Axokine™ , a recombinant version of ciliary neurotrophic factor,
was found to slow down progression in rd1 animals after it was first tried as med-
ication against amyotrophic lateral sclerosis (LaVail et al., 1998). During later
studies researching Axokine™ to treat obesity, emergence of antibodies against
the drug were found (Ettinger et al., 2003), leading to the discontinuation of its
commercialization. Another promising compound was the calcium channel an-
tagonist diltiazem, used in cardiology, which seemed to slow down cell death in
rd1 animals and rescue scotopic vision (Frasson et al., 1999). Subsequent stud-
ies on Ca?*-pathway suppression showed ambiguous results, confirming (Read
et al., 2002) and contradicting (Bush et al.,, 20000 Fr as son 6 sThisdrewd i ng s .
attention to the differences and incomparability of different pathogenic models
and slowed down further research on this topic. The third example is more recent
and proposes protein kinase G (PKG) as a target for neuroprotection in rdl
(Paquet-Durand et al., 2009). Cell death is reduced by cyclic nucleotides ana-
logues inhibiting the PKG pathway. Research on this subject is still ongoing
(Tolone et al., 2023).

As stated above, extensive research on the rd1 mouse model has already been
performed. The early onset and rapid progression of this model allow for rapid
experimental readouts and enable use in the relatively short time-frame of ex vivo
culture systems, rendering the rd1 an optimal choice for retinal explant cultivation.
Finally, the currently discussed hypotheses on the underlying pathomechanisms
of rod degeneration in rd1 animals align with the mechanism of action of the drug
MPA, which is the subject of this study. Taken together, the rd1 animal model

emerges as the optimal choice for investigating the mechanism of action of MPA.
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1.3 Treatment approaches

To date there is only one drug approved for the treatment of IRD, which is the
gene replacement therapy voretigene neparvovec (Luxturna®) for the gene
RPEG65. RPE65 mutations lead to an enzyme defect in the retinal pigment epithe-
lium (RPE) (Koenekoop, 2008), which causes a very rapid Leber’s Congenital
Amaurosis-type (LCA) retinal degeneration. Research in more slowly progressing
RP is highly active with about 100 drugs in development of which approximately
50 % are Advanced Therapy Medicinal Products (ATMPSs) (Cross et al., 2022). In
contrast to gene therapies which may serve only small subsets of RP patients,
cell replacement therapies and small molecule neuroprotection may be suitable
for a broader number of IRDs and various forms of RP. In general, the goal of all
such treatments is to rescue and maintain the photoreceptors. They are based
on the prerequisite that the patient has not reached blindness, which presup-
poses that the diagnosis is made early. Additionally, gene therapies rely on thor-
ough genetic testing and identification of the causative gene, as they aim to re-
place it. Cell-based therapies offer another option, but this approach is even less
explored than the still relatively recent gene-focused therapies (Cross et al.,
2022). Thus, conventional neuroprotective medication with a potentially broad
utilization could be used to delay disease progression and could possibly be com-
bined with gene-specific treatment approaches. However, neuroprotection re-
quires a thorough understanding of the cell death inducing pathways. While the
state of knowledge in this area has expanded significantly in the last decade,
resulting in many new approaches, additional challenges must still be overcome
to find a clinically useful medication (Scholl et al., 2016). For example, in RP
where multiple mutations lead to elevated cGMP levels, the enzymes along this
pathway may be potential drug or treatment targets. While substances inhibiting
guanylyl cyclases (GCs) exist, they are not specific to the RetGC present in the
retina. Due to the near ubiquitous expression of different GCs in other tissues,
indiscriminate inhibition would likely lead to unpredictable side effects. Sub-
stances specifically targeting the retinal variant are currently not known (Dizhoor
and Peshenko, 2021).
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Additionally, due to the blood-retina barrier (BRB), many substances cannot
reach their target. Injecting the active ingredient closely to the target could bypass
the BRB, increase concentration and lower adverse systemic effects. For this to
be viable, a suitable drug delivery system would be indispensable. This is a field
of active research with promising strategies such as nanoparticles or liposomes
which surround or bind to the active ingredient (Koo et al., 2012, Birngruber et
al., 2014). Generally speaking, intravitreal injections are the method of choice for
the administration of many drugs (e.g. anti-Vascular Endothelial Growth Factor
(VEGF) antibodies) to the retina, with drug delivery systems that allow for a sus-

tained release (Del Amo et al., 2017).

1.4 Inosine monophosphate dehydrogenase
1 as atarget for retinal neuroprotection

As other studies have focused on downstream cGMP toxicity (Vighi et al., 2018,
Christensen et al., 2023), | decided to assess the pathways upstream of cGMP
and investigate for potential targets. At first glance RetGC may appear as an ideal
target for such an approach. However, to our knowledge, no specific inhibitors
are available to exclusively affect the retinal photoreceptors. As different GC
isoforms are ubiquitously expressed in most cells, a broad inhibitory approach
might provoke many unforeseeable side effects. By targeting upstream enzymes
all downstream pathways leading to cell death by elevated cGMP levels are in-
cluded, although the potential for adverse effects may rise with such a broader
approach. Further up the pathway, the enzyme inosine monophosphate dehydro-
genase 1 (IMPDH1) is responsible for catalyzing the rate limiting step from ino-
sine monophosphate (IMP) to xanthosine monophosphate (XMP) with the reduc-
tion of nicotinamide adenine dinucleotide (NAD) to NADH* and thus also respon-
sible for the de-novo synthesis of GTP as schematically shown in Figure 5 (Sakti
et al., 2023, Hedstrom, 2009).

IMPDH is a highly conserved enzyme present in most organisms. Two different

isoforms play important roles: IMPDH1 appears to be important for retinal
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metabolism as it is expressed in the photoreceptors (Bowne et al., 2006, Kennan
et al., 2003). IMPDH2 is important for a functioning immune system and cell pro-
liferation through guanosine metabolism (Burrell and Kollman, 2022). In humans,
mutations in the gene IMPDHL1 lead to Leber &Csngenital Amaurosis 10 (OMIM
#613837, LCA10) or autosomal dominant retinitis pigmentosa (OMIM #180105,
adRP). Both are early onset diseases with rapid progression and early macular
degeneration leading to a severe clinical picture at a young age (den Hollander
et al., 2008, Bowne et al., 2002, Cleghorn et al., 2022). As with most retinal de-
generations, their pathophysiology is not fully understood. Interestingly, a gain of
function mutation in the IMPDH1 gene, as seen in the RP10 mouse model, also
leads to photoreceptor degeneration although less severe and with slower pro-
gression (Bowne et al., 2006, Plana-Bonamaiso et al., 2020). With consideration
of these points, the enzyme IMPDH1 shows potential as a drug target to reduce
cGMP levels and consequently reduce rod cell death. This may be true for all

disease-causing mutations that lead to an elevation of photoreceptor cGMP-lev-

els.
Mycophenolic
acid
IMPDH1 RetGC
IMP ) | XMP | TS GTP —)

Figure 5: Mycophenolic acid targeting IMPDH1 and downstream pathway

The enzyme inosine monophosphate dehydrogenase 1 (IMPDHL) is the rate lim-
iting step in the de-novo synthesis of guanine nucleotides by catalyzing the con-
version of inosine monophosphate (IMP) to xanthosine monophosphate (XMP)
and therefore influencing the absolute level of cyclic guanosine monophosphate
(cGMP) per cell. Mycophenolic acid (MPA) can reversibly inhibit IMPDHL1 leading

to a reduced amount of available cGMP. The dotted arrow indicates omitted
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intermediate steps in the pathway. Guanosine triphosphate (GTP), retinal guan-

ylyl cyclase (RetGC).

1.5 Mycophenolic acid

Mycophenolic acid (MPA) potently and reversibly inhibits IMPDH1 and thus af-
fects the rate-limiting step of GTP synthesis, the precursor of cGMP, reducing the
absolute amount of cGMP in photoreceptor cells (Allison et al., 1993). MPA is an
approved medication in the form of the prodrug mycophenolate mofetil for auto-
immune diseases and for transplant patients as an immunosuppressive drug
(Zwerner and Fiorentino, 2007, Jones et al., 2009). MPA is usually taken orally in
tablet form under the names Myfortic® or CellCept® at a dose of up to 2 grams
per day. In the case of transplant inpatients, it can also be applied intravenously.
The blood-retina barrier can be passed by MPA, as it is electrically neutral and
has a relatively low molecular weight (C17H200s, Mr = 320.34 g/mol). Other stud-
ies have found that MPA has further effects, which include antioxidant properties
(Dalmarco et al., 2009), inhibition of leukocytes (Papadimitriou et al., 2003, He et
al., 2011), attenuation of neuronal excitotoxic damages in the brain (Dehghani et
al., 2003), inhibition of astrocyte and microglial inflammatory activation (Dehghani
et al., 2010), and lastly the off-label use of MPA to treat ocular inflammation (Dan-
iel et al., 2010).

In general, a treatment interfering upstream in a pathomechanism has a higher
chance of side effects due to an increased amount of steps with possibly un-
known influences. Due to this, treatment options usually try to target a mechanism
as far downstream as possible to reduce side effects. Since increased cGMP can
lead to cell death through more than one pathway, a downstream treatment might
need to include multiple drugs, targeting multiple pathways. The systemic side
effects of MPA are well known due to its common usage. They include gastroin-
testinal symptoms, bone marrow suppression and its consequences, e.g. infec-
tions and cytopenia. High concentrations in mice lead to severe side effects such
as diarrhea and death (Yang et al., 2020).
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1.6 Aims of the Study

As there is currently no treatment for the different forms of RP, the search for a
compound that can prevent photoreceptor loss is of great interest for the field of
ophthalmologic orphan diseases. The IMPDHL1 inhibiting effects of MPA provide
an opportunity to reduce photoreceptor cGMP levels and to exploit this for the
development of a potential treatment for RP. This idea is reinforced by the ap-
proval of MPA as an immunosuppressant in post organ transplantation medica-
tion, where large doses of the substance are used, and extensive clinical data is
available. Furthermore, initial positive results have already been obtained in rd10

mice in vivo (Yang et al., 2020).

The main goal of this study was to use ex vivo organotypic retinal explants to
assess the effects that MPA may have directly on retinal photoreceptors. To this

end, the study addressed the following individual aims:

1. Evaluating the role of IMPDH1 and GC in the photoreceptor cGMP syn-
thesis pathway.

2. Assessing the effect of MPA on WT and rd1 rod and cone photoreceptors.

3. Creating a dose-response curve for MPA treatment to delineate an optimal

dose for future in vivo studies.

2 Materials and methods

2.1 Materials

Different specialized devices, software, chemicals, and other materials were used
for the experiments and evaluation of the results. Many of the chemicals men-
tioned were mixed according to protocols for the preparation of buffers, media,

treatment, and staining, as seen in the following tables and listings.
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Table 1: Devices and software used for experiments and analysis and their
source

Software & Devices
GraphPad Prism 9.5.1

Zeiss Axio Imager Z1 ApoTome Mi-
croscope

Zeiss Axiovision software
Microsoft Office

Adobe Photoshop CC 2017

Thermo Scientific NX50 microtome
Milli-Q®

Lab Water Purification System
DX-23 Autoclave

Venticell Drying cabinet
PIPETMAN, various sizes

Company
GraphPad Software, Inc, La Jolla, CA,
USA

Zeiss Group, Oberkochen, Germany

Zeiss Group, Oberkochen, Germany
Microsoft Corporation, Redmond, WA,
USA

Adobe Systems Inc., San Jose, Cali-
fornia U.S.

Thermo Scientific, Waltham, MA
Merck KGaA, Darmstadt, Germany

Systec, Wettenberg, Germany
MMM Medcenter, Minchen, Germany
Gilson Incorporated, Middleton, USA

Table 2: Information about various materials, substances and chemicals used in
the experiments, and their respective sources

Chemicals & Materials Company
Filtropur BT100, 1000 Sarstedt
ml,0.2 € m USA

Cellstar Tubes, 50 ml
ter, Austria
Super Frost Slides

Inc.,

Greiner Bio-One, Kremsmiins-

Emmendingen; R.

brinck, Germany

3M Comply Steam indi-

cator Tape nesota, U.S.
6-Well Culture Plates Corning
with Transwell Inserts  York, U.S.

3M Comply, Saint Paul, Min-

Inc.,

Product number
Newton, NC, 83.3942.101
210261
Langen- 02-0060/90
1322-18MM
Corning, New 3412
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Tissue-Tek® O.C.T.E Tissue-Tek, Leica, Bensheim,

Compound

A-PAP PEN Liquid-re-

pellent Marker

Mounting medium:

DAPI with Fluoroshield
Basal R16 Medium
Bovine Serum Albumin
(BSA)

Transferrin
Progesterone

Insulin
Triiodothyronine (T3)
Corticosterone
Thiamine HCI

Vitamin B12

(+)-U-Lipoic Acid

(= Thioctic Acid)
Retinol

Retinyl acetate

DL-Tocopherol

Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany

Abcam, Cambridge, UK

GmbH,

Invitrogen Life Technologies,

Darmstadt, Germany

Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
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GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

1418901035

2672542

ab104139

07490743

A7906

T-8027

P-8783

1-6634

T6397

862290

T1270

V6629

T1395

R7632

R7882

T1539
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Tocopheryl acetate

Linoleic acid

Linolenic acid

L-Cysteine HCI

Glutathione

Sodium Pyruvate

(+)-Na-L-ascorbat (Vit.

C)

Glutamine

FBS/FCS

TUNEL® assay (In Situ
Cell Death
Detection Kit)

Acetic acid
Ethanol

Tween 20
Paraformaldehyde
(PFA)

Normal Donkey Serum

Normal Goat Serum

Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Roche Diagnostics

Mannheim, Germany

Merck kGaA, Darmstadt, Ger-

many
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie

Taufkirchen, Germany

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

Sigma-Aldrich Chemie GmbH,

Taufkirchen, Germany
Abcam, Cambridge, UK
Abcam, Cambridge, UK
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1667701

L1012

L2376

Cr477

G6013

P3662

A4034

G8540

F7524

12156792910

K43073263

202

32205

P7949

P 6148

ab7475
ab7481
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NaH2PO4 A M

NaH2POa4 (anhydrous)

Tris

Proteinase K

NaSeOs; A5 H,0

MnCl2 A H4o

CuS0O25H20

Biotin

Ethanolamine

NacCl

HCI

NaOH

Dimethyl sulfoxide

Mycophenolic
098 %

acid

Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie

Taufkirchen, Germany

Merck kGaA, Darmstadt, Ger-

many
Sigma-Aldrich Chemie
Taufkirchen, Germany
Sigma-Aldrich Chemie
Taufkirchen, Germany

Media and Buffer solutions:

_ PB (0.1 M) and PBS (0.01 M)
1. Prepare 6.89 g NaH,PO4 AH.O in 250 ml ultrapure water (0.2 M),
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GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

GmbH,

567549

S5011

154563

F7524

S5261

S5761

C8027

B4639

EO0135

S9888

H9892

70487239

8418

M5255
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Prepare 14.19 g NaH-PO4 (anhydrous) in 500 ml ddH20 (0.2 M),
3. Add both solutions together to reach a pH of 7.4 (0.1 M PB),
Dilute 100 ml PB stock solution with 900 ml ultrapure water (ratio 1:10),
for a concentration of 0.01 M,
5. Add 9 g of NaCl, carefully shake until dissolved to obtain 0.01 M PBS,
store in a lidded bottle at 4 °C.
- TBS (50mM)
1. Add 6 g of Tris into 900 ml ultrapure water,
2. Adjust pH with 1 M HCI and NaOH until pH 7.6 is reached,
3. Fill up with ultrapure water to 1 1,
4. Add 9 g of NaCl, carefully shake until dissolved, store in a lidded bottle at
4 °C.
- Proteinase K:
1. Di ssolve the contents of the,25 mg vi al
2. Dilute 225 ¢l 0.5 ml bakaéMediwom, ut i on i n 18
3. Sterile filtration through0.2 e m or small er pores
4. Aliquot 1 ml into 2 ml Eppendorf Safe-Lock Tubes and store at 4 °C.

Stock solutions for Basal R16 Medium:

- NaSeOs 300 puM, MnCl2 50 pM, CuSO2 100 uM stock solution:
1. Dissolve 7.9 mg of NaSeOsA 50, HO mg of MnCl,A 40 add 2.5 mg
of CuSO,A 50 itH100 ml of ultrapure water and store.
- Biotin 0.1 mg/ml stock solution:
1. Add 10 mg into 9,8 ml ultrapure water,
2. Add 0.1 ml IN NaOH (pH 10-12),
3. heat to +35° C and stir for approximately 10 minutes until biotin is dis-
solved,
4. Neutralize with 0.1 ml 1N HCI,
5. Add 1 ml of this to 9 ml ultrapure water and store.
- Ethanolamine 1 mg/ml stock solution:
1. Add 0.01 ml of ethanolamine to 10 ml distilled H-O,

2. Filter and store.
Stock solutions for Complete Medium (sterile conditions or sterile filtration):

- BSA (10%):
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1. Add 2 g BSA to 100 ml ultrapure water,
2. Stir for ~2 hours until dissolved and store.
- Transferrin (10 mg/ml):
1. Add 25 mg to 2.5 ml of ultrapure water,
2. Filter and store.
- Progesterone (6.3 pg/ml):
1. Add 2.52 mg progesterone to 4 ml pure ethanol, stir and filter,
2. Add 0.1 ml of the solution to 9.9 ml 0,1% sterile albumin and store.
- Insulin (2 mg/ml):
1. Coatthe inside of a glass beaker with 0.1% BSA,
2. Add 10 ml ultrapure water, 20 mg of insulin and 2 drops of HCI to the
beaker, filter, and store.
- Triiodothyronine (T3) (2 ug/ml):
1. Add 2 mgof T3to 0.1 ml 1N NaOH and 9.9 ml 0.01% albumin and filter,
2. Add 0,1 ml of the solution to 9.9 ml sterile 0.01% albumin and store.
- Corticosterone (20 pg/ml):
1. Add 8 mg of corticosterone to 4 ml pure ethanol and filter,
2. Of this, add 0.1 ml to 9.9 ml 0.1% BSA and store.
- Thiamine HCI (Vit. B1) (2.77 mg/ml):
1. Add 27.7 mg thiamine HCI to 10 ml ultrapure water,
2. Filter and store.
- Vit. B12 (0.31 mg/ml):
1. Add 3.1 mg vitamin B12 to 10 ml ultrapure water,
2. Filter and store.
- (#)-U-Lipoic Acid (= thioctic acid) (45 pg/ml):
1. Add 45 mg lipoic acid to 10 ml pure ethanol and filter,
2. Of this, add 0.1 ml to 9.9 ml sterile albumin and store.
- Retinol / retinyl acetate (0.05 mg/ml, 0.05 mg/ml):
1. Add 20 mg of both to 2 ml pure ethanol and filter,
2. Add 0.05 ml of the solution to 9.95 ml 0,1% sterile albumin and store.
- DL-Tocopherol / tocopheryl acetate (0.5 mg/ml, 0.5 mg/ml):
1. Add 200 mg of both to 2 ml pure ethanol and filter,
2. Add 0.1 ml of this to 9.9 ml 10% sterile albumin,

3. Shake for 5 minutes (solution will clear up after >24 hours), store.
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Linoleic acid / linolenic acid (0.5 mg/ml, 0.5 mg/ml):
1. Add 111 pl linoleic acid and 108 pl linolenic acid to 1.781 ml pure etha-
nol and filter,
2. Add 0.1 ml of this solution to 9.9 ml 10% sterile albumin,
3. Shake for 5 minutes (solution will clear up after >24 hours), store.
- L-cysteine HCI (7.07 mg/ml):
1. Add 70.9 mg L-cysteine HCI to 10 ml ultrapure water,
2. Filter and store.
- Glutathione (1 mg/ml):
1. Add 10 mg glutathione to 10 ml ultrapure water,
2. Filter and store.
- Sodium pyruvate (50 mg/ml):
1. Add 500 mg sodium pyruvate to 10 ml ultrapure water,
2. Filter and store.
- Glutamine / vitamin C (2.5 mg/ml, 10 mg/ml):
1. Add 25 mg of glutamine and 100 mg of vit. C to 10 ml ultrapure water,
2. Filter and store.

2.2 Animals

Animals were provided by the animal facility of the Ophthalmic Research Institute
of the University Tldbingen. All animals were kept in a 12h day/night cycle and
had ad libitum access to feed and water. The test animals were selected without
consideration of their gender. For ex vivo retinal explant cultures, animal models
of the C3H strain were used, these included C3H Pde6b 111 (rd1) and congenic
C3H Pde6b ** (wild-type; WT) animals (Sanyal and Bal, 1973). The same ani-
mals, at ages between P11 to P30 were used in vivo for different staining proce-
dures. The procedures done on or with animals were authorized by the Tubingen
University committee on animal protection and were carried out in compliance
with the German animal protection act, as well as the guidelines for the use of
animals in vision research by the association for research in vision and ophthal-
mology (ARVO). Efforts were made to reduce the number of animals used and

no experiments were carried out on live animals.
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2.3 Histology

The preparation of the organotypic retinal explant cultures begins with enuclea-
tion of the eyeballs from the sacrificed animal. The eyeballs were incubated at
37°C in protein kinase K to break the cell connection between outer layers and
the RPE to keep it in place and connected to the retina during preparation. The
retina was removed stereoscopically by slowly tearing the sclera and choroid off
the eyeball. It was then cut into a clover shape and applied to the inserts with
membranes of a 6-well-culture plate. The retinas were incubated at 37 °C, 5%
CO2 and the chemically defined serum free culture medium (complete R16 me-
dium) was replaced regularly. After an adaptation phase of 2 days, the retinas
were treated with active substances for 4 days until P11, all mediums were pre-
pared after (Vighi et al., 2018, Belhadj et al., 2020). The entire process needed

to be done under sterile conditions to avoid contamination of the cultures

The following substances/media needed to be prefabricated under sterile condi-

tions before starting the process of retinal explant culture:
Basal R16 Medium (BM):

Dissolve one vial of powdered medium in 500 ml purified water,

Add 2.73 g NaHCOs3,

Add 0.1 ml 300 MNaSeO /50 &8MIMI>/1 0 0 eCMSO, stock solution,
Add 1.0 ml Biotin 0,1 mg/ml,

Add 1.0 ml Ethanolamine 1 mg/ml,

Add 1.0 ml CDP Choline,

Add 800 ml ultrapure water,

Sterile filtration through0.2 e m or smal |l er pores

© ©®© N o g bk w0 NPRE

Aliquot into sterile 50 ml tubes.
Complete Medium (CM):

40 ml of Basal R16 Medium into a sterile 50 ml tube,
2.5 ml BSA,

50¢ | Transferrin

P w0 NP

50 ¢l Progesterone
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5 50 €l ,I nsul in

6 50 ¢, T3

7. 50 ¢l Cortficosterone
8 50 ¢l Thiamine HCL

9. 50¢ | Vitamin B1l2

10. 1 0 0 #eULipgic Acid,

11. 100 ¢ | R e teifinyl acktate,

12. 100 ¢ DL-Tocopherol / Tocopheryl acetate,
13. 100 ¢ Linoleic acid / linolenic acid,

14. 50 ¢ L-cysteine HCI,

15. 50 ¢ [Glutathione,

16. 50 ¢ Na-Pyruvate,

17. 500 ¢ IGlutamine / Vitamin C,

18. Fill up to 50 ml with autoclaved ultrapure water.

The whole procedure was carried out inside a laminar airflow hood. Personal pro-
tection equipment like gloves, mask, hair cap and coat are worn. Tools, pipettes,
and containers were autoclaved, and sterile-packed or sterile-packed single-use
materials were utilized. The autoclaved toolbox contents were two straight and
one angled jeweler® forceps with pointy tips, one curved mini scissors, one reg-
ular small tweezer, and a small tissue spoon. The work surface of the laminar
airflow hood was wiped with 70% ethanol. All sterile products were opened inside
the hood. The proteinase K was preheated in an incubator to 37 °C. Two petri
dishes with BM and one petri dish with FCS added to BM in a one to four ratio
(20%) were prepared. Generally, the less time spent extracting the retina from
the animal, transferring it to the incubator and the less amount of physical manip-
ulation of the retina, the less damage is done and the better the subsequent re-

sults will be.
Retinal explant protocol (Belhadj et al., 2020):

1. Sacrifice the animal using an appropriate method for the age (P5 mice are de-
capitated),
2. Wrap a 70% ethanol-soaked napkin around the head,

Extract eyes under a stereoscope and incubate in BM at RT for 5 minutes,
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4. Relocate the eyes into prepared PK solution an incubate at 37 °C with agitation
for 15 minutes,

Immerse the eyes into prepared FCS solution to deactivate PK for 5 minutes,
Transfer the eyes into another petri dish with BM for washing,

Keep the eye from moving by holding the optical nerve with forceps,

Cut into the cornea and tear away the sclera without damaging the layers below,

© © N o O

Pull the lens out of the eyecup,

10. Cut the eyecup into a clover shape with 4 cuts so that the retina can lay flat,

11. Use a wide cut 1 ml pipette to transfer the retina onto a membrane insert of a 6-
well plate,

12. Add 1.2 ml complete medium to the well and cover with plate lid,

13. Incubate until medium change in HERACELL 150i CO? Incubator,

14. Change medium after 48 hours,

15. Keep discarded medium in sterile tubes and incubate to check for possible con-
tamination,

16. All reusable tools are repackaged after cleaning, closed with steam indicator

tape, autoclaved, and kept in a drying cabinet until dry.

After the explant treatment were finished, the retinas were removed from the cul-
ture inserts. The retinas were fixed with 4% PFA and infiltrated with increasing
concentrations of sucrose (10%, 20%, 30%) for cryoprotection. The added sub-
stances were removed after every step. Before shock freezing with liquid nitro-
gen, they were embedded in embedding compound. Finally, 12 um thick sections
were cut at the Thermo Scientific NX50 microtome and stored at -20 °C on Super
Frost Plus slides until further processing. The following substances needed to be
prefabricated before the fixation step:

- PFA 4%:
1. Heat 150 ml of PB in a glass beaker to ~60 °C,
2. Add 12 g of PFA to the glass beaker for 45 minutes,
3. Fill up with PB until solution clears but stay below 280 ml,
4. Let cool until RT, then add NaOH until pH of 7.4 is reached,
5. Fill up to 300 ml with PB and check that pH is at ~6.9.

- Sucrose solutions:
1. 10%: Dissolve 20 g of sucrose in 200 ml PB.
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2. 20%: Dissolve 40 g of sucrose in 200 ml PB.
3. 30%: Dissolve 60 g of sucrose in 200 ml PB.

Protocol and substances used:

- Fixation in 4% PFA for 45 minutes (explants still in 6 well inserts)
- Wash the fixed explants with PBS 3 times each 5 minutes,
- Cryoprotection with sucrose
1. 10% for 10 minutes,
2. 20% for 20 minutes,
3. 30% overnight at 4 °C.
- Embedding:
1. Fill embedding medium into molds made from aluminum foil,
2. Cut explant from the culture insert and transfer into embedding medium,
3. Align the explant in the medium one side of the form and mark (remove
any build up bubbles)
4. Add liquid nitrogen to a Styrofoam box up to the upper limit of the metal
block inside and put the molds on top to freeze.
- Cutting:
1. The aluminum foil is removed inside the cold chamber of the cryotome,
2. Using embedding medium, the block is melded to the block holder with
respect to the explant® alignment,
50 um cuts are made until the explants tissue is visible,
8 cuts of 12 um thickness are mounted on Super Frost slides,
The slides are dried at 37 °C for 30 minutes before storing at -20 °C in

slide containers.

In rare cases, the explants were discontinued and ultimately discarded. The ex-
clusion criteria used were medium discoloration, visible bacterial contamination
and retinal destruction or artifacts visible in the microscopic examination which
led to the quantitative evaluation being impossible or unrepresentative. Inconsist-
encies in the explant preparation and other unexpected problems could be the

cause for the unsuitability.
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2.4 Mycophenolic acid treatment

Two stock solutions with a concentration of 5 uM and 21 uM were created from
mycophenolic acid by dissolving the powder in Dimethyl Sulfoxide (DMSQO). The
solutions were filtered sterile through 0.2 e m or s mallquoed anpfro-r e s
zen at -20 °C until use. Varying amounts of MPA solved in DMSO were added to

the complete medium used for culturing the retina explants to reach the desired
concentration. The prepared medium was then added to the explants at P7 and

P9 after discarding the previously used medium. The treatment time was 48 hours

after each medium change and added up to four days in total. Ex vivo explants

are able to show the intended effects of MPA without regard to side effects thus

allowing precise control of the substance concentration. Instead of the prodrugs

used in human treatment, for our experiments the active metabolite MPA was

chosen as metabolic transformations are not necessary due to direct application.

MPA is not soluble in water, so to be able to add it to the treatment medium,

DMSO was used as a solvent. DMSO is a popular and common solvent for sub-

stances in cell and organ culture. Six different concentrations of MPA between
oneand 1000 &M MPA were addedAdommonhdoseat t he
approved in humans as antirejection medication for transplant patients is one

gram per day orally of MMF, mycophenolate mofetil, a prodrug of MPA with im-

proved oral availability, which results in a maximum fluid concentration of about

25 mg/L in healthy individuals (Bullingham et al., 1998), translating to a concen-

trationof 7 8  €Tive.doses tested were extended by two log units below the base

dose at 1 &M, 10 &M dhbbguhid abovd thétRge dasen d b y
at 250 €M and 1000 &M MPA. This ware- done t

sponse curve, possibly covering the non-effective to toxic range.
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P5 P7 P9 P11

| | | | >
ra, * Treatment TUNEL
WT 1-1000 uM MPA  Cones

Figure 6: Workflow for explants, treatment and read-out

Wild-type (WT) and rd1 animals were sacrificed and their retinas prepared for
organotypic retinal explant culture at postnatal day 5 (P5). At P7 and P9 the me-
dium was changed, and treatment or controls added. At P11 cultivation was
stopped, the explants fixed, embedded, and further processed for TdT-mediated
dUTP-biotin nick end labeling (TUNEL), which labels cell death, and cone stain-
ing. Mycophenolic acid (MPA).

2.5 TUNEL assay

The TdT-mediated dUTP-biotin nick end labeling (TUNEL) method detects DNA
components of cells in the process of dying regardless of the causative mecha-
nism, and generates a fluorescent signal in the process (Gavrieli et al., 1992,
Grasl-Kraupp et al., 1995). The duration of the staining requires about two days
but depends on the TUNEL-Kit used. The cryosections must already be fixed to
be processed further for a successful staining. The following mixtures and solu-
tions must be prepared before the staining process:

- Alcohol-acetic mixture:
1. 49 parts of 70% ethanol (EtHO),
2. 9 parts 30% Acetic acid,
3. 21 parts purified water.
- Proteinase K Solution:
1. 42 ml of 50mM TBS,
2. 6 ¢l of Proteinase K.
- TUNEL Blocking Solution:
1. 33.75ml PBS,
2. 5ml 10% NGS,
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3. 5ml 1% BSA,

4. 1250 ¢eGelathi s h
TUNEL Kit:

1. 50 ml enzyme,

2. 450 ml labeling solution,

3. 500 ml TUNEL Blocking solution.

Protocol and substances used:

© ©® N o g bk~ 0 DdPRE
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Switch on the incubator and set temperature to 37 °C,

Surround tissue with liquid-repellent and dry cryosections at 37 ° C,
Incubate Tris-PK solution at 37 °C until warmed,

Wash slides with PBS for 10 minutes,

Add Tris-PK solution to the slides and incubate for 5 minutes,

Wash slides with TBS for 5 minutes,

Apply Alcohol Acetic mixture (-20 °C) to the slides for 5 minutes,
Wash the slides with TBS 3 times each for 5 minutes,

Apply 200 ¢l TUNEL BS to each slide and incubate at RT for 1 hour,

. Apply TUNEL-Kit mixture and incubate over night at 4 °C,
. Wash the slides with PBS 3 times each for 5 minutes,
. Add 4 6-di@nidino-2-phenylindole (DAPI) counterstaining and VECTASHIELD®

Antifade Mounting Medium,

. Add cover glass to the slides, store in fridge or start microscopy.

Immunofluorescence staining

A primary antibody is added to the cryosections, which binds to the corresponding

molecule of interest. A secondary wavelength specific fluorophore-conjugated

antibody then binds to the primary antibody, which is excited by filtered light and

causes fluorescence, which can be observed under the microscope (Arango-

Gonzalez et al., 2014). The immunostainings take two days until microscopy can

be performed. Staining was complemented by a DAPI counterstaining and the

application of VECTASHIELD® Antifade Mounting Medium to prolong the immu-

nofluorescent signal. The following solutions need to be prepared before the

staining process:
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- PBST 0,3%:
1. Add 499.94 ml PBS to a 0,5 | lidded bottle,
2. Add 60 ¢l Triton X-100 detergent,

3. Slowly stir, close lid and store at 4 °C.
Protocol and substances used:

1. Switch on the incubator and set temperature to 37 °C,

2. Prepare BS: add 10% (in conc.) 2° AB animal hosts serum and 1% (in conc.)
BSA to 0.3% PBST, 400 ¢l per slide,

3. Surround tissue with liquid-repellent and dry cryosections at 37 °C,

4. Wash the slides with PBS for 10 minutes,

5. Apply ~150-200 ¢l Blocking Solution to each slide,

6. Incubate the slides at RT for 1 hour,

7. Dilute 1° AB in BS as per necessary dilution factor and apply to slides,

8. Incubate at 4 °C over night or for 1-2 hours at RT,

9. Wash the slides with PBS 3 times each 10 minutes,

10. Dilute 2° AB in PBS as per necessary dilution factor and apply to slides,

11. Incubate for 1 hour at RT in the dark,

12. Wash with PBS 3 times each 10 minutes,

13. Add DAPI counterstaining and VECTASHIELD® Antifade Mounting Medium,

14. Add cover glass to the slides and store or start microscopy.

The distribution of IMPDHL1 in the retina was shown via a polyclonal antibody.
Another monoclonal antibody was tried as well, but signaled artifacts and stained
blood vessels without staining any part of the neuroretina. Particulate guanylate
cyclase E (PGCE) is a guanylyl cyclase subunit. While the subunit is only present
in rodents, the location of GC is expressed in the same structures in humans as
in mice. Anti-peanut agglutinin (anti-PNA) is a fluorescein-conjugated antibody
and stains the inner and outer segments of cones, it was used for quantification
purposes. Anti-cone arrestin was also tested for quantification, but displayed ar-
tifacts and was difficult to count in retinal explant staining, likely because of the
early post-natal age of the retina and the still incomplete differentiation/maturation
of cones. Therefore, the more reliable peanut agglutinin (PNA) staining was used
for cone quantification. To further specify the location of IMPDH1 stained signals,

a Colocalization with anti-glutamine synthetase was performed. Anti-PGCE was
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colocalized with anti-rhodopsin. Anti-cGMP was tried several times on retinal ex-

plant culture and normal sections, these could not be evaluated due to low signal

intensity.
Table 3: Primary antibodies and where they were sourced
Primary Antibody Host Dilution | Company Serial
Number
Anti-IMPDH1 poly- | Rabbit | 1:100 Abcam ab33039
clonal
Anti-IMPDH1 mono- | Mouse | 1:250 Merck Millipore MABN291
clonal
Anti-PGCE Rabbit | 1:100 FabGennix PGCE-
501AP
Anti-cone arrestin Rabbit | 1:500 EMD Millipore AB15282
Anti-PNA, fluores- - 1:200 Vector Laboratories FL-1071
cein conjugated
(514-521 nm,
green)
Anti-glutamine syn- | Mouse | 1:1000 Merck Millipore MAB302
thetase
Anti-rhodopsin Mouse | 1:350 Merck Millipore MAB5316
Anti-cGMP Sheep | 1:500 Harry W.M. Stein- | -
busch, Maastricht
University, Nether-
lands
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Table 4: Secondary antibodies and where they were sourced

Secondary An- | Host Dilution Source Dye (nm)
tibody
Anti-rabbit Goat 1:350-500 | Molecular AF 488
Probes, A11034 | (green)
Anti-mouse Goat 1:350-500 | Molecular AF 568
Probes, A11031 | (red)
Anti-rabbit Donkey 1:350-500 | Invitrogen, 10042 | AF 568
(red)
Anti-mouse Goat 1:500 Molecular AF 555
Probes, A21424 | (red)
Anti-sheep Donkey 1:350 Invitrogen, 11015 | AF 488
(green)

2.7 Microscopy

Morphological observations and fluorescence microscopy were performed on a
Zeiss Axion Imager Z1 ApoTome Microscope equipped with a Zeiss Axiocam
digital camera and an APOCHROMAT objective with x20 or up to x63 magnifica-
tion. The images are acquired, processed, edited, and archived with Zeiss Axio-
vision 4.2 software. For quantification, single layer pictures were taken, while for
presentation and structure analysis layered Z-Stacks were created. For the latter
the exposure time was regulated according to the intensity and type of staining
and was between 0.03 seconds and 1.5 seconds. Maximum intensity projection
was used on the latter, after which the pictures were saved as .tiff files. These

were cut to size, rotated, composited, and labelled in Adobe Photoshop CC 2017.

2.8 Statistical Analysis

The TUNEL positive labeled cell cores were manually counted on at least 5 im-

ages with fixed black (100) and white (1000) values, the gamma value remained
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unchanged at 1.0. The total number of cells in the outer nuclear layer (ONL) was
calculated by dividing the ONL surface area through the average cell size of 16
€ m.)The average is calculated by measuring the ONL cells of retinal explants in
multiple layers of ZEN microscopy. This number is divided by the amount of
counted TUNEL positive cells in the marked area to determine the percentage of
TUNEL positive cells.

To acquire the photoreceptor row count of the ONL, 9 vertical lines on 3 pictures
per explant were set on the outer plexiform layer through the ONL. The DAPI-

stained cell bodies were counted manually along the inserted lines.

Figure 7: Demonstration of cell death percentage and ONL photoreceptor row
data acquisition process

Microscopy picture of a treated rd1 explant, the ONL is outlined to determine ONL
area, red signals show TUNEL positive cells and counting is performed by mark-
ing the m with a white cross (a). Microscopy picture of a treated rd1 explant, DAPI-

stained cell nuclei were counted along the lines drawn vertically on the outer
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plexiform layer (dashed white line) (b). Outer nuclear layer (ONL), inner nuclear
layer (INL), ganglion cell layer (GCL), retinal pigment epithelium (RPE), TdT-me-
diated dUTP-biotin nick end labeling (TUNEL, red), 466-diamidino-2-phenylindole
(DAPI, grey), postnatal day (P).

For cone photoreceptor quantification the PNA-stained segments were manually
counted along with the number of positive cells along the segmental layer of the
retina. For counting, varying black and white values were used to take differences
of the signal intensity into account, gamma value remained unchanged at 1.0.
The number of detected cones was counted per 100 em length for comparison

between explants.

PNA DAPI 20 pm

Figure 8: Demonstration of cone photoreceptor data acquisition process

Microscopy picture of a treated rd1 explant, a line along the ONL is drawn to
determine distance, the violet dots on the ONL that indicate Peanut agglutinin
(PNA, violet)-stained cone photoreceptor outer segments are counted (a). Outer
nuclear layer (ONL), inner nuclear layer (INL), 4§6-diamidino-2-phenylindole

(DAPI, grey), postnatal day (P).

The experimental groups data was first collected and averaged. The complete
datasets were later transferred for statistical analysis and creation of graphs and
curves. Depending on the type of datasets, different tests were used depending
on the distribution and deviation of data points. These included unpaired t-tests
for two group comparison, One-way ANOVAs (Brown-Forsythe, Bartlett®&) or

Kruskal-Wallis tests for more than two groups. For multiple comparisons Tukey,
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Dunnett® or Dunn® tests were used. Stages of significance were as follows: n.s.,
*=p<0.05 *=p<0.01, ** =p <0.005, *** =p <0.001.

3 Results

3.1 IMPDHL1 is expressed in photoreceptors

The first goal of this thesis was to demonstrate the expression of the enzymes
relevant for cGMP signaling in photoreceptors. IMPDHL1 is the target for MPA
treatment and catalyzes the first, rate-limiting in the synthetic pathway leading up
the generation of cGMP. IMPDH1 showed signals in different parts of the neuro-
retina: the retinal ganglion cells in the GCL, different cell types in the INL, neu-
ronal synapses in the OPL and branches surrounding the DAPI stained cell cores
of the ONL. The strongest signal could be detected in the photoreceptor seg-
ments, where IMPDH1 expression was observed in short parallel strokes, directly
situated on the ONL. (Figure 9a, b, c). Between the two signals some infrequent
offshoots reached slightly into the outer segment part, suggestive of the cilium
region connecting the inner and outer segments. While IMPDH1 was seen as an
area staining in the lower magnifications, in Figure 9d, e a greater magnification
is shown (x63, immersion oil) where the IMPDH1 immunofluorescent signal was
made up of many small clots. This is indicative of the filament structure in which
the enzyme is usually present (Cleghorn et al., 2022).These mesoscale filament
structures of IMPDH1 can form in mammalian cells with high GTP throughput
(Keppeke et al., 2018, Aughey and Liu, 2015, Chang et al., 2015, Liu, 2010,
Agrahari et al., 2016). The P11 rd1 stainings of IMPDH1 showed essentially the
same results as in the WT, with the distinction that the rod photoreceptors already
began to die off and the ONL started to lose thickness. When only a monolayer
of photoreceptor cells was left in older rd1 animals, the enzyme’s signal in the
inner segments was lost as well (Figure 9 f, g, h, i). The colocalization with rho-
dopsin, which was exclusively present in the outer segments, restricted IMPDH1
expression strictly into the photoreceptors inner segments (Figure 10) (Alpern et
al., 1987).
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~ Control

h rdiP1illi  rd1P11

Figure 9: Expression of IMPDH1 in wild-type and rd1 retina
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Retinal in vivo cross-sections of wild-type (WT) animals were immunostained to
visualize inosine monophosphate dehydrogenase 1 (IMPDH1, green) expres-
sions patterns. 4G6-diamidino-2-phenylindole (DAPI, grey) was used as nuclear
counterstain. The IMPDHL1 signal was present in the photoreceptor inner seg-
ments, outer plexiform layer and processes reaching into the outer nuclear layer
(ONL), as well as in the ganglion cell layer (GCL) and inner nuclear layer (INL)
(a, b, c). The higher magnification pictures (x63) suggest that IMPDH1 was pre-
sent in clotted mesoscale filaments (d, e, h, i). IMPDH1 expression is less de-
tailed in rd1 in vivo cross sections (f). At P18 the ONL degraded to a single cell
layer with no discernible expression pattern being present in the ONL and seg-

ments (g). Retinal pigment epithelium (RPE), postnatal day (P).

Figure 10: Colocalization of inosine monophosphate dehydrogenase 1 and rho-
dopsin

Inosine monophosphate dehydrogenase 1 (IMPDH1, green) in wild-type (WT) in
vivo retinal cross-sections was expressed in the inner segments of photorecep-
tors but not in the outer segments (a). 466-diamidino-2-phenylindole (DAPI, grey)
was used as nuclear counterstain. The rhodopsin (RHO, red) signal reached into
the transition region between inner and outer segment layers (b). The signals
only overlap in offshoots between inner and outer segment, localizing to the
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