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Introduction

1.1 The Retina

The retina is localized at the back of the eye cup and is essential for vision. When
light is entering the human eye, it is focused by the cornea and the lens towards the
light-sensitive retina, where a sharp image is created (Fig.1 A). When light reaches the
retina it travels through all layers of the retina, first the ganglion cell layer, then the
inner nuclear layer, where the cell bodies of amacrine cells, Muller cells, bipolar and
horizontal cells are located and finally the outer nuclear layer containing the light
sensitive photoreceptor cells (Fig.1 B, C). After passing through the retina, the “left-
over” light is absorbed by melanin-pigmented cells to prevent backward reflections

from disturbing vision.
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Figure 1: Human eye and retina: A) Diagram of the human eye with an enlarged scheme of the fovea.
B) Scheme of retinal cell types and their connections C) Richardson’s methylene blue/azure Il stained transverse
section of the human retina. Abbreviations: A=amacrine cell; B=bipolar cell; C=cone photoreceptor; G=ganglion cell;
GCL=ganglion cell layer; H=horizontal cell; INL=inner nuclear layer; IPL=inner plexiform layer; IS=inner segments;
M=Muller cell; ONL=outer nuclear layer; OPL=outer plexiform layer; OS=outer segments; R=rod photoreceptor;
RPE-=retinal pigment epithelial; (Figure was taken from Sung and Chuang 2010).

The human eye contains a special structure, called macula, which contains the
fovea (Fig.1 A). Only humans and higher primates possess a fovea, allowing for sharp,
high-resolution vision in the central parts of the visual field. Here, the cell bodies of all
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cells except photoreceptors are shifted sideways, so the light can reach them more
effectively. The fovea contains only cone photoreceptors, each of which transmits the
light dependent signal towards a single so-called midget bipolar cell that in turn is
contacted by a single ganglion cell. This direct, 1:1:1 connection increases the spatial
resolution. However, since cones require bright light (photopic) conditions, high spatial
resolution is only obtainable in daylight. This is opposed to the demands of dim light
(scotopic) conditions, where the resolution is not as important as the amplification.
Therefore, in all other parts of the retina the signal is pooled from several rod and/or
cone photoreceptors (Fig.1 B). Apart from the fovea, there is the so-called “blind spot”
of the retina, where the axons of all ganglion cells leave the eye and form the optic

nerve.

1.1.1 Photoreceptor cells

The vertebrate retina consists of two types of photoreceptors, rods and cones,

named after the cone or rod shaped morphology of the outer segments (Fig.2).

Outer
segment
Outer
segment
| Inner
Lol segment
segment
Cell
Cell body
body
Synaptic Synaptic
terminal terminal

Cone

Figure 2: Morphology of rod and cone photoreceptor: Mammalian photoreceptor cells are roughly divided
into four main parts. In the outer segment the membrane area is enlarged by sets of membrane stacks termed
“discs” to increase the surface area for the phototransduction protein cascade. The outer and inner segments are
connected only through a cilium, which controls the protein supply for the outer segment. In the inner segment
mitochondria and in the cell body the nuclei are located. The synaptic terminal is connected to postsynaptic cells
and transmits the light induced signals by releasing glutamate. (modified from Kandel et al. 2000)
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The outer segments contain the light-transducing equipment in membranous
compartments called discs. While new discs are synthesized at the bottom of the outer
segment, old ones are phagocytosed at the distal part by retinal pigment epithelial
cells. Almost all photoreceptor mitochondria are located in the inner segments and
have to cover for the high-energy consumption of the outer segment and the whole
cell. Additionally, most of the protein assembly machinery is inside the inner segments,
which means all proteins required for the assembly of the discs and phototransduction
need to be transferred to the outer segment. This is done via the so-called connecting
cilium, which controls the protein supply of the outer segment with its intraflagellar
transport machinery (Sedmak et al. 2009; Insinna and Besharse 2008). The cell body
contains the nucleus and with the synaptic terminals, photoreceptors connect to bipolar
and horizontal cells and transmit the light evoked signal using the neurotransmitter
glutamate.

All rods contain the same light sensitive pigment called rhodopsin (Fig.3 Rh), while
there are different cone opsins to allow for color discrimination. Rod and cone
pigments are prototypical G protein-coupled receptors, embedded in the disc
membrane of the outer segment and covalently linked to a chromophore, the 11-cis-
retinal. Phototransduction, the process of transforming light into an electrical signal,
was studied extensively in rod photoreceptors (for review see Luo et al. 2008; Yau and
Hardie 2009). In dark, the cyclic-nucleotide-gated (CNG) channels are maintained in
the open state by high levels of cyclic guanosine monophosphate (cGMP). When the
unselective CNG channels are open, calcium (Ca?*) and sodium (Na*) ions are flowing
in. A Na‘*/Ca®*, potassium (K*) exchanger (NCKX) on the outer segment membrane
couples Na* influx to Ca®" and K*-efflux, to balance the CNG channel mediated Ca**
influx. This so called dark current depolarizes the outer segment to a membrane
potential of around minus 30mV (Altimimi and Schnetkamp 2007). When a photon hits
the chromophore 11-cis-retinal, it undergoes a structural transformation to the active
form, called all-trans-retinal, which in turn leads to the activation of rhodopsin. This
active form is called metarhodopsin Il, which is shown in Fig.3 as activated rhodopsin
(Rh*). Rh* catalyzes an exchange of guanosine diphospate (GDP) to guanosine
triphosphate (GTP) on the alpha subunit of the G protein transducin, thus activating it
(Fig.3 Gi¢*). Subsequently, Giy* dissociates from the beta- and gamma-subunit and
binds to the inhibitory y-subunit of the rod phosphodiesterase 6 (Gi*-PDE*), which
then dissociates as well. Now the activated PDE 6 hydrolyzes specifically cGMP and

decreases cGMP levels. Decreased cGMP levels close the CNG channels and ion
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influx stops, while the NCKX on the plasma membrane remains active, pumping net
positive charge out of the cell. This imbalance leads to hyperpolarization of the
photoreceptor, which is the signal to decrease the release of glutamate at the
synapses. For vision, not only the light induced activation is important, but also the fast
deactivation after light offset. This inactivation has to be done for each protein of the
phototransduction cascade and can be regulated by intracellular Ca**, allowing for an
adaptation to bright or dim light conditions ( for review see Luo et al. 2008; Yau and
Hardie 2009; Fain et al. 2001).
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CNG channel
{closed)
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Figure 3: Phototransduction in a rod photoreceptor: When light hits a rhodopsin molecule, rhodopsin binds
to the G-protein transducin. The activated transducin itself binds to the phosphodiesterase and activates it. cGMP is
hydrolyzed and the CNG channels are closed. This closure hyperpolarizes the outer segment and this is forwarded
to the synapses and the 2" order neurons of the inner retina. Abbreviations: Arr = arrestin; cGMP= cyclic guanosine
monophosphate; CNG channel= cyclic nucleotide gated channel; G=transducin; GDP= guanosine diphosphat;
GMP= guanosine monophosphate; GTP= guanosine triphosphate; P= phosphate; PDE= phosphodiesterase; Rh=
rhodopsin; (Figure was taken from Yau and Hardie 2009)

1.1.2 Other cell types

Based on the glutamate release at the synapses of photoreceptors the light signal
is forwarded, amplified and/or inhibited in the inner retina. Bipolar cells, horizontal cells
and amacrine cells are mediating this processing. This intense processing increases
contrasts, allowes the detection of movement and filters out unnecessary information.

Finally, ganglion cells transmit the light evoked signal to the visual areas of the brain.
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1.1.3 Comparison between mouse and human retina

Although the eyes of vertebrates have the same general structure, there are some
adaptations to certain modes of life, e.g. nocturnal or diurnal life. While diurnal
vertebrate retinas are dominated by cones, retinas from nocturnal-animals contain
more rods to gain an optimized vision (Peichl 2005). Mice and rats, animals typically
used for laboratory research, are nocturnal animals. Therefore, they have rod-

dominated retinas.

Vertebrates originally possessed four classes of cone opsins (without counting
rhodopsin), but most mammalian species, among them mice and rats, have lost two
types of opsin in the course of evolution. Hence, these animals have a dichromatic
color vision. They can discriminate shorter wavelength (short-wavelength-sensitive
opsin; S-cones) from middle wavelength light (middle-wavelength-sensitive opsin; M-
cones) (Fu and Yau 2007). In the evolution of old world primates and humans,
trichromatic vision appeared after a duplication event of the middle-wavelength-
sensitive opsin, allowing for the discrimination between green and red. Not only the
cone opsins differ between humans and mice, also the cone distribution is altered
between different species. Humans (and some primates) show an extreme adaptation
towards an improved visual acuity. This is more easily achievable for a diurnal species,
because higher visual acuity requires less convergence and therefore needs brighter
light (Peichl 2005).

Still, vertebrate visual systems share many features: for example analogue visual
brain areas are innervated, the structure of eye cup and retina is similar, the
processing mechanisms of visual signals in the inner retina are comparable, similar
signal pathways are used and often the same genes are involved in vision of distinct

species (Sanes and Zipursky 2010).

1.2 Inherited photoreceptor degeneration diseases

Inherited photoreceptor degenerations are a major cause of adult blindness in
industrialized countries. While some of these diseases are exclusive genetically
determined like Retinitis pigmentosa (RP), Leber congenital amaurosis (LCA) or cone
dystrophies, others, such as age-related macular degeneration (AMD) are
multifactorial. All mentioned diseases have one thing in common: hitherto no treatment

is available.
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1.2.1 Retinitis pigmentosa
RP is a group of inherited, usually monogenic photoreceptor diseases with a
worldwide prevalence of about 1 in 4000 (Hartong et al. 2006). Caused by mutations in

over 48 genes (http://www.sph.uth.tmc.edu/Retnet/sum-dis.htm#B-diseases;

information retrieved May 23, 2011) RP can be inherited either in an autosomal
recessive (41%), dominant (24%), x-linked (22%) or other (12%) fashion (Wright et al.
2010). Additionally, in about 20-30% of RP-patients, associations with more than 30
different syndromes were found (Hartong et al. 2006). Typically, mutations causing RP
triggers similar symptoms like night blindness starting at youth or young adolescent
age, followed by a gradual loss of peripheral vision and decreased visual acuity or
blindness in older age (Hartong et al. 2006). Night blindness and the gradual loss of
peripheral vision are due to loss of rods. Distinct mutations can influence the degree of
the severity and the progression of disease. Unfortunately, for reasons unknown even
the non-mutated cones degenerate secondarily following rod cell death (Wright et al.
2010).

1.2.2 Leber congenital amaurosis

Leber congenital amaurosis (LCA) is the most severe form of hereditary retinal
dystrophies. The progression is much faster when compared with RP and causing
blindness or severe impairment of vision before the age of one year (den Hollander et
al. 2008). The prevalence in Northern America is one in 81,000 (Stone 2007) and as
many as 15 genes lead to LCA, which is characterized by early visual loss, nystagmus,
amaurotic pupils and the absence of ERG responses (Boldt et al. 2011). Several of the
genes mutated in LCA-patients have been implicated in other retinal diseases such as
RP (den Hollander et al. 2008).

1.2.3 Inherited cone dystrophies

Cone dystrophies are heterogeneous diseases, which can be inherited either in
autosomal dominant, autosomal recessive, or in x-linked recessive fashion. They can
be divided into stationary cone dystrophies, where the rods mostly remain functional
(Michaelides et al. 2004) and progressive cone dystrophies, where cone degeneration
often starts in childhood and progresses with age. The congenital stationary cone
disorders include color vision deficiency, complete or incomplete achromatopsia,
oligocone trichromacy, cone monochromatism, blue cone monochromatism and

Bornholm eye disease (for review see Michaelides et al. 2004). Cone rod dystrophies
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have a prevalence of one in 40,000 (Hamel 2007). Due to a mutation, the cone
photoreceptors degenerate, sometimes accompanied or followed by rod
photoreceptors. Therefore, progressive cone dystrophy is comparable with RP, but the
other way round and generally more severe for the patients, because human vision
depends much more on cone than on rod functionality. The first symptoms are
decreased visual acuity, dyschromatopsia and photophobia, followed by progressive

loss of peripheral vision and if the rods are involved, night blindness.

1.2.4 Age-related macular degeneration

Age-related macular degeneration (AMD) is the leading cause of blindness in the
elderly, worldwide. It affects the central area of the retina, more precisely the macula.
AMD is classified into an atrophic (“dry”) form and a neovascular (‘wet”) form.
Typically, the more severe vision loss is associated with the neovascular form.
Although histological changes can already be measured in middle age, the clinical
relevant changes are usually not apparent before the age of 55 (Klein et al. 2004).
Symptoms of the atrophic form are pigment disruption and drusen, which are small
yellowish deposits in the retina. While the “dry” form often proceeds asymptomatically,
around 10-15% of AMD patients develop the “wet” form. In this form, a fibrotic scar is
forming over several months under the macula, which is accompanied by a central
scotoma. The term “wet” refers to some fluid (exudates or blood) in the extracellular
space between the retina and the RPE. (for review see Hageman et al. 2008;

http://webvision.med.utah.edu/; information retrieved February 27, 2012). The cause of

AMD is not entirely genetic, but two high risk genes are already known. One is named
complement factor H and the other age-related maculopathy susceptibility 2. Major
non-hereditary risk factors are increasing age, smoking and a previous cataract

surgery (Chakravarthy et al. 2010).
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1.3 Retinal degeneration models

1.3.1 The Retinal degeneration 1(Pde6b“*"" mouse

In 1924 C. E. Keeler realized, that some of his adult mice had no photoreceptors
anymore and he named these mice rodless (r) (Keeler 1924). Later, in 1951 Brickner
found up to 50% of all wild type (wt) mice around Basel showing a similar phenotype to
Keeler's rodless mouse and he named them retinal degeneration (rd) (Briickner 1951).
In this time, other inbred mouse strains had been identified all showing the same
phenotype inherited in an autosomal, recessive manner. The causing defect was
shown to be a nonsense mutation in the B-subunit of the rod Pde6 (Bowes et al. 1990;
Pittler and Baehr 1991) and an insertion of the xenotropic murine leukemia virus
(Xmv28) in the first intron of Pde6 gene (Bowes et al. 1993). The degeneration
phenotype could be rescued, when functional PDE6 was expressed in rd retinas (Lem
et al. 1992). Polymerase chain reaction (PCR) analysis confirmed that the original
rodless and rd mice are carrying the same genetic defect (Pittler et al. 1993). For many
decades, the rd mouse was one of the main animal models for RP (Sidman and Green
1965; Dunn 1954; Karli 1952). Nowadays, the rd mouse is designated rd1 and much
more retinal degeneration models (rd 2 — rd10) are available. In human patients, the
mutation in the rod PDE6B-subunit gene is the second most common cause of RP
after mutations in the rhodopsin gene (McLaughlin et al. 1993). The rod PDEG6 function
is reduced in rdl, (Farber and Lolley 1976) so that rod photoreceptors are not
functional. The loss of PDEG6 function is leading to an accumulation of cGMP (Farber
and Lolley 1974) in rod photoreceptors, which somehow induces rod degeneration
starting at P9. Rod cell death is most detectable at P13 (Paquet-Durand et al. 2011)
and around P17, about 98% of the rods are already gone and only a single row of
photoreceptor nuclei remains (Carter-Dawson et al. 1978). The cone photoreceptors,
although unaffected by the mutation, start to degenerate around P21. After 18 months,
only 1.5% of all cones remain (Carter-Dawson et al. 1978). The current knowledge on
degeneration mechanisms in rdl rod photoreceptors will be explained in the next
chapter “Photoreceptor degeneration mechanisms”. In the results, rd1 will be referred

to as C3H-rd1, because the genetic background was the C3H mouse strain.
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Figure 4: Cell death in rd1 photoreceptor cells: A small amount of cell death is a normal event during post-
natal development of wt retina (green line) and most likely driven by apoptosis. In rd1, the mutation dependent rod
cell death (red line) begins around P7, shows a peak at P12 and nearly no rods are left after P25. Around P15
additionally cone photoreceptors start to degenerate (blue line), but in contrast to the rods this cell death is mutation
independent and the trigger remains unknown. The missing input from photoreceptors is leading to a tertiary
degeneration and reorganization of the remaining cells of the inner retina (yellow line). (Diagram from Sancho-
Pelluz et al. 2008)

1.3.2 The cone photoreceptor function loss 1 (cpfll) mouse

The cpfll mouse carries a mutation in the catalytic subunit of the cone Pde6 gene
(Pde6c) (Chang et al. 2009). The mutation in the Pde6 gene leads to a non-functional
protein, which causes an accumulation of cGMP. This accumulation induces cone-
degeneration, comparable with rod degeneration in rd1 (Trifunovi¢ et al. 2010). The
first changes in cone functionality are measurable three weeks after birth with ERG
(Chang et al. 2002). The onset of cone cell death measured with TUNEL staining is
detectable as early as P14; reaches a peak at P24 and at P60, nearly all cones are
gone. Therefore, the cpfll mouse is considered as a model for rapid and early cone
loss (Trifunovi¢ et al. 2010), while retinal structure and rod functionality are not
changed (Chang et al. 2002). In humans, analogue mutations cause autosomal
recessive achromatopsia or early-onset progressive cone dystrophy (Thiadens et al.
2009; Chang et al. 2009). Therefore, the cpfll mouse is used as model for
achromatopsia (Chang et al. 2002).
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1.3.3 The P23H line 1rat

In about 12% of autosomal dominant RP-patients in the US, a proline within the
rhodopsin protein is substituted by a histidine (P23H) (Dryja et al. 1990a). To study this
mutation a P23H mouse line was generated as well as a rat model, the P23H rats. The
transgenic P23H rats contain the native rat opsin and additionally a mutated mouse
opsin gene (Machida et al. 2000). There are different P23H lines available with
different expression levels of transgenic protein and different degeneration rates. We
showed with TUNEL staining, that rod degeneration showed a peak at P15 in P23H
Line 1 (Kaur et al. 2011). At P30 approximately six rows of ONL cells are remaining,
which was a 40% reduction compared to age-matched wt (Kaur et al. 2011). The
mechanism of cell death is not entirely known, but rhodopsin misfolding and
endoplasmatic reticulum stress has been proposed as possible causes of
degeneration (Sung et al. 1991; Liu et al. 1996; Griciuc et al. 2010).

1.3.4 The S334ter line 3 rat

This rat model is referred as a model for autosomal dominant RP and contains a
mutated rhodopsin, which is truncated at the C-terminus and lacks the last 15 amino
acid residues (Liu et al. 1999). There are five S334ter lines available, all are bearing
the same mutation but contain different expression levels of the mutated opsin, with
the fastest degeneration rate correlating to the highest expression level of mutated

opsin.

The truncated rhodopsin is mislocalized and targeted non-specifically to various
membrane domains (Lee and Flannery 2007). Additionally, arrestin is unable to
deactivate the truncated rhodopsin. Rod degeneration in the S33ter line 3 was
extremely fast, since TUNEL-staining showed a peak of degeneration already at P12.
Similar to rd1, only one row of photoreceptors remained at P30, most of them being
cones (Kaur et al. 2011).

1.3.5 The 661W cell line

Despite the fact that there is a large number of animal models available to study
photoreceptor degeneration it is still difficult to study cone cell death at the cellular

level.

In humans, rods outnumber cones 20:1, while in mice the percentage of cones is

even lower with approximately 3% (Carter-Dawson and LaVail 1979). That makes it
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difficult to analyze cone degeneration in animal models and in retinal explants. With
the cone-like cell culture, called 661W, it would be possible to study cones only (Tan et
al. 2004). These cells originate from transgenic mice expressing the simian virus 40
(Sv40) large tumor antigen (T antigen) under the photoreceptor specific
interphotoreceptor retinoid-binding protein (IRBP) promoter (Al-Ubaidi et al. 1992).
661W cells expressed several cone specific proteins like blue opsin, red/green opsin,
transducin and cone arrestin, while they showed no expression for rhodopsin or rod
arrestin. Other photoreceptor markers like phosducin or rod outer segment membrane
proteinl (ROML1) were also not found to be expressed in 661W cells (Tan et al. 2004).
The morphology of 661W cells differs from cones, since they do not build outer
segments (Tan et al. 2004). The 661W cells appear to be light-sensitive and undergo
cell death, when treated with light (Krishnamoorthy et al. 1999) or treated with light in
the presence of the chromophore 9-cis retinal (Kanan et al. 2007). Another study with
661W cells examined the functionality of cone CNG channels. They found weak
expression of the CNGB3 subunit, but no expression of CNGA3. Unfortunately, the
CNG channel is not functional without the CNGA3 subunit, so they transfected the
mouse Cnhga3 gene and could achieve channel functionality (Fitzgerald et al. 2008). To
sum up the findings, this cell line seems to be more cone-like than any other available
cell line and therefore may be used as a model system for cone degeneration studies

under defined experimental conditions.

1.4 Photoreceptor degeneration mechanisms

This study is focused on the degeneration mechanisms in hereditary photoreceptor
degeneration. Therefore, only these cell death mechanisms will be explained. Other
causes of photoreceptor degeneration might be light damage (Wenzel et al. 2005),

aging (AMD) (Hageman et al. 2008; http://webvision.med.utah.edu/; information

retrieved February 27, 2012) or mechanical forces leading to injury of the eye and the

retina.

1.4.1 Photoreceptor degeneration in rd1

RP is caused by various mutations, which have a strong influence on the
progression and severity of the disease. However, findings from distinct animal models
of RP indicate that the downstream events may be closely related. If similar
degeneration pathways were triggered by different mutations then this might allow

treating many patients independent of the causative mutation. As mentioned above,
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the rdl mouse suffers from a loss-of-function of PDE6B, which leads to an
accumulation of cGMP (Farber and Lolley 1974). Because of cGMP accumulation,
CNG channels in rdl rods are thought to be open more frequently, leading to an
increased intracellular Ca?* level. An evidence for the impact CNG channels have on
rdl degeneration was shown with a double mutant (DBM) animal made by
crossbreeding of two RP-models, the rdl and cngbl knockout (KO). This DBM
contained both, a non-functional PDE6 and a non-functional CNG channel. In line with
the idea, that chronically opened CNG channels may be responsible for the severe
degeneration in rdl, a strong delay of rod cell death was observed in the DBM
(Paquet-Durand et al. 2011). Additionally increased cGMP may activate protein
kinases (PKG). In photoreceptors, at least three different isoforms are expressed and
PKGs are 100-fold more sensitive to cGMP than CNG channels are (Farber et al.
1979; Gamm et al. 2000; Feil et al. 2005). Strong activation of PKG is able to cause
cell death in neural and non-neural cell types (Canals et al. 2003; Deguchi et al. 2004;
Canzoniero et al. 2006). The excessive PKG activation in rd1l photoreceptors was
inhibited pharmacologically and a rescue effect was shown (Paquet-Durand et al.
2009). However, neither a non-functional CNG channel nor an inhibition of PKG was
able to stop the rod degeneration completely, indicating that both pathways may be
activated in parallel. Alternatively, the cell may be able to switch to another cell death

mechanism, when one pathway is blocked.

Further downstream of CNG channels or PKG, various key players are involved in
the cell death mechanism. The increased Ca®" concentration (Fox et al. 1999; Doonan
et al. 2005), originating either from external sources through CNG or voltage-gated
Ca®**-channels and/or from intrinsic stores in the endoplasmatic reticulum or
mitochondria (Barabas et al. 2010), is able to activate calpain proteases (Sancho-
Pelluz et al. 2008). Active calpains induce cell death via protein cleavage, like
cytoskeletal proteins or proteins involved in cell death like Bcl-2 associated X protein
(Bax), c-Jun N-Terminal kinase (JNK), and apoptosis inducing factor (AIF) (review
Sancho-Pelluz et al. 2008). However, the inhibiton of all Ca®" channels by
pharmacological substances is leading to contradicting results (for review see
Nakazawa 2011). In some studies a rescue effect was noted, in others not, indicating
that the influx of Ca®" may not be the only cell death mechanism active in rd1 rod
photoreceptors (Frasson et al. 1999; Read et al. 2002; Sanges et al. 2006; Pawlyk et
al. 2002; Takano et al. 2004). The above mentioned Ca?*-dependent calpain proteases

were shown to be activated and involved in rd1l photoreceptor cell death (Paquet-
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Durand et al. 2007a; Paquet-Durand et al. 2006; Kaur et al. 2011). One of the targets
of activated calpains is AlF, which translocates into the nucleus after cleavage and
induces DNA damage and eventually cell death. This nuclear translocation of AIF was
shown to take place in degenerating rods of rd1 mice (Sanges et al. 2006). DNA
damage leads to PARP activation, which usually supports DNA repair (for review see
Krishnakumar and Kraus 2010). However, over-activation of PARP, induced by
massive DNA damage can lead to cell death, either by energy depletion or by AlF-
dependent cell death. PARP overactivation was found in dying rd1 rod photoreceptors
(Paquet-Durand et al. 2007b). PARP activation may not only occur following calpain
activation, but also after oxidative stress. Cellular oxidative stress occurs when
reactive oxygen species (ROS) like hydrogen peroxide or nitric oxide are not counter-
balanced by redox-regulating enzymes anymore. Oxidative stress leads to cell damage
via for instance increased DNA oxidation and finally to cell death. In rd1 high oxidative
stress (Carmody et al. 1999; Hackam et al. 2004) as well as increased DNA damage
(Sanz et al. 2007) was observed in photoreceptor cells, indicating that oxidative stress
may be involved in photoreceptor degeneration. However, it is unclear which role
oxidative stress play in cell death mechanisms. High levels of Ca* may induce
oxidative stress (Sharma and Rohrer 2007), which in turn may cause DNA damage
and PARP activation. Nevertheless, it is still controversial if oxidative stress is a cause

of retinal neurodegeneration or a consequence (Andersen 2004).
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Figure 5: Potential mechanism leading to photoreceptor cell death in rd1: As a consequence of the rd1
mutation, PDES6 is not working and unable to hydrolyze cGMP to GMP, leading to an accumulation of cGMP (Farber
and Lolley, 1974). cGMP opens CNG channels, which leads to increased intracellular Ca®" and activation of calpain
proteases. Calpains cleave AlF, which translocates into the nucleus and induces DNA-damages, eventually leading
to cell death. High cGMP activates PKG kinases, which should induce the activation of CREB dependent gene
transcription. High Ca?" and active AIF increase intracellular oxidative stress, which induces DNA damage. High
oxidative stress and active AlF lead to an overactivation of the DNA-repair enzyme PARP, which causes massive
energy depletion and finally cell death. Abbreviations: PDE6= phosphodiesterase; cGMP= cyclic guanosine
monophosphate; PKG= protein kinase; CNG channel= cyclic nucleotide gated channel; ICER= inducible cAMP early
repressor; pCREB= phosphorylated cAMP responsible element binding; PARP= poly (ADP-ribose) polymerase;
AIF= apoptosis inducing factor (modified from Sancho-Pelluz et al. 2008)
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1.4.2 Photoreceptor degeneration in different RP models

In other RP animal models, similar cell death mechanisms were found as in rd1.
For example, in S334ter and P23H retinas, activated calpains and PARP as well as
increased oxidative damage was shown (Kaur et al. 2011). Increased Ca** and
activated calpains were detected in the spontaneous retinal degeneration rat model
WBN/Kob as well as after MNU treatment of rat retinas (Azuma et al. 2004; Oka et al.
2006). Furthermore, active calpain as well as AIF translocation into the nuclei were
shown in degenerating photoreceptors of RCS rats (Mizukoshi et al. 2010).

Hence, calpain activation was found in so many different RP models (Sancho-
Pelluz et al. 2008; Paquet-Durand et al. 2006; Kaur et al. 2011; Azuma et al. 2004;
Oka et al. 2006, Mizukoshi et al. 2010 ), while the activation of caspases was not found
that often (Kaur et al. 2011; Doonan et al. 2005). These results may suggest that rod
photoreceptors do not degenerate in a caspase-dependent fashion, which is a
commonly associated with apoptotic cell death. However, it may be possible that
photoreceptors degenerate in a calpain-dependent fashion, with increased Ca®* and
activated PARP. Interestingly, it is possible that more than one cell death pathway is
active at the same time as was obtained in degenerating S334ter retina (Kaur et al.
2011). In this fast degeneration model not only calpains were active, but additionally

also caspases.

1.4.3 Photoreceptor degeneration in cone degeneration

In a comparative study on the cell death mechanisms in rd1l rods and the cpfll
cone-degeneration, again similarities of cell death pathways of photoreceptors were
found. Increased cGMP levels, concomitant with activated PKG and increased calpain
activity were detected. As well as in rd1l, no activated caspase 3 was detectable,
suggesting a non-apoptotic mechanism leading to cone degeneration in cpfll mice
(Trifunovi¢ et al. 2010). This suggests that in rod and cone photoreceptors similar or
even the same mechanisms lead to degeneration. This would be of interest for the
development of neuroprotective treatments, because it would open the possibility to

save cones and rods with the same treatment.

1.4.4 cAMP-responsive element binding (CREB)

From neurodegenerative diseases like Huntington's or Alzheimer it is known that
the transcription factor cAMP-responsive element binding (CREB) is neuroprotective.

Furthermore, disruption of CREB signaling may induce neurodegeneration in the
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mouse (Mantamadiotis et al. 2002). CREB is activated by phosphorylation at the
Serine 133 residue (pCREB) (Mayr and Montminy 2001) and may then bind to the
cAMP-response element (CRE) sequence, which drives the transcription of numerous
genes including neurotransmitters, growth factors and transcription factors (for review
see Sakamoto et al. 2011). In rd1, CREB and pCREB expression was decreased at
P11 (Paquet-Durand et al. 2006). This finding was surprising because activated PKG
is able to phosphorylate CREB, plus the fact that oxidative stress induces CREB
activation (Lee et al. 2009). Therefore, increased levels of pCREB would be expected
in rd1 photoreceptors. What caused the detected CREB reduction and is this decrease
somehow involved in rod degeneration? One interesting study with 661W cells used a
Ca®" ionophore to increase the intracellular Ca?*-level, which resulted in cell death,
comparable with rd1 rods (Arroba et al. 2009). This result could be repeated in wt
retinal cultures and the cell death was correlated with a loss of pCREB. Furthermore,
they correlated the loss of pCREB with the downregulation of calpastatin, the
endogenous calpain inhibitor, which caused an upregulation of calpain-2 (Arroba et al.
2009). Possibly, pCREB protects photoreceptors against cell death via upregulation of
calpastatin and inhibition of calpains. However, why is CREB decreased in rdl
photoreceptors? One possible answer could be the prototypic inhibitor of CREB

dependent transcription the inducible cAMP early repressor (ICER).

1.4.5 Inducible cAMP early repressor (ICER)

ICER is a member of the bZIP superfamily of transcription factors (Lonze and Ginty
2002). Included in this family are CREB, the cAMP response element modulator
(CREM) and activating transcription factor 1 (ATF1). ICER is a transcript of the CREM
gene, which encodes for various splice-forms of transcription activators and repressors
(Borlikova and Endo 2009). CREM transcription repressors are known as ICER and
are shorter than all other CREM transcripts, because they lack the activation domains
and the kinase-inducible domain. There are four different ICER isoforms, namely ICER
[, ICER II, ICER ly and ICER Ily. ICER | contains the DNA-binding domain |, while
ICER Il contains the DNA-binding domain II, additionally ICER | + 1l have a y-domain,
which is missing in ICER ly and Ily. The DNA-binding domains of ICER allow homo-
and heterodimerization and binding to CRE-elements, where CREB and CREM
transcription factors can bind as well. ICER competes with CREM and CREB and is a
strong suppressor of CREB dependent transcription. Since it contains a CRE

seguence, ICER transcription itself is CREB dependent, resulting in the fact, that ICER
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is inhibiting its own transcription in a negative feedback loop (Molina et al. 1993a). The
ICER isoforms have different half-lives, ICER | is the most stable and the y-isoforms
are the most short-lived (~3h) (Folco and Koren 1997). ICER transcription is strongly
inducible by a various stimuli (Mioduszewska et al. 2003) and usually fast and
transient. The time course of ICER transcription depends on the cell type (Borlikova
and Endo 2009). ICER is expressed in various parts of the rd1 brain, (for review see
Kell et al. 2004) with the strongest expression in the pineal gland where ICER and
CREB are regulating the circadian rhythm (Karolczak et al. 2005). In numerous cell
cultures, ICER induction was shown after treatments that increased cAMP levels and
activated PKA (Molina et al. 1993a; Stehle et al. 1993; Liu et al. 2006; Monaco and
Sassone-Corsi 1997; Tinti et al. 1996; Hu et al. 2008). Alternatively, the Ras-
dependent nerve growth factor pathway, the Janus kinase pathway, the PKC pathway;
BDNF, or dopamine (Mioduszewska et al. 2003; Monaco and Sassone-Corsi 1997;
Lund et al. 2008; Chang et al. 2006), induced PKA-independent ICER expression. In
neurons, cardiomyocytes and vascular smooth muscle cells, ICER induction was
leading to cell death (Jaworski et al. 2003; Mioduszewska et al. 2008; Ding et al. 2005;
Ohtsubo et al. 2007) by repressing the pro-survival gene transcription of CREB.
Therefore, an involvement of ICER in inhibition of CREB dependent transcription and

activation in rd1 photoreceptors appears plausible.

1.5 Neuroprotection and Therapy

Since RP was known in the middle of the 19™ century, ophthalmologists have tried
hard to find a cure to slow down disease progression. In a case study from as early as
1887, a woman was treated with electricity, unfortunately without permanent
improvements of vision (Standish 1887). Since then much knowledge about the disease
and its mechanisms has been gained, without any major advance for the therapy.
Today, the recommended therapy is wearing sunglasses to protect the retina from UV
light, while in some cases a Vitamin A uptake is recommended (www.pro-

retina.de/netzhauterkrankungen/retinitis-pigmentosa;

http://www.geteyesmart.org/eyesmart/diseases/retinitis-pigmentosa-treatment.cfm;

information received 10/11/2011). Several fundamentally different concepts have been
forwarded for RP therapy, namely gene therapy, neuroprotection or replacement (of
cells or the whole retina). All concepts have different time windows for a medically

sensible application.
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1.5.1 Gene therapy

The idea of gene therapy is the correction of mutation-dependent defects or the
protection of photoreceptors, using protein expression systems such as the adeno-
associated virus vector (AAV). In some cases gene therapy was applied successfully
(Gorbatyuk et al. 2010; Maguire et al. 2008; Simonelli et al. 2010) and could slow down
degeneration in mutant animal models. Even some phase | clinical trials were made
with human patients having LCA (Bainbridge and Ali 2008; Cideciyan et al. 2008;
Maguire et al. 2008). Evaluating these studies is difficult, since all three studies used
different treatment paradigms. Still, none of the used vectors had a negative effect and
some patients had improved visual sensitivity. For patients, who had less severe
disease symptoms at the beginning of the studies, the impact of therapy was better
than in more advanced patients. Therefore, gene therapy should be applied as early as
possible, before great damages occur, since the expression vector requires a more or
less healthy target cell for protein expression. Consequently, gene therapy also
requires an early disease diagnosis. Unfortunately, this is a problem, as the symptoms
usually starting only after massive cell degeneration has taken place. For a review of
gene therapy in ocular diseases, refer to Liu et al. 2011.

1.5.2 Replacement

Replacement therapy is aiming to bring back vision with a prosthetic device or by
introducing functional photoreceptors. Since, there could be adverse effects caused by
bringing a mechanical device into the eye, the patient should be already in a late
disease stage to avoid additional vision impairment. Some promising studies were
made with retinal implants in blind patients, who could divide patterns and were even
able to read after implantation of a subretinal electronic chip (Zrenner 2002; Besch et
al. 2008). Other attempts of replacement therapy would be reprogramming existing
cells, like Miuller glia cells, towards the photoreceptor cell fate (Bermingham-
McDonogh and Reh 2011). Reprogramming of Muller cells happens naturally in fish or
amphibian, but not in the mammalian retina, which makes it impossible to induce
photoreceptor regeneration up to now. Instead of reprogramming Mduller cells, other
studies have used stem cells to replace lost photoreceptors. Either retinal sheets or
single cell suspensions were transplanted into the subretinal space of animals or
humans (Singh and MacLaren 2011). The cell numbers that were able to integrate into

the host tissue are low and in some cases, inflammation after transplantation was
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observed. Additionally, it is still unclear whether the vision of patients with a

progressed diseased retina can be restored (Singh and MacLaren 2011).

1.5.3 Neuroprotection

Neuroprotection is aiming to protect retinal cells from cell death or at least to slow
down cell degeneration by either interfering with cell death signaling or strengthening
pro-survival mechanisms. In theory, neuroprotective substances could be applied in
every stage of disease and be combined with other therapies. Moreover, and
assuming that the principal degeneration processes are similar in patients with distinct
mutations, neuroprotection might work independent of the degeneration-causing

mutation.

Neurotrophic factors

The idea of protecting neurons from cell death started after Levi-Montalcini in the
early 1950°s found the first neurotrophic factor, namely the nerve growth factor (NGF)
(Levi-Montalcini et al. 1954; Aloe 2011). Neurotrophic factors are able to enhance
neuronal cell growth and survival (Harada et al. 2002; Wen et al. 1995; Yu et al. 2004,
Hackam 2008). For the neuroprotection of the retina, mainly three neurotrophic factors
were studied: brain derived neurotrophic factor (BDNF), ciliary neurotrophic factor
(CNTF) and pigment epithelium-derived factor (PEDF) (Trifunovic et al. 2012).
Combined treatment of rd1 organotypic explant cultures with BDNF and CNTF resulted
in neuroprotection of photoreceptors, which correlated with the downstream activation
of pCREB (Azadi et al. 2007). CNTF alone was able to slow down retinal degeneration
in at least 13 animal models of RP including rd1 mice, P23H and S334ter rats (Sieving
et al. 2006). Furthermore, PEDF and docosahexaenoic acid (DHA) had a synergistic
protective effect in human RPE cells, when these cells were under oxidative stress
(Bazan 2008). Unfortunately neurotrophic factors have some limitations like a short
half live, which requires repeated administration. This fact may be responsible for
contradicting results obtained for instance in a study on Q344ter mice which had
received BDNF treatment via intravitreous injections and, where no protective effect
(LaVail et al. 1998) was found. In another study, transgenic inducible BDNF expression
delayed photoreceptor cell death in Q344ter mice (Okoye et al. 2003). The difference
between both studies was the BDNF treatment period. A short increase of BNDF after
the injections gave no effect, while a prolonged expression in the transgenic mice over

three weeks up to three month did.
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Additional disadvantages of neurotrophins are the large proteins size and serious
systemic side effects that may occur when they are applied orally. Therefore, a special
delivery system is required to increase neurotrophic factors locally and persistent
(Trifunovi¢ et al. 2012).

Antioxidants

Antioxidant treatment may be another approach for the prevention of oxidative
stress and neuroprotection. Oxidative stress is found in many age-related degenerative
disorders like Alzheimer’s disease or Parkinson's disease (Franco and Cidlowski
2009) as well as in ocular diseases like AMD (Komeima et al. 2007), glaucoma (Tezel
2006) and RP (Carmody et al. 1999; Usui et al. 2009a; Usui et al. 2009b).
Neurotrophic factors can have neuroprotective effects, like the basic fibroblast growth
factor (bFGF) which protected photoreceptor-like 661W cells against oxidative stress
via a CREB dependent Bcl-2 upregulation (O'Driscoll et al. 2007). Apart from
neurotrophins, various other substances have an antioxidant effect. In clinical trials the
impact of Vitamin A, Vitamin E, DHA and lutein in combination or separated against
retinal degeneration were validated (Berson et al. 1993; Pasantes-Morales et al. 2002).
Unfortunately, the therapeutic success appeared to be dependent on the genetic
background of the patient, the type of antioxidants used and the intervals of
administration. In rd1 a combined treatment with zeaxanthin, lutein, alpha-lipoic acid,
glutathione and an extract from Wolfberry (Lyceum barbarum) was able to delay
photoreceptor degeneration (Miranda et al. 2010), and similarly, glutathione S
transferase (GST) protected retinal explant cultures of rd1 (Ahuja et al. 2005). Despite
the fact that neuroprotection with various antioxidants separated or combined was tried
in various animal models of RP, the impact of antioxidant treatment was rather low.
Hence, the observed improvements were only short lived and most likely eased
unspecific symptoms rather than interfered with the degeneration mechanism itself
(Baumgartner 2000).

Prevention of cell death via neuroprotection

Most of the recent strategies for neuroprotection focus on the prevention of cell
death rather than unspecific support of the cellular metabolism (Trifunovi¢ et al. 2012).
Prevention of cell death may be done by blocking either the initiation of cell death or its
execution. Based on the cell degeneration mechanism in rd1 photoreceptors (Sancho-
Pelluz et al. 2008), one protective strategy would be the downregulation of cGMP to a

regular level. One attempt to do so was a knock down of the guanylate cyclase (GC)
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with siRNA in a PDE6 loss of function mouse (Pde6b™®?°?) (Tosi et al. 2010). The
knock down of GC, the cGMP producing enzyme, in Pde6b"®?°? mice resulted in
delayed photoreceptor loss and enhanced ERG response. Another neuroprotective
strategy is the blockage of the CNG channels to decrease the intracellular Ca®" level.
This was done pharmacologically with more or less specific Ca** channel blockers like
D-cis-diltiazem or L-cis-diltiazem, which resulted in minor rescue effects (Vallazza-
Deschamps et al. 2005; Takano et al. 2004; Pearce-Kelling et al. 2001; Pawlyk et al.
2002; Bush et al. 2000; Barabas et al. 2010; Frasson et al. 1999). Significant rescue
effects were seen after knockdown or knockout of CNG-channels in Pde6b"®?°? or rd1
mice, respectively (Tosi et al. 2010; Paquet-Durand et al. 2011). Even in CNG-
knockout mice, the rescue of the rd1 phenotype was incomplete, implicating additional
degeneration mechanisms independent of CNG channels. This mechanism may be
PKG dependent and inhibition of the PKG with different inhibitors in two different RP
models, rd1 and rd2, resulted in a strong rescue effect. However, the degeneration
was not stopped completely (Paquet-Durand et al. 2009), implying that the cell death

mechanism may be more complex than expected.

Another protective approach would be the inhibition of cell death executing proteins
like the calpain proteases. Inhibition of calpains with ALLN and/ or ALLM (Acetyl-L-
Leucyl-L-Leucyl L-Norleucinal/ -Methionin) was successfully reducing cell death in rd1
retinas (Sanges et al. 2006). Furthermore, the endogenous calpain inhibitor calpastatin
was able to reduce cell death in rd1l organotypic explant cultures and in vivo after
injection of calpastatin into the vitreous body of PN10 rd1l eyes (Paquet-Durand et al.
2010). Another cell death protein active in rdl, PARP1, was specifically inhibited,
which resulted in reduced cell death in rd1 retinal cultures until P25 (Paquet-Durand et
al. 2007b). This result was confirmed with Parp-1 KO retinal explants treated with
zaprinast, a specific PDES5/6 inhibitor, to mimic the rd1 degeneration. Compared to the
correspondent wt, less photoreceptor degeneration was detectable in Parp-1 KO
retinas (Sahaboglu et al. 2010).
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2 Experimental Questions and Aims

2.1 ICER and CREB signaling in photoreceptors

The neuroprotective factor CREB was downregulated in degenerating rd1 retinas
(Paquet-Durand et al. 2006). This downregulation may be dependent on the CREB
inhibitor ICER.

e What is the expression pattern of pPCREB C3H-rd1 retinas at different ages?
o Quantification of pPCREB in C3H-rd1 retinas
e How is ICER expressed in C3H-rd1 retina and in other retinal degeneration
models?
o Quantification of ICER expression in all used models
e How is pCREB and ICER expressed after zaprinast treatment in retinal
explant cultures?

o Quantification of pCREB and ICER expression in zaprinast treated
C3H-wt retinal explant cultures

2.2 Using 661W cells to establish a screening-system for cone

neuroprotection

Their limited number in the common used rodent animal models often hampers an
investigation of cone degeneration on the cellular level. It would be beneficial to have a
cell based cone degeneration screening system available to study cone degeneration

mechanisms and cell protective treatment.

e Are 661W cells appropriate for a cone neuroprotection screening?
o Expression study of retinal cell marker and proteins of the
degeneration signaling pathway
e |Is it possible to mimic the degeneration of cpfll cones in 661W cells?
o Comparison of the reliability of different cell death assays (TUNEL,
AlamarBlue, Live/DEAD, Propidiumiodide)
o Which pharmacological treatment induces a strong and cpfll specific
cell degeneration?
¢ Which putative neuroprotective substance is able to protect the 661W cells?

o Testing of PKG inhibitors, antioxidants
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3 Material and Methods

3.1 Material

Table 2: Materials and Devices:

Chemicals, Material, Devices and
Software

(+/-)-a-Lipoic Acid (Thiotic Acid)

0.5ml Save-Lock Microcentrifuge
Tube

1,4-diazabicyclo[2.2.2]octane
(DAPCO)

1.5ml Save-Lock Microcentrifuge
Tube

15 ml Cell Star® Tubes

2.0ml Save-Lock Microcentrifuge
Tube

2-Mercaptoethanol

50ml Cell Star® Tubes
8-Br-cGMP

Acetic acid

Acetone

Adobe CS5
Version12.0.3x32
Agar

Design  Standard

AGFA Curix 60;
device
Almar Blue

film developing

Albumin, from bovine serum

Amersham  Hyperfim™
chemiluminescence film
Ammonium persulfate (APS)

ECL;

Ampicilin
Anitbiotic-antimycotic

Anthos Labtec HT2 photometer

Axio Imager Z1
Microscope
Axio Vision 4.7 Software

Axiovert 35M; inverted Microscope
Bradford Reagent

Apo Tome

Bromphenolblue
Canon PowerShot G9 digital Camera
CMV-vector

Coomassie Blue R-250

Company

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Eppendorf, Wesseling/Berzdorf, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Eppendorf, Wesseling/Berzdorf, Germany

Greiner bio one, Frickenhausen, Germany
Eppendorf, Wesseling/Berzdorf, Germany,

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany
Greiner bio one, Frickenhausen, Germany

BioLog live science institute
Merck, Darmstadt, Germany
Merck, Darmstadt, Germany
Adobe Systems GmbH, Munich, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany
Siemens Healthcare, Erlangen, Germany

Abderotec

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany
GE Healthcare Europe, Freiburg, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany
Invitrogen
Germany
Anthos Mikrosysteme GmbH, Krefeld

Carl Zeiss Micro Imaging GmbH, Géttingen

Life  Technologies, Darmstadt,

Carl Zeiss Micro Imaging GmbH, Géttingen
Carl Zeiss Micro Imaging GmbH, Goéttingen

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany
GE Healthcare Europe, Freiburg, Germany

Canon Deutschland GmbH, Krefeld, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany
Merck, Darmstadt, Germany
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Product no.

T1395

*0030121.023

D-2522

*0030120.086

1880271
*0030120.094

M-6250

210 261
B004-250E
1099510001
1000142511

A-9915

719816
A7906-50G

28906837

A3678

A5354-10ml

15240096

B6916

17-1329-01

E 7398

12553



Copper(ll)  sulfate
(CuS0O4(H;0)s)
Corticosterone

pentahydrate

Cryo.S™ 2ml Freezing Tubes

culture  membrane insert
electroporation); 0,4um pore size
culture  membrane insert
culture); 0,4um pore size;
DABCO;1,4-
Diazabicyclo(2,2,2)octane

DAPI

(for

(only

DHa Escherichia coli

Dimethyl Sulphoxide (DMSO; sterile
filtered)
Dithiothreitol (DTT)

DL-Tocopherol/-acetate

Dulbecco's Modified Eagle Medium
(DMEM)

Dulbecco's Modified Eagle Medium
(DMEM)
Dulbecco's
Saline (DPBS)
ECL Plus; Amersham™

Electroporation chamber A

Phosphate  Buffered

Electroporation chamber B

Electroporation device CUY 21 EDIT
Electroporation rings

Ethanol

Ethylenediaminetetraacetic acid
(EDTA)

Fetal Bovine serum

Fiji image processing software,

ImageJ, Java and plugin package
Whatsman, Chromatography paper,
3MM CHR, Filter paper for western
blot

Fura-2, AM

Glacial acetic acid

Glutamine/

Glutathione

Glycerol/Glycerin

Glycin

Heidolph DIAX 600 homogenizer
Wheaton konischer Gewebe-
Handhomogenisator

IBMX

Merck, Darmstadt, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany
Greiner bio one, Frickenhausen, Germany

Costar®; Corning B.V., Amsterdam, Netherland
Millipore GmbH, Schwalbach, Germany
Carl Roth, Karlsruhe, Germany

Sigma-Aldrich Chemie GmbH,
Germany
Invitrogen
Germany
Sigma-Aldrich Chemie GmbH,
Germany

Sigma-Aldrich Chemie GmbH,
Germany

Sigma-Aldrich Chemie GmbH,
Germany

PAA Laboratories GmbH, Célbe, Germany

Taufkirchen,

Life Technologies, Darmstadt,
Taufkirchen,
Taufkirchen,

Taufkirchen,

Invitrogen Life Technologies, Darmstadt,
Germany
Invitrogen Life Technologies, Darmstadt,
Germany

GE Healthcare Europe, Freiburg, Germany
self-made by the workshop of the Eye Hospital
Tuebingen

self-made by the workshop of the Eye Hospital
Tuebingen

Nepa Gene Co.,LTD

self-made by the workshop of the Eye Hospital
Tuebingen

Merck, Darmstadt, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Gibco, Karlsruhe, Germany

http://fiji.sc/wiki/index.php/Fiji

VWR, international GmbH, Bruchsal, Germany

Invitrogen  Life Darmstadt,
Germany

Merck, Darmstadt, Germany
Sigma-Aldrich Chemie GmbH,

Technologies,

Taufkirchen,

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

Carl Roth, Karlsruhe, Germany
Heidolph, Schwabach, Germany
NeoLab, Heidelberg, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
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1.02790
862290

122263
3412

PIHA03050
0718

D-9542
18265017
D2650
43817

T1539 25mg
E15-843
41966-052
14040-083

RPN2132

1009832511
E-9884

10500-064

3030-931

F-1201

1.00063
G8540

G6013
Sigma

3908.3

9-0936

15879-100 mg



Insulin

Isopropanol
Jung; Tissue freezing medium®

L-Cystein HCL
Linolic Acid

Manganese(ll) chloride tetrahydrate
(MnCl,(H20).)
Methanol

Monosodium phosphate (NaH2PO4)
Mowiol

Multifuge 3-S-R Centrifuge
Nanodrop 2000

Na-pyruvate

NucleoBond® Xtra Maxi
Okadaic acid

Paraformaldehyde (PFA)

phenylmethanesulfonylfluoride

(PMSF)

Pierce® ECL Western Blotting
Substrate

Pluronic® F-127 *20% solution in
DMSO

Poly-L-lysine solution

Progesterone

Protein Assay Dye Reagent
(Bradford)

Proteinase K

Proteinase K (for R16)

PVDF transfer membranes;
Amersham Hybond™-P

R16 Powder Medium (Basal)
Retinol/Retinylacetate

Roswell Park Memorial Institute
medium (RPMI)

Roti-Block

Rotiphorese® Gel 30 (Acrylamid-Mix)
Sucrose

Shaker; Heidolph unimax 2010
Shaking Water Bath 1086

sodium chloride (NaCl)

Sodium dodecyl sulfate (SDS)

Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Merck, Darmstadt, Germany
Leica Microsystems Nussloch,
Germany
Sigma-Aldrich
Germany
Sigma-Aldrich
Germany
Sigma-Aldrich
Germany
VWR Prolabo

Merck, Darmstadt, Germany
Calbiochem

Nussloch,
Chemie GmbH, Taufkirchen,
Chemie GmbH, Taufkirchen,

Chemie GmbH, Taufkirchen,

Heraeus

Thermo scientific, Rockford, USA
Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Macherey-Nagel, Duren, Germany
Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Merck, Darmstadt, Germany

Thermo scientific, Rockford, USA

Molecular Probes, Invitrogen, Life Technologies
Paisley, UK

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

mpbio (MP Biomedicals)
GE Healthcare Europe, Freiburg, Germany

Invitrogen  Life Darmstadt,
Germany
Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

PAA Laboratories GmbH, Célbe, Germany

Technologies,

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany

Clinic Pharmacy, Tubingen, Germany

Heidolph, Schwabach, Germany

GFL- Gesellschaft Labortechnik mbH,
Burgwedel, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Fluka; Sigma-Aldrich
Taufkirchen, Germany

flr
GmbH,

Chemie
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| 6634

Merck
0201 08926

Cr4ar7
L1012
M-2670

20847.307
1063451000
475904

P3662

8,010

P 6148
6367.1
32106
P-3000MP
P4832-50ML
P-8783

B 6916
P-6556

193,504
RPN303F

07490743
R 7632
E15-840

A 151.1
3029.1
1,076,511,000

S-3014

71,725



Sodium selenite pentahydrate | Fluka; Sigma-Aldrich Chemie  GmbH, | 00163
(NaSeO3(H,0)s) Taufkirchen, Germany

TEMED Carl Roth, Karlsruhe, Germany
2367.1

TILLVision Imaging Software TILL Photonics, Grafelfing, Germany -

Transferrin Sigma-Aldrich Chemie GmbH, Taufkirchen, | T-8027
Germany

Triton-X-100 Sigma-Aldrich Chemie GmbH, Taufkirchen, | X-100
Germany

Tryptone Sigma-Aldrich Chemie GmbH, Taufkirchen, | T7293

Germany

Ultrafree-MG GV filter Millipore GmbH, Schwalbach, Germany UFC30GV0S

Vitamin B12 Sigma-Aldrich Chemie GmbH, Taufkirchen, | V6629
German

Yeast extract; Difco Bacterius Ltd.; Houston, USA 66472JA
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3.2 Media and Buffers

Basal medium (R16)

For 800ml, basal medium one vial R16 powder was dissolved in 500m| ddH,O. Then
32,5mM NaHCO;, 60nM NaSeO3(H,0)s, 5nM MnCl, x 4H,0, 20nM CuSO,4 x 5H,0,
0.1pg/ml Biotin and 1pg/ml Ethanolamine were added. With ddH,O, it was brought to
the volume of 800ml. Finally it was sterile filtered and aliquoted.

Complete medium

Into the Basal medium (R16) 0.2% BSA, 10pg/ml Transferrin, 0.0063ug/mli
Progesterone, 2pg/ml Insulin, 0.002ug/ml T3, 0.02ug/ml Corticosterone, 2.77pg/ml
ThiaminHCL, 0.31pg/ml Vitamin B12, 0.045ug/ml (+/-)-a-Lipoic Acid, 0.1y/ml Retinol,
0.1pg/ml Retinyl acetate, 1ug/ml DL-Tocopherol, 1pg/ml Tocopherylacetat, 1pg/ml
Linoleic Acid, 1pg/ml Linoleic-Acid, 7.09ug/ml L-CysteineHCI, 1pg/ml Glutathione,
50ug/ml Na-pyruvate, 25ug/ml Glutamine and 100ug/ml Vitamin C were added. For
electroporation additionally 1% Antibiotic-Antimycotic was added.

Coomassie Blue solution

For 500ml Coomassie Blue solution 1.25g Coomassie Blue R-250, 250m| Methanol,
50ml Glacial acetic acid were dissolved in 100ml ddH,O and it was brought to volume
with ddH-O.

EDTA
5mM EDTA was dissolved in PBS and the pH was adjusted to 8.5.

Adapted erythrocyte lysis buffer (ELB)

50mM Tris was dissolved in ddH,O and pH was adjusted to 7.5, then 250mM NacCl,
0.1% Igepal (Nonidet P40), EDTA (pH 8.0) and Glycerol 20% v/v were added. Finally,
fresh 5mM DTT, 2mM PMSF or 1x Proteinase Inhibitor was added.

Extracellular Solution (ES)
150mM NacCl, 5mM KCI, 2mM CaCl,xH,0, 2mM MgCl,xH,O, 10mM HEPES and
30mM GlucosexH,O were dissolved in ddH,O and pH was adjusted to 7.4.

Homogenization buffer

10mM Tris, 1ImM EDTA, 150mM NaCl, 2% SDS, 10% Glycerol, 0,0625M Tris- HCI,
50nM Okadaic acid were dissolved in ddH,O. The pH was adjusted to 6.8, and then
10ul/ml Proteases inhibitor cocktail was added.

5x Laemmli Buffer

1x Tris-HCL Buffer (1.5M; pH 6.8), 5% w/v SDS, 50% v/v Glycerol, 500mM beta-
mercapto-ethanol, 0.05% Bromophenolblue were dissolved in ddH,0.
Then the solution was homogenized, aliquots of 1ml were made and stored at -20°C.

LB-Medium

For 500ml LB-Medium 5g Tryptone, 2,5g Yeast extract and 5g NaCl were weighted.
Then ddH.O was added and pH was adjusted to 7.0. Finally it was brought to volume
with ddH,O and autoclaved.
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PB

For the stock solution (20x) two solutions were prepared. For solution A 0.2M
NaH2PO4xH,O was dissolved in 250ml ddH,O. For solution B 0.2M NaH,PO4 was
dissolved in 500ml ddH,O. Then solution A was added into solution B until the pH was
of 7.4. For experiments, the stock solution was diluted 1:20 to obtain an end
concentration of 0,01M PB.

PBS

The stock solution of PB was diluted 1:20 with ddH>,O and 155mM NaCl was added.
Finally, the pH was adjusted to 7.4.

10x Running Buffer

25mM Trizma Base, 190mM Glycin, 0.1% SDS were dissolved and brought with
ddH20 to the end volume of 1l.

Transfer Buffer (10x)

25mM Trizma Base and 190mM Glycin were dissolved in 11 of ddH20.

TE -Buffer

10mM Tris was dissolved in ddH,O and the pH was adjusted to 8.0 with HCI. Finally,
1mM EDTA was added.

TBS (Immunohistochemistry)

50mM Tris was dissolved in 900ml ddH,O and 155mM NaCl was added, then the pH
was adjusted to 7.6 and ddH,O was added.

TBS for western blot (10x)

13mM Trizma base was dissolved in 900mI ddH,O and 150mM NaCl was added.
The pH was adjusted to 7.6 and with ddH,O, it was filled up to 1l.

Tris-HCL Buffers
1.5M Tris was dissolved in ddH,O and the pH was adjusted to 6.8.
0.5M Tris was dissolved in ddH,O and the pH was adjusted to 8.8
5x Sample Buffer

10% w/v SDS, 10mM DTT or beta-mercapto-ethanol, 20% v/v Glycerol, 0.2M Tris-
HCI, pH 6.8 and 0.05%w/v Bromophenolblue were dissolved in ddH20.
The 5x stock solution was diluted to 1x concentration before used.
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Stripping solution

Into 0,0625M Tris-HCI solution 2% of SDS and 0,007% beta-mercapto-ethanol were
added.

Super optimal broth with catabolite repression (SOC-Medium)

2% wl/v tryptone, 0.5% w/v yeast extract, 8.56mM NaCl and 2.5mM KCI were mixed
and dissolved in ddH,O. The pH was adjusted to 7.0 and the solution was autoclaved.
Finally, 10mM MgCl, and 20mM glucose were added.44

3.3 Methods

3.3.1 Deoxyribonucleic acid (DNA) constructs

DNA constructs and plasmids

The oxidative stress sensors was kindly provided by PD Dr. Tobias Dick (German
Cancer Research Center, Heidelberg, Germany) and were described in detail in
(Gutscher et al. 2008).

Wt human CNGA3 expression construct was generated as described previously by
(Trankner et al. 2004) and the co-transfected cyan fluorescent protein (CFP)
expression vector (pECFP-C1; Clontech, Mountain View, CA, USA) was generated as
described in Koéppen et al. (2008).

For electroporation, an EGFP- expression vector was used (CMV-Vector; Sigma-
Aldrich Chemie GmbH, Munich, Germany).

DNA purification (Maxi-prep)

DNA-purification was carried out with a NucleoBond® Xtra Maxi kit (Macherey-
Nagel, Duren, Germany) according to provider's manual. Every step was done at room
temperature. After centrifugation at 6000g the bacteria-pellet was resuspended in
‘resuspension buffer” containing RNase A (60ug/ml) and lysis solution. After gentle
shaking, the sample was incubated for 5min. In this time the “binding column” was
equilibrated with “equilibration buffer”, “neutralization buffer” was added and after
gentle shaking each sample was put into a “binding column”. When all liquid run
through the column was rinsed with “equilibration buffer”. Then the column filter was
discarded and “wash buffer” was added. Now the DNA was eluted by adding “elution

buffer” and the elution was collected in 50ml tubes.
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Isopropanol precipitation

Isopropanol was added to the eluted DNA samples at RT, after thorough vortexing
the mixture was incubated for 2min. Afterwards the samples were centrifuged at
150009 for 30min at 4°C. The pellet was rinsed by addition of 70% ethanol and again
centrifuged at 15.000g for 5min at RT. After the pellet was completely dried, it was
diluted in TE and the plasmid yield was determined with spectrophotometry Nanodrop
2000 (Thermo scientific, Rockford, USA).

3.3.2 Bacteria

Strain
For all experiments competent DH5a-strain of Escherichia coli (E.coli) from a stock

frozen at -80°C were used.

Transformation

Competent E.coli were thawed on ice and 50ul were pipetted into 2ml Tubes. All
three vectors were added to different tubes and incubated on ice for 30min. All tubes
were placed for 45sec in a 42°C water bath and were cooled for 2min on ice. Then
450ul SOC-medium was added to each tube and all samples were transferred to a
15ml Tube and let grow for 1h at 37°. LB-Agar plates with 0.02% Ampicillin were
streaked with 100ul and 400ul transformed E.coli and incubated overnight at 37°C. To
prepare an E.coli stock, one colony for each plate was transferred to 3ml LB containing

Ampicillin and grown over night in 37°C while shaking.

Glycerol stock
60% Glycerol was sterile filtered and 250ul were pipetted into cryo-tubes. 750ul
bacteria solution from an over-night culture was added and mixed extensively. All

glycerol stocks were stored at -80°C.

Preculture
6ml of LB medium containing 0.2% Ampicillin were inoculated with E.coli directly

from a glycerol stock and incubated overnight at 37°C while shaking at ca. 300rpm.
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3.3.3 Cell culture

Cell lines

Human embryonic kidney cells 293 (HEK293) were maintained in DMEM
containing 10% FBS and 1% Pen/Strep. Human cervical cancer cells (HeLa) were
maintained in RPMI containing 10% FBS and 1% Pen/Strep. Murine cone-like 661W
cell line was generously provided by Dr Muayyad Al-Ubaidi (Department of Cell
Biology, University of Oklahoma Health Sciences Center, Oklahoma City, OK, USA)
and were maintained either in DMEM or in RPMI to gain comparable conditions with
both control cell lines. All cell lines were kept in a 25cm2-cell culture flask (PAA) at
37°C in a humidified atmosphere and 5% of CO, inside a Hera Cell incubator

(Hereaus).

Cell splitting

When the cells were confluent every 3" or 4™ day, the cells were seeded into a new
cell culture flask. Every step was done under a sterile bench (Hereaus) at sterile
conditions. DPBS, Cell Medium and Trypsin were preheated in a 37°C water bath. All
medium was aspirated from the cell culture flask and the cells were rinsed with DPBS.
Afterwards 500pl Trypsin was added and the flask was shaken and incubated for 3-
4min in the incubator at 37°C. Then 5ml of DPBS were added into the flask and with
gently pipetting up and down every cell was detached. The DPBS containing the cells
were added into a sterile 15ml tube and centrifuged at 4°C and 180g for 10min. The
supernatant was aspirated and the pellet was resuspended in 2ml DPBS. 500ul of this
cell suspension was added into a new flask containing 10ml medium. The cells were
maintained at 37°C in a humidified atmosphere and 5% of CO, inside a Hera Cell

incubator (Hereaus).

Transfection

After cell splitting, the cell number was measured with an improved Neubauer
chamber and 0.5-2 x 10° cells were seeded in 2ml medium without
antibiotics/antimycotics and seeded into a 6-well plate. When the cells were approx.
90% confluent, transfection was done with Lipofectamin™2000 after provider’s
manual. First, the DNA was diluted in medium without serum or antibiotics, as well as
Lipofectamin™2000 was. After 5min incubation at RT both volumes were mixed and
incubated at RT for 20min. Now 100ul of the transfection mix was added to every well,

after 6h at 37° and 5%CO, medium was changed to normal cell culture medium.
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Transfection efficacy was analyzed after 16-18h and for Ca®* level measurement
experiments, 3% or 1.5% sodium butyrate was added to HEK293 or 661W cells

respectively, to increase the vector transcription.

AlamarBlue® cytotoxicity assay

Prior to the assay, 661W and HELA cells were seeded into a 96-well plate
(5000cells/well) with 100ul Medium without antibiotics. 24h after cells were seeded,
different treatment started by adding effector substances directly to the medium.
AlamarBlue® was added aseptically in an amount equal to 10% of the volume in the
well. After 4h of incubation at 37°C and 5% CO; in a humidified atmosphere,
measurements were done using an Anthos Labtec HT2 photometer at 570nm and
620nm. Then the treatment was either prolonged or AlamarBlue® containing medium

was replaced by fresh medium and the assay was repeated at a later time point.

In Situ Cell Death Detection Kit (TUNEL)

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling
(TUNEL) staining was performed using an in situ cell death detection kit (Fluorescein
or TMR; Roche Diagnostics GmbH, Mannheim, Germany). In short: Cells grown on a
glass plate covered with Poly-L-lysine solution were fixed with 4% PFA for 15min at RT
and rinsed with PBS. Permeabilization was done on ice with 0.1% Triton X-100 in 0.1%
sodium citrate for 2min. Again, the cells were rinsed with PBS and blocked for 1h at RT
in 0.003% PBST containing 10% normal goat serum, 1% BSA and 1% fish gelatin. The
TUNEL label and the Enzyme provided with the kit were mixed 40:10 and an
equivalent amount of block solution was added. The cells were incubated for 1h at
37°C, and then rinsed with PBS. Negative controls were done by omitting the enzyme.
Finally, DAPI, diluted 1:10000 in PBS, were added for 5min at RT. All sections were
mounted with Mowiol. Pictures were taken with the Axio Imager Z1 ApoTome

Microscope using the 20x objective.

LIVE/DEAD® Viability/Cytotoxicity Kit *for mammalian cells*

Cells were seeded into 24-well plates, 4000cells/well for short treatment,
2000cells/well for long treatment. To stop treatment cells were rinsed in DPBS and
DPBS containing 1uM Ethidium homodimer-1 and 2uM Calcein AM were added to all
wells. After 45min incubation in dark at RT, every well was photographed with the

inverted Axiovert 35M Microscope.
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Ca**-Imaging

Ca®" imaging in cells were done as previously published (Képpen et al. 2008), in
short: 80% confluent cell cultures of HEK293 and 661W cells overnight grown were
transfected with 8ug CNGA3 construct and 2ug CFP for each well. For transfection,
the above-described Lipofectamin™2000 protocol was used. 6h after transfection the
cells were transferred on Poly-L-lysine covered glass plates in 24-well plates and
cultured overnight in 500ul DMEM containing 10% FBS and 1% Pen/Strep. To
increase the transfection rate 0.6% or 0.3% butyrate were added to the HEK293 or
661W cells respectively and the cells were incubated overnight. To load the Ca*'-
sensitive dye Fura-2, each glass plate was incubated for 40min in a mixture of the
detergent Pluronic® (0.2%) and 0.2% Fura-2 (Grynkiewicz et al. 1985) in 1ml
extracellular solution (ES) at 37°C and 5% CO,. The cells were transferred to the Ca**
imaging set-up (Zeiss microscope connected to a TILL Vision Polychrome 2 light
source) in Iml ES. Pictures were taken every 5sec at 340 and 380nm for a minimum
of 15min and up to 60min. After two minutes, 8-Br-cGMP at a final concentration of
1mM was added to elicit the Ca?* influx in a CNG dependent manner. After 15min the

measurement was stopped.

Immunohistochemistry

Cells were grown in a 24-well plate on glass plates covered with Poly-L-lysine. The
cells were fixed with 4% PFA for 15min at RT, then rinsed with PBS and blocked for 1h
at RT with PBS containing 0.3% Triton, 1% BSA and 10% normal serum from host
animal of the second antibody. The first antibody was diluted in block solution like
described in Table.2 and added to the wells overnight at 4°C. After rinsing with PBS
the second antibody, diluted in 0.3% PBST was added for 1h at RT. Nuclear staining
was done with DAPI 1:10000 in 0.3% PBST for 10min at RT. After rinsing with PBS all
glass plates were placed onto a microscope slide, covered with Mowiol containing
DABCO and mounted with a cover slip. Pictures were taken with the Axio Imager Z1

ApoTome with 20x and 63x objectives.

Microscopy, cell counting, and statistical analysis

Light and fluorescence microscopy was performed with the Axio Imager Z1
ApoTome Microscope. Images were captured using a Zeiss Axiocam digital camera
and the Zeiss Axiovision 4.7 software. Pictures of the LIVE/DEAD®

Viability/Cytotoxicity assay were done with the Axiovert 35M Microscope, which was
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equipped with the Canon PowerShot G9 digital Camera (Canon Deutschland GmbH,
Krefeld, Germany). Every well was photographed with a GFP and a Cya3 filter.

Further analysis of fluorescence pictures (not LIVE/DEAD® Viability/Cytotoxicity
assay) were done with ImageJ 1.44 (http://imagej.nih.gov/ij; Javal.6.9_ 10 (32-bit)) or

Fiji (http://pacific.mpi-cbg.de/wiki/index.php/Fiji; (64bit) information retrieved July 15,

2012). For image processing, the Adobe Creative suite CS5 standard was used.

(Adobe Systems Incorporated, San Jose, CA).

AlamarBlue® cytotoxicity assay was analyzed as suggested by manufacturer:

(http://www.abdserotec.com/about/company profile-483.html, information retrieved

June 14, 2010) and the averaged results were analyzed for significant differences with

unpaired, unequal students T-test. Significance levels were p=0.05; p=0.01; p=0.001.

In Situ Cell Death Detection Kit (TUNEL) All TUNEL positive cells and the total cell
number (all DAPI stained cells) were manually counted using the ImageJ software.

The total cell number divided by the TUNEL positive cell number was multiplied with

100 to obtain the percentage of TUNEL positive cells.

Pictures of cells treated with LIVE/DEAD® Viability/Cytotoxicity Kit *for mammalian

cells* were loaded into Photoshop CS5 to get an overlay of green stained alive and red
stained dead cells. All live and all dead cells were counted manually in the ImageJ
software. The live cell number divided by the cell number of dead cells was multiplied
with 100 to obtain the percentage of dead cells for each well. The percentage of all
treated cells were normalized to the DMSO control percentage and analyzed for
significant differences with unpaired, unequal students T-test. Significance levels were
defined as p>0.05.

After Ca**-lmaging the data was loaded into the TILL Vision Imaging Software.
From regions of interest, the ratio of the fluorescence intensity after excitation of
340nm and 380nm were calculated. The cells were sorted into different groups, after
the fluorescent transfection control or after strong or weak responses to the signal
(cGMP). Three groups were built: not transfected, transfected with strong response
and transfected with weak response. The ratios of the grouped cells were averaged for
every time point. For all averaged time points, the significant differences were
analyzed with unpaired, unequal students T-test. Significance levels were defined as
p>0.05.
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3.3.4 Animal experiments

Animals

All used animal were housed under standard white cyclic lightning, had free access
to food and water and were used irrespective of gender. Homozygous C3H-rd1/C3H-
rd1 and congenic C3H-wt mice (Sanyal and Bal 1973), as well as homozygous C57BI6
cpfll/cpfll and congenic C57-wt were used. The latter animals were a kind gift from Bo
Chang (Jackson Laboratory, Bar Harbor, Me, USA). Homozygous P23H and S334ter
rhodopsin transgenic rats (produced by Chrysalis DNX Transgenic Sciences,
Princeton, NJ) of the line Tg(P23H)1Lav and Tg(S334ter)3Lav (P23H-1 and S334ter-3)
were kindly provided by Dr. M. M. LaVail (University of California, San Francisco, CA).
Heterozygous P23H and S334ter rats were obtained by crossing with CD-wt [CD: CD®
IGS Rat, Crl:CD(SD)] rats to reflect the genetic background of autosomal dominant RP
(ADRP). Age matching CD-wt animals were used as control. All procedures were
approved by the Tubingen University committee on animal protection and performed in
compliance with the ARVO statement for the use of animals in Ophthalmic and Visual
Research. Protocols compliant with § 4 paragraph 3 of the German law on animal
protection were reviewed and approved by the “Einrichtung fur Tierschutz,
Tierarztlichen Dienst und Labortierkunde” (Anzeige/Mitteilung nach § 4 vom 28.04.08,
16.12.08, 10.02.09). All efforts were made to minimize the number of animals used

and their suffering.

Retinal explant cultures

Organotypic retinal cultures with or without retinal pigment epitheliums (RPE) were
prepared as published by (Sahaboglu et al. 2010). Briefly, the animals were sacrificed,
the eyes enucleated and for maintaining RPE pretreated with 12% Proteinase K in R16
Basal medium for 15 minutes at 37°C. Proteinase K activity was blocked by addition of
10% fetal bovine serum for 2min, followed by rinsing in R16. In the following, cornea,
lens, sclera and choroid were removed carefully under a sterile bench, with only the
RPE remaining attached to the retina. For electroporation experiments, no Proteinase
K treatment was done, in order to remove the RPE from the retina to be able to see if
the photoreceptors are showing GFP as a transfection control. Finally, the explant was
cut into four wedges, to assure a flat connection for a better nutrition supply on the
culture membrane. With a big, cut pipette tip the explants were transferred into a
culture membrane insert (Millipore AB, Solna, Sweden; PIHA03050) the RPE facing

the membrane. For electroporation, either the photoreceptors or the ganglion cells
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faced the membrane. The membrane inserts were placed into six well culture plates
and 1.5 ml of R16 Powder Medium (Basal medium) with supplements (Caffé et al.
2001a) was added. The cultures were incubated at 37°C in a humidified 5% CO;
incubator (Heraeus Cytoperm 2 Gassed Incubator; 51011659; Thermo Scientific). The
culture medium was changed every second day.

Histology

Animals were euthanized in compliance with the ARVO Statement for the use of
Animals in Ophthalmologic and Vision Research. All animal models were euthanized at
two different stages, shortly before photoreceptor degeneration is at maximum and at
adult age (see Tab.3). The eyes were enucleated, and the anterior parts and lenses

were removed.

Table 3: Stages of all animal models used for experiments:

Animal Maximal/beginning* degeneration Adult
C3H-rd1 and C3H-wt PN11* PN30
cpfll/cpfll and C57-wt PN14* PN30
S334ter and CD-wt PN12 PN30
P23H and CD-wt PN15 PN30

Fixation and Cryo-embedding

Eyecups as well as organotypic retinal cultures were fixed in 4% paraformaldehyde
(PFA) in 0.1M PBS (pH 7.4) for 30min at RT. After rinsing with PB the tissue was
incubated in graded sucrose-solutions (10min in 10%; 20min in 20%, 30min in 30%)
and incubated overnight in a tissue freezing medium at 4°C. After embedding in tissue
freezing medium and freezing at -20°C, the eyes or retinas were cut with a cryostat
(Leica, CM3050S) into radial 12um sections. Three to four sections were placed onto a

microscopic slide and stored at -20°C.
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Table 4: Antibodies used in Immunohistochemistry and in western blot:

Antigen

Actin

Actin

Calbindin
Calmodulin (CALM)
Calretinin

CBP-NT

cGMP

Connexin36

CREB

CREM

Fluorescein Peanut
Agglutinin

GABA

GFAP

Glutamine Synthetase
Glycogen
phosphorylase

HNE

ICER

JH 455 (blue Opsin)
Neuron specific enolase

Nitro Tyrosine

Opsin red/green

Parvalbumin
pCREB S133
pCREB S133
pCREB S142
PDE6beta
PKG1

PKG1/ PKG2

Rhodopsin

Host
mouse
rabbit
mouse
rabbit
mouse
rabbit

sheep

rabbit
rabbit
rabbit

rabbit
mouse
mouse
guinea
pig
rabbit
rabbit
rabbit
rabbit
rabbit

rabbit

mouse
rabbit
rabbit
rabbit
rabbit
rabbit

rabbit/
rabbit

mouse

Source / Cat. number
Milipore; MAB 1501
Abcam; ab1801

Swant; 300

Acris; ABIN460749
Chemicon; MAB 1568
Upstate; 06-297

Kind gift of Prof. Dr. Harry
Steinbusch

Zymed; 51-6200

Cell Signaling; #9197
Aviva Systems; ARP34777
Linears; FL-1071

Biotrend; GA-1159

Sigma; G-3893

Chemicon; MAB 302

Kind gift of B.Pfeiffer-
Guglielmi

Alpha Diagnostic; HNE11-S
Kind gift of Molina

Kind gift of Jeremy Nathans

Polyscience; 16625
Millipore/Chemicon; AB
5411

Milipore/Chemicon; AB
5405

Sigma; P 3088

Santa Cruz; sc-101663
Cell Signaling; #9198
Abcam; ab51113

ABR; PA1-722

Kind qift of Prof. Dr. Robert
Fail

Kind qift of Prof. Dr. Peter
Ruth

Chemicon; MAB 5316
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IHC
1:200

1:500
1:100
1:300
1:300
1:500

1:500
1:400
1:200
1:500

1:100
1:400
1:1000
1:500

1:100
1:10000
1:1000
1:3000
1:100

1:200

1:300
1:500
1:100
1:100
1:400
1:500

1:500/
1:500
1:400

WB

1:4000
1:4000

1:1000
1:1000


http://mhens.unimaas.nl/pag_staff.php?ID=5&item=273
http://mhens.unimaas.nl/pag_staff.php?ID=5&item=273
http://www.uni-tuebingen.de/fakultaeten/mathematisch-naturwissenschaftliche-fakultaet/fachbereiche/interfakultaere-institute-und-zentren/interfakultaeres-institut-fuer-biochemie/forschung/jansen/mitarbeiter.html
http://www.uni-tuebingen.de/fakultaeten/mathematisch-naturwissenschaftliche-fakultaet/fachbereiche/interfakultaere-institute-und-zentren/interfakultaeres-institut-fuer-biochemie/forschung/jansen/mitarbeiter.html
http://www.csam.montclair.edu/biology/bioweb/carlos_molina_phd.html
http://neuroscience.jhu.edu/JeremyNathans.php
http://homepages.uni-tuebingen.de/ifib/signaltransduktion/
http://homepages.uni-tuebingen.de/ifib/signaltransduktion/
http://www.uni-tuebingen.de/en/faculties/mathematisch-naturwissenschaftliche-fakultaet/fachbereiche/pharmazie-und-biochemie/pharmazie/pharmakologie/prof-dr-peter-ruth.html
http://www.uni-tuebingen.de/en/faculties/mathematisch-naturwissenschaftliche-fakultaet/fachbereiche/pharmazie-und-biochemie/pharmazie/pharmakologie/prof-dr-peter-ruth.html

Immunohistochemistry

Fluorescence immunostaining was performed on 4% PFA fixed retinal cryo-
sections on a microscopic slide. The sections were dried for 1h at 37°C and rinsed with
0,01M phosphate buffer saline (PBS) to remove the tissue-freezing medium. For
blocking unspecific binding sites PBS containing 0.3% Triton, 1% bovine serum
albumin and 10% normal serum from host animal of the second antibody (blocking
solution) was applied at room temperature (RT) for 1h. The first antibodies were diluted
in blocking solution as listed in Table 4 and added to the tissue overnight at 4°C. After
rinsing with PBS the second antibody against the host of the first antibody was diluted
like listed below and were applied for 1h at RT. For nuclear staining DAPI diluted
1:10000 in PBS was applied for 10min at RT. After rinsing with PBS, all sections were
mounted with Vectashield. Controls for all reactions were carried out by omitting the
first antibody. Pictures were taken with the Axio Imager Z1 ApoTome Microscope.

Propidiumiodide (PI) staining

Pl was diluted 1:10 in complete medium and added into the retina culture chamber
for 3h at 37°C and 5% CO,. Afterwards the standard fixation protocol for cryo-
embedding was done and the cryo-sections were analyzed with the Axio Imager Z1

ApoTome Microscope.

In Situ Cell Death Detection Kit (TUNEL)

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling
(TUNEL) staining was performed using an in situ cell death detection kit (Fluorescein
or TMR; Roche Diagnostics GmbH, Mannheim, Germany). In short: fixed cryo-sections
on a microscopic slide were rinsed with PBS to remove the tissue-freezing medium.
Afterwards all slides were incubated for 5min at 37°C in 0.05M TBS pH 7.6 containing
0.01% Proteinase K. The slides were rinsed with TBS and incubated for 5min with pre-
cooled -20°C Ethanol/Acetic acid solution. Again, the slides were rinsed with TBS and
blocked for 1h at RT in 0.003% PBST containing 10% normal goat serum, 1% BSA
and 1% fish gelatin. The TUNEL label and the enzyme provided in the kit were mixed
40:10 and an equivalent amount of block solution was added. The mixture was
pipetted onto the sections, for negative controls the enzyme were omitted and the
slides were incubated for 1,5h at 37°C or overnight at 4°C. Again all sections were
rinsed with PBS, then DAPI, diluted 1:10000 in PBS was applied on the sections.
Finally, the slides were mounted with Vectashield and pictures were taken with the Axio

Imager Z1 ApoTome Microscope.
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Western blot (WB)

Ten retinas were homogenized in ELB-buffer using a manual homogenizer (glass
to glass) or the Heidolph DIAX 600 homogenizer (Heidolph, Schwabach, Germany).
Samples were mixed with Laemmli or sample buffer, boiled for 5min, separated on
10% SDS-polyacrylamide gels, and were electro-transferred to PVDF transfer
membranes. Unspecific binding on the samples was blocked using 1x Roti-Block and
incubated overnight at 4°C with primary antibody (see Tab.2) diluted in TBS buffer
containing 0.02% Triton-X-100 (TBST) and 5% dry milk. After rinsing with TBST,
horseradish peroxidase—conjugated secondary antibody against the host of the first
antibody was diluted 1:4000 in TBST and applied for 1h at RT on a rotating platform
(Heidolph unimax 2010) with ca. 40rpm. The membrane was thoroughly rinsed with
TBST and incubated with ECL or ECL plus detection kit, following the provided
manual. The membrane was sealed into a plastic bag and put into dark box. In a dark
room a chemiluminescence film was placed on the membrane and for protein band
detection the film was developed with the AGFA Curix 60 (Siemens Healthcare,
Erlangen, Germany). After detection, the membrane was rinsed in TBST and the
antibodies were removed. For this, the membrane was placed into a shaking water
bath (GFL, Burgwedel, Germany) in stripping buffer for 15min at 50°C. The above-
described protocol was repeated with anti-Actin as the first antibody to obtain a loading

control. For quantification, every Western blot was repeated at least three times.

Microscopy, cell counting, and statistical analysis

Light and fluorescence microscopy was performed with the Axio Imager Z1
ApoTome Microscope. Images were captured using a Zeiss Axiocam digital camera
and the Zeiss Axiovision 4.7 software. Transfected live explant cultures were surveyed

with the Axiovert 35M Microscope, which was not equipped with a camera.
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Further analysis like cell counting or fluorescence intensity measurements were
done with Imaged 1.44 (http://imagej.nih.gov/ij; Javal.6.9 10 (32-bit)) or Fiji
(http://pacific.mpi-cbg.de/wiki/index.php/Fiji; (64bit)). For image processing, the Adobe

Creative suite CS5 standard was used. (Adobe Systems Incorporated, San Jose, CA).
Quantification of the relative intensities of WB bands was done following a tutorial
written by Luke Miller (http://lukemiller.org/index.php/2010/11/analyzing-gels-and-

western-blots-with-image-j/).

For fluorescence intensity measurement, at least three different animals were used

and at least three cryo-sections were pictured with the Axio Imager Z1 ApoTome
Microscope. Into the Fiji software, the pictures showing the protein staining of interest
were loaded and five line-plots were analyzed for each picture. From one line plot the
maximal gray value intensity of one cell of the inner nucleus layer (INL) and of one cell
of the outer nucleus layer (ONL) was noted for further analysis. The INL values were
used as an internal control and the ONL values were normalized by dividing the ONL
values by the INL values and multiplying it with 100. The normalized results of age
matching controls and mutants were analyzed with unequal, unpaired students T-test
for significant differences. Significance level was defined as p>0.05.
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4 Results

4.1 cAMP response element-binding (CREB) and inducible
CAMP early repressor (ICER)

4.1.1 CREB expression in C3H-rd1

For many neuronal cells types, the transcription factor CREB was shown to be
neuroprotective and needed for survival and plasticity of mature neurons (Sakamoto et
al. 2011). In retinas of the RP mouse model rd1, CREB expression was downregulated
and the level of active CREB (pCREB), which is phosphorylated at Serine 133 (Mayr et
al. 2001), decreased (Paquet-Durand et al. 2006; Azadi et al. 2007; Arroba et al.
2009). In this thesis, fluorescent immunohistochemistry (IHC) on frozen, retinal
sections of rd1 at P11 and P30 was performed. At P11, the onset of rod degeneration
took place, while at P30, most rods are already gone (Carter-Dawson and LaVail
1979). The IHC staining for CREB looked similar in rd1 and corresponding wt retinas,
presenting a weak nuclear staining for cells in the ganglion cell layer (GCL) and for
some cells in the inner nuclear layer (INL) and a strong staining of all connecting fibers
throughout all layers of the retina (Fig.6 A-D). In conclusion, no obvious difference of
CREB expression was observed in C3H-rdl mutant retinas compared with the

corresponding C3H-wit.

Immunolabeling against pCREB showed a nuclear staining in nearly all cells of the
GCL and most cells of the INL (Fig.6 E-H). A similar nuclear staining was already
described (Kim and Park 2005) and is in line with the fact that CREB is a nuclear
transcription factor (Lonze and Ginty 2002). Only in C3H-wt (Fig.6 F and H), but not in
C3H-rd1 (Fig.6 E and G) labeling of photoreceptor segments and pedicles was
observed. Another difference between the wt and the mutant was seen in the ONL
labeling. In both, P11 and P30 C3H-rdl retinas, some photoreceptor cell bodies
showed pCREB staining (Fig.6 E and G); while in the age-matching C3H-wt, this was
not found (Fig.6 F and H).
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Figure 6: CREB and activated CREB expression in C3H-rd1: A-D) CREB expression (green) in C3H-rd1
and C3H-wt retinas at P11 and P30 was found in GCL and some cells in the INL, but not in the ONL. A strong
staining was visible in the OPL, IPL, and in GCL connecting fibers. E-H) pCREB expression (green) was found in
nearly all GCL nuclei, in most nuclei of INL-cells in both C3H-rd1 and C3H-wt. Nuclear staining of photoreceptors
was found only in C3H-rd1 (arrowheads in E and G) while photoreceptor segments and pedicles were stained in
C3H-wt only (F and H). I-L) Western blot of total retina protein for CREB and pCREB did not show a significant
decrease of both CREB forms in C3H-rd1. Western blot data are representative for 3 independent experiments
each with at least 4 different animals. Scale bar=10um; Blue staining= nuclear marker DAPI
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Consequently, western blot was performed to quantify the protein levels of CREB
and pCREB. However, western blot of total retinal homogenates failed to show
significant decrease for CREB expression compared with the corresponding C3H-wt
(adjusted density C3H-rd1, P11:0.85; SEM 0.1; t-test: p<0.195). The same was true for
PCREB levels compared with the C3H-wt (adjusted density C3H-rd1, P11: 0.6; SEM
0.2; t-test: p<0.129) in C3H-rd1 at P11 (Fig.6 K and L). This may mirror the fact that a
difference of the pCREB staining was restricted to the ONL, while the most prominent
staining in GCL and INL displayed no changes between C3H-wt and C3H-rd1. A more

ONL restricted approach might show a significant difference of pCREB levels.

4.1.2 ICER expression in C3H-rd1

ICER, a potent endogenous repressor of CRE-mediated gene transcription is
known to regulate circadian rhythm, neuroendocrine function and is involved in several
degenerative diseases (Borlikova and Endo 2009; Wang et al. 2010). Commercially
available antibodies against CREM, the gene family to which ICER belongs, do not
specifically bind to ICER. Therefore, we chose an anti-CREM antibody detecting ICER
as well as other CREM isoforms (Kimura et al. 2006). CREM-IHC on frozen, retinal
slices at P11 and P30, labeled nearly all cells in every layer of C3H-rd1 and C3H-wt
retina, however the staining was more prominent in GCL and INL compared to the
ONL staining (Fig.7 A-D). To get an ICER-specific staining, an antibody raised directly
against ICER was used (kind gift from Dr. Carlos Molina, Montclair State University,
USA ). Both antibodies produced a comparable staining at P11 and P30 in cells in the
GCL and INL. However, with the specific ICER antibody a number of cells were
strongly labeled in the ONL at P11 and at P30 (Fig.7 E-H). Surprisingly, the number of
labeled photoreceptors observed at P11 was similar at P30, when nearly all rod
photoreceptors are gone. This led to the question whether ICER was expressed in rod
or in cone photoreceptors. To answer this question, double staining with the cone
marker glycogen phosphorylase (GlyPhos) and ICER was performed. GlyPhos is
expressed in Muller cells, astrocytes and in cone photoreceptors in mammalian retinas
(Nihira et al. 1995; Pfeiffer et al. 1995; Pfeiffer-Guglielmi et al. 2005). The double
staining of ICER and GlyPhos showed a complete overlap of all ICER positive nuclei in
the ONL with GlyPhos labeled cones (Fig.7 I-P). Hence, the double staining confirmed
an ICER expression in cone nuclei in both C3H-rd1 and C3H-wt, at P11 and P30.
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Figure 7: CREM/ICER expression in C3H-rd1 and ICER localization in cones: A-D) IHC against CREM
(red) stained nearly all cells of the retina with no obvious difference between P11 and P30. Strongest CREM
expression was found in GCL and some cells of the INL. E-H) ICER staining (red) showed a similar expression
pattern in GCL and INL, but additionally some ONL cells were labeled. I-L) Co-labeling with antibodies against the
cone marker glycogen phosphorylase (GlyPhos) (green) and ICER (red) gave a complete overlap of ICER and
GlyPhos in the ONL suggesting that ICER expression in the ONL was restricted to cones. M-P) Magnifications of
the ONL, which were double-stained for GlyPhos (green) and ICER (red). ICER was expressed in cone cell bodies.
Scale bars=10um; Blue staining= nuclear marker DAPI

4.1.3 ICER expression in other neurodegeneration models

Since, retinal ICER expression was never investigated before; we wanted to see
whether it was expressed in other species as well. Two RP rat models, S334ter and
P23H were examined, both carrying mutations in the rhodopsin gene; (Dryja et al.
1990b; Liu et al. 1999). Additionally, ICER expression in the primary cone photo-
receptor function loss (cpfll) mouse model was investigated (Chang et al. 2002).

Frozen retinal sections of S334ter rats were examined at P12 at the peak of rod
degeneration (Kaur et al. 2011) and at P30 when only cones remained in the ONL. In
S334ter retinas, ICER was expressed in cells of the GCL and INL and in
photoreceptors (Fig.8 A-D). When the ICER staining pattern of S334ter was compared
with C3H-rd1 retinas (Fig.7 E and Fig.8 A), the number of stained cells seemed to be
lower in the rat retinas, especially in cells of the INL. In S334ter retinas at P30, the

intensity of ICER expression seemed to be increased (Fig.8 A and C).

In the slower degeneration model P23H, the peak of degeneration was at P15
(Kaur et al. 2011), while at P30 some rods were still left. In frozen retinal sections,
ICER was found to be expressed in cells in the GCL, some cells in the INL and in
some photoreceptor nuclei (Fig.8 E-H). The increased ICER expression was even

stronger in P23H retinas at P30, compared with S334ter retinas (Fig.8 E and G).

Since the cone marker GlyPhos was not suitable for rat tissue, we were unable to
perform GlyPhos/ICER double staining in the two rat models. However, it is known that
in S334ter retinas at P30 only cone photoreceptors are left in the ONL (Lee et al.
2011). The observation that ICER was expressed in most ONL cells at this stage
indicated selective expression of ICER also in rat cone photoreceptors. Since ICER
appeared to be cone photoreceptor specific, its expression in a primary cone-
degeneration model was investigated. Here, the cpfll cone degeneration model was
chosen, which, similar to the rod photoreceptor situation in C3H-rdl mouse, is

characterized by a dysfunctional cone PDEG6 (Trifunovi¢ et al. 2010).
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Figure 8: Expression of ICER in other degeneration models: A-D) ICER was expressed in S334ter and CD-
wt retinas at P11 in some GCL and INL cells, and in cones. The expression seemed to be increased at P30 in
S334ter and CD-wt retinas. E-H) ICER expression in P23H retinas and CD-wt at P15 and P30 was found in GCL,
some cells of the INL and in cones. I-L) ICER expression in cpfll mouse and C57-wt was found in most GCL, most
cells of the INL and in cones. In cpfll retina at P30 some cones are already gone, hence the number of labeled
cones was reduced compared to corresponding C57-wt (K and L). Scale bars=10um; Blue staining= nuclear marker
DAPI
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Frozen retinal sections of cpfll mice at P14 and at P30 were further examined,
corresponding to the onset of cone degeneration and late-stage cone degeneration,
respectively. Similar to the other degeneration models, ICER was expressed in cells of
the GCL, most INL-cells and in photoreceptor cells (Fig.8 I-L). In cpfll retinas at both
analyzed ages, more cells were stained compared with both mutant rats, but the
staining was similar to C3H-rd1 retinas at both ages (Fig.7 E and G; Fig.8 | and K).
Again, colabeling of GlyPhos and ICER showed that ICER expression in the ONL was
restricted to cone photoreceptors (Data not shown). In cpfll mice, the number of cones
was reduced at P30 when compared to C57/BI6-wt (Fig.8 K and L).

4.1.4 Quantification of ICER expression

Immunohistochemistry showed that ICER was expressed in the retina of all four
examined animal models. In these images, we quantified ICER expression by
measuring the intensity of the staining using the ImageJ software. The pictures of
every stage were made with the same settings (e.g. exposure time) for each mutant
and its corresponding control. In ImageJ a line was drawn through the retina and the
line plot option of the software was used (Fig.9 Al). The line plot depicted the
maximum grey value for all three retinal layers (Fig.9 All; maximum value for GCL
encircled in green), which were listed as an exact value, as well (Fig.9 Alll; the
maximum value from All marked in green). The maximum value of the INL was used
as an internal control, to minimize methodological or tissue specific variation of
fluorescence intensity. Thereafter, the ratios of ONL to INL, or ONL to GCL were
calculated and depicted in a chart (Fig.9 AlV). To make the measurement statistically
relevant it was repeated with three different animals for each mutant stage and
matching wild type. Furthermore, for each animal three to five images were made, so
that at minimum 15 lines for each animal were analyzed. The ratios ONL/INL and
ONL/GCL led to the same results, here, only ONL/INL ratio is shown (Fig.9).

In C3H-rd1 mice no significant increase of ICER intensity was found at P11 (ratio
112.8 in C3H-rd1 and 87.8 in C3H-wt; SEM 4.8 and 6.5; t-test: p<0.383), but at P30
the ICER intensity increase was highly significant (ratio 157.2 in C3H-rd1 and 103.4 in
C3H-wt; SEM 10.2 and 3.8; t-test: p<0.001) when compared with C3H-wt (Fig.9 B). In
S334ter rats, the increase of ICER expression in the ONL was confirmed. At both time
points, ICER expression was highly significantly increased compared with CD-wt rats
(Fig.9 C; P12, ratio 238.9 in S334ter and 133.8in CD-wt; SEM 17.5 and 8.0; t-test:
p<0.001; P30, ratio 299.0 in S334ter and 112.2 in CD-wt; SEM 21.7 and 6.7; t-test:
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p<0.001). In P23H rats, ICER intensity was not increased at P15 (ratio 133.6 in P23H
and 139.9 in CD-wt; SEM 5.5 and 6.8; t-test: p<0.451), while it was significantly
increased at P30 (Fig.9 D; ratio 137.7 in P23H and 93.5 in CD-wt; SEM 6.4 and 6.6; t-
test: p<0.001). ICER expression in cpfll cone photoreceptors was significantly
increased at P14 (ratio 190.2 in cpfll and 141.3 in C57/BI6-wt; SEM 7.2 and 7.4; t-test:
0.000) while no significant increase was found at P30 (Fig.9 E; ratio 150.3 in cpfl1 and
114 in C57/Bl6-wt; SEM 23.7 and 9.8; t-test: p<0.155). This finding was to be
expected, since ICER is expressed in cones only and at this age most cones are gone
or dying, which may have influenced ICER intensity.

In summary, our results suggest that C3H-rdl and P23H retinas showed an
increase of ICER expression in later stages, while in the fast degeneration model
S33ter ICER was increased in both analyzed time points. On the other hand, the ICER
expression was increased in cpfll retinas, at the onset of cone degeneration (P14),
while at P30 no increase was found. This may suggest a role for ICER in cone

degeneration.
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Figure 9: ICER quantification in four distinct degeneration models: A) Schematic overview of ICER
guantification. Fluorescent pictures were loaded into ImageJ and the line plot option (Al and II) was used to obtain
maximum intensity values (Alll) for cells in all three retinal layers. The mean ratios of the INL and the ONL, are
depicted in chart (AlV). B) ICER quantification for C3H-rd1. ICER was significantly higher expressed at P30. C)
ICER quantification for S334ter. In both stages, ICER expression was stronger in the mutant. D) ICER quantification
in P23H retinas. Only at P30 a significantly higher expression of ICER was found. E) ICER quantification in cpfll
retinas. At P14 ICER was significantly higher expressed, while it was not measurable anymore at P30. All charts
represent three independent experiments and three different animals for each degeneration model and wit.
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4.1.5 pCREB and ICER expression in retinal culture explants treated

with zaprinast

The addition of the specific PDE5/PDEG6 inhibitor zaprinast mimics the C3H-rd1
photoreceptor degeneration in C3H-wt-cultured retinas (Sahaboglu et al. 2010). For
this experiment, C3H-wt retinas at P5 were harvested and the retinal culture explants
were incubated for two days (P7) (see Material and Methods). At P7, 100uM zaprinast
diluted in DMSO was applied to the medium. Cultures treated with DMSO only, served
as control. Retinal explants were fixed after 4 days treatment, corresponding to P11
and cryo-sections were performed (Sahaboglu et al. 2010); All retinal cultures, the
treatment procedure, fixation and cutting were done by Ayse Sahaboglu, Division of
Experimental Ophthalmology, Institute for Ophthalmic Research, University of
Tldbingen, Germany). In this in vitro model of retinal degeneration, the immunostaining

intensities of pCREB and ICER was analyzed.

In retinal cultures, pCREB staining was found in cell bodies in the GCL, most cell
bodies in the INL and in the ONL (Fig.10 B), similar to what was previously found in
C3H-wt retinas at P11 (compare Fig.10 B and Fig.6 F). After zaprinast treatment,
nearly no pCREB was detected in the ONL, while the staining pattern in the GCL and
INL remained the same (Fig.10 A). This was confirmed by measuring the fluorescence
intensity in pCREB immunolabeled images (Fig.9 A), where a significant reduction of
pPCREB staining in the ONL was observed (Fig.10 C).

In retinal explants, ICER was expressed in cells in the GCL, INL and in
photoreceptor cells (Fig.10 D and E). The staining was comparable with the in vitro
expression pattern of ICER in C3H-wt at P11 (compare Fig.10 D and E with Fig.7 E).
No significant difference in ICER expression after zaprinast treatment was noted and
confirmed with the quantification data (Fig.10 F).
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Figure 10: ICER and pCREB expression and quantification after zaprinast treatment in retinal cultures:
A-F) pCREB expression in zaprinast treated retinal cultures and quantification. Retinal explants were cultured from
P5-P11 and treated from P7-P11 by Ayse Sahaboglu. A) pCREB expression in zaprinast treated cultures was found
in GCL, most INL cells and some photoreceptors. B) pPCREB expression in DMSO-treated control (Co) cultures was
detected in GCL, most INL cells and in photoreceptors C) Ratio ONL to INL of pCREB maximum grey value
intensity after zaprinast treatment retinal cultures. After zaprinast treatment, less pCREB expression was found; D)
ICER expression after zaprinast treatment of retinal cultures. Expression was found in GCL, most INL cells and in
some ONL cells E) ICER expression in DMSO-Co; Expression was similar as in D); F) Ratio ONL to INL ICER
maximum grey value intensity after zaprinast treatment of retinal cultures. ICER expression was not changed after
zaprinast treatment; Both charts represent measurements from three independent experiments and 3 different
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4.2 Development of a 661W cell cone degeneration model for

testing putative neuroprotective substances

4.2.1 Marker study for 661W cells

Before we started to set up our screening system, we performed a study on retinal
cell type specific markers for 661W cells. It was already shown previously, that 661W
cells express blue and red/ green cone opsins as well as transducin and cone arrestin,
but not rod opsin or rod arrestin (Tan et al. 2004). We wanted to see, if the cells
express further proteins of the phototransduction cascade, and additionally, whether

they express markers for inner retinal cells.

neg Control 661W 661W closeup adult wt

Rhodopsin

rod PDE6

S-Opsin
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Figure 11: Retinal marker expression in 661W cells: A-D) Rhodopsin expression in 661W cells. A) For the
negative (neg) control the primary antibody was omitted. B) No expression of rhodopsin was found in 661W. C)
Magnification of the area highlighted in B). D) Rhodopsin expression in wt retina at P30. Rhodopsin was expressed
in rod outer segments. E-H) Rod PDEG6 beta expression. E) Negative control; F) Rod PDE6B was abundantly
expressed in 661W cells. G) Magnification of the area highlighted in F). H) Rod PDE6 expression was found in
outer segments in wt retina at P30. I-L) S-opsin expression in 661W as a cone marker. 1) negative control; J) Cone
s-opsin was abundantly expressed in 661W cells. K) Magnification of the area highlighted in J). L) S-opsin
expression in wt retina was found in outer segments. M-P) M-opsin expression in 661W as a cone marker. M)
Negative control; N) Cone m-opsin was abundantly expressed in 661W cells. O) Magnification of the area
highlighted in N). P) M-opsin expression in wt retina was found in outer segments. Q-T) NSE expression in 661W as
a cone marker. Q) Negative control; R) NSE was abundantly expressed in 661W cells. S) Magnification of the area
highlighted in R). T) NSE expression in wt retina was found in all parts of cone photoreceptors, in some inner retina
cells, in the inner plexiform layer and in some ganglia cells. U-X) GlyPhos expression in 661W; U) Negative control;
V) The cone marker GlyPhos was abundantly expressed in 661W cells; W) Magnification of the area highlighted in
V). X) GlyPhos expression in wt retina at P30 was found in all parts of cone photoreceptors, in some inner retina
cells, in the inner plexiform layer and in some ganglia cells. In blue color: DAPI stained nuclei; red color: marker
staining; all scale bars represent 10um; Abbreviations: OS/IS=Outer and inner segments; ONL= outer nuclear layer;
INL= inner nuclear layer; IPL= inner plexiform layer; GCL= ganglia cell layer; NSE= Neuron specific enolase;
PDEG6= phosphodiesterase 6; GlyPhos=glycogen phosphorylase
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We tested whether 661W cells expressed rhodopsin under our culture conditions
and confirmed that these cells did not express rhodopsin (Fig.11 A-C; Tab.5).
However, they did show abundant expression of rod PDE6B (Fig.11 E-G, Tab.5), as
well as abundant expression of the cone PDEG6 (Fig.12 cone PDEG6h). As cone marker,
we used anti-S and M-opsin antibodies, which showed abundant expression of both
opsins in 661W (Fig. 11 I-K and M-O; Tab.5). Furthermore, the cone marker neuron-
specific enolase (NSE) (Rich et al. 1997) as well as glycogen phosphorylase (GlyPhos)
(Nihira et al. 1995;Haverkamp et al. 2005) were abundantly expressed (Fig.11 Q-S and
U-W; Tab.5). Another cone marker, peanut agglutinin (PNA), a lectin with a high affinity
for galactose-galactosamine disaccharide residues, marks specifically cone inner and
outer segments in various species (Blanks and Johnson 1984). In 661W cells, PNA
stained preferably around the nucleus, while other cell cytoplasm and cell extensions
were only slightly labeled (results not shown, Tab.5). Connexin36, a channel protein, is
involved in rod and cone photoreceptor coupling (Trumpler et al. 2008), but the
expression of connexin36 was only found to be restricted to the cones in the outer
retina (Feigenspan et al. 2004;Bloomfield and Volgyi 2009). In 661W cells, a strong
membranous or cytoplasmic expression of connexin36 was detected (results not
shown; Tab.5).

Table 5: Expression of all retinal cell markers tested in 661W cells:

Protein/ Rod Cone Other Cell
Enzyme Marker Marker Marker
rhodopsin negative — —

rod phosphodiesterase 6 positive — —
cone phosphodiesterase 6 — positive —
neuroenolase — positive —
glycogen phosphorylase — positive —
S-opsin — positive —
M-opsin — positive —
lectin/ PNA — positive —
connexin36 — positive —
ICER — positive —
calbindin — — negative
calmodulin — — positive

-63 -



The transcription factor ICER (see above), was expressed in cone photoreceptor
nuclei in both mouse and rat retinas. In 661W cells, we found a nuclear expression of
ICER as well (results not shown; Tab.5). As a marker for inner retinal cells, an antibody
directed against calbindin was used, which is expressed in horizontal cells, amacrine
cells and in ganglion cells (Haverkamp and Wéassle 2000). No calbindin expression in
661W cells was obtained (results not shown, Tab.5). An antibody against calmodulin,
which labels bipolar and amacrine cells in mouse retina, was, however, expressed in
the cytoplasm of 661W cells (results not shown, Tab.5). Furthermore, the 661W cells
were maintained in R16 medium supplied with or without serum to see if this medium
can induce further differentiation towards the cone cell fate. Unfortunately, no
difference in protein expression or morphology was obtained, only cell growth was
impaired (data not shown). Therefore normal cell medium was used for maintaining the

cells.

In summary, the rod specific phosphodiesterase and calmodulin were expressed in
this cell line as well as eight cone specific proteins, while rhodopsin and calbindin were
not expressed (Tab.5). Taken together, the 661W cell line appeared cone-like and

hence suitable for studies into cone-degeneration mechanisms.

4.2.2 Induction of cpfll-like cone degeneration in 661W cells

Cone photoreceptors of the cpfll mouse have a non-functional PDE6, which leads
to an accumulation of cGMP. As described earlier for the C3H-rd1 mouse, this leads to
permanent opening of CNG channels, activation of cGMP-dependent PKG, and
eventually cell death (Fig. 7 A). In order to test different cell death assays, the 661W
cells were treated with H,O,, which is lethal to 661W (Mandal et al. 2009) (Fig. 7 F).
After we found a reliable and fast cell death assay, we intended either to activate PKG
pharmacologically or to inhibit the PDE6 to emulate a situation similar to the cpfll

degeneration.
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Figure 12: Potential cell death signaling in cpfll cones and in 661W cells: A) cone cell death in cpfil
cones is induced by a non-functional PDE6 leading to PKG activation and accumulation of cGMP, followed by the
opening of CNG channels, ca?" increase, and finally cell death. This degeneration mechanism was mimicked in
661W cells with H,O, treatment, activation of PKG, or inhibition of PDE6. B) Cytoplasmic expression of the cone
PDESG6 in 661W. C) Anti-cGMP antibody showed abundant cGMP in the cytoplasm of 661W cells after inhibition of
the PDEG6 with the specific inhibitor zaprinast. D) PKG1 expression was observed in/or around the nuclei of 661W
cells after zaprinast treatment. E) Staining of 4-Hydroxynonenal, a product of lipid oxidation, after H,O; treatment. F)
TUNEL staining after treatment of 661W with H,O,. Scale bar=10um
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4.2.3 Oxidative stress in 661W cells

For measuring oxidative stress in live 661W cells, we transfected them with an
oxidative stress sensor (Gutscher et al. 2008). This sensor was made by combining
the human glutaredoxin-1(Grx1) with a conventional redox-sensitive GPF (roGFP). The
Grx1-roGPF2 fusion protein was previously transfected into human HelLa cells and had
been used to image the intracellular glutathione redox potential. In the transfected
HelLa cells, sensor was tested by adding either hydrogen peroxide to induce oxidative
stress or dithiothreitol (DTT), which is a strong reducing agent. The sensor underwent
conformational changes when it was oxidized, altering the emission wavelength. After
excitation at 408nm and 488nm wavelength, the ratio of the emission in the green
channel (500-530nm) was calculated. This ratio is depicting the redox level of the

Sensor.
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Figure 13: The oxidative stress sensor expression and measurement of oxidative stress in 661W cells:
A) Expression of the oxidative stress sensor Grx1-roGPF2 in 661W cells. B) Transfected cells were excited with a
laser at 408nm and 488nm and the emission was measured at 500-530nm for the following 3min. The ratio of
408nm and 488nm was calculated and plotted against the time to see redox changes. To reduce the sensor
maximally DTT was added. After PBS rinsing, H.O, was added, but only minimal changes in the ratio were seen. C)
Expression of Grx1-roGPF2 in HEK293 cells. D) Ratio of Grx1-roGPF2 plotted against time. DTT were added to
induce maximal reduction, while after H,O; slowly the ratio was raised. PBS was able to reduce the ratio again. All
measurements were repeated three times with 3 different cells.
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The murine 661W cells showed a much weaker expression of human Grx1-
roGPF2, 24h after transfection (Fig.13 A), when compared with the strong expression
in human HEK293 cells (Fig.13 C). We measured transfected 661W cells, cultivated on
a glass plate under a microscope setup (Nikon D-Eclipse C1). To reduce the sensor
maximally, we added 0.5mM DTT to the medium and measured the emission (500-
530nm) after excitation at 408 and 488nm. The ratio of 408/488nm was calculated,
with the maximally reduced sensor displaying a ratio of 0.2, similar to what was shown
in Gutscher et al (2008). However, in 661W cells treated with 50uM H,O,, the
maximum ratio observed was 0.3. This result was interpreted as a non-functional
sensor. In HEK293 cells, the ratio at maximal reduction was 0.2 as well, but after H,O,,
it rose to 1 or 1.2, which was even higher than in HelLa cells. Surprisingly, the
response was much slower in HEK293 cells as expected. In our system, it took roughly
2min before the ratio reached the maximum oxidation while in Gutscher et al. (2008)
the oxidative stress sensor was shown to react within 15sec. Even in HEK293 cells the
sensor was not reacting as expected, while in murine 661W cells, the human Grx1-
roGPF2 sensor was not expressed in high levels and the oxidative stress
measurement was therefore not possible with our system. Therefore, we stopped this

approach at this point.

4.2.4 Induction and measurement of cell death in 661W cells

Work on the 661W degeneration model system required availability of a reliable
assay to measure cell death. Therefore, a number of different commercial and non-
commercial assays for the detection of cell death were tested. With the TUNEL method
essentially all 661W cells were stained positive and no difference between control and
treated cells were observed. This effect was not seen in the HEK293 control cell line
(data not shown). As a consequence, this method was deemed inappropriate to
determine cell death in 661W cells. We then compared three different methods to
measure the cell death 24h after treatment with 100uM H,O, (Fig. 14). The Live/Dead
assay labeled live cells with Calcein dye in green and dead cells with Ethidiumbromide
dimer-1 in red (Fig.14 A and B). Images were made with a fluorescence microscope
(Zeiss Axiovert) and dead and live cells were counted. After treatment with 100uM
H,O, for 15min and further cultivation of the 661W cells for 24h, nearly every cell was
dead. Compared with untreated cells (percentage of dead cells: 14.7%; SEM 8.9), the
percentage of dead cells (92.9%; SEM 5.5) was highly significantly increased (t-test:
p<0.0001) (Fig.14 C). After the same treatment, fixed cells were labeled with
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propidiumiodide, to count the total number of cells remaining attached in the petri dish
(Fig.14 D and E). In the H,O, treated cells the mean value of total cell number was
0.83 (SEM 0.4) while in untreated cells it was 75.71 (SEM 2.15), this reduction was
again highly significant (t-test: p<0.0001).

661W +H,0, Live/Dead C
ES 800
8l vk e
B
S 600
O 500! HO
32 .
400! Y2
© .
_g 100 Co
® 200
E 100 |
8" 1
661W +H,0O, 661W Co Propidiumiodide F
o *k K
00 -
T =
B
=
g *HO,
40 Pt
3 Co
S %0
20
10
o ———————
G| |Alamar Blue H
s
* ok
0
aoras Microplate reader —_— 4 4
N
570nm + 830nm e
c
o
. g q H‘o.‘
resarufin 316 . Cb
501 1 3
2
3
0

Figure 14: Comparison of different cell death/viability assays: A-C) Live/Dead assay A) H.>O, treated cells
with two 661W cells (arrowheads) remained, one cell was alive (green) the other was dead (red); B) Live/Dead
assay staining of untreated 661W cells with 3 dying cells (arrowheads). C) Normalized percentage of dead cells
after H,O- treatment was significant increased compared to untreated control. D-F) Propidiumiodide (PI) staining; D)
H20; treated cells; E) untreated control F) mean of absolute cell numbers for H,O, treated cells and untreated cells
showed that significantly less cells remained after treatment. G and H) AlamarBlue cell viability assay G) The blue
dye resazurin is reduced to resorufin in live cells. This reduction changes the color from blue to pink, which is
measured in a photometer. H) percentage of AlamarBlue dye reduction for treated and untreated group was
significantly higher in untreated group, where more cells were alive than after treatment; Scale bars= 10um; All
experiments were repeated in 6 independent wells for Live/Dead and PI or in 11 independent wells for AlamarBlue.
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The third test, AlamarBlue is a blue dye, which is reduced by live cells causing a
color change from blue to pink. This change in color was measured with a spectral
photometer to then calculate the reduction of the dye, which displays indirectly the
extend of cells alive or death (Fig.14 G). The nontoxic dye was added to the medium
and incubated for 4h before the first measurement was performed. Cell viability
measurements with AlamarBlue after H,O, treatment showed significantly less
reduction of the indicator dye (t-test: p<0.0001) in treated cells (18.1%; SEM 0.3)
compared with the reduction in untreated cells (23.3%; SEM 1.5). This implies that
fewer cells were alive after treatment compared with the untreated control. As
expected, all three cell death measurements proved a highly significant induction of
cell death after H,O, treatment, which was to be expected. For further measurements,
| used the Live/Dead assay, because it was easier to apply, gave fast and clear
staining and was easy to measure. This assay did not only show live cells, like the
AlamarBlue assay but rather living and dead cells. Additional, it gave the absolute cell
numbers (as with propidiumiodide staining), which may be more convincing than

measuring a color change in the medium.

After the unspecific cell death initiation with H,O,, | used the PKG activator 8-
pCPT-PET-cGMP to trigger cell death in 661W cells (Fig.15 A). Following 24h
treatment with 50uM PKG activator, a significantly higher percentage of dead cells
(6.5%; SEM 0.3; t-test: p<0.0001) was measured compared to the untreated control
(2.3%; SEM 0.8).
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Figure 15: cpfll-like cell death induction in 661W: A) After PKG activation with 8-pCPT-PET-cGMP cell
death was significantly increased. B) After PDE inhibition with zaprinast no increase in cell death was found; both
experiments were repeated three times.
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As a second, independent cell death induction protocol, we specifically inhibited
PDEG6 with zaprinast (Fig.15 B). After 24h of 500um zaprinast treatment no significant
difference between treated (5.4%; SEM 1.1, t-test: p<0.656) and control group (6.1%;
SEM 1.0) was detected. This was surprising because we saw expression of rod and
cone PDEG6 in 661W cells (Fig.11 E-H) and zaprinast inhibits both PDE6 isoforms
(Zhang et al. 2005). Therefore, zaprinast treatment was expected to have an effect on

the cells.

However, 661W cells are not expressing the Cnhga3 subunit of the CNG channels
(Fitzgerald et al. 2008) and without this subunit the channel is not functional.
Therefore, even higher cGMP levels caused by inhibition of PDE6 may not be able to
induce a sufficient influx of Ca* ions through the CNG channel to cause cell death. To
test for this hypothesis, we transfected the cells with a Cnga3 expression vector and
measured the channel functionality after transfection (Koppen et al. 2008). To this end,
we performed Ca®" measurements before and after treatment with a cGMP analog (8-
bromo-cGMP). A functional CNG channel would be opened by cGMP causing Ca** to
flow in and the Ca®* concentration to rise. We transfected HEK293 and 661W cells with
Cnga3 and measured the intracellular Ca?* with the Ca®' indicator Fura2-AM.
Transfected HEK293 (n=12; 10 cells showed functional CNG channel) and 661W cells
(n=12; 8 cells showed functional CNG channels) showed Ca?* influx after cGMP was
added, while untransfected 661W cells did not show any cGMP dependent Ca*
increase (Fig. 16 A).

Cnga3 transfected 661W cells were treated with 100uM zaprinast for 30min or 1h
followed by a cGMP immunohistochemistry to test for cGMP accumulation. A 30min
zaprinast treatment resulted in accumulation of cGMP in some cells (Fig.16 B,
arrowheads), while others were not labeled. The untreated control showed a less
intensive staining of cGMP in most cells (Fig. 16 C). After 1h of zaprinast treatment,
increased staining of cGMP was not detectable (Fig.16 D) compared with untreated
control cells (Fig.16 E). However, some cells became rounded which may indicate
anoikis and the beginning of cell death (Hou et al. 2006) (Fig.16 D, arrowheads). This
result implied that after Cnga3 transfection zaprinast treatment was able to increase

the cGMP concentration in the cells and induce cell death in 661W cells.
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Figure 16: Ca®" and cGMP in 661W after CNG transfection: A) Ca®* measurement of CNGA3 transfected
HEK293 and 661W cells showed Ca®" influx after cGMP addition. B-D) cGMP labeling (green) after 30min or 1h of
zaprinast treatment of Cnga3 transfected 661W cells. B) After 30min of 100um zaprinast, some 661W cells showed
cGMP accumulation (arrowheads), while others did not. C) Untreated control cells showed only weak cGMP
staining. D) In transfected 661W cells, the cGMP staining was faint after 1h of zaprinast treatment, but some cells
showed a rounded morphology (arrowheads), which may indicate beginning of cell death; E) untreated control
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5 Discussion

In this thesis, several rodent models of retinal degeneration were used to study
expression of the pro-survival transcription factor CREB and its inhibitor ICER in
photoreceptors. Because ICER expression was found in cone photoreceptors, we were
interested to see whether ICER had a role in primary and/or secondary cone
degeneration. While studying cone degeneration in rat and mice retinas, where rods
outnumber cones, another interesting project was born. The murine 661W
photoreceptor cells were tested as a cone-degeneration model, to analyze cell death

mechanism there and to screen for putative neuroprotective substances.

5.1 CREB and ICER

5.1.1 CREB and pCREB expression in C3H-rd1

CREB-1 was found to be significantly higher expressed in wt, than in rd1 retinas, as
shown with microarray experiments (Paquet-Durand et al. 2006). Additionally, the
PCREB level was quantified with western blot and found to be decreased as well
(Paquet-Durand et al. 2006). Wahlin and colleagues (2000) showed in C57BL/6J""
mice retinal organotypic explants, that after FGF2, BDNF and CNTF treatment, the
pPCREB levels were increased and the degeneration delayed, implying a protective
effect of active CREB on retinal degeneration (Wahlin et al. 2000). Other studies
confirmed the increase of pCREB in rd1 retinal explants treated with CNTF and BDNF
or with IGF-I and observed a slower progression of degeneration as well (Azadi et al.
2007; Arroba et al. 2009).

My western blot results differed from what was found before, since my result
showed no significant decrease for CREB and pCREB in C3H-rd1 retinas, although a
slight numerical reduction was seen (Fig.6 K and L). This may be explained with the
fact that in C3H-rd1 mice the pCREB level was found to be regulated in a rhythmic
manner, with a peak of pCREB 2h after the light was turned on (Dinet et al. 2007)..
Since this was not controlled in my study, it may have led to a higher variation of
CREB expression and pCREB levels. Another explanation for my results could be the

use of different antibodies.
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With the pCREB antibodies used in the studies mentioned above, Miiller, amacrine,
bipolar and ganglion cells were labeled, but no photoreceptors. Nevertheless, with both
pCREB antibodies used, positively labeled cells in the ONL were observed. Nuclear
pPCREB staining was found in rod and cone photoreceptors of RP dog models and in
human retinas with AMD as well (Beltran et al. 2009). Additionally, a homolog of
CREB, CREB-A was found to be expressed in all photoreceptors before cell
differentiation in Drosophila (Anderson et al. 2005). Furthermore, pCREB was found in
the developing eye of mice and in a CREB knockout mouse, severe eye defects and
retinal malformation were observed (Dworkin et al. 2009). In this study, the authors
suggest, that CREB is activated in immature progenitor cells, inactive in mature
progenitor cells and gets activated again when the mature progenitors differentiate and

integrate.

pCREB immunostaining on C3H-rd1 and C3H-wt retinas at PO, P1, P4, P7, P8, P9,
P11, P13, P14, P16 and P30 was performed. In C3H-rd1l retinas, all stages showed
ONL-pCREB staining, while in C3H-wt pCREB in the ONL was observed only from PO
to P8. After P8, pCREB staining was very rarely detectable in C3H-wt ONL (data not
shown). This may indicate that around P8 pCREB dependent regulation of
transcription changes from developmental towards pro-survival functions. In the avian
retina such a change was shown for the adenosine mediated activation of the A2a
receptor, which was either inducing cell death at embryonic stage E6 or was protective
against cell death at E8 (Socodato et al. 2011). Dependent on the developmental
stage, the same activated receptor led to opposite downstream events. This interesting
finding may be explained with a decreased or increased CREB phosphorylation,

regulating the receptor dependent signaling.

In conclusion, CREB was found to be expressed or activated in the retina of
different species and is mainly present in the inner retina. Nevertheless, in
photoreceptor development of different species, as well as in photoreceptor
degeneration models, activated CREB was found in photoreceptors, suggesting a role
for CREB in the development and disease of photoreceptors.
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5.1.2 ICER expression in C3H-rd1
Opposite to the pro-survival effects of pCREB, ICER was inducing cell death in

various neuronal cell cultures (Bieganska et al. 2012, Jaworski et al. 2003,
Mioduszewska et al. 2008, Klejman and Kaczmarek 2006). This fits with the
observation that ICER is inhibiting CREB and CREM dependent transcription. It
competes with CREB and CREM transcription factors for the same DNA-binding site
(CRE-sequence), without bearing the potential to activate the transcription of genes.
Interestingly, ICER contains a CRE-sequence as well and its transcription is therefore
CREB dependent. With immunolabeling, we showed for the first time expression of
ICER in C3H-rd1 retinas. The expression pattern in the inner retina is comparable to
pCREB, with most ganglion cells and most cells of the INL showing ICER expression
in C3H-rd1 and in C3H-wt retinas at P11 and at P30 (Fig.7 E-H). In the ONL, co-
labeling with the cone-marker glycogen phosphorylase revealed ICER expression in
cone photoreceptors only (Fig.7). | never found a glycogen phosphorylase stained cell,
which was not showing ICER expression and vice versa. Since ICER transcription can
be CREB dependent, | did immunolabeling for pPCREB and glycogen phosphorylase to
assess if cone photoreceptors show activated CREB (data not shown). However, |
found no co-labeling of glycogen phosphorylase and pCREB, which could be
interpreted as follows: 1) the pCREB amount is too low for detection with this method,
II) or pCREB induces ICER expression at different time points as we looked at, IIl) or

ICER expression in cone photoreceptors is independent of CREB.

Interestingly, we observed strong ICER labeled cone photoreceptors in C3H-rd1
retinas at P30, since at this age cone degeneration had already started (Carter-
Dawson et al. 1978). This suggests a potential involvement of ICER. We performed
ICER immunostaining with retinas of two other RP models, the S334ter and P23H rats,
and found ICER expression in cone photoreceptors at five time-points during which

prominent degeneration occurs.

5.1.3 ICER expression in other photoreceptor degeneration models
ICER was not only expressed in C3H-rd1 retinas, but also in the S334ter and P23H

rat retina (Fig. 8 A-H). The expression pattern of ICER was similar in rat retinas

compared with mouse retinas, but fewer cells were stained in the ganglion cell layer

and INL cells (compare Fig.7 F and H with Fig.8 F and H). However, in the mutants
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retinas, ICER was upregulated, especially in the older ages when secondary cone
degeneration was progressing (compare wt and mutant retinas in Fig.8 A-H). ICER
was expressed in cone photoreceptors of three different models of RP and clearly, an
upregulation in the later stages was observed. Hence, ICER could have a role in
secondary cone degeneration or might be involved in cone degeneration in general.
Therefore, we repeated ICER immunolabeling in retinas of the primary cone-
degeneration model cpfll. In this model, a mutation induces cone degeneration, while
the rod photoreceptors stay intact. As in C3H-rd1l retinas, ICER expression was
located in ganglion cells, inner retina and in all cone photoreceptors (Fig.8 I-L).
Differences of ICER intensity were not visible by eye. Nevertheless, we wanted to
measure the ICER intensity in cone photoreceptors and compare mutants and wt, to

see if there are any significant changes when cone photoreceptors are degenerating.

5.1.4 ICER quantification in four distinct degeneration models

Quantitative protein expression measurements are usually done with western blot
or quantitative mass spectrometry, but we needed to quantify the ICER expression of
single cells, since our interest was the expression in cone photoreceptors. This cellular
resolution was impossible to achieve within the retina with the above-mentioned
methods, because we had no possibility to isolate cone photoreceptors only.
Additionally, many retinas would be needed to obtain enough tissue to perform
western blot quantifications. Therefore, we measured the ICER intensity of fluorescent
immunolabeled pictures and compared mutants and wt intensities (Fig.9 A; Hamilton
2009).

In summary, ICER intensity analyzes revealed a significant upregulation of ICER in
mutant retinas, compared to wt expression. This upregulation took place in two earlier
stages, P14 cpfll (Fig.9 E), and P12 S334ter cones (Fig.9 C) and in C3H-rd1, P23H
and S334ter cones at P30 (Fig.9 B, D, C). In both mouse mutants, the upregulation
was found at time points with prominent cone degeneration (Carter-Dawson et al.
1978; Trifunovi¢ et al. 2010). Remarkably, ICER was upregulated in both primary
(cpfll) and in secondary cone degeneration (C3H-rd1). In both rat mutants, the cone
degeneration would begin after the analyzed time points (Machida et al. 2000; Li et al.
2010), but the progressing rod degeneration is likely to increase cell stress in cones. In

S334ter, the cones lose their outer segments as early as at P12 (Li et al. 2010),
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furthermore, the cone photoreceptors are rearranged towards a ring shaped
distribution, which may be increasing cone cell stress as well (Lee et al. 2011).
Nevertheless, the cone photoreceptors were either degenerating or their morphology
was not normal, when ICER was found to be upregulated. This may suggest a role of
ICER in cone protection against the cell stress or ICER was upregulated because of
higher cell stress in cone photoreceptors leading finally to cone degeneration. From
studies in neural cells, much is known of stress induced ICER expression and often it
had negative effects on cell survival (Borlikova and Endo 2009). Still, for retinal cells,
the role of ICER expression remains elusive and further investigations will be needed.

5.1.5 pCREB and ICER expression in retinal culture explants treated
with zaprinast

With an in vitro experiment, we tested the expression of pCREB and ICER while
inducing rod degeneration with the specific PDEG6 inhibitor zaprinast. The treatment of
retinal explant cultures with zaprinast mimics the rod degeneration in C3H-rd1l
(Sahaboglu et al. 2010). It was shown that zaprinast is not able to discriminate
between the rod and cone PDEG6 (Zhang et al. 2005). Therefore, we should induce cell
death in both types of photoreceptors. Surprisingly, the cone number remained stable
after zaprinast treatment, while the ONL got thinner (unpublished data). This implies
that zaprinast induced predominantly rod cell death in this experimental paradigm.
Maybe cones need a higher concentration of zaprinast or a longer duration of

treatment, before they undergo cell death as well.

For this study, it is important to consider that zaprinast specifically induced rod
degeneration in retinal cultures. Moreover, in this rod degeneration we measured a
significant reduction of pCREB, while ICER expression was unchanged. In line with the
in vivo models, this implies a role of ICER that is restricted to cone photoreceptors.
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5.2 661W cells

5.2.1 661W cells are cone-like

To improve our understanding of cone degeneration a cone photoreceptor-culture
system would be helpful, because the mouse and rat retina is rod-dominated and
therefore cone cell death difficult to investigate. In order to get a photoreceptor cell
line, cell cultures were made from murine retinoblastoma and finally the immortalized
cell line 661W was obtained (Al-Ubaidi et al. 1992). This cell line resembles the spindle
like morphology of neuronal cells, and expresses several photoreceptor specific
proteins (Roque et al. 1999). More precisely, Tan and colleagues showed that the
661W cells are cone-like as judged by their expression of photoreceptor-specific genes
(Tan et al. 2004).

We tried to induce further differentiation toward the cone cell fate by culturing 661W
cells in the R16 medium used for retinal cultures (Caffé et al. 2001b), which we
supplemented with serum, but neither protein expression nor the spindle-like
morphology was changed. The only difference we observed was an impairment of cell
growth (data not shown). A similar differentiation approach was done by applying
growth factors to the medium, which were secreted by retinal pigment epithelial cells
(Sheedlo et al. 2007). 661W cells were grown in media with fibroblast growth factor
(FGF-2), nerve growth factor (NGF), epidermal growth factor (EGF) or RPE cell
conditioned medium. Cells supplemented with FGF-2 exhibited a thinner cell body,
longer and more complex processes and slightly increased growth. However, NGF and
RPE conditioned media induced cell cycle arrest and finally cell death. Therefore,
FGF-2, R16 medium, or distinct growth factors, were not able to induce a more cone-
like morphology and gene expression than already present in native 661W cells. FGF-
2 did not induce an increased cone differentiation but was shown to be neuroprotective
against oxidative stress (O'Driscoll et al. 2007). Since this, could potentially interfere
with the screening for neuroprotective substances, we maintained the cells in regular

DMEM/RPMI medium without any additional supplements.

Our marker study confirmed the results of Tan and colleagues (2004) and proposed
a cone-like phenotype for 661W cells. In summary, we found eight cone-specific
proteins expressed in 661W cells. Additionally, we found expression of rod PDE6 and
calmodulin. For our purposes, rod PDE6 expression was not problematic, because the

PDEG6 inhibitor used was not discriminating between rod and cone PDESG.
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Immunostaining with the anti-calmodulin antibody in the murine retina showed bipolar
and amacrine cell staining (data not shown). Since, calmodulin is a common Ca*-
/calmodulin-dependent signaling cascade protein and expressed in many cell types it

was not interfering with the intended experiments.

As a summary of the retinal marker expression study in 661W, we concluded that
these cells are more cone-like than rod-like and resemble photoreceptor cells more

than any other retinal cell type.

5.2.2 Induction of cell death in 661W cells

To use the 661W cells as model system for cone-degeneration, we had to induce
cell death. Additionally, we wanted to induce a kind of cell death that resembles cone
degeneration in the cpfll mouse model. Since cpfll-cones suffer from a PDE6
mutation (Chang et al. 2009), we wanted to inhibit PDE6 pharmacologically to induce a
661W cell degeneration comparable with cpfll cone degeneration. With this cell culture
model, we then wanted to test putative cone neuroprotective substances for
therapeutic capacity. Eventually, this cell culture model was to be used for a high-
throughput screening system, with which many compounds could be tested in a short
time and at different concentrations. After identification of a protective substance its
effects would be validated, first in a complex in vitro system like the organotypic retinal
culture system (e.g. to find the best working concentration for the retina), and finally in

an in vivo animal model like cpfl1l mice.

Comparison of cell death assays

To find the most reliable assay, cell death was induced with H,O,. We chose H,0,
because it is toxic for nearly every cell culture and there are publications available,
which induced cell death in 661W with H,O, (Mandal et al. 2009). For the cell death
assessment in the retina or in organotypic retinal cultures, we used the TUNEL method
and for an estimation of oxidative stress, we performed avidin staining (Sahaboglu et
al. 2010; Kaur et al. 2011). Therefore, we performed both methods to analyze 661W
cell death as well. Unfortunately, both methods produced a very strong staining (Fig.7;
TUNEL after H,O,) and did not show a difference between treated and untreated cells
(data not shown). Consequently, we needed to find an alternative cell death detection
method that would work reliably in 661W cell cultures. Propidiumiodide (PI) is not
membrane-permeable and can be used as a cell death marker in living cell cultures

(Fig.14 D-F). PI also allows measuring the absolute cell number after cell fixation and
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permeabilization. Although PI is easy to use, we needed a method that additionally to
the amount of dead cells resulted in the number of live cells. Here, we used the
Live/Dead assay that worked well after H,O, treatment (Fig.14 A-C). As a third
method, we chose the AlamarBlue assay (Ahmed et al. 1994), which is well suited for
high throughput screenings and in contrast to the other tests allows for a continuous
monitoring of cell viability over an extended period of time. A disadvantage of the
AlamarBlue test was a relatively low detection of cell death after H,O, treatment
compared with the other two cell death assays (Fig.14 C, F and H). Finally, | decided
to measure cell death using Live/Dead staining because it was easy to apply and

analyze, and gave the absolute numbers of both dead and live cells.

Comparison of cell death mechanisms in 661W and cpfll

The 661W cells were shown to be light sensitive and susceptible to light-induced
cell death (Krishnamoorthy et al. 1999). Unfortunately, this does not mean that all
proteins of the phototransduction cascade are expressed. For example, both murine
opsins are expressed in 661W cells, but not the chromophore (Kanan et al. 2007).
Therefore, we tested whether key proteins relevant for cpfll cone cell-death were
expressed in 661W, so as to allow for a study of cell death mechanisms that would be
as close to the “real” cone situation as possible (Trifunovic et al. 2010). We were
interested if the cone PDEG6 was expressed in 661W cells and with an antibody against
the inhibitory subunit of the cone PDESG6, a cytoplasmic immunostaining (Fig.12; cone
PDEG6h) was obtained. We assumed that the other subunits of the cone PDE6 are
expressed in 661W cells, as well. Furthermore, we found expression of the rod PDE6
(Fig.11 E-H, Tab.5, pictures not shown). With immunolabeling, the second messenger
cGMP was found at low levels in the cytoplasm of 661W cells (Fig.12; cGMP after
zap). Additionally, the cGMP dependent PKG1 and PKG2 were endogenously
expressed in 661W cells (Fig.12; PKGL1 after zap), this was very important, because
we wanted to see whether activation of PKG could induce cell death. Indeed, when
using the unselective PKG activator 8-pCPT-PET-cGMP, we found a significant
increase in cell death (Fig.15 A). This result was in line with findings, showing that
PKG activation causes photoreceptor cell death in rd1l and rd2 (Paquet-Durand et al.
2009) and cpfll mice (Trifunovic et al. 2010). Finally, we used zaprinast to inhibit the
PDES6 in 661W. We used zaprinast because it shows a strong selectivity for PDE6 over
PDE5 and does not discriminate between cone and rod PDE6 (Zhang et al. 2005).
Furthermore, zaprinast treatment in C3H-wt organotypic retinal cultures was able to

induce photoreceptor cell death comparable with rod degeneration in C3H-rd1 mice
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(Sahaboglu et al. 2010). We tried the same and much higher concentrations than were
used in the retinal culture paradigm. However, even very high zaprinast concentrations
did not induce cell death in 661W cells (Fig.15, B). Similarly, the unspecific PDE
inhibitor IBMX did not cause 661W cell death (Lolley et al. 1977) (data not shown). In
addition, treatment with the membrane permeable cGMP analogue 8-Br-cGMP
(Zimmerman et al. 1985) did not reduce 661W viability. This was surprising since high
cGMP is known to cause cell death either via opening of the CNG channels or
activation of PKG (Paquet-Durand et al. 2009; Paquet-Durand et al. 2011). A literature
search revealed that, one subunit of the CNG channels was not expressed in native
661W cells and that CNG channels are likely not functional (Fitzgerald et al. 2008).
However, transfection of the Cnga3 subunit into 661W cells rendered the CNG channel
functional as shown by Ca** imaging after 8-Br-cGMP addition (Fig.16A). Interestingly
after Cnga3 transfection, 661W cells seemed to show an increased zaprinast-induced
cGMP accumulation (Fig.16 B and C). Since photoreceptor Ca?* and cGMP levels are
interlinked by the CNG channel — Ca*" - guanylyl cyclase — cGMP feedback loop
(Olshevskaya et al. 2002) it is conceivable that functional expression of CNG channels
altered 661W Ca** and cGMP homeostasis.

After 1h zaprinast treatment a number of cells with higher cGMP levels and
rounded shapes were seen (Fig.16 D and E), indicating that these cells were dying
(Kroemer et al. 2009). Therefore, zaprinast may induce cell death in the 661W cell line,
when the CNG channel is functional. This in turn would mean that 661W cells are able
to degenerate in ways similar to cpfll cones after treatment with PKG activator or PDE
inhibitors. The latter was only effective after transfection of the Cnga3 subunit and
functional CNG channels. Taken together, it is in principle possible to use 661W cells

to screen for putative cone neuroprotection substances.
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6 Conclusion and outlook

The transcriptional repressor ICER was shown to be expressed in mouse and rat
retinas in GCL, INL and, most remarkable for us, in all cone photoreceptors.
Additionally, we found an upregulation of ICER expression in four models for primary
and secondary cone degeneration, before/while cone cell death took place, suggesting
a role of ICER in the mechanism of cone degeneration. For further investigations of the
cone degeneration mechanism, the 661W murine photoreceptor cells could be
beneficial. We showed that these cells were able to degenerate in a similar way as the
cones of the murine cone degeneration-model cpfl1.

6.1 ICER

For the first time retinal expression of the transcription factor ICER was shown.
Furthermore, ICER was intensely expressed in cone photoreceptors, while no
expression in rods was found. We analyzed the ICER expression in different rodent
photoreceptor models and obtained more ICER expression at stages where the cone
photoreceptors are degenerating or displaying signs of cell stress before their
degeneration. We investigated primary and secondary cone degeneration models and
in both mechanism of cell death, ICER expression was found to be significantly
increased. This may imply a general role of ICER in cone degeneration.

Further experiments should focus on the function of ICER expression in cone
photoreceptors. Inhibition or gain of function would be very interesting to clarify the role
of ICER in cone degeneration or differentiation. Up to date, ICER knockout or
overexpression mouse models are available and the retinas of them could be
examined for signs of cone death or protection, respectively (Kojima et al. 2008; Han
et al. 2011). Another important matter would be to find the cause of ICER activation.
Since ICER activation was shown to be cAMP-dependent, an activation of ICER, not
only by cGMP-dependent PKG, but also by the cAMP dependent protein kinase A
(PKA) should be investigated. For rod photoreceptor degeneration, activation of the
PKA was not observed (data not shown). Nevertheless, activation of PKG was shown
in rd1 rods and in cpfll cones (Paquet-Durand et al. 2009). For cone degeneration,
PKA activation needs to be examined, maybe by using retinal explant cultures treated

with pharmacological inhibitors or activators.
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6.2 661W cells

Cone degeneration is challenging to investigate in commonly used rodent
degeneration models, since cone photoreceptors represent only 3% of all
photoreceptors there. Therefore, the immortalized, murine, cone photoreceptor-like cell
line 661W was promising to use for studying cone degeneration in a homogeneous cell
culture model. We mimicked cpfll cone degeneration in 661W cells, by inhibiting the
PDESG, after transfection of the CNG channel subunit Cnhga3, to restore channel
functionality. In native cells, PKG activation also led to cell death, therefore either
Cnga3 transfected or native 661W cells could undergo cpfll-like degeneration and
would be useful in a cell based screening assay. It would be very interesting to induce
cell death by PKG activation plus adding antioxidants, calpain or PARP inhibitors to
see if they protect the cells against cell death. Moreover, a 661W cell line stably
expressing the CNGAS3 subunit would be beneficial for using them to inhibit the PDE6

and mimicking the cpfll cone photoreceptors.

We believe this thesis opens new insights in the mechanisms of cone
degeneration, which may involve an upregulation of the transcriptional repressor ICER.
Additionally, we revealed a useful novel cell based cone-degeneration model, for
further investigations of cone death mechanisms and screening of neuroprotective

substances.
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7/ Summary

In hereditary eye diseases of the Retinitis pigmentosa (RP) type, rod
photoreceptors degenerate in a mutation-dependent fashion, followed by mutation
independent cone cell death. Until today, no adequate treatment is available, but
efforts are made to gain more knowledge about the mechanism of photoreceptor
degeneration. Various animal models are available, showing mutations and symptoms
comparable to human patients. In this study three models for RP (rd1 mouse, S334ter
rat, and P23H rat) and a cone degeneration model, the cpfll mouse were investigated,
asking whether a CRE-mediated transcription repressor, the inducible cAMP early
repressor (ICER) was expressed. ICER is known to be involved in cell death in many
neuronal and non-neural cells (Borlikova and Endo 2009). With immunostaining, ICER
expression was observed in GCL, INL and in cone photoreceptors of all mutants and
corresponding wt retinas. However, during cone degeneration or cone cell stress ICER
expression was significantly upregulated in all mutant retinas. This finding suggests a

role of ICER in cone degeneration and needs to be further investigated.

Human vision is strongly depending on cone photoreceptors, mediating high spatial
resolution and color perception. However, cone degeneration is taking place in many
eye diseases such as age-related-macula-degeneration (AMD), diabetic retinopathy,
achromatopsia, cone-rod-dystrophies and Retinitis pigmentosa. At present, no
satisfactory treatment options are available for these diseases and the investigation of
cone degeneration models is challenging, because rod photoreceptors outhnumber
cones by far. Investigations of the mechanism of cone cell death and the search for a
neuroprotective compound requires a reliable, high-throughput cell based model
system, which we wanted to establish using the murine-photoreceptor cell line 661W
(Al-Ubaidi et al. 1992). First, a retinal marker study was performed, to characterize the
cells and to learn whether this cone-like cells are suitable for our purpose. Thereafter,
the cone degeneration of cpfll cones was mimicked in 661W cells by either inhibition
of cone PDES6, after transfection of the Cnga3 subunit of the CNG channel, or
activation of PKG. These results were promising and we showed that the 661W cells
may be used for further investigations of cone degeneration mechanisms and the

search for neuroprotective substances.
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