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1. Introduction 

1.1 Retinitis Pigmentosa  

The retina is the photosensitive organ at the back of the eye and it is crucial for our 

ability to see. Retinal degeneration (RD) represents a process in which photoreceptors 

(rods and cones) and/or other retinal cells die. This condition groups together a 

number of independent inherited diseases including retinitis pigmentosa (RP) and 

Leber’s congenital amaurosis, as well as non-inherited diseases or conditions such as 

retinal detachment and diabetic retinopathy. All share the common feature of loss of 

vision, although in different forms and likely by different mechanisms. The work 

presented in the present thesis specifically investigates RP, which is therefore the 

focus of this introduction. RP refers to a group of diseases that provoke a slow but 

irreversible loss of vision, and represents the leading cause of inherited blindness in 

the developed world, where it affects about 1.5 million people, and with a prevalence 

of about 1:4000. There are already many mutations in many genes known to cause the 

disease, and more are expected to be identified in the future. Despite this vast 

knowledge, the mechanisms leading to photoreceptor degeneration as a result of the 

mutations are still largely unknown and there is currently no treatment available.  

Typically, the disease progression in RP has a two-step form; first there is death of rod 

photoreceptors (PR) in a mutation-dependent fashion, which is followed by a 

secondary degeneration of cone photoreceptors, even though these cells may not be 

primarily affected by the mutation. This pattern of photoreceptor cell death (rod-cone) 

initially leads to a loss of night vision and then, secondarily, to a restriction of the 

visual field followed by complete blindness. The disease can be inherited as an 

autosomal-dominant (AD), autosomal-recessive (AR), or X-linked trait (Hartong et 

al., 2006), the first of which is usually the mildest form. RP is generally inherited by 

mendelian ratios, but in a few cases mutations in certain genes can lead to both the 

AD and the AR form (Hamel, 2006).  

Many researchers categorize RP into two main groups: isolated (confined to the eye) 

and syndromic (when mutations can additionally lead to abnormalities in other organ 

systems). It is generally considered that 70-80 % of all RP cases fall into the category 

of nonsyndromic (isolated) rod-cone degeneration, or dystrophy. However, some 

syndromic forms of RP valid a mention here. Usher’s disease (USH) groups together 
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a family of autosomal recessive diseases (Usher, 1914), clinically and genetically 

highly heterogeneous but all related by dysfunctions of cilia. They are characterized 

by loss of vision due to RD as well as hearing loss during late childhood due to 

degeneration of inner ear cells. Together with USH, Bardet-Biedl’s syndrome (BBS) 

is the major cause of syndromic retinal dystrophy. Being classified as a cone-rod 

dystrophy (i.e. RD characterized by primary cone cell loss or by concomitant loss of 

both photoreceptors types), BBS is a highly disabling ciliopathy. The RD in BBS 

patients is very quick, with complete blindness occurring within the second decade of 

life, and the clinical features also include obesity, polydactily, renal failure, 

hypogonadism and cognitive impairment (Mockel et al., 2011). 

Although RP is a highly variable disorder, most patients having the isolated form fall 

into a classic pattern of night blindness and difficulties with dark adaptation in 

adolescence and loss of mid-peripheral visual field in young adulthood. Some patients 

however, remain asymptomatic until adulthood, whereas others develop symptomatic 

visual loss already during infancy. Either way, as the disease advances patients 

develop restriction of the visual field (tunnel vision), and finally lose central vision 

(Hartong et al., 2006). 

The reason for why cone photoreceptors die in a mutation-independent fashion in RP 

is still an open question, but a number of theories have been proposed. Cone 

degeneration may be a consequence of the release of some detrimental molecule or 

the loss of a survival factor due to the ongoing death of rods (Mohand-Said et al., 

1998, Leveillard et al., 2004), or perhaps oxidative stress is a contributing factor 

(Komeima et al., 2006). For the latter, during rod degeneration the oxygen supply 

from the choroid blood vessels via the retinal pigmented epithelium (RPE) to 

photoreceptors remains constant, which thus could overload the remaining cones with 

oxygen (Yu and Cringle, 2005).  

While there for decades have been clinical trials for RP treatments, there is today still 

no therapy or cure available for RP patients. At the experimental level, however, 

scientists have recently used gene therapy (Beltran et al., 2012, Koch et al., 2012, 

Wert et al., 2013), stem cells (Li et al., 2012) and optogenetics derived strategies 

(Tomita et al., 2009, Busskamp and Roska, 2011), and some of these are likely to 

advance into the clinic in the foreseeable future. Neuroprotection is a different 

strategy based on use of drugs, growth/neurotrophic factors or antioxidants in order to 
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counteract retinal degeneration. One of the most successful and promising 

neuroprotective approaches refers to the use of ciliary neurotrophic factor (CNTF) 

delivered by cells transfected with the human CNTF gene (Sieving et al., 2006), 

which is currently in clinical trials. The body of work of this thesis will focus on the 

finding and molecular analysis on new targets for retinal neuroprotective strategies. 

 

1.2 General anatomy of the eye  

In order to understand and visualize what occurs during RP, it is necessary to be 

aware of the anatomy and physiology of the human eye, and the next chapters will 

give a brief overview of these topics. 

 

 

Figure 1.1. A) Representation of a sagittal section of a human eye and retina. B) Drawing of 

the layout of a human retina. RPE = retinal pigment epithelium; OS = outer segments; OLM 

= outer limiting membrane; ONL = outer nuclear layer; OPL = outer plexiform layer; INL = 

inner nuclear layer; IPL = inner plexiform layer; GCL = ganglion cell layer; NFL = nerve 

fibre layer. (Poché and Reese, 2009) 
 

The vertebrate eye is a roughly spherical-shaped, complex organ that enables vision 

by channelling and focusing light on its photosensitive retina. Figure 1.1 shows a 

schematic diagram of a human eye. At the outermost side there is the cornea, a 

transparent structure that covers the inner tissues and eye components and refracts the 

light entering into the eye. Continuous with the borders of the cornea is the sclera, 

which is a fibrous, protective tissue that in humans has a characteristic white, opaque 

colour. It provides protection to the eye and an attachment for the extraocular 

muscles, which allow eye movements. The visible part of the sclera and the inner part 
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of the eyelids are covered by the conjunctiva, a mucous membrane that lubricates the 

eye and acts as immune barrier. The iris, which is visible through the cornea, is a 

circular coloured structure composed of smooth muscle and connective tissue. In 

response to light intensity, the iris can contract or relax and therefore modify the size 

of the pupil, a round aperture by which photons can enter the eye, so that the amount 

of light passing through the eye is regulated. Immediately behind the iris sits the 

crystalline lens, which is a transparent structure held in position by suspensory 

ligaments. By changing its shape the refractive lens allows light to be correctly 

focused on the retina. Between the cornea and the iris and between the iris and the 

lens there are the anterior and posterior chambers, respectively, which are both filled 

with a clear and gelatinous fluid, the aqueous humour. The eyeball cavity, between 

the crystalline lens and the back of the eye, is filled with vitreous humour, a 

gelatinous transparent fluid primarily composed of water with minimal cell content, 

and which maintains the retina in position. The vitreous reaches back to the 

photosensitive organ of the eye, the retina. This is a very complex organ composed of 

several neuronal cell types and synaptic terminals, finely organized in layers with a 

range of interconnections. The retina is the focus of this thesis and is therefore 

discussed in greater detail below. Finally, between the retina and the sclera lies the 

choroid, a vascular and connective tissue layer, which provides nutrients and oxygen 

to the outer layers of the retina, a task which for the inner layers is served by vessels 

running within the eye.  

 

1.3 Functions of the retina 

The retina is organized in several layers with different but functionally interconnected 

cell types (Figure 1.1 B). This organization allows the neuronal impulse initiated by 

the photoreceptors to be suitably processed by the other retinal cells and transmitted 

to the optic nerve. Via the latter, the electro-chemical signal finally reaches the visual 

cortex of the brain, where it creates a representation of the environment, i.e. what we 

refer to as vision.  

 

Retinal Pigment Epithelium 

The outermost part of the retina, in contact with the choroid, is the retinal pigment 

epithelium (RPE), which consists of a single layer of epithelial cells (Caldwell et al., 
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1982).  The RPE performs functions in support of the photoreceptors. It is the center 

of the visual cycle, a group of biochemical reactions aimed at the regeneration of the 

consumed retinal co-factor (see “Visual Cycle” below). The RPE also provides 

nourishment to the PRs and allows ion buffering (Steinberg et al., 1983) as well as 

contains phagocytic organelles, that play a role in the turnover of the outer segment of 

the PRs (Sparrow et al., 2010). By means of the pigment melanin the RPE absorbs 

scattered light, improving the quality of the optical system (Bülow, 1968) and it 

expresses and secretes a wide range of neuroactive factors (Strauss, 2005). Finally it 

offers immune privilege to the inner eye (Streilein et al., 2002). 

 

Photoreceptors  

The photoreceptors (PRs) are the main light capturing cells of the retina. The PRs are 

contained in the outer nuclear layer (ONL), with their inner and outer segments (IS 

and OS, respectively, figure 1.1 B) pointing outwards from this. They are roughly 

classified in function of the intensity of light they are able to detect: rods that work in 

dim light and play a role in night vision; cones, which work in bright light and allow 

distinction of colours and provide visual acuity. Also cone PRs can be sub-classified 

depending on the wavelength they can absorb: L-, M- and S-cones, which absorb 

long, medium and short wavelength radiations, respectively. Both types of PRs also 

have a cell body and a synaptic termination.  

The OS of a PR is a cilium modified in order to maximize light detection. The rod OS 

is cylindrical, about 1,4 μm in diameter and 24 μm in length, and filled with around 

1,000 lamellar-shaped membrane discs (Sung and Tai, 2000, Carter-Dawson and 

Lavail, 1979). The rhodopsin (Rho) visual pigment accounts for about 95 % of the 

disc proteins in rods
 
(Sung and Chuang, 2010). The organization of the OSs and the 

huge density of Rho together make rods very sensitive, to the extent that they are able 

to detect a single photon of light. Cone OSs have a different morphology in that they 

are shorter (Carter-Dawson and Lavail, 1979), and the membrane discs are continuous 

with the membrane of the OS itself (Mustafi et al., 2009).  

The membrane discs require constant turnover. The distal portion of an OS is in direct 

contact with the apical processes of an RPE cell, and this arrangement allows the tips 

of aged OSs to be phagocytosed by the neighboring RPE cells in a mechanism still 

not fully elucidated. The OS of a vertebrate PR cell is connected to its IS by the so 
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called connecting cilium, which harbours a component of the cytoskeleton of the OS 

and represents the major route by which various components from other parts of the 

cell can reach the OS (Liu et al., 1999).  

The IS is the sub-compartment of a PR in which the majority of the metabolic, 

biosynthetic and endocytotic functions take place. In fact, the PR has an extraordinary 

energy need and a huge population of mitochondria are present in the IS. Biosynthesis 

of visual pigments takes place in the Golgi apparatus of IS from where they are 

transported in vesicles to the connecting cilium, which uses myosin VIIa as a 

molecular motor for transportation into the OS (Deretic et al., 1995). The cell body of 

the PRs essentially contains the nucleus with very limited cytoplasm.  

 

Outer plexiform layer  

The task of PRs is of course to detect light and to convert this light into an electro-

chemical signal (described below), but they must additionally transmit this signal to 

second order retinal neurons in the inner nuclear layer (INL). This transfer takes place 

in the outer plexiform layer (OPL), which is the first transmission/integration point 

for the visual signal. It is represented by the synaptic terminations of the PRs and their 

contacts with cells of the INL. Rods and cones differ in the number of connections 

they have with the inner retinal neurons (Rao-Mirotznik et al., 1995, Sterling and 

Matthews, 2005, Ahnelt and Kolb, 1994). 
 

Inner nuclear layer  

The INL holds the cell bodies of horizontal cells, bipolar cells and amacrine cells as 

well as Müller glial cells. 

Horizontal cells (HCs). The HCs lie in the outermost part of the INL and represent 

the smallest cellular population of the neuroretina (Strettoi and Masland, 1995, Jeon 

et al., 1998). HCs laterally interconnect a large number of neurons using γ-

aminobutyric acid (GABA) as a neuromodulator. This helps integrating the PRs input 

and allows fine regulation in both dim and bright light. HCs produce lateral inhibition 

adjusting the overall level of illumination (Masland, 2001) and may as such help 

creating contrast. 

Bipolar cells (BCs). BCs are composed of a central cell body and two diametrically 

opposed processes that receive information from the PRs and transmit it to the 
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innermost retinal layers, respectively. Their cell bodies are situated in the outer 

portion of the INL and they synapse with rods, cones and HCs. While there is just one 

subtype of BC that connects with rods, in mammals ten different cone BCs are 

known. Functionally the BCs are subdivided into ON and OFF (Miller, 2008), 

because they express two different types of receptors for the neurotransmitter 

glutamate released by the PRs: an ionotropic glutamate receptor that opens cation 

channels and depolarizes the cell (OFF), and a metabotropic glutamate receptor, 

which hyperpolarizes the cell when stimulated (ON) (Nawy and Jahr, 1990, Nawy and 

Jahr, 1991). Rod BCs themselves release glutamate as an excitatory neurotransmitter 

to the next neuron in the chain (see “Ganglion cell layer”).  

Amacrine cells (ACs). The ACs are interneurons synaptically active in the inner 

plexiform layer, where they communicate between BCs and ganglion cells (below), 

contributing to signal integration. There are a wide range of AC types, which contact 

other retinal neurons with a variety of different neurotransmitters. The primary 

function of ACs is the fine tuning of retinal responsiveness in both dim and bright 

light (Ehinger, 1983). 

 

Inner plexiform layer 

The inner plexiform layer (IPL) consists of a tangle of processed coming from the 

processes of the INL cells as well as the ganglion cells (see next section). The 

resulting synaptic connections are regulated by many kinds of 

neurotransmitters/neuromodulators, with very individual functions and messages. 

Probably the most dominant is glutamate, the prototypical neurotransmitter of the 

vertical, straightforward pathway through the retina used by all PR types (Massey and 

Redburn, 1987) and by BCs as well. Others identified include GABA, glycine, 

dopamine, acetylcholine, serotonin, adenosine, and various neuropeptides (Wässle et 

al., 2009, Djamgoz and Wagner, 1992, Famiglietti Jr, 1983, Vaney and Young, 1988, 

Marc et al., 1995, Blazynski and Perez, 1991, Sagar, 1987, Marshak, 1989). 

 

Ganglion cell layer 

Ganglion cells (GCs) are the predominant cellular population (in mouse retina one 

can find displaced ACs) of the ganglion cell layer (GCL), the innermost retinal layer, 

and they represent the final retinal output. The dendrites of GCs receive the 

information from the PRs via the INL cells and forward this through the optic nerve. 
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The latter is composed of GC axons, which terminate in the lateral geniculate nucleus 

and the superior colliculus of the brain. The GCs are heterogeneous (Wassle and 

Boycott, 1991) and every sub-type can execute a separate and specific task. Generally, 

GCs provide information on contrast, colour and visual acuity (Sernagor et al., 2001).  

 

Retinal glial cells 

In addition to the RPE cells, there are three different non-neuronal cell types within 

the retina. They are all glial cells and their main characteristics are described below.  

Müller cells (MCs). These are derived from the same progenitor cells as retinal 

neurons (Turner and Cepko, 1987) and represent the main glial cell of the retina. They 

provide structural support extending radially throughout the layers of the retina 

(Newman and Reichenbach, 1996). At the position between the IS and PR cell body, 

there are gap junctions between individual MCs and between MCs and PRs, and these 

form the outer limiting membrane (OLM). The innermost ends of MCs display 

conical endfeet, which give rise to the inner limiting membrane (ILM). The apical 

part of the MCs, facing the RPE, extends with villi outgrowths into the subretinal 

space. As well as structural support, MCs have several other essential functions for 

the health of the retina (Reichenbach and Robinson, 1995), including the supply of 

components for the production of energy, the clearing of waste products and the 

recycling of neurotransmitters, which protects the neurons from the excess of 

glutamate. The MCs are additionally involved in the release of neuroactive substances 

and in ionic buffering, and may also work as optical fibers conveying the light to the 

PRs (Franze et al., 2007).
 
 

Astrocytes. Astrocytes enter the developing retina from the brain along with the 

development of the optic nerve (Stone and Dreher, 1987).
 
Astrocyte cell bodies and 

processes are almost entirely restricted to the nerve fiber layer of the retina (Schnitzer, 

1988), which is the innermost part of the retina. The astrocytes function as nerve and 

vascular glial sheaths enveloping GC axons and blood vessels and they form part of 

the blood-brain barrier (here the blood-retina barrier). Like MCs, they are a source of 

glycogen and may provide raw material for the production of energy in the retinal 

neurons. Moreover, astrocytes are able to control the ionic homeostasis and the 

metabolism of the neurotransmitter GABA.
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Microglia (Mgs). Mgs are phagocytic sentinels in the central nervous system and in 

the retina, required for neuronal homeostasis and innate immune defense and 

represent the resident mononuclear phagocytes of the nervous system. They infiltrate 

the retina during development (Kaur et al., 2001), colonizing every layer. Mgs can 

take on different morphologies as a function of the position and activity they are 

carrying out, and in retina they are usually found in a quiescent state in the IPL. In the 

situation of PR degeneration (Langmann, 2007), the Mgs migrate towards the ONL, 

where they can phagocyte cellular debris, producing pro-inflammatory chemokines 

and in the long term possibly provoking chronic inflammation (Karlstetter et al., 

2010) 

 

1.4 Phototransduction 

According to the International Lighting Vocabulary, light is defined as “Any radiation 

capable of causing a visual sensation directly”. For humans, visible light is in the 

wavelength range of 380-740 nm, i.e. between the invisible infrared (IR) and the 

invisible ultraviolet (UV) wavelengths. Visible light may be absorbed in “quanta”, 

referred to as photons. The human retina is not sensitive to IR because at these 

wavelengths there is not enough energy for the activation of visual pigments, whereas 

UV radiation cannot be seen as other tissues of the eye absorb this.  

Vision is the final outcome of phototransduction (PT), a process by which a photon of 

light is converted into an electro-chemical signal by photosentive cells. This requires 

visual pigments, and for the rod PRs this was discovered during the end of the 19th 

century and named visual purple (Kuhne, 1879). Later this was renamed rhodopsin 

(Rho) and acknowledged as the first identified G protein-coupled receptor. Rho in 

turn consists of a protein, opsin, and a chromophore, retinal, which is the actual light 

sensitive molecule. The PT cascade in both types of PRs is produced by a transient 

decrease in cGMP concentration, mediated by four finely regulated molecular events: 

cascade activation, amplification, cascade inactivation, and cGMP restoration. The 

interplay among these reactions determines the dynamics of the photoreceptive cells 

in response to light. As this thesis is primarily concerned with rods, the rod PT 

pathway will be described below. 
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Figure 1.2. Activation and deactivation of the phototransduction cascade (Arshavsky and 

Burns, 2012). 

Activation. In complete darkness, the balance between cGMP synthesis, by guanylyl 

cyclase (GC), and hydrolysis, by cGMP phosphodiesterase 6 (PDE6), produces a 

steady level of cGMP. The inward current through cGMP-gated cation channels 

(CNG) maintains a partial depolarization of the PRs, and the synaptic endings of such 

unstimulated PRs release Glu. In the classical and straightforward information 

pathway through the retina (the so called ON-pathway), the released glutamate has an 

inhibitory action on the postsynaptic inner retinal neurons. When a photon of light 

hits the photosensitive pigment Rho, it causes the rapid isomerization of the 

chromophore from the 11-cis-retinal to the all-trans-retinal configuration (Wald, 

1968). This puts Rho in a state where it is able to promote activation of the G protein 

transducin (Gαt), which in turn binds the γ inhibitory subunit of PDE6 (Arshavsky et 

al., 2002). The γ subunit is then released from the catalytic subunits α and β of the 

PDE6, which quickly hydrolyzes cGMP to GMP, thereby provoking the closure of 

CNG. The consequent reduction of cation influx causes an electro-chemical signal 

represented by membrane hyperpolarization and depression of glutamate release at 

the synaptic termination. The inhibitory glutamate action is thus lifted and the visual 

signal can propagate to second order neurons in the INL for further transmission to 

the visual cortex of the brain.  

Amplification. The hallmark of the PT cascade is a high degree of signal 

amplification, which is indispensable for generating a sizable response to the 

absorption of a single quantum of light. The amplification of PT signalling is achieved 
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by means of four components: Rho, Gαt, PDE6 and CNG channels. A single Rho has 

the ability to activate a large number of Gαt molecules (Heck and Hofmann, 2001), 

which in turn works at a rate greatly higher than any other G protein signaling 

pathway (Bhandawat et al., 2005). The extent of signal amplification provided by 

PDE6 is not less important. Studies on amphibian retina showed that a single Gαt-

PDE6 interaction provokes the hydrolysis of more than 600 cGMP molecules per 

second (Leskov et al., 2000). Last, cGMP-gated channels give an additional and final 

amplification, due to the steep concentration gradient of the extracellular cations that 

can now enter the cell.  

Inactivation. In order to allow photoreceptors to respond to subsequent photons, the 

inward current must rapidly return to basal level, but the PT persists until all the 

components of the cascade are properly inactivated and recycled. The first step 

toward inactivation occurs when Rho is phosphorylated by Rhodopsin kinase (RK), a 

membrane-associated enzyme. In the dark, RK is associated with the Ca
2+ 

binding 

protein Recoverin (Rec), which inhibits the RK (Chen et al., 1995). After photo-

activation, the intracellular levels of Ca
2+ 

plummet, thus decreasing the affinity of the 

Rec-RK complex allowing RK to phosphorylate Rho. Phosphorylated Rho is then 

bound at high-affinity by a protein called arrestin, which prevents residual Gαt 

activation (Vishnivetskiy et al., 2000).  

cGMP restoration. In order to reset the system, the restoration of cGMP to the higher 

basal level is necessary and this is accomplished by retinal GCs. As light provokes 

dramatic reduction of Ca
2+ 

in the OSs, this is detected by another family of
 
Ca

2+ 

binding proteins called GC activating proteins (GCAPs) (Palczewski et al., 1994). In 

the dark these proteins are bound with abundant Ca
2+

, and inhibit GC activities. When 

illumination occurs and Ca
2+ 

declines, the GCAPs release this inhibition, and the GC 

rapidly restores the cGMP level. 

 

1.5 Visual Cycle 

Anytime a photon of light activates the photosensitive molecules, the retinal is 

released from the visual pigment and it is recycled through the visual cycle (Fig. 1.3). 

The removal of all-trans-retinal from the interdiscal space to the cytosolic face of the 

OS is performed by the retina specific ATP binding cassette transporter (ABCR). 

Once released it is reduced to all-trans-retinol by all-trans-retinol dehydrogenase 
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(RDH), after which it can exit the cell and enter the interphotoreceptor matrix. Here it 

is bound by the interphotoreceptor retinoid binding protein (IRBP), which carries the 

modified retinal into the RPE. Once in an RPE cell, three crucial enzymes metabolize 

the retinal. The first of these is the lecithin:retinol acyltransferase (LCAT), which 

esterifies the retinal to all-trans-retinyl esters. The RPE65 enzyme then hydrolyses the 

all-trans-retinyl esters to 11-cis-retinol, which is then bound by cellular retinaldehyde 

binding protein (CRALBP) and delivered to 11-cis-retinol dehydrogenase (11-cis-

RDH), the last enzymatic step within the RPE. Finally, the regenerated retinal crosses 

the membrane and is in the sub-retinal space again bound by IRBP, which delivers it 

to the OSs of the PRs where it can bind and restore the functional opsin protein. 

                                 

Figure 1.3. Visual cycle (Kiser et al., 2012). 

 

1.6 Approach – Animal models 

Following this introduction to human RP and the vertebrate visual system, it is now 

necessary to introduce the animal models that allow the study of RP and form such an 

important basis for the work in this thesis.  

rd1. The most characterized model for RD is the rd1 (retinal degeneration 1) mouse 

(Keeler, 1966). The rd1 mouse carries a mutation in exon 7 of the β subunit of rod 

specific PDE6 (PDE6β). PDE6 is composed of two small inhibitory units (γ) and two 

larger catalytic subunits (α and β). As figure 1.4 shows, the mutation relates to the 
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catalytic β subunit and results in a nonfunctional protein leading to the neurotoxic 

accumulation of cGMP within the photoreceptor (Paquet-Durand et al., 2009). Since a 

similar mutation has been observed in a number of human conditions (Bayés et al., 

1995), the rd1 mouse has become a valuable model for the study of human RP.  

 

Figure 1.4. Phototransduction changes provoked by mutated PDE6β. Normal 

phototransduction (on the left) begins when a photon of light hits and activates Rho, which in 

turn activates Gαt and PDE6. This enzyme then hydrolyzes cGMP to GMP, closing CNG 

channels and reducing the influx of cations. When PDE6 is mutated (on the right), cGMP 

accumulates allowing massive calcium influx and provoking cellular stress that eventually 

promotes cell death pathways. 

The rd1 phenotype is inherited in an AR fashion and homozygous mice display very 

early onset and rapid rod degeneration, which is completed by the third week of life. 

The loss of rods promotes subsequent cone degeneration within six months (Lavail et 

al., 1997). The degeneration of both types of PRs induces an extensive remodeling of 

the inner retina and subsequent degeneration of other retinal neurons.  

The PDE6β mutation leads to degeneration of the photoreceptors by triggering a 

caspase independent cell death pathway (Zeiss et al., 2004). More in detail, the 

accumulation of cGMP in this model of RP promotes the activation of cGMP-

activated protein kinase (PKG). The down-stream substrates of PKG have not yet 

been identified, but it is clear that PKG inhibition contributes to neuroprotection 

(Paquet-Durand et al., 2009). It is also possible that the cGMP accumulation could 

lead to a supranormal opening of CNGs, which could aggravate the situation (Frasson 

et al., 1999). Furthermore, an increase of oxidatively damaged DNA (Sanz et al., 

2007) and a reduction in the expression of DNA repair enzymes (Azadi et al., 2006) is 

also observed in the rd1 retina. This may contribute to the dramatic activation of poly 

(ADP-ribose) polymerase (PARP) (Paquet-Durand et al., 2007), which could lead to 

energy collapse. Alongside the up-regulation of cGMP signaling, histone deacetylases 
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(HDACs) of class I & II are overactivated in rd1 mouse and the blockade of this 

regulative class of enzymes promotes neuroprotection under different in vitro 

treatment paradigms (Sancho-Pelluz et al., 2010). Hence, the RD observed in the rd1 

phenotype is multifactorial and intricate and is as such likely to mimic the complexity 

of degeneration observed in human RP. 

rd2. The rd2 mouse suffers from a RD slower than in rd1. As described previously, 

the OSs are formed by stacks of membrane disks piled up on top of each other. 

Peripherin-2 (PRPH2) is a protein that localizes within the membrane disks (Molday 

et al., 1987) of the PRs and is involved in OS formation and homeostasis of both rods 

and cones, therefore the rd2 mutation affects both types of PRs. The mutation was 

thought to be inherited in AR fashion, but it is now known that the heterozygous 

mouse also develops abnormalities (Hawkins et al., 1985). The rd2 model is 

important as different mutations within the gene encoding for the PRPH2 gene have 

been shown to lead to diverse retinal diseases (Boon et al., 2008), making it an 

obvious target for further investigation and clinical approaches. 

 

Rat rhodopsin mutants 

The role of Rho in vision has been discussed above and mutations in the Rho gene are 

a major contributor to a wide range of visual impairment conditions. According to 

Retnet, a database on inherited retinal degenerations (https://sph.uth.edu/RetNet/), 

more than 100 mutations within the Rho gene have been linked to RP. There are 

several mechanisms by which Rho mutation could lead to RD and they have been 

assigned to six different classes (Mendes et al., 2005). For the research presented here 

two Rho mutants were routinely used, S334ter and P23H, which may represent 

mechanisms of class I and II, respectively. 

P23H. The most common RP-causing mutation within the Rho gene is the 

substitution of histidine 23 for a proline (P23H) (Dryja et al., 1990), and patients 

carrying this mutation suffer from relatively mild visual problems (Oh et al., 2003). 

P23H Rho shows mislocalization and uncorrect folding which are common causes 

implicated in neurodegenerative diseases (Muchowski, 2002). In the retina, misfolded 

proteins can provoke endoplasmic reticulum (ER) stress and activate the unfolded 

protein response (UPR), which in turn can promote activation of cell death pathways 

(Alfinito and Townes-Anderson, 2002). The P23H retina has been widely studied and 



 23 

several lines of research suggest aberrancies at different levels. Firstly, misfolded 

P23H Rho mutants lack oligosaccharide complexes that are normally added to Rho in 

the Golgi. Additionally, Rho is not able to bind chromophore, resulting in a shift of 

the spectrum of absorbance (Sung et al., 1991). Normally, misfolded proteins are 

ubiquitinated and directed to the proteasome for degradation, but it has been reported 

that P23H Rho is unstable and accumulates in the ER (Saliba et al., 2002). On the 

other hand, mutant Rho can form oligomers and the co-expression of wild-type (wt) 

and P23H mutant Rho increases the proteasome-mediated degradation (Rajan and 

Kopito, 2005), suggesting that P23H Rho mutants have a dominant negative 

influence. The cell death pathway in the photoreceptors of P23H rats appears to be 

caspase-independent. Recently the overactivation of calpain, led by the reduction of 

the cytoplasmatic level of its endogenous inhibitor calpastatin, has been reported in 

these cells, as have increased PARP activity (Kaur et al., 2011), just as is the case in 

several other RP models (Sancho-Pelluz et al., 2008). The P23H rat is a valuable RP 

model, both for its protein misfolding and mislocalization and for the fact that a large 

number of people are affected by this mutation. 

S334ter. S334ter rats carry a 15-residue deletion in the C-terminal of the Rho gene 

due to the presence of a premature stop codon. This mutation results in a defect in 

Rho trafficking and transport to the OSs, highlighting the critical role for the C-

terminal of Rho in this process (Tai et al., 1999). S334ter mutants show more severe 

phenotypes than mutations in other domains of the same gene. The molecular 

mechanisms by which S334ter retina degenerate follows a classical apoptotic 

pathway, involving the activation of caspases 3 and 9, cytochrome C leakage and 

overactivation of cysteine protease calpain and PARP enzymes (Liu et al., 1999, Kaur 

et al., 2011). Recently, it has been suggested that ER stress plays a pivotal role in RD 

in S334ter rat models (Shinde et al., 2012) and selective activation of ER stress 

signaling pathways prevents the accumulation of Rho in the retina (Chiang et al., 

2012a). In conclusion, the S334ter rat is an excellent model for studying multi-

phenotypical RD, showing distinguishing morphological and molecular features. 



 24 

2. Experimental procedures 
 

2.1 Animals 

Animals used included C3H rd1/rd1 (rd1), C3H rd2/rd2 (rd2) and control C3H wild-

type (wt) mice (Sanyal and Bal, 1973) which were all kept in colonies in Lund or 

Tübingen. Homozygous P23H and S334ter Rho transgenic rats (produced by 

Chrysalis DNX Transgenic Sciences, Princeton, NJ) of the line Tg(P23H)1Lav and 

Tg(S334ter)3Lav (P23H and S334ter-3), were all kindly provided by Dr. M. M. 

LaVail (University of California, San Francisco, CA) and bred in the Tübingen 

laboratory animal housing facility. Heterozygous P23H and S334ter rats were 

obtained by crossing with wild-type, CD rats (CD® IGS Rat; Charles River, 

Germany) to reflect the genetic background of ADRP. CD rats were used as controls. 

Model Mutation Genetics Phenotype Degeneration 

rd1 PDE6β AR; Homozygous cGMP accumulation Fast 

rd2 PHP AR; Homozygous Lack outer segments Slow 

S334ter Rho (C-terminal 

deletion) 

Autosomal negative 

dominant; Transgenic 

Defective trafficking; 

rhodopsin continuously 

activated 

Fast 

P23H Rho (single amino 

acid substitution) 

Autosomal negative 

dominant; Transgenic 

Unfolded rhodopsin Slow 

Table 2.1. Characteristics of the animal models used in this thesis. 

 

All procedures were performed in accordance with either the Swedish National 

Animal Care and Ethics Committee (rd1 and rd2, wt mice; permits # M242/07, -

M220/09, M172/12), or the Tübingen University committee on animal protection 

(S334ter, P23H and CD rats), and protocols compliant with § 4 paragraph 3 of the 

German law on animal protection were reviewed and approved by the “Einrichtung 

für Tierschutz, Tierärztlichen Dienst und Labortierkunde” (Anzeige/Mitteilung nach § 

4 vom 28.04.08 and 29.04.10). All efforts were made to minimize the number of 

animals used and their suffering and the experiments conformed to the ARVO 

statement for the use of animals in ophthalmic and visual research. Animals were kept 
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in their respective animal housing under standard white cyclic lighting, with free 

access to food and water, and were used irrespective of gender. 

To minimize any bias from loss of retinal tissue mass due to the degeneration, 

comparisons of rd1 and healthy wt retinae were typically performed at postnatal day 

(PN) 11 (although other time-points were included in some experiments). At PN11 

degenerating photoreceptors are frequent in the rd1 retina, but their death has not yet 

resulted in any considerable thinning of the photoreceptor layer (Sancho-Pelluz et al., 

2008). For the other models we chose time-points that would serve the same purpose, 

i.e. for rd2 mice PN19, P23H rats PN15 and S334ter rats PN12. 

 

2.2 Organotypic retinal explant culture 

For in vitro experimentation, PN5 rd1 animals were sacrificed by decapitation, after 

which retinal explants were generated and cultured as described previously (Caffé et 

al., 2002). In short, immediately after killing of the animals the eyes were enucleated. 

To allow preparation of retinal explants for culturing with the retinal pigment 

epithelium (RPE) still attached, the eyes were incubated in R16 serum-free culture 

medium (Invitrogen Life Technologies, Paisley, UK; 07490743A), that contained 0.12 

% proteinase K (MP Biomedicals, Solon, OH, USA; 193504), at 37 ºC for 15 min. 

The proteinase K was then inactivated with R16 medium containing 10 % fetal calf 

serum (Invitrogen Life Technologies; PET10108165), after which the eyes were 

dissected aseptically in a Petri dish with R16 medium. The R16 powder is composed 

by 41 ingredients that can be classified in salts, amino acids (except the potentially 

neurotoxic Glu and Asp), sugars and vitamins (Table 2.2). R16 is dissolved in 

Millipore water and then completed by addition of bovine serum albumin BSA, 

hormones and vitamins (Table 2.3) in order to make a full nutrient medium.   

The dissection consisted of careful removal of the anterior segment, lens, vitreous, 

sclera, the choroid, and accessible vessels, after which the retina was subjected to four 

cuts perpendicular to its rim, which resulted in a cloverleaf-like shape of the explant. 

The latter was subsequently transferred to a Millicell culture dish filter insert 

(Millipore Billerica, Massachussets, USA; PIHA03050), where the explant was 

placed with the RPE layer facing the culturing membrane. The insert was then put 

into a six-well culture plate and incubated in R16 nutrient medium at 37 ºC. The full 
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volume of nutrient medium, 1.5 ml per dish, was replaced with fresh medium every 

second day during the culturing period. 

 

Ingredient Concentration  Ingredient Concentration 

L-Alanine 23 µM  Glucose 19.1 mM 

L-Arginine HCl 494 µM  D(+)-Galactose 83 µM 

L-Asparagine H2O 23 µM  D(+)-Mannose 56 µM 

L-Cystine Na2 134 µM  Choline chloride 43.5 µM 

L-Glycine 292 µM  Pyridoxal HCl 13.4 µM 

L-Histidine HCl.H2O 158 µM  CaCl2.2H2O 1.28 mM 

L-Isoleucine 546 µM  Fe(NO3)3.9H2O 0.17 µM 

L-Leucine 562 µM  FeSO4.7H2O 0.68 µM 

L-Lysine HCl 585 µM  KCl 4.29 mM 

L-Methionine 142 µM  MgSO4.7H2O 680 µM 

L-Phenylalanine 276 µM  NaH2PO4.2H2O 610 µM 

L-Proline 68 µM  Na2HPO4 230 µM 

L-Serine 292 µM  ZnSO4.7H2O 0.70 µM 

L-Threonine 562 µM  Folic acid 6.79 µM 

L-Tryptophan 55 µM  i-Inositol 48.7 µM 

L-Tyrosine 275 µM  Nicotinamide 22.2 µM 

L-Valine 562 µM  Hypoxanthine 6.75 µM 

Putrescine 180 µM  Riboflavine 0.74 µM 

L-Carnitine 12.4 µM  Thymidine 0.67 µM 

Cytidine 5'-diphospho ethanolamine 1.28 mg/ml  NaCl 103 mM 

Cytidine 5'-disphospho choline 2.56 mg/ml  D-calcium pantothenate 5.77 µM 

   Sodium phenol red 5.0 mg/ml 

Table 2.2.  Composition of R16 medium. 
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 Components 

Amount (in ml) required 

to make 100 ml 

1 Basal R16 80.0 

2 BSA 10 % 2.0 

3 Transferrin 0.1 

4 Progesterone 0.1 

5 Insulin 0.1 

6 T3 0.1 

7 Corticosterone 0.1 

8 Thiamine HCl 0.1 

9 Vitamin B12 0.1 

10 (±)-α-Lipoic acid 0.1 

11 Retinol / Retinylacetate 0.2 

12 DL-Tocopherol / Tocopheryl acetate 0.2 

13 Linoleic acid / Linolenic acid 0.2 

14 L-Cysteine HCl 0.1 

15 Glutathione 0.1 

16 Na-pyruvate 0.1 

17 Glutamine + Vitamin C 1.0 

18 Distilled H2O 15.3 

 Total volume 100 ml 

Table 2.3. Supplements for R16 medium. 

 

2.3 Fixation and sectioning  

Mouse eyes (or explanted retinae still attached to the culturing filters) were fixed in 4 

% paraformaldehyde (PFA) for 2 h in phosphate buffered saline (PBS, NaCl 145 mM, 

NaH2PO4 x H2O 1.86 mM, Na2HPO4 8.3 mM). Rat tissues were fixed in PFA in PBS 

for 5 min in room temperature (RT) and 55 min in 4 °C. This was followed by 

thorough rinses with PBS, after which the preparations were placed in sucrose 

containing PBS to prepare for cryosectioning. Tissue was sectioned on cryostat which 

yielded 8-12 µm frozen sections, used as indicated. 
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Primary 

Antibody 

Source Provider Cat. No. IF WB 

α-Klotho Rabbit Abcam ab18131 1:400 1:2.000 

α-Klotho Rabbit Abcam ab75023 1:200 1:1.000 

α-Klotho Rat Santa Cruz sc-74205 1:100 na 

β-Klotho Goat Santa Cruz sc-74343 1:200 1:1.000 

Rhodopsin Mouse Chemicon MAB5316 1:500 Na 

pPKCα/βII Rabbit Cell Signalling #9375 1:200 n.a. 

FGF15 Goat R&D Systems AF6755 1:25 na 

FGFR4 Mouse Santa Cruz sc-136988 1:200 1:1000 

α-Tubulin Mouse Abcam ab7291 1:2.000 1:20.000 

5-methylcytosine Sheep Novus Biologicals NB100-

744 

1:200 na 

5-methylcytidine Mouse Abcam ab10805 1:1.000 na 

5-methylcytidine Mouse Abcam ab51552 1:100 na 

DNMT1 Rabbit Abcam ab16632 1:1.000 1:10.000 

DNMT3A Rabbit Novus Biologicals NB100-

265 

1:1.000 1:20.000 

DNMT3B Rabbit Novus Biologicals NB100-

266 

1:1.000 1:10.000 

Hsp70 Mouse Abcam Ab47455 1:500 na 

Cone-Arrestin Rabbit Gift - 1:2.000 na 

F4/80 Rat Serotec MCA497 1:500 na 

cGMP Sheep HWM Steinbusch, Dept. 

Translational Neuroscience, 

Univ. Maastricht, The Netherlands 

- 1:500 na 

HSF1 Rabbit Cell Signalling #4356 1:50 na 

  Table 2.4. List of primary antibodies used 

 

2.4 Microscopy 

Morphological observations and routine light microscopy were performed on a Zeiss 

Axiophot microscope equipped with a Zeiss Axiocam digital camera. Fluorescence 

excitation was provided by a HBO 100W halogen lamp. Images were captured using 

Zeiss Axiovision 4.2 software, and image overlays and contrast enhancement were 
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done utilizing Adobe Photoshop CS. Confocal microscopy was performed with a 

Leica TCS SP2 (Solms, Germany). 

 

2.5 Histological staining / Immunofluorescence 

PFA fixed sections were stained for general histological light microscopic analysis 

with hematoxylin-eosin (HE) or underwent immunostaining. For the latter, the 

sections were washed 3 x 5 minutes each in PBS containing 0.25 % Triton X100 

(PTX) plus 1 % BSA. Blocking solution containing PTX and 5 % normal serum from 

the host animal, from which the secondary antibody was obtained, was applied for 45 

minutes. Primary antibodies (see Table 2.4) were diluted in PBS with 1 % BSA and 

0.25 % Triton X100, and applied overnight at 4° C. Sections were then washed 3 x 5 

min in PTX and incubated with appropriate secondary antibodies diluted in PTX (see 

Table 2.5) for 45 minutes. After 3 more washing steps in PBS, the sections were 

mounted with Vectashield DAPI (Vector, Burlingame, CA, USA). Controls consisted 

of sections processed in parallel without primary antibody and application of the 

fluorescence detection system.  

Secondary Antibody Provider Type and Wavelength Cat. No. Dilution 

Goat anti mouse Molecular Probes Alexa fluor 488 A11001 1:200 

Goat anti mouse Abcam Dylight 594 Ab96873 1:500 

Goat anti rabbit Molecular Probes Alexa fluor 488 A11008 1:200 

Goat anti rabbit Molecular Probes Alexa fluor 594 A11037 1:200 

Goat anti rat Molecular Probes Alexa fluor 488 A11006 1:200 

Goat anti rat Molecular Probes Alexa fluor 594 A11007 1:200 

Donkey anti goat Molecular Probes Alexa fluor 488 A11055 1:200 

Donkey anti mouse Molecular Probes Alexa fluor 488 A21020 1:200 

Donkey anti sheep Jackson 

Immunoresearch 

Texas Red 615 713-076-147 1:200 

Donkey anti sheep Jackson 

Immunoresearch 

FITC 521 713-095-147 1:200 

Table 2.5. List of the secondary antibodies used. 

 

Counterstaining Provider Emission wavelength Cat. No. Diluition 

DAPI Vector Labs 460 nm H-1200 Ready to use 

TO-PRO-3 Invitrogen 661 nm T-3605 1:1000 

Table 2.6. Nuclear counterstainings used. 
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HE staining was performed according to the following protocol: sections were 

immersed in hematoxylin for 3 minutes and washed in running water for 5 minutes, 

after which they were rinsed in distilled water and immersed in eosin for 1 minute. 

Sections were afterward rinsed in distilled water, in 70 % and 96 % ethanol and then 2 

x 1 minute in absolute alcohol. Last, they were washed 3 x 5 minute in Tissue Clear 

(Histolab, Gothenburg, Sweden), following which the HE labeled sections were 

finally mounted with Pertex. 

For some immunofluorescence stainings antigen retrieval processing was performed 

by means of Na-Citrate-Tween-20 buffer (10 mM sodium citrate, 0.05 % Tween-20, 

pH 6.0) for up to 40 minutes in sub-boiling, prior to the above-mentioned protocol.  

 

2.6 Terminal dUTP nick-end labelling (TUNEL) 

Sections of PFA fixed preparations were washed three times in PBS. TUNEL staining 

was performed using an in situ cell death detection kit (Roche, Mannheim, Germany) 

conjugated with TMR red were carried out as by manufacturer’s instructions. Controls 

with this kit and similar preparations have been performed in previous studies 

(Paquet-Durand et al., 2007), by omitting the terminal deoxynucleotidyl transferase 

enzyme from the labelling solution (negative control), and by pretreating the sections 

for 30 min with DNAse I (Roche, 3U/ml) in 50 mM Tris-HCl, pH 7.5, 1 mg/ml BSA 

to induce DNA strand breaks throughout the tissue (positive control). 

 

2.7 Cell counting  

Although there were minor modifications in the counting protocol for each of the 

separate projects, the following general guidelines were followed. Pictures taken of 

the marker of interest, as well as DAPI for nuclear labeling were merged together 

using Adobe Photoshop. The resulting pictures were opened in the Axiovision 

software, and the region of interest (photoreceptor layer) was outlined obtaining an 

area value (in pixel
2
). The positive cells were counted and area was reported. From 

some randomly selected pictures the average area of a cell body (in pixel
2
) was 

estimated from DAPI stained sections. To do so random areas within those pictures 
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were outlined and total cells were counted after which the percentage of positive cells 

(% (+) cells) was calculated as follows: 

 

Ac = Ao / CDAPI 

 

 

Ct = At / Ac 

 

 

% (+) Cells = (+) cells / Ct 

 

Here (+) cells is the total number of the positively labelled cells, Ct is the overall 

number of cells taken into account, At is the total area analyzed, Ac is the average area 

of a cell, Ao is the random area expressed in pixel
2
  and CDAPI represents the total 

DAPI positive cells in Ao.  

 

2.8 Immunofluorescence quantification 

Immunofluorescence in the outer segments of the photoreceptors (Fos) was in study 1 

(see 4.2) quantified using the ImageJ program according to a protocol developed by 

Burgess (sciencetechblog.com/2011/05/24/measuring-cell-fluorescence-using-

imagej/), with minor modifications. In brief, fluorescent areas of the whole segments, 

inner segments and blank (a random area close, but external, to the tissue) were 

outlined, after which values corresponding to integral density (ID) and area (A) of the 

whole segments (IDs, As) and the inner segments alone (IDis, Ais), as well as mean 

value (M) of the blank, were calculated.  

 

2.9 Collection of conditioned medium 

Retina explants were processed and cultured as described above. For study 1 (4.2) 

conditioned medium was collected at different time points reflecting the onset and 

progress of cell death (PN9, 11, 13, 15) for rd1 and wt animals. The medium used 

contained 0.2 % bovine serum albumin (BSA), which may interfere with 

measurements of other proteins and thus a number of strategies were adopted to 

deplete BSA in collected medium: i) HiTRAP Blue HP (GE Healthcare, Uppsala, SE), 

ii) ProteaPrep Albumin Depletion Sample Prep Kit (Protea, Morgantown, WV, USA), 
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iii) as described by Colantonio (Colantonio et al., 2005). The first two are affinity 

columns which retain BSA and were used according to the manufacturer’s 

instructions, whereas the third was performed as summarized: NaCl was added to the 

cultured medium to reach 0.1 M; this was then incubated with gentle rotation 1 h at 

4˚C, followed by centrifugation at 16,000 x g for 45 min at 4˚C, after which the 

supernatant was transferred and pellet number 1 collected. The supernatant was set to 

pH 5.7 using cold 0.8 M Na-acetate, pH 4.0, and was incubated with gentle rotation 

for 1 h at 4˚C, followed by centrifugation at 16,000 x g for 45 min at 4˚C. The 

supernatant containing albumin was then discarded while pellet number 2 was 

retained and combined with pellet number 1 and finally resuspended in 10 mM Tris 

buffer pH 6.8 with 1 M urea for further analysis.  

 

2.10 Western blot 

Retinae from PN11 animals were removed in dissecting buffer (10
 
mM Tris, 1 mM 

EDTA, 150 mM NaCl, 1 mM Na3VO4, 50 nM okadaic
 
acid, pH 7.3) supplemented 

with a protease inhibitor mixture (Roche). The tissue was homogenized
 
in sample 

buffer [2 % sodium dodecyl sulphate (SDS), 10 % glycerol, 0.0625 M Tris-HCl,
 
pH 

6.8] by mechanical force.
 
The sample was centrifuged for 10 min at 14,000 x g, and 

the
 
supernatant was then removed and stored at -20°C.

 
Bio-Rad (Hercules, California, 

USA) DC Protein Assay kit was used to determine
 
protein concentrations, and either 

10 or 20 µg of
 
protein from each sample were separated by SDS-PAGE on 12 % gels, 

which were then transferred onto
 
Immobilon-P polyvinylidene difluoride membranes 

(Millipore,
 
Billerica, MA, USA). Membranes were incubated for 2 h in

 
blocking 

buffer (5 % non-fat dried milk in PBS with 0.1 % Tween 20) and
 
then kept overnight 

at 4°C with antibodies of interest.
 
The day after, the membranes were washed, treated 

for 1 h with
 
horseradish peroxidase-conjugated secondary antibodies (Table I), and

 

visualized using the ECL Plus Western Blotting Detection system
 

(Amersham 

Biosciences, Sunnyvale, CA) and Hyperfilm (Amersham
 
Biosciences).  

 

2.11 Quantitative RT-PCR 

Although there were significant modifications in the qRT-PCR protocol for each of 

the separate projects (see Material and Methods in the respective chapters), the 

following general guidelines were followed. Tissues were extracted and quickly 

stored at -80 °C. Then total RNA was extracted either with Trizol or with the use of 
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RNA isolation kits, according to manufacturer’s instructions. Quality of RNA was 

assessed and reverse-transcription was performed to obtain cDNA. Real Time PCR 

was done with the use of Sybr Green or TaqMan probes. Changes in gene expression 

were calculated by the ΔCT, ΔΔCT method or according to Pfaffl (Pfaffl, 2001). 

 

2.12 Methylated DNA immunoprecipitation (MeDIP) 

MeDIP was performed in Project 2 (4.3) according to the protocol provided from 

NimbleGen (http://www.nimblegen.com/). In brief: DNA was extracted from the 

retina of wt and rd1 animals at PN11 with DNeasy kit (Qiagen, Hilden, Germany, 

69504) according to the manufacturer’s instructions and digested with MseI restriction 

enzyme (New England Biolabs, Ipswich MA, USA, R0525S) overnight at 37 °C. The 

digested DNA samples were then purified using QIAquick PCR Purification Kit 

(Qiagen, 28104) according to the manufacturer’s instructions. Following this, 1,25 μl 

of purified DNA was diluted in 300 μl of TE buffer (10mM Tris HCl, pH 7,5; 1 mM 

EDTA) and heat denatured at 95 °C for 10 min. Of this volume, 250 ng were then 

removed and stored as input control, while 60 μl of 5x IP buffer (100 mM Na-

phosphate, pH 7,0; 5 M NaCl; 10 % Triton X-100; ddH2O until final volume) were 

added to the remaining DNA. Samples were then immunprecipitated using a mouse 

anti 5mC antibody (Abcam, Cambridge, UK, Ab10805) on a rotating platform 

overnight 4 °C. Next, antibody conjunction to beads of Protein A-agarose (Invitrogen, 

Carlsbad CA, USA, 15918-014) was performed for 2 h at 4 °C by gentle rotation.  

Samples were washed in 1x IP buffer and centrifuged at 6000 rpm for 2 min at 4 °C 

and the supernatant was discarded. The washing step was repeated twice and the 

beads were resuspended in 250 μl digestion buffer (1M Tris HCl, pH 8,0; 0,5M 

EDTA; 10 % SDS; ddH2O until final volume). Proteinase K (Roche Applied Science, 

Penzberg, Germany, 03115836011) at the concentration of 10 mg/ml was added in 

order to resuspend the beads. Microcentrifuge tubes containing the antibody-beads 

complex and DNA were then placed in 50 ml Falcon tubes and incubated overnight 

on a rotating platform at 55 °C. In order to purify the samples, 250 μl of phenol 

(Sigma Aldrich, P-4557) was added. Methylated DNA samples were then vortexed for 

30 seconds and centrifuged at 14000 rpm for 5 minutes at RT. The aqueous 

supernatant was collected and transferred to a sterile microcentrifuge tube. After 

addition of 250 μl of chloroform:isoamyl alcohol (Sigma Aldrich, C0549), the 

previous step was repeated. To pellet the DNA purified samples, 1 μl of glycogen 
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(Roche Applied Science, 10901393001), 20 μl of 5 M NaCl and 500 μl of ethanol 

were added. Precipitation was reached after incubation of the samples for 30 min in -

80 °C. The pellets were centrifuged at 14000 rpm for 15 min at 4 °C; the supernatants 

were discharged and the samples washed in 500 μl of cold 70 % ethanol. The 

centrifugation step was repeated and samples were dried in SpeedVac and 

resuspended in 30 μl of 10 mM Tris-HCl (pH 8,5). Immunoprecipitated and input 

DNA was then amplificated using the GenomePlex Complete Whole Genome 

Amplification (WGA) kit (Sigma Aldrich, WGA2-50RXN) according to the 

manufacturer’s instructions. Finally, each sample was purified with the Qiagen 

QIAquick PCR purification Kit according to the manufacturer’s protocol. On those 

samples microarray analysis was then performed. 

 

2.13 High-performance liquid chromatography/Mass 

spectrometry/Mass spectrometry (HPLC/MS/MS) 

Project 2 also used HPLC/MS/MS analysis. After extraction the DNA was 

enzymatically digested to its nucleosides and subsequently analyzed by LC-ESI-MS. 

Samples (97 µl injection volume) were chromatographed by a Dionex Ultimate 3000 

HPLC system with a flow of 0.15 ml/min over an Uptisphere UP3HDO-150/21 

column (3 µm, 2.1 mm x 150 mm) from Interchim (Montluçon, France). The column 

temperature was maintained at 30 °C. The gradient (buffer A: 0.01 % formic acid in 

H2O; buffer B: 0.01 % formic acid in 95 % MeCN / 5 % H2O) was as follows: 0 → 12 

min; 0 % → 1 % buffer B; 12 → 20 min; 1 % → 2 % buffer B; 20 → 30 min; 

2 % → 10 % buffer B; 30 → 35 min; 10 % → 80 % buffer B; 35 → 41 min; 80 % buffer 

B; 41 → 51 min; 80 % → 0 % buffer B; 51 → 60 min; 0 % buffer B. Sample elution 

was monitored at 260 nm (Dionex Ultimate 3000 Diode Array Detector). The effluent 

from the first 5 minutes (total run time of 60 min) was diverted to waste by a Valco 

valve in order to protect the mass spectrometer. The subsequent chromatographic 

effluent was directly injected into the ion source of a Thermo Finnigan LTQ Orbitrap 

XL without prior splitting. Ions were scanned using a positive polarity mode over a 

full-scan range of m/z 100-500 with a resolution of 30000. The absolute amounts of 

mC was determined by a stable isotope dilution method and then related to the dG 
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content by UV-detection giving the relative values in percentage. Two technical 

replicates per sample were performed (Schiesser et al., 2012, Münzel et al., 2010, 

Globisch et al., 2010).  

LC-ESI-MS was carried out on a Thermo Finnigan LTQ Orbitrap XL coupled to a 

Dionex Ultimate 3000 HPLC system. 

 

2.14 Mathematical modelling 

To interpolate between the data points we used the Interpolation function of the 

Mathematica computer software, which employs the Hermite interpolation method 

(http://reference.wolfram.com/mathematica/ref/Interpolation.html). This method 

returns a piecewise polynomial, in our case of degree three that goes through all the 

given data points. If the interpolated function is regular, the Hermite interpolation 

gives a good approximation inside the interval of data points. 

 

2.15 Statistical evaluation 

Statistical significance was tested using t-tests, ANOVA or two way ANOVA test, as 

indicated, and a p-value < 0.05 was considered statistically significant. Calculations 

were made using Graph Pad Prism. 

 

  

https://webmail.lu.se/owa/redir.aspx?C=NaGHxLyxuEyQJpeA05GYh_ngmAi2AdAIurvgFqQrlQHRE40AispJON-AkMmoWAL7XlnuJrZe-40.&URL=http%3a%2f%2freference.wolfram.com%2fmathematica%2fref%2fInterpolation.html
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3. Aim of the thesis 
 

The general aim of this thesis is to help filling in the knowledge gaps in the 

understanding of the molecular mechanisms leading to RP. This is done by 

investigating the participation of several novel and distinct players in the context of 

RP, combined with the use of relevant animal models.  

 

Thus, the specific aims of the thesis include the study of: 

 The association of the anti-aging protein Klotho in retinal degeneration. 

 The contribution of HDACs and DNA methylation, which are cellular 

processes aimed at the control of the gene expression, to the degeneration of 

the photoreceptors. 

 The cellular expression and possible neuroprotective tasks of the stress 

induced heat shock protein Hsp70. 

In order to achieve these aims, I have employed techniques such as 

immunofluorescence/immunohistochemistry, western blot, immunoprecipitation, 

qRT-PCR and pharmacological treatments on organotypic retinal cultures. 
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Rationale 

In a previous study, micro-array analysis revealed that the transcript of member of the 

anti-ageing protein family Klotho has been found up-regulated in rd1 mouse retina 

compared to control. Moreover, degeneration of the photoreceptors of the retina may 

be considered as to a very early form of ageing. The following study was aimed at 

understanding whether any Klotho proteins are involved in the pathways leading to 

photoreceptor cell death in different rodent models of RP. 

 

Introduction  

The inheritable disease Retinitis Pigmentosa (RP) leads to loss of vision via 

degeneration of rod and cone photoreceptors: typically rods die via mutation-induced 

mechanisms, after which cones degenerate secondarily (Pierce, 2001). Although today 

over 60 genes have been linked to RP (RetNet: http://www.sph.uth.tmc.edu/RetNet), 

the mechanisms behind the degeneration are largely unclear, and there is currently no 

treatment available. 

The Klotho protein – named after the Greek goddess Klotho, who spins the thread of 

life – is a player in longevity, and defective Klotho expression provokes rapid ageing 

and early death in mouse (Kuro-o et al., 1997). Apart from the prototypical α-Klotho, 

there are other Klotho family members, including β-Klotho and Klotho/lactase-

phlorizin hydrolase-related protein [Lctl or γ-Klotho] (Ito et al., 2000). The Klotho 
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gene encodes a 1014 amino acid, transmembrane protein (Matsumura et al., 1998), 

with homology to β-glucuronidases and is found mainly in kidney distal tubules, 

parathyroid gland, and brain choroid plexus, but also in other tissues including urinary 

bladder (Kuro-o et al., 1997) and inner ear (Kamemori et al., 2002). Both membrane 

and soluble forms (Imura et al. 2004) are known, with shedding of α-Klotho 

ectodomain (fragments) from the cell membrane via various secretases (Bloch et al., 

2009). The connection between Klotho and the demise of various cell types warrants 

a consideration of an involvement also in the retina and RP. Current Information on 

retinal Klotho is sparse. High mRNA expression levels of Lctl have been reported in 

adult mouse eyes (Fon Tacer et al., 2010), with α-Klotho and β-Klotho expression 

either absent or limited, respectively. However, a previous, microarray based study 

suggested elevated levels of β-Klotho mRNA in retinae of the rd1 mouse model for 

RP (Azadi et al., 2006).  

The altered β-Klotho mRNA in rd1 retina and the α-Klotho connection to ageing and 

death triggered us to investigate Klotho isoforms in different RP animal models. 

These included the rd1 mouse, which carries a mutation in the gene coding for the β-

subunit of phosphodiesterase-6 (PDE6β) (Farber and Lolley, 1974), giving a rapid 

degeneration, and the rd2 mouse, with a mutation in the photoreceptor disk protein 

peripherin-2 (prph-2) gene (Goldberg, 2006) and in which the retinal degeneration is 

slower. Both models represent human RP forms (Bayés et al., 1995; Kajiwara et al., 

1991). Rhodopsin mutations are frequent in RP patients, and hence we also used two 

rhodopsin mutant rats that display fast (S334ter; Liu et al., 1999) and slow (P23H; 

Sung et al., 1991) rod degeneration, respectively. The rd2 mutation affects both rod 

and cone photoreceptors, while the other mutations are rod specific. The unique 

characteristics of the four models, from two different species, make them well suited 

to address the possible involvement of Klotho in inherited photoreceptor cell death.  

Here, we demonstrate a strong upregulation of several Klotho isoforms in 

degenerating retinae, as well as an effect on retinal morphology by addition of 

exogenous Klotho to retinal cultures. The findings suggest a link between Klotho and 

the process of retinal degeneration. 
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Materials and Methods 

Animals 

Animals included C3H rd1/rd1 (rd1), C3H rd2/rd2 (rd2) and control C3H wild-type 

(wt) mice (Sanyal and Bal, 1973). Homozygous P23H and S334ter rhodopsin 

transgenic rats of the line Tg(P23H)1Lav and Tg(S334ter)3Lav (P23H 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 

wt, CD rats (CD® IGS Rat; Charles River, Germany) to resemble autosomal 

dominant RP. CD rats were used as controls. 

Ethics statement: All procedures were performed in accordance with permits granted 

by either the “Malmö/Lunds Djurförsöksetiska nämnd” (rd1 and rd2, wt mice; permits 

# M242/07, M220/09), or the Tübingen University committee on animal protection 

(S334ter, P23H and CD rats). Protocols compliant with § 4 paragraph 3 of the 

German law on animal protection were reviewed and approved by the “Einrichtung 

für Tierschutz, Tierärztlichen Dienst und Labortierkunde” (Anzeige/Mitteilung nach § 

4 vom 28.04.08 and 29.04.10). All efforts were made to minimize the number of 

animals used and their suffering. Animals were kept in the animal house under 

standard white cyclic lighting, with free access to food and water, and were used 

irrespective of gender. 

To minimize any bias from loss of retinal tissue due to the degeneration, comparisons 

of rd1 and healthy wt retinae were typically performed at postnatal day (PN) 11. At 

PN11 degenerating photoreceptors are frequent in rd1 retina, but ONL thickness is not 

significantly affected (Sancho-Pelluz et al., 2008). For the other models, we typically 

chose time-points corresponding to the respective peaks of degeneration, i.e. PN19 for 

rd2 mice, PN15 for Rho P23H rats and PN12 for Rho S334ter rats. 

 

Organotypic retinal explant culture 

For in vitro experimentation, PN5 rd1 animals were sacrificed by decapitation, after 

which retinal explants were generated and cultured in principle as detailed previously 

(Caffé et al., 2002, Sancho-Pelluz et al., 2010). Briefly, the enucleated eyes were 

dissected aseptically in a Petri dish with R16 serum-free culture medium (Invitrogen 
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Life Technologies, Paisley, UK; 07490743A) (Caffé et al., 2002), to yield a retinal 

explant devoid of other eye tissue except for the retinal pigment epithelium (RPE). 

The retina had four cuts perpendicular to its rim, resulting in a propeller-like shape of 

the explant, which was then transferred to a Millicell culture dish filter insert 

(Millipore AB, Solna, Sweden; PIHA03050), where it was placed with the RPE layer 

facing the culturing membrane. Inserts were put into six-well culture plates, and each 

well given 1.5 ml serum-free R16 medium. Plates were incubated at 37º C with 

medium replacement generally every second day (except for one day treatments 

described below). 

Prior to treatment, PN5 explants were allowed to adjust to control culture conditions 

for 2 or 5 days in vitro (DIV), after which a 4 or 1 day treatment, respectively, was 

performed. The end point of both of these experiments (PN5+2DIV+4DIV alt. 

PN5+5DIV+1DIV) thus corresponded to PN11. Treatment used either 1 nM or 2.5 

nM (stock was x µg/ml in PBS 50% (v/v) Glycerol and 0.1 mM EDTA, pH 6.8) of the 

recombinant ectodomain of Klotho protein (R&D Systems, Abingdon, UK; 1819-KL; 

representing 948 of 1044 amino acids of full length protein), or appropriate 

concentration of vehicle. These concentrations clearly exceeded the physiological 

levels of the circulating form in wt (100 pM) or in α-Klotho overexpressing strains 

(200 pM) (Kurosu et al., 2005). 

In separate, long-term experiments wt retinae were cultured from PN5 for 2 days 

without any treatment, and subsequently treated for 15 days (PN5+2 DIV+15 DIV; 

i.e. to PN22) with either 1 nM Klotho or vehicle. 

At the end of experiments, preparations were fixed and sectioned, as described below. 

 

Fixation, sectioning and microscopy 

Mouse retinal samples were fixed in 4% paraformaldehyde (PFA) for 2h in phosphate 

buffered saline (PBS). Rat tissues were fixed in PFA in PBS for 5 min in room 

temperature (RT) and 55 min in 4°C. This was followed by thorough rinses with PBS, 

after which the preparations were placed in sucrose containing PBS to prepare for 

cryosectioning, which yielded 8 or 12 µm frozen sections, used as indicated. 

Morphological observations and light/fluorescence microscopy were performed and 

recorded on a Zeiss Axiophot microscope with a HBO 100W halogen lamp and a 
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Zeiss Axiocam digital camera (Jena, Germany). Images were captured using Zeiss 

Axiovision 4.2 software; image overlays and contrast enhancement were done 

utilizing Adobe Photoshop CS (San Jose, California, USA). 

 

TUNEL staining 

TUNEL (Terminal deoxynucleotidyl transferase dUTP nick-end labelling) staining 

was performed on PBS washed sections using the In Situ Cell Death Detection Kit 

(TMR Red, Roche, Mannheim, Germany). Controls, including omitting the terminal 

deoxynucleotidyl transferase enzyme from the labelling solution (negative control), or 

pre-treatment of the sections with DNAse I to induce strand breaks (positive control), 

have been performed earlier with similar kits and preparations, giving no staining at 

all (negative) or general staining of all nuclei in all retinal layers (positive) (Paquet-

Durand et al., 2007). 

 

Histological staining/Immunofluorescence 

Fixed sections were stained for general histological light microscopy with 

haematoxylin-eosin (HE) according to standard protocols, or underwent 

immunostaining. For the latter, the sections were washed 3 x 5 minutes each in PBS 

containing 0.25% Triton X100 (PTX) plus 1% bovine serum albumin (BSA). 

Blocking solution containing PTX and 5% normal serum from the secondary antibody 

host species was applied for 45 minutes. Primary antibodies were diluted in PBS with 

1% BSA and 0.25% Triton X100, and applied overnight at 4°C. Following 3 x 5 min 

washing in PTX, sections were incubated with appropriate secondary antibodies in 

PTX for 45 minutes, washed thrice in PBS and mounted with Vectashield DAPI 

(Vector, Burlingame, CA, USA). Controls were processed in parallel without primary 

antibody. Antibodies are listed in Supplemental Table I. 

Some stainings required antigen retrieval processing, performed by means of Na-

Citrate-Tween-20 buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6.0) for up to 

40 minutes in sub-boiling, followed by the above-mentioned protocol.  
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Counting of cells and tissue parameters 

The number of TUNEL or α-Klotho-positive (+) cells was assessed and calculated as 

reported previously (Paquet-Durand et al., 2006, Sancho-Pelluz et al., 2010). For each 

animal at least three non-contiguous sections were quantified to yield an average 

value, with at least three independent animals analysed for each experimental 

situation. Values are given as TUNEL (+) cells relative to control ± standard deviation 

(SD).  

Some HE stained sections were analysed with respect to surviving rows 

(perpendicular to the radius of the retina) of photoreceptors or to disorganization of 

the retinal structure. For the former, six pairs of treated and untreated retinae 

represented the samples and three non-contiguous sections per sample were analysed. 

In every section three random central, but non-contiguous, areas were selected, inside 

of which the rows of photoreceptor nuclei were manually counted in the microscope. 

The mean values of every section were averaged giving the number of surviving rows 

of photoreceptor nuclei per sample. For the disorganization analysis, the combined 

length (in the horizontal aspect) of disorganized retina in both of the edges of the 

stained sections was measured in the microscope. Normal, non-disorganized length of 

retina was also recorded, which together with disorganized length equalled each 

section’s total length. Four sections were analysed on each of three non-contiguous 

slides for each preparation, which gave rise to an average value for that slide. The 

three observed slides were then averaged to yield one, final value. 

 

Immunofluorescence quantification 

The FGF15 immunofluorescence in photoreceptor OS (Fos) was quantified using the 

ImageJ program following a protocol developed by Burgess 

(http://sciencetechblog.com/2011/05/24/measuring-cell-fluorescence-using-imagej), 

with some minor modifications. In brief, fluorescent areas of the whole segments, 

inner segments (IS) and blank (a random external area close to the tissue) were 

outlined, after which values corresponding to integral density (ID) and area (A) of the 

whole segments (IDs, As) and the IS alone (IDis, Ais), as well as mean value (M) of the 

blank, were calculated. The following equation then gave a reliable approximation of 



 43 

the expression of FGF15 in the OS of the photoreceptors: Fos = IDs – (As x M) - [IDis 

– (Ais x M)]. 

 

Western blot 

PN11 retinae were prepared in dissecting buffer (10
 
mM Tris, 1 mM EDTA, 150 mM 

NaCl, 1 mM Na3VO4, 50 nM okadaic
 
acid, pH 7.3) supplemented with protease 

inhibitor mixture (Complete Mini, Roche) and homogenized
 
in sample buffer [2% 

sodium dodecyl sulphate (SDS), 10% glycerol, 0.0625 M Tris-HCl,
 
pH 6.8] by 

mechanical force.
 
After centrifugation for 10 min at 14,000 x g, the

 
supernatant was 

removed and stored at -20°C.
 
Bio-Rad DC Protein Assay kit (Hercules, CA, USA) 

was used to determine
 
protein concentrations, and either 10 or 20 µg of

 
protein from 

each sample were separated by SDS-PAGE on 12% gels, and blotted onto
 
Immobilon-

P polyvinylidene difluoride membranes (Millipore,
 
Billerica, MA, USA). Membranes 

were incubated for 2h in
 
blocking buffer (5% non-fat dried milk in PBS with 0.1% 

Tween 20) and
 
then kept overnight at 4°C with antibodies of interest.

 
The membranes 

were then washed, treated for 1h with
 
horseradish peroxidase-conjugated secondary 

antibodies (Supplemental Table I), and
 
immunoreactions visualized using the ECL 

Plus Western Blotting Detection system
 
(Amersham Biosciences, Sunnyvale, CA) and 

Hyperfilm (Amersham
 
Biosciences).  

 

qRT-PCR 

After enucleation, PN11 retinae were immediately snap frozen in liquid nitrogen. 

Total RNA was isolated by using Trifast Reagent (Peqlab, Erlangen, Germany) 

according to the manufacturer’s instructions. Reverse transcription of 2 µg total RNA 

was performed using oligo(dT)12-18 primers (Invitrogen, Karlsruhe, Germany) and 

SuperScriptIII Reverse Transcriptase (Invitrogen, Karlsruhe, Germany). cDNA 

samples were treated with RNaseH (Invitrogen, Karlsruhe, Germany). Quantitative 

real-time PCR was performed with the iCycler iQ
TM

 Real-Time PCR Detection 

System (Bio-Rad Laboratories, Hercules, CA) and iQ
TM

 Sybr Green Supermix (Bio-

Rad Laboratories, Hercules, CA) according to the manufacturer’s instructions.  

 

The following primers were used (5’→3’ orientation):  
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α-Klotho  fw:  CCCTGTGACTTTGCTTGGG; 

α-Klotho  rev:  CCCACAGATAGACATTCGGGT; 

β-Klotho  fw:  TGTTCTGCTGCGAGCTGTTAC; 

β -Klotho  rev:  TTATCCCATATTGCTTTCCCGTC; 

Lctl    fw:  GTGACTATGCTGACCTATGCTTT; 

Lctl    rev:  TGTGAGCCAATGCTTCACTCG; 

Gapdh    fw:  AGGTCGGTGTGAACGGATTTG; 

Gapdh    rev:  TGTAGACCATGTAGTTGAGGTCA; 

 

The specificity of the PCR products was confirmed by analysis of the melting curves 

and by agarose gel electrophoresis. The results were derived from analyses of five 

independent samples per group and all PCRs were performed in duplicate. Fold 

changes of mRNA were calculated by the 2
-ΔΔCt

 method using glyceraldehyde 3-

phosphate dehydrogenase (Gapdh) as internal reference, and analysed by Student’s t-

test.  

 

Statistical analyses 

Statistical significance was tested using unpaired, two-tailed, Student’s t-test, 

Student’s paired t-test, Student’s one-group t-test or two-way ANOVA test, as 

indicated. When Student’s one-group t-test was used, the treated/untreated ratios were 

compared with a ratio of 1.00. For all tests, a p-value < 0.05 was considered to 

indicate a statistically significant difference. 
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Results  

Klotho mRNA expression in rd1 retina 

Quantitative RT-PCR analysis revealed an increase of α-Klotho mRNA levels in 

postnatal day (PN) 11 rd1 retinae (3.74 ± 2.49 a.u. [arbitrary units]) compared with 

age matched wt (wild type) tissue (1.07 ± 0.46 a.u.; p < 0.05). The mRNA levels for 

β-Klotho and Lctl were numerically, but not significantly, higher in rd1 than in wt 

samples (rd1 1.46 ± 0.69 a.u.; wt 1.14 ± 0.57 a.u., and rd1 1.29 ± 0.55 a.u.; wt 1.07 ± 

0.43 a.u., respectively; mean ± SD; n = 5; n.s. [not significant]).  

Immunofluorescence of Klotho proteins in RP models  

 
Figure 4.1.1. α-Klotho and cell death in degenerating mouse retina. Immunostaining with α-

Klotho antibody ab18131 (green) and TUNEL cell death staining (red) of PN11 rd1 and wt 

(A), or PN19 rd2 and wt (B), retinal sections. Pictures are from subcentral positions, i.e. close 

to the optic nerve exit. In wt specimens α-Klotho was only very rarely found in the outer 

nuclear layer (ONL), whereas a subset of photoreceptors in the rd1 and rd2 ONL showed a 

distinct nuclear staining. The percentages of cells positive for either TUNEL, α-Klotho or 

both are given in (C) (mean ± SD; n = 3-5), indicating a major TUNEL on α-Klotho overlap 

(C, D). Weak but noticable α-Klotho immunoreactivity was found in inner nuclear and 

ganglion cell layers (INL, GCL), both in wt and rd1 retinae. The staining is representative for 

at least three independent animals of each type. Scale bar = 20 µm. 
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α-Klotho – At PN11, at the onset of the rd1 degeneration, the α-Klotho ab18131 

antibody revealed a high number of strongly positive nuclei in rd1 outer nuclear layer 

(ONL) (see Supplemental Table I for antibodies), but not in PN11 wt ONL (Fig. 

4.1.1). The higher number of positive cells in the central rd1 retina (not shown) 

resembled the known centre to periphery degeneration in this model (Carter-Dawson 

et al. 1978). Co-staining with the TUNEL (Terminal deoxynucleotidyl transferase 

dUTP nick-end labelling) assay (Fig. 4.4.1 A, C, D) confirmed that α-Klotho positive 

nuclei indeed belonged to degenerating photoreceptors. Furthermore, α-Klotho co-

localised with markers for oxidatively damaged DNA and overactivation of PARP 

enzymes (Fig. 4.1.2 A and B), which are known to label dying photoreceptors 

(Paquet-Durand et al. 2007). Validation of the α-Klotho staining (Fig. 4.1.2C and D) 

was done by two other antibodies (ab75023, sc-74205).  

 

Figure 4.1.2. α-Klotho co-localizes with stress markers. Immunostaining for α-Klotho with 

A) poly(ADP-ribose) (PAR) and B) avidin, which labels 8-hydroxydeoxyguanosine (a marker 

for oxidatively damaged DNA), shows a linkage between α-Klotho and both cellular stress 

markers. In order to validate the result with the ab18131 antibody, we stained degenerating 

rd1 retinae with two other antibodies (ab75023, sc-74205) for α-Klotho, both of which 

required antigen retrieval treatment (see Methods) in order to produce a signal. The resulting 

staining was similar to the ab18131 antibody, including the co-localisation with TUNEL, 

although the absolute number of α-Klotho positive cells appeared lower. Western blot of rd1 

and wt retinal proteins for α-Klotho with the ab75023 antibody detected α-Klotho full length 

and approximately half length forms, whereas the ab18131 antibody labelled a 30 kDa band, 

probably representing a cleavage product. There were no obvious differences between the 

genotypes. The Western blot (E) results are representative of at least four runs of independent 

sample pairs. Each applied sample pair consisted of either 10 or 20 μg proteins per sample 

from a pool made of two retinae. Lower insets show that wt and rd1 samples contained 

similar amounts of protein, as judged by the anti-α-tubulin control run on a separate blot. 

GCL = ganglion cell layer; INL = inner nuclear layer; ONL = outer nuclear layer. Scale bar = 

20 μm. 

To determine whether the retinal α-Klotho increase represents a more generalised 

phenomenon, the same analyses where performed in rd2 mouse and P23H and 

S334ter rat retinae. Figures 4.1.1 B and D show that the other mouse model, rd2, had 



 47 

α-Klotho/TUNEL co-staining qualitatively similar to rd1, as did both rat models (Fig. 

4.1.3 A and D), suggesting a common situation across species and mutations. The 

more aggressive degeneration in the S334ter retina, with a higher percentage of dying 

cells at the peak time-point studied (Kaur et al. 2011), seemed to coincide with less α-

Klotho/TUNEL co-labelling (Fig. 4.1.3 C and D). This difference in α-Klotho vs 

TUNEL staining may relate to the fact that photoreceptor cell death in the S334ter 

model shows an extensive activation of caspase-3 which is not seen in P23H rats 

(Kaur et al. 2011) and rd1 mice (Sahaboglu et al. 2013). 

 

Figure 4.1.3. α-Klotho and cell death in degenerating rat retina. Immunostaining for α-

Klotho and TUNEL in retinal sections from PN12 S334ter (A), and PN15 P23H (B) rats plus 

appropriate controls (Methods). Both models displayed strong α-Klotho labelling in ONL 

cells, as well as weak INL and GCL staining. In each situation, the ONL α-Klotho staining 

overlapped with TUNEL-positivity (C, D). Labels and other features are as in Fig. 1. Scale 

bar = 20 µm. 

 

 

β-Klotho - β-Klotho staining was also increased in rd1 ONL cells (Fig. 4.1.4). While 

the absolute number of β-Klotho positive cells was lower than seen for α-Klotho 

(0.85% ± 0.17; Table 4.1.1), over 90% of the β-Klotho positive cells were also 

TUNEL positive. 
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Figure 4.1.4. Expression of β-

Klotho in wt and rd1 retina  Both 

C3H wt mice and rd1 mutants 

showed weak β-Klotho 

immunoreactivity in the inner 

retina. In the rd1 retina a proportion 

of photoreceptors was β-Klotho 

positive and more than 90% of 

those cells were positive for 

TUNEL as well. The pictures were 

taken in subcentral positions, and 

the staining is representative for at 

least three independent animals. 

Labels are as previous figures. 

Scale bar = 20 μm. 

 

 

 

 

Model; Age 
TUNEL (+) cells 

(%) 

α-Klotho (+) cells 

(%) 

α-Klotho and TUNEL 

(+) cells (%) 

rd1; PN 11 5,07 (± 0,96) 2,55 (± 0,28) 2,20 (± 0,28) 

rd2; PN 19 3,46 (± 0,83) 1,53 (± 0,40) 1,38 (± 0,39) 

S334ter; PN 12 10,83 (± 0,14) 8,17 (± 0,82) 6,05 (± 0,79) 

P23H; PN 15 3,88 (± 0,14) 2,59 (± 0,39) 2,41 (± 0,40) 

Model; Age 
TUNEL (+) cells 

(%) 

β-Klotho (+) cells 

(%) 

β-Klotho and 

TUNEL (+) cells (%) 

rd1; PN11 4,57 (± 0,58) 0,85 (± 0,17) 0,79 (± 0,16) 

Table 4.1.1. Co-localization of Klotho immunostaining with TUNEL positivity. Values are 

given as mean ± SD, n =3-5. See Material and Methods for other details. 

Western blot 

In Western blot tests the ab75023 antibody yielded a double band of around 116 kDa 

plus bands of about 65 kDa (Fig. 4.1.2 E). This is compatible with the expected 

molecular-weight-range for α-Klotho, i.e. two full-length protein bands around 116 

kDa (with/without glycosylation; Kamemori et al. 2002), as well as some weaker 

bands of about 65 kDa, which may be α-Klotho fragments (Chen et al. 2007). The 

ab18131 consistently revealed only an approximately 30 kDa band, perhaps similar to 

that previously reported in mouse tissue by a different and non-commercial antibody 

ONL 

INL 

Normal Disorganized 

β-Klotho TUNEL Merge 

β-Klotho TUNEL Merge 

ONL 

INL 
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(Chen et al. 2007). Neither antibody revealed significant differences in signal strength 

between the two genotypes. The cells with increased α-Klotho expression (as in the 

immunostainings) likely represent only a small fraction of the tissue mass of the 

global retina samples, and hence any increase might have been masked at the Western 

blot level. 

Cultured rd1 retinae and exogenous α-Klotho 

Klotho proteins can be released (Kurosu et al. 2005; Imura et al. 2007), but Western 

blot analysis of rd1 retinal explant conditioned medium failed to detect extracellular 

α-Klotho (not shown). Still retinal cells may respond to extracellular protein, and we 

therefore added recombinant α-Klotho protein to rd1 retinal explants and analysed the 

outcome by TUNEL staining of preparations corresponding to PN11. Early cellular 

responses to α-Klotho have been seen in other systems (Kurosu et al. 2005), and we 

thus tested a one day treatment with either 1 or 2,5 nM α-Klotho (PN5+5DIV+1DIV; 

culturing from PN5 for 5 days in vitro [DIV] without treatment, followed by 1 DIV 

treatment). However, this gave no effect on rd1 TUNEL positivity (TUNEL positive 

cells in treated vs untreated [set to 1.0] = 0.96 ± 0.14 for 1 nM; 0.85 ± 0.14 for 2.5 

nM, respectively; mean ± SD; n = 4; n.s.), and neither did an extension of treatment to 

four days (PN5 + 2DIV + 4DIV) (1.20 ± 0.20 for 1 nM; 1.12 ± 0.22 for 2.5 nM, 

respectively; n = 5; n.s.). 

Cultured wt retinae and exogenous α-Klotho 

We then treated wt retinal explants, which do not have a degenerative phenotype, and 

increased the treatment duration to encompass ages PN7 to PN22 (PN5 + 2 +1 5). 

Such α-Klotho treatment did not affect the number of surviving rows of 

photoreceptors at the end of culturing (Fig. 3A: α-Klotho treated 8.5 ± 0.8, untreated 

9.0 ± 0.8; mean ± SD; n = 6; n.s.). 

The explant culturing regularly leads to a slight disorganization of the retinal layering 

at the very edges of the preparations, and cell row and TUNEL analyses etc., are 

therefore regularly performed using the more central parts of the specimens. While 

lacking any effect on central cell rows (Fig 4.1.5 A), the treatment of wt explants 

consistently caused a disorganization at the edges of the retinal explants, that was 

much more extensive than in the untreated specimens (Fig. 4.1.5 C and D; 
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disorganized edge lengths: α-Klotho treated 1506 ± 708 μm, untreated 780 ± 340 μm; 

mean ± SD; n = 12; p < 0.01; Student’s paired t-test). The total length of an explant 

section usually ranges between 4000 and 5000 µm, but this parameter was not 

different between treated and untreated (ratio total length; treated/untreated: 0.98 ± 

0.05; n = 12; n.s., Student’s one-group t-test).  

 

Figure 4.1.5. α-Klotho treatment causes retinal disorganization. Quantification of surviving 

rows of wt photoreceptors after the PN5+2+15 α-Klotho treatment paradigm is shown in (A). 

No significant difference was seen (mean ± SD; n = 12.) PRs = Photoreceptors. Micrographs 

below the bar diagram show examples of the hematoxylin-eosin histology of the 

corresponding ONL areas. The sketch in (B) depicts the typical propeller-like explant outline, 

with blue lines indicating approximate positions of the sections that are generally analysed in 

explant based experiments. The captions Left, Middle, Right indicate how the tissue in the 

micrographs below was situated in the explants, while the red lines indicate the approximate 

splitting points for these partitions. Panels in (D) show the histology of full and representative 

sections (split into Left, Middle and Right parts, respectively) of long-term wt retinal 

explants, untreated or treated with 1 nM α-Klotho. Note the treatment induced increase of 

disorganized area, as marked out by blue arrowed lines. The measurements of the 

disorganized lengths are summarized in the diagram in (C) (mean ± SD; n = 12; p < 0.01). 

Scale bar = 100 µm. 

 

Immunostaining for rhodopsin showed compromised photoreceptors throughout the 

disorganized area of the α-Klotho treated wt retinae (Fig. 4.1.6). Moreover, 

immunoreactivity for bipolar cells (phosphorylated PKCα/βII; Zhang and Yeh 1991) 

was dramatically decreased in the same area. The α-Klotho treatment thus affected 
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both inner and outer retina integrity. However, TUNEL positive cells were seen 

predominantly at the outermost part of the edges, suggesting that not all cells in the 

disorganized area were actively undergoing cell death (Fig. 4.1.6).                     

                    

Figure 4.1.6. Markers for rods and bipolar cells and TUNEL staining in α-Klotho peptide 

treatment of wt retinae. The disorganized retinal areas (right side of white vertical bars in A to 

D), can be seen by hematoxylin-eosin staining (A), and shows a lack of ordered rhodopsin 

staining (B, rod photoreceptors) and severe reduction of pPKCα/βII (C, bipolar cells) staining, 

underscoring the disturbance of both outer and inner retina. The frequency of TUNEL 

positive cells decreased from the very edges towards the central parts of the explant (D), and 

there were (with the exception of ganglion cells) only very few TUNEL positive cells close to 

the border between the normal and disorganized retina. Staining results are representative of 

at least six independent samples. Layer labels are as in Figure 1. Scale bar = 100 µm. 

 

FGF 15 in rd1 retina 

An interesting feature of both α- and β-Klotho proteins is that they can associate with 

the four fibroblast growth factor (FGF) receptors (FGFR1-4), to act as co-receptors 

for the FGF19 subfamily members (FGF15/19, FGF21 and FGF23) (Kurosu et al. 

2006; Liu et al. 2008). The Klotho proteins increase the atypical FGFs otherwise low 

FGFR affinity (Zhang et al. 2006) and enable activation of FGFR and downstream 

components (Kurosu et al. 2006; Wu et al. 2007). FGF15 represents the mouse 

orthologue to human FGF19, which has neuroprotective properties on adult 
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mammalian photoreceptors (Siffroi-Fernandez et al. 2008), and is expressed by 

various cell types in the developing mouse retina (Kurose et al. 2004). We therefore 

studied the expression of FGF15 in post-natal wt and rd1 retinae. PN11 retinae 

displayed FGF15 immunostaining in both the nerve fibre layer (NFL; not shown) and 

the photoreceptor outer segments (OS) (Fig. 4.1.7 and 8). With respect to the temporal 

dynamics, the expression of FGF15 in OS was in PN7 and PN9 specimen low in both 

wt and rd1 genotypes, after which it increased, but then preferentially in the wt 

retinae. The comparably low expression in rd1 OS at PN10 and PN11 suggests that 

low FGF15 expression in rd1 photoreceptors may have caused an imbalance in any 

possible Klotho-FGF interactions. The rd2 retina also shows a weaker FGF15 staining 

than corresponding wt, although the lack of OS here makes the analysis difficult (Fig. 

4.1.7).  

 

Figure 4.1.7. FGF15/19 and FGFR4 expression mouse mutants. Immunofluorescence 

staining of FGF15 in wt and rd1 retinae at PN11, and in wt and rd2 retinae at PN19. The 

staining is typical for at least three independent experiments. FGF15 is clearly expressed in 

photoreceptor outer segments (OS) of wt retinae, while it was much lower in corresponding 

areas of rd1 samples. A similar situation may be present in the rd2 retina, but here the OS are 

underdeveloped, making analysis difficult. FGFR4 is expressed throughout the retina. In 

particular ganglion cells appear strongly labelled. Cells in the INL are more weakly labelled 

and staining in photoreceptors is faint. FGFR4 seems to be primarily localised in the nuclei of 

all retinal cells. Labels are as for previous figures. Scale bar = 20 μm. 
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Figure 4.1.8. Expression of FGF15 is reduced in degenerating retina. Immunostaining of 

retinal tissue sections for FGF15 in the OS of wt and rd1 retinae during the PN7-13 period. 

While wt FGF15 expression shows a strong increase after PN10, FGF15 in the rd1 situation 

remains at low levels. The PN11 sections were 8 µm, all others 12 µm. Values are given as 

mean ± SD and represent analyses of three independent samples. Statistical significance was 

tested using two way ANOVA test (p-value < 0.05 = *; < 0.01 = **). OS = outer segments; IS 

= inner segments. Scale bar = 20 µm. 

 

Discussion  

The Klotho protein is recognized as an important factor for cellular ageing and 

survival (Kuro-o et al. 1997; Kurosu et al. 2005), but a clear connection between high 

Klotho expression and neuronal cell death, as shown here, has to our knowledge not 

been demonstrated before. Our results also suggest that overexpression of Klotho 

proteins, particularly α-Klotho, serves as a marker for hereditary photoreceptor cell 

death, and that the protein as such may act towards disorganization of photoreceptors 

and other retinal cells. 

Klotho expression in the retina 

Immunostaining using three independent antibodies identified a sub-population of 

photoreceptors in the rd1 retina with a highly increased nuclear α-Klotho protein 

expression. Nuclear Klotho has previously been shown in both brain (e.g. Purkinje 

cells; German et al. 2012) and inner ear sensory cells (Takumida et al. 2009). α-
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Klotho is known to assist the atypical FGF family in binding to the FGFRs and has 

been mainly found in the nuclei of dying photoreceptors. FGFRs are membrane 

proteins, although alternative spliced transcripts may lose the hydrophobic 

transmembrane domain and can then also be found as a soluble form (Guillonneau et 

al., 1998b). Since retinal FGFR4 could be detected in cellular nuclei (Fig. 4.1.7) one 

of the possible Klotho interaction partners may reside in this compartment.  

The degeneration also affected α-Klotho mRNA, which was higher in rd1 retinal 

samples than in wt material. This increase may have occurred over a low steady-state 

transcription of the α-Klotho gene, since a screen for Klotho mRNA showed its 

expression to be low or not detectable in several (adult) mouse tissues, including the 

eye (Fon Tacer et al. 2010). In contrast to immunostainings and mRNA 

measurements, our comparisons at the Western blot level did not show an rd1 vs. wt 

difference. However, the Western data suggested wt retinal α-Klotho protein levels to 

be sustained at a detectable level at the PN11 age, and an increase in a small, select 

number of cells, as in the rd1 situation, would then be difficult to distinguish in a 

global sample.  

Klotho and cell death 

Each of the three α-Klotho antibodies revealed an extensive co-localisation with 

dying, TUNEL positive photoreceptors in the rd1 retina. This confirms that the 

antibodies identified the same population of cells, and suggests that the α-Klotho 

increase connects with the rd1 degeneration process. Moreover, this connection was 

not restricted to a certain model or species, since comparable co-localisation results 

were readily detected in the rd2 mouse and in the P23H and S334ter rats. Taken 

together, these data argue for α-Klotho upregulation as an integrated and general 

event of photoreceptor degeneration, regardless of how the pathological processes 

start. Interestingly, this notion extends also to the β-Klotho protein, which showed 

increased expression, and broad TUNEL co-localisation, in a subset of rd1 

photoreceptors. We could not identify a significant increase in β-Klotho mRNA in rd1 

samples compared with control tissue, even though this was suggested in a previous 

microarray study (Azadi et al. 2006). The discrepancy might be attributed to the 

distinctive technologies used (microarray vs. qRT-PCR) or to other methodological 

differences. At any rate, Klotho expression is unequivocally associated with 
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photoreceptor cell death and may thus serve as a novel diagnostic marker for RP and 

related neurodegenerative diseases. 

Is Klotho protective or destructive? 

α-Klotho is linked to anti-ageing and has potential cellular protection capacities. In 

this role it may act extracellularly either on its own or as a co-receptor for members of 

the FGF19 subfamily, such as FGF23 (Wang and Sun 2009), although intracellular 

effects have also been described (Liu et al. 2011). Lack of α-Klotho appears to 

promote senescence (Kuro-o et al. 1997) and weaken the oxidative stress defence 

(Nagai et al. 2002). Conversely, oxidative stress, old age, inflammation, and cellular 

senescence lead to, or coincide with, reduced α-Klotho levels (Takumida et al. 2009; 

Liu et al. 2011; Mitani et al. 2002; Mitobe et al. 2005; Thurston et al. 2010). 

Furthermore, α-Klotho gene over-expression or addition of α-Klotho protein may 

counteract or reduce oxidative stress, inflammation, cellular senescence, cellular 

dysfunction, or even cell death in various systems (Liu et al. 2011; Saito et al. 2000; 

Yamamoto et al. 2005; Sugiura et al. 2010; Haruna et al. 2007). Since oxidative 

stress, in particular DNA oxidation, is involved in rd1 degeneration (Paquet-Durand et 

al. 2007) the upregulation of α-Klotho in photoreceptors could thus be part of a 

protective response to such insults. 

As an alternative scenario α-Klotho could instead be part of the neurodegeneration 

mechanism as such. This notion appears novel, since many investigations rather 

suggest α-Klotho to counteract neurodegeneration, in that α-Klotho reduction leads to 

signs of neurodegeneration and/or loss of cells in several areas of the CNS (Kuro-o et 

al. 1997; Nagai et al. 2002; Anamizu et al. 2005; Kosakai et al. 2011; Shiozaki et al. 

2008). However, these reports identify neurodegeneration in a situation of 

experimentally altered α-Klotho, whereas we detected altered α-Klotho in a situation 

of disease-induced neurodegeneration, which represents a completely different 

setting. Judging from the distinct co-localisation of α-Klotho (and β-Klotho) with 

TUNEL, i.e. a clear connection with cell death, we are tempted to speculate that 

Klotho proteins may be involved in the later stages of the degeneration process. The 

fact that photoreceptor degeneration was not promoted by exogenous α-Klotho would 

then point to a preferential intracellular degeneration involvement of α-Klotho, 
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although the lack of effect might also be a result of Klotho co-effectors (e.g. FGF15) 

being low in rd1 photoreceptors. 

At any rate our study implies that degenerating photoreceptors experience a distinct 

imbalance in the Klotho-FGF system, which is interesting not the least because of the 

benign effects of FGF signalling on photoreceptor survival and maintenance (Green et 

al., 2001, Guillonneau et al., 1998a, Lau et al., 2000). Perhaps future experimental 

manipulation of the interaction between α- and/or β-Klotho and FGF15 protein family 

can shed light on the exact importance of the Klotho/FGF axis for the retinal 

degeneration process. 

Furthermore, α-Klotho has been reported to confer resistance to oxidative stress 

through the expression of mnSOD (manganese supeoxide dismutase), led by FOXO 

(FoxO forkhead transcription factors) a downstream effector of the insulin 

intracellular signaling (Yamamoto et al., 2005). The activation of FOXO is negatively 

regulated by Akt (also known as PKB)-dependent phosphorylation. It is known that 

Akt is overactivated in rd1 retinae (Johnson et al., 2005), therefore we can suggest 

that α-Klotho fails to confer protection in degenerating retina possibly because of its 

inability to induce expression of mnSOD.  

Klotho and post-natal retinal development 

Interestingly, exogenously added α-Klotho protein resulted in a structural 

disorganization of both inner and outer retinal elements at the edges of the 

preparations. For one thing this underlines that the lack of effect by Klotho on the 

degeneration was not likely to be due to methodological problems in those 

experiments. Furthermore, with respect to the mechanisms behind the disorganization, 

the treatment of the explants started at a time-point when the retina is still undergoing 

development in a centre-to-periphery fashion (Young 1985), making it possible that 

Klotho interfered with normal tissue development. Since retinal precursors are present 

in the retinal margin (Willbold and Layer, 1992), one should also not disregard the 

possibility that these may have been re-activated and contributed for instance to the 

loss of markers such as PKC/βII. However, the fact that the treatment did not 

increase the size of the treated explants, a re-activation and significant growth of such 

stem cells seem not to have occurred.  
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In conclusion, the present report introduces α-Klotho as a novel player in the context 

of retinal health and disease, and particularly so in inherited retinal degeneration. 

While Klotho proteins are increased in degenerating rd1 photoreceptors, FGF15 is 

reduced, suggesting an imbalanced α-Klotho-FGF axis as part of the disease 

characteristics. Furthermore, the disorganization of the developing mouse retina by α-

Klotho is compatible with a role for this protein in retinal cell differentiation and/or 

layer formation. 
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Rationale 

Literature data support the notion of profound modification in the gene expression 

profile in rd1 mouse. Furthermore, PARP enzymes that play a pivotal role in the 

DNA repair machinery are also involved in the epigenetic modification of the 

structure of the chromatin, are overactivated contributing to photoreceptor 

degeneration. The following paper is aimed at the study of histone deacetylases 

(HDACs), a family of protein able to remove acetyl groups on target proteins, 

regulating the gene expression through the control of the balance of chromatin 

compaction/relaxation. 

 

Introduction 

Retinitis pigmentosa (RP) is a group of inherited neurodegenerative diseases that 

result in selective cell death of retinal photoreceptors. Usually the mutations first lead 

to degeneration of the rod photoreceptor cells followed by a mutation-independent 

secondary degeneration of cone photoreceptors. With a prevalence of about 1 : 3500, 

RP is considered as the main cause of blindness among the working age population in 
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the developed world. At least 40 RP causing mutations have been identified so far, 

but the metabolic pathways leading to photoreceptor cell death have not been 

resolved, and no adequate RP treatment is available (Sancho-Pelluz et al., 2008). 

The rd1 mouse is one of the most studied human homologous RP animal models and 

carries a loss-of-function mutation in the gene encoding for the β-subunit of rod 

photoreceptor cGMP phosphodiesterase-6 (Bowes et al., 1990). This leads to an 

accumulation of cGMP, which eventually causes photoreceptor cell death. (Farber 

and Lolley, 1974, Paquet-Durand et al., 2009). In microarray experiments, others and 

we found rd1 degeneration to be accompanied by extensive changes in gene 

expression (Azadi et al., 2006, Hackam et al., 2004, Rohrer et al., 2004). Although 

some changes may result from direct and specific effects of cGMP on defined genes 

(Pilz and Broderick, 2005), it is likely that also more generalized alterations of the 

transcriptional machinery are involved. Previously, we have shown that rd1 

photoreceptor degeneration is in part caused by a strong activation of poly-ADP-

ribose-polymerase (PARP) (Paquet-Durand et al., 2007), which may have a bearing 

on transcriptional activity (Schreiber et al., 2006). However, as PARP activity was 

found to occur only relatively late during rd1 degeneration, we hypothesized that 

there might be yet other mechanisms causing dysregulation of gene expression. 

Gene regulation is to a large extent governed by epigenetic mechanisms, among 

which acetylation of histones (Egger et al., 2004) appears to be one of the most 

important (Morrison et al., 2007). Histone acetylation and deacetylation is mediated 

by histone acetyltransferases (HATs) and histone deacetylases (HDACs), respectively 

(Haberland et al., 2009). The HDAC family is subdivided into three main classes 

(HDAC I, II, and III), depending on their similarity with homologous yeast genes. 

Class I (HDAC 1–3 and 8) and class II (HDAC 4–7, 9, and 10) are inhibited by 

trichostatin A (TSA) (Haberland et al., 2009). Class III HDACs, also referred to as 

sirtuins (isoforms: sirt1–7) form a structurally distinct class of NAD+-dependent 

enzymes that can be inhibited by nicotinamide (NAM) (Kruszewski and Szumiel, 

2005). 

Although a number of studies have related transcription of photoreceptor genes and 

photoreceptor viability with histone acetylation (Chen and Cepko, 2007, Peng and 

Chen, 2007, Wallace et al., 2006), information regarding whether and how HDAC 

activity connects to degenerating photoreceptors is lacking. Here, we analyzed 
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enzymatic activities of different HDAC classes in situ on retinal tissue sections and 

studied how various inhibitors affect retinal cell viability. Activity of HDACs I/II was 

strongly elevated in rd1 photoreceptors and causally related to their death, suggesting 

HDAC inhibition as a novel approach for neuroprotection in retinal degeneration. 

 

Material and methods 

Animals 

Animals were housed under standard white cyclic lighting, had free access to food 

and water, and were used irrespective of gender. C3H rd1/rd1 (rd1) and control C3H 

wt mice were used (Sanyal and Bal, 1973). All procedures were performed in 

accordance with the local ethics committee in Lund (permits M225-04 and M242-07), 

the Tübingen University (§4 registration from 23–01–08), and the ARVO statement 

for the use of animals in ophthalmic and visual research. All efforts were made to 

minimize the number of animals used and their suffering. Because of the critical 

changes at P11 (Hauck et al., 2006, Paquet-Durand et al., 2006), most comparisons 

between rd1 and wt were carried out at this age. Day of birth was considered as P0. 

Microarray analysis 

Details of the transcription assay performed on a custom-made mouse gene chip were 

described in Azadi et al. (Azadi et al., 2006). Two times up- or downregulation in at 

least three out of five hybridizations was considered as significant variation. Results 

not pertaining to this study are published elsewhere. 

In vitro retinal explant cultures 

Retinae from P5 rd1 and wt animals were used to generate retinal explants as 

described before (Paquet-Durand et al., 2009, Sanz et al., 2007). In brief, animals 

were killed and the eyes enucleated in an aseptic environment. Afterwards, the entire 

eyes were incubated in R16 serum-free culture medium (Invitrogen Life 

Technologies, Paisley, UK; 07490743A) containing 0.12% proteinase K (MP 

Biomedicals, Solon, OH, USA; 193504) at 37 °C for 15 min, to allow preparation of 

retinal cultures with RPE attached. Proteinase K was inactivated with 10% fetal calf 

serum (Invitrogen Life Technologies; PET10108165) in R16 medium, and the eyes 

dissected aseptically in a Petri dish containing R16 medium. The anterior segment, 
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lens, vitreous, sclera, and choroids were carefully removed, and the retina was cut 

perpendicular to its edges, resulting in a cloverleaf-like shape. Subsequently, the 

retina was transferred to a Millicell culture dish filter insert (Millipore AB, Solna, 

Sweden; PIHA03050) with the retinal pigment epithelium layer facing the membrane. 

The insert was put into a six-well culture plate and incubated in R16 nutrient medium 

at 37 °C. Every second day, the full volume of nutrient medium, 1.5 ml per dish, was 

replaced with fresh medium. 

The first 2 days, the retina was left in R16 culture medium without treatment to adapt 

to culture conditions. At P7, cultures were either exposed to different treatments (TSA 

1 μM, Scriptaid 6 μM, NAM 200 μM, and 1000 μM; all from Sigma, Munich, 

Germany), or kept as untreated control. NAM is a constituent of the culturing medium 

and present at about 22 μM, which should be less than half the reported IC50 value in 

cell-free studies (Bitterman et al., 2002). Explants were cultured until P11 for short-

term cultures (P5+2+4), or until P28, for long-term cultures (P5+2+21). Culturing 

was stopped by 2 h fixation in 4% paraformaldehyde (PFA), washed 4 × 15 min in 

phosphate-buffered saline (PBS), then cryoprotected first with PBS +10% sucrose, 

and subsequently with PBS +25% sucrose. Explants were frozen and embedded in 

Jung tissue freezing medium (Leica Microsystems, Nussloch, Germany) for 

cryosectioning (12 μm). 

HDAC assay 

HDAC activity assays were performed on cryosections of 4% PFA P11 fixed eyes. 

The assay is based on an adaptation of the Fluor de Lys Fluorescent Assay System 

(Biomol, Hamburg, Germany). Retinal sections were exposed to different 

concentrations of Fluor de Lys-SIRT2 deacetylase substrate (Biomol) with 2 or 100

μM TSA (Sigma, Steinheim, Germany), 2 mM NAM (Sigma), and 500 μM NAD+ 

(Biomol) in assay buffer (50 mM Tris/HCl, pH 8.0; 137 mM NaCl; 2.7 mM KCl; 1

mM MgCl2; 1 mg/ml BSA) and 0.1% NP40 and 0.5 × Developer II (Biomol). Images 

were captured at indicated time points with a fixed exposure time of 2 s using a Zeiss 

(Jena, Germany) Axiophot microscope (× 20 magnification) and Zeiss Axiovision 4.2 

software; densitometry was performed with the aid of ImageJ (National Institutes of 

Health, Bethesda, MD, USA). The reaction rate was determined in at least four 

independent experiments, as the slope of the linear regression fitted to the data points 
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in the linear range of a time course, using SigmaPlot (Systat software, Erkrath, 

Germany) software. For the calculation of Km values, the slope of time courses with 

different substrate concentrations was plotted against the corresponding substrate 

concentrations; a hyperbolic regression fitted to the data points revealed Km values 

and Vmax. 

In situ deacetylation activity was determined on retinal sections incubated for 3 h with 

200 μM Fluor de Lys-SIRT2 deacetylase substrate in assay buffer with/without 

inhibitors. Sections were then washed in PBS and fixed in methanol at −80 °C for 20

min. × 0.5 developer (Biomol) in assay buffer was applied and pictures taken 

immediately in an Apotome microscope (Zeiss), at × 20 using the DAPI filter. 

TUNEL assay 

The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay 

was performed on cryosections from treated and untreated rd1 retinas, using an in situ 

cell death detection kit conjugated with tetra-methyl-rhodamine or fluorescein 

isothiocyanate (Roche Diagnostics, Mannheim, Germany). For controls, terminal 

deoxynucleotidyl transferase enzyme was either omitted from the labeling solution 

(negative control), or sections were pretreated for 30 min with DNAse I (Roche 

Diagnostics, 3 U/ml) in 50 mM Tris-HCl, pH 7.5, 1 mg/ml BSA to induce DNA-

strand breaks (positive control). Negative control showed no staining at all, whereas 

positive control stained all nuclei in all layers of the retina (Paquet-Durand et al., 

2007). 

Immunostaining 

Frozen retinal sections from P11 animals or cultured retinae were dried for 30–60 min 

at 37 °C. Subsequently, the tissue was rehydrated in PBS, and preincubated for 1 h at 

room temperature (RT) in blocking solution, containing 10% normal serum, and 0.1 

or 0.3% Triton in PBS (PBST). Immunohistochemistry was performed overnight at 4

°C, using primary Abs (acetylated lysine; acetylated H2A, H2B, H3, H4; Sirt2; 

HDAC2; HDAC5; PAR) diluted 1 : 100 in blocking solution. Primary Abs were 

purchased from Cell Signaling (Danvers, MA, USA) except PAR Ab (Alexis 

Biochemicals, Lörrach, Germany) and Rhodopsin Ab (Millipore, Schwalbach, 

Germany). The tissue was rinsed with PBST, and incubated for 1 h with a 
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corresponding secondary Ab, Alexa 488 (1 : 200–1 : 750, Invitrogen), diluted in 

PBST. Sections were rinsed in PBS, and mounted in Vectashield with DAPI (Vector 

Laboratories, Burlingame, CA, USA). 

Western Blot 

Retinae from P11 animals were enucleated and stored at −80 °C. Later on, the tissue 

was homogenized in buffer (10 mM Tris, 1 mM EDTA, 150 mM NaCl, 1 mM 

Na3VO4, 50 nM okadaic acid, 2% SDS, 10% glycerol, 0.0625 M Tris-HCl, and 

protease inhibitor cocktail 10 μl/ml (Calbiochem, Darmstadt, Germany); pH 6.8) with 

a Heidolph DIAX 600 homogenizer (Heidolph, Schwabach, Germany) or a manual 

homogenizer (glass to glass). Retinal explant cultures, both treated and untreated with 

TSA, from wt and rd1 mice were homogenized using the same process. Bradford 

assay was used to measure protein concentration. Proteins were then separated by 

SDS-PAGE 4–12% gradient gel (at 55 V), and transferred to a PVDF membrane 

(Amersham Biosciences, Buckinghamshire, UK). Membranes were incubated in Roti 

block (Roth, Karlsruhe, Germany) blocking buffer for 3 h at RT. After washing, 

primary Abs (acetylated lysine; acetylated H2A, H2B, H3, H4; actin) were added at a 

dilution of 1 : 1000 in buffer containing TBS-T and 5% dried milk (Roth), and 

incubated overnight at 4 °C. Primary Abs were purchased from Cell Signaling, except 

for actin Ab which was from Chemicon (Schwalbach, Germany). After washing, the 

membranes were treated with buffer containing HRP-conjugated secondary Ab 

(Amersham Biosciences) overnight at 4 °C. The membranes were developed using 

Hyperfilm (Amersham Biosciences) detection system. Quantification was performed 

after film scanning using ImageJ (NIH). 

Microscopy, cell counting, and statistics 

Morphological observations and routine light microscopy were performed on a Zeiss 

Imager Z1 Apotome Microscope, equipped with a Zeiss Axiocam digital camera. 

Images were captured using Zeiss Axiovision 4.7 software; image overlays and 

contrast enhancement were performed using Adobe Photoshop CS3. Images shown in 

figures are representative for least three different animals for each 

genotype/treatment. Percentages of TUNEL-positive cells were assessed and 

calculated in a blinded manner as reported previously (Paquet-Durand et al., 2009, 
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Paquet-Durand et al., 2007). The mean value for photoreceptor rows in the ONL after 

in vitro culture was determined using DAPI nuclear counterstaining. Values are given 

as mean ± S.E.M. Statistical significance was tested using one-way ANOVA with 

Bonferroni correction and Prism (GraphPad Software, San Diego, CA, USA), 

significance levels were P<0.05 (*), P<0.01 (**), and P<0.001 (***). 

 

Results 
 

Expression of HDACs in wt and rd1 retina 

Microarray analysis of the expression of 13 different HDAC genes did not identify 

any significant differences between wild type (wt) and rd1 (Figure 4.2.1 A). 

Immunohistology revealed that HDACs representing all three major classes were 

present in wt and rd1 retina at post-natal day (P) 11. Both class I HDAC2 (Figure 

4.2.1 A and D) and class II 

HDAC5 (Figure 4.2.1 B and E) 

were prominently expressed in 

nuclei of the outer nuclear layer 

(ONL), inner nuclear layer (INL), 

and ganglion cell layer. In contrast, 

class III HDAC Sirt2 (Figure 4.2.1 

C and F) was expressed 

predominantly in non-nuclear 

structures including photoreceptor 

segments, neuritic processes in the 

ONL, and different INL cells. No 

obvious differences in expression 

or localization between wt and rd1 

at P11 were detected for any of the 

HDACs. 

Figure 4.2.1. Micro-array analysis and immunodetection of different HDAC isoforms in wt 

and rd1 retinae at P11 in vivo. mRNA expression for 14 different HDAC isoforms pertaining 

to all 4 HDAC classes was assessed using micro-array analysis. For all studied HDAC 

isoforms, the ratio of mRNA expression wt/rd1 was not significantly different from 1, 

indicating that expression was not changed. Values are mean ± SEM from five independent 

hybridization experiments, each containing retinae from four male wt and four rd1 animals. 

Immunostaining was performed for 3 different HDAC isoforms representing HDAC classes I-

III HDAC2 (B, E) and HDAC5 (C, F) were expressed in nuclei of ONL, INL, and GCL, 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig1/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig1/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig1/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig1/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig1/
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while Sirt2 (D, G) was expressed in photoreceptor segments, neuritic processes in the ONL 

and different INL cell types. No obvious differences between wt (B-D) and rd1 (E-G) were 

found. Scale bar: 50 µm. 

 

rd1 photoreceptor nuclei show hypoacetylation 

Acetylation of lysine residues was studied in wt and rd1 retinae using acetylation-

specific antibodies (Abs). In the ONL of wt mice at P11, an Ab detecting general 

acetylation of lysine residues showed homogeneous staining of the photoreceptor 

population (Figure 4.2.2 A - C). In contrast, the P11 rd1 ONL presented staining 

‘gaps' that contained unlabeled photoreceptor nuclei (Figure 4.2.2 D - F). Such lack of 

staining encompassed decreased histone acetylation, as confirmed by several Abs 

directed against specific acetylated histones (Figure 4.2.3). No obvious signs for 

hypoacetylation for any of the Abs used were found in the inner retina of neither wt 

nor rd1. Western blot (WB) of P11 in vivo retinae with the acetyl-lysine Ab (Figure 

4.2.2 G) mainly revealed bands between 12 and 17 kDa that corresponded to the 

reported molecular weights of different histones and showed numerically decreased 

acetylation levels in the rd1 retina (wt: 100 % rd1: 89.8 % ± 40, n = 3). 

 

          

Figure 4.2.2. Decreased acetylation in rd1 photoreceptors in vivo. At P11 

immunofluorescence for acetylated lysine residues (green) on wt (a) and rd1 (d) retinae 

revealed a number of DAPI-stained rd1 photoreceptor nuclei (b, e; blue) with very low levels 

of protein acetylation. (Merged pictures in c, f, arrowheads indicate nuclei showing low 

acetylation levels.) WB with the same Ab mainly labeled bands corresponding to the 

molecular weight of histones (g). Scale bar: 20 μm. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig2/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig2/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig2/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig2/
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Figure 4.2.3. Histone acetylation patterns in wt and rd1 retina. Antibodies against the 

acetylated forms of four major histones (H2A, H2B, H3, and H4) showed strong 

immunoreactivity (green) in wt photoreceptor nuclei. Similar staining was observed in rd1 

retina, however, a number of photoreceptor nuclei were not stained for acetylated histones 

(arrowheads), suggesting an imbalance in acetylation/deacetylation in these cases. DAPI 

(blue) was used as nuclear counterstain; pictures shown are representative for images 

obtained from retinae from at least 3 different animals for each genotype; scale bar=20 µm. 

 

HDAC activity is increased in rd1 photoreceptors 

To investigate whether the decreased rd1 photoreceptor acetylation was related to 

increased activity of HDACs, we adapted a technique originally intended to measure 

tissue homogenates (Wood et al., 2004) for the use on retinal tissue sections. 

Whole fixed retinal cryosections revealed deacetylation activity. By specifically 

blocking either HDACs I/II with TSA or HDAC III with NAM, we were able to 

distinguish the relative contributions of different classes of HDACs to the total 

activity, and to follow their kinetics with different substrate concentrations. As proof 

of principle for the HDAC assay, we determined the Km values for total HDAC 

activity on retinae of rd1 and wt mice (Figure 4.2.4). The Km value for the 

fluorogenic substrate of 83 μM at 500 μM NAD+ is in good agreement with previous 

reports (Fan et al., 2009). When studied with cellular resolution, both wt and rd1 

tissue displayed HDAC activity in photoreceptor segments. All nuclear layers of wt 

retina were essentially devoid of visible activity (Figure 4.2.5 A). In contrast, the rd1 

ONL carried a subset of cells, displaying typical nuclear morphology of 

photoreceptors, with highly elevated HDAC activity (Figure 4.2.5 B). Inhibition of 

either class I/II HDACs (Figure 4.2.5 C) or HDAC III (Figure 4.2.5 D) suggested that 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig3/
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most of the excessive HDAC activity in rd1 photoreceptor originated from HDAC 

I/II. Together, these results implied that rd1 photoreceptor hypoacetylation was due to 

an excessive activation of HDACs, and most likely HDAC I/II. 

 

 

Figure 4.2.4. HDAC activity in the retina in vivo. HDAC activity reaction rates were 

measured on rd1 retinal tissue sections in the presence/absence of inhibitors specific to 

different HDAC classes. (TSA for HDAC class I/II; NAM for HDAC class III). The strong 

inhibition demonstrated by TSA suggested that measured activity was predominantly caused 

by HDACs I/II (A). Relative contributions of different HDACs to the general activity are 

shown in (B). Note that the assay has an auto-deacetylase activity of approx. 10% that could 

not be inhibited by NAM and TSA. Reaction rates with different substrate concentrations are 

shown in (C). To confirm that the observed signals were indeed caused by enzymatic activity, 

the dependency of reaction rate on substrate concentration was plotted and fitted to the 

Michaelis-Menten equation (D). Auto-fluorescence (t=0) was subtracted for all time points, 

n=4; lines in A, C indicate calculated regression for the linear reaction phase. 
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Figure 4.2.5. HDAC activity in the retina in vivo. HDAC activity was detected in situ in 

particular in the segment layers of both wt (a) and rd1 (b) retina. In contrast to wt, rd1 retina 

displayed a subset of ONL cells with strongly increased HDAC activity. Activity of HDAC 

I/II (c) was studied by inhibition of HDAC III with NAM. Conversely, sirtuin activity (d) was 

assessed by inhibiting HDACs I/II with TSA. Combined inhibition with TSA and NAM was 

used as negative control (e). Scale bar: 50 μm 
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Figure 4.2.6. Protein acetylation and temporal progression of HDAC activity and cell death 

in vivo. At P11, immunostaining for acetylated lysine residues (a, green) in rd1 ONL showed 

characteristic “gaps”, which were partly filled by TUNEL staining (red) for dying cells (b) 

(merged in c), suggesting hypoacetylation to contribute to photoreceptor cell death. 

Conversely, the HDAC activity assay (d, f) colocalized in part with TUNEL staining at P11 

(e) in the rd1 ONL (merged in f). Scale bar: 20μM. The graph in g shows the temporal 

progression of HDAC activity (blue line) in wt and rd1 ONL during the second postnatal 

week, and relates it to the time-course for TUNEL-positive cells (red). Note that the peak of 

HDAC activity markedly precedes the peak of TUNEL. n >3 for each time point and 

genotype, data for TUNEL assay were previously published in Paquet-Durand et al., 2007 and 

are shown here for reference purposes only. 

 

HDAC activity and cell death 

To test whether the high HDAC activity observed in rd1 photoreceptors was related to 

their degeneration, staining for acetylated lysine was combined with the TUNEL 

assay for dying cells. Most of the cells lacking acetylation (94.3 % ± 7.3 S.E.M., n = 

3) were also TUNEL positive (Figure 4.2.6 A - C). In another co-labeling experiment, 

rd1 HDAC activity colocalized only partially (32.5 % ± 6.7 S.E.M., n = 3) with 

TUNEL-positive cells (Figure 4.2.6 D - F) implying that the activity generally 

preceded the final stages of cell death. To confirm this hypothesis, we assessed the 

number of HDAC activity positive cells in the ONL of wt and rd1 retinas at various 

time points during the second post-natal week (i.e., during onset and peak of rd1 

degeneration). The analysis of the temporal progression of HDAC activity showed a 

marked increase in the number of HDAC activity positive cells at P9, with a peak in 

activity already at P11 (Figure 4.2.6 G). Comparison with previously published data 

on cell death (TUNEL assay) and PARP activity (Paquet-Durand et al., 2007) 

indicated that the peak in HDAC activity preceded the peak of the degeneration by ~2 

days. Overall, this suggested that an acetylation/deacetylation imbalance might have 

an important role in rd1 photoreceptor degeneration. 

 

HDAC I/II inhibitors protect rd1 photoreceptors 

We then exposed retinal explants in a short-term culture paradigm (until P11) to 

inhibitors specific for the three main classes of HDACs and evaluated the outcome on 

photoreceptor viability using the TUNEL assay. 

The HDAC I/II inhibitor TSA (1 μM) did not affect the number of TUNEL-positive 

cells in the ONL of P11 wt retinal cultures (TSA: 1.6 ± 0.2 %, n = 6 retinal cultures 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig4/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig4/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig4/
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from six different animals versus vehicle controls: 1.7 ± 0.2 %, n = 9; Figure 4.2.10 A 

and B). In the rd1 retina, however, 1 μM TSA significantly decreased the rate of cell 

death (TSA: 2.2 ± 0.4 %, n = 12 versus vehicle: 3.5 ± 0.2 %, n = 27, P < 0.001; 

Figure 5c, d; quantification in panel e). A second HDAC I/II inhibitor, Scriptaid (6

μM), also conferred a significant neuroprotective effect to rd1 photoreceptors 

(Scriptaid: 2.6 ± 0.1 %, n = 6, versus vehicle: 3.5 ± 0.2 %, n = 27, P < 0.05). The 

HDAC III inhibitor NAM (200 μM and 1 mM) had no measurable effect on 

photoreceptor viability (NAM 200 μM: 3.9 ± 0.2 %, n = 5 versus vehicle: 3.5 ± 0.2 %, 

n = 27; Figure 4.2.7 E). Neither of the above treatments affected the number of 

photoreceptor rows (quantification in Figure 4.2.7 E). Successful in vitro HDAC 

inhibition by TSA was confirmed using both a tissue-based analysis (WB for 

acetylated lysine; Figure 4.2.7 F) and an in situ approach (HDAC activity; Figure 

4.2.8). 

 

        

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3032332/figure/fig5/
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Figure 4.2.7. HDAC inhibition reduces photoreceptor cell death in vitro. Short-term retinal 

explant cultures from rd1 and wt animals were exposed to control conditions or 1 μM TSA 

from P7 to P11 (a-d). In untreated specimens (a, c), TUNEL assay (green) showed the 

characteristic increase of dying cells in rd1 ONL compared with wt. TSA treatment (b, d) 

reduced the number of degenerating photoreceptors in rd1, but did not alter viability of wt. 

The bar graph (e) summarizes effects of TSA, 6 μM Scriptaid, and 200 μM NAM on 

photoreceptor viability. HDAC I/II inhibitors, TSA and Scriptaid, significantly reduced the 

amount of dying cells, whereas HDAC III inhibitor NAM had no effect on cell survival. 

Immunoblotting for acetylated lysine residues (f) showed an increase in protein acetylation 

after TSA treatment in both wt and rd1 retinae. Long-term cultures of rd1 retinae (until P28; 

g, h) treated with TSA showed a marked increase in the number of rhodopsin-positive cell 

bodies and overall size of their ONL when compared with untreated situation (quantification 

in i). DAPI (blue) was used as nuclear counterstain; actin immunoblotting was used as 

loading control in f; n > 6, Scale bars in d and h are 50 and 20 μM respectively. 

 

                         

Figure 4.2.8. TSA treatment reduces HDAC activity in rd1 photoreceptors. After short-term 

culture with/without 1 µM TSA an HDAC activity assay was performed. While HDAC 

activity positive nuclei are present in untreated rd1 ONL (A), they are undetectable in TSA 

treated specimens (B). Pictures shown are representative for images obtained from retinae 

from at least 3 different animals; scale bar=50 µm.  

 

Although we did not observe any negative properties of TSA in our cultures, a 

previous study on acute wt retinal explants showed proapoptotic effects of TSA at 

early developmental stages (Wallace et al., 2006). To address the possibility of a 

transient TSA effect on retinal cell viability, we treated P5 rd1 retinal explants with 1

μM TSA for 24 h, but this did not affect the percentage of TUNEL-positive cells in 

the P6 in vitro retina (TSA: 1.7 ± 0.2 %, vehicle: 1.5 ± 0.3 % n = 3; Supplementary 

Figure 4). Furthermore, when extending the culture period for another 5 days without 

TSA (P5 + 1 + 5 = P11), to match with the end point used in our previous 

experiments, the treated rd1 retina again showed a markedly reduced number of 

TUNEL-positive cells (TSA: 1.0 ± 0.2 % vehicle: 3.8 ± 0.5 %, n = 3, P < 0.05). At the 

same time, the number of photoreceptor rows was not significantly affected by the 

treatment (TSA: 7.1 ± 0.2, vehicle: 7.5 ± 0.1; n = 3). 
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Figure 4.2.9. TSA treatment reduces 

cell death in rd1 photoreceptors. In rd1 

retinal cultures acutely treated with 

TSA from P5 to P6, control (DMSO; 

A) and TSA treated (B) specimens 

exhibit similar numbers of dying, 

TUNEL positive cells in the 

neuroblastic layer (NBL). However, 

when the culture period is prolonged 

for another 5 days beyond the TSA 

treatment (C, D), the number of dying 

cells in the ONL is markedly reduced in 

treated specimens (D; for quantification 

see main text). Pictures shown are 

representative for images obtained from 

retinae from at least 6 different 

animals; scale bar=50 µM. 

 

 

paradigms would translate into improved long-term survival of photoreceptors, in 

vitro treatment was prolonged until P28. TSA treatment almost doubled the number of 

surviving rd1 photoreceptor rows (TSA: 4.1 ± 0.3; vehicle: 2.1 ± 0.2, n = 6, P < 

0.001; Figure 4.2.7 I). 

 

 

Figure 4.2.10. Rhodopsin expression in 

wt and rd1 retina in vivo and in vitro. 

In wt retina at P11 in vivo rhodopsin 

immunofluorescent staining is 

restricted to the outer segments of 

photoreceptors. In rd1 retina, rhodopsin 

expression is also observed throughout 

the cytoplasm of photoreceptors. At 

P11 in vitro, expression of rhodopsin is 

observed in the cytoplasm of both wt 

and rd1 photoreceptors. 

Immunofluorescent signal in the inner 

retina refers to unspecific mouse IGG 

staining; pictures shown are 

representative for images obtained from 

retinae from at least 3 different 

animals; Scale bar=50 µM. 
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Expression of rhodopsin was then analyzed as an indication of rod photoreceptor 

identity. In wt retina, in vivo rhodopsin expression is restricted to the outer segments 

of rod photoreceptors, whereas in rd1 retina, where outer segments do not develop 

properly, it is partly mislocalized and also observed throughout the cytoplasm of 

photoreceptors (Bowes et al., 1988). This phenomenon intensifies under in vitro 

conditions where rhodopsin mislocalization is observed in both wt and rd1 

photoreceptors (Figure 4.2.10). In long-term TSA-treated explants, rhodopsin 

expression was found in most of the surviving rd1 photoreceptors, whereas in the 

untreated situation most remaining ONL cells were rhodopsin negative and most 

likely predominantly cones (Figure 4.2.7 G and H). Significantly, rhodopsin-positive 

photoreceptor outer segments were observed in TSA-treated specimens, when at the 

same time in the untreated situation, outer segments were completely absent. This 

supported the idea that TSA indeed upheld survival of rod photoreceptors and 

promoted growth of rd1 outer segments. 

All in all, TSA treatment in both short- and long-term retinal culture demonstrated a 

strong prosurvival effect, whereas NAM had no such protective effects. The 

experiments therefore suggested a major contribution of HDAC I/II, but not III, to 

mutation-induced rd1 photoreceptor death. 

 

HDAC I/II regulate PARP activity 

As we had previously found PARP activity to be involved in rd1 photoreceptor cell 

death (Paquet-Durand et al., 2007), we wanted to investigate a possible interaction 

between HDACs and PARP. When immunostainings for acetylated lysines and for 

poly-ADP-ribose (PAR) – the product of PARP activity – were combined, the merged 

images revealed PAR-positive photoreceptor nuclei exclusively in cases where 

acetylation was absent (Figure 4.2.11 A - D). Together with the data on the 

progression of HDAC activity (Figure 4.2.7 G), this suggested that hypoacetylation 

and hence HDAC activity was preceding PARP activity.  

We then tested whether HDAC I/II inhibition by TSA indirectly also affected PARP 

activity. With respect to PAR immunostaining, there was a moderate amount of 

positive photoreceptor nuclei in wt retinal explant cultures at P11 (wt vehicle: 0.25 % 

± 0.1, n = 3), and a comparatively much higher number in rd1 explants (rd1 vehicle: 
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0.9 % ± 0.1; Figure 4.2.11 E and G). The presence of PAR-positive photoreceptors in 

wt explants is likely due to the stress that these undergo during culture. In both wt and 

rd1 explants, the number of PAR-positive cells was reduced by TSA treatment, and 

this reduction was statistically significant in the rd1 situation (rd1 TSA: 0.3 % ± 0.2, 

n = 3, P < 0.05; Figure 4.2.11 F and H). These results supported the notion that 

activation of PARP in rd1 photoreceptors occurred downstream of HDAC I/II 

activity. 

 

 

Figure 4.2.8.  HDAC and PARP activities are connected. In rd1 P11 in vivo specimens, a 

subset of ONL nuclei showed unusual chromatin condensation as evidenced by DAPI nuclear 

counterstain (a, blue). In most of these cells a strong accumulation of poly-ADP-ribose (PAR) 

(b, red) colocalized with hypoacetylation (c, green; merged in d; white arrowheads), 

suggesting a functional connection between acetylation and PARP activity. In short-term 

retinal explant cultures at P11, photoreceptors showing PAR accumulation were observed in 

untreated wt (e) and rd1 retina (g), their number being much higher in the latter case. This 

number was strongly reduced by TSA treatment in both wt (f) and rd1 retina (h; 

quantification in i), implying that activation of PARP occurred downstream of HDAC I/II 

activity. n=3; Scale bar in d, h=20 μM. Some of the PAR immunostaining between ONL and 

INL relates to IGG staining in blood vessels 
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Discussion 

 
The activity of HDACs has previously been connected to a variety of different 

cellular processes, notably regulation of gene expression, cytoskeletal rearrangements, 

division, and differentiation (Haberland et al., 2009). Here, we show that HDAC 

activity was causally related to inherited photoreceptor cell death in the rd1 mouse 

and that this detrimental effect was tied to HDACs I/II. HDACs III did not seem to be 

involved in the degeneration, which corresponds to observations on weakened HDAC 

III action in degenerating retina (Jaliffa et al., 2009). The strong neuroprotection 

afforded by HDAC I/II inhibitors in both short- and long-term retinal explant cultures 

proposes them as novel lead compounds to prevent or delay retinal 

neurodegeneration. 

 

HDAC and gene regulation 

Given the extensive effects of acetylation/deacetylation on gene regulation, the 

observed HDAC hyperactivation would likely result in significantly altered rd1 gene 

transcription, which matches with previous microarray data (Azadi et al., 2006, 

Hackam et al., 2004, Rohrer et al., 2004). On the other hand, we can at present not 

exclude the possibility that the observed histone deacetylation was due in part also to 

a decreased activity of HATs. Our observations that rd1 gene alterations include 

downregulation of the transcription factor CREB (Azadi et al., 2006, Paquet-Durand 

et al., 2006, Pilz and Broderick, 2005) is of particular interest here, as CREB not only 

appears to confer neuroprotection (Azadi et al., 2006, Paquet-Durand et al., 2006, Pilz 

and Broderick, 2005) but also has several links to cellular acetylation events. For 

example, different HDAC I/II isoforms can recruit protein phosphatase-1 to 

dephosphorylate and inactivate CREB (Gao et al., 2009), which might be related to its 

downregulation in the rd1 retina. Moreover, CREB target gene transcription is 

facilitated by its co-factor CREB-binding protein (CBP), which has HAT activity 

(Kalkhoven, 2004), and therefore connects CREB activation with histone acetylation. 

Accordingly, some of the effects on neuronal gene regulation seen when acetylation is 

increased by HDAC inhibition may be routed through enhanced activity of CREB and 

CBP (Vecsey et al., 2007). The expression of opsin and other photoreceptor genes is 

controlled by the photoreceptor-specific transcription factor cone-rod-homeobox 

(CRX) (Hennig et al., 2008). In conjunction with histone acetylation and CBP, CRX 
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drives expression of these critical photoreceptor genes in Y79 retinoblastoma cells 

and in the mouse retina (Palhan et al., 2005, Peng and Chen, 2007). 

 

Cross-talk between HDAC and PARP activity 

PARP activity is involved in DNA damage repair and hence often seen as a benign 

factor, although excessive PARP activity may compromise cellular viability 

(Schreiber et al., 2006). Increased PARP activity, as seen in rd1 photoreceptors 

(Paquet-Durand et al., 2007), consumes NAD+ and generates NAM, which in turn 

negatively regulates HDAC III activity and thereby favors acetylation of its target 

proteins (Kruszewski and Szumiel, 2005). As HDAC III-dependent deacetylation of 

the automodification domain of PARP blocks its activity (Rajamohan et al., 2009), 

low NAD+ levels could trigger a positive feedback loop accounting for both the high 

PARP activity and the low HDAC III activity observed in rd1 photoreceptors. Yet 

other reports demonstrate that acetylation by p300/CBP promotes the ability of 

PARP-1 to act as a co-activator in transcription (Hassa et al., 2005), whereas 

acetylation by histone acetyltransferases PCAF and GCN5L reduces PARP-2 catalytic 

activity (Haenni et al., 2008, Hassa et al., 2005). The findings highlight a possibility 

for hyperactive HDAC I/II to intervene with various PARP types, perhaps causing 

abnormal stimulation of these enzymes. In such a scheme, HDAC I/II activity would 

be upstream of PARP activation in rd1 photoreceptor degeneration, which is in accord 

with our results, where TSA treatment reduced accumulation of PAR. In addition, 

PARP activity accompanies the event of dying, TUNEL-positive photoreceptors and 

colocalizes to a large extent with them (Paquet-Durand et al., 2007), whereas in this 

study, TUNEL colocalization with HDAC activity was only minor. This again implies 

that HDAC activity was upstream of PARP activation. 

 

HDAC activity in cell death and survival 

Experimental evidence suggests that both overactivation of HDACs I/II or their 

inhibition promotes cell death (Haberland et al., 2009). Similarly, HDAC III activity 

can have both pro- and antiapoptotic effects depending on cell type and proliferation 

state (Gan and Mucke, 2008), and the right balance between the activities of different 

HDAC classes therefore seems to be crucial for maintaining cellular viability 

(Haberland et al., 2009). In addition, individual members of each HDAC class could 



 77 

have distinct cell type-specific roles (Chen and Cepko, 2009), perhaps related to their 

expression levels, which may in part explain the opposing effects of HDAC inhibitors 

observed in different neurodegeneration paradigms (Morrison et al., 2007). The 

protective effects of TSA and Scriptaid comply with a number of studies on post-

mitotic neurons, where HDAC inhibitors also conferred neuroprotection (Bolger and 

Yao, 2005, Leng et al., 2008, Morrison et al., 2007), possibly in part due to the 

prevention of oxidative stress (Ryu et al., 2003) and reactivation of CREB signaling 

(Biermann et al., 2010, Rouaux et al., 2007). Furthermore, it is conceivable that in the 

rd1 situation HDAC inhibition may induce expression or increase the stability of 

neuroprotective genes and proteins that are not directly related to the pathological 

mechanism. In this context, the chaperone HSP90, which is a target for HDAC-

dependent deacetylation, appears to have a prominent role in neurodegeneration. 

Acetylation at its K294 residue inhibits HSP90 (Scroggins et al., 2007) and hence 

HDAC inhibitors indirectly also block HSP90 activity (Kekatpure et al., 2009). 

Interestingly, HSP90 inhibition induces an upregulation of the neuroprotective 

chaperone HSP70 and strongly increases neuronal survival (Shen et al., 2005, Wen et 

al., 2008). Our finding that decreased histone acetylation combines with increased 

HDAC activity corresponds to very similar observations made in motorneurons in a 

mouse model for amyotrophic lateral sclerosis, where HDAC inhibition also resulted 

in neuroprotection (Rouaux et al., 2007). In the in vivo retina, HDAC inhibition has 

been shown to promote survival of ganglion cells after optic nerve crush (Biermann et 

al., 2010). 

 

Conclusion 
 

The mechanisms governing inherited photoreceptor cell death have remained elusive 

to date (Sancho-Pelluz et al., 2008). Our discovery that HDAC activity was involved 

in photoreceptor degeneration may thus help to close a major gap of knowledge 

between the immediate effects of a single gene mutation (Bowes et al., 1990) and the 

observed massive changes at the transcriptional level (Azadi et al., 2006). Moreover, 

increased HDAC activity appeared to be responsible for an activation of PARP in 

degenerating rd1 photoreceptors. The exact interplay between PARP and HDAC 

activity warrants further studies, as it may potentially explain crucial events in the 

pathological process. This study not only brings up HDAC activity as a ‘missing link,' 
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uniting several other findings on the mechanisms of photoreceptor cell death, but also 

highlights HDACs as novel targets for the development of neuroprotective therapies 

aimed to halt or delay inherited retinal degeneration in humans. 
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Rationale 

It has been reported that different processes affecting gene expression by modification 

of the histone-tails (performed by histone deacetylases, HDACs, and poly-ADP ribose 

polymerase, PARP) are increased in the retina of the Retinitis pigmentosa mouse 

model rd1 and blockade of their respective pathways results in neuroprotection 

(Paquet-Durand et al., 2007, Sancho-Pelluz et al., 2010). For a more complete picture, 

and to open up for yet other therapeutical strategies, the following investigation was 

focused on the analysis of another epigenetic event, and in this case one that affects 

exclusively the DNA, namely methylation of cytosines. 

 

Introduction 

 
Retinitis pigmentosa (RP) refers to a heterogeneous group of inherited retinal 

degenerations that provoke progressive and irreversible loss of photoreceptors, and 

hence severe vision loss. The early onset of the disease and its prevalence (around 
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1:4000) makes RP the leading cause of inherited blindness amongst young people 

(Hartong et al., 2006). Currently, about 43 genes and 160 mutations have been linked 

to RP (https://sph.uth.tmc.edu/retnet/), but the mechanisms that lead from the 

mutations to the photoreceptor death are still unresolved, and there is unfortunately 

also no treatment available. Much would thus be gained if our knowledge of the 

pathological processes behind this group of diseases could be increased.  

Modulation of gene expression is a regular outcome during disease conditions, 

probably as a consequence of both pro-survival responses and induction of cell death 

pathways. In an earlier microarray study, the gene expression profile of retinae from 

the rd1 mouse, a well-studied animal model for RP, was compared with that of 

congenic wild-type (wt) retinae at post-natal day (PN) 11, i.e. a time point when the 

photoreceptor degeneration is well under way (Azadi et al., 2006). The study revealed 

up-regulation of 978 genes, whereas 214 were down-regulated, thus underlining how 

a disease state can profoundly affect a tissue. Modification of the gene expression 

may be accomplished through, for instance, epigenetic events, which could be defined 

as inheritable modifications of the gene expression not primarily due to changes in the 

DNA sequence (Li, 2002). In this regard, modification of histone tails, the chromatin-

associated proteins around which the DNA is tightly wrapped, can compact or relax 

the structure of the chromatin, repressing or promoting the gene expression, 

respectively (Munshi et al., 2009). Accordingly, Sancho-Pelluz et al. (Sancho-Pelluz 

et al., 2010) proved that histone deacetylases (HDACs) class I and II, which among 

other things are involved in epigenetic modification of gene expression, are over-

activated in the rd1 mouse photoreceptors at PN11. Such an event is likely to induce 

compaction of the chromatin and may hence have contributed to the observed gene 

expression changes of the rd1 retina at this time-point.  

A different way for epigenetic control of the gene expression is through biochemical 

modification of the cytosines in the DNA molecule. Methylation of DNA consists of 

the covalent addition of a methyl group on the carbon 5 of cytosines, that are followed 

by guanosine (CpG dinucleotides) and is carried out by various DNA methyl 

transferases (DNMTs) (Goll and Bestor, 2005). They are three catalitically active 

enzymes (DNMT1, 3A and B (Kinney and Pradhan, 2011)), a trascriptional repressor 

devoid of methyltransferase activities called DNMT3L (Aapola et al., 2002) and 

DNMT2, which unlike the other members, seems to be involved in the methylation of 
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the tRNA (Goll et al., 2006). The methylation occurs mainly in the promoters of the 

genes, but can also be seen in intergenic non-coding regions and within genes (Jones, 

2012). Methylation of the cytosines is generally associated with the repression of the 

transcription (Jones and Liang, 2009) and may therefore have physiological as well as 

pathological impacts due to the silencing of imprinted genes. It is hence possible that 

the photoreceptor degeneration due to RP encompasses alterations not only in 

acetylation status but also in DNA methylation.  

In light of the above we have here used several techniques to investigate the possible 

involvement of DNA methylation in the photoreceptor degeneration seen in RP 

models. The investigations have emphasised the rd1 mouse, which carries a mutation 

in the β subunit of the rod specific phosphodiesterase 6 gene (PDE6β) (Keeler, 1966). 

To cover a wider range of RP subtypes we have in addition studied three other rodent 

mutants: The rd2 mouse, that carries a mutation in the peripherin-2 gene (Travis et al., 

1991), and the S334ter and P23H transgenic rats, which both carry mutations in the 

rhodopsin gene, but which display different pathological characteristics (Shinde et al., 

2012, Oh et al., 2003, Dryja et al., 1990). All of the four models represent mutations 

that are similar to the ones found in certain cohorts of patients (Bayés et al., 1995, 

Boon et al., 2008, Kaur et al., 2011). 

Our data show an increase in the methylation of the DNA of dying photoreceptors in 

all analysed animal models for RP, including from two different species. Furthermore, 

pharmacological inhibition of DNMTs affects the photoreceptor cell death. This fact 

suggests methylation of the DNA as a common step in the photoreceptor degeneration 

pathway by different genetic mutations. 

 

Material and methods 

Animals 

Animals used included C3H rd1/rd1 (rd1), C3H rd2/rd2 (rd2) and control C3H wild-

type (wt) mice (Sanyal and Bal, 1973), all kept in colonies in Lund or, in the case for 

the mRNA measurements, in Münich. Homozygous P23H and S334ter rhodopsin 

transgenic rats were originally produced by Chrysalis DNX Transgenic Sciences, 

Princeton, NJ) of the line Tg(P23H)1Lav and Tg(S334ter)3Lav (P23H and S334ter-

3), and were kindly provided by Dr. M. M. LaVail (University of California, San 
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Francisco, CA) and bred in the Tübingen laboratory animal housing facility. 

Heterozygous P23H and S334ter rats were obtained by crossing with wild-type, CD 

rats (CD® IGS Rat; Charles River, Germany) to reflect the genetic background of 

adRP. CD rats were used as controls. All procedures were performed in accordance 

with either the Swedish (rd1 and rd2, wt mice; permits # M242/07, M220/09, 

M172/12) and German (S334ter, P23H and CD rats, Anzeige/Mitteilung nach § 4 vom 

28.04.08 and 29.04.10) animal care committees. Efforts were made to keep the 

number of animals used and their suffering to a minimum and the experiments 

followed the ARVO statement for the use of animals in ophthalmic and visual 

research. Animals were kept in the animal house under standard white cyclic lighting, 

with ad libitum access to food and water, and were used irrespective of gender. 

Loss of retinal tissue due to the degeneration could introduce a bias in the analyses 

and comparisons between rd1 and wt retinae were therefore typically performed at 

postnatal day (PN) 11 (although other time-points were included in some 

experiments). At PN11 degenerating photoreceptors are numerous in the rd1 retina, 

but their loss has not yet resulted in any readily measurable thinning of the 

photoreceptor layer (Hauck et al., 2006, Sancho-Pelluz et al., 2008). For the other 

models we chose time-points that would, respectively, act toward the same purpose, 

i.e. for rd2 mice PN19, for Rho P23H rats PN15 and for Rho S334ter rats PN12. 

 

Organotypic retinal explant culture 

Tissue was obtained from, PN5 rd1 animals were killed by decapitation, and retinae 

were cultured as previously described (Caffé et al., 2002). In detail, immediately after 

killing of the animals the eyes were enucleated. To allow preparation of retinal 

explants for culturing with the retinal pigment epithelium (RPE) still attached, the 

eyes were incubated in R16 serum-free culture medium (Invitrogen Life 

Technologies, Paisley, UK; 07490743A), that contained 0.12 % proteinase K (MP 

Biomedicals, Solon, OH, USA; 193504), at 37 ºC for 15 min. The proteinase K was 

then inactivated with R16 medium containing 10 % fetal calf serum (Invitrogen Life 

Technologies; PET10108165), after which the eyes were dissected aseptically in a 

Petri dish with R16 medium. The retina and RPE were isolated and subsequently 

transferred to a Millicell culture dish filter insert (Millipore AB, Solna, Sweden; 

PIHA03050), with the RPE layer facing the culturing membrane and incubated in R16 
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nutrient medium at 37 ºC. The full volume of nutrient medium, was replaced every 

second day (with the exception of the one day treatment experiments below) during 

the culturing period. 

PN5 explants were allowed to adjust to culture conditions for 2 days in vitro (DIV). 

After that, cultures were treated with 5-aza-2’deoxycitydine (decitabine, Sigma, 

A3656) every second day for four days reaching the equivalent to PN11 (short term: 

PN5 + 2 DIV + 4 DIV) or to PN19 (long term: PN5 + 2 DIV + 12 DIV). The cultures 

assigned for treatment were given 0.5, 1.25, 2.5, 5 and 10 μM of decitabine. 

Quantification of TUNEL positive cells and the counting of the rows of surviving 

photoreceptors represented the readout for short and long-term cultures respectively. 

All treatment experiments were done in a paired fashion, and the treated and untreated 

samples from one and the same animal were subsequently processed together. This 

meant, for instance, that treated and untreated samples of one and the same pair could 

readily be stained under the exact same, and hence comparable, conditions.  

 

Fixation, sectioning and microscopy 

Mouse and rat eyes and cultured retinas were enucleated, fixed in 4 % PFA in PBS for 

2 h and 1h in 4°C respectively. Eyes cryoprotected in Sorensen’s sucrose buffer and 

processed to 12 µm cryosections. 

Routine morphological observations were performed on a Zeiss Axiophot (Jena, 

Germany) microscope equipped with a Zeiss Axiocam digital camera. Fluorescence 

excitation was provided by a HBO 100W halogen lamp. Images were taken by mean 

of Zeiss Axiovision 4.2 software; images elaboration and overlays were performed 

utilizing Adobe Photoshop CS (San Jose, California, USA). 

 

Terminal dUTP nick-end labelling (TUNEL) 

TUNEL staining on fixed preparations was performed using an in situ cell death 

detection kit (Roche, Mannheim, Germany) conjugated with TMR red. Controls with 

this kit and similar preparations have been performed by omitting the terminal 

deoxynucleotidyl transferase enzyme from the labelling solution (negative control), 

and by pretreating the sections for 30 min with DNAse I (Roche, 3U/ml) in 50 mM 
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Tris-HCl, pH 7.5, 1 mg/ml BSA to induce DNA strand breaks (positive control) 

(Paquet-Durand et al., 2007). 

 

Histological staining / Immunofluorescence 

PFA fixed sections were stained for general histological light microscopic analysis 

with hematoxylin-eosin (HE) according to standard protocols, or underwent 

immunostaining. For the latter, the sections were washed 3 x 5 minutes each in PBS 

containing 0.25 % Triton X100 (PTX) plus 1 % BSA. Blocking solution containing 

PTX and 5 % normal serum from the host animal, from which the secondary antibody 

was obtained, was applied for 45 minutes. Primary antibodies (see Table I) were 

diluted in PBS with 1 % BSA and 0.25 % Triton X100, and applied overnight at 4° C. 

Sections were then washed 3 x 5 min each in PTX and incubated with appropriate 

secondary antibodies diluted in PTX (see Table I) for 45 minutes. After 3 more 

washing steps in PBS, the sections were mounted with Vectashield DAPI (Vector, 

Burlingame, CA, USA). Controls consisted of sections processed in parallel without 

primary antibody and application of the fluorescence detection system. After three 

more washing steps in PBS, the sections were mounted with Vectashield DAPI 

(Vector, Burlingame, CA, USA). Controls consisted of sections processed in parallel 

without primary antibody and application of the fluorescence detection system. The 

immunodetection of 5-methylcytosine (5mC) may, conceivably, be influenced by the 

denaturation state of the DNA, and so we in separate experiments performed pre-

treatments, consisting of 3N HCl for 10 min, of the sections before the antibody 

incubations.  

 

Counting of cells and tissue parameters 

The number of TUNEL or 5mC (+) cells was assessed and calculated as reported 

previously (Paquet-Durand et al., 2006, Paquet-Durand et al., 2009). For each animal 

at least three sections were quantified to yield an average value, and at least three 

different animals were analysed for each experimental situation. Values are given as 

TUNEL (+) cells relative to control ± standard deviation (SD). Statistical significance 

was tested using both paired and unpaired, two-tailed, Student’s t-test or ANOVA test.  
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For all tests, a p-value < 0.05 was considered to indicate a statistically significant 

difference. 

Western blot 

PN11 retinae were isolated in dissecting buffer (10
 
mM Tris, 1 mM EDTA, 150 mM 

NaCl, 1 mM Na3VO4, 50 nM okadaic
 
acid, pH 7.3) supplemented with protease 

inhibitor mixture (Complete Mini, Roche) and immediately homogenized
 
in sample 

buffer [2% sodium dodecyl sulphate (SDS), 10% glycerol, 0.0625 M Tris-HCl,
 
pH 

6.8] by use of an electrical pestle.
 
After centrifugation for 10 min at 14,000 x g, the

 

supernatant containing proteins was removed and quantified straight after by mean of
 

Bio-Rad DC Protein Assay kit (Hercules, CA, USA). Either 10 or 20 µg of
 
protein 

from each sample were separated by SDS-PAGE on 12% gels, and blotted onto
 

Immobilon-P polyvinylidene difluoride (PVDF) membranes (Millipore,
 
Billerica, 

MA, USA). Membranes were incubated for 2h in
 
blocking buffer (5% non-fat dried 

milk in PBS with 0.1% Tween 20) on gentle rotation and
 
then kept overnight at 4°C 

with antibodies of interest.
 
The membranes were then washed 3 times for 10 minute, 

treated for 1h with
 
horseradish peroxidase-conjugated secondary antibodies, followed 

by another round of washing. Immunoreactions were visualized using the ECL Plus 

Western Blotting Detection system
 
(Amersham Biosciences, Sunnyvale, CA) and 

Hyperfilm (Amersham
 
Biosciences). 

 

Methylated DNA immunoprecipitation (MeDIP) 

MeDIP has been performed according to the protocol provided from NimbleGen 

(http://www.nimblegen.com/). In detail: DNA was extracted wt and rd1 retinae at 

PN11 with DNeasy kit (Qiagen, Hilden, Germany, 69504) according to 

manufacturer’s instructions. DNA was incubated overnight at 37 °C with MseI 

restriction enzyme (New England Biolabs, Ipswich MA, USA, R0525S) which cuts 

just unmethylated sequences. The buffer provided by the company needed to be 

supplemented with 100 ng/μl BSA and the reaction ran over-night at 37 °C. Digested 

DNA samples were then purified using QIAquick PCR Purification Kit (Qiagen, 

28104) according to manufacturer’s instructions. 1,25 μl of purified DNA was then 

diluted in 300 μl of TE buffer (10mM Tris HCl, pH 7,5; 1mM EDTA) and heat 

denatured at 95 °C for 10 min. 60 μl (250 ng) were then removed and stored as input 
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control, while to the remaining DNA, 60 μl of 5x IP buffer (100 mM Na-phosphate, 

pH7,0; 5M NaCl; 10 % Triton X-100; ddH2O until final volume) were added. 

Samples were then immunprecipitated using a mouse anti 5-methylcitydine antibody 

(Abcam, Cambridge, UK, Ab10805) with a 1:1 ratio of antibody/DNA.  The 

incubation DNA/antibody mixture was done on a rotating platform overnight 4 °C at 

a very low speed to avoid any foaming. Next antibodies conjunction to beads of 

Protein A-agarose (Invitrogen, Carlsbad CA, USA, 15918-014) was performed for 2h 

at 4 °C by gentle rolling.  After washing the beads in 1x IP buffer, they were 

centrifuged at 6000 rpm for 2 min at 4 °C and the supernatant was discarded. The 

washing step was repeated twice again and the beads were resuspended in 250 μl 

digestion buffer (1M Tris HCl, pH 8,0; 0,5M EDTA; 10 % SDS; ddH2O until final 

volume). In order to resuspend the beads, 7 μl (10 mg/ml) of proteinase K (Roche 

Applied Science, Penzberg, Germany, 03115836011) was added. Microcentrifuge 

tubes containing the antibody-beads complex and DNA were then sealed with 

Parafilm and placed in 50 ml Falcon tubes filled with damp paper towel to avoid 

evaporation and incubated overnight on a rotating platform at 55 °C. In order to 

purify the samples, 250 μl of phenol (Sigma Aldrich, P-4557) was added. Methylated 

DNA samples were then vortex for 30 seconds and centrifuged at 14000 rpm for 5 

minutes at room temperature. The aqueous supernatant was saved and transferred to a 

sterile microcentrifuge tube. The former step was then repeated but with the addition 

of 250 μl of Chloroform:isoamyl alcohol (Sigma Aldrich, C0549). To pellet the DNA 

purified samples, 1 μl of glycogen (Roche Applied Science, 10901393001), 20 μl of 

5M NaCl and 500 μl of ethanol were added and precipitation of the samples occurred 

after incubation for 30min in -80 °C. The pellets were centrifuged at 14000 rpm for 

15 min at 4 °C; the supernatants were carefully removed and the samples washed in 

500 μl of cold 70 % ethanol. Centrifugation step was repeated and samples were dried 

in SpeedVac and resuspended in 30 μl of 10 mM Tris HCl (pH 8,5). We amplified 10 

ng of immunoprecipitated and input DNA using GenomePlex Complete Whole 

Genome Amplification (WGA) kit (Sigma Aldrich, WGA2-50RXN) according to 

manufacturer’s instructions. Finally, each sample was further purified with the Qiagen 

QIAquick PCR purification Kit (see step 2) according to the manufacture’s protocol. 

Samples were then ready for analysis by microarray (2.1M Deluxe Promoters, 

NimbleGen) covering over 90 % of the known gene promoters in the mouse DNA. 
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RNA-Extraction/RT-qPCR 

Total RNA extraction was performed using the RNeasy-Mini Kit (Qiagen) according 

to the manufacturer’s protocol. RNA quality was analyzed on an Agilent Bioanalyzer 

(Agilent Technologies) using the RNA 6000 Series II Nano kit (Agilent Technologies). 

Reverse Transcription (RT)-PCR was performed using the ThermoScript RT-PCR 

System (Invitrogen). qPCR was performed on a LightCycler 480 System (Roche 

Applied Science) using KAPA SYBR FAST (Peqlab). Three different biological 

samples were analyzed in duplicates and normalized to the expression of the 

housekeeping gene aminolevulinic acid synthase (ALAS). Relative quantification was 

determined by the method described by Pfaffl (2001). The following primers were 

used (5’→3’ orientation):  

DNMT1  fw: CATATCTGCAAGGACATGAG;  

DNMT1  rev: CACATCATGAAAGGTCTACTG;  

DNMT3A fw: GCACGTTGGAAAGGGAGGCTGA;  

DNMT3A rev: AGAAGCAGGGTCCGTGGGCT;  

DNMT3B fw: TGGCACCCTCTTCTTCATTC; 

DNMT3B rev: ATATACCTTTCCAGACGCGG; 

DNMT3L fw: AGCTTGCTCCTGCTTCTGA; 

DNMT3L rev: CGTGGCAGAGACTACCAGAA; 

ALAS   fw: TCGCCGATGCCCATTCTTATC;  

ALAS   rev: GGCCCCAACTTCCATCATCT. 

 

HPLC/MS/MS 

After extraction the DNA was enzymatically digested to the nucleosides and 

subsequently analyzed by LC-ESI-MS. 

 

HPLC-ESI-MS analysis using an Orbitrap XL mass spectrometer: Samples (97 µL 

injection volume) were chromatographed by a Dionex Ultimate 3000 HPLC system 

with a flow of 0.15 mL/min over an Uptisphere UP3HDO-150/21 column (3 µm, 

2.1 mm x 150 mm) from Interchim. The column temperature was maintained at 

30 °C. The gradient (buffer A: 0.01 % formic acid in H2O; buffer B: 0.01 % formic 

http://www.google.de/url?sa=t&rct=j&q=total%20rna%20nano%20series%20ii&source=web&cd=1&cad=rja&ved=0CCwQFjAA&url=http%3A%2F%2Fipmb.sinica.edu.tw%2Fmicroarray%2Findex.files%2Fnano%2520and%2520pico.pdf&ei=FDt8UKGpKcbQtAakxYGICg&usg=AFQjCNEveKU997nYwCzD6DZKYdNXVyTV_Q
http://www.google.de/url?sa=t&rct=j&q=total%20rna%20nano%20series%20ii&source=web&cd=1&cad=rja&ved=0CCwQFjAA&url=http%3A%2F%2Fipmb.sinica.edu.tw%2Fmicroarray%2Findex.files%2Fnano%2520and%2520pico.pdf&ei=FDt8UKGpKcbQtAakxYGICg&usg=AFQjCNEveKU997nYwCzD6DZKYdNXVyTV_Q
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acid in 95 % MeCN / 5 % H2O) was the following: 0 → 12 min; 0 % → 1 % buffer B; 

12 → 20 min; 1 % → 2 % buffer B; 20 → 30 min; 2 % → 10 % buffer B; 30 → 35 min; 

10 % → 80 % buffer B; 35 → 41 min; 80 % buffer B; 41 → 51 min; 80 % → 0 % buffer 

B; 51 → 60 min; 0 % buffer B. Sample elution was monitored at 260 nm (Dionex 

Ultimate 3000 Diode Array Detector). The effluent from the first 5 minutes (total run 

time of 60 min) was diverted to waste by a Valco valve in order to protect the mass 

spectrometer. The subsequent chromatographic effluent was directly injected into the 

ion source of a Thermo Finnigan LTQ Orbitrap XL without prior splitting. Ions were 

scanned using a positive polarity mode over a full-scan range of m/z 100-500 with a 

resolution of 30000. The absolute amounts of mC was determined by a stable isotope 

dilution method and then related to the dG content by UV-detection giving the 

relative values in percentage. Two technical replicates per sample were performed 

(Schiesser et al., 2012, Globisch et al., 2010, Münzel et al., 2010). 

LC-ESI-MS was carried out on a Thermo Finnigan LTQ Orbitrap XL coupled to a 

Dionex Ultimate 3000 HPLC system. 

 

Results 
 

qRT-PCR  

The methylation of the DNA is carried out by DNA methyltransferases (DNMTs) 

(Goll and Bestor, 2005). Currently five members of this enzyme family have been 

described, but just three of them are catalytically active (DNMT1, DNMT3A and 

DNMT3B), while the remaining two either represents a co-factor (DNMT3L) or 

carries out different tasks and is still elusively reported (DNMT2) (Aapola et al., 

2002, Goll et al., 2006, Jones, 2012). The view to date is that DNMT3A and 3B 

establish the somatic pattern of the DNA methylation during embryogenesis, while 

DNMT1 serves to subsequently maintain this pattern (Goll and Bestor, 2005). 

Quantitative RT-PCR analysis of different DNMTs in PN11 retinae, revealed no 

alterations in the gene expression of DNMT1 and 3B (Fig. 4.3.1). However, 

DNMT3A (3.51 ± 0.91 arbitrary units [a.u.]) and 3L (4.06 ± 0.59) were upregulated in 

the rd1 mutants when compared with age-matched wt (1.02 ± 0.24 a.u. and 1.12 ± 
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0.58 a.u. respectively, p < 0.5) (Fig. 4.3.1). This result suggests that DNMT3A and L, 

but not DNMT1 or 3B, play a role in the DNA methylation at PN11 in the rd1 animal 

model. 

           

Figure 4.3.1. DNMT3A and 3L are up-regulated in rd1. qRT-PCR analysis of different DNA 

methyl transferases shows no statistical relevant difference in the expression of  DNMT1 and 

3B. On the other hand DNMT3A and 3L are up-regulated and the difference displays 

statistical significance. Columns and bars represent mean ± standars deviation (SD) 

respectively. p-value < 0.05 is considered significant. 

 

DNMT protein expression 

The protein expression of the catalytically active DNMTs (DNMT1 and DNMT3A 

and 3B) was examined by western blot in PN11 rd1 and wt retinae. The DNMT1, 

DNMT3A and 3B antibodies all revealed bands at the expected molecular weights, 

but there were no obvious differences between the control and mutant retina in the 

expression of any of these proteins (Fig. 4.3.2 G - I). 

When the same antibodies were used in immunofluorescence of PN11 material, 

DNMT1 and DNMT3A were seen to be clearly expressed in the mouse retina, mainly 

in the ganglion cell layer (GCL) and inner nuclear layer (INL), while the expression 

in the outer nuclear layer (ONL), where the photoreceptors reside, was faint (Fig. 

4.3.2 A, D and B, E). The immunostaining for DNMT3B did not produce high quality 

images, but the staining was consistent with that of DNMT1 and 3A (Figure 4.3.2 C 

and F). No major changes on the level or localisation of all of the DNMT proteins 
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were observed in the inner retina. Preliminary results from DNMT3L immunostaining 

did not reveal any differences between rd1 and wt samples (not shown).  

 

Figure 4.3.2. Expression and localization analysis for catalytically active DNMTs at PN11. 

A) Western blot revealed bands of the expected molecular weigh were found for all of the 

DNMTs taken into investigation. No clear differences between rd1 and wt mice stood out. B) 

Immunofluorescence analysis showed that DNMTs generally localised in the innermost 

retinal layer, while the expression on the ONL was weak. No obvious difference between wt 

and rd1 was detected. 

 

To approach the temporal aspects of DNMT1 and DNMT3A expression in the wt and 

rd1 retinae, the analyses included also samples from PN7 (when the degeneration has 

not yet begun), PN11 (see above) and PN15 (two days after the peak of degeneration, 

which can be placed at PN13, (Sancho-Pelluz et al., 2008)) (Fig. 4.3.3). For DNMT1 

(Fig 4.3.3 A – F) there were neither any distinct qualitative nor quantitative 

differences between wt or rd1 within the time frame analysed. By contrast, the 

DNMT3A expression appeared to undergo some developmentally related changes. At 

PN7 DNMT3A (Fig. 4.3.3 G and J) was strongly expressed in the GCL and the 

innermost part of the INL, and this staining was retained in the following time points. 

At PN7 and PN11 the retinae also showed distinct increased immunoreactions in 

select cells in the outer part of the INL and considering number, shape and 
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localisation they may correspond to horizontal cells (Poché and Reese, 2009) and 

bipolar cells respectively (Fig. 4.3.3 G and K). No clear wt vs rd1 differences were 

detected for the DNMT3A protein. 

 

 

Figure 4.3.3. Developmental expression of DNMT1 and DNMT3A.  Immunofluorescence 

analysis in time points between PN7-15 shows that DNMT1 (A - F) expression is generally 

confined to the inner retina. At later time points DNMT1 expression seems slightly and 

equally depressed both in wt and in rd1 compared to early time points. Few dot-like shaped 

immunoreactivities were detected in the ONL of rd1 mice at PN11. The expression of 

DNMT3A (G - L) within the INL changes during development. At PN7 horizontal and 

amacrine cells show stronger immunoreactivities. At PN11 bipolar cells express high level of 

DNMT3A. GCL = ganglion cell layer; INL = Innel nuclear layer; ONL = Ouetr nucler layer. 

Scale bar = 20 μm. 

 

DNA methylation; Tissue level 

MeDIP. Methylation of the DNA happens generally on the promoters of genes, and 

this has consequences for the gene expression. We detected variations in the gene 

expression of DNMT3A, but no difference at protein level. In order to understand 

whether modifications in the methylation level of the promoters of the genes were 

present, we performed methylated DNA immunoprecipitation coupled with a 

microarray analysis of global wt and rd1 samples, i.e. a so called MeDIP analysis. The 

analysis encompassed two samples of each genotype, with each sample being 

produced by using 2 retinae. Using such global samples, both genotypes displayed a 

high number of methylated promoters, but any major quantitative or qualitative 
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differences between the two analysed groups could not be readily seen (data not 

shown). 

HPLC/MS/MS. A different approach, used high-performance liquid chromatography 

on global samples, coupled with a double run of mass spectrometry (HPLC/MS/MS). 

This allowed us to study whether there were modifications of the methylation of the 

cytosines between rd1 and wt that affected the total methylation level and not only of 

the promoters. The readout of this experiment reveals the percentage of methylated 

cytosines within the samples, and the results suggested that there was no difference 

between the two types of retinae when studied in this way (wt = 3.27 % ± 0.09; rd1 = 

3.25 % ± 0.04; n = 5 for both types). 

 

DNA methylation; Cellular level 

The above two analyses both used global samples, but the rd1 degeneration affect 

only a limited number of photoreceptor cells and as observed in the immunostainings, 

the high number of expressing cells in other layers in the retina might mask any 

change in the ONL. To circumvent this problem we analysed the level of the DNA 

methylation in situ with immunofluorescence using an anti-5mC antibody. Methylated 

DNA was only very rarely found in retinal cells of wt animals and in the inner retinal 

layers in rd1 animals (Fig. 4.3.4 A – F). By contrast, a subset of cells in the rd1 ONL 

had clearly labelled nuclei, and corresponded numerically to the expected amount of 

dying photoreceptors at the analysed time point (Fig. 4.3.4 D –F). These results were 

obtained by the NB-100-744 antibody (see section 2), and confimed by two other 

antibodies (Ab10805 and Ab51552, data not show). Pre-treatment of sections with 3N 

HCl (which denatures the DNA) yielded together with the Ab10805 antibody a weak 

and general nuclear staining of most cells. However, there was still a clear difference 

between the rd1 and wt retinae, in that a subset of rd1 photoreceptor nuclei attained a 

strong immunostaining, which was not present in the wt situation (Fig. 4.3.5). 

In order to determine if this clear up regulation is observed in other animal models for 

RP, we extended our research to three other mutants: the rd2 mouse, and the 

rhodopsin rat mutants S334-ter and P23H Interestingly, in all of these models, and in 

line with the observations in the rd1 mouse, a sup-population of photoreceptors 

showed an increase in the level of nuclear DNA methylation staining at evaluated 
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time points (Fig. 4.3.4 G – X). This suggests that the increase of methylation of the 

DNA in dying photoreceptors is mutation independent. 

 

 

Figure 4.3.4. 5mC is increased and co-labels with TUNEL in models of RP. (D - E) DNA is 

hypermethylated in photoreceptors in rd1 mice at PN11 and increased 5mC co-labeled with 

TUNEL. At the same time-point in wt mice 5mC is not detected (A – C). Increased 5mC was 

detected in three additional models of RP, rd2 (J – L), s334ter (P – R) and P23H (V - X) when 

compared to relative control retina (G – I, M – O and S – U respectively). GCL = Ganglion 

cell layer; INL = Innel nuclear layer; ONL = Ouetr nucler layer; 5mC = 5-methylcytosine. 

Scale bar = 20 μm. 
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DNA methylation corresponds with TUNEL 

In all of the models analysed, TUNEL staining for dying cells co-labelled the same 

cells to a great extent, suggesting an intimate connection between increased detection 

of DNA methylation and the degeneration of the photoreceptors (Fig. 4.3.4 F, L, R 

and X). 

                          

Figure 4.3.5. Increased detection of 5mC after antigen retrieval treatment. 3N HCl treatment 

allowed a change in the detection pattern of 5mC both in rd1 and wt retinal samples. 

However, rd1 retina show also in this case higher number of highly immunopositive 

photoreceptors. GCL = Ganglion cell layer;  INL = Innel nuclear layer; ONL = Outer nucler 

layer; 5mC = 5-methylcytosine. Scale bar = 20 μm. 

 

Coexistence of epigenetic modificators of the chromatin in RP models 

Overactivation of epigenetic regulators of the chromatin including PARP1 (Beneke, 

2012, Paquet-Durand et al., 2007) and HDACs class I & II (Sancho-Pelluz et al., 

2010), have been reported in dying rd1 photoreceptors. DNMTs have been shown to 

cooperate with both these groups of enzymes in the epigenetic modification of the 

structure of the chromatin and, therefore, in the control of the gene expression 

(Rountree et al., 2000, Fuks et al., 2001, Aapola et al., 2002). Epigenetic mechanisms 

like methylation of the DNA and histone acetylation are crucial in a wide range of 

physiological functions, from memory, to development and cellular reprogramming 

(Monsey et al., 2011, Han et al., 2010, MacDonald and Roskams, 2009). Figure 4.3.6 

indicates that in three different rodent models of RP (rd1 mouse as well as S334ter 

and P23H rats), 5mC is detected in cells lacking lysine acetylation. Given that lysine 

hypoacetylation is a marker for overactivation of HDACs class I and II in the 

degenerating rd1 photoreceptors and that PARP1 overactivation is detected in dying 

cells in a number of different models, i.e. such cells that experience overactivation of 

HDACs (Sancho-Pelluz et al., 2010, Kaur et al., 2011), these data suggest that 



 95 

multiple epigenetic events simultaneously affect degenerating photoreceptors in 

various models of RP. 

                    

Figure 4.3.6. Co-existence of overactivation of DNMTs and HDACs. Lack of acetylation of 

lysines has been shown to be a marker of HDAC activation (Sancho-Pelluz et al., 2010). In 

rd1 mouse, S334ter and P23H rats a number of cells, corresponding to the expected dying 

cells, displayed both increased methylation of the DNA and reduction of acetylation of 

lysines. ONL = outer nuclear layer. 5mC = 5-methylcytosine. Scale bar = 20 μm. 

                          

Figure 4.3.7. Temporal dynamics of 5mC detection in rd1. Methylated DNA was not or only 

weakly detected at the earliest time-points. Immunoreactivities greatly increased at PN11 and 

reached the peak at PN13 and eventually plummeted at PN15. Dots and bars represent 

percentage of relative positive cells (compared with respective peak value) ± SD. 
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DNA methylation temporal dynamics 

To better understand the dynamics of the DNA methylation, we analysed rd1 retinal 

sections from PN7 to PN15 comparing staining for 5mC and TUNEL. Figure 4.3.7 

and table 4.3.1 shows, for both markers, the lack of immunoreaction in the rd1 ONL 

at PN7. The number of positive cells subsequently rises until PN13 (degeneration 

peak), followed by a decrease along with the photoreceptor cells decrease. Although 

both dynamics resemble each other, 5mC staining seems to increase at PN11 and 

decrease at PN15 more markedly than TUNEL staining. This suggests that the 

hypermethylation of the DNA is indeed a late event in the phototeceptor cell death but 

that it happens before DNA fragmentation (TUNEL staining). 

 PN7 PN9 PN10 PN11 PN13 PN15 

5mC 0.06 ± 0.01 5.45 ± 1.54 12.57 ± 1.69 70.05 ± 3.56 100 ± 10.29 52.15 ± 4.96 

TUNEL 0 ± 0 10.99 ± 5.73 18.42 ± 7.54 48.68 ± 18.81 100 ± 12.92 75.35 ± 19.32 

Table 4.3.1. Tabular representation of temporal dynamics of 5mC and TUNEL staining. Values express 

relative percentage of positive cells ± standard deviation. Measuring was performed in the peri-central 

retina. PN = post-natal day. 

 

In vitro pharmacological inhibition of DNMTs  

DNMTs can be pharmacologically inhibited with cytidine-nucleotide analogues 

(Stresemann and Lyko, 2008). Among those, 5-aza-2’-deoxycytidine (decitabine) has 

been reported to reduce DNA methylation and restore gene expression changes in 

human neuronal cell lines (Zschocke et al., 2002), and showed promising results 

towards curing proliferative diseases (Christman, 2002, Steensma, 2009). Our 

observations of increased DNA methylation in degenerating photoreceptors is 

compatible with an increased DNMT activity. We therefore investigated if blockade 

of DNMT enzymes had any effect on the photoreceptor cell survival using 

organotypic retina explant cultures of rd1 retinae. To this end rd1 retinae were treated 

with either 0.5, 1.25, 2.5, 5 or 10 μM decitabine (Fig. 4.3.8 A). While all 

concentrations tested reduced the number of TUNEL positive cells, treatment with 

decitabine 2.5 μM (Fig. 4.3.8 A and B) displayed the most powerful effect by 

reducing the number of dying cells by 48 % (control = 4.83 % ± 0.71; 2.5 µM = 2.51 

% ± 0.53; p < 0.05). In order to evaluate the inhibition of DNA methylation, we 
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quantified the number of 5mC positive cells. Accordingly, the number of cells with 

high DNA methylation levels was reduced (Fig. 4.3.7 C and D) by around 41 % 

compared to untreated controls (control = 2.99 % ± 0.58; treated = 1.76 % ± 0.64; p < 

0.05). 

The short-term treatment by decitabine revealed a protective effect judged by a 

reduced amount of TUNEL positive cells. It was therefore of interest to analyse 

whether the DNMT inhibition promotes photoreceptor cell survival in the longer 

perspective. This was studied by long-term treatment of organotypic cultures (PN5 + 

2DIV + 12DIV), treated with decitabine 2.5 μM. In this experiment both groups 

exhibited the same number of surviving photoreceptor rows at end of culturing 

(control = 3.36 ± 0.56; treated = 3.37 ± 0.33; n = 6; p > 0.05). 

             

                           

Figure 4.3.8. Short-term inhibition of DNMTs in organotypic retinal cultures. A) and B) 

Administration of a wide range of concentrations of decitabine for 4 days was consistently 

able to reduce cell death (expressed in % of TUNEL (+) cells) on retinal explants. C) and D) 

The most positive concentration (2.5 μM) was also able to reduce the number of 5mC (+) 

cells. Columns and bars represent mean ± SD. ONL = outer nuckear layer. Scale bar = 20 μm. 
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Discussion 

The present investigation revealed hypermethylation of nuclear DNA in the 

photoreceptors of four different animal models of the hereditary blinding disease 

Retinitis pigmentosa (RP). The hypermethylation was detected by immunostaining 

but, when studied in the rd1 retina, was not seen by MeDIP or HPLC/MS/MS. The 

MeDIP tool analyses the methylation level of about 90 % of the gene promoters, and 

involves the isolation of methylated DNA sequences and their analysis on a 

microarray, whereas the HPLC based analysis aimed at quantifying the methylated 

cytosines in the whole DNA. Since DNA can be methylated also in intergenic 

sequences as well as within the genes themselves (Jones, 2012), the increased 

methylation in the rd1 retinae may have occurred mainly outside of the promoter 

regions. In addition, the retina is a complex multilayered tissue with different cell 

types, and whenever we produce whole retina samples we obtain material from all 

cells of all types. This has the inherent risk that a signal present in just a fraction of 

the cells can be lost against the basal signal level of all other cells. Immunostaining, 

on the other hand, reveals the signal in individual cells, regardless of how many or 

how few they may be. This acted in our favour here, since without immunostaining 

the differences in DNA methylation would not have been detected. 

The currently five members of the DNMT family are all involved in various aspects 

of DNA methylation. The expression of several of these was analysed in the present 

study, which showed that both DNMT3A and 3L were upregulated in the rd1 retina at 

the mRNA level. The DNMTs with catalytic activity, i.e. DNMT1, DNMT3A and 3B, 

were also studied at the protein level, where Western blot suggested equal levels in 

rd1 and wt retinae. Likewise, immunostaining for DNMT1 and DNMT3A did not 

imply any upregulation of these proteins. While we for DNMT1 observed a limited 

number of more intensely stained structures in the rd1 ONL, we think that these relate 

to the phase that the photoreceptor nuclei undergo close to their death and which 

involves condensation, as can also be seen by TUNEL. The remaining DNMT1 in 

such diminishing nuclei may be more densely packed and therefore yield a stronger 

immunosignal. 

The upregulated DNMT3A mRNA at PN11 was not immediately reflected by an 

increased translation to the corresponding protein, as studied by Western blot of same 
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aged samples. It is possible that the higher mRNA level is a consequence of increased 

mRNA production or stability, and that this has only little or no effect on translational 

efficiency. Alternatively, the DNMT3A protein levels may be in fact be rising in the 

rd1 retina, but without the increase (which may be limited to only some cells) at this 

point being detectable by western blotting above the already existing amounts in the 

tissue. 

For the DNA methylation assessment, the investigation included the rd1 mouse and 

three other RP models: the rd2 mouse and the S334ter and P23H rats. These models 

represent mutations of varying kinds and with, most likely, various entry points into 

the degeneration processes. The rd1 mouse carries a mutation in the PDE6β gene, 

giving an intracellular accumulation of cGMP in rod photoreceptors, which triggers 

molecular mechanisms leading to an early and rapid degeneration of these cells 

(Paquet-Durand et al., 2009, Sancho-Pelluz et al., 2008). The rd2 mutation concerns 

the peripherin-2 gene, encoding a disc membrane-associated glycoprotein expressed 

in both cone and rod photoreceptors (Travis et al., 1991) and which is essential for 

photoreceptor morphogenesis and outer segments renewal (Cai et al., 2010). The rd2 

mutants are characterized by the total loss of outer segments and a, relative to rd1, 

slow degeneration (Goldberg, 2006). The S334ter and P23H rats both concern 

mutations for the photopigment protein rhodopsin: a C-terminal deletion (S334ter) 

(Shinde et al., 2012), or a single amino acid substitution - proline 23 instead of 

histidine (P23H) (Dryja et al., 1990). The S334ter mutation affects primarily 

rhodopsin protein trafficking, whereas the P23H mutation yields an unfolded 

rhodopsin (Chiang et al., 2012b). In both cases this leads to photoreceptor 

degeneration, which for the S334ter is very quick, with rods disappearing within 15-

20 days, and somewhat slower in the P23H rat (Oh et al., 2003). For both rhodopsin 

mutants the degeneration processes may involve the unfolded protein response and 

endoplasmatic reticulum stress (Shinde et al., 2012, Gorbatyuk et al., 2010). 

Remarkably, and in spite of these variations in genes, functions and degeneration 

characteristics, all four models presented clearly increased DNA methylation in their 

degenerating photoreceptors, as judged by immunostaining for 5mC and 

colocalisation with TUNEL staining for cell death. These results thus suggest that 

DNA methylation could have a general connection with hereditary photoreceptor 

degeneration. 
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DNA methylation is a well-known factor that controls gene expression, including by 

the fact that methylation of the carbon 5 of the cytosines provokes compaction of the 

chromatin and thus gene silencing (Jones and Liang, 2009). In addition to DNA 

methylation, additional epigenetic events have been shown to be affected in models of 

RP. PARP1 is an enzyme characterised by multiple activities, ranging from DNA 

repair, post-translational modification and regulation of the transcription (Beneke, 

2012), and PARP1 and HDACs class I & II have been reported to be overactivated in 

the same dying photoreceptors (Paquet-Durand et al., 2007, Sancho-Pelluz et al., 

2010). Since we found that 5mC (the possible outcome of DNMTs activation) and 

lack of lysine acetylation (the result of HDACs activity) coincided, we can indirectly 

assert that multiple epigenetic reactions happen in the same degenerating 

photoreceptive cells. This in turn highlights the importance of gene expression 

regulating pathways in the pathophysiology of the photoreceptors.  

To further evaluate the role of the DNA methylation, we utilised organotypic explant 

cultures of the rd1 retina in combination with DNMT inhibition. In so called short 

term experiments (see Materials and methods) we demonstrated that use of the 

DNMT inhibitor 5-aza-2’-deoxycytidine (decitabine; an azanucleoside) resulted in 

both a reduced amount of hypermethylated DNA and a decreased number of dying, 

TUNEL positive photoreceptors. However, when decitabine was used in cultures of 

longer term, the effect on TUNEL positivity was not translated to an increased 

number of surviving photoreceptors. A possible explanation for this discrepancy is 

linked to the mode of action of decitabine, which is thought to rely on its 

incorporation into newly synthesized DNA, after being metabolized intracellularly to 

an incorporable cytidine analogue (5-aza-2’-deoxycytidine-5’-triphosphate) 

(Stresemann and Lyko, 2008). Since this molecule cannot act as a methyl acceptor, 

the possibility for de novo methylation by a DNMT is thus reduced in any new DNA, 

such as in the daughter cells of proliferating cells. In addition decitabine can promote 

the degradation of the DNMT that has tried to methylate the cytidine analogue 

(Stresemann and Lyko, 2008). The retinal photoreceptors are regarded as post-mitotic 

neurons and are therefore not expected to proliferate in stages outside of their 

development. However, incorporation of thymidine analogues (to label cells in S-

phase of the cell cycle) in photoreceptors has been demonstrated during rd1 

degeneration, but this was suggested to reflect an incorporation due to ongoing DNA 



 101 

repair in the diseased cells (Menu dit Huart et al., 2004), or a failed attempt to 

proliferate, rather than proper cell division (Zencak et al., 2013). Regardless of which 

is true, this fact importantly indicates a possibility for metabolized decitabine to be 

introduced in the DNA. If our observed DNA methylation in the rd1 photoreceptors is 

restricted or concentrated to newly formed DNA, e.g. as a result of DNA repair, this 

would explain how the decitabine treatment reduced the observable DNA 

methylation. Furthermore, since the incorporated analogue acts as a DNMT trap that 

promotes DNMT degradation (Stresemann and Lyko, 2008), such a loss of DNMT 

could lead to an overall reduction in DNA methylation events in these cells. Future 

investigations will reveal if such a possibility is true and if the neuroprotective 

capacity of DNMT inhibition can be improved by different treatment regimes, 

perhaps including combinations with other protective principles.  

In summary, we have demonstrated increased DNA methylation in a degeneration 

related way in four different models of RP, and showed that the DNMT inhibitor 

decitabine has an intriguing potential for neuroprotection in this context. 
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Rationale 

Nearly every model of RP displays mis-localization of outer segment proteins, which 

diffuse and accumulate in the cell body affecting the normal cellular activities. In such 

pathological conditions the proteins struggle to achieve their folding, and this 

promotes intracellular signals that eventually may lead to cell death. A family of 

enzymes aid unfolded proteins in finding the correct status and they are collectively 

called heat shock proteins (Hsps). Surprisingly, Hsps are still poorly investigated in 

RP. The aim of the following study was to investigate one of the most characterized of 

the family, Hsp70, in the context of RP. 

 

Introduction 

The inherited retinal degenerations constitute a group of heterogeneous genetic 

diseases, with a worldwide and overall prevalence of 1:2000 (Sohocki et al., 2001), 

that provoke severe visual impairment. Currently, around 220 mutated loci involved 

in the development of retinal diseases have been mapped and 170 of those are already 

identified (https://sph.uth.edu/retnet/). Among these disorders, the Retinitis 

pigmentosa (RP) group of diseases stands out as one of the leading causes of loss of 

vision amongst the working age population, affecting over a million people 
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worldwide (Hartong et al., 2006). The first symptoms of RP is night blindness and 

restriction of the visual field (tunnel vision) due to the degeneration of the rod 

photoreceptors in a mutation dependent fashion, and this is in many cases followed by 

severe vision loss, or even complete blindness, as a consequence of a secondary and 

mutation independent cone photoreceptor cell death. Despite decades of research the 

knowledge of the molecular pathways underlying RP is still sketchy, which inevitably 

has contributed to the existing lack of suitable treatments.  

Native polypeptides must be correctly folded in order to be able to carry out 

physiological functions, and this is assisted by molecular chaperone proteins (Ellis, 

2006), which also promote the reduction of protein aggregates (Dobson, 2004), 

thereby providing cytoprotection. The heat shock protein (Hsp) sub-family of the 

chaperones is probably the most characterized of this kind of molecules. The Hsps are 

highly conserved in all living organisms and were originally shown to respond to heat 

treatment (Lindquist, 1986), but it has been subsequently demonstrated that they can 

respond to a wide range of stressors (Bergeron et al., 1996, Nissim et al., 1992, 

Wagner et al., 1999, Wallen et al., 1997). The 70 kDa member of this family (Hsp70) 

is ubiquitously expressed and involved in protein folding/unfolding, organelle and 

membrane transport of secretory proteins and control of regulatory pathways (Hartl 

and Hayer-Hartl, 2002, Neupert  and Brunner, 2002, Pratt and Toft, 2003, Ryan and 

Pfanner, 2001). In addition, Hsp70 has the ability to suppress apoptosis, including in 

neurons (Antonoff et al., 2010), and this may involve preventing pro-caspase 9 from 

binding to Apaf-1 (apoptotic protease activating factor 1) and forming the apoptosome 

(Beere et al., 2000).  

Proper folding of proteins is necessary for normal cellular functions, and from a 

pathobiological viewpoint it is interesting that unfolded and mis-localized proteins 

have been detected in several animal models of RP (Gao et al., 2002, Grossman et al., 

2011, Ishiguro et al., 1987, Price et al., 2011, Shinde et al., 2012, Saliba et al., 2002). 

In this context, mutations in the rhodopsin gene can activate the unfolded protein 

response (UPR) (Berson, 1996), a cellular stress response that involves accumulation 

of proteins in the endoplasmic reticulum (ER) and subsequent ER stress, which is pro-

apoptotic (Stefani et al., 2012). Indeed, mutant P23H rhodopsin gets trapped within 

the ER of photoreceptors and fails to translocate to the outer segments, which results 

in cytotoxicity (Kroeger et al., 2012). This has a direct connection with Hsp70 
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proteins, since these have been reported to play a role in the UPR (Endo et al., 2007, 

Gupta et al., 2010), and in particular since the AAV delivery of an Hsp70 homologue 

reduced cell death rate and improved vision in transgenic P23H rats (Gorbatyuk et al., 

2010). 

The rd1 mouse, carrying a mutation in the gene for the β subunit of rod specific 

phosphodiesterase 6 (PDE6β) (Keeler, 1966), is the perhaps most characterized RP 

animal model. The defect in the PDE6 leads to an accumulation of cGMP within the 

photoreceptors, which starts the degenerative events likely via activation of cGMP 

protein kinase (PKG) (Paquet-Durand et al., 2009). However, the rd1 photoreceptors 

also show signs of rhodopsin mislocalization (Ishiguro et al., 1987) and it is possible 

that this aggravates the situation for the cells. In the present study we therefore 

investigated whether the rd1 degeneration engages Hsp70 in any way. For 

comparison we studied Hsp70 in the context of yet other RP genes, such as the rd2 

mouse, which carries a mutation in the peripherin-2 gene, as well as S334ter and 

P23H rat rhodopsin mutants. Our results suggest that Hsp70 plays an integral part in 

the cellular responses in several forms of retinal degenerations. 

 

Material and methods 

Animals 

Animals used included C3H rd1/rd1 (rd1), rd2/rd2 (rd2) and control C3H wild-type 

(wt) mice (Sanyal S, 1973) and all were kept in colonies in Lund. Homozygous P23H 

and S334ter rhodopsin transgenic rats (originally produced by Chrysalis DNX 

Transgenic Sciences, Princeton, NJ) of the line Tg(P23H)1Lav and Tg(S334ter)3Lav 

(P23H and S334ter-3), were kindly provided by Dr. M. M. LaVail (University of 

California, San Francisco, CA). To obtain heterozygous P23H and S334ter rats, 

homozygous such were crossed with wt, CD rats (CD® IGS Rat; Charles River, 

Germany) to reflect the genetic background of autosomal dominant RP. CD rats were 

used as controls. All procedures were performed in accordance with either the 

Swedish National Animal Care and Ethics Committee (rd1 and wt mice; permits # 

M242/07, M220/09, M172/12), or the Tübingen University committee on animal 

protection (S334ter, P23H and CD rats), and protocols compliant with § 4 paragraph 3 

of the German law on animal protection were reviewed and approved by the 
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“Einrichtung für Tierschutz, Tierärztlichen Dienst und Labortierkunde” 

(Anzeige/Mitteilung nach § 4 vom 28.04.08 and 29.04.10). All efforts were made to 

minimize the number of animals used and their suffering and the experiments 

conformed to the ARVO statement for the use of animals in ophthalmic and visual 

research. Animals were kept in their respective animal houses under standard white 

cyclic lighting, with free access to food and water, and were used irrespective of 

gender. 

To minimize any bias from loss of retinal tissue due to the degeneration, comparisons 

of rd1 and healthy wt retinae were typically performed at postnatal day (PN) 11 

(although other time-points were included in some experiments). At PN11 

degenerating photoreceptors are frequent in the rd1 retina, but their demise has not yet 

resulted in any considerable thinning of the photoreceptor layer (Hauck et al., 2006, 

Sancho-Pelluz et al., 2008). For the other models other time points were chosen 

according to the same principle. 

         

Organotypic retinal explant culture 

To initiate retinal explant cultures, retinal tissue was dissected from enucleated eyes 

of PN5 rd1 animals immediately after killing by decapitation, and the procedures in 

principle followed previous descriptions (Caffé et al., 2002). Briefly, the eyes were 

incubated in R16 serum-free culture medium (Invitrogen Life Technologies, Paisley, 

UK; 07490743A) containing 0.12 % proteinase K (MP Biomedicals, Solon, OH, 

USA; 193504), at 37 ºC for 15 min, which allowed removal of the sclera but leaving 

the retinal pigment epithelium (RPE) still attached to the retina. After this incubation, 

the activity of proteinase K was blocked with R16 medium containing 10 % fetal calf 

serum (Invitrogen Life Technologies; PET10108165), and the eyes dissected 

aseptically in a Petri dish with R16 medium. The microscopy assisted dissection 

procedure involved careful removal of the anterior segment, lens, vitreous, sclera, the 

choroid, and the vessels that could be reached, after which the retinal preparation was 

subjected to four cuts perpendicular to its rim, giving rise to an explant resembling a 

four leaf clover. The latter was placed in a Millicell culture dish filter insert (Millipore 

AB, Solna, Sweden; PIHA03050), with the RPE layer down, facing the culturing 

membrane. Each insert was then placed in a separate well of a six-well culture plate 

and incubated in R16 nutrient medium at 37 ºC. Each well was given 1.5 ml medium, 

which usually was replaced every second day during the culturing period. 
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Prior to a 4 day treatment with or without addition of 10 µM geranylgeranylacetone 

(GGA), a Hsp70 inducer (Sigma-Aldrich, place, G5048), the PN5 explants were 

allowed to adjust to normal, control culture conditions for 2 days in vitro (DIV). The 

end point of the culturing experiments (PN5 + 2 DIV + 4 DIV with treatment) thus by 

extrapolation corresponds to in vivo age PN11, a time-point suitable for retinal 

analyses. 

In a separate experiment we used 50 µM of a cGMP analogue exerting PKG 

inhibitory properties, DF001, for the 4 days treatment. In each of the above 

experiments the preparations were eventually fixed and sectioned, as described below. 

 

 

Fixation and sectioning and microscopy 

Mouse eyes (or explanted retinae still attached to the culturing filters) were fixed in 4 

% paraformaldehyde (PFA) in phosphate buffered saline (PBS) for 2 h. Rat tissues 

were fixed in PFA in PBS for 5 min in room temperature (RT) and 55 min in 4°C. 

This was followed by thorough rinses with PBS, after which the preparations were 

placed in sucrose containing PBS to prepare for cryosectioning, which yielded 8-12 

µm frozen sections, used as indicated. 

 

Microscopy 

Morphological observations and routine fluorescent microscopy were performed on a 

Zeiss Axiophot microscope equipped with a Zeiss Axiocam digital camera. 

Fluorescence excitation was provided by a HBO 100W halogen lamp. Images were 

captured using Zeiss Axiovision 4.2 software; image overlays and contrast 

enhancement were done utilizing Adobe Photoshop CS. Confocal microscopy was 

performed with a Leica TCS SP2 (Solms, Germany). 

 

Terminal dUTP nick-end labelling (TUNEL) 

Sections of PFA fixed preparations were washed three times in PBS. TUNEL staining 

was performed using an in situ cell death detection kit (Roche, Mannheim, Germany) 

conjugated with TMR red. Controls with this kit and similar preparations have been 

performed earlier (Paquet-Durand et al., 2007), by means of excluding the terminal 

deoxynucleotidyl transferase enzyme from the labelling solution (negative control), 
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and by pretreating the sections for 30 min with DNAse I (Roche, 3U/ml) in 50 mM 

Tris-HCl, pH 7.5, 1 mg/ml BSA to induce DNA strand breaks (positive control). The 

negative control gave no staining at all, while the positive control resulted in general 

staining of all nuclei in all layers of the retina. 

 

Histological staining / Immunofluorescence 

Sections were washed 3 x 5 minutes each in PBS containing 0.25 % Triton X100 

(PTX) plus 1 % BSA. Blocking solution containing PTX and 5 % normal serum from 

the host animal, from which the secondary antibody was obtained, was applied for 45 

minutes. Primary antibodies (see Table I) were diluted in PBS with 1 % BSA and 0.25 

% Triton X100, and applied overnight at 4° C. Sections were then washed 3 x 5 min 

each in PTX and incubated with appropriate secondary antibodies diluted in PTX (see 

Table I) for 45 minutes. After 3 more washing steps in PBS, the sections were 

mounted with Vectashield DAPI (Vector, Burlingame, CA, USA). Controls consisted 

of sections processed in parallel without primary antibody and application of the 

fluorescence detection system. 

 

Counting of positive cells 

For Hsp70 and TUNEL temporal dynamics in vivo, as well as for analysis of the 

effect on TUNEL positivity of GGA treatment in vitro, counting of positive (+) cells 

with the nuclear stain DAPI as counterstaining was performed as follows: three non-

contiguous sections were analysed from at least three independent samples of each 

kind (mutant and control in the case of drug administration, just mutant in the case of 

temporal investigation) of the in vivo preparations, or from five paired 

treated/untreated specimens from the treatment experiments. Pictures were taken 

throughout the whole retina from each section to be analysed and the pictures were 

then assessed by the AxioVision software. Data were collected as the retinal area 

analysed expressed in square pixels (p
2
) and number of detected (+) cells. The 

percentage of positive cells (% (+) cells) was then calculated as follows: 

 

Ac = Ao / CDAPI 

 

 

Ct = At / Ac 
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% (+) Cells = (+) cells / Ct 

 

In this formula (+) cells represents the total number of the positively labelled cells, 

while Ct is the overall number of cells taken into account, At is the total area analyzed, 

Ac is the average area of a cell, Ao is the random area expressed in pixel
2
 and CDAPI 

represents the total DAPI positive cells in Ao. Values are given as TUNEL or Hsp70 

(+) cells ± standard deviation (SD). Statistical significance was tested using both 

paired and unpaired, two-tailed, Student’s t-test or ANOVA test using GraphPad 

Prism. For all tests, a p-value < 0.05 was considered to indicate a statistically 

significant difference. 

 

Mathematical modelling 

The data points were interpolated by means of the computer software Mathematica 

and its Interpolation function. In Mathematica this function is called Hermite 

interpolation (http://reference.wolfram.com/mathematica/ref/Interpolation.html), 

which returns a piecewise polynomial, in the present case of degree three. This goes 

through all the given data points and constructs an approximate function that 

interpolates the collected data. If the thus interpolated function is regular the Hermite 

interpolation gives a good approximation inside the interval of data points. The 

derivative of the function with f(x) = 0 reveals the peak. 

 

qRT-PCR 

The retinal samples were dissected and stored at -80 °C in RNAlater (Ambion) until 

further use. The RNA extraction from stored samples was performed with RNeasy 

micro kit (Qiagen), as per the manufacturer’s instruction. The RNA was quantified 

using Nanodrop (Thermo Scientific) and 0.5 μl of RNA was used for cDNA 

preparation. cDNA was prepared with iScript Advanced cDNA synthesis kit (Biorad) 

according to the manufacturer’s instruction. The cDNA was diluted 10-fold and 2 μl 

of diluted cDNA was used for quantitative PCR experiments. RT negative control 

without the reverse transcriptase was used as internal control for cDNA preparation 

https://webmail.lu.se/owa/redir.aspx?C=NaGHxLyxuEyQJpeA05GYh_ngmAi2AdAIurvgFqQrlQHRE40AispJON-AkMmoWAL7XlnuJrZe-40.&URL=http%3a%2f%2freference.wolfram.com%2fmathematica%2fref%2fInterpolation.html
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and to check for genomic DNA contamination. Taqman probes (Life Technologies) 

were used (Table 4.4.1) and PCR was run on iQ5 real time cycler (Biorad). The wt 

and rd1 samples were run in quadruplicates for each of the probes. The data was log2 

transformed and fold changes were calculated by ΔCT method.  

 
Gene Amplicon length Assay design Catalogue No. 

Hsp40 57 Probe spans exons 
Mm01351377_m1 

 

Hsp70 62 Probe spans exons 
Mm00434069_s1 

 

Hsp90 128 Probe spans exons 
Mm00658568_gH 

 

β-Actin 115 Both primers and probe map within a single exon 
Mm00607939_s1 

 

Table 4.4.1. Taqman probes used in the qRT-PCR. 
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Results 

 
Expression and temporal appearance of Hsp70 protein  

The cellular expression and localization of Hsp70 in degenerating retinae from rd1 or 

corresponding control retinae was investigated. As fig. 4.4.1 A shows, Hsp70 was not 

detected in PN11 wt mouse retina, while a sub-population of photoreceptors was 

clearly labelled in same aged rd1 tissue. Confocal microscopy confirmed Hsp70 PN11 

expression in inner segments, cell bodies and nuclei of rd1 photoreceptors (Fig. 4.4.3 

C). 

                       

Figure 4.4.1. Expression of Hsp70 in rd1 mice. Immunostaining for Hsp70 (green) and DAPI 

(blue) show extremely low level in wt PN11, but a group of photoreceptors are labelled in rd1 

mutants. GCL = ganglion cell layer; INL = inner nuclear layer; ONL = outer nuclear layer. 

Bar = 50 μm. 

 

In order to understand whether the increased Hsp70 expression is an early or late 

event in the degeneration process of a given rd1 rod photoreceptor, we co-labelled for 

Hsp70 plus cell death (TUNEL) (Fig. 4.4.2 A, C and E), or for Hsp70 plus avidin 

staining (Fig. 4.4.2 B, D and F) for oxidatively damaged DNA (Sanz et al., 2007). 

TUNEL positivity is a late event in the death of an rd1 rod (Sahaboglu et al., 2013), 

and in the rd1 retina it often coincides with avidin staining (Sanz et al., 2007). At 

PN13, which is close to the peak of rd1 rod cell death, Hsp70 positive cells did not 

co-localize with TUNEL nor with avidin staining (Fig. 4.4.2 A, C and E). Moreover, 

Hsp70 and TUNEL staining were not detected together in any studied time-point 

between PN7 to 15 (data not shown). The lack of co-labelling of Hsp70 with these 

markers thus suggests that the Hsp70 upregulation occurs relatively early in the rod 

photoreceptor degeneration process. Alternatively, however, the Hsp70 staining could 

be related to cones (or other cells) rather than rods, but given that the cone 
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degeneration at the degeneration time points studied here is far from its peak (Sancho-

Pelluz et al., 2008), this seems less likely. Moreover, co-labelling for Hsp70 and cone 

arrestin or F4/80, which are markers for cones and microglial cells (the only other cell 

types present in the photoreceptor layer), respectively, did not suggest any co-

localization (Fig. 4.4.2 G, I and K, and H, K and L respectively), which strengthens 

the notion that the Hsp70 positive cells are rods.  

 

Figure 4.4.2. Hsp70 does not co-localize with stress or cone and microglial cells markers. 

Hsp70 (green) is extensively expressed in the ONL of PN13 rd1 retina, but fails to co-localize 

with TUNEL (A, C and E), avidin (B, D and F), Cone arrestin (G, I and K) and F4/80 (H, J 

and L), all in red. Bars = 30 μm. 
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Figure 4.4.3. Hsp70 and cGMP co-localize in rd1 photoreceptors. In PN11 wt retina (A), 

neither Hsp70 (green) nor cGMP (red) are detectable. In the rd1 mutant (B), the first relevant 

biological event provoked by the mutation within the PDE6 gene is the accumulation of 

cGMP. A subset of photoreceptors with high level of cGMP, shows concomitant high level of 

Hsp70 (highlighted with white arrows). Co-localisation between Hsp70 and cGMP is 

confirmed with confocal microscopy (C). ONL = outer nuclear layer. Bar = 20 μm and 5 μm 

(bottom right). 

 

To address the question of temporal order of expression even further, we co-labelled 

for Hsp70 and cGMP, which can be considered as the first real sign of the pathology 

in PDE6β mutants (Paquet-Durand et al., 2009), and also a marker of photoreceptor 

degeneration in other RP models (Trifunović et al., 2010). Retinae from PN11 wt 

material displayed neither Hsp70 expression nor cGMP accumulation, while both 

were readily seen in rd1 specimens (Fig. 4.4.3 A and B). There was also an overlap 

between Hsp70 and cGMP stainings (Fig. 4.4.3 B and C), including in the 

photoreceptor inner segments, cell bodies and nuclei. We therefore concluded that the 

increased Hsp70 expression occurred early on in the degeneration of an rd1 rod 

photoreceptor, but it was still not obvious whether cGMP comes before Hsp70 or vice 

versa. In an attempt to clarify this, we used the retinal explant system to study the 

effects of an inhibitor of cGMP-activated protein kinase (PKG). The degeneration in 

rd1 photoreceptors has its origin in the accumulation of cGMP, and we have 

previously shown that the detrimental effects of cGMP is to a major extent due to the 

subsequent overactivation of PKG (Paquet-Durand et al., 2009), for example since 

PKG inhibitors promote rescue of rd1 photoreceptors. PKG has furthermore been 

suggested as a potential contributor to the expression of Hsp70 by phosphorylating 

HSF1, the transcription factor that governs the expression of the heat shock proteins 

(Ohnishi et al., 1999). We therefore administered DF001, an analogue of cGMP that 

inhibits PKG to cultured rd1 retinae and the treated specimens and their untreated 

controls were then stained for Hsp70. We found a reduction of the expression of 

Hsp70 in treated samples (Control: 10.7 % ± 1.3, n = 3; treated: 8.4 % ± 0.6, n = 2), 

indicating the involvement of PKG signalling in the expression of Hsp70.  

We finally performed co-labelling for Hsp70 plus acetyl-lysine (Fig. 4.4.4). 

Acetylated lysines are substrates for histone deacetylases (HDACs), which are 

overactivated in rd1 degenerating photoreceptors (Sancho-Pelluz et al., 2010). This 

results, for instance, in a staining pattern of the rd1 ONL that includes many “gaps” or 

staining void nuclei. The expression of HDACs and Hsps has been reported to be 
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reciprocally regulated and modification of the general acetylation level has been 

shown to be able to affect the expression of Hsps (Kee et al., 2008, Chen et al., 2002, 

Hageman et al., 2010). In the rd1 mouse we found that Hsp70 often localizes to gaps 

of acetyl lysine staining (Fig. 4.4.4). Given that the overactivation of HDACs partially 

co-labels TUNEL staining (Sancho-Pelluz et al., 2010), unlike what Hsp70 staining 

does, our results suggest that the early chain of events leading to photoreceptor 

degeneration is chronologically composed by accumulation of cGMP, activation of 

PKG, overexpression of Hsp70 and overactivation of HDACs. 

 

     

Figure 4.4.4. Hsp70 is expressed in nuclei lacking of acetylated lysines. In rd1 retinae, anti-

Hsp70 antibody labels segments, cell bodies and nuclei of cells with reduced levels of lysines 

acetylation, showing that accumulation of Hsp70 anticipated HDACs activation. ONL = 

nuclear layer; IS = inner segments. Bar = 20 μm 

 

Time dependent dynamics of HSP70 expression 

The number of Hsp70 expressing rods was assessed at multiple time-points, to 

determine the peak of Hsp70 expression in comparison to the temporal dynamics of 

TUNEL. Hsp70 was never detected in the ONL of wt animals in any given time-point, 

although there was some signal in the photoreceptor segments in the older ages (data 

not shown). The analyses encompassed rd1 retinae from PN7 to PN21 (at the latter 

time-point nearly all rods have disappeared) (Fig. 4.4.5 A and B). Hsp70 was 

expressed in only few photoreceptor cells the at the earliest time point of detection, 

PN9, after which it increased both at PN10 and PN11 and even more sharply so at 

PN13, just like other markers in retinal degeneration such as TUNEL (Sancho-Pelluz 

et al., 2010). But unlike TUNEL (Fig. 4.4.5 C), which had a clear peak at around 

PN13 (6,0 % ± 1,1 (+) cells) after which it decreased to PN17 where it then plateaued, 

the Hsp70 expression increased further at PN15 (12,4 % ± 1,4), and was at a high 
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level even at PN17, after which it decreased gradually to low levels at PN21. Using a 

mathematical approach, the peaks of the Hsp70 and TUNEL curves were determined. 

The Hermite interpolation is a method of interpolating data points as a polynomial 

function. The limit of the functions obtained provided estimated peaks that were 

present at PN 14 + 5 hours for Hsp70 (12.7 % of (+) cells estimated) and at PN 13 + 

16 hours for TUNEL (6,2 %).  

 

Figure 4.4.5. Temporal expression of Hsp70 and TUNEL. A) Outer retina of rd1 mice are 

labeled for Hsp70 (green) and DAPI (blue). The yellow dashes show the size of the outer 

nuclear layers (ONL) in different time points.  Hsp70 has been investigated between PN 7-21. 

Bar = 20 μm. B) and C), bar graphs expressing average plus standard deviation (SD) show the 

quantification of the Hsp70 and TUNEL positive (+) cells respectively. TUNEL has been 

quantified within time points comprised between PN 9-21. 

 

To ascertain whether there was any contribution of cones at the latest time point 

analysed (PN21), we carried out immunostaining for cone-arrestin together with 

Hsp70 and TUNEL (Fig. 4.4.6), but the latter very rarely co-localized with cone 

staining. Therefore, at the time points under investigation here Hsp70 was almost 

exclusively expressed in rods.  



 115 

               

Figure 4.4.6. Cones response to Hsp70 and TUNEL at PN21. A) At PN21 cones (red 

labeling) of rd1 mice normally don’t express Hsp70 (white arrows) and B) few of them 

(green) are dying at this time point. ONLs = outer nuclear layers. Bar = 20 μm. 

 

Pharmacological modulation of HSP70 

Several reports indicate that pharmacological induction of Hsp70 expression promotes 

cytoprotective effects. Interestingly, geranylgeranyl-acetone (GGA), an inducer of 

Hsp70, was recently proven to be neuroprotective for photoreceptor cells in a rat 

model of retinal detachment (Kayama et al., 2011) after systemic administration. In 

order to see if a similar protective effect could be achieved on rd1 photoreceptors, we 

performed organotypic retinal cultures with rd1 retina explanted at PN5 with 2 DIV in 

normal medium, followed by 4 days with the administration of 10 μM GGA (PN5 + 

2DIV + 4 DIV). The end point of the treatment thus represented approximately PN11, 

after which the samples were analysed for TUNEL and Hsp70 positivity. GGA at 10 

μM provoked a reduction of the numerical average of TUNEL (+) cells (treated 4,0 %  

± 1,1 (+) cells of all cells, control 4,4 % ± 0,7), and an increase in the percentage of 

Hsp70 (+) cells (treated 6,9 % ± 0,9, control 6,0 % ± 1,2). However, these differences 

were not statistically significant. The differences between the absolute numbers of 

Hsp70 (+) cells in the GGA experiment and the PKG inhibitor experiment above can 

likely be attributed to intrinsic differences in the preparations. According to the time 

dependent dynamics data we collected (see above), the Hsp70 expression shoot up 

rapidly between PN11-13, and therefore differences of few hours between different 

preparations at this time point may provoke sizeable differences in the final counting. 
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Retinal expression of HSF1 protein and of Hsp40, -70, -90 mRNA  

A class of transcription factors called heat shock factors (HSFs) promote the 

expression of various Hsps (Pirkkala et al., 2001, Tam et al., 2010), and the 

prototypical member of this family is HSF1. In an unstressed situation, the HSF1 

transcription factor is sequestered in a complex constituted of Hsp40, -70 and -90 

proteins (Tam et al., 2010). As soon as stress occurs, the inhibitory binding of the 

multichaperone complex is released and HSF1 is free to undergo phosphorylation and 

form trimers (Anckar and Sistonen, 2011). Once activated and bound to a heat shock 

sequence in the DNA, HSF1 exerts its transcription factor function, which includes 

promotion of Hsp40, -70 and -90 mRNA expression (Tam et al., 2010). In order to 

determine possible connections between HSF1 and Hsp70 we performed 

immunostaining for HSF1 on PN11 tissues. HSF1 protein in wt was seen in all retinal 

layers and in both cytoplasmic and nuclear compartments (Fig. 4.4.7) and the picture 

was very similar in the rd1 case, although a subset of photoreceptor nuclei in the rd1 

retinae appeared to have more condensed staining. This suggests that the generally 

low Hsp70 expression in all of the retinal layers of wt and rd1 retinae is not a result of 

low expression of the HSF1 transcription factor as such. 

 

       

Figure 4.4.7. HSF1 expression in wt and rd1 retina. Total HSF1 is expressed throughout the 

retina both in wt and mutant. No difference in the expression level is detectable; however in 

rd1 a group of cells within the photoreceptors layer, indicated with the white arrows, display 

slightly more condensed staining. GCL = ganglion cell layer; IPL = inner plexiform layer; 

INL = inner nuclear layer; OPL = outer plexiform layer; ONL = outer nuclear layer. Bar = 20 

μm. 
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In the context of genotype comparisons we also used qRT-PCR to quantify the 

expression of the HSF1 governed Hsp40, Hsp70 and Hsp90 genes, but in none of the 

cases did we find a significant difference between the rd1 and wt retinae (Fig. 4.4.8). 

This is in line with the equal general staining of HSF1 in the two genotypes and 

underlines that there are no gross alterations in Hsp expression in the degenerating 

rd1 retina. However, there is still the possibility that individual photoreceptor cells 

display increased mRNA for one or several of the Hsps, but that these changes are 

masked in the global sample. Alternatively, the high levels of Hsp70 protein in some 

rd1 photoreceptors may have different causes, such as increased protein stability, 

which would give the same outcome. 

                   

Figure 4.4.8. Expression of HSF1 induced gene in wt and rd1 retinae. qRT-PCR analysis of 

different Hsps shows no statistical relevant difference in the expression of  Hsp40, 70 and 90 

between mutant and control. Columns and bars represent mean ± standars deviation (SD) 

respectively. 

 

Expression of Hsp70 in other models of RP 

The clear upregulation of Hsp70 protein in the rd1 photoreceptors prompted us to 

study this aspect in also other RP models. The degeneration in the rd2 mouse 

concerns a different RP gene and starts later and progresses slower than in the rd1 

case. Instead of the PN11 assessment used in the rd1 situation we hence for this 

model made comparisons using PN19 preparations. While the PN11 rd1 retina 

displayed increased Hsp70 expression in selected photoreceptors, including in their 

outer segments, compared to wt, the PN19 rd2 samples did not reveal any increased 

photoreceptor staining (Fig. 4.4.9 A and D).  
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Figure 4.4.9. Expression of Hsp70 in rd2 mice and rat rhodopsin mutants. Comparison 

between rd2 and control (A and D) shows reduction of the expression in mutants, with more 

emphasis on segments and synaptic terminations. Hsp70 in rat is detected mainly in the 

cytoplasm of cells within the ONL and segments. In mutants, Hsp70 is differentially 

distributed both in S334ter (B and E), while in P23H no differences were clearly visible (C 

and F). No staining was detected into the inner retinal layers. Pictures were taken close to the 

insertion of the optic nerve. GCL = ganglion cell layer; INL = inner nuclear layer; ONL = 

outer nuclear layer. Bar = 50 μm. 

 

The S334ter and P23H rat models represent two variants of yet another RP gene 

mutation and also another species. Both models are known to suffer from defective 

protein trafficking and folding (Liu et al., 1996, Green et al., 2000), making them 

relevant to study in the Hsp70 context. Comparisons were made between mutants and 

wt material, using time-points where the individual mutants are known to show 

considerable levels of degeneration, respectively. As fig. 4.4.9 B and C show, wt 

retinae at PN12 and 15 express Hsp70 in the cytoplasm, synaptic terminals and 

segments of the photoreceptors, whereas other retinal layers are in principle devoid of 

staining. The S334ter mutation gives a harsh degeneration phenotype with strong 

effects on the photoreceptor cells, such that these at PN12 fail to develop outer 

segments (Martinez-Navarrete et al., 2011). There were in the S334ter samples thus 

only very little Hsp70 staining at the level of the photoreceptor segments and we also 

noted a decrease in staining intensity at the S334ter synaptic terminals. Importantly, 

we observed a clear tendency for increased cytoplasmatic immunoreactivity in a 

number of the PN12 S334ter photoreceptors (Fig. 4.4.9 E). The P23H model displays 
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a more protracted degeneration than the S334ter rat, so hence we here matched PN15 

age P23H and wt retinae. By contrast to the S334ter situation, there were no 

indications for differential Hsp70 staining in the degenerating P23H retina when 

compared with its wt counterpart (Fig. 4.4.9 C and F).  

 

Discussion 

 
The present report describes increased levels of Hsp70 protein in the degenerating 

photoreceptor cells of a well-known animal model for RP, the rd1 mouse. 

Comparisons with three other RP models, one mouse and two rat models, showed that 

while the Hsp70 response was not detected in all situations of photoreceptor 

degeneration, an increase was seen in the retinae which display the most aggressive 

forms of degeneration, i.e. in those from the rd1 mouse and the S334ter rat. In normal 

conditions Hsp70 performs basal activities such as controlling protein folding, but its 

expression can dramatically increase in response of different stressors (Wagner et al., 

1999), and the level of Hsp70 response in degenerating retinae may thus depend on 

the magnitude of the degeneration related stress. In the rd1 mouse and the S334ter rat 

the photoreceptor degeneration is particularly early and rapid, and the retinae of both 

of these models experience a high percentage of dying cells during their respective 

degeneration period. This may have resulted in a situation of overall more pronounced 

retinal stress, including in the individual photoreceptors.   

The Hsp70 expression in the rd1 model lacked co-localization with cone markers, 

which showed that the affected cells were indeed rod photoreceptors. Neither did 

Hsp70 co-localize with oxidatively damaged DNA and TUNEL, which are both late 

events in the death of the rd1 rods (Sanz et al., 2007, Sahaboglu et al., 2013). By 

contrast, some photoreceptor cells displayed an overlap between Hsp70 and cGMP. In 

the rd1 retina the accumulation of cGMP and subsequent PKG activation are early 

and triggering events for the photoreceptor degeneration (Paquet-Durand et al., 2009), 

and together with the current findings this suggests that the Hsp70 upregulation 

happens at the initial stages of the degeneration of a given cell. We also noted a 

reduction of Hsp70 expression in cultured retinal explants after treatment with a PKG 

inhibitor. This indicates that the photoreceptor protective effect by PKG inhibition 

(Paquet-Durand et al., 2009) relieves the stress and thus the need for Hsp70, and it 
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furthermore implies that while Hsp70 upregulation is early, it occurs only after PKG 

activation. However, the transcription factor HSF1, which regulates the expression of 

several Hsps including Hsp70 (Pirkkala et al., 2001), can be phosphorylated by PKG 

(Ohnishi et al., 1999), and one may thus argue that the degeneration dependent 

activation of PKG in itself contributes to Hsp70 upregulation via HSF1 

phosphorylation. We do not think this has played a major role in the present case, 

though. A previous investigation showed that the degeneration in the rd2 model, 

which has a different genetic cause than rd1, is likewise accompanied by increased 

cGMP and can be protected by PKG inhibition (Paquet-Durand et al., 2009). Yet there 

were no signs of Hsp70 upregulation in the rd2 photoreceptors in the present study, as 

would have been expected if the PKG activation as such contributed significantly to 

the Hsp70 regulation. 

We have recently reported that the increase in cGMP of rd1 photoreceptors starts at 

about PN8, to reach a peak at around PN13 (Sahaboglu et al., 2013). In the same 

study the start of TUNEL positivity was delayed by 2-3 days compared to cGMP, 

whereas both peaked at PN13, after which the number of cGMP positive cells 

remained higher than that of the TUNEL positive ones (Sahaboglu et al., 2013). The 

latter suggested that cellular cGMP positivity in a given cell lasted longer than 

TUNEL positivity, since the cellular lifetime of a marker will directly influence its 

detection probability. Indeed, various calculations based on these and other results 

showed that cGMP positivity in a given cell lasts for about 36 h, and is followed by a 

transition phase of about 5-6 h, to be concluded by the TUNEL phase of another 6-7 h 

and then cell death (Sahaboglu et al., 2013). The results presented in the current study 

reveals Hsp70 detection at PN9 with a calculated peak at about PN14, and with the 

number of Hsp70 positive cells remaining higher that the TUNEL cells after this peak. 

This yields a situation similar to the cGMP-TUNEL relation in Sahaboglu et al. 

(2013), but also exposes a slight delay between the peak time-points for Hsp70 and 

cGMP, which goes very well with the partial overlap of cGMP and Hsp70 (Fig. 4.4.3). 

Together this again suggests that cGMP in a given photoreceptor comes before the 

Hsp70 upregulation of the same cell, which, given the properties of Hsp70 (Antonoff 

et al., 2010, Beere et al., 2000), could represent an endogenous attempt towards 

cellular protection. Indeed, such a situation – a massive cGMP increase triggering an 

endogenous (but futile) survival mechanism before eventual cell death – is convincing 
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and fully compatible with the temporal aspects of cell death in the rd1 retina, as 

established by mathematical considerations of the kinetics of cGMP and TUNEL and 

other parameters (Sahaboglu et al., 2013). Besides, the reported cytoprotective 

properties of Hsp70 (Kayama et al., 2011, Young, 2010) together with the lack of co-

labeling with TUNEL may suggest that, as long as Hsp70 is expressed, the 

photoreceptors are kept away from the cell death pathways.  

Experimentally increased Hsp70 has a beneficial effect on the retinal degeneration in 

P23H rats (Gorbatyuk et al., 2010), which fits with the proposed neuroprotective 

actions of Hsp70 (Antonoff et al., 2010, Kayama et al., 2011) as well as with the 

upregulated Hsp70 in the rd1 rods seen here. The neuroprotective actions could rely 

on the ability of Hsp70 to reduce insoluble protein aggregation, or to block apoptotic 

pathways by inhibiting the formation of the apoptosome (Beere et al., 2000), but also 

its capacity to activate the pro-survival kinase Akt, as was shown after pharmacologic, 

and advantageous, induction of Hsp70 in a rat model for detached retina (Kayama et 

al., 2011). In our experiments with the Hsp70 inducer GGA, however, we saw no 

significant change in the number of TUNEL or Hsp70 positive cells in treated rd1 

retinal explants (although there was a tendency for reduction and increase, 

respectively). While we cannot rule out that there could have been a transient increase 

of Hsp70 after each medium change, the TUNEL results suggest that this did not 

translate into a protective effect. Since the Akt kinase has been reported to be 

overactivated in the rd1 mouse photoreceptors (Johnson et al., 2005), both players in 

such a possible Hsp70-Akt protective route may already be engaged close to their full 

extent in the rd1 retina, precluding further improvement by GGA treatment. 

Alternatively, the lack of neuroprotection with GGA could be the result of that Hsp70 

is an ATP-consuming protein (Young, 2010). The degenerating photoreceptors of the 

rd1 retina are known to suffer from an overactivation of another energy consuming 

protein, poly (ADP-ribose) polymerase PARP (Paquet-Durand et al., 2007, Sahaboglu 

et al., 2010). This is a burden for the photoreceptors, because both PARP inhibition 

and the crossing of rd1 animals with PARP1 knock-out mice lead to a milder retinal 

degeneration (Paquet-Durand et al., 2007, Sahaboglu et al., 2010). A particularly 

interesting future possibility would therefore be to induce Hsp70 concomitant with 

preservation of energy by PARP inhibition in rd1 retinae. It is furthermore possible 

that experimental Hsp70 induction might have better chances for success when 
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applied in situations where it is not already in play to the same extent as in the rd1 

retina, such as in the rd2 or P23H models also described in the present study. 

In conclusion, we have here demonstrated the clear upregulation of Hsp70 protein in 

the degenerating rod photoreceptors of the rd1 model for the blinding disease RP. The 

Hsp70 upregulation may reflect an endogenous survival response of the affected 

photoreceptors, but due to unknown circumstances this is not sufficient for cellular 

protection. Our results furthermore suggest that the Hsp70 response differs when it 

comes to the exact disease causing mutation. Therefore, given the success of Tam et 

al. (2010) in achieving protection in a model for autosomal dominant RP with an Hsp 

expression paradigm, the challenge with Hsp70 may be to find the right conditions for 

promoting photoreceptor survival. This could include simultaneous manipulations of 

more than one pathway or letting any Hsp70 based therapy focus on those mutations, 

which on their own do not seem to involve the upregulation of this protein. 
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5. Discussion 

 

Overall contributions of the thesis to the RP field and future directions 

Four different entities, Klotho, HDACs, DNA methylation and Hsp70, whose 

functions in the degenerating retina were previously either virtually unknown or not 

well described, have been studied in this thesis. The information gathered during the 

work provides experimental and novel evidence of the association of these four 

factors with neurodegeneration or neuroprotection in the context of RP. The gained 

knowledge increases the understanding of the pathomechanisms behind the disease 

and could aid in the development of pharmacological or other neuroprotective 

approaches to slow down the RP related loss of vision in humans. As such, the results 

also forward novel biomarkers for RP. A brief recapitulation of the findings follows. 

α-Klotho. The presented work in paper we provided the first experimental evidence of 

degeneration related Klotho expression in the retina. Using four different RP models 

from two different species we found over-expression of α-Klotho in the subset of 

photoreceptors that are in the process of neurodegeneration. As separately studied in 

the rd1 model there was also an increased expression of -Klotho, another Klotho 

family member, in the degenerating photoreceptors. We were furthermore able to 

demonstrate that administration of ectopic α-Klotho ectodomain severely affected the 

retinal organization in otherwise healthy retinae. The exact role of Klotho in the 

degeneration process remains to be determined, as discussed in the report, and here 

follows some additional aspects on the Klotho involvement in retinal physiology and 

pathology.  

α-Klotho carries out multiple tasks, both within a cell and as a circulating hormone. 

One function of α-Klotho is to form complexes with fibroblast growth factor receptors 

(FGFRs), which then allows the binding and signalling of the growth factors FGF15 

and 23 (Wu et al., 2007, Kurosu et al., 2006). This is potentially very relevant here, 

since a) we observed FGF15 to have a lower expression in the rd1 mouse retina and 

b) FGF19 (the human orthologue of mouse FGF15) supports survival in primary adult 

pig photoreceptor cultures (Siffroi-Fernandez et al., 2008). The increased Klotho 

expression may thus be a response to the reduced FGF15 in the degenerating retinae 

in order to save the photoreceptors. If such compensation has already happened in the 
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rd1 retina, this could explain why further, exogenous addition of α-Klotho did not 

improve the survival of these photoreceptors. In the wt explant situation, the addition 

of Klotho occurred in a situation of low basal levels of Klotho and normal levels of 

FGF15 and gave increased disorganization of the retina. Given the proposed 

involvement of FGF15 in mouse brain cell proliferation and differentiation (Fischer et 

al., 2011), it is possible that the addition of α-Klotho has disturbed any regular action 

of FGF15 in the retinal differentiation and layering that occurs over the time studied. 

As a circulating hormone, α-Klotho can activate insulin signaling (Kuro-o, 2009). 

Insulin signaling is present also in the retina (Reiter et al., 2003), and its inhibition 

may lead to detrimental effects while its induction may promote survival (Wu et al., 

2004, Barber et al., 2001). Interestingly, in the rd1 photoreceptors Akt, a downstream 

kinase in the insulin dependent pathways, is over-activated (Johnson et al., 2005), and 

it is possible that the increased Klotho has played a part in this cellular attempt to 

survive. Again this could indicate why further Klotho treatment does not promote 

protection. Further work will be needed to determine the exact role of α-Klotho in 

retina and its contribution in RP. 

Epigenetic factors. Chapter 4.2 suggests that the HDAC enzymes class I & II are 

overactivated in the rd1 retina compared to wt animals and contribute to 

photoreceptor cell death. HDACs are a group of enzymes that remove acetyl groups 

from acetyl lysines in a wide range of substrates (not just histones as the name would 

indicate). Lysine acetylation is a protein post-translational modification that plays a 

pivotal role in the regulation of gene expression (Choudhary et al., 2009), since 

acetylation of the histone tails allows the relaxation of the chromatin structure, 

promoting transcription. HDACs overactivation has been suggested to be an early-to-

medium late event in the photoreceptor degeneration, considering its limited 

overlapping with TUNEL. Moreover, blockade of HDACs class I & II with 

trichostatin A (TSA) showed neuroprotective properties after short-term treatment and 

promoted survival after long-term treatment. Last, overactivation of PARP1, another 

epigenetic factors (Beneke, 2012), have been already reported in rd1 (Paquet-Durand 

et al., 2007). In chapter 4.2 we showed that PARP1 and HDACs overactivations 

happen simultaneously.     

The previous work thus paved the way for chapter 4.3, and this study provides 

evidence for an increase in DNA methylation in dying photoreceptors of several 



 125 

models of RP. This, together with data collected in the manuscript described in 

chapter 4.2, in turn suggests the existence of multiple and concomitant increases of 

the activities of various epigenetic modifiers of chromatin. There are at this point thus 

a number of reasons to propose that a degenerating photoreceptor undergoes several 

and profound alterations related to its chromatin. Just as for the Klotho proteins, the 

observed increase of 5mC may be considered as a late event in RP. 

Our experiments suggest that under certain conditions the inhibition of the DNA-

methylation responsible DNMTs via decitabine (a non-methylatable cytosine 

analogue) reduces the number of dying cells. It will therefore be of interest to in 

future studies combine decitabine administration with other drugs known to affect the 

status of the chromatin and that are also known to promote survival, like inhibitors of 

HDAC class I & II and of PARP1 (Paquet-Durand et al., 2007, Sancho-Pelluz et al., 

2010).  

Hsp70. Manuscript in chapter 4.4 describes that the molecular chaperone Hsp70 is 

differentially expressed in models of RP characterized by quick degeneration (rd1 

mouse and S334ter rat) compared to relative controls. In slower degenerating models 

(rd2 mouse and P23H rat) the Hsp70 expression substantially replicates the wt 

scenario and no increased expression is observed. This suggests a mutation specific 

involvement of Hsp70 that mirrors the harshness of the degeneration. In situations 

with a rapid degeneration, Hsp70 could serve as a very early, albeit insufficient, 

neuroprotective response that may be elicited by the stress from many photoreceptors 

dying over a given time period. In more protracted degenerations, the Hsp70 response 

may be limited, which by consequence makes the detection difficult due to lower 

absolute expression levels or fewer positive cells at any given moment. It is possible 

that the slower degeneration types are the ones most susceptible for protection by 

experimental Hsp70 stimulation.  

 

Links between the projects 

The studies have recognized four separate factors that correlate with the degeneration 

of photoreceptors. However, it is fully possible that some or all of these are in some 

way(s) linked together, and this is of major interest to establish. Indeed, literature data 

are compatible with a linkage between some of the factors studied (see below) and I 
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therefore devote this section to an overview of the possible interconnections between 

the presented observations. 

Gene expression and α-Klotho. The regulation of gene expression is one of the main 

tasks performed by several of the proteins I have studied for this thesis, notably DNA 

methyl transferases (DNMTs) (chapter 4.3), histone deacetylases (HDACs) and poly 

(ADP-ribose) polymerases (PARPs) (chapter 4.2). The control of gene expression of 

α-Klotho is poorly investigated. However, a recent report showed that the age-related 

decline of α-Klotho expression in the rhesus monkey is provoked by 

hypermethylation of its promoter (King et al., 2011). Additionally, hypermethylation 

of the promoter of α-Klotho has been reported in human cervical carcinoma (Lee et 

al., 2010) where they propose epigenetically targeting the α-Klotho promoter to tackle 

carcinoma. In the rd1 mouse we found both hypermethylation of DNA in dying 

photoreceptors and an increased expression of α-Klotho, suggesting that its 

expression might not necessarily be primarily regulated by methylation of the 

promoter. However, a thorough investigation on the methylation level of the α-Klotho 

gene promoter has yet to be done.  

Pharmacological restoration of pathologically altered gene expression is a 

neuroprotective strategy that has provided encouraging results in various disease 

models (Yi et al., 2012, Kaminskyy et al., 2011, Nishioka et al., 2011, Jia et al., 2012). 

This can be achieved e.g. via the manipulation of enzymes that alter the condensation 

of the chromatin. For instance, chapter 4.3 showed that short-term treatment with 

decitabine 2,5 μM (a DNMT inhibitor) decreased both the number of TUNEL and 

5mC (+) cells. This treatment could thus be used to assess whether decitabine is able 

to provoke demethylation on target genes, like α-Klotho. Interestingly, in colorectal 

cancer α-Klotho is down-regulated and decitabine can restore its expression, but not 

the HDAC inhibitor trichostatin A (TSA) (Pan et al., 2011), which has a similar ability 

as decitabine to restore gene expression and which has been showed to promote 

neuroprotection in the rd1 retina (Sancho-Pelluz et al., 2010). Future studies may be 

able to determine whether those drugs can affect the expression of α-Klotho in the 

retina. 

α-Klotho and Hsp70. Possible links between expression and function of α-Klotho and 

Hsp70 have not been sufficiently studied. Intriguingly, though, in the only paper 

currently published, α-Klotho has been reported to provide protection in a model of 
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ischaemic acute kidney injury through the expression of Hsp70 (Sugiura et al., 2010). 

In the rd1 mouse retina we found different subsets of photoreceptors that express high 

levels of α-Klotho or Hsp70, but we could in separate experiments not observe any 

co-localization (Fig. 5.1). In the paper we suggested that Hsp70 has early 

neuroprotective functions while α-Klotho expression is likely to be a much later (and 

potentially even detrimental, although this remains to be determined) event, which is 

substantiated by this lack of co-expression. Thus, it is not likely that the phenotype in 

rd1 mouse is consequence of any interplay between α-Klotho and Hsp70, at least not 

in that specific order. Moreover, all the studied models displayed increased levels of 

α-Klotho but the Hsp70 increase was limited to two of these. 

 

Figure 5.1. Hsp70 overexpressing cells do not display overlay with increased α-Klotho. 

Hsp70 overexpression is and early neuroprotective response, whereas α-Klotho is a late, 

maybe neurotoxic, factor in rd1 retinae. The merged picture clearly shows lack of co-

localisation at PN11. GCL = ganglion cell layer; INL = inner nuclear layer; ONL = outer 

nuclear layer. Bar = 50 μm. 

 

Interplay between HDAC, PARPs and Hsp70. Literature data indicates that the 

expression of HDACs and Hsps is mutually regulated and modification of the 

acetylation level is able to affect the expression of Hsps (Kee et al., 2008, Chen et al., 

2002, Hageman et al., 2010). We found Hsp70 expressed in cells lacking acetyl lysine 

staining, meaning that they experience overactivation of HDACs. Pharmacological 

inhibition of HDACs has been proved to promote cytoprotective effect in several 

different investigative set-ups (Wang et al., 2007, Marinova et al., 2009, Marinova et 

al., 2011), including in the rd1 retina (Sancho-Pelluz et al., 2010). It would thus be 

interesting to test whether TSA has the ability to modulate Hsp70 expression in the 

rd1 model.  

Hsp70 α-Klotho Merge 

GCL 

INL 

ONL 
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The PARP enzyme family uses NAD as a co-factor to build-up homo-polymers of 

poly (ADP-ribose) (PAR) on acceptor proteins, which modifies their activities. The 

consumption of NAD may act to promote the energetic collapse that in the rd1 mouse 

could be a critical point in the cell death pathway (Paquet-Durand et al., 2007). 

Accumulation of PAR was found in rd1 photoreceptor cells that had reduced staining 

for acetyl lysine, i.e. increased HDAC activity coincides with PARP activity (Fig. 

5.2).  

 

Figure 5.2. HDACs and PARP enzymes overactivation coincide in dying photoreceptors. 

Accumulation of poly (ADP-ribose) (green) and gaps of lysine acetylation (red) are detected 

in the same dying cells (Paquet-Durand et al., 2007, Sancho-Pelluz et al., 2010) in rd1 retinae 

at PN11. ONL = outer nuclear layer. Bar = 20 μm. 

 

The possibility of HDAC activation as a consequence of PARP1 activation has not 

been studied. However, inhibition of class I and II HDACs reduced the accumulation 

of PAR polymers (Sancho-Pelluz et al., 2010), and therefore very likely inhibited 

PARP1, which together suggested that HDACs are activated prior to PARP1.  

The group I have worked with already reported that in the rd1 photoreceptors, PARP1 

is over-activated and that inhibition of this enzyme promote survival (Paquet-Durand 

et al., 2007). With relation to the Hsp70 study, it is interesting to note that when the 

transcription factor HSF1 binds heat shock elements (HSE) on the DNA sequence it is 

able, at least in part, to activate PARP1 (Anckar and Sistonen, 2011, Beneke, 2012), 

in order to unwind the chromatin and allow transcription of HSF1 target genes. But 

data in this regard are contrasting: Fossati and collaborators reported that the 

activation of PARP1 impairs the transcriptional activity of HSF1 in murine fibroblasts 

(Fossati et al., 2006). However, these data may not exclude each other, but rather 

indicate a reciprocal control of the activities between HSF1 and PARP1. As a general 

model, it is tempting to speculate that in response to stress HSF1 can mildly activate 
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PARP1 to loosen up the chromatin. On top of this the heavily damaged DNA, like in 

rd1 mice, could increase the activation of PARP1 to extents that are detrimental to the 

photoreceptors. The accumulation of poly (ADP-ribose) (PAR) may furthermore 

depress the binding of HSF1 on the DNA, and hence the transcription of Hsp70, 

efficiently shutting down its expression prematurely. Accordingly, accumulations of 

PAR are not supposed to co-localize with Hsp70, but for technical reasons (both 

primary antibodies are of mouse origin) this experiment has not been performed for 

this thesis. 

The link between PARP activation and Hsp70 expression may be even wider. Hsp70 

is an ATP consuming protein, whereas PARP activation indirectly decreases the 

cellular energy content by the consumption of NAD, suggesting that there may be a 

PARP1- Hsp70 competition over energy. In fact, Hsp70 expression was facilitated in 

PARP1 -/- mice (Fossati et al., 2006) and altogether these data are compatible with  

PARP1 activation contributing to repress Hsp70 expression  in rd1 photoreceptors and 

thus playing as a forerunner for the cell death pathways. Finally, also different 

patterns of promoter methylation play a role in the silencing of the expression of Hsps 

in murine cell lines (Gorzowski et al., 1995, Drujan and De Maio, 1999) and we thus 

cannot exclude the existence of a complex interplay between different epigenetic 

modulators in the expression of Hsp70. 

DNMTs/HDACs system. The most straightforward and studied interplay between the 

factors I have studied in this thesis, is represented by the connections between 

HDACs and DNMTs. In fact, different isotypes of HDACs and DNMTs cooperate in 

the epigenetic modification of the gene expression (Rountree et al., 2000, Fuks et al., 

2001, Aapola et al., 2002). Epigenetic mechanisms like methylation of the DNA and 

histone acetylation are critical in many physiological functions, ranging from 

memory, to development and cellular reprogramming (Monsey et al., 2011, Han et al., 

2010, MacDonald and Roskams, 2009). In different rodent models of RP, we suggest 

that both HDACs and DNMTs are overactivated and the outcome of their activities 

overlap. 

In order to tackle photoreceptor degeneration, combined administration of the HDAC 

class I & II inhibitor TSA and decitabine might be an intriguing strategy. Both of 

these drugs displayed, to different extents, neuroprotective properties (Sancho-Pelluz 
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et al., 2010). However, we must undertake this path with caution because it would not 

be surprising if excessive blockade of regulative pathways turned out to be damaging. 

 

Final Remarks 

The goal of studies aimed at paving the way for neuroprotective strategies is to 

identify disease markers and to evaluate suitable molecular targets. In figure 5.3 is 

shown a possible – but likely incomplete – sequence of events that can be suggested 

to contribute, directly or indirectly, to cell death in rd1 rods. The highlights point at 

the entities discovered and discussed in the present thesis. 

Intracellular accumulation of cGMP is probably the first event (Paquet-Durand et al., 

2009), which in turn activates membrane CNG cation channels (influx of calcium) 

and cGMP-activated kinase PKG, but one should keep in mind that the latter is 100-

fold more sensitive to cGMP than the channels (Trifunović et al., 2010). Increase of 

cGMP triggers pro-cell death pathways, but maybe also the assumed endogenous 

neuroprotective actions of Hsp70. We showed here that as long as Hsp70 is 

expressed, photoreceptors seem able to resist the stress induced by the mutation. 

Detrimental overactivation of HDACs class I and II (Sancho-Pelluz et al., 2010) is 

likely to follow, as is activation of the calcium activated protease calpain (Paquet-

Durand et al., 2006) and PARP1, with accumulation of probably neurotoxic poly 

(ADP-ribose) polymers (Paquet-Durand et al., 2007). Towards the late stages, perhaps 

close to cell death, we found increase of methylation of the DNA and up-regulation of 

α-Klotho.   

Choosing the perfect target is a difficult issue. If we pharmacologically approach 

early events, like the accumulation of the second messenger cGMP, we have good 

possibilities to block the neurotoxic pathways, but this may also have serious 

repercussions on downstream processes needed for the normal cellular physiology. 

Blockade of targets that appear later may thus minimize the possibility that 

indispensable pathways are affected; although for some such targets the cell death 

machinery has already crossed the point of no return. One interesting, but so far little - 

if at all - tried approach, would be to arrange for simultaneous but limited inhibition 

of both earlier and later events.  
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The thesis work detected and studied two late events (α-Klotho expression and DNA 

methylation) as well as two earlier events (Hsp70 and HDACs), according to co-

localisation with TUNEL staining. Administration of α-Klotho did not display any 

neuroprotection, but the use of the aza-nucleoside decitabine, which inhibits DNMTs, 

and the HDACs class I & II inhibitor TSA in both cases reduced the number of 

TUNEL positive cells after short-term treatments. The TSA treatment also promoted 

survival after long-term treatment.  

 

Figure 5.3. Possible sequence of event leading to photoreceptors degeneration in rodent 

models of Retinitis pigmentosa. In rd1 mouse, mutation in the PDE6β gene provokes 

primarily an increase of intracellular cGMP and calcium (Bowes et al., 1990, Farber and 

Lolley, 1974). The first activate PKG (Paquet-Durand et al., 2009), which in turn may have 

(indicated by the dashed white arrow) influence on Hsp70 expression. After that we suggested 

the activation of HDACs which in this thesis have been shown to play a role in the control of 

the activation of PARP enzymes. On the other hand, high level of intracellular calcium can 

activate calpain proteases (Paquet-Durand et al., 2006). As late events we found DNA 

hypermethylation abd increased expession of α-Klotho. All of these factors are shared with 

rd2 mouse as well as S334ter and P23H, with the exception of the overexpression of Hsp70, 

which is not affected in slow degenerating models. The black bars suggest the possible slot in 

which every factor is detectable and superimposition of bars and box indicates co-labeling. 

Indeed, HDAC, calpain (Paquet-Durand et al., 2006), PARP activation, as well as increased 

DNA methylation and α-Klotho co-label with TUNEL.  

One of the most intriguing and potentially promising pharmacological target could be 

represented by Hsp70, and the opportunity of inducing an early and presumably 

endogenous neuroprotective factor with geranylgeranylacetone (GGA) in more slowly 
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degenerating models than rd1, where Hsp70 is already in action, is indeed attractive. 

However, the overexpression of Hsp70 may increase the ATP consumption, which 

could counteract its other effects, particularly in a model like the rd1 mouse that 

already appears to suffer from energy depletion. Combinatory approaches, which in 

this case would consist of blockade of neurotoxic enzymes and induction of protective 

factors, might in theory produce synergistic effects even with reduced concentrations 

of the drugs, limiting in turn side effects.  

In conclusion, the work has established several novel factors in relation to inherited 

photoreceptor degeneration. This knowledge platform could serve as an incitement for 

further work, including such that focuses on exact treatment paradigms in order to 

obtain neuroprotection. Drug concentrations and treatment times used in other 

systems may very well be suboptimal when applied to the degenerating retina. To this 

end, one could elaborate on several aspects, ranging from treatment length to the 

number and frequency of the administrations. Furthermore, targeted combined 

treatments, as discussed previously, might allow selective blockade of multiple 

molecular targets at relatively low drug concentration. Information on the best 

conditions for the current disease setting may thus with time become available, and 

this is likely what a potentially neuroprotective drug needs. 
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6. Summary 

Retinitis pigmentosa (RP) groups a family of hereditary neurodegenerative diseases of 

the retina characterized by progressive loss of photoreceptors and for which treatment 

is still lacking. The aim of this thesis was to find and investigate novel markers of 

retinal degeneration in order to aid the understanding of the disease and the 

development of neuroprotective treatments. In this work four different rodent models 

for RP were used (rd1 and rd2 mice; S334ter and P23H rats), allowing the 

identification of several new players in inherited retinal degeneration. In order to do 

that, a wide range of techniques, including biochemistry and molecular biology, as 

well as microscopy and organotypic culturing methodologies were used. The main 

results achieved in this dissertation may be summarised as follows: 

1. Increased expression of α-Klotho was seen in dying photoreceptors of all four 

models of RP. Addition of α-Klotho ectodomain on organotypic retinal cultures 

impaired retinal organization. In addition, fibroblast growth factor 15 (FGF15) was 

down-regulated in rd1 and rd2 mice, indicating an imbalance of the α-Klotho/FGF15 

axis.  

2. Histone deacetylases (HDAC) class I and II were over-activated and played a 

critical role in the cell death pathways of the rd1 mouse retina. Blockade of class I 

and II of this family of enzymes with trichostatin A (TSA) protected photoreceptors in 

vitro. 

3. Increased methylation of DNA occurred in dying photoreceptors of all four rodent 

RP models. Moreover, short-term treatment with decitabine, a specific inhibitor of 

DNA methyltransferases (DNMTs) rescued photoreceptors. 

4. Differential expression of photoreceptor Hsp70 was detected in rd1 mice and 

S334ter rat retina and could represent an early endogenous neuroprotective event. 

Hsp70 did not co-label with late stress markers such as TUNEL, suggesting that 

Hsp70 protected photoreceptors as long as it was expressed. Hsp70 induction may 

therefore have neuroprotective potential.  

In conclusion, the studies report on four different and novel molecular players in 

retinal degeneration - Klotho, HDACs, DNMTs, and Hsp70 - that are all either 

overexpressed or overactivated in different models of RP. This provides us with 1) a 

new understanding of the complexity of the degeneration process as such, 2) support 



 134 

for the idea that despite the varying mutations there are common pathways leading to 

photoreceptor degeneration in RP, and 3) ideas for how new neuroprotective 

strategies, aiming not only at one mutation, can be developed. 
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8. Summary in German 

 

Retinitis Pigmentosa (RP) gehört zu einer Familie von neurodegenerativen 

Erkrankungen der Netzhaut, die gegenwärtig nicht behandelbar sind. Das Ziel dieser 

Doktorarbeit war es neue Marker für Netzhautdegeneration zu finden und zu 

erforschen, um so die Krankheit besser verstehen und die Entwicklung von 

neuroprotektiven Behandlungen vorantreiben zu können. In der Arbeit wurden vier 

verschiedene Nagermodelle für RP verwandt (rd1 und rd2 Mäuse; S334ter und P23H 

Ratten), welche es erlaubten mehrere neue Faktoren bei erblicher 

Netzhautdegeneration zu identifizieren. Dazu wurden eine Reihe von 

unterschiedlichen biochemischen, molekularbiologischer, und mikroskopischen 

Techniken verwandt und organotypische Kulturen untersucht. Die wichtigsten 

Ergebnisse dieser Doktorarbeit können wie folgt zusammengefasst werden: 

1. α-Klotho war in absterbenden Photorezeptoren, in allen vier RP-Modellen, 

hochreguliert. Zugabe der ecto-domäne von α-Klotho zu organotypischen 

Netzhautkulturen verhinderte den normalen Aufbau der Netzhaut. Zudem war FGF15 

in der rd1 und rd2 Netzhaut runterreguliert, was ein Ungleichgewicht in der α-

Klotho/FGF15 Achse andeutet. 

2. Klasse I und II Histondeacetylasen (HDAC) waren überaktiviert und spielten eine 

entscheidende Rolle für die Zelltodwege in der rd1 Netzhaut. Inhibition der Klassen I 

und II dieser Enzymfamilie mit Trichostatin A (TSA) schützte Photorezeptoren in 

vitro. 

3. Verstärkte DNA-Methylierung wurde in allen vier RP-Nager-Modellen gefunden. 

Kurzzeit-Behandlung mit Decitabine, einem spezifischen DNA-methyl-transferase 

(DNMT) Inhibitor, verlangsamte das Absterben von Photorezeptoren. 

4. Erhöhte Expression von Hsp70 wurde in rd1 Mäusen und S334ter Ratten 

gefunden und könnte auf frühe endogene neuroprotective Prozesse hindeuten. Da 

Hsp70 nicht mit späten Stressmarkern überlappte, könnte seine Expression 

Photorezeptoren schützen. Somit könnte die Induktion von  Hsp70 Expression ein 

neuroprotektives Potenzial besitzen.  
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Zusammengefasst, hat diese Arbeit vier verschiedene und bislang unbekannte 

Faktoren bei erblicher Netzhautdegeneration aufgedeckt: Klotho, HDAC, DNMT und 

Hsp70. Diese Faktoren sind in verschiedenen RP Modellen entweder überexprimiert 

oder überaktiviert. Damit erhalten wir 1. Neue Einblicke in die Komplexität der 

degenerativen Prozesse, 2. Unterstützung für die Idee, dass unterschiedliche 

Mutationen in gemeinsame Zelltod-Stoffwechselwege münden können, 3. Ideen dafür 

wie neuartige neuroprotektive Strategien die nicht nur auf einzelnen Mutationen 

abzielen, entwickelt werden können. 
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