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Dekan der Math-Nat. Fakultät: Prof. Dr. Thilo Stehle
Dekan der Medizinischen Fakultät: Prof. Dr. Bernd Pichler

Berichterstatter 1: Prof. Dr. François Paquet-Durand
Berichterstatter 2: Prof. Dr. Bernd Wissinger
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Abstract

Retinitis pigmentosa (RP) is a rare hereditary retinopathy that begins with the loss of
peripheral vision and gradually progresses towards the centre causing blindness. The
responsible factor behind this pattern is the primary degeneration of rod photoreceptors
(rods) followed by the secondary degeneration of cone photoreceptors (cones). About 1
in 4,000 individuals are affected worldwide with no effective cure currently available. RP
is genetically very heterogeneous with about 65 causative genes and numerous underly-
ing mutations. In this study, two different RP causing mutations have been investigated
to understand the cell death mechanisms and explore possible therapeutic interventions.
This work focuses on mutations in phosphodiesterase-6 (PDE6) enzyme, which leads to
the elevated accumulation of intracellular cGMP in photoreceptors and in-turn is respon-
sible for high Ca2+ influx into the photoreceptors. One of the considered consequences
of high Ca2+ is photoreceptor degeneration by the activation of Ca2+-dependent cysteine
type proteases, calpain. Primarily two approaches were employed to investigate the con-
sequences of the PDE6 mutations: (1) interfering with the downstream cascade following
a Pde6b mutation. This was achieved by targeting Cyclic Nucleotide Gated Channels
(CNGC) and the lowering of intracellular Ca2+ concentration and (2) by editing the mu-
tant mRNA of Pde6a via site-directed RNA editing to restore functional PDE6A subunit
of PDE6 enzyme.

Earlier studies have highlighted that the high Ca2+ influx in RP is caused via CNGC,
suggesting it as the target candidate for reducing the intracellular Ca2+ concentration.
This study applied the possibility of reducing intracellular Ca2+ concentration by: (A)
targeting CNGC using pharmacological inhibition (diltiazem enantiomers and cGMP
analogues) and (B) designing Antisense Oligonucleotides (ASO) to down-regulate Cngb1.
Diltiazem is a well known hypertension drug where L- and D-cis-diltiazem are known to
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8 Abstract

target CNGC and Voltage Gated Calcium Channels (VGCC) respectively, the two impor-
tant channels responsible for Ca2+ influx in the photoreceptors. To understand the down-
stream effects of Ca2+ channel inhibition, the activity of calpain and Poly(ADP-ribose)
Polymerase (PARP) were investigated. Activated PARP uses Nicotinamide Adenine
Dinucleotide (NAD+) and generates Poly (ADP-Ribose) (PAR) polymer as a response
to DNA damage during cell death. Thus, PAR was also investigated with the treatment
conditions. Further the blocking of VGCC with D-cis-diltiazem showed a lowering of
the PARP activity in rd1 however, blocking CNGC with L-cis-diltiazem increased the
PARP activity in wild-type (wt). These indicate that level of intracellular Ca2+ could
modulate the PARP activity. Lowering of the Ca2+ influx via CNGC (L-cis-diltiazem)
showed elevated calpain-2 in wt to the level of rd1 retina but did not change the calpain
activity. The inhibition of photoreceptor Ca2+ influx via VGCC showed lowered calpain-
2 in rd1, however showed no change in the calpain activity. Moreover, the photoreceptor
degeneration got elevated on CNGC inhibition using L-cis-diltiazem and cGMP analogue
(DF156). Thus, the CNGC blocking and inhibition of Ca2+ influx via CNGC did not
prevent or slow the course of photoreceptor degeneration. Consequences of mutation in
PDE6 can also be prevented by replacing it with a functional PDE6. The restoration of
functional PDE6A in animal model Pde6a V685M was achieved with site-directed RNA
editing on the mouse retinal explant cultures. The editing was achieved by using ASO
that exploits naturally occurring enzymatic activity of Adenosine Deaminase that acts
on RNA (ADAR) in the cell. It acts on the primary transcript (mRNA) to perform site-
directed editing and is highly targeted and reversible approach with reduced off-target
effects. Site-directed RNA editing in Pde6a V685M retinal explants showed expression
of PDE6A in retinal histological sections, indicating a possible functional restoration of
PDE6A. NAD+ consumption leads to energy depletion and Glucose transporters help in
meeting the energy demand of photoreceptors. The localisation of Glucose Transporter 3
(GLUT 3), a neuronal glucose transporter, was investigated to indicate its possible role
in the degeneration. GLUT 3 showed a continuous, but likely a structurally independent
expression between OS and IS across the adult mouse retina. Their active role is unclear.
Retinal degeneration resulting due to exogenous factors such as, malarial parasite (Plas-
modium berghei) was investigated on the wt retina. Infiltration of the malarial parasites
were found in the neuroretina by crossing the blood-retinal-barrier. Müller cells are likely
to play an important role during parasitaemia indicated by their co-localisation with the
parasites.

Therefore in the cell death pathway, PARP activity was found to be modulated by
Ca2+ concentration and photoreceptor degeneration in rd1 does not appear to be directly
influenced by the CNGC Ca2+ influx. Importantly, the pharmacological inhibition of
CNGC was not protective for degenerating the rod photoreceptors, providing a new
insight on rd1 cell death mechanisms.
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Outline of the Thesis

This thesis is dedicated to investigate: (1) the effects of blocking Cyclic Nucleotide
Gated Channels (CNGC) on the photoreceptor degeneration. This has been elucidated
by studying downstream components of the degeneration pathway mediated by the high
cGMP and the overactivation of CNGC. (2) restoration of functional PDE6A by the
site-directed RNA editing, (3) the co-localisation of Glucose Transporter 3 (GLUT 3)
expression and (4) murine malarial retinopathy. The outline of the thesis is as follows:

Chapter 1 gives an introduction about the mouse retina and retinal dystrophies
leading to retinal degeneration. It discusses one common hypothesis surrounding the
degeneration and the existing gap in knowledge, leading to the motivation of our study.

Chapter 2 shows the detailed experimental protocols, methods of analysis and sta-
tistical tests followed to obtain the results discussed in the following chapters.

Chapter 3 lays out the effect of Ca2+ channel inhibition on the mouse retina and its
immediate effect on the Ca2+-dependent cysteine proteases, calpain. Here, two strategies
were used to inhibit Ca2+ influx via CNGC in the photoreceptors: (1) Antisense Oligonu-
cleotide (ASO) mediated down-regulation of Cngb1 and (2) pharmacological inhibition
of CNGC. It gives the detailed approach taken to design ASO for the down-regulation
of Cngb1 and the challenges in that approach. Pharmacological inhibition was achieved
using the enantiomers of diltiazem (D and L). Initially, the inhibition efficacy of D- and
L-cis-diltiazem were tested on CNGC subunits and then their effects were assessed on
the light-induced cone Ca2+ response. Further, the effect of Ca2+ channel inhibition on
calpain activity and photoreceptor degeneration is discussed. The effect on photorecep-
tor degeneration was further evaluated with cGMP analogues. This chapter highlights
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14 Outline of the Thesis

some key points regarding the role of Ca2+ in the photoreceptor degeneration in RP and
addresses the reason behind the existing controversy in the literature regarding the block
of Ca2+ channels in photoreceptors.

Chapter 4 shows the effect of diltiazem enantiomers on Poly (ADP-Ribose) Poly-
merase (PARP) activity and PARylation. The effect of the modulating intracellular Ca2+

concentration in photoreceptors has been shown.

Chapter 5 shows the expression and localisation of GLUT 3 in the adult mouse
retina using fluorescent microscopy and Electron Microscopy (EM). The images high-
light the localisation of GLUT 3 with respect to other retinal structures to obtain a
closer understanding of its probable function in the retina.

Chapter 6 shows the results of ASO application designed for RNA editing to correct
a point mutation in Pde6a V685M animals using the recruitment of Adenosine Deami-
nases that act on RNA (ADAR) as a possible therapeutic approach for a specific retinitis
pigmentosa mutation. This is the first demonstration of RNA editing in tissue cultures
of mouse retina.

Chapter 7 shows activation of Müller cells in malarial retinopathy even after 12 days
of administration of anti-malarial treatment. The evidence for malarial parasites in the
neuroretina and their interaction with Müller cells is also shown.

Chapter 8 discusses the effectiveness of Ca2+ inhibition using diltiazem enantiomers.
In wt retina, L-cis-diltiazem was found to reduce light-induced Ca2+ responses and Ca2+

base level. The possible cellular response that could lead to such effect has been discussed.
Further, it examines the possible underlying event that may connect the calpain activity
and photoreceptor degeneration in wt and mutant animal models, after blocking the
Ca2+ permeable channels (CNGC and VGCC). It discusses the effects of such a block
on the PARP activity, another major component of photoreceptor degeneration. Finally,
the usefulness of targeting the Ca2+ channels as a therapeutic strategy for RP has been
analysed and puts forth the advanced understanding of the photoreceptor degeneration
pathway.



1
Introduction

Inherited retinal degeneration is one of the major causes of blindness with 5.5 million
people are expected to be affected worldwide, without any effective cure [Hanany et
al. 2020]. Retinitis Pigmentosa (RP) is a rare hereditary retinopathy that leads to
progressive loss of vision. This thesis explores the effects of degeneration in animal models
of RP and addresses disease causing mutations using different therapeutic strategies.

1.1 Organisation of the mouse retina

The retina is a light-sensitive sensory tissue present at the back of the eye, which is
arranged in different units based on their functional specialisation. It is an immune
privileged structure in the eye with a strong Blood Retinal Barrier (BRB) comparable
with the Blood Brain Barrier (BBB) [Trost et al. 2016]. This barrier is formed by tight
junctions in the Retinal Pigment Epithelium (RPE) cells and Bruch’s membrane located
below the choriocapilaris, shown in Figure 1.1. The functional units are arranged in three
nuclear layers called the Outer Nuclear Layer (ONL), the Inner Nuclear Layer (INL) and
the Ganglion Cell Layer (GCL). Two plexiform layers are the Outer Plexiform Layer
(OPL) and the Inner Plexiform Layer (IPL) [Hoon et al. 2014].

The ONL comprises light-sensitive neurons called photoreceptors, which are the first-
order neurons. The INL is composed of Bipolar Cells (BC), Horizontal Cells (HC), and
Amacrine Cells (AC) which are second-order neurons. This is followed by ganglion cells
located in the GCL, the third-order neurons. The OPL forms the neuronal network
between the photoreceptors, bipolar cells and horizontal cells. The INL comprise con-
nection between BC, AC and GCL. Müller glial cells span the retina from the outer
limiting membrane to the inner limiting membrane. These cells support the survival
of photoreceptors by supplying end products of anaerobic metabolism, phagocytosis of
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16 Chapter1. Introduction

Figure 1.1: Organisation of retinal layers in healthy and degenerating retina:
The left panel shows the illustration of healthy retina while the right panel shows a
degenerated retina. The names of all the retinal layers are labelled on their right and
the major cells types are on their left. In the outer retina, fenestrated and choroidal
blood vessels are lined up by Endothelial Cells (EC). Retinal Pigment Epithelium (RPE)
is present below EC, connected to each other by tight junctions. At the base of the
Inner Segment (IS), apical end of Müller cells are present forming the outer limiting
membrane. Horizontal Cells (HC), Müller Cells (MC), Bipolar Cells (BC) and Amacrine
Cells (AC) are in the INL. The Ganglion Cell Layer (GCL) is located below INL. Adapted
from [Power, Das et al. 2020].

neural debris, release of neuroactive chemicals and controlling homeostasis of K+ distri-
bution, to name a few [Reichenbach et al. 1995]. A detailed overview is given in Figure
1.1. Photoreceptors are of two different types, rods and cones. Rods are responsible for
low light vision and cones are responsible for the bright light and colour vision. In human,
cones are classified into three types: red, blue, and green whereas, in mice cones are of
two types: blue and green that sense different wavelengths of light in the visual spectrum.
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Photoreceptors are highly specialised neurons. Moving from the apical to basal side,
they are divided into functional compartments namely the Outer Segment (OS), Inner
Segment (IS), cell body, and the synaptic terminal. Microvilli of RPE holds and sta-
bilizes OS of the photoreceptors. These are highly specialised structures with stacks of
membranous disks. Disks in the OS are very dynamic structures designed for phototrans-
duction and are recycled constantly by the RPE. A very specialised primary cilium called
connecting cilium connects the OS and the IS, which acts as a gateway of transportation
for metabolites from the cell body via IS to the OS. The IS of the photoreceptors are
rich in mitochondria, endoplasmic reticulum and golgi bodies. These are believed to be
metabolically very active structures [Hoon et al. 2014]. The outer limiting membrane of
the retina formed by tight junctions between the Müller cells and photoreceptors. Müller
cells are immunoreactive for Glial Fibrillary Acidic Protein (GFAP) which are highly
up-regulated during the degeneration or infection, [Hiscott et al. 1984] shown in Figure
7.1. The end-feet of Müller cells are at the basal side of the retina that also has the axons
of ganglion cells forming the inner limiting membrane of the retina.

Photoreceptors respond to light via the phototransduction cascade. In dark condition,
photoreceptors are in a depolarised state. The Phototransduction cascade is initiated
by light (photon) and takes place in the OS photoreceptor disk. Rhodopsin in rods and
opsin in cones are the first component of this cascade. Light activates rhodopsin (in rods)
converting 11-cis-retinal into all-trans-retinal. The activated rhodopsin further activates
transducin. The Phosphodiesterase 6 (PDE6) is further activated by the active transducin
in the cascade. PDE6 hydrolyses Cyclic Guanosine MonoPhosphate (cGMP), which in
turn closes the Cyclic Nucleotide Gated ion Channels (CNGCs). Closure of CNGC stops
the cation influx in photoreceptors (Ca2+ and Na+) and results in hyperpolarisation
[Burns et al. 2014].

1.2 Retinal dystrophies

Among all retinal cell types, photoreceptors are known to be the most vulnerable to
genetic aberrations resulting in retinal dystrophies. There are several forms of retinal
dystrophies among which Retinitis Pigmentosa (RP) is a rare form of hereditary retinopa-
thy. RP is genetically and clinically very heterogeneous in nature having 1 out of every
4,000 people affected worldwide [Hanany et al. 2020]. More than 65 genes (Retinal In-
formation Network database - information retrieved on December 12, 2020) are known
to be associated with RP. The associated mutations can be either autosomal dominant,
autosomal recessive, or X-linked. All the different mutations affect different components
of the photoreceptor degeneration pathway. Moreover, different mutations in one single
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Figure 1.2: Phototransduction cascade: Illustration of phototransduction in healthy
(A) and mutant (B) situation. (A) shows healthy photoreceptor in darkness (on the left)
where cGMP binding has activated CNGC. On the right, it shows the activated PDE in
light hydrolysis cGMP. (B) shows mutant photoreceptor with dark situation on the left
and light on the right with high accumulation of cGMP. Figure adapted from [Power,
Das et al. 2020].

gene can result in two different types of retinal dystrophies, as shown in Figure 1.3 [Berger
et al. 2010]. This level of complexity pose challenges in the way of understanding the
disease pathway and further complicates the therapeutic intervention of such diseases.

Mutations in Pde6b are reported to be about 4% of all the autosomal recessive RP in
North America, and result in the disruption of phototransduction cascade [McLaughlin et
al. 1995]. cGMP plays a very important role as a second messenger in the phototransduc-
tion cascade. In darkness, cGMP mediated activation of CNGC induce depolarisation
of the cells. cGMP upregulation or excessive accumulation of cGMP has been high-
lighted [Power, Das et al. 2020,Paquet-Durand et al. 2019] as a major factor associated
with photoreceptor degeneration in RP. cGMP concentration is regulated by two com-
ponents in the photoreceptors: (1) phosphodiesterase (PDE) enzyme that hydrolyses
cGMP and (2) Guanylyl Cyclase (GC) that synthesise cGMP. The balance between the
activation of GC and PDE maintains the physiological concentration of cGMP, they are
connected with a feedback loop that inhibits each other in order to maintain the balance.
Guanylyl Cyclase Activating Protein (GCAP) activates GC. The resulting sythesis of
cGMP activates the CNGC by opening them. Opening of CNGC leads to Ca2+ influx
in the photoreceptors. The increased concentration of intracellular Ca2+ in turn inhibits
the activity of GC [Koch et al. 1988]. The depletion of intracellular cGMP concentration
occurs when PDE gets activated in the presence of light. Activated PDE hydrolyses
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Figure 1.3: Complex genetic heterogeneity of different retinal dystrophies:
Different circles are represented by different colours, represents a type of retinal dystrophy
and the genes known to be associated with it. The figure also represents the genes which
overlap between two (e.g., PDE6B) or three (e.g., ABCA4 ) different retinal dystrophies.
For example, PDE6B is a gene responsible for both Retinitis Pigmentosa (RP) and Night
Blindness (NB). ABCA4 is known to be associated with RP, Macular Degeneration (MD)
and Cone Rod Dystrophy (CORD/ COD). LCA refers to Leber Congenital Amaurosis
and CVD refer to Cone Vision Defect. Adapted from [Berger et al. 2010].

cGMP that leads to the closure of CNGC. The depletion in intracellular Ca2+ concentra-
tion activates GC to produce more cGMP. In addition, intracellular Ca2+ concentration
of the OS also modulates Ca2+ permeability of the CNGC with the help of calmodulin
(CaM) more strongly in cones than in rods [Picones et al. 1997]. In higher Ca2+ con-
centration the affinity of CNGC decreases for cGMP as its β subunit binds to CaM.
During constant light, at lower Ca2+ concentration, CaM dissociates from the channel
increasing the affinity of CNGC for cGMP, making it more permeable [Hsu et al. 1993].
In healthy photoreceptors, the variable activity of GC, PDE, and CNGC maintains the
physiologically accurate concentration of intracellular cGMP and Ca2+ during the light
or darkness. Mutations in the components of the phototransduction cascade, such as
subunits of PDE, leads to high accumulation of cGMP. This activates the CNGC that in
turn leads to high influx of Ca2+ in the OS. Photoreceptors have been shown to follow a
non-apoptotic form of cell death [Arango-Gonzalez et al. 2014] and rod photoreceptors
show a primary degeneration followed by a secondary degeneration of cones.
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1.3 Mechanisms of hereditary retinal degeneration

Two of the most studied cell death mechanisms are apoptosis and necrosis. Apoptosis
is a caspase-dependent degeneration mechanism which can be activated by two different
pathways, namely extrinsic (via FAS and FADD; FAS Associated Death Domain) and
intrinsic (via mitochondrial leakage of cytochrome C mediated by Bcl 2 Associated X
protein (BAX)/ Bak-associated Apoptosis-activated Channel (BAC) forming pores on
mitochondrial membrane) [Galluzzi et al. 2018]. Classical necrosis, unlike apoptosis, is a
non-regulated cell death mechanism. It is known for the loss of cell membrane integrity
and lysosomal release into cytosol leading to the cellular degeneration in an uncontrolled
fashion affecting neighbouring cells at the same time. It is believed to be initiated by
reactive oxygen species, Ca2+ overload, calpains and several other stress situations.

Earlier it has been believed that photoreceptors undergo either apoptotic death [Portera-
Cailliau et al. 1994] (DNA fragmentation) or necrosis (activation of calpains) during the
photoreceptor degeneration in retinal dystrophies. Later it has been shown across var-
ious animal models that photoreceptors follow a non-apoptotic cell death mechanism
during the retinal degeneration [Arango-Gonzalez et al. 2014]. More recently with the
advancement in the understanding of cellular mechanisms, newer regulated cell death
pathways have been discovered. Keeping in mind the observed markers during the pho-
toreceptor degeneration, most relevant degeneration pathways could be the Mitochon-
drial Permeability Transition (MTP)-driven necrosis and parthanathos [Galluzzi et al.
2018]. Parthanathos is characterised by the increased activation of Poly (ADP-ribose)
Polymerase (PARP) and is mediated by Poly (ADP-ribose) (PAR) polymer binding to
Apoptosis Inducing Factor (AIF). PAR availability for binding to AIF is regulated by: (1)
PAR binding protein ring finger 146 (RNF146), if it is bound to PAR, PAR cannot bind
to AIF and (2) polyADP-Ribosyl Hydrolase (ARH) 3, which degrades unbound PAR
polymer [Mashimo et al. 2013]. The release of AIF from mitochondria to the cytoplasm
is mediated by the interaction with PAR. Cytoplasmic AIF can translocate to the nucleus
for DNA fragmentation and promotes nuclear translocation of macrophage Migration In-
hibitory Factor (MIF), that in-turn catalyses DNA fragmentation [Wang et al. 2016].
Hexokinase-I is also believed to be associated with parthanathos [Andrabi et al. 2014].
MTP-driven necrosis is known to be initiated by Ca2+ calmodulin-dependent protein
kinase-II (CaMK-II) on β adrenergic receptors. The cascade leads to an osmotic break-
down of mitochondrial membrane by the release of mitochondrial Permeability Transition
Pore Complex (PTPC) situated between the Inner Mitochondrial Membrane (IMM) and
the Outer Mitochondrial Membrane (OMM). This was also reported due to overload of
Ca2+ and activation of Mitochondrial Ca2+ Uniporter (MCU) and Mitochondrial Ca2+

Uptake-I (MICU-I).
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1.4 cGMP-dependent photoreceptor degeneration

CNGC is one of the important components of phototransduction cascade. During the
darkness, in a healthy situation, Na+ and Ca2+ enter photoreceptors via activated CNGC.
Cation influx maintain photoreceptors in the depolarised state during the dark and the
continuous release of glutamate. Photoreceptors are special as compared to other neurons
in this case, because these release neurotransmitters in the off state. Hydrolysis of cGMP
and the subsequent closure of CNGC, stops the influx of Ca2+ thereby hyperpolarising
the cell, shown in Figure 1.2 and ceasing in the glutamate release.

In mutant conditions, such as mutation of PDE in RP, the mutation disables the
PDE to hydrolyse cGMP. This results in pathological accumulation of cGMP in the pho-
toreceptors. In cGMP-dependent degeneration PKG, calpain and PARP are found to be
elevated. High accumulation of cGMP activates its targets downstream which are CNGC
and PKG in photoreceptors following two parallel pathways. The activation of PKG is
thought to activate HDAC in its downstream and may further lead to the activation of
PARP [Arango-Gonzalez et al. 2014].

Figure 1.4: Heterotetrameric arrangement of CNGC in photoreceptors: Shows
a cartoon of heterotetrameric CNGC in (A) rods with 3 subunits of A1 and 1 subunit of
B1 and (B) in cones with 2 subunits of A3 and 2 subunits of B3. Cone channels are also
reported to have 3 A3 to 1 B3 subunits by certain studies [Kaupp et al. 2002,Peng et al.
2004].

The overactivation of CNGC further leads to high Ca2+ influx which increases the
intracellular Ca2+ concentration. It is believed to cause photoreceptor degeneration due
to the activation of several downstream events. A general hypothesis suggests that high
cGMP leads to overactivation of Ca2+ channels. The increased Ca2+ is reported to acti-
vate the downstream cascade by the activation of Ca2+-dependent proteases calpain [Or-
renius et al. 2003, Fox et al. 1999]. Ca2+ regulation in the intracellular environment is
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very critical for the survival of neurons [Yamashima 2004]. Therefore Ca2+ channels have
been studied as a potential candidate for RP therapeutic approach for last two decades.

Thus, CNGC is present in an inter-phase between the healthy and the diseased state
of photoreceptors making it very interesting as a candidate. Photoreceptor OS, having
CNGC, are very dynamic in nature. RPE connecting to photoreceptors by OS (see Fig-
ure 1.1) plays a very important role in the visual cycle and the renewal of OS. In healthy
adult mammalian retina the rate of renewal is about 10% in one day [Goldberg et al.
2016]. CNGCs are transmembrane cation channels present in the photoreceptor OS with
6 (S1-S6) transmembrane domains, a pore region between S5 and S6, and a Cyclic Nu-
cleotide Binding Domain (CNBD). These channels activated by cyclic nucleotides such as
cGMP and are responsible for a major percentage of Ca2+ influx in the OS. Rod CNGC
are heterotetrameric in nature having subunits A1 and B1 (see Figure 1.4) assembled in
3:1 ratio. In cones, the assembly of the subunits A3 and B3 are reported to be in the
ratio of 1:1 and 1:3 [Kaupp et al. 2002,Peng et al. 2004]. CNGB1 in rods have a unique
bipartite structure on a protein level. It is encoded by 33 exons and two different proteins
are formed by alternative splicing of the exons. N-terminal forms GARP which is a struc-
tural component of the OS. C-terminal forms the β1 subunit of CNGC. CaM binding
region is present at the N-terminal of CNGB1 and CNBD at the C-terminal [Ardell et
al. 2000,Kaupp et al. 2002,Körschen et al. 1995]

Healthy photoreceptors in dark condition are continuously undergoing two major pro-
cesses which involve Ca2+ (1) dark current: CNGC are activated by binding of cGMP
resulting influx of Na+ and Ca2+ in the OS. The excessive Na+ and Ca2+ are being con-
tinuously extruded by NCKX which are regulated by Na+ gradient across the membrane.
The Na+ gradient is in turn maintained by NKX, which extrudes Na+ by ATP hydrolysis.
The photoreceptor is maintained at a partial depolarised state which is -40 mV. (2) Ca2+

mediated glutamate release: deactivated PDE enables cGMP to bind to and activate
CNGC resulting in influx of Ca2+. This influx results signal propagation via membrane
and Ca2+ influx via synaptic VGCC maintains the continuous release of glutamate. The
NCKX channel which is also present in the OS continues to extrude Ca2+ during the
darkness to balance the Ca2+ concentration in the OS. NCKX has low affinity for Ca2+

and inactivated in lower Ca2+ concentration. Thus, in light, the continuous function of
NCKX helps to lower the intracellular Ca2+ concentration. PMCA present in the inner
segment and cell body has high affinity for Ca2+ and extrudes Ca2+ from the cell body
in ATP-dependent manner.
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1.5 Motivation

Ca2+ channels have been studied as a therapeutic target for more than past two decades.
However, till date there remains some controversy and gap in our knowledge regarding
the inhibition of Ca2+ channels for delaying photoreceptor degeneration. A delay in pho-
toreceptor degeneration was reported by using the Ca2+ channel blocker (D-cis-diltiazem)
that is commonly used in treating hypertension [Frasson et al. 1999]. This was the first
study indicating the impact of Ca2+ channel inhibition on the retinal degeneration. The
controversy arose when the follow-up studies could not replicate the protective effect
suggested in the above study questioning the effectiveness of Ca2+ block [Barabas et
al. 2010]. In the meantime, another study showed the use of L-cis-diltiazem protec-
tive for photoreceptor survival [Pawlyk et al. 2002]. This discrepancy could be possibly
explained as diltiazem is found as two different enantiomers, i.e., D-cis-diltiazem and
L-cis-diltiazem. D-cis-diltiazem is known to inhibit VGCC and L-cis-diltiazem blocks
CNGC. Diltiazem occurs as a racemic mixture of both the enantiomers. A pure enan-
tiomer of diltiazem was difficult to obtain. Thus, commercially available D-cis-diltiazem
could be a racemic mixture of both L-cis and D-cis enantiomers. Therefore, the treat-
ment effect reported with D-cis-diltiazem could result from L-cis-diltiazem, showing a
protective effect [Frasson et al. 1999].

This hypothesis was further supported by the results of two important knockout stud-
ies later performed in this context, which were Cngb1 and Cacna1f knockout. Cngb1
is an RP causing gene (see Figure 1.3) [McLaughlin et al. 1993]. When these animals
were cross-bred with rd1 animals, another animal model for RP, very surprisingly the
double mutants were found to have a strongly delayed peak of degeneration and improved
retinal function [Paquet-Durand et al. 2011]. On the other hand, Cacna1f−/− [Specht et
al. 2009] animals, lacking the α1 subunit of VGCC, on cross-breeding with rd1 showed
no significant delay in the photoreceptor degeneration. Mutation in Cacna1f causes con-
genital stationary night blindness in humans [Regus-Leidig et al. 2014]. These results
were also reflected in an earlier study with a knockout of β2 subunit of VGCC [Read
et al. 2002]. All these results highlighted CNGC as a potential target to delay the rod
photoreceptor degeneration in RP mediated by the pathological accumulation of cGMP
and overactivation of CNGC.

To address the apparent contradiction and understand the role of Ca2+ influx via
CNGC in the photoreceptor degeneration in rd1 and rd10 animal models, this study
explores the possibility of CNGC inhibition using pharmacology as well as ASO. The
possibility of targeted functional loss of CNGC would be explored by ASO mediated
down-regulation of b1a subunit of CNGC. D-cis-diltiazem L-cis-diltiazem would be used
to inhibit VGCC and CNGC respectively. It would also help to understand the differ-
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ential block effect of the two major Ca2+ sources in rod photoreceptors. Some novel
cGMP analogues would be used to specifically block CNGC. Block efficiency of diltiazem
enantiomers would be assessed on heterologously expressed channel subunits to under-
stand their inhibition effect, and the light-induced Ca2+ response would be measured. To
further explore the effect of Ca2+ inhibition downstream, some of the key downstream
components such as calpain and PARP-1 would be studied to understand the mechanism
of cell death. The expression of GLUT 3 would be localised in the retina to understand
its role concerning ATP depletion and retinal degeneration. In addition to that, the pos-
sibility of restoring functional PDE6a in Pde6a V685M mice via RNA editing approach
would be explored. Altogether, the combination of all these approaches would give a
better understanding of the photoreceptor degeneration pathway in RP and help the
development of treatments.



2
Experimental Procedure

2.1 Animal models

Phosphodiesterase 6 (PDE6) hydrolyses cGMP in the OS of photoreceptors during the
phototransduction cascade. Hydrolysis of cGMP leads to the closure of CNGC and a
stop of Ca2+ influx into the photoreceptors. This results in hyperpolarisation of cells
and transmission of visual signals to higher-order neurons in the retina. PDE6 is a
heterotetrameric enzyme comprising α, β and γ subunits in the rod photoreceptors.
Mutation in these subunits leads to the disruption of the phototransduction cascade
and degeneration of photoreceptors. To study the underlying problems in this thesis,
the following animal models were used for the experiments: (1) C3H rd1 that is Pde6b
mutant with its corresponding, (2) C3H wild-type (wt), (3) rd1 - TN-XL, a Pde6b mutant
with Troponin C-XL (TN-XL) calcium biosensor, (4) rd10 that is another Pde6b mutant
and (5) V685M that is a Pde6a mutant. All the animals used in this work was as per
the German law of animal protection.

2.1.1 Pde6a V685M

Mutation in Pde6a is a mutation variant found in the patients of retinitis pigmentosa.
Pde6a V685M mutant mouse models were used in this study. Pde6a V685M mouse
mutants have been generated by N-ethyl-N-nitrosourea (ENU) mutagenesis (described
in [Sakamoto et al. 2009]). Afterwards a human RP patient was identified compound
heterozygous for the c.1684C>T/p.Arg562Trp and c.2053G>A/p.Val685Met mutations
in PDE6A [Sothilingam et al. 2015].

25
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2.1.2 Pde6b rd1 and rd10

rd1 was first described in 1927 having rodless retina (r). This mouse line was lost in
the World War II [Keeler 1927] and in 1951 it was rediscovered as retinal degeneration
mouse model (rd) [Brückner 1951]. Mutation in the β subunit of PDE6 causes autoso-
mal recessive retinitis pigmentosa in patients. Pde6b can be further broken down into 22
exons and 21 introns. A reduced catalytic activity of PDE6B subunit in rd1 is caused
due to two different genetic mutations: a nonsense codon in exon 7 and an intronic in-
sertion of a retroviral element [Bowes et al. 1993]. rd1 is an extensively studied mouse
model showing a rapid degeneration of photoreceptors and therefore ONL. In humans,
PDE6b is located on 4p16 and on chromosome 5 in rd1 mouse models. Human PDE6b
is often mutated in the patients of retinitis pigmentosa [Bowes et al. 1990,Sidman et al.
1965,Pittler et al. 1993].

Figure 2.1: FRET based mechanism of TN-XL Ca2+ biosensor: Shows a repre-
sentation of TN-XL molecule in the lower Ca2+ concentration (on the top). In this state
when ECFP receives violet light (432 nm) it emits blue light (476 nm). At increased
concentration of Ca2+ (at the bottom), the Troponin C binds to Ca2+ bringing ECFP
and Citrine close to each other and activating FRET. In this state, the energy received by
ECFP via violet light (432 nm) gets transferred to Citrine emitting green light (528 nm).
This green signal gives the indication of light-induced Ca2+ response (Ca2+ biosensor
described in [Mank et al. 2006]).
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The rd1 - TN-XL is a mouse model that carries the same set of mutations as rd1.
The mouse line has been modified with a transgenic insertion of the Ca2+ biosensor TN-
XL. It is a Ca2+ biosensor based on Fluorescence Resonance Energy Transfer (FRET) in
which extra-large Troponin C is flanked by ECFP and Citrine on either its end, shown
in Figure 2.1. Troponin C, has a very high affinity for Ca2+. Increase in the intracellular
Ca2+ concentration leads Ca2+ to bind to Troponin C bringing ECFP and Citrine close
to each other and activating FRET [Wei et al. 2012]. The light-induced Ca2+ responses
were determined using rd1 -TN-XL [Kulkarni et al. 2015]

The rd10 mouse is another model for RP. It also carries the mutation in the β subunit
of PDE6 gene however as compared to rd1 it shows a later onset and slower degeneration
of photoreceptors. The missense mutation in rd10 is in exon 13 of β subunit of Pde6 and
maps to mouse chromosome 5. It is an autosomal recessive mutation that corresponds
to human RP patients [Chang et al. 2000].

2.2 Histology

2.2.1 Histological preparation of the eye

This is a procedure to preserve and study the histology of the eye. The eyes from the mice
were enucleated and incubated in 4% Paraformaldehyde (PFA) for 45 minutes. These
were then subsequently incubated in 10%, 20% and 30% sucrose for cryoprotection for
about 10 minutes, 20 minutes and 2 hours respectively. Finally, these were embedded in
TissueTek (Sakura Finetek Europe B.V.) using liquid N2.

2.2.2 Organotypic retinal explant culture

This is a highly specialised method of culturing retinal tissue in serum-free condition
[Caffé et al. 2002]. The explants were prepared on early post-natal day (P) and were
cultured for about 5 to 8 days [Caffé et al. 1989]. The culturing period for rd1 and rd10
were from P5-P11, P9-P17 respectively. For V685M the culturing period was from P5 to
P13. To prepare the explants, animals were sacrificed using an appropriate method, such
as decapitation for P5. To keep the experimental conditions sterile, the animal parts were
cleaned with 70% ethanol before extraction of eyeballs under the stereoscope. To keep
the tissue alive after extraction, it was transferred to basal medium and incubated for 5
minutes. The eyeballs were further incubated in Proteinase K solution for 15 minutes.
To stop Proteinase K activity, the eyes were treated with serum solution [1 (FBS/FCS): 4
(basal medium)] for 5 minutes. After the incubation time, the eyes were kept into a fresh
basal medium for final wash and preparation of explants. In sterile condition the lens and
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Figure 2.2: The explantation procedure: The eyeball was enucleation from the young
animal. (a) Shows the freshly enucleated eye having all the ocular tissues. Other ocular
tissues in the eye ball such as sclera, were removed by incubation with Proteinase K
for 15 minutes. (b) shows the isolated retina with RPE. The isolated retina is given
cuts on its four sides to give a clover-leaf shape. The retina is then transferred to
a polycarbonate membrane by a tip broadly cut at the base (tissue-saver tip) (c) for
culturing and supplemented with complete medium.

the sclera were separated to isolate retina from the eyecup. The isolated retina was given
a small cut from four sides to give it a clove-leaf shape (see Figure 2.2). The explant so
prepared was placed on the membrane by pipetting (wide cut 1 ml tip) on 6-well culture
plate and supplemented with complete medium [Belhadj, Tolone, Christensen, Das et al.
2020]. Complete medium was replaced every 48 hours.

2.2.3 Fixing and embedding of explant cultures

For fixing the mice retinal explant cultures 4% paraformaldehyde was used as a fixative.
Two different incubation timings were followed namely 15 minutes and 45 minutes de-
pending on the further intended analysis of the samples. After fixation the tissues were
washed with PBS incubation for 5 minutes and cryopreservation procedure was followed
by incubating in 10%, 20% and 30% sucrose for 10 minutes, 20 minutes and 2 hours
or overnight respectively. Followed by cryopreservation, these tissues were embedded in
TissueTek (OCT) in aluminium cubes and preserved by freezing in liquid N2.

2.2.4 TUNEL staining for cell death analysis

Cell death is detected by an assay called Terminal deoxynucleotidyl transferase dUTP
Nick End Labelling (TUNEL) to detect the DNA fragmentation as a marker of cell death
[Gavrieli et al. 1992]. It is done with the help of an in situ cell death detection kit (Roche
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Diagnostics, Mannheim, Germany; 12156792910). As its name suggests, the enzyme
terminal deoxynucleotidyl transferase is a special type of DNA polymerase that uses 3′

overhang of DNA as a template and nucleotide to the 3′ nick ends. This enzyme attaches
fluorescently labelled tags to the broken ends of DNA as a marker of cell death. Tissue
sections fixed with 4% paraformaldehyde and embedded in TissueTek were marked with
hydrophobic pen (Dako, Denmark and Glostrup, Denmark) and hydrated in Phosphate
Buffer Saline (PBS; 0.1 M) for 15 minutes. They were then were incubated with 0.01%
Proteinase K in pre-warmed Tris-buffer (TBS; 0.05 M) for 5 minutes at 37◦C followed
by 3× wash with TBS each for 5 minutes. Further, these were incubated with ethanol
acetic acid solution for 5 minutes followed by 3× wash with TBS each for 5 minutes.
Then the sections were incubated with TUNEL blocking solution (10% NGS, 1% BSA,
1% fishgelatin in 0.03% PBST) for 1 hour. The sections were further incubated with
TUNEL reaction mixture (50% TUNEL block, 45% Label solution and 5% enzyme) for
1 hour at 37◦C or overnight at 4◦C. Finally, the sections were washed with PBS 2×
5 minutes each and mounted using Vectashield with DAPI (Vector Laboratories Inc,
Burlingame, CA, USA).

2.2.5 Immunostaining

The cryosectioned slides were dried for 30 minutes at 37◦C and hydrated for 15 minutes.
Then the sections were then incubated with blocking solution (10% NGS, 1% BSA and
0.3% PBST) for 1 hour. The primary antibody was diluted in the blocking solution and
incubated overnight at 4◦C. After incubation, the sections were rinsed with PBS 3× for
10 minutes each and incubated with secondary antibody at RT for 1 hour. Secondary
antibody (AlexaFluor) was diluted in PBS (1:500). Followed by the incubation, the
sections were rinsed with PBS 3× for 10 minutes each and mounted using Vectashield
with DAPI (Vector Laboratories). Primary antibodies with their respective details are
listed in Table 2.1.

2.2.6 Calpain activity assay

This assay allows to resolve the calpain activity in situ, on unfixed tissue sections [Paquet-
Durand et al. 2006]. Retinal tissue sections were incubated and rehydrated for 15
minutes in Calpain Reaction Buffer (CRB) (5.96 g HEPES, 4.85 g KCl, 0.47 g MgCl2,
0.22 g CaCl2 in 100 ml ddH2O; pH 7.2) with 2 mM dithiothreitol (DTT). The tissue
sections were incubated for 2 hours at 37◦C in CRB with tBOC-Leu-Met-CMAC (5 µM;
Molecular Probes) [Ekström et al. 2014]. Afterwards, the tissue sections were washed
twice with PBS (5 minutes) and mounted using Vectashield mounting medium (Vector
Laboratories) for immediate visualisation under the microscope (Zeiss Apotome-2).
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Antibodies Animal Dilution Company Catalogue no.

CNGB1 rabbit 1:1000 Sigma-Aldrich HPA039159
Calpain-2 rabbit 1:300 Abcam ab39165

PAR mouse 1:200 Enzo ALX-804-220
PDE6a rabbit 1:400 Novus Biologicals NBP1-87312
PNA Alexa 488 conj. 1:100 Molecular Probe L21409

Rhodopsin mouse 1:400 Chemicon MAB 5316
GLUT 3 rabbit 1:100 Abcam ab41525
Gt335 mouse 1:1500 Enzo ab804-885-C100
GFAP rabbit 1:400 Sigma G 3893
GFP rabbit 1:200 Millipore ab3080

Table 2.1: List of antibodies: Gives detailed information about the primary antibodies
used during the experiments. The second column give the names of the host animal. In
the third column the dilutions used, in the fourth column the names of the company and
in the fifth column the catalogue numbers of the orders are given.

2.2.7 PARP activity assay

The tissue sections were incubated with PARP reaction mixture (PARP reaction buffer,
1 mM DTT and 5 µM of 6-Biotin-17-NAD). These were incubated at 37◦C for 2 hours
and 30 minutes for optimum enzymatic activity in physiological conditions. Following
that, the sections were washed 3× for 5 minutes with PBS (0.1 M) and incubated with
Avidin (conjugated with Alexa Fluor 488) diluted 1:800 in PBS for 1 hour. This step
had to be performed in dark conditions. As the last step, the slides were washed 3× for
5 minutes with PBS and mounted with Vectashield containing DAPI, which is a nuclear
stain [Bakondi et al. 2002].

2.2.8 PAR staining

Sections were rehydrated with PBS for 5 minutes. Further, the sections were incubated
with PBS and 0.1% Triton (PBST) containing quenching solution (30% H2O2, methanol,
PBS with 0.1% Triton) for 20 minutes. These were washed 3× for 5 minutes with PBS and
incubated with blocking solution (10% normal goat serum in 0.1% PBST) for 30 minutes.
Following the blocking, the slides were incubated with mouse anti-PAR (ALX-804-220,
1:200, Enzo, Farmingdale, NY, USA) at 4◦C overnight and the slides were washed 3× for
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10 minutes with PBS. The biotinylated secondary horse anti-mouse antibody (PK-6102,
1:150, Vector Laboratories, Burlingame, California, USA) was applied in the sections
and incubated for 2 hours at room temperature and were washed 3× for 10 minutes with
PBS. As the next step, the vector ABC (Vector Laboratories, Burlingame, California,
USA) was prepared 30 minutes before these were applied to the slides. The vector ABC
is composed of Avidin and biotinylated horseradish peroxidase. The further washing
steps were done with Phosphate Buffer (PB). Finally, the slides were incubated in a 3,3′-
Diaminobenzidine (DAB) (DCS-Inovative, Hamburg, Germany) solution containing 20%
glucose (Sigma-Aldrich, Hamburg, Germany), 0.4% NH4Cl (Sigma-Aldrich, Hamburg,
Germany) and 1% Nickel ammonium sulphate (Sigma-Aldrich, Hamburg, Germany),
where Glucoseoxidase (Calbiochem, Merck, Darmstadt, Germany) was added at last to
start the reaction for 2 minutes and 30 seconds. Following a microscopic inspection,
the slides were washed 3× for 5 minutes with PB and mounted with Aquatex mounting
medium (Merck, Darmstadt, Germany).

2.2.9 Imaging and analysis

Figure 2.3: Analysis of explant images: (a) shows a tiled image (3,000 µm long)
of complete explant culture. The portions of the explant sections analysed were divided
across as central and peripheral retina (1,000 µm each). The data from the central and
peripheral retina are pooled together in the observation. (b-c) show the quantification
strategy used for the analysis of the localisation shift. The length of the ONL was divided
into half and distribution of the cells were manually counted in each of the halves (upper
and lower). The percent positive cells localised close to OPL, were analysed by comparing
cell count in the lower half of ONL with respect to the total positive cells in the ONL.
Scale bar; a = 1,000 µm, b = 40 µm.

The images of the sections from ex-vivo retina and organotypic explant cultures were
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captured using a Zeiss Imager Z.2 fluorescence microscope, equipped with ApoTome2,
an Axiocam 506 mono camera, and HXP-120V fluorescent lamp (Carl Zeiss Microscopy,
Oberkochen, Germany) after performing the above-mentioned assays. The excitation
[λExc.]/ emission [λEm.] characteristics of the filter sets used for the different fluorophores
were as follows (in nm): DAPI (λExc. = 369 nm, λEm. = 465 nm), AF488 (λExc. = 490 nm,
λEm. = 525 nm), and AF562 (λExc. = 578 nm, λEm. = 603 nm). The images were taken as
Z-stack, or both tiled and z-stack using 20× or 63× magnification and were analysed using
Zen 2.3 blue edition (.NET Framework Version 4.0.30319.18063) software. The data were
collected from 7 to 9 different sections obtained from 3 to 5 individual animals. Sections
of 12 µm thickness were analysed using 8-12 Apotome Z-planes. For analysing percent
positive cells in the ONL of the tissue sections, the area of the ONL was outlined and
the positive cells were counted manually. The percent positive cells were calculated with
respect to the total number of cells in the given area using an average cell (nucleus) size.
All the values are normalised with respect to the untreated considering that the number
of positive cells are 100% in untreated condition, unless otherwise mentioned. Every
experimental group was individually normalised with respect to its internal experimental
control. For analysing the thickness of ONL and length of OS, the line perpendicular
to the OPL and IS respectively were considered. To analyse the localisation shift of
positive cells in the ONL toward the outline of OPL, the relative localisation of positive
cells within the ONL was assessed by dividing the width of the ONL horizontally into
two equal halves (i.e., upper and lower half). The distribution was manually quantified
by counting the distribution of positive cells in each of the halves. The chance level for
cell distribution was 50%. The percent of degenerating photoreceptors localized close to
OPL, were analysed by comparing cell count in the lower half of ONL with respect to
total positive cells in the ONL (see Figure 2.3).

2.2.10 Statistical analysis

Data were analysed with GraphPad Prism 8.4.3 (June 10, 2020; GraphPad Software LLC)
and JMP 15.2.0 (466311, SAS Institute Inc, Cary, NC, USA). Figures were prepared
using Photoshop CS5 (Version 12.0 ×64). Linear mixed-effects models (calculated using
JMP) were fitted by restricted maximum likelihood estimation (REML), to assess the
significance of the effects in explaining the variations of the dependent variables. Variance
inflation factors (VIF) of the predictor variables were calculated and assured to fall
well below the common threshold value, indicating no collinearity between them. The
residuals were confirmed visually to follow a normal distribution, while homoscedasticity
(homogeneity of the residual variances) was tested using the Brown–Forsythe test and
reported in case of violations. Figures were prepared using Photoshop CS5 (Adobe, San
Jose, CA, USA).
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2.3 Molecular biology

2.3.1 Design of Antisense Oligonucleotides (ASOs)

ASO are small nucleic acid molecules complementary to the targeted sequence in the
gene of interest. The designs of ASOs were aimed towards down-regulation of CNGB1
by mediating exon skipping that could lead to nonsense-mediated decay of the primary
transcript of CNGB1 (pre-mRNA) or ribonuclease H mediated degradation. There are
two aspects of designing an ASO, selecting the sequence and adding a background mod-
ification. For the selection of an optimum sequence, several parameters such as sequence
alignment, single strand (ss) count, Tm, 3D accessibility, off-target in the genome, splice
motifs and free energy were analysed [Aartsma-Rus et al. 2009]. A detailed designing
procedure will be discussed in Chapter 3.

2.3.2 Primer design

Both PCR and cloning primers were designed using the Primer3Plus, a web interface
to Primer3 [Untergasser et al. 2007] considering GC content, Tm and self-annealing
properties of the primers.

2.3.3 Isolation of total RNA from mouse retina and retinal ex-
plants

To analyse the expression of CNGB1 transcript in cell lines and mouse retina, total RNA
was extracted from the cell lines, ex-vivo single retina, ex-vivo pooled retina (3 animals),
single explants and 4 explants pooled together. The extraction was done using Peq Gold
Total RNA kit from Peqlab.

Ex-vivo retinae were extracted and kept in RNA later solution at 4◦C overnight and
then transferred to -80◦C for further storage. For isolating total RNA from cell lines, the
harvested cells were stored in -20◦C. Total RNA from explants were isolated from freshly
cultured explants and the samples were always kept on the ice.

The tissue or cell samples were transferred to the homogeniser column (MP biomed-
icals lysing matrix tubes) with 400 µl of RNA lysis buffer T placing them on the ice.
The tissue was homogenised using Precellys24 (Bertin Instruments, P000669-PR240-A)
at 5,500 rpm for 20 seconds (with intermittent chilling in the case of multiple required
cycles). The samples were then centrifuged for 2 minutes at 7,000 rpm and the lysate
were transferred to DNA removing columns (green) using 100 µl filter tips and cen-
trifuged for another minute at 10,000 rpm. An equal volume (400 µl) of freshly prepared
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of 70% ethanol added to the flow-through and mixed well by pipetting. The mixture
was transferred to RNA columns (orange) and centrifuged for 1 minute at 9,000 rpm.
The flow-through was discarded and washed with 500 µl of RNA Wash Buffer at 9,000
rpm for 15 seconds. Another washing was done by adding 600 µl of RNA Wash Buffer
II to the column and centrifuged at 9,000 rpm for 15 seconds. Then the columns were
dry-centrifuged for 2 minutes at 9,000 rpm and placed in RNase Free vial. 40 µl of RNase
free water was added to it and incubated for 3 minutes at RT. To elute total RNA the
vials were centrifuged for 1 minute at 4,500 rpm and stored in -80◦C. Concentration was
measured using the NanoDrop (PeqLab Biotechnologies, ND-1000).

2.3.4 cDNA synthesis

To ensure the cDNA free from DNA contamination, the synthesis from total RNA was
done in two different steps. The first step DNase digestion and the second step reverse
transcription.

The enzyme used for DNase digestion was Deoxyribonuclease I (Sigma-Aldrich). A
reaction mixture was prepared with 1.5 µg RNA, 1 µl of 10× reaction buffer, 1 µl DNase
I (1U/µl) and RNase free water was added to make the final volume to 10 µl. The
reaction mixture was incubated for 15 minutes at room temperature and added 1 µl
stop-buffer (50 mM EDTA) with incubation for 10 minutes at 70◦C to stop the digestion.
The concentration of RNA was measured using NanoDrop. Depending on the nature of
further experiments with total RNA, the DNase digestion step could be avoided as heat
inactivation of the enzyme may also be harmful for the RNA.

Reverse transcription or RT-PCR was done using Transcriptor High Fidelity cDNA
Synthesis Kit by Applied Biosystems. The reaction mixture was prepared with 1 µg
DNase I digested RNA, 2 µl Random-Hexamer (600 pmol/µl) and RNAse free H2O to
make a final volume of 11.4 µl and incubated for 10 minutes at 65◦C. It was stored on the
ice immediately after the incubation. 4 µl of 5× reaction buffer, 0.5 µl Protector RNase
Inhibitor (40 U/µl), 2 µl dNTPs (10 mM), 1 µl DTT (0.1 M), and 1.1 µl Transcriptase
(9 U/µl) were added to it. The reaction was incubated for 30 minutes at 50◦C and 5
minutes at 85◦C. The cDNA was stored in 4◦C.

2.3.5 Polymerase Chain Reaction (PCR) for Cngb1

PCR is one of the most common molecular biology technique used in labs for several
purposes. It comprises 3 basic steps namely denaturation of the DNA strands, annealing
of the primers to them and extension for amplification of a DNA fragment using desired
primers. Taq DNA polymerase from and ATII buffer (in house buffer) was used to prepare
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Temperature Time Cycles Remarks
94◦C 2 minutes denaturation
94◦C 30 seconds - denaturation
58◦C 30 seconds 35 annealing
72◦C 30 seconds - extension
72◦C 2 minutes final extension
4◦C store hold

Table 2.2: PCR condition for amplification of Cngb1.

the reaction mixture. Reaction mixture for one sample contained 50-100 ng cDNA, 2.5
µl of 10× ATII buffer, 1 µl dNTP, 1 µl forward primer (5 µm), 1 µl reverse primer (5
µm), 0.4 µl of Taq polymerase and ddH2O to make a total volume of 25 µl. PCR for
Cngb1 from cDNA (conditions as shown in the Table 2.2) were used for the analysis of
CNGB1 expression in the mouse retina and cell lines.

2.3.6 Transfection

The cell line B16F10 (CL13-00037) was cultured in DMEM added with 1% Penicillin/
streptomycin, 10% FCS and 1% sodium pyruvate and was used for the screening of
ASO. The cells were seeded in a 12 well plate with 2×106 cells per well. The cells were
transfected with master mix prepared with OptiMEM (100 µl) (Gibco), liposome (3 µl)
(Fugene) and ASO (0.5 µM).

To test the ASO mediated RNA editing on the retina, the retinal explants were
transfected with ASO using the transfection agent RNAimax. RNAimax (5 µl) was
incubated with OptiMEM (3 µl) for 5 minutes. Then the mixture of ASO (300 pmol)
and optiMEM (volume calculated as per the stock concentration of ASO) were added
to RNAimax-OptiMEM master mix to make a final volume of 30 µl for each retina and
incubated for 20 minutes. The transfection mix was applied to the tissue with freshly
supplemented complete medium and cultured as per the above-mentioned protocol.
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Ion exchange across the membrane is a key phenomenon that mediates light responses
in photoreceptors and transmits them via the changes in membrane potential from the
outer segment to the synaptic terminal. In darkness, the photoreceptors are in a state
of depolarisation. The resting membrane potential is -40 mV. Depolarisation happens
mainly due to the influx of K+ and Ca2+ in the cell via CNGC mediated by cGMP
binding. Other ion channels in the outer segment such as Na+, Ca2+ exchanger (NCKX)
extrudes Ca2+ and intakes Na+ maintaining the dark current [McNaughton 1990]. The
Na+, K+ ATPases (NKX) extrudes of Na+ from the IS consuming about 50% of the
metabolic energy. It is responsible for regulating the Na+ gradient across the membrane,
indirectly regulating the activity of NCKX [Wetzel et al. 1999]. The influx of Ca2+

in the outer segment leads to change in the membrane potential leading to the Ca2+-
dependent release of glutamate at the synapse in darkness [Bech-Hansen et al. 1998].
Thus, the major source of Ca2+ influx in the Outer Segemnts (OS) of photoreceptors
are Cyclic Nucleotide Gated Channels (CNGC) and in the synaptic terminal is Voltage
Gated Calcium Channels (VGCC). In the physiological condition, rod CNGC is found to
behave differently than that of cones, having more percent of total ion channels present
in the active state as compared to rods. This also allows cones to be more adaptive to
respond to different wavelengths of light which is not the case for cones. Mutation in
Pde6b corresponds to around 4% of the total RP situation [McLaughlin et al. 1995] in
North America. The mutant possesses a dysfunctional PDE6B which is not able to hy-
drolyse cGMP resulting in a pathological elevation of intracellular cGMP concentration.
High cGMP is leading to the activation of a higher number of CNGC as compared to
the physiological condition resulting in high concentration of intracellular Ca2+. This
elevated Ca2+ influx is believed to drive the photoreceptor degeneration mediated by
the high cGMP. CNGC is thus believed to play an important role in cGMP-dependent
photoreceptor degeneration (see Chapter 1). This study evaluated the role of Ca2+ via
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CNGC in contrast to another major channel VGCC. To access their roles, the effect of
two different diltiazem enantiomers (a well-known drug for hypertension) were investi-
gated on: (1) heterologously expressed CNGC from both rods and cones, (2) cone Ca2+

dynamics in the retina, (3) calpain activity downstream of Ca2+ and (4) photoreceptors
degeneration. Moreover, the effect of cGMP analogue specific for CNGC inhibition were
also evaluated on cell death.

3.1 Existing controversy

The hypothesis surrounding the RP degeneration suggests, high levels of Ca2+ is the main
disease driver and hence the lowering of Ca2+ influx via Ca2+ channels would be a poten-
tial therapeutic approach [Fox et al. 1999]. Therefore, a large number of studies over the
last two decades have assessed the protective potential of Ca2+-channel blockers on the
photoreceptors [Takano et al. 2004]. A seminal study by Frasson and colleagues [Frasson
et al. 1999] showed that inhibition of Ca2+ channels using D-cis-diltiazem, which is a
blocker of VGCC, rescue photoreceptor degeneration in-vivo. Follow-up studies by several
groups could not reproduce the protective effect on degenerating photoreceptors [Barabas
et al. 2010]. In the meantime, another study showed a protective effect on the photore-
ceptor degeneration using L-cis-diltiazem, which is known to block CNGC [Fox et al.
2003]. Later knockout studies by cross-breeding Cngb1 and rd1 animal models, a double
mutant rd1 × Cngb1−/−, showed prolonged viability of rods and improved retinal func-
tion in-vivo [Paquet-Durand et al. 2011]. On the other hand, knockout of Cacna1f for
VGCC showed no effective delay in photoreceptor degeneration [Schön et al. 2016,Read
et al. 2002]. Interestingly both the above knockout animal models show a significant
reduction in the calpain activity.

Despite the controversy, all the above studies highlighted that Ca2+ influx in pho-
toreceptors are playing a major role in its degeneration. The dose-dependent inhibition
of CNGC might be beneficial for photoreceptor survival in RP. In this study, the gap in
present knowledge was addressed by understanding the role of Ca2+ via the major Ca2+

channels in degeneration and explore further on the effect of blocking those channels.

3.2 Expression of CNGC during development and

degeneration in rd1

A mouse model that shows rapid photoreceptor degeneration is rd1 having a peak of
cell death between P10 and P12. The pattern of CNGC expression in the degeneration
model rd1 was important to be determined. This would help to understand the window
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available for the study.

Figure 3.1: Spatiotemporal expression of CNGB1 in rd1 and wt: Immunostaining
for CNGB1a (magenta), that labelled the photoreceptor OS, was performed at different
postnatal (P) days in wt and rd1 retina (a, c). The nuclear counterstain (DAPI, grey)
indicates ONL, INL, and GCL. Dotted, solid and dashed lines in the graph represent
dorsal, medial, and ventral mouse retina respectively (b,d). (a) In wt retina, CNGB1a
grew longer from P11 to P30. (c) In rd1 retina, CNGB1a were detectable at P11 and P13
but disappeared by P30. (d) The thickness of the ONL in wt retina (green) remained
approximately constant between P11 and P30, while in rd1 (magenta) ONL thickness
sharply reduced after P11. (b) OS in wt retina grew longer from P11 to P24 until reaching
a plateau at a length of approximately 20 µm. In contrast, rd1 OS, while still comparable
to wt at P11, had reduced to nearly 0 µm by P24. Retinal sections from 4-5 different
animals per time-point and genotype were quantified for analysis. Scale bar = 30 µm.
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Figure 3.2: Effects explaining the variability of the length of OS with respect
to ONL thickness in rd1 and wt: Results of the linear mixed-effects models with
the dependent variables OS length and ONL thickness. The residuals of the model
followed a normal distribution, while the Brown-Forsythe test indicated a violation of the
assumption of homoscedasticity for both models. However, linear mixed-effects models
estimates have been shown to be robust against such violations

The photoreceptor OS are highly dynamic in nature, replaced at the rate of around
10% per day in the mammalian retina [Goldberg et al. 2016, LaVail 1976]. In rd1, the
retinal degeneration coincides with the retinal development. To determine the expression
of CNGC in rd1 retina in the relevant time window (the turnover rate of OS), immunos-
taining was performed in a spatiotemporal manner for the CNGB1a channel subunit on
retinal tissue sections collected at six different time-points (see Figure 3.1). Degeneration
in rd1 spans around P10 to P12 with a peak at P11 [Sahaboglu et al. 2013]. The im-
munohistochemistry was done from P11 to P30 with a focus on the peak of degeneration.
The expression of CNGB1 was analysed after every 48 hours interval, starting from P11.
This also helped to delineate the therapeutic window for OS using the rd1 mouse model.
Our data reflect central to peripheral pattern of mouse retinal degeneration, illustrated
earlier in the literature, in the ONL which is not present in the disappearance of OS.

Linear mixed-effects models were used to determine statistically significant effects of
genotype and post-natal day to explain the variability of OS length and ONL thickness
data. A Brown-Forsythe test indicated heterogeneity of variance of the fitted model
residuals, however, this was not deemed to significantly affect results since linear mixed-
effects models have been shown to be robust against this violation. A post hoc test using
custom contrasts was used to compare between wt and rd1 retina. Least-square (LS)
means difference between post-natal day P11 to 18, for OS length (wt: 13.73 ± 2.05 µm;
F (1, 25.25) = 44.6828; p < 0.0001, rd1 : 3.99 ± 2.03 µm; F (1, 24.44) = 3.8582; p
= 0.0610) showed that the length of OS quadrupled between P11 and P30 in wt, while



3.3. CNGC knockdown: antisense technology 41

it sharply decreased in rd1. The thickness of ONL was compared with respect to the
photoreceptor degeneration with LS means difference between post-natal day P11 to 18
(wt: 1.46 ± 5.25 µm; F (1, 25.99) = 0.0780; p = 0.7822) rd1 : 43.31 ± 5.13 µm; F (1,
24.18) = 71.1854; p < 0.0001) 3.2. The ONL was found to be fairly stable in wt at this
postnatal day, however in rd1 it reduced significantly. The data also reflect that the
development of ONL in wt retina attains stability during the maturation of OS. On the
other hand in rd1, degeneration of ONL, as well as OS, follows the peak of degeneration.
At P22 when most of the photoreceptors have disappeared to a significant level, from
around 50 µM in P11 to around 10 µM in P22, there are still some remaining OS which
could be contributed by cones. Importantly, the development of ONL as well as OS till
P11 is same in wt and rd1. During the onset of the rd1 degeneration (∼ P10), CNGC
expression, as assessed via OS length, was still comparable to that in wt animals (average
P11 OS length LS means difference between wt and rd1 0.18 ± 2.05 µm, F (1, 25.25)
= 0.0078; p = 0.9304). This highlights that the best study or the therapeutic window is
about P11 in-vitro.

3.3 CNGC knockdown: antisense technology

Antisense technology is a very powerful for biological research as well as novel therapeutic
strategies. The idea of antisense technology dates back to early 1980s with the discovery
of a unique phenomenon of translational inhibition by the complementary RNA tran-
script by [Mizuno et al. 1984]. Later the mechanism of RNA interference received much
attention after the breakthrough by Mello and group in 1998 [Fire et al. 1998]. Today an-
tisense technology has moved to the clinical trials for many diseases [Bennett 2019] among
which are Duchenne Muscular Dystrophy [Vita et al. 2019], Usher syndrome [Wolfrum
et al. 2018] and Leber Congenital Amaurosis (LCA) [Cideciyan et al. 2019]. About four
decades of research has seen much evolution in the idea and the mechanism of this ap-
proach gaining understanding about ASO mechanism of action, identification of relevant
target sequence and improving the intracellular half-life. However, many more including
cell specific internalisation and uptake mechanisms are yet to be understood. In this
section of my project, the targeted down-regulation of Cngb1 has been attempted by ex-
ploiting the available knowledge of ASO. This approach might help us understanding the
mechanism of cGMP-dependent photoreceptor degeneration downstream of Ca2+ influx
after specific ASO mediated down-regulation.

3.4 ASO mediated down-regulation of Cngb1

As described in Chapter 1, CNGCs are one of the major sources of Ca2+ in photoreceptor
OS and the degeneration resulted due to the pathological accumulation of cGMP [Fesenko
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et al. 1985]. Studies have shown improved rod viability and cone function in Cngb1a−/−

× rd1 double mutant animal models [Paquet-Durand et al. 2011]. CNGCs are an impor-
tant functional factor for the healthy survival of photoreceptors. The knockout of Cngb1a
has shown improved retinal function but gene knockout cannot be practised in the clinic
for treating patients. ASO is an emerging field for therapeutic development [Dhuri et al.
2020]. Motivated by the above-mentioned study, the effect of ASO mediated targeted
down-regulation of the CNGC subunit was evaluated on photoreceptor degeneration.

Mutant animal models showing the features of RP, such as rd1 have the resultant
mutation in rod photoreceptors. CNGC in rods are composed of CNGA1 and CNGB1
(see Chapter 1). The assembly of a functionally efficient heterotetrameric CNGC in
rods require the single unit of CNGB1, therefore down-regulation of Cngb1 might be the
most effective way of lowering the expression of the functional channel in the rod OS.
For controlled and selective down-regulation of Cngb1 two different types of ASOs were
designed: (1) ASO inducing splice modulation for exon skipping in this case and (2)
RNase H mediated degradation using gapmer ASOs (illustrated in the following page).

RNase H mediated degradation

RNase H is a ribonuclease enzyme (RNase HI and RNase HII in eukaryotes) which use
DNA/RNA hybrid as a substrate to degrade RNA strand [Murante et al. 1998], il-
lustrated in Figure 3.3. It is a ubiquitous enzyme evolutionarily conserved across the
species [Bin-Guang et al. 2008]. RNase H can recognise DNA-RNA hybrid which can be
an useful tool to target matured mRNA. Targeting matured mRNA for down-regulation
of a gene has certain advantages, some of which are mentioned as follows: (1) it is present
in the cytoplasm of the cell before the translation which makes it highly accessible, (2)
matured mRNA possesses 5′ cap and polyA tail at its 3′ end which makes it highly sta-
ble in the cytoplasm. The increased stability increases the probability of its interaction
with ASO and thereby mediating an RNase H mediated cleavage and (3) the translating
machinery ribosomes recognise and bind to the 5′ end of the mature mRNA sequence.
The rest of the sequence is available for the interaction with ASO. To form a DNA/RNA
heteroduplex by ASO binding and get recognisable for RNase H, the construction of ASO
needs to be a gapmer. A gapmer is a single-stranded oligonucleotide sequence with a
central block of DNA, about 8-10 ntds long flanked by the chemically modified RNA
sequence. The flanking RNA sequence and its chemical modification help to increase
its binding affinity to the mRNA of interest and enhance its stability by protecting it
from the cytoplasmic nuclease degradation. The backbone modification O-me has been
extensively studied and O-me chemistry on flanking RNA has shown to make very sta-
ble heteroduplex [Masaki et al. 2010]. The flanking RNA sequence of the gapmers
were 2′-O-methyl (O-me) modified. It is a US Food and Drug Administration approved
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modification used in RNase H-dependent antisense drug Mipomersen [Hair et al. 2013].
Matured mRNA targeted via this approach can either prevent translation by binding to
the mRNA sequence if it gets failed to be recognised by the RNase H enzyme or induce
degradation by the recruitment of RNase H enzyme.

Figure 3.3: Mechanism overview of RNase H in the presence of ASO: Shows a
schematic representation of the condition for RNase H activity which can target mature
mRNA forming a DNA/RNA heteroduplex. The ASO designed as a gapmer (DNA block
flanked by RNA sequences on its both ends) with O-me modification. The DNA/RNA
hybrid is recognised by the RNase H leading to the cleavage of mature mRNA.

Exon skipping

In the mammalian genome exons are interspaced by the intron sequences. A pre-mRNA
comprises three important sequence structures for splicing its consecutive exons. Com-
position of intron-exon with canonical splice sites at 5′ and 3′ end and branch point
site are shown in Figure 3.4. These sequences are splice site acceptor, splice site donor
and branch point. During the splicing event, the splicing machinery recognise these se-
quences as the guideline to splice out the intron and join to consecutive exons for the
formation of mature mRNA. The splicing machinery first attach to the splice donor site
and subsequently with the branch point sequence (present within an intron) and then to
splice acceptor site for the completion of the splicing event [Green 1986]. Exon skipping
by splice modulation is a phenomena in which the normal splicing of pre-mRNA gets
interrupted by the binding of ASO during the formation of a matured mRNA. These
ASOs are also called Splice-Switching Oligonucleotides (SSO) [Bauman et al. 2009]. The
design of SSO was aimed to prevent the binding of splicing machinery to the targeted
sequence of interest, which is pre-mRNA Cngb1 to induce exon skipping. Figure 3.4
shows a schematic representation of the possible phenomena of exon skipping mediated
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Figure 3.4: Schematic overview of exon splicing: Shows a schematic representation
of 3 exons interspaced by 2 introns comprising splice acceptor site, donor site and branch
point. Binding of an exemplary ASO at splice acceptor site shows the possible exon
skipping mediated by the binding of ASO. The donor site of intron 2 joins to the branch
point of intron 2 as usual. The presence of ASO in the acceptor site of intron 2 makes it
target the acceptor site of intron 3 resulting in the skipping of exon 2.

by the binding of ASO. This can further lead to a frameshift mutation in the target se-
quence gaining a premature stop codon and activate Nonsense Mediated Decay (NMD)
of the mRNA. To design ASO that can successfully induce the splice modulation in the
target pre-mRNA, consideration of certain factors have been suggested to be very im-
portant [Aartsma-Rus et al. 2009]. These factors are: (1) splice enhancer motifs, (2)
Single Strand (ss) count, (3) free energy of the sequence and (4) the off-target effects.
Apart from these, length of ASO, % GC content in the target sequence and position to
the exon border were also considered.

Backbone chemistry of ASO has come a long way showing less toxicity and high
stability [Dhuri et al. 2020]. As a backbone modification for SSO, the combination of
first and second generation of backbone modification were used for a stable preliminary
validation. Phosphorothioate (PS) modification is the first generation of ASO backbone
chemistry where the non-bridged O of the phosphate group is replaced by the S forming
a PS-bond. This is a very stable modification and is resistant to nuclease degradation
[Eckstein 2014]. This has been combined with O-me modification discussed above.
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3.4.1 Sequence design

CNGB1 is a rod specific CNGC subunit. Mutation in rd1 is homologous to human auto-
somal recessive RP. ASOs were designed aiming its clinical application as a therapeutic
strategy. Therefore, sequences were identified that are conserved between Mus musculus
(Mm) mouse and Homo sapiens (Hs) human to make the transition from mice to human
therapeutically easier and applicable. The Cngb1 comprise 33 exons and 32 introns.
The sequence was screened for the conserved region using EditSeq (Dnastar). Table 3.2
shows in details the conserved sequences between the Mm and Hs. Exons 13, 19, 21,
24, 27, 28 and 29 were found to have conserved sequences in donor and acceptor splice
sites. Exon 13 was not considered for the ASO design because Cngb1 has been shown
to have a unique bipartite structure that encodes for GARP (N-terminal) via alternative
splicing [Ardell et al. 2000,Körschen et al. 1995]. To induce the skipping of the targeted
exon and introduce a frameshift mutation, the number of nucleotide in each of the exons
were taken under consideration. As a codon is composed of 3 nucleotides, a frameshift
mutation and a Pre-mature Termination Codon (PTC) can be introduced by breaking a
codon. Thus, the introduction of PTC via exon skipping can lead to Nonsense Mediated
Decay (NMD) of the primary transcript. Table 3.1 gives a list of all the exons with the
number of nucleotides and the number of nucleotides divided by their codons. Exon 1,
14, 18, 20, 22, 23, 25, 29 and 31, were found to be exactly divisible by 3 or a codon.
Thus, a frameshift mutation cannot be introduced in the pre-mRNA by skipping any of
these exons. Figure 3.5 gives a brief overview of exon and intron distribution in Mm
with respect to Hs highlighting the possible exons that could be targeted for the exon
skipping, which were exon 19, 21, 24, 27 and 28.

Figure 3.5: Schematic representation of Human and Mouse (pre-mRNA)
Cngb1 : Human (top) and mouse (below) (pre-mRNA)Cngb1 showing the total number
of 33 exons with a relative lengthwise comparison between human and mouse. Exons
highlighted in grey are the exons considered for analysis and having conserved sequences.

Exonic Splicing Enhancers (ESEs)

Exonic Splicing Enhancers (ESEs) in a sequence are set of nucleotides which are specific
to splicing machinery and increase the splicing efficiency. To modulate the splicing and
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induce exon skipping, the ESEs present in the screened sequences were listed. Special
attention was given to the sequences specific for strong ESEs such as SC35, SRp40,
SRp45, SRp55 and SF2/ASF (see Figure 3.6). The strength of the enhancer motifs are
denoted by scores correlate with the higher specificity. The ESE scores and motifs to
the sequences were determined by using the online tool ESEfinder [Cartegni et al. 2003].
The enhancer motifs were considered with respect to their strength and the length of the
sequence they span. The acceptor sequence of exon 19 (19a) was found to span across
9 nucleotides with a score of 80.92 to 83.59. The donor site of exon 19 (19d) spanned
across 37 nucleotides with a score of 80.06 to 89.98. In exon 21 no considerable high
scored ESEs were found within the conserved sequence. In the acceptor site of exon 27
(27a), ESE spanning 7 nucleotides were found with score 80.92 to 83.87 and donor site of
27 (27d) spanned across 8 nucleotides with score 80.96 to 82. Exon 28 was found to have
ESE spanning across 15 nucleotides with score 80.92 to 84.61. The results show that the
donor site of exon 19 (19d) and acceptor site of exon 28 has the highest score and span of
ESE across the sequence of interest. Arranging them in the order of their ESE strength,
19d, 85.02 > 28, 82.7 > 19a, 82.2 > 27d, 81.4 > 27a, 82.3 were found. The average score
of ESEs was between 81.4 to 85.02 for all the exons. Exon 19, 27 and 28 were considered
for further analysis excluding the exon 21.
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Species Exon ntds no. of codons Species Exon ntds no. codons
Hs 1 53 17.6 Mm 1 54 18
... 2 167 55.6 ... 2 269 89.6
... 3 58 19.3 ... 3 58 19.3
... 4 73 24.3 ... 4 67 22.3
... 5 91 30.3 ... 5 115 38.3
... 6 31 10.3 ... 6 43 14.3
... 7 46 15.3 ... 7 34 11.3
... 8 76 25.3 ... 8 76 25.3
... 9 49 16.3 ... 9 40 13.3
... 10 178 59.3 ... 10 148 49.3
... 11 76 25.3 ... 11 76 25.3
... 12 37 12.3 ... 12 37 12.3
... 13 160 53.3 ... 13 160 53.3
... 14 87 29 ... 14 276 92
... 15 88 29.3 ... 15 88 29.3
... 16 163 54.3 ... 16 121 40.3
... 17 163 54.3 ... 17 163 54.3
... 18 108 36 ... 18 108 36
... 19 158 52.6 ... 19 158 52.6
... 20 156 52 ... 20 156 52
... 21 209 69.6 ... 21 209 69.6
... 22 51 17 ... 22 51 17
... 23 87 29 ... 23 87 29
... 24 65 21.6 ... 24 65 21.6
... 25 123 41 ... 25 123 41
... 26 142 47.3 ... 26 142 47.3
... 27 160 53.3 ... 27 160 53.3
... 28 98 32.6 ... 28 98 32.6
... 29 84 28 ... 29 84 28
... 30 119 39.6 ... 30 119 39.6
... 31 147 49 ... 31 147 49
... 32 220 73.3 ... 32 220 73.3
... 33 2118 706 ... 33 2437 812

Table 3.1: List of exon length: Listed are the exon length (in number of nucleotides)
with their respective number of codons in human (Homo sapiens) and mouse (Mus mus-
culus). Sequence information retrieved from the Ensemble database. The list highlights
that both human and mouse have 33 exons for encoding CNGB1. Moreover, for both
human and mouse exon 1, 14, 18, 20, 22, 23, 25, 29 and 31, the number of codons are
divisible by 3. This indicates that skipping these exons would not introduce a frameshift
mutation and a Pre-mature Termination Codon (PTC) in the mature mRNA.
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Human exon 2: tacagGCATCAGGATGTTGGGCTGGGTCCAGAGGGTGC

Mouse exon 2: tacagGTGTCAGGATGTTGGGCTGGGTCCAAAGGGTGC
gGCATC SRp55 74.24

ATCAGGA SF2/ASF 75.31
GGATGTTG SC35 76.34

TGGGTC SRp55 76.48
GGGTCCAG SC35 78.12
GTCCAGAG SC35 81.25
CCAGAGG SRp40 87.54
CAGAGGG SF2/ASF(IgM-BRCA1) 89.92
CAGAGGG SF2/ASF 90.74

Human exon 13: ttcctgtgttccctgcagTCAGCATCCTTCCTGGAG

Mouse exon 13: cctctttattccctgcagTCAGCATCCTCCCCGTGG
gttccctg SC35 92.50
tccctgc SRp40 79.04

ctgcagT SF2/ASF(IgM-BRCA1) 71.92
AGCATC SRp55 80.13

TTCCTGG SRp40 82.28

Human exon 19a: tgatgttcccacagTGGCCAGGACCGTGCGGCCTCC

Mouse exon 19a: ctgtgtccccacagTGGCCAGGACCGAGCAGCCTCC
cccacag SF2/ASF 75.54
ccacagT SRp40 83.59
cacagTG SF2/ASF 80.92
cacagTG SF2/ASF 79.85
acagTGG SRp40 81.92

GCCAGGA SF2/ASF 77.23

Human exon 19d: GGAGAAACTCATTGACCCTGACGTCACCTCTGATGAGGAGAGCCCCAAGCCCTgtgagtctggagctgg

Mouse exon 19d: GGAGAAGCTCATTGACCCTGACGTCACCTCTGATGAGGAGAGCCCCAAGCCCTgtgagtggggatagag
TGACCCTG SC35 81.19

CCTGACG SRp40 79.40
CTGACGT SF2/ASF 89.77
CTGACGT SF2/ASF 89.98
GACGTC SRp55 74.24
CGTCACC SRp40 79.70

CACCTCTG SC35 80.64
CTGATGA ASF(IgM-BRCA1) 77.62
CTGATGA SF2/ASF 77.34

ATGAGGA SF2/ASF 73.85
TGAGGA SRp55 74.82

GAGCCCCA SC35 76.89
AGCCCCAA SC35 80.21
CCCCAAG SRp40 80.06

GCCCTgtg SC35 77.26
tgagtc SRp55 82.37
agtctgg SRp40 81.02
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Human exon 21: TTTGTCAGAGGCGGGGACATCATTgtgagtcacaggcagg

Mouse exon 21: TTTGTCAAAGGCGGGGACATCATTgtgagtcatgggcagg
TCAGAGG SRp40 89.70
CAGAGGC SF2/ASF (IgM-BRCA1) 82.31
CAGAGGC SF2/ASF 82.18

tgagtc SRp55 82.37
agtcacag SC35 76.58

tcacagg SRp40 100.00
cacaggc SF2/ASF (IgM-BRCA1) 85.23
cacaggc SF2/ASF 83.63

Human exon 27a: cccttcccccagATGAGAGATGTGGTAGGGGCCG

Mouse exon 27a: gtctcgttccagATGAGAGATGTGGTGGGGGCCG
ttccccca SC35 76.71
cccccag SF2/ASF (IgM-BRCA1) 72.38
ccccagA SF2/ASF (IgM-BRCA1) 74.69
cccagAT SF2/ASF (IgM-BRCA1) 75.46
cagATGA SF2/ASF (IgM-BRCA1) 80.92
cagATGA SF2/ASF 83.87

Human exon 27d: CCTGGCACTCGCAAGGCATGCTGGgtaagatggtcacg

Mouse exon 27d: CCTGGCATTCGCAAGGCATGCTGGgtaagactggccaa
GCACTCG SRp40 81.68
CACTCGC SF2/ASF (IgM-BRCA1) 74.08

TCGCAAG SRp40 80.96
CGCAAGG SF2/ASF (IgM-BRCA1) 82.00
CGCAAGG SF2/ASF 78.45

TGGgta SRp55 74.12

Human exon 28: cttgttcacagATGAGTCAGAGCTGATGGTGCAGCTTC

Mouse exon 28: ctcttttccagATGAGTCAGAGCTGATGGTACAACTTC
gttcacag SC35 83.34
tcacagA SRp40 85.75

cagATGA SF2/ASF (IgM-BRCA1) 80.92
TGAGTC SRp55 82.37

TCAGAGC SRp40 84.61
CAGAGCT SF2/ASF (IgM-BRCA1) 78.77
CAGAGCT SF2/ASF 77.98

CTGATGG SF2/ASF (IgM-BRCA1) 74.31
CTGATGG SF2/ASF 73.09

TGCAGC SRp55 86.98

Human exon 29: caccgggacagGGCTGTGACCGGCAGATGATCTTTGACATGC

Mouse exon 29: catctgggcagGGCTGTGACCGGCAGATGATCTTCGACATGC
caccggg SF2/ASF 86.43

ggacagG SRp40 80.12
gacagGG SF2/ASF (IgM-BRCA1) 70.54
gacagGG SF2/ASF 82.99

gGGCTGTG SC35 75.54
TGACCGG SRp40 84.67
GACCGGCA SC35 80.02

CGGCAGA SF2/ASF (IgM-BRCA1) 79.23
CGGCAGA SF2/ASF 75.48

CAGATGA SF2/ASF (IgM-BRCA1) 80.92
CAGATGA SF2/ASF 83.87

GATCTTTG SC35 79.04

Figure 3.6: List of splice enhancer motifs: pre-mRNA sequence alignment (grey)
of exons (capital) and introns (small) in Hs (above) and Mm (below). The pre-mRNA
sequence is aligned with respect to the ESE motif sequence (red) and their respective
scores. Strong motifs are highlighted in bold. The conserved sequence with enhancer
motifs is highlighted in bold and underlined.
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Single strand count and 3D accessibility

In the cellular environment, pre-mRNA is not present as linear but forms a 3D confor-
mational structure. The 3D structure is dependent on the length and the sequence of
the strand. Therefore, the sequence composition of each strand results in the formation
of a structure which is unique and dynamic in nature. As the 3D conformation of the
strand shows a dynamic nature of the folding, the target sequence for the binding of ASO
might be inaccessible. For an efficient interaction and stable binding of the ASO, single-
strand (ss) count is another aspect for developing ASO. Composition and length of the
sequence being an important factor, each stretch of the target sequence were subdivided
into increasing order nucleotide (from 1,000 to 2,000 nucleotides). The ss count of every
nucleotide from the donor and acceptor regions of exon 19, 27 and 28 were calculated
using mfold web server (The RNA Institute, College of Arts and Sciences, University
at Albany, State University of New York) [Zuker 2003]. It was done in two different
ways mentioned as follows. (1) The software provided a score of ss count based on its
probability to pair with its complementary nucleotide of the same sequence and free en-
ergy. Each of the scores were listed against the base pair of the nucleotide sequence and
a colour-coded map was prepared for every simulation. (2) The software also provided
with a simulation of a number of possible 3D conformation. This helped with the visu-
alisation of the sequence and compare the ss count with 3D accessibility. Based on the
simulation and the colour-coded map of the sequences, each sequence was given a score
for further evaluation. Figure 3.7 shows the comparative evaluation of colour-coded map
with 3D simulation of exon 19 donor sequence as an example for both Mm and Hs. The
score showed exon 19 acceptor has about 22.5%, ±0.72 SD, exon 19 donor site 39.6%,
±1.81 SD, exon 27 acceptor site 38.14% ±0.98 SD, exon 27 donor site 46.3% ±1.74 SD
and exon 28 acceptor site 46.9 % ±2.9 SD, the chance of having a single-strand structure
and accessibility to ASO.

Arranging in the decreasing order of ss count score, exon 28 (46.9%) > exon 27 donor
(46.3%) > exon 19 donor site (39.6%) > exon 27 acceptor site (38.14%) > exon 19
acceptor (22.5%) were found. Also increased SD was observed with a higher percentage
of ss count, for exon 28, 27 donor site and exon 19 donor sequences. Cross-referencing
with heatmap showed that in the majority of the cases the hairpin loop structure is
shown as the combination of highest and lowest scores for the loop and pin respectively.
This resulted in a high average ss score but with increased SD. Exceptionally for exon
19 the donor site was found to have relatively high accessibility of the target sequence
in 3D simulation supporting the ss count score, shown in Figure 3.7. The 3D structure
of the target pre-mRNA sequence showed conformational variability on interaction with
the ASO. To ensure a stable interaction, the bifold structures of the interaction of the
target sequence with ASO were further evaluated.
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Figure 3.7: Comparison of ss count score and 3D RNA folding simulation:
Shows the heat map score of ss count (left) and simulation of 3D conformation (right)
for exon 19 donor sequence in Mm and Hs. The numerical value against each nucleotide
is denoted by the colour code, represented in the form of a heat map. The red on the
heat map denotes closed and green denotes open sequence.

Off-target effect

The off-target effects of the sequences were screened using a customised software cc-Top
(group of Prof. Wissinger). The sequences of probable ASOs were individually screened
for their off-targets against the entire Hs and Mm genome. The hits were based on
number of mismatches up to 1, 2 or 3 nucleotide mismatches and the off-target hits
in the exonic, intronic, or intergenic region. Mismatches of 1, 2 or 3 nucleotides were
considered as in the order of their strength because the increased mismatch decreased the
efficacy of ASO binding. So 3 mismatches were the least effective and 2 mismatches were
lesser effective as compared to 1 mismatch. Similarly, hits against the exonic region were
most effective which were lesser for the intronic region and the least for the intergenic
region. In mice, a hit with 1 mismatch was found in the intergenic region of Olfr267 (as
shown in Figure 3.8). Olfr267 codes for the olfactory receptor in the mouse which were
found to express in the primary visual cortex of the brain but not in the retina [Bastian et
al. 2020]. This suggests that it has no potential off-targets in Mm. An exonic off-target
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with 1 mismatch was found at WWC2-AS2 in human. It was found to be a putative
uncharacterised protein in human [UniProt 2018]. Although the chance of effectiveness
for this off-target is high, the potential risk of such off-target is unknown.

Figure 3.8: Off-target map in Hs and Mm : Shows the potential off-targets of
ASOs after screening for the down-regulation of Cngb1a. The colour code denotes the
effectiveness of the off-target in correlation with 1, 2 or 3 mismatches or hits in the exonic
intronic or intergenic region. Against each colour, the name of the associated protein is
indicated.

3.4.2 Validation of ASO

Considering all the above-described parameters two ASOs were designed for exon skip-
ping and four ASOs for RNase H mediated degradation. The designed ASOs are listed
in Table 3.3. The ASOs were screened on mouse skin melanoma cell line B16F10, found
to have an endogenous expression of Cngb1. The successful ASO was further tested on
organotypic retinal explant cultures. Figure 3.9 shows the results obtained from these ex-
periments. The samples were obtained from the lysate of respectively transfected B16F10
cells. The untransfected cells were evaluated as the experimental controls. The amplified
Cngb1 PCR product of the B16F10 cell line was also compared against Cngb1, found
in the wt mouse retina for accuracy. The expected size of the PCR product was 445bp.
With SSO2, a smaller PCR product for Cngb1 was found indicating successful exon
skipping on the mouse cell line B16F10. Also with ASO1 and ASO4, no PCR product
was found on B16F10 transfected cells when amplified for Cngb1. This might depict the
possible degradation of the Cngb1 primary transcript mediated by RNase H.

To check the effect of SSO efficacy on rd1 mouse retina, it was further tested on retinal
explant cultures. The amplification product of the SSO was compared with rd1 retina
and wt retina without SSO. Hypoxanthine-guanine phosphoribosyltransferase (Hprt) was
used as a housekeeping control. No change in the product size was found to support the
splice-switching in the tissue culture for SSO1. There exist certain challenges which
might play a role behind the unsuccessful results in the tissue culture system: (1) The
splice-switching and thereby the down-regulation efficacy of the SSO was unknown. In
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Figure 3.9: Preliminary confirmation of successful design: Shows Cngb1 PCR
product on gel as validation for the efficacy of ASO. SSO2, ASO1 and ASO4 indicate
successful splice-switching and RNase H mediated degradation. The PCR product Cngb1
from the cell line is compared against wt Mm retina. Hprt is a housekeeping control.

Denotation ASO sequence Backbone chemistry

SSO1 CUUCACCAGCUCCUGGAGCC 2′OmeRNA+PS
SSO2 CAUCAGAGGUGACGUCAGGG 2′OmeRNA+PS
ASO1 CAUCAGAGGUGACGUCAGGG 2′OmeRNA+PS, DNA+PS, 2′OmeRNA+PS
ASO2 CCGAUGGUGAUGAGGGU 2′OmeRNA+PS, DNA+PS, 2′OmeRNA+PS
ASO3 CAGCUGCGGUAGUAGGUCUG 2′OmeRNA+PS, DNA+PS, 2′OmeRNA+PS
ASO4 UUACCCAGCAUGCCUUGCG 2′OmeRNA+PS, DNA+PS, 2′OmeRNA+PS

Table 3.3: List of designed antisense oligonucleotides: Gives the sequences and
backbone modifications of the designed antisense oligonucleotides for splice-switching
and RNase H mediated degradation. The denotation gives the names by which these are
referred to in the text.

B16F10 a lowered size of Cngb1 PCR product was found suggesting skipping of exon
in the cell line. However, the degree of down-regulation in terms of percentage could
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not be measured. So the lower percent of down-regulation might be undetectable in the
tissue. (2) The number of target cells in the retinal tissue are lower as compared to
the cell culture system. In B16F10, all the transfected cells contribute to the resultant
outcome. Whereas in the retina only rod photoreceptors express Cngb1. This constitute
only about 40% of the cell population in the whole retina. (3) The delivery of SSO to
the targeted retinal cell population was uncertain. Unlike cells, the retina is a complex
tissue which has different cellular layers connected to each other, adding to its complexity.
The amount of SSO actually reaching photoreceptors and more specifically to the rod
photoreceptors could not be determined. (4) More sensitive readouts are helpful for the
detection of a negative signal on a positive background. All these reasons might have
been a contributing factor towards inconclusive result in the tissue culture. The problem
can be addressed with targeted delivery of the SSO to photoreceptors.

3.5 Diltiazem: effect on channels and calcium dy-

namics

The pharmacological inhibition was used as an alternative approach to ASO mediated
Cngb1 downregulation, for studing the effects CNGC Inhibition on the retina. The phar-
macological inhibition was mainly achieved using D and L enantiomers of diltiazem, a
common drug used for the treatment of hypertension. The blocking effect of the com-
pounds were tested on Ca2+ channels by measuring the differential current across the
frog oocyte membrane after the heterologous expression of CNGC subunits (in collabo-
ration with Dr. Nache’s lab, University of Jena). The blocking effect on the heterologous
expression system was tested with 25 µM and 100 µM. Further, the light-induced Ca2+

response in cones were measured under the two-photon microscope (in collaboration with
Prof. Euler’s lab, CIN, Tübingen). Both D- and L-cis-diltiazem with 25 µM, 50 µM and
100 µM were tested for understanding the effect on the light-induced Ca2+ response.

3.5.1 Differential effects of D- and L-cis-diltiazem on photore-
ceptor CNGC

For the direct assessment of the effects of D- and L-cis-diltiazem on retinal CNGC,
the heterotetrameric rod CNGA1:B1a and cone CNGA3:B3-channels were expressed in
Xenopus oocytes. These were examined for their functional characteristics in inside-out
membrane patches and concentration-activation relationship using electrophysiological
recordings. The measurement of heterotetrameric CNGC for cones showed that nei-
ther D-cis nor L-cis-diltiazem exhibit any block at physiological cGMP concentration
at -35 mV when compared to the normalised cGMP-triggered current amplitudes. But
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Figure 3.10: Effects of diltiazem enantiomers on rod and cone CNGC activity:
(a-d) show the concentration-activation relationships for heterotetrameric cone (a, c)
and rod (b, d) CNGCs measured at -35 mV. Black curve shows the normalised cGMP-
triggered current amplitudes in the absence of diltiazem, used as a control. Blue and
red curves represent data obtained in the presence of D-cis-diltiazem (a, b) and L-cis-
diltiazem (c, d), respectively. The lighter and darker colour shades denote lower and
higher concentrations, respectively. D- and L-cis-diltiazem - block (%, ±SEM) of CNGCs
in the presence of 3 mM (e) and 100 µM cGMP (f), respectively. Contributed by Dr.
Vasilica Nache and her group members.
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when the concentration of cGMP is increased from physiological to pathological level,
L-cis-diltiazem showed a concentration-dependent partial block which is about 25% at
25 µM and 45% at 100 µM. D-cis-diltiazem did not show any blocking effect on the het-
erotetrameric cone CNGC. The application of D-cis-diltiazem on rod CNGC showed no
blocking effect on the heterotetrameric rod CNGC at physiological cGMP concentration.
At higher concentration of cGMP (pathological concentration) D-cis-diltiazem showed
a partial block which is about 40-50%. L-cis-diltiazem showed a complete block in all
concentrations (25 µM and 100 µM) as compared to cGMP-triggered current amplitudes
(see Figure 3.10).

L-cis-diltiazem was shown to be strongly selective for heterotetrameric rod channels
which is highlighted by its stronger effect on rod CNGCs than on cone CNGCs. Under
physiological conditions (at -35 mV and ∼ 5 µM cGMP) both D- and L-cis-diltiazem did
not influence the CNGC activity at any concentration (25-100 µM). Under pathological
cGMP concentration, however the inhibitory effect of both D- and L-cis-diltiazem were
differential on both rods and cones CNGC. L-cis-diltiazem showed a stronger block on
the rod CNGC than cone. D-cis-diltiazem showed a partial block rod CNGC at higher
concentration which is nearly insignificant for cone CNGC.

In addition, the gating kinetics of the CNGC were characterised by measuring the
activation and deactivation time courses for cone and rod CNGC in the presence and
absence of the blocker. When both ligand and blocker were applied simultaneously the
blocking effect took place only after the channel activation, which implies that either dil-
tiazem can block the channels that are already opened or that the blocking mechanism
is very slow and reaches a maximum only after the channel activation. A delay in the
channels deactivation was also observed when both cGMP and diltiazem were simultane-
ously removed. The channel activation during the change in cGMP concentration from
physiological to pathological and vice versa remained unaffected by the blocker whereas
the deactivation of the channel was delayed. Thus, diltiazem was found to prevent the
closure of the channels which indicates the pore blocking mechanism of diltiazem. Only
the deactivation kinetics of rod and cone CNGC were found to be influenced by diltiazem
and the effects triggered by the two diltiazem enantiomers were comparable.

3.5.2 Light-induced Ca2+ response

Using two-photon Ca2+ imaging, the light-induced cone responses were recorded in reti-
nal slices from adult transgenic mice that had a wild-type (wt) background and expressed
a fluorescent Ca2+ biosensor (TNXL) [Wei et al. 2012, Kulkarni et al. 2016]. Here, the
relative Ca2+-levels with ECFP-Citrine ratio (see Figure 2.1) were measured in the cone
photoreceptor synapses. In the model, the Ca2+ biosensor is not expressed in the OS,
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Figure 3.11: Light-evoked cone Ca2+-responses are reduced by L- but not D-
cis-diltiazem: AUC represents the total effect of the compounds on the light-induced
Ca2+ response at a given time. (a) Recording light-evoked Ca2+-responses from cone
photoreceptor terminals in retinal slices prepared from a transgenic mouse that expresses
the fluorescent Ca2+ sensor TN-XL in cones. (b,c) Exemplary Ca2+ responses before
(control) and in the presence of 100 µM L- (b) or D-cis-diltiazem (c) (z-scored traces;
grey, single trials; black, mean of n trials, with control in (b), n = 13; control in (c), n = 19;
L-cis-diltiazem, n = 19; D-cis-diltiazem, n = 38). (d) Scatter plot of response size (as area
under the curve, AUC) for both L-cis (blue; 25/50/100 µM n = 137/138/61 cells) and L-
cis-diltiazem (red; 25/50/100 µM n = 62/140/162 cells; each data point represents a cell).
Fits show mean predictions and standard errors from a multivariate linear model. L-cis-
diltiazem (red) shows concentration-dependent lowering of light-induced Ca2+-response.
The experiments were done by Dr. Michael Power and the data analysis by Dr. Luke
Rogerson and Prof. Dr. Thomas Euler.
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therefore synaptic Ca2+ signals in the cone terminals were recorded 3.11, that indirectly
show the Ca2+ dynamics in the OS for changes in membrane potential caused by the
light-dependent modulation of CNGCs in the OS. Retinal slice preparations from rd1 -
TNXL animals were used to measure the baseline and the light-induced Ca2+ responses.
A series of one second flashes of light were presented and the change (decrease) in ter-
minal Ca2+ were measured. The responses were quantified using Area Under the Curve
(AUC) in the presence of both diltiazem enantiomers at different concentrations (25, 50,
and 100 µM), and in absence marked as control.

A multivariate linear model was used to identify factors (i.e., enantiomer, concentra-
tion) that are significant for predicting the response of a cell after drug treatment. The
analysis showed that L-cis-diltiazem induced a concentration-dependent lowering of the
light-induced Ca2+ response. At the highest concentration (100 µM) of L-cis-diltiazem,
the light-induced Ca2+ response was found to be almost close to zero. D-cis-diltiazem,
on the other hand, did not show any change in the light-induced Ca2+ responses at cone
synapses at any concentration (see Figure 3.11). A tendency towards the lowering of the
Ca2+ baseline was found with the L-cis-diltiazem treatment in the cones as compared to
the untreated, shown in 3.11 b exemplary responses on the left as compared to the right.
The lowering of Ca2+ baseline was not found with D-cis-diltiazem treatment. The data
suggest that the treatment with L-cis-diltiazem (essentially at higher concentrations) low-
ers Ca2+ concentration at the synapses which mimics a prolonged hyperpolarisation or a
constant light situation. Thus, when the retina was exposed to light with L-cis-diltiazem
treatment, these were unable to respond. The effect of L-cis-diltiazem was found to be
stronger on rod CNGC than cone CNGC 3.10. The light-induced cone Ca2+ suggests
that L-cis-diltiazem would likely have stronger response effect on light-induced rod Ca2+

response. Our data infers that L-cis-diltiazem efficiently blocks CNGC resulting in pro-
longed hyperpolarisation of the photoreceptors thereby reduces the light-induced Ca2+

response to a large extent.

3.6 Effect of diltiazem on calpain

The influx of Ca2+ via CNGC is believed to drive the degeneration process via activation
of different Ca2+ dependent cysteine-type proteases, the calpains. Calpain gets activated
by the increased concentration of intracellular Ca2+. Upon activation, these are believed
to be involved in various proteolytic activities leading to the cellular degeneration. After
determining the differential effect of L-cis- and D-cis-diltiazem on the channel activity
and on the light-induced Ca2+ response, their downstream effect on the calpain activity
in the retina were further investigated. This was analysed on organotypic retinal tissue
cultures from mutant and wt animals treated with L-cis-diltiazem (CNGC blocker) and
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D-cis-diltiazem (VGCC blocker) respectively. In contrast to the light-induced Ca2+ re-
sponse measurements, in which the incubation of the retina with the compounds were
only for few a minutes, these were cultured for 7 days to obtain their effect on the degen-
erating retina. The activity of calpains was analysed by two independent experiments:
(1) measurement of total calpain activity on unfixed tissue sections and (2) quantifica-
tion of cleaved calpain-2 as a result of calpain activity on fixed retinal samples. The
calpain activity assay gave the resultant activity of µ and m calpain in the retina with
and without treatment of the compounds [Power et al. 2020].

The calpain activity has been shown to increase during the rd1 degeneration [Paquet-
Durand et al. 2006]. A least-square mean effects model was used to determine the statis-
tically significant effect between the genotype and treatment. In rd1 retina, the calpain
activity was found unaltered on treatment with either D-cis-diltizem or L-cis-diltiazem
(100 µM) with respect to the untreated situation. In the wt, the activity of calpain was
found to be significantly lower than the rd1 retina, treatment with either D-cis-diltiazem
or L-cis-diltiazem did not show any effect on the calpain activity (3.12 m). Calpain ac-
tivity in rd1 has been shown to activate and cleave calpain-2 [Power et al. 2020]. The
resultant of calpain activity was further assessed with the immunostaining of calpain-2,
as shown in Figure 3.12. Our results showed that the LS means of calpain-2 positive
cells had no effect of D-cis-diltiazem treatment (50 µM) on either of the genotypes but a
statistically significant effect of L-cis-diltiazem treatment (F (1, 11.87) = 14.7372; p =
0.0024) on rd1 and wt. The model showed the significant effect of L-cis-diltiazem treat-
ment irrespective of the genotype 3.15, 3.16. The effect of cleaved calpain-2 were further
analysed individually in each of the genotypes (wt and rd1 )using one-way ANOVA 3.13.
The analysis showed significant elevation of calpain-2 positive cells with L-cis-diltiazem
treatment in wt retina, as compared to the untreated. In rd1 retina, L-cis-diltiazem
shows a likelihood towards the increase but it is not statistically significant. However
with D-cis-diltiazem treatment, rd1 retina showed a significant decrease in calpain-2 pos-
itive cells in the ONL. Our results show that the inhibition of Ca2+ influx via CNGC
can elevate the calpain-2 positive cells in wt (about 2%) to the level of rd1 retina. Ad-
ditionally, inhibition of VGCC with D-cis-diltiazem reduces calpain-2 activation. Thus,
the Ca2+ influx into the photoreceptors via OS CNGC is less likely to be responsible for
the activation of calpain-type proteases that may result in photoreceptor degeneration in
rd1.
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Figure 3.12: Effects of diltiazem treatment on calpain activity: Shows calpain-
activity assay and immunostaining for activated calpain-2 in wt and rd1 retina. Un-
treated retina (ctrl; a-d) was compared with D-cis diltiazem (e-h) or L-cis diltiazem (i-l)
treatment. The bar graphs show the least-square (LS) means percentages of cells positive
for calpain activity (m) and activated calpain-2 (n) in wt and rd1 retina, compared to
the untreated control (ctrl). Asterisks indicate a statistically significant difference from
a contrast test performed between control and 50 µM L-cis-diltiazem treatment (L-50
µM). Error bars represent SEM; ∗ ∗ = p < 0.01. Scale bar = 30 µm.
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Figure 3.13: Calpain-2 between rd1 and wt: A comparison between rd1 and wt is
shown for calpain-2 in respective retinal tissue. The y-axis shows the percent positive cells
of calpain-2 for control or untreated (black), D-cis-diltiazem (blue) and L-cis-diltiazem
(red), and the x-axis shows the respective treated animal model.

3.7 Effect of diltiazem on photoreceptor degenera-

tion

Photoreceptor degeneration was investigated further after testing the inhibition effective-
ness of the compounds on the CNGC channel subunits and the intracellular Ca2+ calpain
activation level, which is the component of downstream Ca2+ interaction. The hypothesis
surrounding the photoreceptor degeneration suggests that high Ca2+ concentration leads
to high calpain activity resulting in the retinal neurodegeneration. Therefore efficient
lowering of Ca2+ and subsequent lowering of calpain could prevent or delay the photore-
ceptor loss in a mutant situation. On this note, to further understand the blocking effect
of D-cis-diltiazem and L-cis-diltiazem on the rod degeneration. The percent of degen-
erating photoreceptors were investigated in the ONL. To investigate, we used D-cis and
L-cis-diltiazem for treating the retinal cultures in three different animal models rd1, its
corresponding wt and rd10 for the three different examined concentrations (25, 50 and
100 µM respectively) and accessed with TUNEL assay.
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Figure 3.14: Effect of diltiazem on rd1 photoreceptor degeneration: (a-f) show
the images of wt and rd1 retinal sections with TUNEL assay obtained from the retinal
explant cultures of (a, b) untreated (c, d) treatment with D-cis-diltiazem 50 µM and (e,
f) L-cis-diltiazem 50 µM. The retinal sections are delineated with ONL, INL and GC with
nuclear staining DAPI (grey) and TUNEL (green). The quantification shows the percent
TUNEL positive cells in wt (g) and rd1 (h) treated with D-cis-diltiazem (25, 50, 100
µM) and L-cis-diltiazem (25, 50, 100 µM). (j) shows the treatment effect of untreated
(black), D-cis-diltiazem 100 µM (blue) and L-cis-diltiazem 100 µM (red) on rd10. (i)
shows the localisation percentage of dying photoreceptors near OPL in the ONL with
both the treatment conditions. Scale bar = 50 µm.
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Figure 3.15: Data analysis using linear mixed-effects models: Shown are the
effects that explain the variability of the dependent variables TUNEL, calpain activ-
ity, calpain-2 positive cells, as well as localisation of TUNEL positive cells within the
ONL. All models included the animal as a random effect to account for repeated mea-
sures. Numbers in brackets indicate the total number of animals used per genotype, n
represents the number of observations used in the model. Normality of residuals was
assessed visually; heterogeneity of residual variances (homoscedasticity) was tested with
the Brown-Forsythe test. Linear mixed-effects models are shown to be robust against
violations of model assumptions.
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Figure 3.16: Post hoc analysis of the linear mixed-effects models: Results of
contrast tests comparing the least-square means, which resulted from the linear mixed-
effects models shown in Figure 3.15.

Linear mixed-effects models were used to analyse the effect of D- and L-cis-diltiazem
treatment on TUNEL positive cells, shown in Figures 3.15, 3.16. Surprisingly, when the
rd1 retinal cultures are treated with L-cis-diltiazem (100 µM) a significant increase in cell
death was found (F (1, 26.68) = 191.1994, p < 0.0001; see Figure 3.14 h). The effect was
milder but not significant with 25 µM and 50 µM as compared to 100 µM. The results
were cross-checked in another animal model rd10. Similar effect, that is, with a signif-
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icant increase in TUNEL positive cells were found in L-cis-diltiazem treated retina (F
(1, 9.25) = 42.9966, p < 0.0001; see Figure 3.14 j). The treatment with D-cis-diltiazem
also showed much an average increase in cell death percentage but was not a statistically
significant effect. The effect of treatments on the cell death was much stronger in rd1
than in rd10. Both rd1 and rd10 are mutant animal models having a high concentration
of cGMP which is believed to be driving the degeneration.

The effects of the compounds were further evaluated on the wt retinal explant cul-
tures. Interestingly the treatment of L-cis-diltiazem (100 µM) on the wt retina showed
a significantly high percentage of cell death (F (1, 21.63) = 86.7207, p < 0.0001). With
concentration such as 50 µM the increase was also found to be significant. On the other
hand, the treatment with D-cis-diltiazem showed no significant increase or decrease in
cell death that implies no effect on the photoreceptor degeneration.

The distribution of degenerating photoreceptors in ONL was found to follow a pat-
tern in our L-cis-diltiazem treatment conditions with respect to the untreated and with
D-cis-diltiazem treated retina. The distribution of TUNEL positive cells in the untreated
explants seemed to be evenly distributed across ONL which also seems to be the case
for cultures treated with D-cis-diltiazem. But the distribution of degenerating photore-
ceptors seemed more closely localised with the OPL in the case of cultures treated with
L-cis-diltiazem. Upon quantification, the distribution difference was found to be highly
significant and about of TUNEL positive cells are localised closer to OPL in the retina
treated with L-cis-diltiazem 85 ± 3% (F (1, 10.42) = 54.2025, p < 0.0001; see Fig-
ures 3.15, 3.16) while only about of dying cells were localised to the same space in the
retina which is untreated or treated with D-cis-diltiazem (57 ± 4%), as compared to the
untreated (60 ± 3%).

3.8 Effect of cGMP analogue on photoreceptor de-

generation

The observed effect of diltiazem on the cell death was surprising in the context of the
existing high Ca2+ hypothesis. To obtain further confirmation over our observations, the
degeneration of photoreceptors was analysed using the cGMP analogues. The analogues
are designed to bind the Cyclic Nucleotide Binding Domain (CNBD) of CNGC by the
mechanism of competitive inhibition with intracellular cGMP. The cGMP analogues that
specifically inhibit CNGC were generated in a European Union (EU) consortium called
drugsford RD (a previous project network of our laboratory) in collaboration with an
industrial partner called Biolog. The analogues chosen for these experiments have been
characterised in cell cultures into CNGC and reduce the Ca2+ influx.
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Figure 3.17: Effect of CNGC inhibiting cGMP analogue on cell death: Shows
from the left to right exemplary rd1 retinal sections untreated, treated with cGMP ana-
logue DF246, DF156 and DF235. On the right shows the cell death quantification graph
on treatment with cGMP analogues. These show no significant difference in the percent
of dying cells on the retina treated with cGMP analogues as compared to untreated in
rd1. Scale bar = 30 µm.

cGMP analogues RP-(2-N)ET-cGMPS (DF246), RP-8-Br(2-N)ET-cGMPS (DF156),
and RP-β-1 N2-Ac-8-Br-cGMPs (DF235) were used for the experiment. The analogues
DF246 and DF235 were found not to have any protective effect on the retina. The
analogue DF156 however, showed a negative effect on the photoreceptor survival with a
significantly high percent of cell death (p = 0.02, n = 3) (see Figure 3.17). For cGMP
analogues no specific pattern in the localisation of dying cells were observed. These
cGMP analogues bind to CNBD of CNGC and deactivate the channels. This is a mech-
anism of inhibition that is different than diltiazem enantiomers. The inhibition showed
the blockage of Ca2+ influx could not prevent or slow the course of photoreceptor degen-
eration.

3.9 Relationship between calpain and photoreceptor

degeneration

Calpain is believed to be the key mediator of photoreceptor degeneration in rd1. This
belief is supported by the fact that the peak of calpain and cell death coincide with each
other [Power et al. 2020]. Ca2+ being the activators of calpain, the blocking of Ca2+

channels are likely to prevent the activation of calpain and photoreceptor degeneration.
When we inhibit the Ca2+ channels using the different enantiomers of diltiazem two
different phenomena were found. In rd1 lowering the intracellular Ca2+ influx (see Figure
3.18), surprisingly showed no significant change in the calpain activity or cleaved calpain
but a significant increase in cell death percentage at 100 µM of L-cis-diltiazem. However,
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this difference was not apparent at the lower concentration (50 µM) of L-cis-diltiazem,
cGMP analogues DF246 and DF235. On the other hand, calpain and cell death showed a
correlation to each other at all concentrations (50 and 100 µM) in wt. This may suggest
that the photoreceptor degeneration in rd1 is not directly influenced by the Ca2+ influx
via CNGC and correlated to calpain. Also, the calpain activity might be a secondary
phenomenon in rd1 which coincides with the peak of cell death.

Figure 3.18: Relative comparison calpain activity and cell death: Shows a relative
comparison between cell death, denoted by TUNEL assay (white) and calpain (green
pattern), denoted by the calpain activity assay (wt, top left and rd1, bottom left) and
calpain-2 staining (wt, top right and rd1, bottom right). All the data for the treatment
with D-cis-diltiazem (blue) and L-cis-diltiazem (red) are normalised to 100% with respect
to control (black).

3.10 Relationship between photoreceptor degenera-

tion and apoptosis

Another type of proteolytic activity, commonly associated with apoptotic cell death, is
the activity of caspase-type proteases as a key apoptotic marker. Degeneration in rd1 has
been reported to follow apoptosis independent pathway [Arango-Gonzalez et al. 2014].
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Figure 3.19: Prevalence of cleaved caspase3: Immunostaining for cleaved, activated
caspase-3 (turquoise) was performed on rd1 retinal sections treated with D- and L-cis-
diltiazem (50 µM). While caspase-3 immunoreactivity was occasionally found in both
ONL and INL the percentage of caspase-3 positive cells was far lower than the numbers
of dying cells. Scale bar = 50 µm.

However, the observed elevation of cell death could result due to the activation of apop-
tosis. To investigate whether activation of caspase-3 could result from CNGC inhibition,
the activation of caspase-3 was assessed using immunostaining with an antibody specifi-
cally directed against the active protease. The rd1 retinal cultures treated with D- and
L-cis-diltiazem were compared with the untreated retinal. The caspase-3 activity was
not found in any of the conditions (see Figures 3.15, 3.19), which suggest that the degen-
eration of photoreceptors are independent of caspase activity. Thus, inhibition of CNGC
or VGCC with diltiazem enantiomers does not seem to activate the apoptotic pathway.

3.11 Key findings

Our data show that L-cis-diltiazem efficiently blocks CNGC preventing hyperpolarisation
of the photoreceptors thereby reduces the light-induced Ca2+ response to a large extent.
L-cis-diltiazem was found strongly selective for heterotetrameric rod channels which is
highlighted by its stronger effect on rod CNGCs than on cone CNGCs. Under physio-
logical conditions (at -35 mV and ∼ 5 µM cGMP) both D- and L-cis-diltiazem did not
show any influence on the CNGC activity at any concentration (25-100 µM). But under
pathological cGMP concentration the inhibitory effect of both D- and L-cis-diltiazem
were differential for rods and cones CNGC. L-cis-diltiazem showed a stronger block on
rod CNGC than cone and D-cis-diltiazem also showed a partial block rod on CNGC at
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higher concentrations which is nearly insignificant for cone CNGC. Deactivation kinetics
of CNGC indicated a pore-blocking mechanism of diltiazem.

We found that the inhibition of the Ca2+ influx via CNGC elevated calpain activity
in wt to the level of rd1 retina but did not change the calpain activity in rd1. The
inhibition of Ca2+ influx via VGCC into the photoreceptors did not show any change in
the calpain activity. The photoreceptor degeneration was found to be elevated on CNGC
inhibition using L-cis-diltiazem and cGMP analogue 2 with no elevation in the calpain
activity. Thus we show that the CNGC deactivation and inhibition of Ca2+ influx via
CNGC did not prevent or slow the course of photoreceptor degeneration with cGMP
analogues. This suggests that the photoreceptor degeneration in rd1 may not be directly
influenced by the Ca2+ influx via CNGC and correlated to calpain. Also, the activity of
calpain might be a secondary phenomenon in rd1 which coincides with the peak of cell
death.

Note: Redefining the role of Ca2+-permeable channels in hereditary photoreceptor degen-
eration using the D- and L-cis enantiomers of diltiazem, S. Das, M. Power, V. Pop, K.
Groeneveld, C. Melle, L. Rogerson, T. Euler, F. Schwede, F. Paquet-Durand, V. Nache
(manuscript submitted).
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Diltiazem: Effect on Poly (ADP-ribose) Polymerase

Activity

Poly (ADP-ribose) Polymerase(PARP) is an abundant nuclear protein ubiquitously ex-
pressed. There are about 17 members in PARP protein family but all of the members
are not enzymatically active [Vyas et al. 2013]. The activity of PARP-1 mediates DNA
repair by functioning as DNA damage sensor responding to both single and double DNA
breaks [D’Amours et al. 1999]. The PARP activity is reported to be elevated in rd1
during the photoreceptor degeneration [Paquet-Durand et al. 2007]. Among all the 17
isoforms of PARP, only PARP-1,2,5 and 6 are known to PARylate long-chain polymer
consistent to PAR synthesis [Vyas et al. 2014, Tan et al. 2012]. PARP-1 has three
structural domains: (1) DNA binding domain, (2) automodification domain and (3) cat-
alytic domain. The automodification domain is responsible for ADP-ribosylation. It is
also called PARylation, that is a special post-translational modification in which (ADP-
ribosyl) transferases catalyses the synthesis of ADP-ribose chain as a polymer (PAR) onto
Glutamic acid substrate residue of PARP-1 from NAD+ [Alemasova et al. 2019]. The sig-
nature motif predicted to be PAR generating, of the PARP substrate for PARylation, is a
conserved His-Tyr-Glu (H-Y-E) triad (ART signature) in their catalytic domains [Hassa
et al. 2008]. PARylation is structurally favoured by PARP-1 among others and is known
to take place during several situations of stress such as DNA damage, apoptosis, heat
shock, cytoplasmic stress and the unfolded protein response [Malanga et al. 2005,Koh et
al. 2005,Petesch et al. 2008,Leung et al. 2011, Jwa et al. 2012]. PARylation can occur
either by activation of PARP due to the cellular response or transPARylation of itself
with automodification domain.

71
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Figure 4.1: PAR in wt and rd1 : Shows increased PAR level in the rd1 ONL, depicting
elevation in the PARP activity in rd1 as compared to wt at P11.

4.1 Involvement of PARP-1 in cell death pathway

Increased PARP-1 activation has been known to be associated with stress response in-
cluding elevated activation of PARP in photoreceptor degeneration, shown in Figure
4.1 [Koh et al. 2005, Paquet-Durand et al. 2007]. The increased activation of PARP
leading to the generation of PAR is associated to Parthanathos. Yet excessive activation
of PARP leading to depletion of NAD+ and ATP are associated with MTP-driven necro-
sis [Galluzzi et al. 2018]. Activation of PARP releases PAR polymer which binds to AIF.
PAR binds to AIF can release AIF to the cytoplasm [Virág et al. 2013]. AIF triggers the
release of cytochrome c from the mitochondria and the activation of caspases associated
with apoptosis. Advanced lines of evidence suggest that photoreceptor degeneration in
rd1 follow a cell death pathway which is caspase-independent, thus non-apoptotic in na-
ture [Arango-Gonzalez et al. 2014]. PAR availability for binding to AIF is regulated by
(1) PAR binding protein ring finger 146 (RNF146), which if bound to PAR cannot bind
to AIF and (2) polyADP-ribosyl hydrolase like (ARH), which degrades free PAR. Cyto-
plasmic AIF further mediates (1) its translocation to the nucleus for DNA fragmentation
and (2) promote nuclear translocation of Macrophage migration Inhibitory Factor (MIF)
that in-turn catalyse the DNA fragmentation. Hexokinase-I is also believed to have
a contribution in parthanathos [Galluzzi et al. 2018]. The formation of PAR and the
depletion of NAD+ leads to the activation of a cascade of events resulting in degeneration.
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4.2 Effect of Ca2+ channel inhibition on PARP

Figure 4.2: PARP activity on rd1 and wt retina with D- and L-cis-diltiazem:
Show the exemplary unfixed retinal sections of wt and rd1 (left) untreated, (centre)
treated with D- and (right) L-cis-diltiazem having performed with PARP activity assay.
The retinal layers are denoted with DAPI (grey) having marked with ONL, INL and
GC. The PARP activity positive cells are denoted with colour. The lower panel shows
the quantification analysis of PARP activity positive cells in (C) wt and (D) rd1 for
untreated (black), treatment with D-cis-diltiazem (blue) and L-cis-diltiazem (red). The
concentration used for the treatment is 100 µM. Scale bar = 50 µm.

The cell death pathway mediated by the pathological accumulation of cGMP in
rd1 [Farber et al. 1974,Paquet-Durand et al. 2006] proposed to have two possible inde-
pendent pathways leading to the photoreceptor degeneration activated by cGMP, (1) via
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the activation of CNGC and (2) via PKG activation. PARP has been earlier shown to
be present downstream PKG [Arango-Gonzalez et al. 2014]. Ca2+-dependent PARP-1
hyperactivation has been reported in cancer [Bentle et al. 2006]. In photoreceptors, the
effect of Ca2+ modulation on the PARP activity was evaluated after the treatment of
D- and L-cis-diltiazem. The rd1 retinal explants were treated with D-cis-diltiazem and
L-cis-diltiazem (100 µM). The PARP activity was analysed at P11 on unfixed sections.
PARP activity was found to be significantly decreased in rd1 ONL when treated with
D-cis-diltiazem. The treatment with L-cis-diltiazem on the other hand, did not show
any difference in the PARP activity compared to the untreated (see Figure 4.2). The wt
retinal explants treated with L-cis-diltiazem showed a significant increase in the PARP
activity in the ONL. D-cis-diltiazem treatment showed no change in the PARP activity
in comparison to the untreated in wt ONL.

The results obtained from the PARP activity assay were validated with DAB im-
munostaining for the PAR polymer. This was done as an independent experiment. Fixed
tissue sections were obtained after the treatment with D-cis- and L-cis-diltiazem (50 µM)
and the DAB staining was performed. These results supported the observations from the
PARP activity assay. The treatment with D-cis-diltiazem showed a significantly lowered
PAR positive cells in the ONL of rd1 retina. Whereas, the L-cis-diltiazem treatment
showed no difference in PAR positive cells as compared to the untreated. In wt ONL,
a significant increase in PAR positive cells was found on treatment with L-cis-diltiazem
while D-cis-diltiazem did not show any significant difference as compared to the untreated
(see Figure 4.3). Also, PAR positive cells in the ONL were found to localise themselves
in line with the OPL when treated with L-cis-diltiazem. This pattern of localisation was
found in both wt and rd1. The observed pattern was similar to the cell death pattern
obtained with TUNEL assay discussed in Chapter 3, shown in Figure 3.14. The treat-
ment with D-cis-diltiazem did not show any specific pattern of positive cells in the ONL.
In the case of untreated and D-cis-diltiazem, no specific distribution pattern was observed.

In our results, the cGMP-dependent degeneration indicates a possible cross-talk be-
tween the two independent pathways via CNGC and PKG [Arango-Gonzalez et al. 2014].
In photoreceptors, the relationship between the intracellular Ca2+ concentration and
PARP activity is indicated by: (1) the increase in PARP activity with L-cis-diltiazem
treatment in wt and (2) the localisation of PAR positive cells close to OPL similar to
the pattern of dying (TUNEL positive) cells. The similar indicative results between the
PARP activity assay and DAB PAR immunostaining suggest that these are directly in
correlation with each other. The absolute percentage of the PARP activity is always sig-
nificantly higher than that of PAR. Figure 4.4 highlights the comparative quantification
of PAR polymers and PARP activity assay. This suggests that either the PARP activity
of the degenerating photoreceptor are involved in generating only a fraction of PAR, or



4.2. Effect of Ca2+ channel inhibition on PARP 75

Figure 4.3: PAR on rd1 and wt retina with D- and L-cis-diltiazem: Show the
exemplary retinal sections of (A) wt and (B) rd1 having performed with PAR DAB
staining. The retinal layers of untreated (left), treated with D-cis-diltiazem (centre) and
L-cis-diltiazem (right) retinal samples are marked with ONL, INL and GC. PAR positive
cells are denoted with DAB staining (black). The lower panel shows the quantification
analysis of PAR positive cells in (C) wt and (D) rd1 for untreated (black), treatment
with D-cis-diltiazem (blue) and L-cis-diltiazem (red). The concentration used for the
treatment was 50 µM. Scale bar = 50 µm.

the degenerating photoreceptor is longer PAR positive than the PARP activity showing a
peak at a later stage. The DNA damage, that activates PARP-1, is towards the end stage
of photoreceptor degeneration [Gavrieli et al. 1992]. The increase in PARP-1 activation
in a Ca2+-dependent manner has been shown in cancer [Bentle et al. 2006]. Also, it has
been shown in the literature, that PARP-1 has calpain cleavage sites [Chaitanya et al.
2010]. Taken together our results indicate that, in photoreceptors, the modulation of
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Figure 4.4: PARP activity and PAR compared: Shows a comparative quantification
of PARP activity assay (square box pattern) and PAR (solid) between untreated (black),
treatment with D-cis-diltiazem (blue) and L-cis-diltiazem (red) in wt and rd1. The
concentration used for the treatment is 50 µM for PAR immuno assay and 100 µM for
PARP activity assay.

intracellular Ca2+ imposes an effect on PARP activity and the activated calpain is likely
to interact with PARP-1.

4.3 Key findings

The level of PARP activity in the cell is directly correlated to the formation of PAR
polymer but the enzymatic activity was significantly higher than PAR accumulation.
The PAR positive cells in L-cis-diltiazem treated ONL were found to follow a localisation
pattern close to OPL, which is similar to the cell death pattern. The blocking of VGCC
with D-cis-diltiazem in rd1 reduced PARP activity and blocking of CNGC with L-cis-
diltiazem increased PARP activity in photoreceptors. These indicate for the first time,
that the level of intracellular Ca2+ could modulate the PARP activity in photoreceptors.
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Expression of Glucose Transporter 3

The degeneration of photoreceptors shows increased activation of PARP-1 as a hallmark
of cell death in rd1 [Paquet-Durand et al. 2007], discussed in Chapter 4. The activity
of PARP uses NAD+ as a substrate. The increased activation of PARP-I is believed
to cause cell death by the depletion of energy (NAD+ and ATP) [Oka et al. 2012]. In
physiological condition, photoreceptors are one of the most energy demanding cells of
the human body and retina. The metabolism of healthy photoreceptors depicts that
these are active in the dark and release a high amount of glutamate. During the light,
these are metabolically less active as compared to the dark and the glutamate release is
lowered [Okawa et al. 2008]. Glucose transporters are one of the important channels that
are believed to help them cope with their energy requirement. GLUT 3 is regarded as
the primary neuronal glucose transporter with a high affinity for glucose. The expression
also changes with the course of development [Mantych et al. 1993]. All together GLUT
3 might be important for degenerating retina when the cells face an energy crisis. This
chapter discusses the investigation and localisation of GLUT 3 to deduce its possible role
in the degeneration.

5.1 Glucose transporter 3 and retina

GLUT 3 is recognised as the neuronal glucose transporter [Haber et al. 1993]. It has
high affinity for glucose and greater transport capacity as compared to other classical
transporters, responsible for uptake during the low glucose availability [Simpson et al.
2008]. Due to the high energy demanding nature, photoreceptors require energy even
during the lower availability of glucose. In the literature, GLUT 3 is shown to be asso-
ciated with neurodegeneration in the brain but it is less studied in the retina. GLUT
3 is shown to get up-regulated with increase in the concentration of glucose [Knott et
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al. 1996] and located in the inner synapse of rat retina [Watanabe et al. 1996]. GLUT
3 is also suggested to be present in the axonal bundles of the optic nerve in the pig
retina [Carreras et al. 2015]. To understand the function of GLUT 3 in metabolism, it
is important to understand the correct localisation of this channel. Therefore, the locali-
sation of GLUT 3 in the photoreceptors has been investigated in the adult mouse retina
to shed any possible light on their involvement in the metabolism and/ or degeneration
process.

5.2 Localisation of glucose transporter 3

To locate GLUT 3 in the wt adult mouse retina, GLUT 3 antibody was used in combi-
nation with retina specific markers such as, rhodopsin for rods, PNA for cones, Gt335
for primary cilium and DAPI for nuclear staining.

GLUT 3 was co-labelled with both the rods and the cones show that it is located
between the OS and IS. It looked more likely to be associated with rod photoreceptors
(see Figure 5.1). To understand whether or not GLUT 3 is rod specific, it was co-labelled
with Peanut Agglutinin (PNA) that labels cone OS and IS (see Figure 5.1). GLUT 3
was not found to be cone specific. The co-labelling showed that GLUT 3 are densely
localised like in the case of rhodopsin but not regularly interspaced like PNA. At lower
magnification, it seems to co-localise with rhodopsin but with the 63× magnification the
co-localisation of GLUT 3 and rhodopsin were difficult to distinguish. It might suggest
two possibilities: (1) either GLUT 3 is associated with both rods and cones or (2) it is
situated physically separated from either of them. Further to get a clearer understanding
of this, a 3D reconstruction of the immunofluorescent signals were done with the help of
ZEN software (ZEN, blue edition, 2.3). The 3D reconstruction of the immunostaining
signal for both rods and cones (see Figure 5.2) showed that the fluorescent signal of
GLUT 3 was distinctly separate from the rhodopsin as well as PNA signal. This suggests
the expression of GLUT 3 is likely independent of rod OS disk and is also independent
of the OS and IS of cone photoreceptors. This further suggests that GLUT 3 might
be expressed only in rods and not cones in the adult mouse retina. Apart from the
photoreceptors, GLUT 3 was also found to be expressed in the two synaptic connection
layers in the IPL, demonstrated earlier in the literature [Watanabe et al. 1996].

5.2.1 GLUT 3 and outer segment

To check further its association with the OS, the expression of GLUT 3 were evaluated
in the developing wt retina. In Chapter 3, Figure 3.1 showed that OS in wt develops
from P11 (4.67 µm, ±0.4 SD, n = 3) to P13 (9.2 µm, ±0.8 SD, n = 3). Therefore, to
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Figure 5.1: Immunostaining GLUT 3 co-labelled with rhodopsin: (a-f) show wt
retina P30 in 20× magnification and (g-l) with 63× magnification. Sections immunola-
belled with (a, g) GLUT 3 (orange) and (b, h) rhodopsin (green) as a marker for rod OS.
(c,i) show the co-labelling with a merge. Similarly, (d, j) shows GLUT 3 immunostaining
and (e, k) show PNA (purple). (f, l) show a merge of GLUT 3 and PNA co-labelling.
The figure highlights the presence of GLUT 3 at the interphase of OS and IS. Scale bar;
f = 30 µm, l = 15 µm.

understand any existing correlation between the OS and GLUT 3, immunostaining for
GLUT 3 in P11 and P13 were performed. Figure 5.1 together with Figure 5.3 indicated
GLUT 3 co-localisation with rhodopsin on wt retina with 20× and 63× magnification.
The expression intensity found likely to increase from P11 to P13. This becomes more
apparent visually at higher magnification. This could mean that the GLUT 3 is likely to
increase with the maturation may not be a part of OS.

Further results from the electron microscopy were analysed to confirm the correlation
between the expression of GLUT 3 and the OS development in the mouse retina. We used
15 nm gold secondary antibody (see Figure 5.4) to label the primary GLUT 3 antibody.
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Figure 5.2: 3D reconstruction of immunostaining GLUT 3 co-labelled with
rhodopsin and PNA: (A-E) show GLUT 3 (orange) co-labelled with rhodopsin (green)
and PNA (purple). Zoomed-in views (A-E and F-J) of the immunostaining signals in the
OS reveal no existing co-localisation as these exist as distinct individual signals.

Figure 5.3: GLUT 3 immunolabelling in wt and rd1 retina: (a-b) show maturation
of wt retina from P11 to P13 and (c-d) show the degeneration of rd1 mouse retina from
P11 to P13 immunolabelled with GLUT 3. When compared the images of wt and rd1
P11, wt P11 showed stronger expression of GLUT 3. Also, a strong signal of GLUT 3
expression near GCL was observed quite consistently. The expression could be at the
end-feet of Müller cells in the degenerating retina at P13 that was not evident in P11.
Scale bar = 50 µm

With the localisation of immunogold labelling GLUT 3 was found to be present at the
base of OS but they are independent of the OS, i.e., these are not present inside the OS
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Figure 5.4: Electron micrograph of OS with GLUT 3 immunogold labelling:
(left) shows the disk-like OS structure of the retina. Immunogold labelling (black dots)
is found to be less dense in the disk of OS depicting GLUT 3 is not present in the OS but
very closely associated with the OS structure. The micrograph of the OS base (right)
further highlights a high density of immunogold particles in between the base of OS
structures. Scale bar = 800 nm

structure.

5.2.2 GLUT 3 and connecting cilium

The indication from the above results shows that GLUT 3 is a physically independent
structure and it was present approximately in between the OS and IS. Therefore, the
possibility remains that it might be associated with other structures close to the interface
of OS and IS. We investigated the association of GLUT 3 with the connecting cilium,
which is a modified primary cilium connecting the IS and OS of photoreceptors (see
Figure 1.1). Immuno-co-labelling of the connecting cilium with GT335 antibody was
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Figure 5.5: Immunostaining of GLUT 3 and connecting cilium: (A) shows 63×
magnification image of wt mouse retina P30 with immunolabelling of GLUT 3 (orange)
on the left and primary connecting cilium labelled by gt335 (turquoise); (B) gives quan-
tification of expression (length in µm) of GLUT 3 as compared to the length of primary
connecting cilium (denoted as cc) at P30. It shows that the length of primary connecting
cilium is very small, an average of about 0.96 µm (±0.3 SD). On the other hand, the
length of GLUT 3 is significantly longer (p < 0.0001) with an average of about 3.3 µm
(±0.4 SD). Scale bar = 15 µm.
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investigated under the high magnification (63×). The length of the primary connecting
cilium was quantified with respect to the span of GLUT 3 expression (length measured
in µm). The quantification showed that the expression length of GLUT 3 is variable
and significantly much longer (3.3 µm, ±0.4 SD) as compared to the primary connecting
cilium (0.96 µm, ±0.3 SD), labelled by gt335 [see Figure 5.5, (p < 0.0001)]. Moreover,
the image showed that the expression of GLUT 3 is more shifted towards the end span of
the OS than in the region of connecting cilium. The epitope of gt335 antibody is located
at the carboxy-terminal [Bré et al. 1994]. The association of GLUT 3 with the outer
segment of rod photoreceptors needs to be further investigated.

5.3 Key findings

GLUT 3 gives a continuous expression profile in close association with the interface
of OS and IS of the photoreceptors in the adult mouse retina. Further, the localisation
studies with the developing wt retina, 3D reconstruction of immunolabelling and electron
micrograph of the adult retina showed that these were structurally independent of both
rod and cone OS or IS. These were also found to be independent of connecting cilium
of the photoreceptors. These indicate that the expression of GLUT 3 could still be
in the photoreceptors independent of IS, OS and connecting cilium. These could also
be expressed in the villi of RPE or in Müller cells. The results of degenerating retina
(rd1 P13) suggest that these are likely to be expressed in the apical end of Müller cells
which change the course of expression during the degeneration and are expressed at their
end-feet.





6
RNA Editing on in-vitro Retinal Explants

Editing RNA is another approach executed for preventing the downstream effects of
Pde6b mutation. This chapter discusses the restoration of functional PDE6A by editing
the Pde6a V685M mutation using the site-directed RNA editing in mice. It is an ad-
vancing approach which involves enzyme-mediated modification of specific nucleotides on
RNA sequence post transcription. RNA editing is a natural process in eukaryotes that
effects different populations of RNA such as mRNA, tRNA, rRNA and 7SLRNA [Ben-
Shlomo et al. 1999].

As the editing is on the primary transcript (mRNA), the effect of editing is transient
and reversible in nature. The corresponding change in the protein level is not due to the
result of the modification in the genome. This makes the modification temporary and
relatively safe because the modified RNA can result in a modified protein only until it is
degraded in contrast to the case of DNA. These advantages have made the RNA capable
of regulating the expression of genetic information. In terms of research it is a very good
model for understanding biological functions because modifications or editing on RNA
level can be reversibly applied in a given cellular environment. Clinically or therapeuti-
cally RNA editing is relatively safe because of their temporary nature. There is a room
for rework with respect to the environmental changes [Rosenthal 2015]. Additionally, the
modification via the recruitment of endogenous enzymes makes it very flexible. At the
same time, the transient and reversible nature of the change raises lower ethical concerns
as compared to gene therapy. Editing via deamination is one type of RNA editing that is
executed by Adenosine Deaminases that act on RNA (ADAR) facilitated by the removal
of ammonia from the nucleoside base.
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6.1 ADAR mediated RNA editing

Mammalian ADARs are enzymes that catalyse Adinosine (A) to Inosine (I) modification
in dsRNA. ADAR binds to A of RNA and changes it to I by removing ammonia. I
is biologically recognised as Guanosine (G) during translation [Bass et al. 1988]. The
phenomenon of A to I RNA editing via ADAR was first discovered in Xenopus laevis
oocytes and embryos [Bass et al. 1987]. The N-terminal of ADAR has a dsRNA binding
domain which binds directly to the target RNA [Stefl et al. 2006]. The C-terminal is the
catalytic domain performing the deaminase activity. ADAR1 is ubiquitously expressed
[Kim et al. 1994]. ASO mediated recruitment of endogenous ADARs has been shown to
perform the targeted RNA editing [Merkle et al. 2019]. ADAR shows a high sequence
selectivity for deamination of the base [Macbeth et al. 2005]. In a fully base-paired
dsRNA sequence of about 100 bp, more than half of its A bases can be edited by ADARs
[Macbeth et al. 2005]. By contrast, only a few A of short length sequence and/or partially
base-paired dsRNAs are selectively edited, indicating that the secondary structure of
substrates dictates the editing-site selectivity [Nishikura et al. 1991]. ADAR1 and ADAR
2 are found to express in the retina [Lehmann et al. 1999]. In humans ADAR2 is shown
to be very efficient for the specific RNA editing [Wettengel et al. 2017]. ASO mediated
down-regulation of a CNGb1 has already been discussed in Chapter 3. This chapter
discusses the ASO mediated RNA editing for the first time in mouse retinal tissue culture.

6.2 Site specific RNA editing mechanism with ASO

ADAR selectively recognizes and edits the long dsRNA. The two important steps are:
(1) recognition of the site of mRNA editing and (2) the recruitment of ADAR to perform
the deaminase reaction. These are achieved by the binding of specifically designed ASO
(in collaboration with Prof. Stafforst’s lab, Tübingen). Typically the ASOs for RNA
editing have two domains. A hairpin loop structure at its one end which recruits ADAR
for the site-directed editing. The other domain is single-stranded which forms a double-
stranded structure by base-pairing with the target RNA (see Figure 6.1) [Merkle et al.
2019]. The binding of ASO can make the mRNA double-stranded and recruit ADAR
for editing. The site-specific editing of A is executed by the deamination (removal of
ammonia group) that converts A into I. Biologically I is recognized as G, which base-
pairs with C resulting into A to G editing. Because these ASOs guide the ADAR to
execute editing, these are also called guide RNA (gRNA).
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Figure 6.1: Site-directed RNA editing – mechanism of action: (a) shows the
structure of site-directed RNA editing ASO. It has two domains, the ADAR recruiting
domain that forms a hairpin loop structure and the RNA binding domain that is single
stranded. The site of editing (encircled to highlight) undergoes deamination reaction (b)
by the ADAR converting into I.

6.3 ASO efficacy and stability

The ASOs designed in this way were first tested in HeLa cells for their efficacy in terms
of the percent of editing. Figure 6.2 shows the three most effective ASOs in the cell
culture system. All the 3 ASOs or gRNA variants were found to have the average editing
efficacy; TMR172 41.3% (±10.9 SD), TMR173 54% (±7.78 SD) and TMR188 20.67%
(±1.88 SD). The editing for TMR 172 and 173 were found high but with a wider standard
deviation.

Figure 6.2: Editing efficacy of gRNA variants on HeLa: Left panel shows the
average editing percent plotted for the three gRNA variants. The values are plotted
with three replicates for each variant with SD. On the right, the sequencing histogram
highlights the percent of editing. TMR173 shows the highest percent of editing followed
by TMR172 and then TMR188.
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Retinal explant cultures are performed in the serum free customised medium. The
stability of the gRNA ASOs were checked with the complete medium used for the ex-
plants prior to the efficacy validation on tissues. The gRNA ASOs were tested across
different time points (0, 5 minutes, 10 minutes, 1 hour, 3 hours, 6 hours, 24 hours, 48
hours, 72 hours, 96 hours and 7 days) moving from the left to the right as shown in the
Figure 6.3.

Figure 6.3: Stability assay of ASOs: Shows the gel with stability assay of gRNA
variants. The stability was compared on the gel after assessing the stability for 0, 5
minutes, 10 minutes, 1 hour, 3 hours, 6 hours, 24 hours, 48 hours, 72 hours, 96 hours and
7 days respectively. TMR172 was found to be the least stable (about 3 hours) followed
by TMR173 (about 24 hours) and TMR188 (about 7 days).

TMR172 was found to be stable for about 1 hour to a maximum of 3 hours, which
was the least stable among the three ASOs. The stability of TMR173 was found to be
for about 6 hours. The traces of the gRNA could be found also at 24 hours. However,
most of the gRNA ASOs were supposedly degraded by 24 hours incubation and only
a very faint band was found on our gel (see Figure 6.3). TMR 188 was found to be
the most stable ASO which showed a very strong band until 96 hours. A fairly strong
traces of TMR188 could be found on the gel even at 7 days. The stability of TMR188
was further cross-checked with 10% FBS and it showed stability up to 48 hours. The
stability test is an important parameter before the validation of gRNA ASOs on long
term tissue cultures. This is because the general medium change interval is 48 hours. To
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move forward with the validation on the retinal explant culture system, TMR188 was
selected, that showed good stability in the culture medium.

6.4 Restoration of functional Pde6a in retinal ex-

plants

Figure 6.4: Restoration of functional PDE6A on retinal explants: (a,b) show
the control retinal sections compared to the sections expressing functional Pde6A with
TMR188 transfection that can also be seen in the intensity profile analysis (c, d, e). The
ONL and IS/OS (f) quantification showed no toxic effect. Scale bar = 50 µm

Retinae were explanted from Pde6a V685M mouse models for the validation of site-
directed RNA editing. This animal model, first described by Sakamoto [Sakamoto et
al. 2009], has a c.2053G>A/p.Val685Met mutation which was found homologous with
human causing autosomal recessive retinitis pigmentosa [Corton et al. 2010]. End of the
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experiment using TMR188 was followed by sequencing Pde6a from the extracted total
RNA and immunostaining of PDE6A on histological sections of explant cultures after
experimentation.

The percentage of editing for TMR188 was compared with its respective negative
control. The transfected retinal explants were analysed for the editing of Pde6a by
sequencing. The sequencing histogram showed very low traces of editing which was
about 3% editing (see Figure 6.4). The formation of functional PDE6A was analysed
by the histological analysis of retinal cultures. The histological sections of the retinal
cultures were immunolabelled with antibody against PDE6A and successful expression of
PDE6A in the OS of the retinal sections were found (see Figure 6.4 a, b). The intensity
of the expression was analysed by drawing the intensity profile across the retina from
OS to GCL for PDE6A and DAPI. The intensity profile showed a peak for TMR188
treated cultures against the control sections, which upon plotting showed an increased
intensity of PDE6A expression with TMR188. This likely indicates the restoration of
Pde6A in the retinal cultures of Pde6a V685M animal models. Further, the thickness of
ONL with a number of photoreceptor rows was quantified for both control and TMR188
transfected retinal sections. No significant difference was found in the thickness of ONL
or photoreceptor rows indicating negligible toxicity on the tissue culture by ASOs.

6.5 Key findings

Successful restoration of functional PDE6A was shown on the retinal tissue culture for
the first time using gRNA ASO for site-directed RNA editing. The stability of ASO
plays an equal contributing factor with editing efficacy on retinal tissues. The toxicity of
ASOs were found to be negligible.
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Malarial Retinopathy

This chapter discusses the malarial retinopathy which is another form of retinal degen-
eration caused due to an external factor, i.e., the invasion of malarial parasite. The
retina is a part of central nervous system which is connected to the brain with a direct
extended vasculature [Tata et al. 2015]. Unlike the brain, the retinal neuronal network
is highly accessible which makes it easier to study. Therefore, retina has been suggested
as a window to brain for understanding the functionality including neurodegenerative
disorders [London et al. 2013]. It has several common features of brain among which the
inner Blood Retinal Barrier (BRB) is considerably very close to the Blood Brain Barrier
(BBB) [Trost et al. 2016]. Although the ease of study and high accessibility of retina
promoted research on cerebral malaria [MacCormick et al. 2014], not much is known
about its basic interaction nature during the retinopathy in malarial infection.

Most patients, especially children, who die of malaria in Africa have cerebral malaria
manifest as profound coma [Marsh et al. 1995]. The common unique clinical manifesta-
tions displayed by the retina during severe malaria are retinal whitening, macular whiten-
ing, vessel changes, retinal haemorrhages and papilledema [Barrera et al. 2018,Beare et
al. 2006,Lewallen et al. 2000,Schemann et al. 2002]. Rapid available diagnostic tests are
based on the detection of Plasmodium-specific proteins which are subjected to variability
and thus difficult to interpret [Hanscheid 2003]. Due to all these mentioned factors, it
would be highly desirable to have an animal model that displays human clinical manifes-
tations of cerebral malaria [Craig et al. 2012] and monitor retinopathy using non-invasive
techniques such as Optic Coherence Tomography (OCT) and Scanning Laser Ophthal-
moscopy (SLO) to gain an understanding of disease progression and early detection.
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7.1 Malarial parasite and neuroretina

Figure 7.1: Activation of GFAP in Müller cells during malarial retinopathy:
The upper panel shows a full cross-section of an uninfected wt retina (A) showing base
level expression of GFAP and 6 DPI, (B) showing increased activation of Müller cells high-
lighted by the increased up-regulation of GFAP. The panel below shows the zoomed-in
view of wt uninfected retina, (C) and retina 6 DPI, (D-E, F-G) showing the co-localisation
of GFP-labelled parasite and GFAP of activated Müller cells. This highlights the inter-
action of malarial parasite in two possible ways. Either the parasites are internalised by
Müller cells, clearing the debris of the infected retina, or the parasites sequestered in the
retinal vasculature reaches in the neuroretina via Müller cells. Scale bar; A = 200 µm,
C = 25 µm, E = 5 µm.

In this study, in-vivo retinal structure [Fischer et al. 2009] was assessed in the mice of
C57BL/6J strain infected with the fluorescent Plasmodium berghei [Franke-Fayard et al.
2004]. Both uninfected animals measured as controls and animals infected with Plasmod-
ium berghei were analysed at 6 Days Post Infection (DPI). The animals were subsequently
treated with a standard anti-malarial drug Dihydroartemisinin (DHA) at 6 DPI and were
monitored further for 12 days. The experiment was ended on 18 DPI. The animals were
analysed for the retinal structure using non-invasive methods such as OCT, SLO and
Electroretinogram (ERG) as well as histology. Histological analysis was performed at
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6 DPI and 18 DPI. For the discussion in this thesis chapter the histological analysis is
mainly focused, for the detailed outcome of the complete study refer to [Paquet-Durand
et al. 2019].

Figure 7.2: Quantification of activated GFP and GFAP during retinal par-
asitemia: The panel on the left shows the comparative expression level of GFAP in
the infected retina as compared to the presence of parasite (GFP). The x-axis indicates
DPI and the y-axis shows positive pixels percentage. A peak is observed at 6 DPI as
it is the day of DHA administration. The central graph shows GFP and GFP-GFAP
co-localisation with respect to free GFP in the retina (y-axis) at 6 DPI and 18 DPI (x-
axis). The panel on the right shows GFAP positive and GFAP negative parasite percent
(y-axis) at 6 DPI and 18 DPI (x-axis).

As immunoreactive Müller cells show profound up-regulation of GFAP during the
infection or neurodegeneration, when compared to healthy retina. The GFAP expression
was used as a readout for retinal reactivity in the presence of the parasite. In the histo-
logical sections of our experiment, free fluorescent labelled parasites could be traced in
the retina. Also, both GFAP and GFP could be co-localised at 6 DPI highlighting the
role of retinal Müller cells in the malarial retinopathy. This might suggest that the para-
sites actually cross the BRB. The crossing of BRB by malarial parasites are supported by
the earlier studies showing an increased percentage of parasitised RBCs sequestration in
retinal microvessels in patients having malarial retinopathy [Barrera et al. 2015]. The co-
localisation of parasites with Müller cells might suggest the phagocytosis of parasites by
the activated Müller cells. Müller cells lie at the interface of the inner and outer limiting
membrane and have direct contact with the retinal vasculature. Increased sequestration
of parasites at retinal microvessels makes it highly probable for them to come in contact
with Müller cells. It might also suggest that parasites may cross the BRB indirectly by
infecting the Müller cells. To further understand the overall effect of the parasitemia at 6
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DPI and the effect of anti-malarial drug DHA at 18 DPI, the presence of parasite (GFP)
within the activated Müller cells (GFAP) and their co-localisation percentage were quan-
tified on our sections.

The parasitemia is found to increase linearly starting from the first DPI and was
found to be highest at 6 DPI. It was indicated by the expression of GFAP by the Müller
cells. After DHA administration at 6 DPI, GFP starts to decrease which forms a peak
(see Figure 7.2). Therefore considering GFAP intensity of 100% at 6 DPI, the uninfected
animals showed 13.5% (±6.9 SD) of GFAP-labelling intensity. Interestingly, some Müller
glia cells were found to be co-localised with parasites, further confirming disruption of
the BRB by the parasites and enter into the neuroretina. The animals undergoing DHA
treatment for 12 days appeared normal and showed no symptoms of the disease at 18
DPI [Paquet-Durand et al. 2019]. Compared to 6 DPI, GFAP immunoreactivity in 18
DPI retinal tissue sections were reduced to 69.2% (±6.4 SD) but were elevated when
compared to control. Relative to 6 DPI GFAP-positive labelling, 4.9% (±3.5) of pixels
were positive for GFP at 6 DPI. This value was lowered by 2.6% (±1.6) at 18 DPI (see
Figure 7.2). Co-localisation between GFP and GFAP was relatively low, with 14.2%
(±4.5) and 16.5% (±8.6) of all GFP positive pixels, also positive for GFAP at 6 DPI
and 18 DPI, respectively. Indeed, rather than co-localising, in many cases the GFP-
positive parasites appeared to be displacing the GFAP label inside the Müller glial cells.
To assess the precise number of parasites inside the Müller glia cells, the intraretinal
GFP-positive parasites associated with the Müller cells and single GFP-positive signals
indicating parasites were quantified together. The quantification showed a significant
increase of parasites in the Müller cells from 6 DPI (29.4% ±6.1) to 18 DPI (52.5 ±3.7;
p ≤ 0.05), suggesting that the Müller cells may have prevented the effectiveness of DHA
treatment on the parasites.

7.2 Key findings

A preclinical murine model for cerebral malaria was shown to reproduce the main hall-
marks of human malarial retinopathy. The malarial parasites could cross BRB after the
infection and were found in retina even after 12 days of antimalarial treatment. A pro-
longed interaction of parasites with the Müller cells was observed before and after the
treatment indicating their important role during the parasitaemia.

Note: A retinal model of cerebral malaria, F. Paquet-Durand, S. C. Beck, S. Das, G.
Huber, L. Chang, T. Schubert, N. Tanimoto, M. Garcia-Garrido, R. Mühlfriedel, S. Bolz,
W. Hoffmann, U. Schraermeyer, B. Mordmüller, M. W. Seeliger, Sci. Rep. 9, 3470 (2019)
(published).
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Discussion and Conclusion

High accumulation of cGMP is a major characteristic feature found in hereditary retinal
degeneration [Farber et al. 1974,Arango-Gonzalez et al. 2014]. One hypothesis suggests
that the high intracellular cGMP leads to increased influx of Ca2+ via CNGC in the
OS of photoreceptors [Fesenko et al. 1985]. This in-turn may activate Ca2+-dependent
cysteine proteases (calpains) further downstream, thereby accelerating photoreceptor de-
generation [Paquet-Durand et al. 2006]. In this study, diltiazem enantiomers were used
on photoreceptors to block CNGC and VGCC. These blocks resulted in the modulation
of Ca2+ influx in photoreceptors. Here, we discuss the downstream effect of modulated
Ca2+ concentration on calpain and PARP activity and suggest their possible involvement
in the cell death pathway.

Photoreceptors maintain their Ca2+ homeostasis with the extracellular environment
using different Ca2+ permeable channels. Ca2+ enters via CNGC in the OS and VGCC
around the synaptic terminal [Nachman-Clewner et al. 1999]. The intracellular Ca2+ is
extruded by the Plasma Membrane Ca2+ ATPase (PMCA) from the cell body and IS of
photoreceptors [Krizaj et al. 1998]. Na+/Ca2+ K+ exchanger (NCKX) extrudes Ca2+

from the OS [Sharon et al. 2002]. Other channels contributing to the Ca2+ homeostasis
are Na+/K+-ATPases (NKX) in the IS [Wetzel et al. 1999], Receptor-Operated Ca2+

Channels (ROC) and Store-Operated Ca2+ Channels (SOC) [Molnar et al. 2012].

CNGC and VGCC in the photoreceptors are arguably the two major sources of
Ca2+ [Mansergh et al. 2005]. High Ca2+ has been hypothesised as the main compo-
nent that drives the photoreceptor degeneration in rd1 [Fox et al. 1999]. Frasson and
colleagues [Frasson et al. 1999] tried to block the Ca2+ influx using D-cis-diltiazem and
found significant improvement in the survival of photoreceptors in-vivo. This study fur-
ther motivated other studies to use D-cis-diltiazem or the racemic mixture of D- and
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L-cis-diltiazem to prevent the retinal degeneration. D-cis-diltiazem could not rescue the
photoreceptor degeneration either in P23H rats [Bush et al. 2000] or in the rcd canine
model [Pearce-Kelling et al. 2001]. In contrast to [Frasson et al. 1999], no protective
effect of D-cis-diltiazem could be found on the retina with follow-up studies on the rd
mouse model [Pawlyk et al. 2002]. However, one of the subsequent studies showed a
delay in the retinal degeneration by using L-cis-diltiazem on rd1 mice [Takano et al.
2004, Vallazza-Deschamps et al. 2005]. The outcome of these studies indicated that
L-cis-diltiazem acting on CNGC might delay the photoreceptor degeneration. Moreover,
mutations in CNGC subunits are known to cause RP in human patients [Bareil et al.
2001, Boycott et al. 2001, McLaughlin et al. 1993]. Knockout studies were performed
later for the respective channels, i.e., Cngb1−/− for CNGC and Cacna1f−/− for VGCC.
In these studies, Cacna1f−/−×rd1 showed only a slight delay in the photoreceptor de-
generation with no significant effect [Schön et al. 2016, Read et al. 2002]. However,
Cngb1−/−×rd1 double mutant showed improved retinal function with a strong delay in
the peak of cell death [Paquet-Durand et al. 2011]. Besides, Cngb1−/−×rd10 double mu-
tants also showed a delayed peak of degeneration compared to both rd10 and Cngb1−/−

parent strains [Wang et al. 2018]. Clearly Ca2+ influx via both the channels has impor-
tant but different roles in the cell death pathway.

Enantiomers of diltiazem were reported to differentially effect CNGC and VGCC
[Haynes 1992,Cia et al. 2005]. Diltiazem was also reported to increase ionic permeabil-
ity at very high concentrations on bovine or toad photoreceptors [Caretta et al. 1991],
but this effect could not be reproduced in later studies. L-cis-diltiazem showed reduced
cGMP-activated conductance on isolated rod photoreceptors from tiger salamander [Stern
et al. 1986] and showed a block on cGMP-gated channels in photoreceptors isolated from
catfish [Haynes 1992], indicating its specificity for CNGC. D-cis-diltiazem, on the other
hand, showed an inhibition with lesser efficiency on CNGC in tiger salamander [Stern et
al. 1986]. L-cis-diltiazem’s blocking potential for rat olfactory CNGC seemed to be higher
than bovine retinal CNGC, when their current conductance capacities were compared.
L-cis-diltiazem was found to be the least effective for rat gustatory CNGC [Lee et al.
2001]. The patch-clamp recording showed about 70% inhibition of VGCC on using 100
µM D-cis-diltiazem on porcine photoreceptors [Cia et al. 2005] and tiger salamander pho-
toreceptors [Hart et al. 2003]. Thus, increased inhibition of VGCC was found at higher
concentrations of D-cis-diltiazem. These studies report the blocking efficacy of D-cis
and L-cis-diltiazem enantiomers across different animal models. Our systematic analysis
on mouse CNGC showed no considerable inhibitory effect of D-cis or L-cis-diltiazem at
physiological cGMP level (5 µM) on heterologously expressed CNGC subunits (both rods
and cones). However, at high cGMP concentrations L-cis-diltiazem showed a stronger
inhibitory effect on rod CNGC than D-cis-diltiazem, indicating selectivity for rod CNGC.
This finding strengthens the above argument that the inhibitory effect of L-cis-diltiazem
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might have resulted in the rescue of photoreceptor cell death in the earlier studies. The
selectivity of L-cis-diltiazem for rod CNGC and D-cis-diltiazem for VGCC, facilitated
the modulation of Ca2+ influx selectively via CNGC or VGCC.

8.1 Modulation of intracellular Ca2+ concentration

Ca2+ is an important secondary messenger, which is regulated precisely in different func-
tional compartments of photoreceptors [Krizaj et al. 1998]. In rods, about 18% of the
dark current is carried by Ca2+ [Gray-Keller et al. 1994]. Light-dependent modulation of
Ca2+ concentration was shown in rod OS [Sampath et al. 1999]. We show evidence that
in pathological cGMP, cone CNGC was inhibited about 30-50% with L-cis-diltiazem (cor-
responds to 25-100 µM), while D-cis-diltiazem showed no inhibitory effect. On healthy
wt retinal slices, L-cis-diltiazem showed a decrease in light-induced cone Ca2+ response in
a concentration-dependent manner. This indicates the inhibitory effect of L-cis-diltiazem
on cone CNGC at physiological cGMP. This is further supported by the trend towards
a lower Ca2+ baseline and the absence of light-induced hyperpolarisation-depolarisation
cycle of the cells with L-cis-diltiazem (see Figure 3.11).

The observed effect of L-cis-diltiazem on the wt retina suggests that there might exist
an ongoing feedback loop during the L-cis-diltiazem treatment. Cones have been shown
to have the higher GC activity than rods [Takemoto et al. 2009] and the inhibition
mechanism of L-cis-diltiazem on CNGC is mainly due to its interaction with the channel
pore [McLatchie et al. 1992,Haynes 1992]. Pore interaction was indicated in a study that
compared the binding affinity of D-cis-diltiazem with its bulkier derivative benziazem,
DMBODIPY-BAZ on CNGC. They showed decreased binding affinity with the heavier
diltiazem derivative. Their results indicated that the interaction of D-cis-diltiazem with
the channel pore could be dynamic in nature [Kraus et al. 1998]. The pore blocking
phenomenon of L-cis-diltiazem has also been observed in the deactivation kinetics of the
CNGC in the presence of L-cis-diltiazem (Chapter 3). In photoreceptors, the actual
physiological concentration of cGMP is likely to vary between 5-10 µM, depending on
the activity of GC in light and dark situation [Cote et al. 1993]. This concentration of
cGMP was is denoted by white shade in the graph (see Figure 3.10) by L-cis-diltiazem
on CNGC. The interaction at this stage is likely to be unstable, therefore L-cis-diltiazem
might not bind to CNGC and influences a block. On the other hand, with increasing
concentration of L-cis-diltiazem (from 25-100 µM) the likelihood of its interaction with
the channel pore increases. Induced by such increased interaction, lower intracellular
Ca2+ concentration might activate GC to produce more cGMP [Koch et al. 1988, Ol-
shevskaya et al. 2002]. The presence of cGMP in turn, also influences the block by
L-cis-diltiazem [Stern et al. 1986]. The increasing cGMP concentration could result in
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a stronger block and the concentration-dependent reduction in the light-induced Ca2+

response. NCKX is sensitive to intracellular Ca2+ concentration [Yau et al. 1984] and
gets inactivated at lower concentrations of intracellular Ca2+ [Sharon et al. 2002]. This
would, in-turn, cease Na+ influx and also effect the concentration gradient of Na+ across
the membrane. NKX extrudes Na+ in exchange with K+ with a very high energy de-
mand [Wetzel et al. 1999]. The deactivation of NCKX would lead to the deactivation of
NKX in the IS, thus influencing its activity. This would further prevent energy depletion
in the photoreceptors. PMCA, in turn, has the highest affinity for Ca2+ [Schnetkamp
1995,Chambers et al. 1990]. This might continuously extrude Ca2+ from the IS [Morgans
et al. 1988,Krizaj et al. 1998], thereby further lowering the Ca2+ baseline of the cell, as
found in our experiment (see Figure 3.11 b).

The inhibition of VGCC by D-cis-diltiazem, on the other hand, should block Ca2+

influx in the photoreceptor cell body and synapse [Cia et al. 2005]. In cones however,
hyperpolarisation was not affected by the Ca2+ influx via VGCC and the activity of
CNGC was affected to a minor extent. This would not result both in lowering of the
Ca2+ baseline and the light-induced Ca2+ response in cones. The induced block leads
the photoreceptors to experience prolonged hyperpolarisation.

8.2 Correlation of calpain activity with rd1 photore-

ceptor degeneration

Ca2+ is regulated precisely and quasi-independently in different functional compartments
of the photoreceptors [Krizaj et al. 1998]. The increased concentration of intracellular
Ca2+ and the subsequent activation of calpain on its downstream is one explanation
surrounding the cause of cell death in rd1 [Fesenko et al. 1985, Paquet-Durand et al.
2006,Power et al. 2020]. Our analysis of photoreceptor degeneration in mutant rd1 and
healthy wt, showed a relative relationship between Ca2+ concentration, calpain activity
and cell death. It shows that the increased calpain activity in rd1 degeneration might
be actually independent of Ca2+ influx in the OS via CNGC caused due to high cGMP
concentration. This phenomenon was indirectly observed earlier [Vallazza-Deschamps et
al. 2005] while comparing between the cell death percent and the activation of GC. They
suggested no significant contribution of Ca2+ channels in the degeneration. The hypoth-
esis that the cell death pathway in rd1 is independent of Ca2+ influx via OS, is supported
by the following pieces of evidences: (1) We show that in rd1 D-cis-diltiazem can exhibit
a block up to 50% on rod CNGC and L-cis-diltiazem about 100% (see Figure 3.10 e, f).
Thus, in the OS the Ca2+ concentration is likely to reduce largely with L-cis-diltiazem
than with D-cis-diltiazem as compared to the untreated. The cells might be extremely
and moderately hyperpolarised. (2) The calpain activity in rd1 was found unchanged in
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the case of both D-cis-diltiazem and L-cis-diltiazem treatment compared to the untreated
group (see Figure 3.12), indicating no effect of hyperpolarisation on the calpain activity.
These highlights the indirect correlation between the Ca2+ concentration in the OS and
the calpain activity in the cytoplasm in rd1.

Our subsequent analysis showed increased cell death (6 times higher) with respect to
the unchanged calpain activity in rd1 L-cis-diltiazem (100 µM) treated condition (see
Figures 3.12 and 3.18). This again indicates the indirect correlation between the calpain
activity and the photoreceptor degeneration in rd1. These results strongly suggest that
the resultant degeneration of photoreceptors are caused by additional factors that are
independent of calpain. The physiological concentration of cGMP in a photoreceptor is
not precisely quantified but is estimated based on the relative activation of GCAP and
CG [Burns et al. 2002]. The reduction in the OS Ca2+ concentration (in the case of
L-cis-diltiazem treatment) might lead to increase in the activation of GCAP and GC [Ol-
shevskaya et al. 2002] for producing more cGMP. Lower Ca2+ concentration increases
the affinity of CNGC for cGMP via CaM dissociation, making it more permeable [Hsu
et al. 1993,Molday 1996]. However, the pharmacological block does not allow the influx
of Ca2+, which creates an imbalanced state. Low Ca2+ is also reported to be deleteri-
ous for photoreceptor survival [Fain et al. 1999, Li et al. 2003, Benedetto et al. 2019].
Continued activation of PMCA due to its high Ca2+ affinity [Carafoli 1991], is likely
to maintain the cells hyperpolarised at low Ca2+ baseline. The activation of calpain is
reported to deactivate PMCA [Brown et al. 2007, Guerini et al. 2003]. In the case of
L-cis-diltiazem treatment in rd1, the unaltered calpain activity may not result in the de-
activation of PMCA. This might lead to depletion of ATP and activation of the necrotic
pathway [Bruce 2018]. Paradoxically, the Ca2+ overload and the ATP depletion is sug-
gested to be associated with necrosis in muscular disorders [Wrogemann et al. 1976] and
cancer [Charles et al. 2017].

Ca2+ channels are reported to be present in high density at the synaptic terminal
of the photoreceptors [Nachman-Clewner et al. 1999, Krizaj et al. 1998], suggesting
VGCC as the major source of cytoplasmic Ca2+. The indirect correlation between the
Ca2+ concentration in the OS and the cytoplasmic calpain activity, in our results, fur-
ther strengthen the hypothesis that the calpain activity is contributed by the influx of
Ca2+ via VGCC [Schön et al. 2016]. Earlier studies have suggested the calpain activity
coincides with the event of degeneration [Power et al. 2020]. These results provide a
strong indication that the calpain activity might be a parallel effect during the degener-
ation but most likely not the primary factor resulting in degeneration. As a consequence
Ca2+-dependent processes such as the activity of calpain, are likely to accelerate the
degradation process, but could remarkably be less important for the photoreceptor de-
generation than earlier thought. This may help to explain some of the controversial data
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obtained with Ca2+ channel blockers in the past.

8.3 The possible role of Store-Operated Ca2+ Entry

(SOCE)

In darkness, the Ca2+ influx via CNGC mediates Ca2+-induced glutamate release via
VGCC [Barnes et al. 2002, Choi et al. 2005]. D-cis-diltiazem on VGCC at higher
concentration (100 µM) shows a pronounced block of about 70-71% as compared to L-
cis-diltiazem of about 59% in physiological cGMP [Cia et al. 2005, Hart et al. 2003].
Interestingly, treatment with D-cis-diltiazem showed no significant effect on the calpain
activity. L-cis-diltiazem showed a strong increase in calpain-2 but not the calpain activ-
ity in healthy wt. This could be the result of unaltered and increased cytoplasmic Ca2+

concentration respectively. Keeping in mind our hypothesis that the calpain activity is
contributed by the Ca2+ influx via VGCC, the question might arise, how the inhibition
of VGCC with D-cis-diltiazem leads to unchanged Ca2+ concentration in the cytoplasm
and L-cis-diltiazem treatment increases the cytoplasmic Ca2+. To explain this obser-
vation, we propose that the exposure of L-cis-diltiazem might lead to the depletion of
intracellular Ca2+ concentration and the subsequent activation of SOCE.

In healthy wt retina, L-cis-diltiazem treatment would mimic the constant light sit-
uation. In bright light, the Ca2+ concentration drops at the synapse [Choi et al. 2008
] to a very large extent. In many cell types, prolonged depletion of intracellular Ca2+

level is reported to induce SOCE, triggered by the reduction in Ca2+ concentration in
the ER lumen (reviewed in [Parekh et al. 2005]). The intracellular Ca2+ stores such as
Endoplasmic Reticulum (ER), mitochondria and OS disk act as Ca2+ reserve to maintain
Ca2+ homeostasis [Krizaj 2012]. Diltiazem (20-50 µM) mediated block of VGCC has been
shown to activate SOCE in vascular smooth muscle cells [Johnson et al. 2020], however,
the enantiomeric isoform of diltiazem is not specified. This process is likely to selectively
activate calpain-2 [Saraiva et al. 2013]. All these suggest that the inhibition of CNGC
with L-cis-diltiazem may result in a complete block of Ca2+ influx. The combined effect
of NCKX, NKX and PMCA activity, after CNGC blocking, might lead to a prolonged
state of hyperpolarisation and the depletion of the intracellular Ca2+ concentration in
the photoreceptors. Modulation of Ca2+ baseline has shown to trigger SOCE in light-
adapted rods [Szikra et al. 2008]. The SOCE could get triggered in the hyperpolarised
photoreceptors resulting in depletion of Ca2+ from intracellular stores and raising the
concentration of cytoplasmic Ca2+. This increased cytoplasmic Ca2+ could be respon-
sible for the observed increase in calpain-2 activation in wt photoreceptor cell bodies
treated with L-cis-diltiazem. Also, the increase in calpain activity in wt was comparable
to that of rd1. The possible activation of SOCE with D-cis-diltiazem treatment could
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be the reason why we did not find a decrease in calpain activity. The inhibition percent
of VGCC with D-cis-diltiazem is however much lower than the effect of L-cis-diltiazem
on CNGC. Therefore, a decrease in cleaved calpain-2 could still be found in rd1 retina.
These results again support our idea that the calpain activation in rd1 is not directly
downstream Ca2+ influx via CNGC. TRPC1, which is shown as an essential component
of SOCE [Szikra et al. 2008] could also provide an additional, SOCE-independent but
ROC mediated Ca2+ entry in the cell body as a regulatory mechanism to maintain the
average cytosolic Ca2+ level [Molnar et al. 2012]. To affirm the SOCE hypothesis, as-
sessing the effect of calpain activity on wt photoreceptors by hyperpolarising them (using
L-cis-diltiazem) and simultaneously exposing them to the inhibitors of SOC could be of
importance.

8.4 Modulation of PARP activity by intracellular

Ca2+

The increased activation of cGMP, in earlier studies, suggested two possible degenera-
tion pathways mediated by its targets; the activation of CNGC and PKG. These path-
ways were believed to be active simultaneously but independent of each other [Arango-
Gonzalez et al. 2014]. We show evidence for the first time in photoreceptors that PARP
activity can be modulated by the intracellular Ca2+ concentration. The increase in PARP
activity after the treatment with L-cis-diltiazem in healthy wt photoreceptors is indica-
tive of a existing relationship between the intracellular Ca2+ concentration and PARP
activity. Although it is not reported in photoreceptors, epithelial cells have been reported
to show the SOCE coupled PARP-1 activation which is likely to contribute to a PARP-
dependent necrotic cell death [Munoz et al. 2017]. The possible activation of SOCE in wt
photoreceptors upon treated with L-cis-diltiazem (discussed above) might also increase
the observed PARP activity and PARlylation. The nature and the strength of the SOCE
coupled PARP activation are not reported. Although the VGCC block with diltiazem
showed the activation of SOCE [Johnson et al. 2020], it is possible that their interaction
is either indirect or not strong enough to increase the PARP activity in rd1 (treated
with D-cis-diltiazem) as compared to L-cis-diltiazem treatment. In line with the SOCE
hypothesis, this might explain the increased PARP activity in L-cis-diltiazem treated wt
photoreceptors.

The increase in PARP-1 activation in a Ca2+-dependent manner has been shown in
cancer [Bentle et al. 2006]. DNA damage could activates PARP-1 towards the end stage
of photoreceptor degeneration [Gavrieli et al. 1992]. Thus, the activation of PARP in
rd1 could be contributed by PARP-1. SOCE coupled PARP-1 activation demands to
have Ca2+ interacting sites. PARP-1 is not reported to have sites that interact with
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Figure 8.1: Structure of PARP-1 with calpain cleavage sites: PARP-1 is divided
into three main functional domains: DNA Binding Domain (DBD), automodification
domain and catalytic domain. Zinc Finger (ZF) I, II and III are the part of DBD with
Nuclear Localisation Sequence (NLS). Automodification domain mediates PARylation
in which BRCT is mostly uncharacterised. C-terminal is the catalytic domain having
WGR. PARP-1 possess 3 calpain cleavage sites.

Ca2+, however it has calpain cleavage sites which in turn is activated by Ca2+ [Goll et al.
1992](see Figure 8.1). Therefore, the possibility remains that the interaction with SOCE
mediated calpain activation could be related to the PARP-1 activation. Ca2+ is known
to promote the PARP-1 activation via the production of ROS [Virág et al. 2013] and
Ca2+ chelation has shown to reduce the activity of PARP-1 in cancer [Bentle et al. 2006].
In photoreceptors, the relationship between calpain and PARP-1 is not well understood.
PARP-1 is a 113 KDa protein cleaved by calpain at 4 sites. The calpain cleavage sites on
PARP-1 could indicate 3 different possibilities: (1) calpain and PARP-1 activity could
be inversely proportional to each other. The increased activity of calpain could cleave
PARP-1 in the specific cleavage sites resulting in decreased PARP activity. This could
lead to a calpain-mediated photoreceptor degeneration. (2) Calpain and PARP-1 could
be directly proportional to each other. The interaction between the calpain cleavage sites
of PARP-1 and activated calpain could lead to increased activation of PARP-1 in rd1.
This might lead to the degeneration via two parallel independent pathways, calpain and
PARP-1, influenced by each other. Activation of both calpain and PARP-1 is strongly
elevated during the photoreceptor degeneration [Kaur et al. 2011, Paquet-Durand et al.
2006,Paquet-Durand et al. 2007], which favours this possibility. Moreover, the cleavage
sites of calpain indicate that proteolysis of PARP-1 separates the DNA binding domain
from the catalytic domain [Chaitanya et al. 2010], as shown in Figure 8.1. The prote-
olysis might also result in the activation of the catalytic domain, captured as increased
PARP-1 activity in rd1. However, the resulting PARP-1 activity might deplete NAD+, it
would likely to be least helpful for repairing the DNA damage. (3) Calpain and PARP-1
could interact with each other but function in an independent manner. The DNA breaks
repair during the rd1 degeneration might result in increased PARP activity [Paquet-
Durand et al. 2007]. The activation of calpain in parallel during degeneration might
eventually cleave PARP-1. The proteolysis of PARP-1 might either lose its activity
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eventually or remain active upon cleavage and deplete NAD+. The calpain and PARP-1
activity would show different peak during the degeneration. The energy depletion due
to the consumption of NAD+ might result in the formation of Reactive Oxygen Species
(ROS) or regulated necrotic pathway [Berghe et al. 2014] resulting in the photoreceptor
degeneration.

The modulation of intracellular Ca2+ can also influence the regulation of gene ex-
pression. This could also affect the photoreceptor viability, independent of calpain or
PARP-1 activity. Ca2+ can interact with the DNA directly and modify the 3D structure,
depending on the percentage of GC content in DNA [Braunlin et al. 1992]. Increase in
the intracellular Ca2+ concentration has shown to reactivate gene expression via the acti-
vation of Ca2+-calmodulin kinase in cancer [Raynal et al. 2015]. High Ca2+ is reported to
activate of MEF2-dependent genes in the heart. The activation is caused by the phospho-
rylation of HDAC5 via phosphorylated PKC isoforms [Zhang et al. 2011]. Calmodulin
is a highly conserved Ca2+ sensor protein. Binding with Ca mediates conformational
changes in calmodulin and the protein interaction sites are released [Strynadka et al.
1989]. It further activates Ca2+-sensitive enzymes such as Ca2+/calmodulin-dependent
protein Kinase-II (CaMKII) and calcineurin. The activation modulates the gene expres-
sion via Calmodulin-binding Transcriptional Activator (CAMTA) [Finkler et al. 2007].

8.5 Ca2+ channels as a therapeutic target

Precise regulation of Ca2+ in photoreceptors is of high importance for its viability. Muta-
tion in CNGC subunits resulting in loss of its function are reported to cause RP in human
patients [Bareil et al. 2001,?]. As discussed earlier, degeneration in rd1 was suggested to
be rescued by blocking Ca2+ channels [Frasson et al. 1999,Takano et al. 2004,Vallazza-
Deschamps et al. 2005]. Knockout studies on the Cngb1−/−×rd1 [Paquet-Durand et
al. 2011] and Cngb1−/−×rd10 [Wang et al. 2018] double-mutants further suggested im-
proved retinal function by lacking functional CNGC. This suggested CNGC as a target
for therapeutic interventions. Our study with inhibition of CNGC and investigation of
its downstream effects showed contrasting results. Our results strongly suggest that the
inhibition of Ca2+ channels like CNGC in rd1 is not able to delay the photoreceptor de-
generation. The possible reason behind improved retinal function in double mutants as
compared to L-cis-diltiazem treated explants could be the formation of homotetrameric
CNGC constituting CNGA1 subunits in those animals [Chen et al. 1993]. Cnga1 is
reported to be capable of assembling into a homotetrameric channel which is not influ-
enced by the cGMP binding and is also inefficient in conducting Ca2+ as compared to
heterotetramers [Nache et al. 2006]. The formation of homotetrameric channels could
reduce the intracellular Ca2+ as compared to rd1. This might have resulted a shift in the
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peak of cell death but not rescue degeneration altogether.

Loss of function mutations in Cacna1f (a VGCC subunit) is reported to disrupt
Ca2+ homeostasis and cause congenital stationary night blindness [Boycott et al. 2001,
Mansergh et al. 2005]. The reduced release of glutamate is suggested as a cause of com-
promised dark adaptation capability of the photoreceptors, caused by a lowered influx
of Ca2+ [Wutz et al. 2002]. The protective effect of D-cis-diltiazem was suggested on
photoreceptors by [Frasson et al. 1999], but knockout studies showed rd1×Cacna1f−/−

double-mutants did not have any significant protective effect on the photoreceptor degen-
eration [Schön et al. 2016,Read et al. 2002]. Our results with D-cis-diltiazem support the
knockout study along with others [Bush et al. 2000, Pearce-Kelling et al. 2001, Pawlyk
et al. 2002] showing that the inhibition of VGCC has no significant protective effect
on the photoreceptor degeneration. The observed effect could be due to the fact that,
the VGCC block can mediate the reduction in synaptic glutamate release but it is not
involved in regulating the depolarised and hyperpolarised state of photoreceptors.

Both low Ca2+ as well as high Ca2+ have been proposed to be deleterious for pho-
toreceptor survival [Paquet-Durand et al. 2006, Fain et al. 1999, Li et al. 2003]. L-
cis-diltiazem, that imposes a strong block on CNGC, increased the photoreceptor de-
generation with increasing concentration (25-50-100 µM). Pharmacological compounds
at extremely high concentrations have been found to show toxicity on cells. However,
the non-protective effect, in our case, was also found with lower concentrations of L-
cis-diltiazem and cGMP analogues [RP-(2-N)ET-cGMPS (DF246), RP-8-Br(2-N)ET-
cGMPS (DF156), RP-β-1 N2-Ac-8-Br-cGMPs (DF235)]. Moreover, one of the cGMP
analogue specific for CNGC inhibition (DF156) showed significant toxic effect at 10 times
lower concentration. These clearly indicate that the CNGC inhibition is not protective
favouring the photoreceptor survival. It can be therefore concluded that neither the in-
hibition of CNGC nor VGCC will be able to delay the degeneration in photoreceptors.

The increased photoreceptor degeneration observed on inhibiting CNGC might be
contributed by other factors, such as (1) elevated synthesis of cGMP: this may lead to
the activation of other targets of cGMP, such as PKG [Paquet-Durand et al. 2009], (2)
increased intracellular Ca2+ via SOCE: this may result in cell death by activating Ca2+-
dependent proteases like calpain [Paquet-Durand et al. 2006], (3) PARP-1 activation:
might lead to parthanathos and (4) depletion of ATP: as a result of PMCA and PARP-1
activity leading to necrosis [Galluzzi et al. 2018]. The resultant pathway of degeneration
in rd1 is likely the amplification of the degeneration cascade once initiated by high cGMP.
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8.6 New insights into cell death mechanisms

Figure 8.2: Insight into photoreceptor degeneration mechanism in rd1 : Two cell
death pathways are shown. The photoreceptors in rd1 have previously been suggested to
follow the pathway shown on the left during their degeneration [Arango-Gonzalez et al.
2014]. The pathway on the right suggests new understanding on the cell death pathway
incorporating all the data discussed in this thesis. The Ca2+ influx via VGCC, but not
CNGC, was found to be correlated to calpain activation. Thus, the modulation of Ca2+

concentration in the cell body is likely to be governed by VGCC. Earlier, PARP-1 was
suggested to be downstream of PKG. We show that PARP activity was modulated by
the intracellular Ca2+ concentration indicating a cross-talk. PKG, the second target of
cGMP, is likely unrelated to PARP activity. The dashed lines and the interrogation mark
indicate unclear understanding of those pathways or interactions.

In the cGMP-dependent degeneration in rd1 photoreceptor, cGMP is known to cause
cell death by acting upon two targets, activation of CNGC and PKG. Calcium and
calpain are known to be downstream CNGC and PARP has been suggested to be down-
stream of PKG activation, as two separate pathways [Arango-Gonzalez et al. 2014]. The
degeneration via cGMP is believed to result from the overactivation of CNGC [Fesenko
et al. 1985] and subsequently high influx of Ca2+ leading to calpain activation and cell
death [Paquet-Durand et al. 2006]. The PARP activity has also been shown to be ele-
vated during the rd1 degeneration [Paquet-Durand et al. 2007]. Here, we show for the
first time a cross-talk between the two pathways downstream cGMP, earlier believed to
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be independent of each other. The modulation of PARP activity by the intracellular
Ca2+ concentration in photoreceptors indicated a possible interaction between the two
parallel pathways. We also show that, although the OS Ca2+ concentration is primar-
ily governed by CNGC, the Ca2+ influx via CNGC is unlikely to be directly involved
in calpain activation. Instead, the calpain activation is more likely to be mediated by
VGCC (see Figure 8.2). Also, the observed calpain activity may not solely responsible
for photoreceptor degeneration. Therefore, the degeneration in rd1 could be the result
of the combined effect of calpain and PARP activity after being initiated by high cGMP
or Ca2+.



Outlook and Future Directions

Retinitis pigmentosa is extremely genetically heterogeneous in nature. RP is a rare dis-
ease in which the degeneration is contributed by many different genes, increasing its level
of complexity. Therefore the establishment of therapeutic strategy is extremely challeng-
ing. We have addressed the effect of mutations in PDE6 using genetically defined mouse
models for hereditary retinal degeneration.

ASO mediated RNA editing

ASO mediated therapeutic strategies are emerging as a successful treatment option for
several diseases. For ocular dystrophies these seem promising as the eye is very acces-
sible and immunoprivileged organ. In our results with ASO mediated approaches, we
found some positive indications of restoring the functional PDE6A with the site-directed
RNA editing. ASO mediated restoration of functional protein on mouse tissue could be
a promising therapeutic strategy for patients in the future. However, one of the biggest
challenges is the unavailability of stable cell lines showing basic characteristics of rod
and cone photoreceptors. Rod and cone photoreceptors are metabolically very different
from each other having a wide difference in their gene expression and protein isoforms.
For example, CNGC is a heterotetrameric protein composed of CNGa1 and CNGb1 in
rods and CNGa3 and CNGb3 in cones (see Figure 1.4 in Chapter 1). The cell line
661W, which is widely available as photoreceptor like cell line, expresses subunits of cone
CNGC but not rods. This makes the analysis of rod photoreceptor specific proteins or
genes difficult. In this regard primary cell cultures of rod photoreceptors could serve as
a better system for accessing the functional efficacy of the ASOs however, the viability
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of primary photoreceptors in culture conditions are very short. The development of cell
lines that express rod specific genes, for example by using Neural Retina Leucine zipper
nrl gene, could help to study the effect of modulating rod specific genes. Another major
challenge was the untargeted delivery of the ASO to a specific target cell population,
which compromised the efficacy of ASOs. The lack of a delivery vehicle makes it very
difficult to improve the uptake efficiency of the ASOs by the cells. Therefore, the de-
tection of the amount of ASOs practically reaching the rods for performing the editing
or down-regulation, becomes extremely variable and difficult. Nonetheless, the positive
effects on cell lines and indications of positive effect on retinal tissues highlight that the
RNA editing ASO has potential to emerge as a successful treatment.

Targeting Ca2+ homeostasis

Our data indicates that the Ca2+ influx via CNGC is very likely not the primary factor
for degeneration in rd1. Therefore, it would be interesting to investigate other factors
that could be induced by increased cGMP such as activation of PKG for understanding
the primary degeneration pathway. PKG is another target of cGMP, which could lead
the degeneration in rd1. Our results highlighted the altered behaviour of wt retina with
respect to the rd1 in the case of CNGC inhibition. Although Ca2+ influx via CNGC
is not the primary degenerating factor, degeneration of photoreceptors might be linked
to intracellular Ca2+ modulation. Calpain is activated by Ca2+ and found elevated in
the rd1 situation. In addition, PARP (likely PARP-1) is found to be highly activated
in the rd1 situation. Interestingly, PARP-1 has calpain cleavage sites. For a more
clear understanding, the relationship between calpain and PARP-1 could be studied in
different models of retinal degeneration. Mutant animal models such as Cngb1−/− and
Cngb1−/− * rd1 double mutants could be studied independently for the observed factors.
Fragmentation of PARP-1 during inhibition of Ca2+ influx and enzymes associated with
the fragmentation could be studied using western blot and mass spectrometric analysis.
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Struct. Dyn. 10, 333-343 (1992).

[Bré et al. 1994] M. H. Bré, B. de Néchaud, A. Wolff, A. Fleury, Cell Motil. Cytoskeleton.
27, 337-349 (1994).

[Brown et al. 2007] C. S. Brown, W. L. Dean, Platelets. 18, 207-211 (2007).

[Bruce 2018] J. I. E. Bruce, Cell Calcium 69, 28-36 (2018).

[Brückner 1951] R. Brückner, Doc. Ophthalmol. 5, 452-554 (1951).

[Burns et al. 2002] M. E. Burns, A. Mendez, J. Chen, D. A. Baylor, Neuron 36, 81-91
(2002).

[Burns et al. 2014] M. E. Burns, E. N. Pugh (2014), Visual transduction by rod and
cone photoreceptors, in The New Visual Neurosciences, eds J. S. Werner and L. M.
Chalupa (Cambridge, MA:TheMITPress), 7-18.

[Bush et al. 2000] R. A. Bush, L. Kononen, S. Machida, P. A. Sieving, Invest. Ophthal-
mol. Vis. Sci. 41, 2697-2701 (2000).



112 Bibliography
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E. Fahl, C. Grimm, A. Wenzel, C. E. Remé, S. A. van de Pavert, J. Wijnholds, M.
Pacal, R. Bremner, M. W. Seeliger, PLoS One 4, e7507 (2009).

[Franke-Fayard et al. 2004] B. Franke-Fayard, H. Trueman, J. Ramesar, J. Mendoza, M.
van der Keur, R. van der Linden, R. E. Sinden, A. P. Waters, C. J. Janse, Mol.
Biochem. Parasitol. 137, 23-33 (2004).



114 Bibliography

[Frasson et al. 1999] M. Frasson, J. A. Sahel, M. Fabre, M. Simonutti, H. Dreyfus, S.
Picaud, Nat. Med. 5, 1183-1187 (1999).

[Fox et al. 1999] D. A. Fox, A. T. Poblenz, L. H. He, Oxidative/Energy Met. Neurodeg.
Dis. 893, 282-285 (1999).

[Fox et al. 2003] D. A. Fox, A. T. Poblenz, L. J. He, B. Harris, C. J. Medrano, Eur. J.
Ophthalmol. 13, S44-S56 (2003).

[Galluzzi et al. 2018] L. Galluzzi, I. Vitale, S. Aaronson et al., Cell Death Differ. 25,
486-541 (2018).

[Gavrieli et al. 1992] Y. Gavrieli, Y. Sherman, S. A. Ben-Sasson, J. Cell Biol. 119, 493-
501 (1992).

[Goldberg et al. 2016] A. F. Goldberg, O. L. Moritz, D. S. Williams, Prog. Retin. Eye
Res. 55, 52-81 (2016).

[Goll et al. 1992] D. E. Goll, V. F. Thompson, R. G. Taylor, T. Zalewska, Bioessays 14,
549-556 (1992).

[Gray-Keller et al. 1994] M. P. Gray-Keller, P. B. Detwiler, Neuron 13, 849-861 (1994).

[Green 1986] M. R. Green, Annu. Rev. Genet. 20, 671-708 (1986).

[Guerini et al. 2003] D. Guerini, B. Pan, E. Carafoli, J. Biol. Chem. 278, 38141-38148
(2003).

[Haber et al. 1993] R. S. Haber, S. P. Weinstein, E. O’Boyle, S. Morgello, Endocrinology
132, 2538-2543 (1993).

[Hair et al. 2013] P. Hair, F. Cameron, K. McKeage, Drugs. 73, 487-493 (2013).

[Hanany et al. 2020] M. Hanany, C. Rivotta, D. Sharon, Proc. Natl. Acad. Sci. U.S.A.
117, 2710-2716 (2020).

[Hanscheid 2003] T. Hanscheid, Clin. Microbiol. Infect. 9, 497-504 (2003).

[Hart et al. 2003] J. Hart, M. F. Wilkinson, M. E. Kelly, S. Barnes, Exp. Eye Res. 76,
597-604 (2003).

[Hassa et al. 2008] P. O. Hassa, M. O. Hottiger, Front. Biosci. 13, 3046-3082 (2008).

[Haynes 1992] L. W. Haynes, J. Gen. Physiol. 100, 783-801 (1992).



Bibliography 115

[Hiscott et al. 1984] P. S. Hiscott, I. Grierson, C. J. Trombetta, A. H. Rahi, J. Marshall,
D. McLeod, Br. J. Ophthalmol. 68, 698-707 (1984).

[Hoon et al. 2014] M. Hoon, H. Okawa, L. D. Santina, R. O. L. Wong, Prog. Ret. Eye
Res. 42, 44-84 (2014).

[Hsu et al. 1993] Y. T. Hsu, R. S. Molday, Nature 361, 76-79 (1993).

[Johnson et al. 2020] M. T. Johnson, A. Gudlur, X. Zhang, P. Xin, S. M. Emrich, R. E.
Yoast, R. Courjaret, R. M. Nwokonko, W. Li, N. Hempel, K. Machaca, D. L. Gill,
P. G. Hogan, M. Trebak, Proc. Natl. Acad. Sci. U.S.A. 117, 17369-17380 (2020).

[Jwa et al. 2012] M. Jwa, P. Chang, Nat. Cell Biol. 14, 1223-1230 (2012).

[Kaupp et al. 2002] U. B. Kaupp, R. Seifert, Physiol. Rev. 82, 769-824 (2002).

[Kaur et al. 2011] J. Kaur, S. Mencl, A. Sahaboglu, P. Farinelli, T. V. Veen, E. Zrenner,
P. Ekström, F. Paquet-Durand, B. Arango-Gonzalez, PLoS One 6, e22181 (2011).

[Keeler 1927] C. E. Keeler, J. Exp. Zool. 46, 355-407 (1927).

[Kim et al. 1994] U. Kim, Y. Wang, T. Sanford, Y. Zeng, K. Nishikura, Proc. Natl. Acad.
Sci. USA 91, 11457-11461 (1994).

[Knott et al. 1996] R. M. Knott, M. Robertson, E. Muckersie, J. V. Forrester, Biochem.
J. 318, 313-317 (1996).

[Koch et al. 1988] K. W. Koch, L. Stryer, Nature 334, 64-66 (1988).

[Koh et al. 2005] D. W. Koh, T. M. Dawson, V. L. Dawson, Pharmacol. Res. 52, 5-14
(2005).

[Körschen et al. 1995] H. G. Körschen, M. Illing, R. Seifert, F. Sesti, A. Williams, S.
Gotzes, C. Colville, F. Miller, A. Dose, M. Godde, L. Molday, U. B. Kaupp, R. S.
Molday, Neuron 15, 627-636 (1995).

[Kraus et al. 1998] R. L. Kraus, S. Hering, M. Grabner, D. Ostler, J. Striessnig, J. Biol.
Chem. 273, 27205-27212 (1998).

[Krizaj et al. 1998] D. Krizaj, D. R. Copenhagen, Neuron 21, 249-256 (1998).

[Krizaj 2012] D. Krizaj, Adv. Exp. Med. Biol. 740, 873-889 (2012).

[Kulkarni et al. 2015] M. Kulkarni, T. Schubert, T. Baden, B. Wissinger, T. Euler, F.
Paquet-Durand, J. Vis. Exp. 99, e52588 (2015).



116 Bibliography

[Kulkarni et al. 2016] M. Kulkarni, D. Trifunovic, T. Schubert, T. Euler, F. Paquet-
Durand, Hum. Mol. Genet. 25, 3729-3740 (2016).

[LaVail 1976] M. M. LaVail, Exp. Eye Res. 23, 277-280 (1976).

[Lee et al. 2001] H. M. Lee, Y. S. Park, W. Kim, C. Park, J. Neurophysiol. 85, 2335-2349
(2001).

[Lehmann et al. 1999] K. A. Lehmann, B. L. Bass, J. Mol. Biol. 291, 1–13 (1999).

[Leung et al. 2011] A. K. L. Leung, S. Vyas, J. E. Rood, A. Bhutkar, P. A. Sharp, P.
Chang, Mol. Cell 42, 489-499 (2011).

[Lewallen et al. 2000] S. Lewallen, V. A. White, R. O. Whitten, J. Gardiner, B. Hoar,
J. Lindley, J. Lochhead, A. McCormick, K. Wade, M. Tembo, J. Mwenechanyana,
M. E. Molyneux, T. E. Taylor, Arch. Ophthalmol. 118, 924-928 (2000).

[Li et al. 2003] F. Li, W. Cao, R. E. Anderson, Invest. Ophthalmol. Vis. Sci. 44, 4968-
4975 (2003).

[London et al. 2013] A. London, I. Benhar, M. Schwartz, Nat. Rev. Neurol. 9, 44-53
(2013).

[Macbeth et al. 2005] M. R. Macbeth, H. L. Schubert, A. P. VanDemark, A. T. Lingam,
C. P. Hill, B. L. Bass, Science 309, 1534-1539 (2005).

[MacCormick et al. 2014] I. J. MacCormick, N. A. Beare, T. E. Taylor, V. Barrera, V.
A. White, P. Hiscott, M. E. Molyneux, B. Dhillon, S. P. Harding, Brain 137,
2119-2142 (2014).

[Malanga et al. 2005] M. Malanga, F. R. Althaus, Biochem. Cell Biol. 83, 354-364
(2005).

[Mank et al. 2006] M. Mank, D. F. Reiff, N. Heim, M. W. Friedrich, A. Borst, O. Gries-
beck, Biophys J. 90, 1790-1796 (2006).

[Mantych et al. 1993] G. J. Mantych, G. S. Hageman, S. U. Devaskar, Endocrinology
133, 600-607 (1993).

[Mansergh et al. 2005] F. Mansergh, N. C. Orton, J. P. Vessey, M. R. Lalonde, W. K.
Stell, F. Tremblay, S. Barnes, D. E. Rancourt, N. T. Bech-Hansen, Hum. Mol.
Genet. 14, 3035-3046 (2005).



Bibliography 117

[Marsh et al. 1995] K. Marsh, D. Forster, C. Waruiru, I. Mwangi, M. Winstanley, V.
Marsh, C. Newton, P. Winstanley, P. Warn, N. Peshu, N. Engl. J. Med. 332,
1399-1404 (1995).

[Mashimo et al. 2013] M. Mashimo, J. Kato, J. Moss, Proc. Natl. Acad. Sci. U.S.A. 110,
18964-18969 (2013).

[Masaki et al. 2010] Y. Masaki, R. Miyasaka, A. Ohkubo, K. Seio, M. Sekine, J. Phys.
Chem. B 114, 2517-2524 (2010).

[McLatchie et al. 1992] L. M. McLatchie, H. R. Matthews, Proc. Biol. Sci. 247, 113-119
(1992).

[McLaughlin et al. 1993] M. E. McLaughlin, M. A. Sandberg, E. L. Berson, T. P. Dryja,
Nat. Genet. 4, 130-134 (1993).

[McLaughlin et al. 1995] M. E. McLaughlin, T. L. Ehrhart, E. L. Berson, T. P. Dryja,
Proc. Natl. Acad. Sci. U.S.A. 92, 3249-3253 (1995).

[McNaughton 1990] P. A. McNaughton, Physiol. Rev. 70, 847-883 (1990).

[Merkle et al. 2019] T. Merkle, S. Merz, P. Reautschnig, A. Blaha, Q. Li, P. Vogel, J.
Wettengel, J. B. Li, T. Stafforst, Nat. Biotechnol. 37, 133-138 (2019).

[Molday 1996] R. S. Molday, Curr. Opin. Neurobiol. 6, 445-452 (1996).

[Molnar et al. 2012] T. Molnar, P. Barabas, L. Birnbaumer, C. Punzo, V. Kefalov, D.
Krizaj, J. Physiol. 590, 3465-3481 (2012).

[Morgans et al. 1988] C. W. Morgans, O. E. Far, A. Berntson, H. Wässle, W. R. Taylor,
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