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Abbreviations

AAV adeno-associated virus

ARVO Association for Research in Vision and Ophthalmology
cGMP cyclic guanosine monophosphate

CaVv calcium voltage-gated (channel)

Cacnaftf calcium voltage-gated channel subunit alpha1 f

cd candela

CNG cyclic nucleotide-gated (channel)

CNGA1 alpha-subunit of the cyclic nucleotide-gated (channel)
CNGB1 beta-subunit of the cyclic nucleotide-gated (channel)

CNS central nervous system

CSNB congenital stationary night Blindness
DKO double knockout

DR dynamic range

ERG electroretinography, electroretinogram
GC guanylyl cyclase

GCL ganglion cell layer

Hz hertz

HCN hyperpolarization-activated and cyclic nucleotide-gated (channel)
I/10S inner/outer segment border

ILM inner limiting membrane

INL inner nuclear layer

IPL inner plexiform layer

IS inner segment

KO knockout

LCA leber’s congenital amaurosis

LGN lateral geniculate Nucleus

NFL nerve fiber layer

OLM outer limiting membrane

ONL outer nuclear layer

OP oscillatory potentials

OPL outer plexiform layer

0S outer segment

PDEG6 phosphodiesterase 6

PDEG6a alpha-subunit of the phosphodiesterase 6
PN post-natal day

RP retinitis pigmentosa

RR refractory range

RPE retinal pigmented epithelium

TE treated eye

UE untreated eye

WT wild type
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l. Summary

Visual signalling initiates in the rod and cone photoreceptors in the retina. The first
steps include a multi-step amplification cascade starting in the outer segments upon
light exposure and activating the phosphodiesterase 6 (PDEG). PDEG6 reduces the
level of the second messenger cyclic guanosine monophosphate (cGMP) by
hydrolysis. Low levels of cGMP in turn mediate the closure of cyclic nucleotide-gated
(CNG) channels as the final step of phototransduction causing a voltage change, the
first electrical signal in rods. At downstream photoreceptor synaptic terminals this
leads to a reduction in neurotransmitter release which activates the bipolar cells,
retinal second order neurons. Thus, the focus of this thesis was to investigate rod
signalling precisely by means of rod-specific mutations in rodent models and
electroretinography (ERG) which measures the electrical activity of the retina
including photoreceptor outer segment function and signal transmission to bipolar.
This work concentrates on the role of four distinctive components located in different

compartments of rods from the outer segment to the synaptic terminal.

The first part of the thesis addresses the contribution of the PDE6 and the CNG
channels, located in rod outer segments, to signal generation. The role of PDE6 was
studied in Pde6a mutants with differently compromising missense mutations in the
alpha-subunit of rod PDEG6 (Pde6a) resulting in a gradually reduced PDEG6 activity in
each Pde6a variant. This causes a continuously elevated level of cGMP which
triggers a premature degeneration of rods and secondary cone cell death. In this
regard, we have found that functionally the generation of rod-driven electrical signals
are prevented, resulting in a mostly cone-driven vision in Pde6a variants. The
remaining cone signal in each Pde6a line is ultimately determined by the speed of
photoreceptor degeneration.

The role of CNG channels was addressed in the scope of AAV-mediated gene
replacement therapy in the Cngb1™” knockout model characterized by a lack of the
beta subunit of the CNG channel (CNGB1) and a respective functional silencing of
rod signalling. Functional assessment revealed that genetic restoration of Chgbl
established rod electrical signals which were even translated to second and third

order neurons in the retina.

The second part concerns the role of the hyperpolarization-activated and cyclic

nucleotide-gated channels 1 (HCN1) situated functionally downstream at the inner



segments of rod photoreceptors. This work illustrates that a loss of HCN1 channels
prolonged rod responses and subsequently saturate rod pathway. Consequently,
under regular conditions, HCN1 mediates an inward current which reduces outer
segment activity during bright light and enhances rod responsivity. We show here
that HCN1 channels are important components of early signal processing within the

photoreceptor.

The final part of the thesis describes the role of voltage-gated calcium (CaV1.4)
channels. These channels control transmitter release at synaptic terminals, the final
step of rod signal processing. Our functional studies describe the consequence of
two mutations in the CaV1.4 channels on the synaptic activity. A complete loss of the
Cacnalf causes a complete failure of signal transmission from photoreceptors to

second-order neurons.



Il. Zusammenfassung

Der Prozess der visuellen Signalibertragung beginnt in den Stabchen- und
Zapfenphotorezeptoren der Netzhaut. Lichteinfall induziert im Aullensegment der
Photorezeptoren eine mehrstufige Amplifikationskaskade, dabei wird auch die
Phosphodiesterase 6 (PDEG) aktiviert. PDEG reduziert den Spiegel des sekundaren
Botenstoffes zyklisches Guanosin Monophosphat (cGMP) Uber Hydrolyse. Der
niedrige cGMP Spiegel bewirkt die Schlielung der zyklisch-Nukleotid-gesteuerten
(CNG-) Kanale, was zu einer Spannungsanderung fuhrt und damit das erste
elektrische Signal in den Photorezeptoren erzeugt. An der Synapse des
Photorezeptors wird daraufhin die Neurotransmitterfreisetzung reduziert, welches
letztendlich die sekundar geschalteten Neurone in der Retina, die Bipolarzellen,
aktiviert.

Der Fokus dieser Dissertation liegt darin, anhand von stabchenspezifischen
Mutationen in Nagetiermodellen und der Elektroretinographie (ERG), die
SignalUbertragung der Stabchen besser zu verstehen. ERG wird hier verwendet, um
die elektrische Aktivitat der Retina, einschlieBlich der Auliensegmentfunktion der

Photorezeptoren und der SignalUbertragung zu den Bipolarzellen zu analysieren.

Der erste Teil thematisiert die Rolle der PDE6 und der CNG Kanale, die in den
Stabchenaullensegmenten lokalisiert sind und zur Generierung der Stabchensignale
beitragen. Hierzu wurden Pde6a Mauslinien analysiert, die verschiedene Missense-
Mutationen in der alpha-Untereinheit der Stdbchen-PDE6 (Pde6a) aufweisen. Diese
Mutationen fuhren zu einer graduellen Reduktion der PDE6 Aktivitat und somit zu
einem kontinuierlich erhdhten cGMP-Spiegel, der eine frihzeitige Degeneration der
Stabchen induziert und somit sekundar den Zelltod der Zapfen bewirkt. Unsere
funktionellen  Analysen haben ergeben, dass die Generierung von
stabchengesteuerten elektrischen Signalen in den Pde6a Mutanten beeintrachtigt
war und ERG Signale daher von Zapfenantworten hervorgerufen wurden. Die Starke
der verbleibenden Zapfenantworten ist dabei abhangig von dem Fortschreiten der
Zapfendegeneration.

Die Rolle der stabchenspezifischen CNG Kanale wurde im Rahmen einer AAV-
vermittelten Genersatztherapie im Cngb1” Knockout-Modell erforscht, dem die beta-
Untereinheit des CNG Kanals (CNGB1) fehlt und dies folglich zum nahezu

vollstandigen Funktionsverlust der Stabchensignale fuhrt. Unsere funktionellen



Untersuchungen zeigten, dass durch den gentherapeutischen Ersatz des Cngb1
Gens stabchenspezifische elektrische Signale erzeugt wurden, die auch an

nachgeschaltete Bipolarzellen weitergeleitet wurden.

Der zweite Teil der Doktorarbeit fokussiert die Rolle der HCN1 Kanale.
Unterschiedliche funktionelle Studien am ERG zeigten hier, dass ein Verlust von
HCN1 Kanalen die Stabchenantworten verlangert und in Folge den kompletten
Stabchensignalweg sattigt. Diese Analysen beleuchten, dass HCN1 Kanale durch
den Einwartsstrom von lonen die Aktivierung der Au3ensegmente unter starkem
Lichteinfluss reduzieren und dadurch die Empfindlichkeit der Stabchen verbessern.
HCN1 Kanale tragen so als essentielle Bestandteile zur frGhen Signalverarbeitung

innerhalb des Photorezeptors bei.

Der finale Teil der Dissertation befasst sich mit der Rolle der spannungsgesteuerten
Calcium1.4 (CaV1.4) Kanale, die die Transmitterfreisetzung an den Synapsen
kontrollieren, dem finalen Schritt der Signalweiterleitung. Unsere ERG-
Funktionsstudien beschreiben die Konsequenzen von zwei Mutationen im Cacna1f-
Gen, das fur den CaV1.4 Kanal kodiert. Hierbei verursacht eine vollstandige
Dysfunktion des Kanals eine komplette Storung der Signalibertragung von
Photorezeptoren auf Bipolarzellen. Ein durch die Mutation hervorgerufener

Funktionszugewinn hingegen, reduziert die synaptische Aktivitat.



1. Introduction

The visual system includes the eyes, the major sensory organ, connecting pathways
through to the visual cortex, and other parts of the central nervous system (CNS).
Initially, light passes the optics of the eye and reaches the retina where the photo-
sensing cells convert light into an electrical through a cascade of molecular
mechanisms. On the way through downstream retinal neuronal cells the sensory
information is further processed and then travels via the axons of the output ganglion
cells through the optic nerves which are divided and partially crossed over into the
optic chiasm and then proceed via the optic tracts to the lateral geniculate nucleus
(LGN). From the LGN, the signals continue to the primary visual cortex where further

visual processing takes place.

The structure of the eye (Fig. 1) of all vertebrates is based upon a common plan, with
similarities in some of the neurons found in the retina, their interconnections, the
places in the brain that receive their axon terminals (Rodieck 1998). The eye is an
opaque ball, composed of three concentric layers and three chambers of fluid. The
external layer consists of the sclera and the cornea; an intermediate layer also called
the vascular layer consisting of the choroid, ciliary body, and iris; and an inner layer
of nerve tissues, the retina. The front of the eyeball is the cornea, a transparent bulge
which contributes to image-forming process by refracting light entering the eye. It
merges into the sclera, which is part of the supporting wall of the eyeball and is in
continuity with the dura of the central nervous system. The first anterior chamber,
placed between cornea and iris, is filled with aqueous humour. After light passes
through the cornea, a portion of it travels through an opening known as the pupil. The
size of the pupil can be adjusted by the dilation of the iris, a diaphragm that is
capable of stretching and reducing the size of the opening and hence controlling the
amount of light that enters the eye. The posterior chamber is situated between the
iris, the zonule fibers and the lens and is connected to the anterior chamber via the
pupil (Purves et al. 2001). Light further enters the crystalline lens which is made of a
fibrous material, containing about 65% water and 35% protein (Spalton et al. 1994).
A major difference of the mouse eye which we focused in this study is the much
larger lens in mouse than humans relative to the eye size.

The lens is suspended by zonule fibers which translate any increase or reduction in

the tone of the ciliary muscle into shape changes of the lens, a process called



accommodation that allows forming sharp retinal images of objects at different
distances. The third chamber, the vitreous, lies between the lens and the retina and
captures 4/5 of the space inside the back part of the eye. A gelatinous substance
known as the vitreous humour fills the cavity and plays an important role in
nourishing the inner structures of the eye. Light passes through the vitreous to be
projected on the retina, the third layer of the eye. The central cone-only region of the
human retina is called the fovea and is responsible for high resolution. The region
surrounding the fovea is termed macula and contains higher density of cones

compared with the peripheral retina. The mouse retina lacks a distinct fovea and/or a

macula.
Human eye Mouse eye
Retina Zohule
RPE fibers
optic Posterior
nerve chamber
optic
nerve
Anterior Vitreous
Vitreous chamber humour
humour Cilliary
body

Figure 1: The structural components of the human (left) and the mouse (right) eye (modified from
Veleri et al. 2015).



1.1 Anatomy of the Retina

The retina is part of the brain which is displaced into the eye during development
(Dowling 1987). A radial section of the retina (Fig. 2) reveals that the light-sensing
photoreceptors (the rods and cones) lie outermost in the retina against the pigment
epithelium and choroid. Light must therefore travel through the thickness of the retina
before striking and activating the photoreceptors (Kolb 2005). The sensory signals
are then further processed through downstream retinal neuronal cells including
bipolar, horizontal, amacrine and ultimately via the output ganglion cells to the CNS
(Fig. 2B). The several classes of retinal neurons are organized into three cellular
(nuclear) layers which are separated by two synaptic layers (plexiform layers). The
primary layers from the outermost surface to the innermost surface are (Fig. 2A):
retinal pigment epithelium (RPE)

outer and the inner segments (OS/IS)

outer limiting membrane (OLM)

outer nuclear layer (ONL)

outer plexiform layer (OPL)

inner nuclear layer (INL)

inner plexiform layer (IPL)

layer of ganglion cells (GCL)
nerve fiber layer (NFL)

mTQTmPo0Tw

os/
s

§ — o
outer
ONL segment

Quter Retina

outer
segment

oPL .
connecting =
cilium

S omL inner
segment

inner
segment

IPL

GCL (
synapic
terminals | =)

Inner Retina

7| synapic
terminals

Figure 2: The structure of the retina. (A) Histology of the retinal layers (modified from Boycott and
Dowling 1969). Scale bar: 100um. (B) Neuronal organization of the retina (modified from Wassle
2004): (1) rod photoreceptors, (2) cone photoreceptors, (3) horizontal cells, (4) bipolar cells, (5)
amacrine cells, (6) ganglion cells. (C) Scheme of a rod (left) and a cone (right) photoreceptor cell (from
Veleri et al. 2015).



The retina can be subdivided into an inner and an outer part. The outer part of the
retina contains four different layers: including the retinal pigment epithelium, the
photoreceptor outer and inner segments, the outer nuclear layer, and the outer
plexiform layer (Fig. 2).

The retinal pigment epithelium (RPE) is a single sheet of cells at the outermost
retinal surface containing pigment granules. The RPE is located between the outer
segments of the photoreceptors and the choroid. As an important part of the blood-
retina barrier, the RPE transports ions, water, and metabolic end products from the
subretinal space to the blood while it takes up nutrients from the blood and delivers
them to photoreceptors. Furthermore, it improves the quality of vision by absorbing
stray light in melanin granules. The phagocytosis of the expended photoreceptor
outer segments as well as the protection against free radicals is an additional task of
the RPE (Bok 1993, Boulton and Dayhaw-Barker 2001, Futter et al. 2004).

The photoreceptors, rods and cones, are the light-converting sensory cells which
are physiologically divided in two parts: The distal part (inner and outer segments) is
optimized for capturing light, whereas the proximal part (cell bodies and synaptic
terminals) is specified to pass the information to the inner retina. Both photoreceptors
have basically similar structures (Kaneko 1979), but they differ in shape as cones
usually are shorter and thicker than the long, slim rods (Fig. 2C).

The outer segments (OS) of the photoreceptors are actually modified cilia
(Richardson 1969) which are in contact with apical processes from the retinal
pigment epithelium. These connections are necessary for the constant renewal
processes of OS segments. In rods, the entire OS is replaced every 8-14 days, and
in cones, a complete renewal takes about 9 months to one year (Rodieck 1998).
While the rod OSs contain a set of membranous discs which resemble a stack of
coins, the OSs of cones are mainly infoldings of the surface membrane (Fig. 2C). The
rhodopsin, the visual pigment in the discs of rods, is sensitive to blue-green light
(Detwiler 1943). In mammals, usually only one type of rods can be found but there
are two or three types of cones. Primates exhibit three types of cones which are
maximally sensitive for long wavelengths, middle wavelengths or short wavelengths
(Curcio et al. 1987). Most other mammals including rodents typically use only short

wavelength-sensitive (SWS) cones, equivalent to blue cones, and medium
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wavelength-sensitive (MWS) cones, corresponding to green cones, but no red cones
exist.

The inner segments (IS) of the photoreceptors contain components that provide
energy for the high metabolic OSs (e.g. mitochondria) or visual pigment molecules
that are synthesised and transported to the OS. Both segments are connected by a
cilium arising from the basal body of the IS.

The number and ratio of photoreceptor subtype varies among species, dependent on
whether an animal is primarily diurnal or nocturnal. The murine retina, similar to
human, is rod-dominated and consists to about 97.2 % of rods and to about 2.8 % of
cones (Carter-Dawson and LaVail 1979).

The outer limiting membrane (OLM) builds a narrow zone of junctions between
Muller cells and the ciliary region of photoreceptor outer segments and is thought to
play a role in maintaining the structure of the retina through mechanical strength. It
also separates the IS from the outer nuclear layer.

The outer nuclear layer (ONL) consists of the cell bodies of the photoreceptors,
mostly of the rod cell bodies. Cone cell bodies are commonly situated in the distal
part of the ONL, and their outer segments in the region of the rod inner segments.
The outer plexiform layer (OPL) includes the synaptic terminals of photoreceptors
which connect to the dendrites of bipolar and horizontal cells, and Mduller cell
processes. The synaptic terminals differ between the photoreceptors: the so-called
rod spherules contain a single invagination of the cell membrane, a synaptic cleft,
whereas the cone endings, the pedicles, are complex structures with a number of

invaginations.

The inner retina also consists of four different layers, including the inner nuclear
layer, the inner plexiform layer, the ganglion cell layer and the nerve fiber layer (Fig.
2).

The inner nuclear layer (INL) is formed by cell bodies of four types of cells:
horizontal cells, bipolar cells, amacrine cells and Mduller cells. Horizontal cells are
laterally connecting neurons which are involved in contrast vision. Bipolar cells collect
and process information from the outer retina and relay it to the amacrine and/or
ganglion cells in the proximal inner retina.

The inner plexiform layer (IPL) is formed by synaptic connections between bipolar,

amacrine, and ganglion cells. Most amacrine cells can be found in the proximal part
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of the INL and are the second laterally orientated neurons, but some are dislocated in
the ganglion cell layer. Muller cells are the retinal glial cells which support the
structure of the retina. They extend through the entire retina, but their nuclei are
located in the INL. Muller cells are also associated with nutrition of the photoreceptor
IS and act as ionic reservoir (spatial-buffering) during the light-dependent ion
fluctuations (Frishman 2006).

The ganglion cell layer (GCL) consists of ganglion cells that collect all visual
information processed in the retina and pass it to the brain via the optic nerve. Their
cell bodies are located mainly in the GCL, and their dendrites form synapses with
bipolar and amacrine cells, located in the IPL (Wassle 2004).

The nerve fiber layer (NFL) represents the innermost layer of the retina and is
formed by retinal ganglion cell axons converging from all parts of the retina toward
the optic disc.

The inner limiting membrane (ILM) is formed by the proximal end feet of the Mdller
cells and the astrocytes which act as a diffusion barrier between the neural retina and

vitreous humour.

1.2 Physiologies of the Retina

The anatomy of the retina is the result of an evolutionary optimization for the best
possible early processing of visual information (Wassle and Boycott 1991, Masland
2001). The highly-sensitive rods are responsible for night vision and increase
sensitivity of our visual system, even capable of recognizing a single photon. The
less-sensitive cones function best under daylight conditions and permit colour and
contrast vision. In most sensory systems, activation of a receptor by the appropriate
stimulus causes a depolarization of the membrane potential, stimulating an action
potential, a sequence of electrical pulses, and transmitter release onto the neurons it
contacts. In the retina, however, photoreceptors do not exhibit action potentials. Light
activation leads to a graded change in membrane potential and a corresponding
change in the rate of transmitter release onto postsynaptic neurons (Purves 2001).
First action potentials (spikes) are found at the level of ganglion cells, but current
studies showed clear evidence for early spiking neurons, such as on the level of
amacrine cells or bipolar cells (Baden et al. 2013, Reifler et al. 2015). The conversion
from ‘analog’ to ‘digital’ coding is a fundamental transformation carried out by the

visual system, but the mechanisms are still not well understood.
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1.2.1 Phototransduction

The phototransduction events describe the first conversion of the light signal into a
sensory signal in photoreceptor outer segments. The cascade is broadly similar in
rods and cones and due to the complexity, here only the key proteins associated with
rod phototransduction are shown (Fig. 3). During darkness, the presence of high
levels of second messenger cyclic guanosine monophosphate (cGMP) results in an
opening of CNG channels, which causes an inward current of cations in the outer
segment of rods and ultimately a constant depolarization. Steady intracellular
concentrations of ions are maintained by Na*-K* pumps and K" flows through non-
gated K* channels (I) located in the inner segments. The ion flow during darkness is
termed as dark current (Penn and Hagins 1969). Ca®" influx through cyclic
nucleotide-gated (CNG) channels further inactivates the guanylyl cyclase (GC) which

is responsible for cGMP synthesis.

l

Outer
Disc membrane segment

membrane
\xh\t
o CGMP Nat
Recwerln — 39 Ca2*
Rhodop5| Transducm

GMP
(CNG
"/ \ N closed} '\\_
kinase (GRK) Arrestin
A GC
Intracellular Extracellular
space space

Figure 3: Phototransduction cascade in PR outer segments (from Veleri et al. 2015).

Phototransduction starts with the capture of photons and a conformational change of
the rhodopsins. The activation of rhodopsin leads to a dissociation of the transducin
(G-protein) subunits By from Ga, and the sequential activation of the
phosphodiesterase (PDEG) which catalyse the hydrolysis of the cGMP. The reduction
of the cGMP level causes a closure of the CNG channels, consequently diminishing
the dark current and hyperpolarizing the membrane potential. This voltage change

causes a modulation of the neurotransmitter release at downstream synaptic endings
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of rods (not shown here). The termination of the phototransduction cascade includes

processes like the inactivation of rhodopsin and transducin-phosphodiesterase

complex.

1.2.2 Signal Pathways
The major rod and cone pathway (reviewed in Wassle 2004) are anatomically well

established (Fig. 4):

A Cone pathway B Primary rod pathway C Secondary rod pathway

OFF
GC

=p Signal of exclusive rod origin
= Signal of exclusive cone origin
=p Signal potentially reflecting rod & cone activity

Figure 4: The major cone and rod signal pathways (modified from Seeliger et al. 2010).

In the cone pathway (A, green arrows) light-activated cones connect to ON bipolar
cells, which are activated through depolarization whereas light-inhibited OFF bipolar
cells are still silenced through hyperpolarization. There are roughly 9 distinct forms of
cone bipolar cells, while there is only one rod bipolar cell type, due to the later
evolutionary development of rods. ON- or OFF bipolar cells of cones finally connect

to corresponding third order ON- or OFF ganglion cells.



The classical primary rod pathway (B, red arrows) manages vision at very dim light
conditions and connects rods via rod (ON) bipolar cells to All amacrine cells and
eventually enters the cone ON pathway. It also suppresses cone OFF signalling.

The secondary rod pathway (C) becomes operational at higher illuminations. Rod
signals access the cone ON pathway via rod-cone electrical coupling through gap
junctions. A third pathway connecting rods to certain types of ON- and OFF-bipolar
cells has also been described but awaits further clarification and is not shown for
sake of clarity (Tsukamoto et al. 2001, Tsukamoto and Omi 2014).

1.3 Pathologies of the Retina

Mutations in genes that affect the function of photoreceptors impair the processing of
visual information in photoreceptors and may even lead to retinal degenerative
disorders up to blindness. Hereditary retinal disorders are a clinically and genetically
heterogeneous group, usually caused by monogenic defects and currently
untreatable (Fig. 5). The group include stationary and progressive forms with diffuse

and localized manifestations.

Leber's congenital Amaurosis (LCA) Night blindness (NB)
CORD/
cob
CEP290, DTHD1,
KCNJ13, LCAS,
NMNAT1, RD3 Y
CABP4
Cone-rod dystrophies GNATH
(CORD), cone dystrophy AIPL1,
(coDp) Gucy2o, CRB1, IMPDH1, GPR179, GRK1, VD
RPGRIP1 LRAT, MERTK, PDE6B, GRMS, LRIT3,
RDH12, RPE6S, RHO, NYX, TRPM1, SLC24A1
CRX, SPATAT SAG
ADAMY, GUCA1A, TULP1
HRG4/UNC118,
ucuvzﬁspoeeu.
PITPNM3, RAB28, RLBP1
RAX2, RDH5, RIM1 7 ARL2BP, C20RF a4, CERKL,
SEMAGA CLRN1, CNGA1{CNGB1)DHDDS,
DHX38, EMC1, EYS, FAM161A,
IDH3B, IMPG2, KIAA1549 ¢
= ABCA4, MAK, NEK2, NRL, PAP1(PDESA,
CNGA3, PROM1, PRCD, PRPF3, PRPF6, PRPFE,
PDEGC PRPH2, PRPF31, RBP3, RGR, ROM1, RP1,
| RPGR RP2, SNRNP200, TOPORS, TTCS,
| FSCN2, USH2A, ZNF513
GUCA1B
g&_ Retinitis Pigmentosa (RP)
RCP BEST1
C1QTNFS5, NR2E3
EFEMP1,
. — ELOVL4,
| HMNCH,
Color vision defects (CVD) RS1, TIMP3
FZD4, KCNJ13, LRP5, NDP, Erosive and Ecudative
Macula degeneration (MD) TSPAN12, VCAN, ZNF408 vitreoretinopathies (ERVR/EVP)

Figure 5: Groups of inherited retinal disorders and genes involved (from Berger et al. 2010; update
2014).
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1.3.1 Retinitis Pigmentosa

Retinitis Pigmentosa (RP) is the most common form of inherited retinal disorders that
is characterized by a progressive degeneration type (Pagon 1988, Hartong et al.
2006) and can appear in an autosomal-dominant, autosomal recessive, an X-linked
form or in a syndromic manner as in e.g. Usher-Syndrome or Bardet-BiedI-Syndrome
(Daiger et al. 2013). Currently more than 50 genes are known to cause RP (Berger et
al. 2010); many of them are preferentially or even exclusively expressed in rod
photoreceptors (Hartong et al. 2006). These genes encode for proteins such as the
rod PDE6 (Bayes et al. 1995, Dryja et al. 1999, 2009, Dvir et al. 2010) or the rod
CNG channel (Dryja et al. 1995, Travis et al. 1998) which are vital for
phototransduction processes. The other minor fraction of RP genes encode for
proteins that impair other cell types, e.g. RPE cells. RP is characterized by a primary
loss of photoreceptors followed by degeneration of the outer layers of the retina,
whereas the inner retina is widely preserved until late in the course of the disease
(Santos et al. 1997, Milam et al. 1998). In human, there is a large variability in the
age of onset, progression, retinal appearance, and final visual outcome. This
variability is also consistent in mouse models where the severity of disease

phenotype varies among animal models for RP, known so far.

1.3.2 Congenital Stationary Night Blindness

Congenital stationary night blindness (CSNB) is a further group of hereditary retinal
disorders and has a non-progressive course. CSNB can be classified in two groups.
The complete CSNB type 1 predominantly affects the inner retina, including changes
proximal to photoreceptors. Most of the genes encode for proteins located in ON-
bipolar cells, such as the NYX gene which encodes a protein involved in retinal
synapse formation or synaptic transmission (Bech-Hansen et al. 2000, Pusch et al.
2000). However, the X-linked incomplete CSNB type 2 (CSNB2) can be caused by a
mutation in the CACNALF gene encoding for an L-type calcium channel located at
the synaptic terminals of the photoreceptors (Strom et al. 1998, Bech-Hansen et al.
1998). Due to the X-chromosomal recessive inheritance males are far more
frequently affected than females. However clinical symptoms are occasionally also
observed in female carriers (Rigaudiere et al. 2003, Hemara-Wahanui et al. 2005,
Michalakis et al. 2013).
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2. Methods: Electroretinography (ERG)

The ERG measures temporally consecutive activities of photoreceptor based
processes and the subsequent signal transmission to the neuronal network of the
retina (Klinke and Silbernagel 2001) which are described in Chapter 1.2. For this
reason, ERG is an appropriate biomarker to assess the contribution of four key
components to different steps in visual processing.

The cellular origins of major ERG components were initially demonstrated by Granit
1934 and were further established by a wide range of scientists (Tomita 1981,
Miyake 2006, Frishman 2006) leading to a better understanding of visual signal
processing within the retina. That is precisely why ERG is nowadays an established
diagnostic technique in clinical ophthalmology and in basic research (Frishman 2006,
Tanimoto et al. 2009, McCulloch et al. 2015).

2.1 Principle of ERG

The ERG reflects a sum response of event-related transient electrical activity of the
entire retina to a light stimulation (Tanimoto et al. 2009). The electrical response of
the eye is generated by radial currents that originate either directly from retinal
neurons or their supporting cells, the Muller cells, which buffer the large extracellular
ion concentrations (Frishman 2006). One main factor regarding the contribution of
different retinal neurons to the ERG is their orientation. According to the radial
current, radially oriented retinal neurons like photoreceptors and bipolar cells have
larger contributions to the ERG than tangentially positioned cells like horizontal and
amacrine cells. The correlation of the cellular actions of the retina to respective ERG

signal components are illustrated for our settings (Fig. 6):

(A) In the dark, the photoreceptor is in a depolarized state due to maximally opened
CNG channels which allow an inward current. At synaptic terminals this results in a
high downstream synaptic activity, indicated by the amount of transmitter release.

Consequently, this leads to a baseline ERG.

(B) Stimulation by a bright light diminishes the dark current in the outer segments by
closure of CNG channels and hyperpolarizes the membrane potential. This in turn is

translated to an initial negative deflection (the leading edge of a-wave) in the ERG.
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(C) Further downstream in the photoreceptor the strong hyperpolarization leads to a
great reduction of synaptic activity, which activates post-synaptic depolarizing (ON-)

bipolar cells leading to a large positive deflection (b-wave).

(D) Despite unchanged CNG activity, the voltage change is sensed by the HCN1
channels. After a certain time delay they become active and the HCN1-mediated
inward current drives the membrane potential of the photoreceptor back to the
depolarized state inducing an increased synaptic activity and a decreased ON-bipolar
cell function. The result is a substantial, but not complete, reduction of the ERG b-

wave signal.
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Figure 6: Correlation of cellular electrical activities in the retina to ERG components (modified from
Seeliger et al. 2010).
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2.2 Preparations before ERG Examination

Preparations before the measurement start with an over night dark adaptation or a
minimum of 6 hours (Tanimoto et al. 2009 and 2013). On the day of ERG
examination, a subcutaneous injection of a mixture of Ketamine (66.7 mg/kg body
weight), Xylazine (11.7 mg/kg body weigh), and physiological saline is given for
anaesthesia as previously described (Tanimoto et al. 2009). After a stable
anaesthesia the pupils are dilated with tropicamide eye drops (Mydriaticum Stulin,
Pharma Stulln, Stulln, Germany).

The ERG equipment in our lab is from Multiliner Vision, VIASYS Healthcare GmbH,
Hoechberg (Germany) and consists of a Ganzfeld bowl which uniformly stimulates
the entire retina, a direct current amplifier as well as a PC-based control and
recording unit (Fig. 7). Additionally to this equipment we use a small box which is
essential for the ERG analysis on small animal models like for e. g. mice. The box is

covered with a heating pad which enables the control of body temperature (a

sensitive parameter) of the anaesthetized mouse during ERG.

Figure 7: The Ganzfeld ERG recording unit.
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For the ERG measurement, the mouse is symmetrically placed on the small box. Two
active electrodes (e.g. ring electrode made of gold wire) and two short (disposable
stainless) needle electrodes for a reference and a ground electrode are needed. The
first needle electrode is applied as reference at the forehead region as well as a
second ground electrode at the back near the tails. The positioning of the active
electrodes includes moistening of these electrodes with methylcellulose and
positioning of them on the surface of both corneas. After the impedance of each
electrode is checked, the small box is placed into the Ganzfeld bowl and the mouse
eyes were placed well into the center. ERG responses are obtained from both eyes
simultaneously, due to a verification of proper positioning of active electrodes by
comparing ERG responses between right and left eyes. Furthermore the
measurement of both eyes is particularly necessary in case of experiments with
therapeutic aims, where the untreated eye could be used as an internal control
(Michalakis et al. 2010, Koch et al. 2012).

2.3 ERG Recording Protocols

Important factors that determine the contribution of the retinal neurons to ERG
include stimulus conditions, background illumination (which influences retinal
adaptation levels) and duration of the stimulus. Therefore it is essential that
appropriate ERG protocols have to be tailored in order to specifically analyze visual
signals of retinal neurons. Additionally, specific mouse mutants lacking either rod or
cone system functionality enable a dissection of rod and cone mediated visual
signalling in ERG (Tanimoto et al. 2009).

ERG recordings are usually divided into two groups according to the frequency of
stimuli, the so-called single flash which represents an intensity series and the flicker
ERG with a change in frequency from very low to high. In our laboratory, ERG
examinations start with scotopic measurements (without background illumination)
which enable the assessment of rod system dominated activity (Fig. 8A). Accordingly,
single flash ERG responses at light levels up to 10 mcd*s/m? reflect pure rod system
activity (orange marked area) and ERG traces above 10 mcd*s/m? represent mixed
rod and cone system activities (Fig. 8A, orange and green marked area). After a
certain light-adaptation period (about 10 min) photopic ERG measurements were

continued under a steady background illumination of 30 cd*s/m? starting at 10
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mcd*s/m? and allowing to obtain information exclusively about cone system
contributions (Fig. 8B, green marked area). The rod system is usually saturated and
cannot react under these conditions (Tanimoto et al. 2009 and 2013). The
contributions of rod and cone system functionality are altered when specific genetic
defects in mice cause a strong desensitization of rod photoreceptors (Seeliger et al.
2001, Samardzija et al. 2009).
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Figure 8: The rod system and cone system contribution to scotopic (A) and photopic (B) single flash
ERG.

As initially mentioned in Chapter 2.1 the flash of light elicits a biphasic ERG
waveform which is typically composed of an initial negative component, the a-wave,
and a subsequent positive component, called b-wave (Fig. 9A). A third component of
the ERG are the oscillatory potentials (OPs), a number of higher-frequent and low-

amplitude wavelets on top of the b-wave which vary in size and in number with
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increasing stimulus intensities (Frishman 2006, Tanimoto et al. 2009 and 2013). The
initial a-wave is dominated by photoreceptor outer segment activity and the following
b-wave component reflects the activity of ON bipolar cells. In particular cases, a
specific reduction of the b-wave is a reliable marker to diagnostically identify defects
in synaptic transmission originating either from photoreceptor presynaptic endings or
from postsynaptically connected bipolar cells (Pardue and Peachey 2014).

Single-flash protocols are considered a minimum requirement to dissect rod from
cone signalling, but additional flicker ERG protocols can be performed to further
examine the major bipolar cell contributions of the rod and cone pathway (Tanimoto

et al. 2015). Specific flicker ERG protocols are described in the Results, Chapter
4.2.2.
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Figure 9: (A) Major components of the ERG (adopted from Tanimoto et al. 2009). (B) Box-and-
whisker-plot of single-flash intensity series of a wild type group (kindly provided from Dr. Tanimoto).

2.4 ERG Data Analysis and Presentation

In our lab, ERG data are initially analyzed by evaluating the b-wave amplitudes (from
the trough to the peak [in microvolt]) and the implicit time (time, expressed in
milliseconds, between the start of the stimulus and the peak of the b-wave). The b-
wave analysis is a useful first indication of the overall retinal functionality, as neuronal
activities of the inner retina are dependent on photoreceptor function. In particular
cases where photoreceptor activity is impaired, we additionally examine the a-wave
amplitude and implicit time.
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The configuration of the murine ERG is in principle comparable to human ERG;
however, the b-wave and the superimposed OPs are large in mice. Due to the
relatively large OPs an imaginary curve (Fig. 9A, red dashed curve) which
approximately runs through the midpoints of all OPs is fitted on the b-wave of both
the dark-adapted and light-adapted single-flash intensity series. The analyzed data of
all mice in each group are then summarized in amplitude vs. log intensity (Vlogl)
curve (Fig. 9B) and an implicit time plot, respectively. We usually use the box-and-
whisker plot, including the 5, 25, 50 (median), 75, and 95% quantiles, which provides
a proper data presentation independent of the underlying statistical distribution than

the mean and standard deviation (Tanimoto et al. 2009).
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3. Objectives

The aim of the thesis is to explore the role of four selected signalling components
located in different compartments of the photoreceptor cell, each contributing to a
different step in visual processing. The structure of the thesis follows this functional

order by a division into three parts reflecting the sequence of signal flow (Fig. 10):

The origin of rod vision: From biochemistry to electricity

The process from the reception of light in the opsin complex to the generation of an
early electrical visual signal is known for quite some time. Nevertheless, many details
in this sequence are still not clear even today. The first aim of this work was thus to
characterize some of the key elements of phototransduction located in rod outer
segments.

PDEG6, the rod phosphodiesterase, is situated close to the end of the photo-
transduction cascade. The primary role of this protein is to control the concentration
of the second messenger cGMP, which drives the cyclic nucleotide-gated (CNG)
channels in the outer segment membrane. Here, different point mutations in the
alpha subunit of the PDE6 were examined for the degree of remaining PDEG6
function. Our hypothesis was that the overall function in a compound heterozygous
line is determined by the average of the remaining function associated with each
mutated Pde6a allele. This way, mutant lines with intermediate functional
characteristics should arise from such cross-breeding. Further, we asked whether the
broad range of cGMP levels present in the original and newly generated mutants
would permit any visual activity.

Secondly, we investigated the role of CNG channels located in the outer segment
membrane of rod photoreceptors. These channels mediate light-driven responses by
a translation from biochemical activation to electrical signalling. While in the absence
of such channels no rod vision is possible, the hypothesis was that a gene
replacement approach may be able to rescue this deficiency. In Paper Il, we thus
examined the different functional aspects of visual restoration in the Cngb1” model

lacking the beta-subunit of the rod CNG channel.

Early adaptation in rod vision: Signal processing within the photoreceptor cell
The processing of sensory signals is of equal importance to the sheer generation of
signals. In vision, an extended activation of retinal pathways leads to a failure to

detect or follow changes in the environment during this period of ‘blinding’. In the rod
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pathway, adaptation occurs at several sites to limit periods of unresponsiveness. A
recently discovered key protein in this regard is the HCN1 channel located in the rod
inner segment. HCN1 channels limit prolonged activation of photoreceptors by a
modulation of the net current driving the synaptic output. In Paper Ill, we assessed
the details of this rod-intrinsic adaptation by HCN1 channels without cone
photoreceptor interference in the Hcnl1”Cnga3™ double knockout line devoid of any

cone system function.

Synaptic transmission in rod vision: Key players at the photoreceptor output
terminals

The synaptic region is the site where visual signals leave the photoreceptor and
continue to second order neurons. Specifically, neurotransmitter originating from the
presynaptic terminals elicits postsynaptic signals in downstream bipolar cells. Key
regulators of the respective activity at rod synaptic terminals are CaV1.4 L-type
calcium channels. In Paper IV and V, we examined two mutations in Cacnalf for
differences in remaining function. Our main interest was whether the overall function
in a knockout line differs from that in a line carrying a known gain-of-function

mutation.

Figure 10: Localization of key signal components in the rod photoreceptor cell, analyzed in this work.
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4. Results

4.1 The origin of rod vision: From biochemistry to electricity (Paper
| and II)

4.1.1 Background (Paper 1)

The transduction of light is initiated by a series of biochemical reactions in the rod
photoreceptor cell. Triggered by activation of rhodopsin, a multi-step amplifying
cascade drives current changes via cGMP-gated membrane-bound ion channels,
leading eventually to a change in synaptic activity. In this process, the rod-specific
phosphodiesterase-6 (PDEG) is the main cGMP hydrolysing enzyme and regulates
the intracellular cGMP concentration (Lagnado and Baylor 1992, Zhang and Cote
2005). PDES6 is a heterotetrameric complex composed of one alpha and one beta
catalytic as well as two gamma inhibitory subunits (Deterre et al. 1988). Mutations
affecting PDEG functionality were found in 2-4 % of patients with autosomal recessive
RP (arRP) (Drya et al. 1999) and are known to lead to premature retinal
degeneration with a similar course: rods are directly affected by the disease, but
cones nevertheless, undergo a secondary degeneration in areas where rods are
completely lost (bystander effect).

In this work, we therefore explored the differential functional effects of such mutations
on visual signalling which is additionally impaired due to degeneration. For this
purpose, four mouse lines that carry different knockin mutations in the alpha-subunit
of PDE6 (Pde6a) were identified or newly generated. Two existing PDE6a-deficient
mouse lines were included, the A.B6-Tyr+/J-Pde6a"™282/"m282 (\/685M) and the
C57BL/6J-Pde6a"™?83"M283 (DE70G) lines originally identified at the Jackson
Laboratory. The other two Pde6a mutant lines were generated anew from Paquet-
Durand and colleagues: the B6-Pde6a™ R°62Wim RS62W yarjant (R562W) and the B6-
Tyr+/J-Pde6a'™ Ro62Wnmf282 (/585N /R562W). All Pde6a mutants are in the following
referred to by the position and the type of the underlying amino acid exchange, i.e.
V685M, D670G, R562W and V685M/R562W.
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4.1.2 Results (Paper 1)

To assess residual enzymatic function via the expression level of the PDEGa protein
Paquet-Durand and co-workers performed specific staining in all four Pde6a variants
and WT retina (Fig. 3 A-E). A gradual decrease in PDEG6a levels was found, ranging
from almost undetectable expression in V685M and V685M/R562W mutants and
intermediate expression in the R562W variant to strong (but clearly lower than wt)
expression in D670G retinae. PDEGa expression levels correlated well with an
increase in cGMP accumulation (Paquet-Durand and colleagues, Fig. 3 F-J) as a
consequence of subnormal PDE6 activity. Except in wild type retina, all four Pde6a
variants had strongly elevated cGMP levels, with V685M displaying the highest level
and D670G the lowest level. The cGMP concentrations of R562W and
V685M/R562W lay in between these extreme values.

Based on these ex vivo expression studies, we assessed retinal function with
scotopic and photopic electroretinography (Fig. 7). Responses were best preserved
in D670G animals (marked in blue), greatly reduced in R562W mice (marked in
green), and completely missing in V685M mutants (marked in red). The responses of
the V685M/R562W intermediate mutants lay in between the R562W and V685M
variants. A comparison of the size of ERG amplitudes of different Pde6a variants with
age-matched C57/BL6 wild type mice revealed, that amplitudes of the Pde6a
mutants were substantially reduced and represent 1/3 to 1/4 of wild type animals.
Next, we wanted to specify whether retinal function is of rod or cone origin. Under
scotopic conditions no ERG responses were visible at -2 log cd*s/m? and below
which is suggestive for a missing rod signalling (Fig. 7A). A further comparison of
scotopic and photopic ERG amplitudes and waveforms showed that both ERG
signals were largely similar in size and shape. Additionally they resemble in shape
those of rho” mice, functional controls for cone-only responses (Fig. 7C). Together,
these findings argue for a mostly cone driven signalling in the Pde6a lines.

In vivo morphological analysis performed by Garcia Garrido (Fig. 6) and immuno-
histological analyses (by Paquet-Durand and colleagues, Fig. 4 and 5) give
indications for strong photoreceptor degeneration in Pde6a mutants, particularly
occurring in a graded manner. This indicates that different degrees of remaining cone
function, assessed by ERG, originate from a variable speed in degenerative

processes at PN30.
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In summary, insufficient PDE6 activity lead to an unphysiologically elevated level of
cGMP in rod photoreceptors of all four Pde6a variants. Essentially, this prevent light-
driven responses of rod origin even in very mild forms of PDE6a functional loss, so
that PDEG6-deficiency did not lead to differences in rod function, but only determined
the speed of photoreceptor degeneration which in turn is reflected by the remaining
cone ERG signals at P30 (Fig. 7).

4.1.3 Contribution Paper |
e Performed the in vivo functional analysis by means of ERG in all of the Pde6a
mutant variants (D670G, R562W, V685M/R562W and V685M).
e Developed the hypotheses (together with co-authors)
e Analyzed the data

e Wrote the manuscript including revisions (together with co-authors)

4.1.4 Background (Paper II)

At the end of the phototransduction in the outer segments, the rod CNG channel,
consisting of three CNGA1 and one CNGB1 subunits, translates the intracellular
cGMP level into a voltage change (Biel and Michalakis 2007). In the dark-adapted
state of rods, there is an inward current (the so-called ‘dark current’) mediated by the
CNG channel which allows influx of Na* and Ca®*. Upon light, cGMP levels decrease
via PDE6 hydrolysis which causes CNG channels to close, resulting in a
hyperpolarization of the cell membrane, the origin of photoreceptor electrical
signalling. Mutations in the genes encoding for each of the CNG channel subunits
cause arRP in humans (Biel and Michalakis 2007). In the Cngb1”™ mouse, lack of the
CNGB1subunits resulted in a lack of CNG channels which impaired rod signalling. In
this work, we specifically analyze the gain of rod signalling after an AAV-mediated
gene replacement approach in the Cngbl"' mouse. Application of this vector using
the described technique produced a transfected area of about one third of the retina,
which was verified via an analysis of the topographic expression of the CNGB1
protein (Koch, Fig. 1). A more detailed immunohistochemical breakdown revealed
that these channels contained both o and B subunits and were correctly localized at

rod outer segments (Fig. 2). Importantly, after treatment cGMP in the retina was
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normalized to physiological levels, indicative for the crucial role of CNG channels in

its regulation (Fig. 6G vs. F).

4.1.5 Results (Paper 1)

To assess whether restoration of the CNG channel indeed established rod-derived
signals, ERG examination were performed. Our functional analysis confirmed very
well that rod-mediated responses became recordable in treated eyes (TEs), whereas
no such activity was found in the untreated collateral eyes (UEs) (Fig. 4). Here, it
became evident that rod responses integrated into the corresponding rod-specific
dim light range and took over its entire activity (Fig. 4A and B; up to -2 log cd*s/m?).
At intermediate and brighter light conditions, however, rod activity interferes into the
existing cone-dominated signals resulting in a change in the contribution of the rod
and cone function to the net sum response which importantly remained stable (Fig.
4B; >-2 log cd*s/m?). Additionally, it was observed that rod ERG response was
always higher in amplitude (in TE) than the corresponding cone-dominated
responses (in UE) at each light-intensity. This indicated that in this setting, rod
system mediated signals dominate over the cone-system activity at intermediate light
intensities (up to about 0.5 log cd*s/m?). Finally, it was found that the size of the ERG
amplitude after gene therapy was approximately proportional to the size of the
treated area (one-third). A behavioural test was conducted to assess the
transmission of retinal information to more proximal parts of the CNS. Indeed, the
presence of perception-guided behaviour was found (Koch, Fig 5), highlighting the
role of CNG channels for rod vision.

Taken together, rod function was successfully induced in the Cngb1™ mouse line via
gene replacement therapy. The novel light-driven rod CNG activity resulted in regular
rod-mediated electrical responses, transmission to respective brain areas, and finally

vision-guided behaviour.

4.1.6 Contribution (Paper 1)
e Performed the in vivo functional analysis by means of ERG in all treated
Cngb1™ mice
e Evaluated the data
e Prepared eye cups for ex vivo immunohistological analysis

e Contributed substantial text passages for manuscript including revisions
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4.2 Early adaptation in rod vision: Signal processing within the

photoreceptor cell (Paper Ill)

4.2.1 Background

Hyperpolarization-activated and cyclic nucleotide-gated channels 1 (HCN1) are ubi-
quitously expressed in tissues where time-dependent activity is needed, such as
cardiac pacemaker cells. In rod photoreceptors, the voltage-gated HCN1 channels
are located in the inner segments (Muller et al. 2003, Knop et al. 2008). Light triggers
a closure of CNG channels in the outer retina which hyperpolarizes the membrane
potential. In reaction to this voltage change, HCN1 channels open after a delay of
approximately 30 ms in warm-blooded animals (Schneeweil3 and Schnapf 1995,
Demontis et al. 1999). This way, they counteract prolonged photoreceptor activation
via an inward current that partially restores outward flow from synaptic endings.
Nevertheless, the HCN1-mediated currents do not affect rod photoreceptor outer

segment activity (Knop et al. 2008).

4.2.2 Results

To dissect the functional role of HCN1 channels on rod system responses, we
generated double mutants by crossbreeding Hcnl” with Cnga3™ mice, a line in
which cones are non-functional. Retinal function in the resulting chl'/'CngaB'/'
double knockout animals (DKO) was followed by ERG. As a first step we had to verify
that the ERG responses in the rod-specific DKO line are comparable to that in the
single Hcnl” mutants. Indeed, a substantial effect of HCN1 deficiency was
particularly obvious at higher flash intensities above 30 mcd*s/m? (Fig. 2A-C), the
conditions where its function normally has the largest impact. Regarding the timing of
HCN1, the effect of HCN1 deficiency is greatest in later parts of the ERG response
(Fig. 2D). As projected, the elimination of cone intrusion, which is normally strongest
in later parts of the scotopic ERG waveform, enabled a more detailed analysis of rod-
specific HCN1 actions in the DKO line. Next, we determined the temporal resolution
of rod-specific vision in DKOs based on the ability to respond to repetitive light stimuli
of 10 mcd*s/m? under scotopic conditions. In order to reproduce a train of input
signals correctly, the output response has to return to the initial state (i.e. the state
that was present before a stimulus was applied) before the next stimulus occurs. A

system reaches its temporal limit if the next stimulus occurs prematurely, so that the
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baseline does not return to the initial resting state. The higher the rate of stimuli (i.e.
the frequency) becomes, the higher the new baseline between stimulus-induced
responses is elevated above the initial state. Since the width of the response to a
single stimulus is a major factor in this regard (Tanimoto et al. 2012), the
prolongation of waveforms in the absence of HCN1 channels is expected to
considerably reduce temporal resolution in the respective mutants. Paper |l
illustrates the experiments in the DKOs. In Fig. 3, the signal baseline level before
onset of the following response is marked by a red line. The refractory range (RR) is
given by the difference between the initial state (black dotted line) and the new signal
baseline level (red line). A RR>0 indicates that the system operates outside its
capability of temporal resolution. In this case, the increasing RR does limit the
dynamic range (DR; green shaded area). The DR is the remaining output range of
the system available for the response to a subsequent stimulus. In ERG data, the DR
corresponds to the maximally achievable flicker amplitude. Here, single Cnga3"‘ mice
were not able to respond to frequencies above about 15Hz (Fig. 3B). In DKOs, the
prolongation of the rod response waveform due to HCN1 deficiency increased its RR
already at much lower frequencies, thereby reducing the DR and thus the overall
flicker amplitude (Fig. 3C). We observed no differences to single Hcnl”™ mutants in
this regard (for data see Seeliger et al. 2011).

Finally, we assessed the flicker characteristics of DKOs to brighter light stimuli of 3
cd*s/m?, but still under scotopic conditions (Tanimoto et al. 2009 and 2015). As these
stimuli produce much wider waveforms, rods in Cnga3"' were able to respond only to
low frequencies of up to 3 Hz (Fig. 4A, red bar) (Tanimoto et al. 20015). In DKOs, rod
response waveforms were again prolonged and thus the temporal resolution to
respond to flicker stimuli in comparison is strongly reduced (Fig 4A, right). Taken
together, the data from the newly generated chl'/'Cnga3"' double mutants show
that HCN1 channels constitute an early site of adaptation in rod vision, which is

important to limit the duration of rod system saturation.

4.2.3 Contribution
e Designed the study under supervision of Dr. Tanimoto
e Performed the ERG in Hcn1”"Cnga3” and Cnga3” control animals
e Analyzed the data

¢ Wrote the manuscript including revisions (with input from co-authors)
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4.3 Synaptic transmission in rod vision: Key players at the

photoreceptor output terminals (Paper IV and V)

4.3.1 Background

The light information provided by rod outer segments is normally transferred across
the first synapse of the visual system from photoreceptors to bipolar cells. At the
synaptic endings (rod spherules), the voltage-gated CaV1.4 L-type calcium channels
sense the change in membrane potential of photoreceptors and in turn drive Ca?*-
dependent exocytosis of neurotransmitter-containing vesicles (Baumann et al. 2004).
The multi-subunit complex of the CaV1.4 channel is composed of the central pore-
forming alpha1-subunit, the auxiliary beta- and alpha2delta-subunits, as well as the
y-subunit (Strom et al. 1998, Baumann et al. 2004, Catterall et al. 2005).

Here, we set out to explore the functional difference between a Cavl.4 knockout
model including a disruption of the Cacnalf gene and a Cavl.4 knock-in model
(Cavl.4 IT) carrying a point mutation coding for the Isoleucin to Threonin amino acid
exchange at position 745. The missense mutation features a pronounced
hyperpolarization shift in CaV1.4 channel activation (Hemara-Wahanui et al. 2005).
Both Cav1.4 knock-out and knock-in mouse lines were originally obtained from Dr

Marion Maw, University of Otago, Dunedin, New Zealand (Specht et al. 2009)

4.3.2 Results

In Paper IV, the impact of a loss of the Cacnalf gene on retinal structure and function
was analyzed. Our studies, regarding the assessment of rod function under scotopic
conditions revealed that ERG responses of Cavl.4-deficient mice lack the b-wave
(positive component), reflecting a complete loss of rod signal transmission to the
corresponding rod bipolar cells (Fig. 1C). In contrast, the amplitude of the a-wave
(negative component) in Cavl.4-deficient mice was only slightly reduced to that of
wild type animals, indicating that rod photoreceptor outer segment activity was not
substantially impaired in these mice.

In Paper V, we investigated Cav1.4 IT mice in a similar way. Functional genetics data
in these mice supplied evidence for a strong shift in CaV1.4 channel sensitivity due to
the missense mutation (Hemara-Wahanui et al. 2005). Consequently, these channels

are activated at higher hyperpolarization levels with slower inactivation kinetics. The
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functional analysis corroborated these findings in vivo, reflecting a defective rod
synaptic signal transmission. The scotopic ERG revealed a minute but distinct
positive peak, but no regular a- or b-wave (Paper V; Fig. 1).

Dysfunction of the synaptic transmission typically reduces only the b-wave whereas
the corresponding a-wave, reflecting photoreceptor outer segment activity, stays
intact in in vivo functional analyses (Pardue and Peachey 2014). In our ERG
examinations, however, the a-wave was reduced to a different extent in both Cav1.4
mutants. This is possibly due to differences in morphological alterations among the
two lines, confirmed by Knoflach and co-workers in Paper IV (Fig. 3) and Michalakis
and colleagues in Paper V (Figs. 2 and 4).

In summary, we show here that a complete functional loss of CaV1.4 channel activity
results in an absence of rod synaptic transmission, while a shift in channel activation

only partially interrupts signal transfer.

4.3.3 Contribution (Paper IV and V)
e Performed the in vivo functional ERG in male Cavl.4 knockout mice and
corresponding controls (Paper IV)
e Performed the in vivo functional ERG in Cavl1.4 IT mice and corresponding
controls (Paper V)
e Analyzed the functional data for all animal groups and prepared figures

e Contributed text passages for the manuscript and its revised versions
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5. Discussion

The architecture of the retina is the result of an evolutionary optimization for the best
possible perception of visual cues in higher brain areas (Wassle and Boycott 1991,
Masland 2001). In the outer retina, light responses elicited in photoreceptors are fed
into a network of downstream neurons. Already at these early stages, signal
processing sets in to assist extraction of important features from visual scenes. In
particular, known concepts in this regard include selective signal amplification to
provide detection at the single photon level, and lateral interaction of neurons to
generate contrast information and to allow for motion detection. To date, a number of
mechanisms of visual signal processing still remain to be further clarified, and several
others may even be unknown.

The focus of this thesis was on the description of novel aspects of signal processing
within the rod cell. In particular, we assessed the contributions of key proteins located
in different photoreceptor compartments, specifically PDE6, CNG channels, HCN1

channels, and CaV1.4 channels, to visual signalling.

In the rod outer segment, the biochemical light reception cascade involves a
sequence of amplification steps, starting with the activation of the rhodopsin complex,
and ending with the closure of rod CNG channels. Towards the end of this
biochemical cascade, PDE6 mediates the visual information by hydrolysis of cGMP
(Beavo 1995, Farber 1995). While the function of these proteins has been
extensively studied, there is little known about the interplay of cGMP levels, CNG
channel function, and calcium levels. In Paper |, different degree of subnormal PDE6
catalytic activity in Pde6a mutants determines the level of intracellular cGMP in an in
vivo situation. Since the concentration of cGMP in rod photoreceptors substantially
controls the gating of CNG channels, the question arises whether any light-evoked
rod signals may be generated in such Pde6a mutants. The unphysiologically
elevated cGMP levels suggest that even maximally intense light stimulation may not
be capable to close CNG channels, resulting in a total inability of rods to respond
electrically. In some of the PDE6 mutants with substantial remaining activity, one
cannot exclude that rods are less desensitized and may be activated by very strong
light stimulation. Such effects have been described in rodents with insufficient retinal
availability of 11-cis-retinal, the functional form of vitamin A in the photoreceptors. In

this case, the limited chromophore decreases the amount of rhodopsin, which in turn
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diminishes rod sensitivity (Thomas and Lamb 1999, Seeliger et al. 2001). In any
case, our data show that the elevation of cGMP due to reduced PDEG6 activity is at
least effective to prevent rods from responding to dim light stimuli. To assess whether
their sensitivity is reduced to a degree that they respond under normally cone-
isolating lighting conditions, crossbreeding of Ped6a mutant mice with selective rod-
or cone-only mouse models, such as rho” (Humphries et al. 1997, Jaissle et al.
2001) or Cnga3™” (Biel et al. 1999) may be necessary. If rods contribute to light
responses in Pde6a mutants, similar ERG responses would be obtained in Pde6a
mutants and Pde6a/Cnga3” double mutants. Alternatively, if rod signals are
completely absent, ERGs from Pde6a lines would equal those of Pde6a/rho™ double
mutant mice.

The CNG channels in rod outer segments are on the one hand responsible for the
electrical current. On the other hand, they allow for the influx of Ca?*, which
contributes to a Ca®*-dependent inactivation of GC and in turn a decrease in GMP
synthesis. Similar to PDE6 dysfunction where channels are constitutively open, a
lack of CNG channels also leads to elevated cGMP levels and to impaired rod vision
(Huttl et al. 2005). Consequently, the introduction of the missing CNG channels
should normalize cGMP levels and allow for regular light-driven rod function. Paper Il
describes this approach based on an AAV-mediated gene therapy. Subsequent to
treatment, cGMP was downregulated to normal levels, and rod electrical activity
became apparent in ERG recordings under rod-specific conditions. The studies on
both CNG channels and PDEG6 highlight that a proper regulation of the intracellular
cGMP concentration is crucial for rod vision, and dysfunction of either PDE6 or the

CNG channel impaired rod signalling.

The electrical signal generated in rod outer segments is then transmitted to the
synaptic region. In Paper Ill, we describe how the underlying current is tightly
controlled and modulated after light exposure by HCN1 channels. HCN1 channels
are strongly expressed in photoreceptor inner segments. They use current feedback
to shape the photoreceptor voltage responses (Fain et al. 1978, Demontis et al.
1999). Such feedback mechanisms are common strategies to regulate saturation of
the retinal networks (Fain et al. 2001, Reuter 2011). A further modulatory role is

known from BK channels which are expressed in A17 amacrine cells (Tanimoto et al.
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2012). These channels modulate rod bipolar output signals entering the primary rod
pathway via All amacrine cell (see Introduction, Fig. 4B).

In Paper lll, we explored the adaptive power of HCN1 channels on rod-specific
signalling in a model with additional genetic inactivation of cone function. The
detailed investigation complemented previous work (Knop et al. 2008, Seeliger et al.
2011) and showed that HCN1 channels have a major impact on rod vision
particularly under constant light exposure where the HCN1 channels allow inward
currents in the inner segment. During the period of unresponsiveness of rods due to
closure of CNG channels in the outer segment they limit prolonged activation of
photoreceptors by a modulation of the net current driving the synaptic output.

The net current in photoreceptors is governed by the interplay of several ion channel
types. Thus, in the absence of HCN1 channels, there may be a further mechanism
which counterbalances the lack of HCN1. The resting potential of photoreceptors in
the dark is driven by an inward-current through CNG channels and an outward flow
of ions via potassium currents Ikx. During light exposure, CNG channel closes and Ik«
conducts the membrane potential to more hyperpolarized levels together with the
electrogenic Na'/K*-ATPase. This leads to the conjecture that inward-rectifying
potassium currents may exist. Indeed, such currents were recorded in mouse rods
(Knop et al. 2008, Demontis et al. 2009). However, their magnitude would only be
sufficient to reach Ex but not the resting potential. Consequently, the full recovery to
the resting state is determined by the speed of cGMP restoration, regulated by outer
segment components like PDE6, GC and CNG channels, respectively.

The HCN1 feedback mechanism, mediating adaptation in rod vision at the level of
the photoreceptor, is important to limit the duration of rod system saturation without
compromising maximal sensitivity. Evolutionary, such adaptive mechanisms may play
a decisive role in wildlife for both predators and prey, where the rapid return to useful

visual perception after a period of saturation is of great advantage.

The step of signal transmission at the rod photoreceptor synaptic terminals was
addressed in Papers IV and V, both concerning the role of CaV1.4 channels. These
voltage-gated channels drive a Ca®*-inward current and control the neurotransmitter
release which finally governs the signal transfer from rods to downstream bipolar
cells. They are strongly active at depolarized membrane potentials and reduce their

conductance wupon light-induced hyperpolarization. Paper |V describes the
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interruption of rod signalling following a complete loss of CaV1.4 channels, whereas
Paper V reports a gain-of-function mutation that causes a shift in CaV1.4 channel
sensitivity, resulting in a subtotal reduction of synaptic activity. These papers
demonstrate very nicely that regular transmitter release at rod synaptic terminals
requires a certain working range of the CaV1.4 channels. A modification in the
direction of either a reduced or enhanced sensitivity of the CaV1.4 channels may
completely suppress or at least reduce the dynamic range of rod synaptic activity.

Dysfunction of the synaptic transmission normally is not accompanied with
decreased outer segment activity, so that the corresponding a-wave stays intact in in
vivo functional analyses (Chang et al. 2006, Pardue and Peachey 2014). Our
investigations, however, showed a variable preservation of the a-wave in the
CACNA1F-mutants, possibly due to differences in morphological alterations among
the two lines (Paper IV: Figs. 2 and 3; Paper V: Figs. 2 and 4). Specifically,
degenerations at the synaptic region may degrade the current flow in the
photoreceptor which is the basis for maintaining the membrane potential. If the
degeneration is not uniform, a mosaic retina may develop which is characterized by
adjacent functional and non-functional retinal neurons. Correspondingly, the extent of
the remaining healthy areas in the retina may determine the residual status of the

outer segment currents, which is reflected in the initial a-wave.

In this thesis, the contribution of different proteins for visual signalling in rod
photoreceptors was investigated. For the dissection of visual signalling, functionally
specific genetic mutants were used as fundamental tools to provide physiological
insights into the steps of signal transfer. We found that the loss of outer segment
activity due to failure of PDE6 or CNG channel function resulted in an inability of rods
to generate an electrical signal. Further, the ablation of HCN1 channels located in the
inner segments led to a sustained duration of rod electrical signals and saturated
downstream visual pathways. Finally, we elaborated that CaV1.4 channels that
control the biochemical signal transfer at rod photoreceptor synapses require a

certain working range for this process.
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Abstract

Mutations in the PDE6A gene can cause rod photoreceptors degeneration and the blinding disease retinitis pigmentosa (RP).
While a number of pathogenic PDE6A mutations have been described, little is known about their impact on compound
heterozygous situations and potential interactions of different disease-causing alleles. Here, we used a novel mouse model for
the Pde6a R562W mutation in combination with an existing line carrying the V685M mutation to generate compound
heterozygous Pde6a V685M/R562W animals, exactly homologous to a case of human RP. We compared the progression of
photoreceptor degeneration in these compound heterozygous mice with the homozygous V685M and R562W mutants, and
additionally with the D670G line that is known for a relatively mild phenotype. We investigated PDE6A expression, cyclic
guanosine mono-phosphate accumulation, calpain and caspase activity, in vivo retinal function and morphology, as well as
photoreceptor cell death and survival. This analysis confirms the severity of different Pde6a mutations and indicates that
compound heterozygous mutants behave like intermediates of the respective homozygous situations. Specifically, the severity
of the four different Pde6a situations may be categorized by the pace of photoreceptor degeneration: V685M (fastest) > V685M/
R562W > R562W > D670G (slowest). While calpain activity was strongly increased in all four mutants, caspase activity was not.
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This points to the execution of non-apoptotic cell death and may lead to the identification of new targets for therapeutic
interventions. For individual RP patients, our study may help to predict time-courses for Pde6a-related retinal degeneration and
thereby facilitate the definition of a window-of-opportunity for clinical interventions.

Introduction

Retinitis pigmentosa (RP) is a hereditary neurodegenerative dis-
ease of the retina which affects photoreceptors and is a major
cause of early-onset blindness in the industrialized world (1).

The genetic mutations triggering RP usually lead to a disturb-
ance of the phototransduction cascade, often associated with an
elevation of cyclic guanosine mono-phosphate (cGMP) (2). In the
dark, high guanylate cyclase activity increases cGMP levels (3).
Phototransduction starts with a light-induced, conformational
change of opsin molecules, causing sequential activation of
transducin and phospho-diesterase-6 (PDE6), the latter of
which subsequently reduces the intracellular cGMP concentra-
tion. High cGMP levels maintain cyclic-nucleotide-gated (CNG)
cation channels in the open state, allowing Ca®* influx (4). PDE6
activation reduces cGMP levels, thus closing CNG channels and
causing hyperpolarization and signal transmission to second
order neurons.

Genetic mutations affecting PDE6 function lead to an excessive
accumulation of cGMP and subsequent rod photoreceptor death
(5,6), followed by a mutation independent, secondary death of
cone photoreceptors (7). In rod photoreceptors, PDE6 is composed
of two catalytic subunits—alpha (A) and beta (B)}—and in the in-
active state associates with two inhibitory gamma subunits.
When all mutations affecting any of the three PDE6 alpha, beta
or gamma subunits are considered together, these are responsible
for up to 4-8% of human RP patients (8-10). Previously, PDE6 dys-
function was investigated primarily in animal models affected by
mutations in the Pde6b gene, such as the rd1 (11) or the rd10
mouse (12). A variety of Pde6a mutations are also known to
cause RP (13) but, so far these have been relatively little studied.

RP animal models are normally studied in the homozygous
state (e.g. as Pde6b™'/"1) even though, in human RP patients, in
outbred populations, homozygosity is relatively rare and, in
fact, compound heterozygosity, where two different disease-
causing alleles come together in one individual, is more frequent
(e.g. PDEGAVOESM/RS62W) T account for this, we have used various
Pde6a mutant mice and studied the progression of retinal degen-
eration both in the homozygous and compound heterozygous si-
tuations. To facilitate a comparison with the human situation, we
focussed on Pde6a mouse mutants for which homologous RP pa-
tients have previously been identified. This relates to point muta-
tions resulting in an amino acid exchange in various positions of
the PDE6A protein, i.e. R562W, D670G and V685M. For the sake of
clarity, in the following these animal models will be referred to by
the position of their respective mutations.

The previously reported Pde6a D670G and V685M mouse mu-
tants have been generated by N-ethyl-N-nitrosourea (ENU) muta-
genesis and were identified through a screen for altered fundus
pigmentation (13). In this study, we generated and studied an
additional Pde6a R562W-knock-in mutant. The generation of
this mutant followed the identification of a human RP patient
compound heterozygous for the c.1684C>T/p.Arg562Trp and
€.2053G>A/p.Val685Met mutations in PDE6A. Therefore, the gen-
eration of the R562W-knock-in mutant gave the opportunity to
study the exact homologous genotype of the patient through
crossbreeding of the R562W-knock-in with the V685M mutant.
We then used both homozygous and compound heterozygous
Pde6a mutant animals to assess the relative impact of different

genetic insults on the progression and the severity of retinal de-
generation. The data generated here may serve as a reference for
further pre-clinical studies in RP animal models and—extrapo-
lated to the human situation—may guide future clinical trials
for RP therapy development.

Material and Methods

Animals

All Pde6a mutants used were generated and maintained on the
C57BL6/] strain background (wild type; wt), were housed under
standard white cyclic lighting, had free access to food and
water and were used irrespective of gender. The V685M (A.B6-
Tyr+/J-Pde6a™™282/nmf282) 9§ DE70G (C57BL/6J- Pde6a™™I363/363)
animals were obtained from the Jackson Labs (Bar Harbor, MA,
USA).

The R562W-knock-in mutant was generated by GenOway
(Lyon, France) using standard procedures of homologous recom-
bination in murine embryonic stem (ES) cells. Briefly, left arm and
right arm homology fragments of 4066 bp (covering exon 10 to
exon 12 and parts of the flanking introns of Pde6a) and of
3830 bp (covering exon 13 and parts of the flanking introns of
Pde6a), respectively, were polymerase chain reaction (PCR) amp-
lified from a C57BL/6-derived BAC clone carrying Pde6a se-
quences. To generate the knock-in mutation the ‘CGG’ arginine
codon was replaced by a ‘TGG’ tryptophan codon at the respective
position in exon 13 in the right arm homology fragment by in vitro
mutagenesis. The cloned fragments were verified by Sanger se-
quencing and then assembled for the final targeting construct
that comprised a neomycin positive selection cassette flanked
by loxP sites and inserted in intron 12 between the left and
right arm homology fragments, and a diphtheria toxin expres-
sion cassette for negative selection. The targeting construct
was electroporated into C57BL/6-derived ES cells according to
GenOway'’s electroporation procedures (i.e. 108 ES cells in the
presence of 100 pg of linearized plasmid, 260 V, 500 pF). Positive
selection was started 48 h after electroporation, by addition of
200 pg/ml of G418 (150 pg/ml of active component, Life Technolo-
gies, Inc.). Resistant clones were isolated and amplified in 96-well
plates. Duplicates of 96-well plates were made. The set of plates
containing ES cell clones amplified on gelatine were genotyped
by both PCR and Southern blot analysis and the presence of the
mutation was verified by sequencing. One fully characterized
ES clone was used for injection into blastocysts of C57BL/6]-
Tyr®?/J mice and two highly chimeric male mice were obtained.
These mice were mated with C57BL/6 cre deleter female mice to
excise the neomycin selection cassette. The F1 progeny was
tested for proper excision of the neomycin cassette by means of
PCR and Southern blotting. Since the used C57BL/6-derived ES
cells carry the rd8 allele (14), we mated the F1 with C57BL/6] ani-
mals and then crossbred F2 animals to obtain homozygous
R562W mice devoid of rd8.

For all animals used in this study, day of birth was considered
as post-natal day (P) 0. All procedures carried out on animals were
reviewed and approved by the competent authority (Regierung-
sprasidium Tuebingen). All efforts were made to minimize the
number of animals used and their suffering.

GTOZ ‘0T 13nbny uo usbuigen | AlseAiun e /Bio'seulnolpioxo by :dny woiy papeojumoq


http://hmg.oxfordjournals.org/

Functional analysis of the p.R562W mutant gene

We used an established system for the functional expression of
PDES6 protein based on a PDE6C/PDES fusion construct and the
use of the baculovirus/Sf9 insect cell system for recombinant
protein expression (15,16). The mutated construct bearing a tryp-
tophan codon instead of an arginine codon at the site homolo-
gous to p.R562 of Pde6a was generated by in vitro mutagenesis
(Quik Change in vitro Mutagenesis Kit from Agilent, Waldbronn,
Germany). Generation of recombinant bacmids, transfection of
Sf9 insect cells and viral amplifications were carried out accord-
ing to the manufacturers’ recommendations (Life Technologies/
Invitrogen, Darmstadt, Germany). Lysis of cells and purification
of recombinant protein was carried out as previously described
(15) and PDE activity was measured using [*H]-cGMP (GE Health-
care, Munich, Germany) as substrate (17). Briefly, 5 pg purified
wt and mutant protein, respectively, were incubated in a total
volume of 40 pl of 20 mm Tris-HCl pH8.0, 50 mM NaCl, 15 mm
MgSO,, 2 mM B-mercaptoethanol, 0.1 pM shrimp alkaline phos-
phatase and 5 pM [*H]cGMP (100 000 cpm) for 10 min at room
temperature. The reaction was stopped by the addition of
0.5 ml AG1-X2 anion exchange resin (Bio-Rad) in a 20% bed vol-
ume suspension. Samples were incubated with the resin for
10 min with occasional vortexing and then centrifuged at 9000g
for 2 min. Two hundred and fifty microliter aliquots of the clear
supernatant were removed and measured in a scintillation
counter (Beckman LS 6000, Beckman Coulter GmbH, Krefeld,
Germany).

RT-PCR and allelic quantification

Homozygous and heterozygous Pde6a R562W-knock-in mice
were sacrificed at the age of P14 and P80, respectively. In addition,
we used P13 and adult C57BL6 wt mice as control. Retinas were
dissected from enucleated eyes and used to prepare total RNA.
The tissue was lysed mechanically in a Precellys homogenizer
(Peglab Biotechnologie GmbH, Erlangen, Germany) and total
RNA isolated through affinity chromatography on silica mem-
brane (peqGold Total RNA Kit; Peqlab Biotechnologie GmbH).
Single-stranded cDNA was synthesized from 1-2 pg of total
RNA by reverse transcription applying random hexamers for
priming (Transcriptor First Strand cDNA Synthesis Kit, Roche,
Mannheim, Germany). For qualitative reverse transcriptase-
polymerase chain reaction (RT-PCR), we amplified 1/10 volume
of the first-strand cDNA with primers MmPde6a_cDNA_ex12Fnw
(5-ACGCGGAGTCATACGAAATC-3) and MmPde6a_cDNA_ex15Rnw
(5-ATGATGCCTTTCCAAGATGG-3) or Pdeba_cDNA_Ex11 (5'-AGAG
GTGTACGGCAAAGAGC-3’) and Pde6a_cDNA_Ex14 (5'-GTTGTT
CGTGCCTCTGTGGT-3') applying standard PCR conditions.
RT-PCR products were cloned into pCR2.1 using the TA Cloning
Kit (Invitrogen/Life Technologies) and plasmid DNA purified from
single bacterial clones was sequenced applying cycle sequencing
and BigDye Terminator V1.1 chemistry (Applied Biosystems/Life
Technologies). Sequencing products were separated on an ABI
3130XL capillary sequencer (Applied Biosystems/Life Technolo-
gies). Raw sequences were processed using Sequencing Analysis
Software V5.2 (Applied Biosystems/Life technologies) and as-
sembled into contigs using SeqMan (Lasergene, Madison, WI, USA).
Relative quantification between the R562W-knock-in allele
and the wt allele was done by pyrosequencing. For relative quan-
tification of allelic Pde6a transcripts, we amplified 1/10 volume of
first-strand retinal cDNA of heterozygous mutant mice with
primers Pde6a_Mm_Ex12-13_F (5'-TTCCACATCCCGCAAGAG-3)
and a 5'-biotinylated reverse primer Pde6a_Mm_Ex12-13_R
(5-Bio-CCAGCAAGGAGAACATGGTC-3") applying standard PCR
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conditions. For comparison, we amplified an exon 13 internal
fragment of the Pde6a gene from genomic DNA of heterozygous
R562W-knock-in mice (extracted from ear punches) with primers
Pde6a_Mm_Ex13-DNA_F (5-GTTCACAGGCCCTGGTGC-3’) and
5’ biotinylated Pde6a_Mm_Ex12-13_R (see above). PCR products
were purified by immobilization on streptavidin coated sephar-
ose beads (GE Healthcare) and vacuum filtration (Vacuum Mani-
fold, Qiagen, Hilden, Germany). Single-stranded PCR products
were sequenced with primer Pde6a_Mm_Ex12-13_S (5'-GAAT
CACTTACCACAACTG-3’) on a Pyromark Q96 instrument accord-
ing to the manufacturer’s recommendations (Qiagen).

Minigene splicing assays

Minigene constructs were generated by cloning both allelic pro-
ducts of a PCR with primers EcoRI-PDE6A-MMI (5'-aaGAATTCT
GTATCAGTACGACCCAAGAC-3’; EcoRI recognition site under-
lined) and BamHI-PDE6A-MMr (5'-aaGGATCCGAGTTGTATACTT
CTCTATTCTTGGAA-3’; BamHI recognition site underlined) with
genomic DNA of a heterozygous R562W-knock-in mutant into
the EcoRI and BamHI sites of the pSPL3 vector. The amplified frag-
ment from the wt allele encompasses exon 13 of Pde6a, 424 bp of
upstream intron 12 sequence, and 308 bp of downstream intron
13 sequence. The fragment from the knock-in allele covers an
additional 96 bp insert (comprising a single loxP site and flanking
multiple cloning site sequences derived from the targeting vec-
tor) inserted 247 bp upstream of exon 13. Further constructs
were obtained by introducing the c.1684C>T/p.R562W mutation
into the wt allele construct and by reverting the mutation in
the knock-in allele construct through in vitro mutagenesis
according to the manufacturer’s protocol (Quik Change Mutagen-
esis Kit; Agilent). The inserts of the minigene constructs were
verified by Sanger sequencing as outlined above. Purified plasmid
DNA of the constructs were used to transfect HEK293 and 661W
as follows: Cells were seeded in 6-well plates in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Gibco/Life Technologies) with 10%
fetal bovine serum (Biochrom GmbH, Berlin, Germany) and the
following day, at 80-90% confluency, cells were transfected with
4-10 pg plasmid DNA of the minigene construct using 20 ul
Lipofectamine 2000 per well and OptiMEM® supplemented with
GlutaMAX™ (Gibo/Life Technologies) as diluents and medium.
After 6 h incubation, cells were harvested by trypsinization
with 0.05% trypsin-ethylenediaminetetraacetic acid (Gibco/Life
Technologies), centrifuged at 1500 rpm for 5 min and transferred
to a 6 cm dish with DMEM supplemented with 10% fetal calf
serum and antibiotics (10 ml/1 of penicillin-streptomycin solu-
tion [P4333; Sigma-Aldrich Chemie GmbH, Munich, Germany]
and 10 ml/1 Amphotericin B [250 pg/ml in water; Biochrom AG]).
Twenty-four hours post-transfection, cells were lysed and total
RNA was extracted applying the peqGOLD Total RNA Kit (Peqlab
Biotechnologie GmbH). Single-stranded cDNA was synthesized
as outlined above and cDNA was amplified with primers SA2
(5'-ATCTCAGTGGTATTTGTGAGC-3') and SD6 (5'-TCTGAGTCACC
TGGACAACC-3') applying standard PCR conditions. RT-PCR pro-
ducts obtained from transfected HEK293T cells were cloned
into pCR2.1 using the TA Cloning Kit (Invitrogen/Life Technolo-
gies) and plasmid DNA isolated from single bacterial clones
sequenced as outlined above.

Histology, immunohistochemistry and
immunofluorescence

Animals were sacrificed in the morning (10-11 am), their eyes en-
ucleated and fixed in 4% paraformaldehyde (PFA) in 0.1 M phos-
phate buffer (pH 7.4) for 45min at 4°C. PFA fixation was
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followed by cryoprotection in graded sucrose solutions (10, 20,
30%). Unfixed eyecups were directly embedded in cryomatrix
(Tissue-Tek, Leica, Bensheim, Germany). Sagittal 12 pm sections
were obtained and stored at —20°C.

For immunofluorescence, sections were incubated overnight
at 4°C with primary rabbit antibody against PDE6A (Novus Biolo-
gicals, Cambridge, UK; # NBP1-87312), rabbit antibody against
caspase-3 (Cell Signaling, Danvers, MA; #9664), or sheep antibody
against cGMP (1:400; kindly provided by Harry Steinbusch, Maas-
tricht, The Netherlands), then washed in PBS and incubated for
1h with Alexa Fluor 488-conjugated, matching secondary anti-
bodies (Molecular Probes, Inc. Eugene, USA). Negative controls
were carried out by omitting the primary antibody. Sections
were mounted with Vectashield (Vectorlabs, Burlingame, CA,
USA) for microscopy.

Calpain activity and TUNEL assay

Calpain activity was investigated using an enzymatic in situ assay
(18). Unfixed cryosections were incubated for 15 min in calpain
reaction buffer (CRB; 25 mm HEPES, 65 mm KCl, 2 mm MgCl2,
1,5mm CaCl2, 2 mm DTT) and then incubated at 35°C for 1 h
in the dark in CRB with 2 mm fluorescent calpain substrate
7-amino-4-chloromethylcoumarin, t-BOC-Leucyl-L-methionine
amide (Life technologies, Darmstadt, Germany; #A6520). Fluores-
cence was uncaged by calpain-dependent cleavage of t-Boc-
Leu-Met-CMAC.

Terminal deoxynucleotidyl transferase dUTP nick end label-
ling (TUNEL) assay was performed using an in situ cell death de-
tection kit (Fluorescein or TMR; Roche Diagnostics GmbH,
Mannheim, Germany). For controls terminal deoxynucleotidyl
transferase, enzyme was either omitted from the labelling solu-
tion (negative control), or sections were pre-treated for 30 min
with DNAse I (Roche, 3 U/ml) in 50 mm Tris-HCl, pH 7.5, 1 mg/ml
BSA to induce DNA strand breaks (positive control). While nega-
tive control gave no staining, positive control stained all nuclei
in all layers of the retina (19).

Microscopy, cell counting and statistical analysis

Light and fluorescence microscopy were usually performed at
room temperature on an Axio Imager Z.1 ApoTome Microscope,
equipped with a Zeiss Axiocam MRm digital camera. Images
were captured using Zeiss Axiovision 4.8 software; representative
pictures were taken from central areas of the retina using a
20%/0.8 Zeiss Plan-APOCHROMAT objective. Adobe Photoshop
CS3 (Adobe Systems Incorporated, San Jose, CA) was used for pri-
mary image processing.

For the quantifications of positively labelled cells (TUNEL,
cGMP), pictures were captured on three entire sagittal sections
for at least three different animals for each genotype and age
using Mosaic mode of Axiovision 4.8 at 20x magnification. The
average area occupied by a photoreceptor cell (i.e. cell size) for
each genotype and age was determined by counting DAPI-stained
nuclei in nine different areas (50 x 50 pm) of the retina. The total
number of photoreceptor cells was estimated by dividing the
outer nuclear layer (ONL) area by this average cell size. The number
of positively labelled cells in the ONL was counted manually. We
considered cells as positively labelled only if they showed a strong
staining of either the photoreceptor nuclei (e.g. for TUNEL) or peri-
nuclear areas (e.g. for cGMP, caspase-3). Values obtained are given
as fraction of total cell number in ONL (i.e. as percentage) and
expressed as mean + standard error of the mean (SEM).

For the quantification of PDE6A protein expression, fluores-
cent pictures were loaded into Image] (Vers. 1.44; Wayne

Rasband, National Institute of Mental Health, Bethesda, MA)
and the line plot option was used to obtain maximum intensity
values for the ONL and outer segment (OS) areas. The (unstained)
ONL values were taken for background subtraction, the average
pixel intensity in wt OS was arbitrarily set to 1; the mutant values
were expressed as a function of that. For statistical comparisons,
the unpaired Student t-test as implemented in Prism 5 for Win-
dows (GraphPad Software, La Jolla, CA) was employed.

Non-invasive in vivo imaging and functional testing

A baseline characterization with electroretinography (ERG), spec-
tral domain optical coherence tomography (SD-OCT) and scan-
ning-laser ophthalmoscopy (SLO) was performed at 4 weeks of
age. The groups were composed of four animals of each genotype.

Electroretinography

ERGs were recorded binocularly from different Pde6a mutants as
described previously (20). Mice were dark-adapted overnight and
anaesthetized using a combination of ketamine (66.7 mg/kg body
weight) and xylazine (11.7 mg/kg body weight). Their pupils were
dilated and single-flash ERG responses were obtained under
scotopic (dark-adapted) and photopic (light-adapted with a
background illumination of 30 cd/m?, starting 10 min before
recording) conditions. Single white-flash stimuli ranged from
-4 to 1.5 log cd-s/m? under scotopic and from -1.0 to 1.5 log
cd-s/m? under photopic conditions. Ten responses were averaged
with inter-stimulus intervals of 5 s (for —4 to —0.5 log cd-s/m?) or
17 s (for O to 1.5 log cd-s/m?).

Spectral-Domain optical coherence tomography

Retinal structures of the still anesthetized animals were visua-
lized via OCT imaging with a Spectralis™ HRA + OCT (Heidelberg
Engineering GmbH, Heidelberg, Germany). This device features a
superluminescent diode at 870 nm as low coherence light source.
Scans are acquired at a speed of 40 000 scans per second and each
two-dimensional B-scan contains up to 1536 A-scans (21-23). The
images were taken with the equipment set of 30° field of view and
with the software Heidelberg Eye Explorer (HEYEX version 5.3.3.0,
Heidelberg, Germany). Resulting images were exported as 8-bit
colour bitmabp files and processed with CorelDraw X3 (Corel cor-
poration, Ottawa, ON, Canada).

Scanning-laser ophthalmoscopy

Eyes were kept moisturized with Methocel (Omnivision, Puch-
heim, Germany) so that SLO imaging was performed in the
same session as OCT. It was carried out with a HRA 1 system (Hei-
delberg Engineering) according to previously described proce-
dures (24). Briefly, the HRA 1 system features lasers in the short
(visible) wavelength range (488 nm in both and 514 nm), and
also in the long (infrared) wavelength range (795/830 nm and
785/815 nm). The 488 and 795 nm lasers are used for fluorescein
(FLA) and indocyanine green (ICG) angiography, respectively. GFP
excitation was detected in the autofluorescence mode at 488 nm
with a 500 nm barrier filter.

Results
Functional analysis of the p.R562W mutation in PDE6A

To verify the pathogenicity and to assess the functional conse-
quence of a recently identified new missense variant (p.R562W)
in the PDE6A gene, we expressed the mutant PDE6 protein in Sf9
insect cells by using an established chimeric PDE6C/PDES con-
struct (15). Purified recombinant protein was analyzed for cGMP
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hydrolysis activity. In comparison with wt protein, the catalytic
activity of R562W mutant protein was reduced to ~10% (Fig. 1).

Generation of a new mouse model for the R562W
mutation

In order to study the retinal phenotype caused by the R562W
mutation, we generated a Pde6a:R562W-knock-in mouse mutant
applying state-of-the art homologous recombination in mouse
ES cells. The knock-in allele bore the actual c.1684C>T/p.R562W
mutation in exon 13 and, in addition, upstream, in intron 12, rem-
nant sequences of the targeting process including a single loxP
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Figure 1. The R562W mutant PDE6 protein shows reduced catalytic activity.
cGMP hydrolysis activity of wild-type and R562W mutant chimeric PDE6C/PDES
protein was determined in vitro on purified recombinant protein. The bars were
normalized to wild-type enzymatic activity (100%).
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site flanked by 62 bp of sequence of the multiple cloning site
derived from the targeting vector. We used heterozygous
R562W-knock-in animals to test for proper expression of the
mutant allele in the retina. Upon allelic quantification of Pde6a
RT-PCR products, we found an excess of wt allele derived
transcripts in heterozygous animals (Fig. 2A).

Further RT-PCR experiments with primers located in exon 12
and 14 revealed two major products in homozygous R562W mu-
tants. The larger RT-PCR product was identical in size (403 bp) to
the RT-PCR obtained from control animals, and the other ~100 bp
smaller (Fig. 2B). Sequencing of cloned products from homozy-
gous R562W mutant animals revealed that the smaller cDNA
fragment lacks exon 13. Additionally, we performed RT-PCR
experiments in heterozygous R562W animals. Sequencing of
cloned RT-PCR products showed the absence of exon 13 in the
smaller cDNA fragment while the larger cDNA fragment repre-
sented a mixture of correctly spliced wt and knock-in allele de-
rived transcripts, respectively (Supplementary Material, Fig. S1).
These findings indicated an incompletely penetrant splicing de-
fect caused by the knock-in allele. Bioinformatic analysis sug-
gested that the C>T transition created an exonic splicing
silencer (ESS) site which most likely explained the impaired
exon 13 splicing (data not shown). Skipping of exon 13 resulted
in an in-frame deletion of the open reading frame and translated
into a PDE6A protein shortened by 36 amino acid residues
(p.541_576del), which lacks the amino-terminal portion of the
catalytic domain including the first metal binding motif.

Since we could not rule out an effect of the resident modifica-
tions (loxP site and multiple cloning site sequences; loxP/MCS in-
sert) in intron 12 in the knock-in allele on transcript splicing, we
generated minigene constructs that include the murine exon 13
and 424 bp of upstream intron 12 and 309 bp of downstream in-
tron 13 sequences inserted in to the pSPL3 exon trapping vector.
Four different variants of the minigene constructs were cloned:
(i) wt, (ii) wt exon 13 and the 96 bp loxP/MCS insert in intron 12,
(iii) ¢.1684C>T/p.R562W mutation in exon 13 with wt intron 12
portion, and (iv) the knock-in allele (c.1684C>T/p.R562W and
loxP/MCS insert in intron 12) (Supplementary Material, Fig. S2).
Constructs were transfected into HEK293T cells and total RNA
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Figure 2. Pde6a cDNA analysis in the R562W-knock-in mouse mutant. (A) Pyrosequencing-based relative quantification of wild-type and R562W knock-in Pde6a alleles at
the genomic DNA level (top) and in reverse transcribed retinal cDNA of a heterozygous Pde6a:R562W-knock-in mutant. Note that the assayed variant nucleotide position is
the actual ¢.1684C>T mutation and that allelic quantification of cDNA was done on RT-PCR products with primers in exons 12 and 13. (B) Qualitative analysis of the
integrity of retinal Pde6a transcripts in the Pde6a:R562W-knock-in mouse mutant. RT-PCR products with primers in exons 12 and 15 of Pde6a were amplified from
retinal RNA of a homozygous Pde6a:R562W-knock-in mutant and a C57BL/6 wild-type control. The larger sized product of 403 bp is derived from correctly spliced
transcripts and the smaller product represent mis-spliced transcripts lacking exon 13. Controls ‘no RNA’: w/o RNA in the DNasel digestion and subsequent RT and PCR
reactions, ‘RTC’: w/o RNA in the cDNA synthesis and subsequent PCR reaction, ‘NTC": no template control for the PCR reaction. One hundred base pair ladder size standard

is shown in the rightmost lane.

GTOZ ‘0T 13nbny uo usbuigen | AlseAiun e /Bio'seulnolpioxo by :dny woiy papeojumoq


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv275/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv275/-/DC1
http://hmg.oxfordjournals.org/

6 | Human Molecular Genetics

was prepared 24 h post-transfection. RT-PCR for the expression
construct with primers located in flanking exons of the pSPL3
vector indicated that the splicing defect observed in the knock-
in mouse mutant was caused by the ¢.1684C>T/p.R562W muta-
tion and not primed or influenced by the modifications in intron
12 (Supplementary Material, Fig. S3). Given that a considerable
proportion of exon 13 skipped transcripts were also expressed
from the wt minigene construct in HEK293T cells, we re-
performed minigene assays for the c.1684C>T/p.R562W mutant
construct in the mouse cone photoreceptor-like cell line 661W.
RT-PCR with RNA from transfected 661W cells showed a strongly
reduced proportion of transcripts with exon 13 skipping from the
wt minigene construct and roughly equal proportions of correctly
spliced and exon 13 skipped transcripts from the mutant con-
struct (Supplementary Material, Fig. S4). This corresponded to
the findings in mutant mouse retina (Fig. 2B).

Decreased PDE6A expression causes cGMP accumulation
and photoreceptor death

We first assessed the expression of the PDE6A protein in the ret-
ina of wt and Pde6a mutants, at post-natal day (PN) 11, i.e. a time-
point just before the onset of photoreceptor degeneration and
widespread destruction of the ONL. In wt retina PDE6A is present
almost exclusively in photoreceptor OS. In contrast, in V685M,
V685M/R562W and R562W PDE6A is essentially undetectable,
with a faint, dot-like staining pattern in R562W OS indicative of
a very low PDE6A protein expression. In D670G retina, PDE6A pro-
tein is detectable in OS; however, the amount of protein detected
is clearly lower than in wt (Fig. 3A-E).

The decreased detection of PDE6A in mutant retinas corre-
lated with an increased accumulation of cGMP (Fig. 3F-]). Wt ret-
ina did not show signs of important cGMP accumulation (wt:
0.003% cGMP-positive cells +0.003 SEM, n=6), while in all four
Pde6a mutants, the numbers of rod photoreceptors showing
high levels of cGMP was elevated already at PN11 (V685M: 0.61%
+0.04; V685M/R562W: 0.19% + 0.06; R562W: 0.17% + 0.08; D670G:
0.007% +0.002; n =3 for all).

To further assess the progression of retinal degeneration in
the various Pde6a mutants, we used the TUNEL assay to label
dying photoreceptors and, conversely, quantified the number of
rows of surviving photoreceptors (Fig. 4). In the V685M ONL, the
percentage of TUNEL-positive cells peaks already at PN12, some-
thing that is also evidenced by the early and rapid loss of photo-
receptor rows (Fig. 4B, G and L). In the compound heterozygous
V685M/R562W and in the R562W, cell death peaked at PN15 al-
though the peak amplitude was slightly lower in the R562W mu-
tant (Fig. 4C, D, H, I, M and N). When compared with the V685M
situation, this corresponded to a delay in the onset and progres-
sion of degeneration of ~2 days in V685M/R562W retina and
4 days in R562W retina. The D670G mutant showed a relatively
small peak of cell death at PN21 and also the slowest overall
progression of degeneration among the four Pde6a mutant geno-
types (Fig. 4E, J and O).

Retinal degeneration has frequently been associated with the
execution of classical apoptosis and the activity of caspase-type
proteases (25,26). However, more recent studies point to the ac-
tivity of non-apoptotic and caspase-independent mechanisms
of cell death in hereditary retinal degeneration (27) which may in-
stead rely on the activity of Ca®* activated calpain-type proteases
(2,28). To address this question for the Pde6a mutants used here,
we performed an immunostaining for activated caspase-3, a key
effectorin classical apoptosis. Since the chances for a positive de-
tection of caspase-3 activity are highest when cell death is high,

we focussed on the peaks of degeneration as assessed by the
TUNEL assay. In the early post-natal wt, a low level of caspase-
3 activity was present, likely relating to developmental cell
death in rodent retina (29). Remarkably, none of the Pde6a mu-
tants showed any significant increase of caspase-3 activity
when compared with wt (Fig. 5A-E; quantification in K). An in situ
assay for Ca®* activated calpain-type proteases (28) revealed very
low levels of activation in wt retina. In Pde6a mutants however,
the numbers of photoreceptors cells showing calpain activation
was dramatically increased (Fig. 5F-J). When we then assessed
the progression of calpain activity over time, we found a strong
temporal correlation between calpain activity and cell death
(Fig. 5L).

Characterization of Pde6a mutants in vivo

The four Pde6a mutant lines were morphologically and function-
ally characterized in vivo by means of SLO and OCT imaging and
ERG recording at the age of 4 weeks. In SLO imaging, overall fun-
dus appearance was visualized with the green laser at 514 nm
(Fig. 6A, F,K and P); the retinal vasculature was studied with angi-
ography applying ICG (Fig. 6B, G, L and Q) and fluorescein (Fig. 6C,
H, M and R) and the appropriate laser wavelengths (795 and
488 nm, respectively). Retinal layering was studied by means of
OCT imaging (Fig. 6D, E, I, ], N, O, S and T). D670G mice revealed
a heavily spotted fundus appearance in the native fundus im-
aging (Fig. 6A) as well as in the fluorescein angiography mode
(Fig. 6C) whereas in the OCT analysis, a very thin ONL was visua-
lized depicting the presence of only few photoreceptor rows
(Fig. 6D and E). A spotty fundus was also found in the R562W
mice (Fig. 6F) together with a further decrease in the retinal thick-
ness where no outer retina was detected (Fig. 6 and J). Compound
heterozygous V685M/R562W mice showed a heavily affected ret-
inal fundus with large areas of degeneration (Fig. 6K and M). In
these mutants, the retinal thickness was strongly decreased,
which resulted in enhanced visibility of choroidal structures
in each SLO imaging mode (Fig. 6K-M). Accordingly, the OCT ana-
lysis revealed a highly degenerated retina (Fig. 6N and O). V685M
was the mouse line with the strongest degeneration, retinal and
choroidal structures were difficult to distinguish due to the se-
vere decrease in the retinal thickness (Fig. 6S and T). Altogether,
a different degree of retinal degeneration was detected and a gra-
dient based on the severity (from less to more affection) of the
disease was established: D670G>R562W>V685M/R562W>V685M.

The in vivo morphological findings correlated well with the
functional data obtained with ERG. Full-field ERG measurements
under both scotopic and photopic conditions allow the assess-
ment of retinal function (Fig. 7A and B). Depending on the extent
of morphological alterations, different ranges of ERG recordings
could be observed. Retinal function was mostly preserved in
the D670G animals [blue box and whisker plot (B&W)], greatly
reduced in the R562W mice (green B&W) and completely missing
in the V685M mutant (red B&W). The V685M/R562W, as an inter-
mediate mutant line, is positioned between the R562W and
V685M variants. Scotopic and photopic ERG traces at the highest
stimulus intensity (Fig. 7C) were similar to those of a Rho™~
mal used as a functional control for cone-only responses (20,30).
A comparison of the size of ERG amplitudes of different Pde6a mu-
tants with age-matched C57/BL6 wt mice revealed that amplitudes
of Pde6a mutants were considerably smaller and represent one-
third to one-fourth of wt animals (20). Taken together, these
in vivo morphological and functional observations were closely
matching the results obtained in ex vivo quantification of photo-
receptor cell death and survival (Fig. 4).

ani-
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Figure 3. Loss of PDE6A expression causes cGMP accumulation. In the PN11 wild-type (wt) retina (A), immunostaining for PDE6A shows strong protein expression in
photoreceptor OS. In contrast, at the same age, in V685M retina (B), the PDE6A protein is undetectable. Similarly, in the compound heterozygous V685M/R562W retina
(C), the protein is essentially absent. In R562W retina, (D) small immunoreactive dots at the level of the OS may indicate a minimal protein expression. In the D670G
mutant (E), however, there is a clear PDE6A protein expression; albeit at reduced levels when compared with wt. At PN11, wt retina is essentially negative for cGMP
immunoreactivity (F). All Pde6a mutants, however, display individual rod photoreceptor cells that have accumulated large amounts of cGMP (G-J). The quantification
of cGMP-positive cells in the ONL and the PDE6A pixel intensity in the OS (arbitrary units; AU) shows an inverse correlation (K). Images are representative for
immunostaining performed on retinal sections from at least three independent animals for each genotype.

Discussion

In this report, we investigated the pathologic consequences
of three different Pde6a point mutations for retinal photorecep-
tor degeneration. We analyzed the effects of these mutations
on PDEG6 activity, photoreceptor cGMP accumulation and pro-
gression and mechanisms of retinal degeneration. Previously,

a variety of RP animal models have been generated and studied
that carried human gene mutations homozygously (31-33).
Here, we created an in vivo model carrying two different
point mutations (Pde6a Ve8> WR>62W) "exactly homologous to a
human RP patient genotype, representing one of the first at-
tempts to create a compound heterozygous, patient-matched
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Figure 4. Photoreceptor cell death and survival. The TUNEL assay in the wt retina (A, F and K) occasionally labelled cells dying due to developmental processes. In contrast,
in all Pde6a mutants (B-E, G-J and L-O), photoreceptor cell death was dramatically increased. The images show the situation at P12, P15 and P21, time-points corresponding
to the peak of cell death for the different models. The line graph at the bottom left (P) illustrates the progression of photoreceptor cell death as evidenced by the TUNEL
assay in the different Pde6a mutants. The peak times as well as the peak amplitudes correspond to the speed of retinal degeneration, which is illustrated by the loss of
photoreceptors (Q). Images are representative for TUNEL assays performed on retinal sections from at least three independent animals, quantifications in P, Q include data
from 3-7 animals per genotype and timepoint.
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Figure 5. Photoreceptor degeneration in Pde6a mutants correlates with calpain not caspase activity. Immunofluorescence for activated caspase-3—a key marker for
classical apoptosis—reveals no major differences between wild-type and mutant retinae (A-E). This is also illustrated by the quantification of caspase-3-positive cells,
which shows only extremely low numbers of cells at the respective peaks of degeneration, with no significant (n.s.) differences to wt (K). In contrast, an in situ calpain
activity assay reveals strong differences between wild-type (F) and all four Pde6a mutant genotypes (G-J). The progression of calpain activity was analyzed over time
(K) and showed a strong correlation to the extent of cell death and the progression of retinal degeneration (cf. Fig. 4). Images shown are representative for at least
three different stainings obtained at the respective mutant’s peak of degeneration. Note that the differences in the progression of Pde6a mutant degenerations are
also illustrated here by the differences in retinal ONL sizes. Data shown in K and L was obtained from observations made on 4-6 independent specimens for each

genotype and timepoint.

basis for the development and assessment of individualized
RP therapies.

Loss of PDE6 function, cGMP signalling and cell death

PDEG6 is the main photoreceptor cGMP hydrolysing enzyme and
displays the highest activity levels among all PDE’s (34). Although
excessive accumulation of cGMP has been found in various ani-
mal models for RP, it is particularly prominent in animals that
carry mutations in PDE6 (2). However, it is still unclear to what ex-
tent different PDE6 mutations cause cGMP accumulation and
how this correlates with progression speed and severity of retinal
degeneration. In all Pde6a mutants studied here the genetic
defects led to a reduced PDE6 function as evidenced by an

accumulation of cGMP. Compared with mutations where PDE6
function is abolished entirely, such as in the rd1 mouse (35), the
accumulation of cGMP in the Pde6a point-mutants examined
here was less prominent.

High levels of cGMP are thought to cause an over-activation of
CNG channels leading to excessive amounts of Ca**-influx
(28,36). This is compatible with the observed increase in the num-
bers of photoreceptor cells showing a high degree of Ca?*-acti-
vated calpain-type protease activity. Calpain activity is often
associated with non-apoptotic forms of cell death (37) and in all
Pde6a mutants it is strongly correlated in time with the progres-
sion of photoreceptor cell death. The relatively low amount of
calpain activity-positive photoreceptors, when compared with
the rd1 mouse (38), likely reflects the lower extent of cGMP
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D

Wwae GCL

Figure 6. Retinal morphology in Pde6a mutants in vivo. D670G (A-E), R562W (F-J), V685M/R562W (K-O) and V685M (P-T) mutant mice were examined with SLO and SD-OCT
at PN30. Examinations included fundus native imaging (A, F, K and P), ICG angiography (B, G, L and Q) and fluorescein angiography (C, H, M and R). For the OCT analyses,
horizontal scans through the optic disc head are shown (E, J, O and T; magnifications; D, I, N and S). All of the mutants analysed revealed retinal degeneration. D670G mice
showed several spots spread over the fundus (A), which were also visible in fluorescein angiography examination (C). Retinal thickness was also affected and a very thin
ONL was detected (D and E). A similar fundus appearance (F-H) but a more severe decrease in the retinal thickness was found in the R562W mutants (I and J). V685M/
R562W compound heterozygous mice showed large areas of retinal degeneration in native fundus imaging (K). The loss of retinal layers demonstrated in OCT imaging
(O and N), allowed the enhanced visualization of choroidal structures (L and M). V685M exhibited a very severe retinal degeneration in both SLO and OCT imaging (P-T).
GCL, ganglion cell layer, IPL, inner plexiform layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium; d, dorsal; n, nasal; t, temporal;
v, ventral.
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Figure 7. Functional assessment of different Pde6a mutants based on electroretinography. Quantitative evaluation of the scotopic [dark-adapted (A)] and photopic [light-
adapted (B)] b-wave amplitude data, acquired at PN30 and shown as box-and whisker-plot (B&W), for the different Pde6a mutant lines. In B&W, boxes indicate the 25-75%
quantile range, whiskers the 5 and 95% quantiles and asterisks the medians of the data. Scotopic (top) and photopic (bottom) single-flash ERG at 1.5 log (cd-s/m?) maximal
light intensity (C). ERGs from D670G mutant (blue) are similar to ERGs from a Rho™~ mouse, a valid model for pure cone function. D670G (blue), R562W (green), V685M/

R562W (orange) and V685M mice (red).

accumulation and thus lower Ca®*-influx. This may be particular-
ly evident in the V685M mutant where the numbers of dying,
TUNEL-positive cells exceeds the numbers of calpain activity
positive cells by ~2:1. In the more slowly degenerating mutants
the relative extent of calpain activity is more important, and
reaches a ratio of ~1:1 in the D670G mutant. In either case,
these results are suggestive of a causal involvement of calpain ac-
tivity in the degenerative process.

Remarkably, in all four mutant genotypes the numbers of
photoreceptors displaying high caspase-3 activity was very low,
at wt levels, and not correlated to the progression of the muta-
tion-induced degeneration. Since caspase-3 is key to the execu-
tion of numerous terminal proteolytic events in classical
apoptotic cell death (27), this result indicates that apoptosis
does not play any major role in Pde6a mutation-induced retinal
degeneration. This is in agreement with a recent study on the
prevalence of non-apoptotic cell death in 10 different rodent ret-
inal degeneration models (2). Similar observations were also
made in monkey retinal cell cultures subjected to hypoxia/reox-
ygenation where calpain proteolytic activity was in fact found to
inactivate caspase-type proteases (39)

Overall, our results may provide important insights for poten-
tial therapy developments, suggesting the targeting of non-apop-
totic processes, such as excessive cGMP-signalling or calpain
activity as a feasible treatment approach.

Variable speed of progression, functional and
degeneration phenotypes

The four different Pde6a mutants used here were found to have a
variable pace of degeneration, corresponding to the effect of the
genetic mutations on cGMP accumulation and—as deduced from
this—PDE6 function.

Remarkably, there is a clear discrepancy between the extent
of cGMP accumulation observed in Pde6b mutant rd1 photorecep-
tors and Pde6a V685M photoreceptors. Even though the speed of
photoreceptor loss is comparable in both RP models, and both
PDES6 protein isoforms have been suggested to be enzymatically
equivalent (40), in rd1 retina 6-15% of photoreceptors show
dramatic cGMP accumulation (6) compared with only 0.6% in

V685M retina. The extent of rd1 cGMP accumulation might be ex-
plained by a complete loss of PDE6 expression caused by the rd1
mutation. In the V685M mutant a minor amount of residual PDE6
activity could prevent such a dramatic accumulation of cGMP;
however, even a more moderate elevation of cGMP (undetectable
by immunohistochemistry) would still result in rapid photo-
receptor degeneration.

The phenotype of the novel R562W mutant is intermediate
between that of the V685M and the D670G mutant. Unexpectedly,
we found that the pathogenic effect of this underlying c.1684C>T
substitution is twofold and at distinct levels: pre-mRNA splicing
and protein enzymatic activity. The C>T transition (+64 of exon
13) is predicted to create an ESS site (-TGGTGG-) which results
in anin-frame skipping of exon 13. The splicing defect induced by
the mutation is only partially penetrant and therefore correctly
spliced transcripts derived from the mutant allele, which ac-
counts for ~50-60% of transcripts (Fig. 2B), will be translated
into a full-length protein carrying the R562W substitution.
This R562W mutant protein exhibits a reduction of its catalytic
activity to ~10% compared with the WT protein. The shortened
p.541_576del protein derived from Pde6a transcripts devoid of
exon 13, lacks a strongly conserved segment of the protein’s cata-
lytic domain, including one of the two metal ion binding motifs
which are important for functional activity (Supplementary Ma-
terial, Fig. S5) (41). Therefore, we reason that the shortened protein
may essentially be non-functional or with very strongly reduced
activity. Moreover, protein stability of such shortened proteins is
often reduced as also documented for other mouse models for ret-
inal dystrophies (42). The findings with the R562W mutant comple-
ments prior reports of splicing defects in retinal PDE6 genes caused
by single nucleotide exonic mutations such as the c.1814G>A/p.
N605S in Pde6b in the atrd3 mouse model (43) or the ¢.2368G>A/p.
E790K in the human PDE6C in a family with achromatopsia (44).
It also emphasizes the need for a thorough transcript analysis of
the mutant gene for a proper assessment of its consequences.

Typical for RP, the loss of the primarily affected rod photore-
ceptors was followed by a secondary loss of cone photoreceptors
via a well-known but still aetiologically unresolved mechanism
(45). Differences in rod loss among the mutants thus corre-
sponded well to the functional data in Ganzfeld ERG at PN30,
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although these essentially represent cone function. In particular,
ERG amplitudes in the D670G mutants were similar to Rho™~
animals (30), while no more responses were left in V685M
mutants. The results in the other lines were in between these
extreme values. This correlation allows to provide an estimate
of the minimal number of rod photoreceptors that still need to
be physically present (i.e. surviving) in order to maintain residual
cone photoreceptor function at a recordable level. In our setting,
at least one intact row of rod photoreceptors was required in
order to still preserve cone ERG at P30.

V685m/R562W: a new patient-matched, compound
heterozygous animal model for RP

Current research on the mechanisms underlying recessive RP
usually employs homozygous animal models, such as the
Pde6b™1/"1 mouse (11,46). In RP patients, in outbred populations,
homozygosity is, however, less common than compound hetero-
zygous mutations with two different disease-causing alleles
(47,48). This creates incongruence between the currently used
animal models for RP and the actual patient situation, in particu-
lar because the pathological consequences of compound hetero-
zygous versus homozygous mutations are to date only poorly
understood.

According to Muller (49), the action of recessive mutations
may be explained be either constituting an amorph (classical
null mutation) or a hypomorphic mutation, the latter being asso-
ciated with lower amounts of the gene product or reduced func-
tion or activity. If the amounts of the gene product or its activity is
strictly additive and proportional to the phenotypic outcome,
then one would expect for compound heterozygous mutations
an intermediate disease phenotype, which lies between the
two respective homozygous disease phenotypes. However, this
must not be necessarily true, for instance in traits that develop in
a threshold-dependent manner. Moreover, one needs to consider
situations of intra-allelic complementation in which different mu-
tations in the same gene may ‘neutralize’ each other, a phenom-
enon most likely to occur in proteins that act as oligomers (50).
Thus, comparative studies between homozygotes and compound
heterozygotes bear important insights into the mode of action of
individual mutations, potential interactions between different mu-
tant proteins, and the correlation of the disease phenotype with
the amount and functional activity of the mutant gene product.

Our results with the V685M/R562W retinal degeneration sug-
gest that for the Pde6a gene a classic additive model for the inter-
action of the two mutations is valid, resulting in a proportional
relationship between the amount or the functional activity of
the mutant gene product and the phenotypic outcome. If gener-
alized, this model enables to predict the outcome of an unknown
genotype in terms of severity and disease progression if the
phenotype of two adjoined genotypes in Pde6a is known. Our
findings also demonstrate that a genotype-phenotype correl-
ation with high predictability exists for Pde6a-associated retinal
degeneration at least in murine mutants raised on the same
genetic background. Therefore, the lack of consistent genotype-
phenotype correlation sometimes observed in human RP pa-
tients is most likely due to secondary genetic factors and/or
differences in lifestyle (51,52).

Nevertheless, our study provides a rational basis for predic-
tions on human RP phenotypes and disease progression in com-
pound heterozygous situations, provided the pathological
consequences of at least one of the disease-causing alleles are
known. This knowledge could be very valuable for patient coun-
selling and also—if suitable therapeutic approaches become

available in the future—for the determination of the best possible
time-frame for therapeutic interventions.

The large genetic diversity in RP causing mutations—even if
affecting the same gene—may cause very different degeneration
phenotypes. Our detailed characterization of different homozy-
gous and compound heterozygous mouse models for RP will pro-
vide a basis for further investigations, in particular on the
development of future individualized therapies. The wide avail-
ability of a large variety of animal models will likely facilitate
the generation of ‘personalized’ compound heterozygous animal
models that match the human disease condition very closely.
Such models could greatly speed up the development of a more
personalized medicine in the field of retinal degenerations. For
the individual RP patient, the prediction of time-courses for
Pde6a-related retinal degeneration is currently of particular
value. Upon availability of causative or symptomatic treatment
options, the definition of a window-of-opportunity for clinical
interventions will gain further importance.

Supplementary Material

Supplementary Material is available at HMG online.
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Retinitis pigmentosa (RP) is a group of genetically heterogeneous, severe retinal diseases commonly leading
to legal blindness. Mutations in the CNGB1a subunit of the rod cyclic nucleotide-gated (CNG) channel have
been found to cause RP in patients. Here, we demonstrate the efficacy of gene therapy as a potential treat-
ment for RP by means of recombinant adeno-associated viral (AAV) vectors in the CNGB1 knockout
(CNGB1~'7) mouse model. To enable efficient packaging and rod-specific expression of the relatively large
CNGB1a cDNA (~4 kb), we used an AAV expression cassette with a short rod-specific promoter and short
regulatory elements. After injection of therapeutic AAVs into the subretinal space of 2-week-old CNGB1~/~
mice, we assessed the restoration of the visual system by analyzing (i) CNG channel expression and local-
ization, (ii) retinal function and morphology and (iii) vision-guided behavior. We found that the treatment
not only led to expression of full-length CNGB1a, but also restored normal levels of the previously degraded
CNGA1 subunit of the rod CNG channel. Both proteins co-localized in rod outer segments and formed regular
CNG channel complexes within the treated area of the CNGB1~/~ retina, leading to significant morphological
preservation and a delay of retinal degeneration. In the electroretinographic analysis, we also observed res-
toration of rod-driven light responses. Finally, treated CNGB1~/~ mice performed significantly better than un-
treated mice in a rod-dependent vision-guided behavior test. In summary, this work provides a proof-of-
concept for the treatment of rod channelopathy-associated RP by AAV-mediated gene replacement.

INTRODUCTION

RP are night blindness, constricted visual fields, decreased

Retinitis pigmentosa (RP) is a family of hereditary eye disor-
ders characterized by progressive retinal degeneration (1,2).
RP primarily affects rod photoreceptors, but secondary to
rods, cone photoreceptors also degenerate. Owing to the lack
of rod functionality, patients suffer from night blindness at
disease onset. Once cones are affected, the visual field
becomes more and more constricted (‘tunnel vision’) and,
finally, central vision is also impaired, leading eventually to
complete blindness. Accordingly, clinical key symptoms of

visual acuity and color vision and enhanced glare sensitivity.
The typical fundus picture includes dark pigmentary clumps
(‘bone spicules’) and attenuated retinal vessels as well as
retinal-pigment epithelium (RPE) atrophy. RP is genetically
very heterogeneous and currently >50 RP genes are known.
Many of the RP genes are preferentially or even exclusively
expressed in rod photoreceptors (1). Only a minor fraction
of the RP genes are specific for other retinal cell types, e.g.
RPE cells. Early success of gene replacement therapy for
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Figure 1. Subretinal delivery of CNGBIla using an optimized AAV vector results in the expression of full-length CNGB1a in photoreceptors. (A) Schematic
representation of the Rho-CNGB1la AAYV vector. The expression cassette within the two inverted terminal repeats (ITRs) includes a 471 bp mouse rhodopsin
promoter fragment (Rho), the 3978 bp mouse CNGB1a ¢cDNA and a 221 bp long SV40 polyA sequence. (B) Western blot analysis of retinal lysates from wild-
type, treated and untreated CNGBI1-deficient mice using an antibody against the C-terminus of CNGB1 demonstrates the expression of the CNGBIla (upper

panel) and up-regulation of CNGA1 (middle panel) in treated CNGB1 ™'~

mice. (C) Overview image showing expression and outer segment localization of

CNGBla in the treated part of a CNGB1 ™'~ retina at 40 days after injection. The retinal slice was immunolabeled with an antibody directed against the
C-terminus of CNGB1 (CNGBI, green). The cell nuclei were stained with the nuclear dye Hoechst 33342 (grey). Scale bar in (C) marks 200 pm.

RPE-specific mutations resulted in a number of clinical trials
with promising results (3). However, as many of the disease-
causing mutations concern (rod) photoreceptor-expressed
genes, there is a need to develop treatments for photoreceptor-
specific RP genes (1).

Mutations in the genes encoding the two rod cyclic
nucleotide-gated (CNG) channel subunits cause autosomal
recessive RP (arRP) (4). CNG channels are found in the
plasma membrane of rod and cone photoreceptors and trans-
late light-mediated concentration changes of the second mes-
senger cyclic guanosine monophosphate (cGMP) into voltage
and calcium signals (4). The rod CNG channel is a heterote-
tramer comprised of three CNGA1 subunits and one CNGBI1
subunit (5). Mutations in CNGB1 (RP45 locus) are found in
~4% of arRP cases (1). Knockout of CNGBI in mice results
in a phenotype that recapitulates the principal pathology of
RP patients. In particular, CNGB1 knockout mice lack rod
photoreceptor function (6,7). This functional defect is accom-
panied by a progressive degeneration of rods, and, secondary
to this, a degeneration of the cones (6,7). The degeneration
progresses rather slow and results in loss of 10—-20% of
rods at 4 months, 30—-50% at 6 months and 80-90% at 1
year of age. Finally, the loss of CNGBla induces down-
regulation of several proteins of the phototransduction
cascade and degradation of the CNGAI subunit (6,7).
In the present study, we used CNGB1 knockout mice as a
model for RP to evaluate adeno-associated virus (AAV)-
mediated gene therapy as a potential treatment of RP
caused by rod photoreceptor-specific gene mutations.
We show here that our gene replacement approach was
able to restore rod CNG channel expression and localization,
to improve retinal function and vision-guided behavior and to
delay retinal degeneration in CNGB1 '~ mice.

RESULTS

Design and subretinal delivery of a gene therapy vector
for rod-specific expression of CNGBla

The relatively small packaging capacity (~5.2 kb) of AAV
vectors (8—10) limits their use for the expression of large
transgenes such as CNGBla. Because of the large size of
the CNGBla ¢cDNA (3978 bp), there is only limited space
left for cis- and trans-regulatory elements. To achieve high ex-
pression rates at the smallest possible vector genome size, we
decided to use only a single 221 bp long SV40 polyA sequence
(see Materials and Methods) in combination with a 471 bp
mouse rhodopsin promoter (—386 to +86) (11). This vector
allowed the incorporation of the full-length CNGBla cDNA
without violating the 5.2 kb packaging limit of AAVs (8-
10). We then packaged this construct (Fig. 1A) into viral
vector particles with Y733F-modified AAVS capsid (12) and
injected ~10'" AAV genomic particles into the subretinal
space of 2-week-old CNGB1 '/~ mice. The retinal site of
treatment was monitored in vivo directly upon completion of
the injection procedure and at subsequent time points using
confocal scanning laser ophthalmoscopy (cSLO) (13) and
optical coherence tomography (OCT) (14).

Restoration of CNG channel expression in rod outer
segments of CNGB1~/~ mice

We next analyzed the expression of CNGBI1a in the retina of
treated CNGB1 '~ mice. In a western blot analysis, we con-
firmed that subretinal delivery of our AAV vector led to ex-
pression of the full-length CNGBla protein migrating at the
expected size of ~250 kDa (Fig. 1B, upper panel). In addition,
the 63 kDa CNGA1 subunit that is completely degraded in
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Figure 2. Analysis of CNG channel expression in the treated and untreated CNGB1 ™'~ retina. Confocal scans from retinal slices immunolabeled with antibodies
specific for CNGBla (green) and CNGAL (red). The treatment results in the expression of CNGB1a in rod outer segments of treated mice (A), which is absent in
the untreated knockout retina (B). The CNGBIla expression levels in the treated knockout are comparable to wild-type (C). Viral CNGBla expression also
rescues the expression of CNGAL in rod outer segments (D), which is down-regulated in the untreated knockout retina (E). Again, the levels of expression
are comparable to wild-type (F). (G—I) Merged images of CNGA1 and CNGBIla signals (yellow). Both proteins co-localized in the outer segments from
treated (G) and wild-type mice (I). Cell nuclei were stained with the nuclear dye Hoechst 33342 (grey) in all panels. INL, inner nuclear layer; IS, photoreceptor
inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; OS, photoreceptor outer segments. The scale bar marks 20 pwm.

CNGB1~'~ mice was readily detectable in the injected retina
(Fig. 1B, middle panel). Using immunohistochemistry, we
detected virally encoded CNGBJ1a protein in the treated, but
not the untreated part of the retina. Figure 1C shows a repre-
sentative overview image of a CNGBI '~ retinal slice
40 days after treatment immunolabeled for CNGBla. The
treated area with high levels of CNGBIla expression corre-
sponded to approximately one-third of the retina. The
CNGBIa protein localized almost exclusively to rod outer seg-
ments, suggesting that transport mechanisms required for
proper outer segment targeting of the channel are preserved
in the treated knockout (Fig. 1C). Figure 2 shows high-
resolution confocal scans from the treated (A, D and G) and
untreated regions (B, E and H) of a CNGB1 '~ retina as
well as from wild-type control retina (C, F and I). Importantly,
viral treatment not only restored expression of CNGBIla
(Fig. 2A), but also restored levels of the previously missing
endogenous CNGAI1 protein (Fig. 2D), which now
co-localized with CNGB1a in rod outer segments within the
treated area (Fig. 2G). This suggests that AAV-mediated de-
livery of CNGBIla restored the expression of wild-type-like

heterotetrameric CNG channels in rod outer segments of
treated mice. Moreover, comparison with wild-type mice
showed that the treatment led to almost wild-type levels of ex-
pression of CNGB1 and CNGAL1 in treated CNGB1 ™'~ mice
(Fig. 2A, C, D and F). An improvement of photoreceptor outer
segment morphology in the treated CNGB1 '~ retina could
also be detected in vivo using OCT (Fig. 3A and B). The
typical outer retinal appearance in OCT with horizontal
bands associated with the outer limiting membrane and the
border between inner and outer segments (14,15) (arrow in
Fig. 3A) was preserved in the treated eye (TE), but not in
the untreated eye (UE). We also performed confocal micros-
copy on histological retinal sections labeled with the photo-
receptor outer segment marker peripherin-2 to analyze the
outer segment morphology in more detail (Fig. 3C and D).
The labeling pattern and intensity of the anti-peripherin-2 anti-
body in the treated CNGB1 '~ retina were comparable to the
staining in the untreated. However, the length of the
peripherin-2-positive outer segments was markedly increased
in the treated (Fig. 3C) compared with the untreated
(Fig. 3D) part of the CNGB1 ™/~ retina.
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Figure 3. Effect of gene therapy on outer retinal morphology in CNGBI '~ mice. (A, B) Comparison of OCT data from TEs and UEs of the same representative
CNGBI1 ™/~ mouse 2 months after injection. A schematic drawing of the mouse retina with the position of the injection site (green asterisk) and/or the OCT scan
(red line) is shown in (A) and (B). D, dorsal; N, nasal; T, temporal; V, ventral. The typical outer retinal appearance in OCT with horizontal bands associated with
the OLM and IS/OS border (marked with an arrow) was preserved in the TE (A), but not in the UE (B). The dotted lines between (A) and (B) mark the position
of the lower margin of the RPE/choriocapillaris (CC) layer and the outer limiting membrane (OLM) in the treated (A) and untreated (B) retinas. The space
between these two layers is markedly increased in the treated retina, indicating a distinct rescue of rod outer segment organization. (C, D) Confocal images
from the treated (C) and untreated (D) CNGBI1 /™ retina immunostained with anti-peripherin-2 antibody (green) at 40 days after treatment. The outer
segment length is increased in the treated (C) compared with the untreated (D) part. Cell nuclei were stained with the nuclear dye Hoechst 33342 (grey) in
(C) and (D). GC/IPL, ganglion cell layer/inner plexiform layer; INL, inner nuclear layer; IS, photoreceptor inner segments; OPL, outer plexiform layer;

ONL, outer nuclear layer; I/OS, inner/outer segment border; OS, photoreceptor outer segments. The scale bar in (C and D) marks 20 pm.

Restoration of rod photoreceptor function in treated
CNGB1~'~ mice

As expected, non-injected eyes (UEs) of 8-week-old
CNGBI1 ™'~ mice did not show the usual responses to dim
light stimuli in dark-adapted (scotopic) Ganzfeld electroretino-
graphy (ERG), reflecting a lack of regular rod system activity
(Fig. 4A, middle panel). In contrast, distinct responses were
present in eyes of CNGB1 ™/~ mice that had received injections
of CNGB1la AAV vector (TEs) (Fig. 4A, left panel and overlay
in Fig. 4A, right panel). Figure 4B shows a statistical analysis of
the ERG b-wave amplitude (which reflects mainly the activity of
bipolar cells) for six TEs and UEs. It is again obvious that, in
contrast to the controls, treated mice show substantial b-wave
amplitudes, particularly at low light intensities (—4.0 to
—2.0 log cd*s/m?) where responses are entirely rod-driven.

For completeness, it should be mentioned that in a few
cases, very small, irregular rod responses were present in
CNGB1~'~ mice as previously described (5), which are attrib-
uted to homomeric CNGAI1 channels that have escaped deg-
radation. This fact is, however, mainly of theoretical interest
as these contributions were too small to have any perceivable
impact on the results shown.

To further probe whether the responses of the rod to repeti-
tive stimuli were also restored, a scotopic flicker flash intensity
series was done (Fig. 4C and D). Contrary to UEs, a recovery
of the rod-driven flicker ERG responses was observed in AAV
TEs. In accordance with the approximate size of the treated
area (about one-third of the total retina), rod-specific ERG
amplitudes were about one-third of that in age-matched con-
trols (Fig. 4E). It should further be noted that injections of
CNGBla AAVs had no effect on the light-adapted photopic
ERG of CNGBI /", indicating that the treatment including
the technical procedure had no adverse effects on the cone
system (data not shown).

AAV treatment restores rod-mediated vision-guided
behavior in CNGB1~/~ mice

Having shown by ERG that treated CNGB1 '~ mice acquired
the ability to generate rod-specific light-evoked signals and to
activate rod bipolar cells, we asked whether this improvement
on a retinal level might establish vision-guided behavior of the
rod. We therefore used a simple water maze test to assess
visual responsivity (see Materials and Methods). The mice
were tested for five consecutive days in a cued water maze
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Figure 4. Effect of gene therapy on visual function in CNGB1~'~ mice. Comparison of ERG data from TEs and UEs of the same individual CNGB1 ™/~ mice
(n = 6) treated at postnatal week 2 (PW 2). (A) Dark-adapted (scotopic) single-flash ERG intensity series of the treated (TE, red) and the untreated fellow eye
(UE, black) of a representative CNGB1 ™/~ mouse at 2 months after injection, together with a superposition to enhance visibility of differences (right column).
The vertical line indicates the timing of the light stimulus in each panel. (C) Scotopic flicker ERG responses at a fixed rod-specific intensity (—2 log cd*s/m?)
from 0.5 to 7 Hz and the corresponding overlay. (B, D) The quantitative data of the entire group are shown as Box-and-Whisker plots, i.e. boxes indicate the 25
and 75% quantile range, whiskers indicate the 5 and 95% quantiles, and the asterisks indicate the median of the data. The amplitude data are plotted as a function
of the logarithm of the flash intensity (B) and as a function of flash frequency (D). (E, top) Representative scotopic single-flash ERG responses at —2 log cd*s/m*
recorded from a wild-type (wt) eye, TE, UE and a superposition. (E, bottom) The quantitative data of each group are shown as Box-and-Whisker plots as spe-

cified above. The results indicate a distinct rescue of rod functionality.

for their ability to navigate to a visible escape platform. On
Days 1-3, the experiment was performed at dim light condi-
tions (see Materials and Methods) to ensure that vision is
totally conferred to the rod system. On Day 1, wild-type
control mice needed 47.9 + 10.6 s to navigate to the escape
platform, but gradually improved their performance to 7.3 +
1.1 s on Day 3 [P =0.0009, one-way analysis of variance
(ANOVA)] (Fig. 5A). An example swim path for a wild-type
mouse on Day 3 is shown in Figure 5C. Based on the swim-
ming abilities of the mice (mean swimming speed: 19.0 +
1.8 cm/s) and the diameter (120 cm) of the water-filled tank,
the swimming performance on Day 3 can be considered as
the best achievable one. Untreated CNGB1 ™/~ mice needed
significantly longer than wild-type mice (P < 0.001,
two-way ANOVA) and were not able to improve their per-
formance significantly during the three test days (Day 1:
90.4 + 8.1s; Day 3: 67.9 +£10.8s; P=0.2660, one-way
ANOVA) (Fig. 5A; example swim path in Fig. 5C). In con-
trast, treated CNGB1 ™/~ mice were clearly able to improve
during the three test days (Day 1: 59.7 + 11.0s; Day 3:
23.1 +4.7s; P=0.0127, one-way ANOVA) and performed
significantly better than untreated CNGB1 '~ mice (P =
0.0123, two-way ANOVA) (Fig. 5A; example swim path in
Fig. 5D). Treated mice showed slightly longer escape latencies

than the wild-type mice, but did not significantly differ from
wild-type in their overall performance (P = 0.0834, two-way
ANOVA) (Fig. 5A). Also, the learning curves from treated
and wild-type mice developed in parallel and had similar
slopes (wild-type: —21.5 + 5.4, treated: —18.3 +6.8; P=
0.725, t-test). Taken together, these findings suggest that
treated CNGB1 '~ mice gained the ability to navigate using
information provided by the rod visual system.

We performed the test on Days 4 and 5 under normal light
conditions (see Materials and Methods). Vision under these
light conditions is mainly conferred by cone photoreceptors.
As CNGBI1 /" mice have preserved cone function until 6
months of age (6), we expected all animal groups to be able
to navigate under these test conditions. Wild-type and
treated CNGB1 ™/~ mice performed better than untreated
CNGB1~'~ mice on Day 4, because they already learned
the task under dim light conditions. However, untreated
mice also started improving their performance until they
reached similar levels of escape latencies like wild-type and
treated mice on Day 5 (Fig. 5A).

During all tests, the mice were allowed to swim for up to
120 s. If a mouse did not find the platform within 120 s, it
was considered as an ‘error of omission’. Wild-type mice
showed no (Day 3) or almost no (Day 2: 0.2 + 0.2%) errors
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Figure 5. Effect of gene therapy on vision-guided behavior in CNGB1 ™/~ mice. Treated mice show improved learning curves in a visual water maze that tests
rod-mediated vision. (A, B) Latency to locate a swimming escape platform (A) and errors of omission (B) under dark (Days 1—3) and normal (Days 4 and 5) light

conditions. In contrast to untreated CNGB1 ™/~

mice (black), treated CNGB1 ™/~

mice (red) significantly improved their performance during the first three test

days in the dark. All treated mice successfully located the escape platform (e.g. performed without errors of omission) on Day 3. Their performance did not
significantly differ from wild-type control mice (grey). On Days 4 and 5, the mice were tested under normal light conditions. As cone function is not impaired
in young untreated CNGB1 ™/~ mice (6), they were also able to improve their performance to the level of wild-type and treated CNGB1~'~ mice on Day 5.
(C—-E) Example swim paths from wild-type (C), treated (D) and untreated (E) mice on Day 3.

of omission from the second test day onward (Fig. 5B). In con-
trast, untreated CNGB1 '~ mice made errors of omission
throughout the low-light condition test phase (Days 1-3)
and the first day under normal light conditions (Day 4), and
only improved to no more errors of omission on the second
day under normal light conditions (Day 5) (Fig. 5B). As a
clear indication for an improvement of rod-mediated vision,
treated CNGB1 ' mice performed without any error of omis-
sion on Day 3 and had only 5.2 + 3.2% errors of omission on
Day 2 (Fig. 5B).

Gene therapy delays retinal degeneration in CNGB1 ™/~

mice

RP patients and CNGBI1 '~ mice display a progressive retinal
degeneration due to the loss of rod and cone photoreceptors,
which needs to be ameliorated or halted in order to achieve
long-term beneficial effects on vision. Having shown that
our gene replacement therapy was able to restore rod photo-
receptor function in ERG and to improve rod-mediated
vision in the behavioral test, the question remained to what
extent the treatment could also delay photoreceptor degener-
ation. Spec1ﬁcally, the progresswe photoreceptor degeneration
in CNGB1 '~ mice results in thinning of the outer nuclear
layer to about half the size of wild-type control mice at 6
months of age and to 1-2 rows of photoreceptors at 1 year
(6). The wild-type retina contains 11-12 rows of

photoreceptors. To test whether the treatment was able to
delay the retinal degeneration, we isolated the retina at
12 months after injection and analyzed the retinal histology.
Figure 6A shows an overview image from a representative
retinal slice of a treated knockout mouse at 12 months after
treatment labeled with a CNGBI1-specific antibody and the
nuclear dye Hoechst 33342. The region with no CNGB1la ex-
pression revealed the expected thinning of the outer nuclear
layer. However, in the treated part with high levels of
CNGBIla expression, 7—8 rows of photoreceptors remained,
indicating that the treatment significantly delayed photorecep—
tor cell loss (Fig. 6A). In the untreated CNGB1 '~ retina,
Miiller cells are activated and show high levels of glial fibril-
lary acidic protein (GFAP) immunoreactivity (Fig 6B) (6). In
support of a beneficial effect on retinal degeneration, we
observed a reduction of the GFAP signal to wild-type levels
at 12 months after treatment (F1g 6C and D). An overview
image from a treated CNGB1 ' retina illustrating the treat-
ment effect on Miiller gliosis is shown in Figure 6E. The bene-
ficial effects on retinal degeneratlon go along Wlth the
normalization of cGMP metabolism in the CNGB1 ' retina
(Fig. 6G). Within the untreated part of the retina, a profound
accumulation of ¢cGMP can be detected in photoreceptors
(Fig. 6F). In accordance with the functional data, expression
of CNGBla also lowered ¢cGMP in photoreceptors to levels
comparable to wild-type (Fig. 6G and H). As is typical for
RP and its models, cone photoreceptors also start to
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untreated treated

untreated. - - .-~ treated

Figure 6. Effect of gene therapy on photoreceptor degeneration in CNGB1 ™'~ mice at 12 months after treatment. (A) Expression of CNGB1a protein (green) in
the CNGB1~'~ retina delayed photoreceptor cell loss and thinning of outer nuclear layer (ONL) at 12 months after treatment. (B—D) Representative confocal
images from untreated (B), treated (C) CNGB1 ™~ and wild-type (D) retinas immunolabeled for GFAP (green). The treatment decreased the activation of Miiller
glia cells (C) to levels comparable to wild-type (D). (E) Overview image spanning a larger portion of a treated CNGB1™/~ retina showing the different levels of
GFAP (green) in the treated and untreated parts. (F—H) Viral CNGB1a expression also lowered presumably deleterious levels of cGMP (green) in photoreceptors
of treated mice 6 months after treatment (G) to levels comparable to wild-type (H). (I-K) Confocal scans from retinal slices immunolabeld for the specific ‘cone
marker’ cone arrestin demonstrate the positive effect on cone morphology at 12 months after treatment (I-K). Cell nuclei were stained with the nuclear dye
Hoechst 33342 (grey) in all panels. The scale bar marks 100 wm in (A) and (E), 50 pm in (B—D) and 20 pm in (F-K). GCL, ganglion cell layer; INL,
inner nuclear layer; IPL, inner plexiform layer; OPL, outer plexiform layer; opt, optic nerve; ONL, outer nuclear layer; OS, photoreceptor outer segments.
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degenerate in the CNGB1~/~ mouse secondary to rods al-
though they are primarily unaffected. In untreated mice,
cone degeneration becomes evident after 6 months of age
(6). To test for the beneficial effect of the treatment on cone
photoreceptors, we stained the treated and untreated
CNGB1 ' retina with the cone marker cone arrestin (16) at
12 months after injection. We found that in the treated
CNGB/-deficient retina, the morphology of cones was posi-
tively affected (Fig. 61-K).

DISCUSSION

RP is a family of hereditary eye diseases that affects the func-
tion and viability of rod photoreceptors resulting in night
blindness and progressive retinal degeneration (1,2). The sec-
ondary degeneration of cone photoreceptors produces a corre-
sponding loss of high-acuity vision that can eventually lead to
complete blindness (1,2). Until recently, RP has been consid-
ered to be incurable. With the advent of AAV-mediated gene
replacement therapy, several groups succeeded in restoration
of retinal function in RP animal models (17,18). For one
form of RP, Leber’s congenital amaurosis caused by mutations
in the RPE-specific gene RPE6S, a gene replacement approach
has already been translated from animal into clinical studies
(19-21). For other forms of RP caused by mutations in
photoreceptor-specific genes, the success rate of gene replace-
ment therapy varied from modest, short-term effects to more
pronounced and more stable therapeutic effects (17,18). This
variability may be explained by the interaction of multiple
factors such as the type of AAV (e.g. serotype, single- or
double-stranded vector), the type of target cell (e.g. RPE,
photoreceptors), the animal model in which the treatment is
being tested, the rate of degeneration, the time point of treat-
ment and the species specificity of the therapeutic transgenes,
as well as the structure, localization and molecular function of
the gene product (e.g. enzyme, receptor, ion channel). Another
important consideration refers to the dosage of transgene ex-
pression. A minimum level of expression in the target cell is
essential to achieve a therapeutic effect. However, overexpres-
sion of the therapeutic gene may also cause degeneration and
cell death. For instance, gene therapy studies in RP mouse
models with mutations in genes encoding the rod
photoreceptor-specific phosphodiesterase have shown variable
success rates ranging from partial rescue to more definite
therapeutic effects (22—25). Due to the high degree of signal
amplification and multi-facetted regulation of the phototrans-
duction cascade (26), even subtle changes in expression
levels may cause severe functional defects that influence the
outcome of gene therapy. Thus, it appears that success rates
of gene therapies for genes encoding proteins involved in
the photoreceptor signal transduction cascade may require
well-balanced transgene expression.

In this study, we present data on the successful restoration
of vision in the CNGB1 knockout mouse model of RP using
AAV-mediated gene therapy. The treatment resulted in effi-
cient expression of high levels of full-length CNGBIla
protein in rod photoreceptors that almost exclusively localized
to outer segments. Importantly, this also resulted in the restor-
ation of the previously degraded endogenous CNGA1 protein,
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which is the second subunit of the native rod CNG channel (5).
Following treatment, both proteins co-localized in rod outer
segments and formed regular CNG channel complexes in the
transduced area of the CNGB1 ™/~ retina. We have previously
shown that the vast majority of homomeric CNG channels
(e.g. CNGAI1 or CNGA3 only) cannot be transported into
the photoreceptor outer segments and are rapidly degraded
(6,16,27). Only a minor fraction of CNGB1~'~ rods (3 out
of 35 recorded cells) (6) showed small (10—15% of wild-type)
light responses. Accordingly, the levels of endogenous
CNGAL1 transcript and protein that are available for assembly
with virally expressed CNGB1a seems to be the limiting factor
that defines the amount of CNG channel complexes in the
treated rod outer segments. Thus, the endogenous CNGAI1
transcript levels act as an intrinsic safety barrier to ensure
that the amounts of outer segment rod CNG channels cannot
exceed wild-type levels, which may prevent deleterious
changes in photoreceptor Ca®" levels or membrane potential.
In line with this, our treatment showed no adverse effects and
revealed a prolonged preservation of photoreceptors up to the
end of the follow-up period of 12 months.

In summary, the present study represents the first successful
approach of restoration of vision in a retinal channelopathy
model of RP. Importantly, we were able to demonstrate the
restoration of visual system integrity and functionality by in
vivo and in vitro analyses of retinal function and morphology,
as well as vision-guided behavior. Our data are very encour-
aging to launch AAV-based gene therapy studies in human
patients suffering from CNG channelopathies.

MATERIALS AND METHODS
Animals

Animals were housed under standard white cyclic lighting
(200 lux), had free access to food and water and were used ir-
respective of gender. Lighting conditions were consistent
across all groups and/or treatments. All procedures concerning
animals were performed with permission of local authorities
(Regierungsprisidium Tiibingen and Regierung von Ober-
bayern) and in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research.

Cloning and production of rAAV vectors

Cloning and mutagenesis were performed by standard techni-
ques. All sequence manipulations were confirmed by sequen-
cing. To construct pAAV2.1-Rho-CNGB1a-SV40, we inserted
a polymerase chain reaction (PCR)-amplified mouse Rho-
dopsin promoter (RhoF: 5-GATCCTTAAGATGTGGAG
AAG TGAATTTAGGGCCCAA-3’ and RhoR: 5-GTATGTC
GA CCACTGCGGCTGCTCGAAGGGGCTCCGCA-3', PCR
template: mouse genomic DNA) and a PCR-amplified SV40
late Poly A fragment [SV40F: 5-TGTAGCGGCCGCAG
ACATGATAAGATACATTGATGAGTT-3, SV40R: 5-TG
TACTCGAGTACCACATTTGTAGAGGTTTTACTTGCT-3,
PCR template: psiCHECK-2 (Promega, Mannheim, Germany)]
and PCR-amplified (mBIF: 5-CCGGTACCGCCACCATG
TTGGGCTGGGTCCAAAGG-3, mBIR: 5-GATCGCGGCC
GCTCATGCACCTCACTCCGCC-3’, PCR template: mouse
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retinal cDNA) full-length mouse CNGBla cDNA into
PAAV2.1-mecs (27). pAAV2/8 Y733F (12) encoding a
Y733F-modified AAVS8 capsid was obtained by site-directed
mutagenesis (YF8F: 5'-GCCCCATTGGCACCCGTTTCCTCA
CCCGTAATCTGTAATTG-3, YF8R: 5-CAATTACAGAT
TACGGGTGAGGAAACGGGTGCCAATGGGGC-3) using
PAAV2/8 (28) as a template. Single-strand AAV vectors were
produced by triple calcium phosphate transfection of 293T
cells with pAdDeltaF6 (29), pAAV2/8Y733F and pAAV2.1-
Rho-CNGB1a-SV40 plasmids followed by iodixanol gradient
(30) purification. The 40—60% iodixanol interface was further
purified and concentrated by ion exchange chromatography on
a 5ml HiTrap Q Sepharose column using an AKTA Basic
FPLC system (GE Healthcare, Munich, Germany) according
to previously described procedures, followed by further concen-
tration using Amicon Ultra-4 Centrifugal Filter Units (Millipore,
Schwalbach, Germany). Physical titers (in genome copies/ml)
were determined by quantitative PCR of CNGB1 (BlagF:
5-GAACTGGAACTGCTGGCTGAT-3"xEF\x80 and BlaqR:
5'-TGGAACACGGTGATGTCCAGGA-3') using a Light-
Cycler 480 (Roche Applied Science, Mannheim, Germany).

Subretinal rAAYV injections

As previously described (27), mice were anesthetized by sub-
cutaneous injection of ketamine (66.7 mg/kg) and xylazine
(11.7 mg/kg), and their pupils were dilated with tropicamide
eye drops (Mydriaticum Stulln; Pharma Stulln GmbH,
Germany). One microliter of rAAV particles was injected
into the subretinal space using the NanoFil Subretinal Injec-
tion Kit (WPI, Germany) equipped with a 34 gauge beveled
needle. The injection was performed free hand under a surgi-
cal microscope (Carl Zeiss, Germany). Special care was taken
to avoid damage of the lens. The success of the procedure was
monitored immediately following the injections using SLO
(13) and OCT (14). If the procedure was not successful
(severe damage like a full retinal detachment), the mice
were excluded from further analysis. At the given age, this
concerned about one eye out of five.

Electroretinograms

ERG analysis was performed at 6 weeks to 4 months after in-
jection according to the procedures described elsewhere
(31,32). Single-flash intensity and flicker frequency series
data were available from 11 animals (one eye treated, one
eye untreated). Scotopic flicker ERG series data were avail-
able from 11 animals (one eye treated, one eye untreated).

Scanning laser ophthalmoscopy

Retinal structures were visualized via a ¢cSLO [Heidelberg
Retina Angiograph (HRA 1I)] according to previously
described procedures (13). The HRA features two argon wave-
lengths (488 and 514 nm) in the short-wavelength range and
two infrared diode lasers (795 and 830 nm) in the long-
wavelength range. Laser wavelengths used for fundus visual-
ization were: 514 nm (red-free channel) and 488 nm for auto-
fluorescent images, with a barrier filter at 500 nm.

Spectral domain optical coherence tomography

Spectrum domain optical coherence tomography imaging was
done with a commercially available Spectralis™ HRA +
OCT device (Heidelberg Engineering) featuring a broadband
superluminescent diode at 870 nm as low coherent light
source. Each two-dimensional B-scan recorded at 30° field
of view consists of 1536 A-scans, which are acquired at a
speed of 40 000 scans per second. Optical depth resolution
is ~7 wm with digital resolution reaching 3.5 pwm. Imaging
was performed using the proprietary software package Eye Ex-
plorer (version 3.2.1.0, Heidelberg Engineering). Retinal thick-
ness was quantified using horizontal slides, located 1500 pwm
distant from the optic nerve head in the temporal hemisphere.

Immunohistochemistry

Immunohistochemical staining was performed at 40 days to 12
months after injection according to the procedures described
previously (16). We used the following primary antibodies:
rabbit anti-CNGB1 [C-AbmCNGBI1 (6), 1:30000], mouse
anti-CNGA1 [2G11 (33), 1:30], mouse anti-peripherin-2
[PerSH2 (34), 1:1000], sheep anti-cGMP (35) (1:3000),
Cy3-coupled anti-GFAP (16) (Sigma, Germany, 1:1000) and
rabbit anti-cone arrestin (36) (1:300). Laser scanning confocal
micrographs were taken using an LSM 510 meta microscope
(Carl Zeiss, Germany) and images are presented as collapsed
confocal z-stacks. Stainings were reproduced in >3 independ-
ent experiments.

Western blot

For protein isolation from mouse retinas, the retinas were
homogenized using a mortar and suspended in homogeniza-
tion buffer [2% sodium dodecyl sulfate (SDS), 50 mm Tris
and proteinase inhibitor cocktail mix]. After heating at 95°C
for 15 min followed by centrifugation at 1000g for 10 min at
4°C, the resulting supernatant was used in western blot ana-
lysis as previously described (16). The proteins were separated
by 10% SDS-polyacrylamide gel electrophoresis followed by
western blot analysis according to the standard procedures.
The following antibodies were used: mouse anti-CNGBI1
[1B4 (37), 1:30], mouse anti-CNGA1 [2G11 (33), 1:30] and
mouse anti-Tubulin (1:2000; Dianova, Hamburg, Germany).

Visual water maze task

The Morris water maze test was originally described as a test
for hippocampus-dependent learning (38) and used later with
modifications as a test for vision-guided behavior (39). Mice
were housed separately in an inverse 12 h light/dark cycle.
The experiment was performed in dark. Mice were trained
for 3 days (eight trials a day) to locate a stable platform
(10 cm in diameter) at dim light conditions of 0.32 cd/m? to
ensure that vision is totally conferred to the rod system. The
platform was placed in a circular swimming pool (120 cm in
diameter, 70 cm high, white plastic) filled with water. The
starting position of the mouse was changed from trial to trial
in a pseudorandom order, whereas the platform was kept in
a constant location. Distal cues in the testing room and the
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water maze, such as patterned cardboards, were provided as
spatial references. Trials were terminated if the mouse
climbed onto the platform or when it swam for 2 min. If
the mouse did not find the platform, it was gently placed on
the stable platform. After each trial, the mouse was left
on the platform for 10 s undisturbed before warmed using a
heating lamp and transferred to the home cage. On Days 4
and 5, the experiment was performed under light conditions
(29.04 cd/m?) to test cone vision-mediated behavior. The ex-
periment was performed and analyzed blindly to the animal
genotype.

Statistics

All values are given as mean + SE, and N is the number of
animals. Unless stated otherwise, an unpaired Student’s #-test
was performed for the comparison between two groups.
Values of P < 0.05 were considered significant.
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Abstract

Purpose

Vision originates in rods and cones at the outer retina. Already at these early stages, diverse
processing schemes shape and enhance image information to permit perception over a
wide range of lighting conditions. In this work, we address the role of hyperpolarization-acti-
vated and cyclic nucleotide-gated channels 1 (HCN1) in rod photoreceptors for the
enhancement of rod system responsivity under conditions of light exposure.

Methods

To isolate HCN1 channel actions in rod system responses, we generated double mutant
mice by crossbreeding Hcn 17~ mice with Cnga3” mice in which cones are non-functional.
Retinal function in the resulting Hcn1”~ Cnga3” animals was followed by means of electro-
retinography (ERG) up to the age of four month. Retinal imaging via scanning laser ophthal-
moscopy (SLO) and optical coherence tomography (OCT) was also performed to exclude
potential morphological alterations.

Results

This study on Hcn1”- Cnga3”” mutant mice complements our previous work on HCN1 chan-
nel function in the retina. We show here in a functional rod-only setting that rod responses
following bright light exposure terminate without the counteraction of HCN channels much
later than normal. The resulting sustained signal elevation does saturate the retinal network
due to an intensity-dependent reduction in the dynamic range. In addition, the lack of rapid
adaptational feedback modulation of rod photoreceptor output via HCN1 in this double
mutant limits the ability to follow repetitive (flicker) stimuli, particularly under mesopic
conditions.
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Conclusions

This work corroborates the hypothesis that, in the absence of HCN1-mediated feedback,
the amplitude of rod signals remains at high levels for a prolonged period of time, leading to
saturation of the retinal pathways. Our results demonstrate the importance of HCN1 chan-
nels for regular vision.

Introduction

The retina is able to respond to a wide range of light stimuli by the use of the two photoreceptor
subtypes, rods and cones, whose signals converge at different sites in the retina. The highly sen-
sitive rods are able to detect already very low amounts of light, whereas the less sensitive cones
mainly contribute to perception under brighter light levels. At intermediate (mesopic) condi-
tions, there is a considerable overlap of the two systems where both photoreceptor types con-
tact onto the same downstream neurons [1, 2]. In order to facilitate a seamless, light-
dependent transition from rod- to cone-dominated retinal signalling, their dynamic range has
to be tightly controlled.

In the retina, the wide response range is implemented not only at the level of photoreceptors,
but also downstream via the use of parallel, independent pathways and intensity-dependent con-
vergence of signals at each stage of retinal processing [3-5]. The primary rod pathway operates
at dim light conditions and connects rods via rod bipolar cells to AIl amacrine cells and eventu-
ally the cone ON pathway. It also suppresses cone OFF signalling. The secondary rod pathway
becomes operational at mesopic illuminations. Rod signals access the cone ON pathway via rod-
cone electrical coupling through gap junctions [6-9]. In addition, horizontal connections at each
level of signal processing (e.g. via gap junctions) are important for several aspects of vision [10].

The dynamic range of rod vision is further regulated by a number of feedback mechanisms.
Here, we explored the actions of Hyperpolarization-activated and cyclic nucleotide-gated 1
(HCNT1) channels in rods. HCN1 channels are strongly expressed in photoreceptor inner seg-
ments [11-13] and are activated after a short delay when light exposure closes CNG channels
in the outer retina and hyperpolarizes the membrane potential of photoreceptors. Increased
opening of HCN1 channels causes an inward current that drives the membrane potential back
to the resting state [13-16]. In previous investigations, we have focused particularly on the
importance of HCNI1 channels for proper rod-cone-interaction [16]. Here, we studied the iso-
lated rod-specific actions via a genetic impairment of cone function, as usually the intrusion of
cone system contributions at higher light intensity renders a rod-specific analysis difficult [15,
16]. For this purpose, we crossbred Henl™ mice [17] with Cnga3'/ “mice [18] in order to obtain
Cnga3"" Henl” double knockout mice (DKO) with abolished cone function. The resulting
DKOs were examined functionally by means of in vivo electrophysiology (ERG) using single
flash and flicker paradigms under scotopic and mesopic conditions. In vivo retinal imaging,
using optical coherence tomography (OCT) and scanning laser ophthalmoscopy (SLO), was
also performed to exclude potential morphological alterations.

Materials and Methods
Ethics Statement

All the experimental procedures regarding animals were performed according to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research and the law of animal
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experimentation issued by the German Government, and were finally approved by the local
authorities (Regierungspraesidium Tuebingen).

Animals

Two mouse lines were used in this study: the Cnga3™" single mutant [18] and Cnga3™ Henl™"
double knockout line (DKO). DKOs were generated by crossbreeding single Henl” and
Cnga3”" animals and subsequent breeding of F1 heterozygotes. We identified double mutant
mice in the F2 generation by PCR analysis of genomic DNA as described for the individual
lines [17, 18]. All mice were examined at the age of 1 month because firstly retinal development
is usually complete at this time point. Secondly, this time point is optimal for the analysis of
primary functional changes due to a genetic defect in mice in-dependent of secondary changes
(e.g degeneration) [19-21]. Lack of cone photoreceptor function due to a genetic ablation of
the Cnga3 gene has been found to secondarily induce synaptic remodelling to some degree
[22]. Nevertheless, a functional alteration of rod system activity has so far not been described
and was also not observed in previous studies involving ERG examinations [19-21]. So, this
aspect remains at present of a theoretical nature.

Electroretinography (ERG)

ERGs were performed according to procedures described previously [19, 20] using a Ganzfeld
bowl, a signal amplifier, and a PC-based control and recording unit (Toennies Multiliner
Vision, Viasys Healthcare, Hochberg, Germany). Custom-made gold wire rings and stainless
steel needles (SEI EMG, Cittadella, Italy) were used as active or reference and ground elec-
trodes, respectively. ERGs were recorded binocularly from the corneal surface. Mice were dark-
adapted over night. For anaesthesia, a combination of ketamine (66.7 mg per kg body weight)
and xylazine (11.7 mg per kg body weight) was utilized. Pupils were dilated prior to the experi-
ments (Mydriaticum Stulln, Stulln, Germany).

Single-flash ERG. Single flash responses were obtained under dark-adapted conditions
(without any background illumination). Stimulus intensity from white flashes were categorized
into low scotopic (0.1 and 1 mcd*s/m?), high scotopic (10 med* s/m?), low mesopic (0.03-0.3
cd*s/m?) and high mesopic (1-25 cd* s/m?) as described previously [23]. The intensity series
was divided into ten steps of 0.5 or 1 log units and each trace were averaged from ten responses,
with an inter-stimulus interval of 5 s (for < 1 cd*s/ m?) or 17 s (for 1 to 25 cd*s/ m?). Band-
pass filter frequencies were 0.3 and 300 Hz.

Steady-state flicker ERG. Dark-adapted flicker ERGs were performed with increasing fre-
quency from 0.5 to 5 Hz at a fixed high mesopic intensity (3 cd*s/m?) without background illu-
mination [21]. Responses were averaged either 20 times (for 0.5, 1, 2, and 3 Hz) or 30 times (for
5 Hz) over time, i.e. steady-state recordings. Band-pass filter frequencies were 0.3 and 300 Hz.

Flicker ERG with a defined onset. A dark-adapted direct-current amplification (DC)
flicker protocol was used at high scotopic conditions (10 mcd*s/m?) with traces of 1s length
[16] to assess the transition from the resting state towards steady-state conditions. For this
analysis, 20 flicker responses were averaged for all frequencies.

This protocol allows to determine the range temporarily not available for light-driven
responses due to the elevation of baseline (refractory range, RR), and the remaining dynamic
range for light driven responses (DR).

In the DC protocol, the RR is given by the difference between the new flicker baseline at
steady state and the baseline before stimulation as the reference. The DR is determined as the
new amplitude of the flicker at steady state. Band-pass filter frequency settings for the DC pro-
tocol were 0 and 300 Hz.
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Statistical analysis. The Mann-Whitney rank sum test was used in selected cases to test
for statistical significance of differences between ERG amplitudes of Cnga3”" single mutant
and Cnga3'/' Hcnl”” DKO mice. At a level of p<0.05, differences were considered to be statisti-
cally significant and marked with an asterisk (*) in respective figures. Lower p values were fur-
ther marked with additional asterisks (** for p<0.01, and *** for p<0.001).

Scanning-Laser Ophthalmoscopy (SLO)

SLO imaging was performed with a HRA 1 system (Heidelberg Engineering, Heidelberg, Ger-
many) in order to visualize the retinal structures of the anesthetized DKO animals (n = 6 eyes)
according to previously described procedures [24]. Briefly, the HRA 1 features lasers in the
short (visible) wavelength range (488 nm in both and 514 nm in HRA 1 only), and also in the
long (infrared) wavelength range (795/830 nm and 785/815 nm). The 488 and 795 nm lasers
are used for fluorescein (FLA) and indocyanine green (ICG) angiography, respectively.

Spectral-Domain Optical Coherence Tomography (SD-OCT)

SD-OCT imaging was performed in DKO mice (n = 6 eyes) in the same session as SLO and it was
carried out with a Spectralis HRA+OCT device (Heidelberg Engineering GmbH, Heidelberg, Ger-
many). This device features a super luminescent diode at 870 nm as low coherence light source.
Scans are acquired at a speed of 40,000 scans per second and each two-dimensional B-scan con-
tains up to 1536 A-scans. [25]. The images were taken with the equipment set of 30° field of view
and with the software Heidelberg Eye Explorer (HEYEX version 5.3.3.0, Heidelberg, Germany).

Results

HCN1 Deficiency Leads to an Intensity-Dependent Prolongation of the
Rod B-Wave

Before the functional analysis, we examined whether the lack of HCN1 channels in DKO mice
influenced retinal morphology. In vivo imaging in DKO mice indicated no abnormalities in reti-
nal structure, neither in SLO fundus images (Fig 1 A-1D) nor in OCT cross sections (Fig 1E-1G).

Next, we asked whether lack of HCN1 channels in this rod-specific DKO line would cause
an ERG phenotype similar to that found in non-selective Hcnl”™ models [16, 17]. Indeed, the
absence of HCN1 channels resulted in unphysiologically prolonged b-wave signals which
remained elevated even at 100 ms after light stimulation, corroborating our previous hypothe-
ses. The results are summarized in Fig 2, a compilation of single flash ERGs of Cnga3”" (left)
and DKO animals (right) under dark-adapted conditions. For this purpose, we used Cnga3”
mice as control animals since they were found to produce regular rod system response in previ-
ous studies involving ERG [19-21].

At low light intensities (Fig 2A; 0.1 and 1 mcd*s/m?) ERG data were comparable between
both mouse lines; however, a slight tendency towards the HCN1 phenotype was already visible
in DKOs at 0.01 cd*s/m” (Fig 2A, right). At brighter light intensities, the prolongation became
more pronounced (Fig 2A, right and Fig 2C, arrows). The b-wave amplitudes, determined
from the trough to the peak of the positive deflection, were comparable between Cnga3” and
DKO mice (Fig 2B). This is due to the fact that b-wave amplitude measurement does not
include later parts of the response waveform, where most of the HCN1 phenotype is present
(Fig 2A and 2C). In order to highlight the delayed response termination in DKO, we quantified
ERG responses from both mouse lines at a later time-point (200 ms after stimulation) [16].
These data underline that a marked difference is already present at 0.01 cd*s/m” (p = 0.038),
but further increases at 0.1 and 1 c¢d *s/m?* (p = 0.010 for both intensities) (Fig 2D).
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Fig 1. In vivo retinal imaging in Cnga3™ Hcn1”" DKO mice. DKO mice (n = 6 eyes) were examined with SLO (A-D) and OCT (E-G). Examinations included
fundus native imaging (A), autofluorescence imaging (B), as well as fluorescein angiography (C) and indocyanine green angiography (D). For the OCT
analyses, horizontal scans through the dorsal (E), central (F) and ventral part (G) of the retina are shown. In vivo imaging of the retina indicates that no signs
of retinal degeneration, vascular alterations, or disturbances in the retinal layering of DKO mice. Scale bars (A-G): 200 pm.

doi:10.1371/journal.pone.0147728.g001

The intensity series in Fig 2 clearly showed the voltage-dependent activity of HCN1 chan-
nels in rod photoreceptor inner segments, since a substantial effect of HCN1-deficiency was
discernible only at higher flash intensities above 30 mcd*s/m?. In contrast, non-functional
HCNI channels do not affect rod photoreceptor outer segment currents, which was confirmed
in Henl ™™ mice [16]; similarly also in DKO mice, no differences were found in the analysis of
the a-wave amplitude and implicit-time (data not shown).

In particular, a more detailed comparison between ERG amplitudes of the newly generated
DKOs in this work and single Hcnl™™ recordings [16, 17] revealed that the prolongation of the
b-wave was less pronounced in the DKOs than in Hcn1”™ mice, indicating that cone system
contributions were indeed present in ERG signals of single mutant mice, whereas these signals
were absent in DKOs.

HCN1-Deficiency Reduces the FFF at High Scotopic Conditions

In DKOs, the prolongation of b-waves in the dark-adapted intensity series led us to suppose
that, due to the lack of internal HCN1-mediated feedback, rod system responses may be tran-
siently saturated. In ERG, this would become noticeable as a reduced ability to respond to
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Fig 2. Effect of HCN1 on dark-adapted single flash ERG. (A) Representative ERG traces of an intensity series for a Cnga3™" (left) and a DKO (right)
mouse. (B) Quantitative evaluation of b-wave amplitudes (box-and-whisker-plots) for the entire group of Cnga3™ (n = 8 eyes) and DKO (n = 4 eyes). Boxes:
25%-75% quantile range, whiskers: 5% and 95% quantiles, asterisks: median. (C) Superpositions of selected ERG recordings from Cnga3” mice and DKOs
at 0.1 (top) and 1 (bottom) cd*s/m?. (D) Amplitudes of selected single flash ERG traces 200 ms after stimulus onset. Statistically significant differences are
indicated with asterisks (*p<0.05 for 0.01 cd*s/m? and **p = 0.01 for 0.1 and 1 c¢d *s/m?. Lack of HCN1 leads to an unphysiological prolongation of the b-
waves in DKOs at high light intensities.

doi:10.1371/journal.pone.0147728.9002

repetitive stimuli, i.e. a lowered flicker fusion frequency (FFF). To investigate this hypothesis,
we assessed the transition from the resting state to steady-state conditions by recording single
traces of flicker ERG with a defined onset. This enabled us to retain information about the sig-
nal baseline before and during light stimulation, including the refractory range (RR) and the
remaining dynamic range (DR).

Two key factors that influence the flicker ERG are the signal baseline level and the basal DR,
which are illustrated in Fig 3A. In a frequency series, signal baseline level (Fig 3A, red line) is
increasingly elevated whenever single ERG responses are unable to reach the initial level before
onset of the following response (dotted line), creating a refractory range (RR) spanned by the
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el e
@ ' PLOS ‘ ONE HCN1 Channels Enhance Rod System Responsivity in the Retina

dynamic range

Cnga3" Hen1”

500 pV/div.

Fig 3. Effect of HCN1 on flicker fusion frequency under high scotopic conditions. (A) Scheme of an ERG flicker response, highlighting characteristic
parameters of the record: the dynamic range (DR, green shaded area), the signal baseline (red line) and the baseline prior to the stimulus (dotted black line).
(B, C) Scotopic direct current ERGs of a Cnga3” and a DKO mouse under high scotopic conditions (0.01 cd*s /m?). In Cnga3™" controls (B), increasing
inability of the rod system response to reach signal baseline decreases the DR, leading to a flicker fusion frequency (FFF) of about 15Hz. The additional
prolongation of the rod response due to HCN1 deficiency limits its DR to a much greater extent and thus reduces the FFF (C). In total, DC measurements
were performed in n = 6 eyes for Cnga3” mice and n = 4 eyes for DKO mice.

doi:10.1371/journal.pone.0147728.9003

original baseline (dotted line) and the new baseline level. An increase in RR does in turn reduce
the DR (green shaded area) for subsequent responses.

The flicker response characteristics of Cnga3”~ and DKOs are presented in Fig 3B and 3C. In
Cnga3”" animals, the rod system was able to follow high flicker frequencies up to about 12-18
Hz. In the representative flicker series shown here, the FFF was slightly above 15Hz and traces
at frequencies above FFF were close to single flash-like responses. In contrast, the prolongation
of the rod system response due the lack of HCN1 channels caused a remarkable reduction of the
FFF in DKOs down to 7-10Hz, together with an elevation of the baseline abnormally increasing
with frequency (Fig 3C). At frequencies above the FFF, the flicker ERG signal remained elevated
with no remaining DR, resulting in a step-like response as described for Henl™" in our previous
study [17]. These data corroborate the important role of HCN1 channels in rod vision. In partic-
ular, HCN1 channels enable the rod system to resolve higher frequencies by extending their DR
at the photoreceptor level at intensities of 0.01 cd*s/m* and above.

HCN1-Deficiency Reduces the FFF at High Mesopic Conditions

Finally, we addressed the question whether the lack of HCN1 influences the FFF also under
high mesopic conditions at 3 cd*s/m? We used conventional steady-state ERG flicker record-
ings, where responses were continuously averaged. The normal rod system is able to respond
under these conditions only to low temporal frequencies of up to 3 Hz (Fig 4A, red bar) [21].
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Fig 4. Rod flicker ERG under high mesopic conditions. (A) Steady-state flicker ERG of a Cnga3™" (left) and a DKO (right) mouse under high mesopic
conditions (3 cd*s/m?). (B) Quantification of flicker ERG amplitudes of Cnga3™ (n=8 eyes) and DKOs (n = 8 eyes), indicating a strong reduction of rod flicker
responses in DKO mice. Boxes: 25%-75% quantile range, whiskers: 5% and 95% quantiles, asterisks: median. Statistically significant differences are
indicated with asterisks (**p<0.01 for 0.5 Hz and ***p<0.001 for 1-3 Hz). HCN1 deficiency reduces the ability to follow flicker under high mesopic conditions

even further (A, red bar).

doi:10.1371/journal.pone.0147728.9004

In DKO, ERG responses were even more reduced with increasing frequency (Fig 4A, right),
with a tendency to a stronger reduction of the positive deflection relative to the negative deflec-
tion (Fig 4A right, arrow). A summary of flicker amplitude data from Cnga3”" and DKO mice,
including the analysis of the positive deflection (Fig 4B), further illustrates the significant
reduction in FFF at 0.5 Hz (p = 0.002) and above (p<0.001 for 1-3 Hz).

Discussion

In this study, we investigated the role of HCNI1 channels in rod photoreceptors for the
enhancement of rod system responsivity under conditions of light exposure. To isolate HCN1
channel actions in rod system responses, we generated Hcnl”™ Cnga3”™ double knockout mice.
The Cnga3"" line is a model of achromatopsia type 2 and particularly specific in the removal of
any light-activated cone signalling, while the rod system stays functionally intact [18]. Henl ™
Cnga3”" double knockout mice thus allow to study rod-driven visual activity in HCN1-defi-
cient mutants. We found that a lack of HCN1-mediated feedback in rod photoreceptor cells
indeed prolongs rod responses and saturates the downstream retinal network during bright
light stimulation (Fig 2). In ERG analyses, this was noticeable as a reduced dynamic range
(DR) and a lowered flicker fusion frequency (FFF, Figs 3 and 4). Feedback mechanisms are
common strategies of the mammalian retina to avoid saturation of the neuronal network. A
further example is the triad of synapses between rod bipolar cells and AIl and A17 amacrine
cells. These triads modulate rod bipolar output signals and consequently influence the satura-
tion of rod vision [23]. When comparing these adaptive mechanisms, they appear to share the
same goal: To avoid saturation without compromising sensitivity. Evolutionary, one may spec-
ulate that the maximal sensitivity of vision in darkness is an advantage that is equally helpful to
the ability to rapidly perceive light-evoked signals again following a saturating stimulus, both
for predators and prey.
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With more and more details about the functional components of photoreceptors emerging,
modelling of entire cells comes within reach. Our rod-specific in vivo data does provide first-
hand information for the implementation of such models and generally for computational
studies dealing with saturation of the rod system.

In summary, we show that HCN1 channel feedback enhances the dynamic range of the rod
system in order to limit the period of saturation following bright light exposure, while leaving
rod sensitivity untouched. The newly generated Cnga3”’" Henl™™ double mutant is a valuable
specific model and a crucial building block to understand and model the role of HCN1 chan-
nels in shaping mammalian vision.
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Mutations in CACNA1Fencoding the a4-subunit of the retinal Cav1.4 L-type calcium channel have been linked to
Cav1.4 channelopathies including incomplete congenital stationary night blindness type 2A (CSNB2), Aland
Island eye disease (AIED) and cone-rod dystrophy type 3 (CORDX3). Since CACNA1Fis located onthe X chromo-
some, Cav1.4 channelopathies are typically affecting male patients via X-chromosomal recessive inheritance.
Occasionally, clinical symptoms have been observed in female carriers, too. It is currently unknown how
these mutations lead to symptoms in carriers and how the retinal network in these females is affected. To inves-
tigate these clinically important issues, we compared retinal phenotypes in Cav1.4-deficient and Cav1.4 hetero-
zygous mice and in human female carrier patients. Heterozygous Cacna1fcarrier mice have a retinal mosaic
consistent with differential X-chromosomal inactivation, characterized by adjacent vertical columns of affected
and non-affected wild-type-like retinal network. Vertical columns in heterozygous mice are well comparable to
either the wild-type retinal network of normal mice or to the retina of homozygous mice. Affected retinal columns
display pronounced rod and cone photoreceptor synaptopathy and cone degeneration. These changes lead to
vastly impaired vision-guided navigation under dark and normal light conditions and reduced retinal electrore-
tinography (ERG) responsesin Cacnaffcarrier mice. Similar abnormal ERG responses were found in five human
CACNAT1F carriers, four of which had novel mutations. In conclusion, our data on Cav1.4 deficient mice and
human female carriers of mutations in CACNA1F are consistent with a phenotype of mosaic CSNB2.
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INTRODUCTION

Retinal photoreceptors and bipolar cells contain a highly specia-
lized type of synapse designated ribbon synapse (1,2). Neuro-
transmitter release in these synapses is controlled via graded
and sustained changes in membrane potential that are maintained
throughout the duration of a light stimulus. Cav1.4 L-type Ca®"
channels are the main channel subtype converting these analog
input signals into corresponding tonic glutamate release (3—0).
Cavl1.4 channels are tailored to this function since they display
very slow voltage-dependent inactivation (VDI) and a lack of
Ca~*-dependent inactivation (CDI). Cav1.4 channels are multi-
subunit complexes consisting of the principal o; and the auxil-
iary B, and a23 subunits (3,7). The o subunit of retina-specific
Cavl.4 voltage-gated L-type calcium channels is encoded by the
X-chromosomal CACNA IF gene. Mutations in CACNAIF have
been identified in patients suffering from congenital stationary
night blindness type 2 (CSNB2; incomplete X-linked CSNB;
OMIM: 300 071) (8,9), Aland Island eye disease (AIED; OMIM:
300 600) (10,11) and X-linked cone-rod dystrophy (CORDX3;
OMIM: 300 476) (12). These channelopathies display similar elec-
troretinographic changes that indicate a loss of neurotransmission
from rods to bipolar cells, which is consistent with a loss of
Cavl.4 function in rod photoreceptor synapses. In addition,
some patients present with varying degrees of cone photorecep-
tor impairments. Deletion of Cav1.4 in mice leads to profound
visual impairment. These mice also seem to have a variable
phenotype but in general a more severe phenotype than human
patients (13—16).

Cavl.4 channelopathies are transmitted by X-chromosomal
inheritance. Therefore, males are affected far more frequently
than females. Clinical symptoms have occasionally been ob-
served also in carrier females (17,18). Interestingly, the
¢.2234T>C, p.1le745Thr CACNA 1 F mutation (17,19) revealed
a severe retinal phenotype in a large New Zealand family with
male children showing abnormal color vision and reduced intel-
lectual abilities. More importantly, female carriers presented
with abnormal ERGs. The authors argued that the presence of
symptoms in female carriers may relate to the specific mutation
which results in increased, rather than loss of, activity of the
Cav1.4 calcium channel. A mouse model for this particular mu-
tation has been described (14), but the phenotypes of males and
females have not yet been reported.

In the present study, we set out to further explore the pheno-
type observed in female carriers of loss of function mutation in
CACNAIF. To this end, we addressed this clinically important
issue by a comparative analysis of retinal phenotypes in
Cav1.4 deficient and Cav1.4 heterozygous mice and compared
these results to the clinical information obtained from human
female carriers presenting with four novel mutations in
CACNAIF.

RESULTS

Retinal and visual function in Cav1.4 deficient mice

In the wild-type retina, Cav1.4 protein localizes to rod and cone
photoreceptor synapses within the outer plexiform layer (opl)
and to a lesser extent to rod bipolar cell synapses in the inner
plexiform layer (ipl) (Fig. 1A). In retinas from Cav1.4 deficient
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Figure 1. Visual function in Cacnalf-knockout mice. (A and B) Confocal scans of
vertical retinal sections from wild-type (A) and Cacnalfknockout (Cav1.4-KO)
mice (B) labeled with a Cav1.4-specific antibody (green). Cell nuclei were stained
with the nuclear dye Hoechst 33342 (grey). Inlay in (A): magnification view on the
outer plexiform layer (opl) region marked with a white rectangle illustrating the
partial co-localization of the Cavl.4 signal (green) with the cone pedicle
marker peanut agglutinin (PNA, magenta). (C and D) Electroretinographic ana-
lysis of retinal function in Cav1.4-KO mice. Representative Ganzfeld-ERG inten-
sity series from dark-adapted (C) and light-adapted (D) wild-type (wt, black
traces) and Cav1.4-KO mice (red traces). (E and F) Performance of Cav1.4-KO
mice in a visual water-maze behavioral task. (E) Latency to locate a visible plat-
form under dark (left two bars) and normal light conditions (right two bars). (F)
Example swimming paths under dark (upper part) and normal light conditions
(lower part). The scale bar marks 20 pm. gcl, ganglion cell layer; inl, inner
nuclear layer; ipl, inner plexiform layer; onl, outer nuclear layer.
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(Cavl.4-KO) mice (14), Cavl.4 immunoreactivity was not
longer present in the opl and the ipl (Fig. 1B). Most immuno-
reactivity observed in the opl of wild-type retina corresponds
to rod photoreceptor synapses. However, double labeling with
the cone pedicle marker peanut agglutinin (PNA) revealed
that cone photoreceptor synapses are also Cavl.4 immunoposi-
tive (Fig. 1A inlay).

The overall retinal function of Cav1.4-KO mice was evaluated
by Ganzfeld Electroretinography (ERG) using stimulation pro-
tocols to isolate rod- (Fig. 1C) or cone-driven (Fig. 1D) light
responses. In the dark-adapted (scotopic) part of the protocol,
in which cones are non-responsive, the b-wave component and
oscillatory potentials were completely absent in ERG recordings
of Cavl.4-KO mice when compared with wild-type mice
throughout the stimulus range (Fig. 1C). However, the amplitude
and the threshold of the a-wave in Cav1.4-KO mice were similar
to wild-type. In the light-adapted (photopic) part of the ERG, in
whichrods are non-responsive due to desensitization, the b-wave
component and oscillatory potentials were also completely
absent in Cav1.4-KO mice (Fig. 1D). The absence of a scotopic
and photopic b-wave in the Cav1.4-KO mice is consistent with a
defect in neurotransmission from both rod and cone photorecep-
tors to second-order neurons, particularly bipolar cells.

The functional significance of the observed defects inthe ERG
responses was evaluated by testing the visual performance of
Cav1.4-KO mice in a vision-guided water-maze behavioral
task. The latency to navigate to a visible platform under dark
and normal light conditions was significantly increased in
Cav1.4-KO when compared with wild-type mice (Fig. 1E).
Moreover, in 37.5 + 9.1% of the trials in the dark and 27.3 +
4.4% of the trials during light Cav1.4-KO mice did not
manage to find the platform within the test period of 2 min
(scored as error of omission). In contrast all wild-type mice
reached the platform within time in all test trials. Wild-type
mice dramatically improved their visual performance on day 2
to a maximum, which could not be further improved during the
third test day under dark light conditions (Supplementary Mater-
ial, Fig. S2A). Under normal light conditions (day four) no
further improvement was observed (Supplementary Material,
Fig. S2A). In contrast to wild-type mice, Cavl.4-KO mice
struggled to locate the platform and showed no improvement
during the three successive test days under dark or on the
fourth test day under normal light conditions. Consistent with
the increased latency of Cav1.4-KO mice the swimming path
was much longer (Fig. 1F). To exclude that residual cone func-
tion could not be detected in this test paradigm in Cav1.4-KO
mice, we tested another group of animals for three consecutive
days solely under normal light conditions. Again, wild-type
mice displayed a robust learning curve, whereas Cav1.4-KO
mice did not show any improvement (Supplementary Material,
Fig. S2B), confirming that cone function is also strongly compro-
mised in Cav1.4-KO mice.

Synaptopathy in Cav1.4 deficient mice

Having characterized the functional defects in Cav1.4-KO mice,
we set out to analyze the changes of the retinal network architec-
ture of Cav1.4-KO mice at the morphological level. It is well
established that second order retinal neurons, e.g. bipolar cells
(BC) and horizontal cells (HC) respond to a number of
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pathological conditions by extending sprouting processes into
the outer nuclear layer (onl) (20—23). Staining of wild-type
retinas for the horizontal and amacrine cell marker calbindin
showed strong labeling of horizontal cell bodies and a dense
plexus of horizontal cell processes in the opl (Fig. 2A). In con-
trast, in retinas of Cavl.4-KO mice calbindin staining was
reduced in the opl and numerous elongated horizontal cell neur-
ites extended far into the outer nuclear layer (onl) (Fig. 2B). This
phenomenon was also observed in aged animals (Fig. 2C) con-
firming that it is not restricted to certain age periods. In wild-type
retinas, stainings by PKCa, a rod bipolar cell marker, displayed
regular arborization of bipolar cell dendrites restricted to the opl
(Fig. 2D). In contrast, in retinas of Cav1.4-KO mice, rod bipolar
cell dendrites extended beyond the opl, far into the onl (Fig. 2E).
Moreover, the staining revealed compromised morphology of
rod BC synapses in the ipl of Cav1.4-KO mice (Fig. 2D and
E). The PKCa antibody also labels cone outer segments (upper
part in Fig. 2D and E), which appear disorganized in
Cav1.4-KO mice. The irregular outgrowth of HC and BC neur-
ites concurred with a marked thinning of the opl in Cav1.4-KO
retinas when compared with wild-type retina. This was particu-
larly evident in retinal slices stained with the nuclear dye
Hoechst 33342 as thinning of the gap between the outer and
inner nuclear layers (Fig. 2A—C).

Together, these findings indicate disturbed synaptic contacts
between photoreceptors and second order neurons. We therefore
performed a set of stainings to evaluate the distribution of pre-
synaptic markers in the Cav1.4-KO retina. The vesicular glutam-
ate transporter 1 (vGlutl) labels rod spherules and cone pedicles
in the opl as well as axon terminals of bipolar cells in the ipl (24).
The complexins (Cplx) 3 and 4 label cone pedicles or rod and
cone synapses, respectively (25). Stainings for vGlutl (Fig. 2F
and G), Cplx3 and Cplx4 (Fig. 2H-K) confirmed a greatly
reduced immunoreactivity in the opl and an increased punctuate
staining in the onl in Cav1.4-KO mice when compared with wild-
type control mice. These results are consistent with a retraction
of photoreceptor synapses from the opl into the onl. In addition,
the vGlut] staining revealed a markedly reduced labeling of rod
BC synapses in the knockout (Fig. 2F and G), which is in line
with the reduction of PKCa stainings in rod BC synapses of
Cavl1.4-KO mice (Fig. 2E).

Cone photoreceptor degeneration in Cavl.4 deficient mice

We next analyzed whether the severe synaptic pathology is asso-
ciated with additional changes of photoreceptor morphology. To
this end, we labeled wild-type and knockout retinas with rod and
cone photoreceptor markers. The rod phototransduction cascade
protein rod arrestin (also known as visual arrestin or S-antigen)
revealed similar expression and localization in outer segments
of wild-type and mutant retinas (Fig. 3A and B). However, the
synaptic fraction of rod arrestin labeling (arrows in Fig. 3A)
was lost from the opl and partially found in the onl (arrows in
Fig. 3B). In contrast, labeling of Cav1.4-KO retinas for the
cone photoreceptor-specific homologue cone arrestin revealed
a loss of immunosignal compared with wild-type mice
(Fig. 3C and D). Specific labeling of cone photoreceptor extra-
cellular matrix by peanut agglutinin (PNA) revealed a loss of
cone pedicles in the opl while the morphology of the cone
inner and outer segments was normal (Fig. 3E and F).
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Figure 2. Synaptic changes in Cacnalfdeficient mice. Confocal scans of vertical retinal sections from wild-type (wt) and Cav1.4-KO (ko) mice. (A—C) Immunolabel-
ing of horizontal and amacrine cells with calbindin (Calb, green, right parts in A—C). The cell nuclei were stained with the dye Hoechst 33342 (grey) to illustrate the
retinal layers (left part in A—C). Horizontal cell neurites extend deep into the outer nuclear layer (onl) in young (6-week-old) (B) and aged (12-month-old, PM 12) ko
mice (C). (D and E) Retinal sections from 6-week-old wt and ko mice immunolabeled with the rod bipolar cell marker protein kinase C alpha (PKCa) (D and E), as well
as with the presynaptic markers vesicular glutamate transporter 1 (vGlutl) (F and G), complexin 4 (Cplx4) (H and I) and complexin 3 (cplx3) (J and K). PKCa staining
demonstrates pronounced growth of rod bipolar cell dendrites into the onl of Cav1.4-KO mice (arrows in E). Note that PKCa also labels cone outer segments (upper
part in D and E), which appear disorganized in the ko (E). The presynaptic markers (F—K) also reveal a disperse redistribution of rod (vGlutl and Cplx4) and cone
(Cplx3) presynaptic elements from the outer plexiform layer (opl) to the onl in the ko (G, I and K). inl, inner nuclear layer; ipl, inner plexiform layer. The scale bar

shown in (A) marks 20 pm.

In order to examine whether down-regulation of cone arrestin
reflected ongoing cone degeneration, we labeled wild-type and
Cav1.4-KO retinas for the Miiller glial cell-specific glial fibril-
lary acid protein (GFAP). In wild-type retina GFAP is only
found in Miiller glial cell endfeet (Fig. 3G). In contrast, strongly
GFAP-positive stress fibers appear in Miiller glial cells of
Cav1.4-KO mice (Fig. 3H) indicating the presence of a reactive
gliosis. A similar reactive gliosis can also be observed in classic-
al mouse models of cone degeneration (21,26).

Together these findings indicate that the synaptopathy in the
Cav1.4-KO mouse has no obvious effect on rod outer segment
morphology, but is associated with an overall compromised
cone photoreceptor morphology and cone degeneration.

Morphological changes in Cav1.4 heterozygous
mice (carriers)

Having defined the morphological changes in the Cav1.4-KO
retina, we next set out to study whether morphological changes
are also present in heterozygous female mice (Cav1.4™ 7). Dis-
tribution of Cav1.4 protein was patchy, characterized by islets of
Cavl.4 immunoreactivity and areas without Cavl.4 immunor-
eactivity next to each other (Fig. 4A—C).

To test the hypothesis that this could result in mosaic synaptic
defects in heterozygous mice, we stained for calbindin (Fig. 4D—
F), vGlutl (Fig. 4G-1I) and complexin 3 (Fig. 4J—L). This
revealed a similar patchy pattern of changes in synaptic morph-
ology. Specifically, retinal network columns with compromised
morphology were radially oriented and displayed outgrowths of
horizontal cell neurites and bipolar cell dendrites into the onl
and thinning of the opl, whereas neighboring non-affected net-
work columns revealed wild-type-like appearance (Fig. 4D—L).
Moreover, in affected Cav1.4-KO-like retinal columns of the
heterozygous retina, we also observed a loss of cone pedicles
(Fig. 4M), down-regulation of cone arrestin (Fig. 4N) and react-
ive gliosis (Fig. 40).

We next wondered how the synaptic contacts between photo-
receptors and second order neurons are organized in Cavl.4
heterozygous mice, in particular at the border regions between
healthy and affected retina. We therefore analyzed retinal
slices double-labeled with specific pre- and postsynaptic
markers. Figure SA—C shows images for PKCa and Ctbp2
(Fig. 5A). Ctbp2 is a marker of the photoreceptor synaptic
ribbon and labels characteristic horseshoe-shaped structures in
rod and cone photoreceptor synapses (27). While Ctbp?2 is still
expressed in the Cav1.4-KO (data not shown) and in affected
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Figure 3. Photoreceptor morphology in Cacnalf deficient mice. Confocal scans
of vertical retinal sections from 6-week-old wild-type and Cav1.4-KO mice
labeled for rod arrestin (A and B), cone arrestin (C and D), peanut agglutinin
(E and F) and GFAP (G and H). (A and B) The outer segment expression and lo-
calization of rod arrestin is not compromised in the KO. However, the synaptic
fraction of rod arrestin labeling (arrows in A) was lost from the outer plexiform
layer (opl) and was partially found in the outer nuclear layer (onl) (arrows in B).
Cell nuclei were stained with the nuclear dye Hoechst 33342 (grey). (C and D)
Cone arrestin is markedly downregulated throughout the cone cells in the KO
(D). (E and F) Peanut lectin staining of cone photoreceptor extracellular matrix
reveals a loss of cone pedicles, but preservation of cone inner and outer
segment (is, os) morphology. (G and H) Induction of GFAP-positive stress
fibers in the KO retina. Right part in panels (G and H) are Hoechst 33342
(grey) images of the respective retinal slices. The scale bar marks 20 wm. gcl,
ganglion cell layer; inl, inner nuclear layer; ipl, inner plexiform layer; onl,
outer nuclear layer.

parts of the Cav1.4™~ retina (Fig. 5A), the normal signal is
decreased in the opl and appears redistributed throughout the
onl. Other presynaptic markers relocate similarly (e.g.
vGlutl). Interestingly, most of the ectopic Ctbp2 signal in the
affected area also had aberrant morphology (Fig. 5B and C).
However, ectopic Ctbp2 staining in the onl that was in close
proximity to PKCa-positive rod BC dendrite, have an appear-
ance similar to the Ctbp2 signal in the wild-type (data not
shown) or healthy parts of the opl in the heterozygous retina
(Fig. 5C). Another pair of pre- and postsynaptic markers that
we analyzed was vGlutl and the Cavl.1 voltage-gated L-type
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calcium channel o subunit (also known as Cacnal s) (Fig. 5D
and E). Cavl.1 localizes to ON BC dendrites in the wild-type
and in the non-affected part of the Cav1.4 heterozygous retina
(Fig. 5D). In contrast, it is strongly down-regulated in the
Cav1.4-KO (14) and the affected part of the Cavl.4 heterozy-
gous retina (Fig. 5D). Interestingly, ectopic Cavl.l signal
could also be seen throughout the onl in the border region
between affected and healthy areas of the Cav1.4 heterozygous
retina (Fig. 5D and E) suggesting the formation of ectopic synap-
ses between ON BCs within affected retinal columns lacking
normal input and neighboring non-affected photoreceptors

(Fig. 8).

Functional changes in Cav1.4 heterozygous mice (carriers)

We next assessed the retinal function in Cavl.4"~ mice in
analogy to Cav1.4-KO mice. Scotopic ERGs were characterized
by reduced b-wave amplitudes and, superimposed on them, os-
cillatory potentials throughout the stimulus range in the carrier
mice when compared with the wild-type (Fig. 6A and B).
However, the threshold of the b-wave as well as the amplitude
and the threshold of the a-wave were normal in Cavl.4™~
mice. A similar reduction in the b-wave amplitude was also
observed for the photopic ERGs (Fig. 6C and D). These findings
are characteristic for a functional defect in the transmission of
visual signals from rod and cone photoreceptors to bipolar
cells in Cav1.4™ ™ mice.

We also tested whether this impaired retinal processing
had any influence on the ability of Cav1.4" ™ mice to navigate
in a visual water maze. Indeed, the performance of Cavl.4™~
mice under dark conditions was in between the wild-type
and Cav1.4-KO mice (Fig. 6E and F), as judged by both, the
latency to locate the platform (Fig. 6E) and the errors to find
the platform during the trial (errors of omission) (Fig. 6F).
Under normal light conditions the phenotype was somewhat
milder since heterozygous mice had only slightly increased la-
tencies and did not make any error of omissions (Fig. 6G and H).

CACNAIF mutations and phenotypes in male patients
and female carriers

Given the morphological and functional defects in Cav1.4"~
carrier mice, we investigated visual function and morphology
in five females carrying CACNAIF mutations from families
seen by two different clinical centers (Fig. 7; Supplementary Ma-
terial, Fig. S3). Four of the mutations were novel. The mutation
spectrum comprised two missense mutations in exons 6 and 16
(c.764G>A, p.Gly255Glu and ¢.2090T>C, p.Leu697Pro),
which are predicted to cause exchanges of amino acid residues
in transmembrane segment S5 of domain I (p.Gly255Glu) and
in the pore loop of domain II (p.Leu697Pro). In addition, three
mutations were identified, which were predicted either to
result in mRNA decay or in a truncated Cavl.4 channel
protein: In the mutation (¢.2821dupC, p.Leu941Profs*115) a du-
plication in exon 23 is predicted to cause a frameshift at amino
acid residue 941 (segment S3 of domain III), which changes
the 115 following amino acid residues. After these 115 residues
the protein is truncated. In the mutation (c.4547_4549delinsCC,
p.Leul516Profs*9), a deletion/insertion in exon 39 is predicted
to cause a frameshift at the amino acid residue 1516 (proximal
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Figure 4. Mosaic synaptopathy in Cacnalfheterozygous mice. Confocal scans of vertical retinal sections from Cav1.4 heterozygous (hz) mice. (A) Representative
image from an hz mouse labeled with a Cav1.4-specific antibody (green). (B) Magnification view on the outer plexiform layer region marked with a white rectangle in
(A). (C) Magnification view on the corresponding region from a wild-type control mouse labeled with a Cav1.4-specific antibody (green). Cell nuclei in (A—C) were
stained with the nuclear dye Hoechst 33342 (grey). (D—L) Retinal sections from hz (D and E, G and H and J-H) and wt (F, I and L) mice immunolabeled for calbindin
(Calb, D—F), vGlutl (G—I) and complexin 3 (cplx3) (J—L). The hz mice show a pronounced mosaic (patchy) photoreceptor synaptopathy. The regions marked with a
whiterectangle in panels (D, GandJ) are shownin (E, Hand K), respectively. (F,Iand L) show corresponding immunostainings from wt. (M—O) Representative image
from hz mice labeled for peanut agglutinin (M), cone arrestin (N) and GFAP (O) reveal a mosaic loss of synaptic cone structures and reactive gliosis in the hz. The scale
bar marks 20 pm. gcl, ganglion cell layer; inl, inner nuclear layer; ipl, inner plexiform layer; onl, outer nuclear layer; opl, outer plexiform layer.

C-terminus), which changes the nine following amino acid resi-
dues. After these nine residues, the protein is truncated. Mutation
¢.2928+ 1G> A has been reported before (IVS24+1) (28). The
location of the mutations in the Cav1.4 channel protein is shown
in Supplementary Material, Figure S3.

All carriers showed visual abnormalities of variable extent
(Table 1). Importantly, all carriers had a variable degree of
ERG changes (Fig. 7). While rod function reached the lower
normal range in some, cone function never reached more than
half the normal size (Fig. 7, Table 1). The clinical symptoms
and the pathological ERG changes of carrier females were con-
sistent with the phenotype of incomplete CSNB. This phenotype
co-segregated in affected male patients and was present at the
heterozygous state in all female carriers (Table 1, Fig. 7).

DISCUSSION

Neurotransmission from photoreceptors to bipolar cells relies on
calcium-triggered release of glutamate from photoreceptor syn-
aptic terminals (1,2). The major calcium entry pathway in pre-
synaptic terminals of photoreceptors and bipolar cells is

thought to be a voltage-gated L-type calcium channel containing
the Cav1.4 a1l subunit, which is encoded by the X-chromosomal
CACNAIF gene. In this study, we analyzed the retinal pheno-
types in Cav1.4-KO and Cavl.4 heterozygous mice and in
human female carrier patients. ERG tests and behavioral test
of visual performance suggest homozygous Cav1.4-KO mice
are essentially blind. In these mice, a pronounced synaptopathy,
characterized by retraction of rod and cone photoreceptor synap-
ses, sprouting of second-order neurons, formation of ectopic
synapses and pronounced degeneration and loss of cone, but
not of rod photoreceptors were present. These findings indicate
that Cav1.4 channels are essential for both rod and cone neuro-
transmission and the functional and structural integrity of photo-
receptor synapses in mice. This conclusion is in line with results
reported for a Cav1.4-KO mouse model, which was genetically
independently engineered and previously characterized (13,29).

Our analysis of Cavl.4 heterozygosity in Cav1.4-KO mice
revealed several new aspects of Cavl.4 channel dysfunction
in vivo. First, they suggest that retinal function in the heterozy-
gous Cav1.4 retina is impaired, because the affected “knockout’
retinal columns do not contribute to light detection, processing
and transmission through the visual pathway (Fig. 8). The
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Figure 5. Pre- and postsynaptic changes in Cacnalf heterozygous mice. Con-
focal scans of vertical retinal sections from Cavl.4 heterozygous (hz) mice
double-labeled for a combination of pre- and postsynaptic marker proteins. (A)
Immunostaining for the ribbon synapse marker C-terminal binding protein 2
(Ctbp2, magenta) and PKCa (green). Ctbp2 labels ipl cell bodies as well as inl
and opl synapses. In the non-affected parts the Ctbp2 signal of photoreceptor
synapses is restricted to the opl. In the affected parts PKCa-positive dendrites
grow into the onl and Ctbp2 is re-distributed throughout the onl. (B and C)
High resolution images of the area marked with a rectangle in (A). (B) Ctbp2
(grey) signal only. (C) Merged image for Ctbp2 (magenta) and PKCa (green).
The arrows mark ectopic Ctbp2-positive structures in close proximity to the
tips of outgrown PKCa-positive rod bipolar cell dendrites. (D and E)
Co-immunostaining for the postsynaptic L-type calcium channel subunit 1.1
(Cavl.l) and vGlutl. The arrows point to Cavl.1-positive puncta at the border
of the affected area. (D) Cavl.l signal (grey) only. (E) Merged image for
Cavl.l (magenta) and vGlutl (green). The scale bar marks 10 pm. inl, inner
nuclear layer; onl, outer nuclear layer; opl, outer plexiform layer.

prerequisite of this idea is the presence of a retinal mosaic
in Cavl.4 heterozygous mice, characterized by radial retinal
columns of Cavl.4-KO morphology was present in the
Cav1.4-KO mouse retina side by side to radial columns of
wild-type-like morphology. It is very likely that this mosaic like
pattern is caused by differential X-chromosomal inactivation
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prior to the onset of neurogenesis (30). When the X-chromosome
is inactivated in early retinal precursor cells, those cells with in-
activation of the wild-type Cacnalf- gene would lead to cells de-
ficient of Cavl.4 in carriers. Clonal descendents of retinal
precursor cells inherit the X-active status of their ancestors and
these clones are precisely organized in radial columns (30—
32). Importantly, the morphological changes observed in
affected columns of carrier mice included the synaptopathy as
well as the degenerative changes of cone photoreceptors.
Given the presence of radial Cav1.4-KO columns, it is likely
that the vertical flow of visual information is compromised and
cannot be compensated by neighboring unaffected and function-
al retinal cells.

Secondly, we provide evidence that aberrant crosstalk origin-
ating from the border areas between affected and non-affected
retinal columns could interfere with normal retinal processing.
In line with this hypothesis, ectopic synapses are formed
between neurites originating from second order neurons within
the affected retinal column and rod photoreceptor somata in non-
affected columns (Fig. 8).

On a functional level, Cavl.4 heterozygous mice revealed
reduced amplitudes of ERG b-waves and oscillatory potentials
and a compromised performance in the vision-guided behavior
which was in between that of wild-type and Cav1.4-KO mice.
Notably, this phenotype was observed under scotopic and pho-
topic light conditions arguing for defects in rod and cone func-
tion. We noticed that the phenotype of carrier mice was more
pronounced at the level of vision-guided behavior than in the
ERG. This might be attributable to significant disturbance of
retinal network signaling in carrier mice (Fig. 8).

In humans, most X chromosomal diseases do not lead to clin-
ical symptoms in carrier females (33). However, exceptions are
retinal diseases like specific subtypes of X-linked retinitis pig-
mentosa (34) and Choroideremia (35). In carriers for CSNB2
associated with mutations in CACNAIF clinically detectable
signs are relatively rare (10,17,18). Here, we present five
female carriers which had decreased cone-specific ERG
responses. These carriers had independent CACNAIF muta-
tions, four of which were novel. From the structural point of
view, it is very likely that the frameshift mutations lead to a
loss of Cavl.4 function. The specific functional consequences
of the two point mutations are not known. The presence of symp-
toms in female carrier heterozygous for different mutations in
CACNAIF supports the hypothesis of X-inactivation. Further-
more, variable expressivity of symptoms observed in different
carriers is consistent with differential X-inactivation. Finally,
the observation that not all carriers in the families of a given mu-
tation are affected suggests partial penetrance which also agrees
with X-chromosomal inactivation. Together, these clinical data
suggest that X-inactivation rather than a specific effect of a mu-
tation is responsible for the specific clinical presentation of an in-
dividual carrier. Supposed the morphological changes observed
in the retina of Cav1.4 heterozygous mice are also present in the
human retina of Cavl.4 carrier females, one would expect
impaired vertical processing of visual information in affected
retinal network columns. In addition, aberrant crosstalk
between affected and non-affected retinal columns would lead
to erroneous visual signal processing. However, one needs to
take into account that the human retina differs in many ways
from the mouse retina. For instance, human daylight vision
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Figure 6. Visual function in Cacnalfheterozygous mice. (A—D) Electroretinographic analysis of retinal function in Cav1.4 HZ mice. Representative Ganzfeld-ERG
intensity series from dark-adapted (A) and light-adapted (C) wild-type (wt, black traces) and Cav1.4 HZ mice (red traces). (B and D) Quantitative data of the entire
group shown as Box-and-Whisker plots, i.e. boxes indicate the 25 and 75% quantile range, whiskers indicate the 5 and 95% quantiles and the asterisks indicate the
median of the data. The amplitude data are plotted as a function of the logarithm of the flash intensity. (E—H) Performance of Cav1.4 HZ mice (grey) in a visual water-
maze behavioral task under dark (E and F) or normal light conditions (G and H). Wild-type (wt, black) and Cav1.4-KO mice (red) are show for comparison. (E and G)
Latency to locate a visible platform under dark (E) and normal light conditions (G). (F and H) Errors of ommision under dark (F) and normal light conditions (H).

mainly depends on the foveal/macular cone photoreceptors.
Moreover, it is still not clear whether human cones (or rods)
express other L-type VDCCs (e.g. Cavl.3) in addition to
Cav1.4 that might compensate for the loss of Cavl.4 function.
These reasons could at least partially explain why the phenotype
in mice has such deleterious effects whereas in humans it is
hardly noticed subjectively.

Our study provides the first comprehensive description of
morphological and functional changes in female carriers due
to mutations in CACNAIF affecting the Cav1l.4 channel. Our
data indicate that CACNAIF heterozygosity in female carrier
mice and humans have significant consequences for both rod
and cone-mediated vision and that this functional impairment
is presumably caused by X-chromosomal inactivation of the
wild-type Cavl.4 allele. Finally, our study helps to explain pre-
viously not understood complaints of mutant Cav1.4 carriers.

MATERIALS AND METHODS

Animals

We used Cav1.4-KO mice obtained from Dr Marion Maw, Uni-
versity of Otago, Dunedin, New Zealand (14). In these mice, the

Cacnalflocus was globally disrupted through homologous re-
combination by a Cre/loxP-based deletion of exons 14—17
which encode the transmembrane helices 8—12 located in
domain 2 of the channel protein (14). The deletion of exon
14—17 of the Cavl.4 gene was confirmed at the level of
genomic DNA by Southern blot analysis (Supplementary Mater-
ial, Fig. S1A and B). Cav1.4-KO mice (Cav1.4-KO) were born at
the expected Mendelian ratio, were fertile and showed no imme-
diately visible behavioral and physical abnormalities.

Immunohistochemistry

Immunohistochemical staining was performed on retinal cryo-
sections according to the procedures described previously (21).

Briefly, after enucleation, the eyes were pierced with a needle
and fixed for 5 min with 4% paraformaldehyde (PFA) in 0.1 M
phosphate buffer (PB). Subsequently, the cornea and lens were
removed and the remaining eye cut was fixed for 45 min in 4%
PFA/PB, then washed three times in 0.1 M PB and incubated
overnightin 30% sucrose/PB. After embedding in tissue freezing
medium (Tissue-Tek O.C. T Compound, Sakura Finetech), ver-
tical cryosections were cut at 10 wm and stored at —20°C until
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Figure 7. Visual function in human CSNB patients carrying CACNA I F mutations (A) Pedigrees of incomplete CSNB patients and carriers with C4ACNA I F mutations
and co-segregation analysis in available family members. Filled symbols represent affected and unfilled unaffected individuals. Squares depict males, circles females.
Stars mark individuals for whom we present the clinical data. Equation symbols represent unaffected alleles. (B) Electroretinograms (ERG) of carriers and male
patients set-up to stimulate: I. rods (dark adapted, 0.01*cd*m™~2s), II. cones and rods (dark adapted, 3*cd*m ™ s); IIL and IV. cones (light adapted, 3 cd*m? s,
1 Hz and 30 Hz). Compared with normal responses displayed in the last column, carriers had a variable b-wave responses under rod conditions. Those with markedly
low b-waves (RP1214 and 1344.01) did not reach a larger b- than a-wave for the mixed cone-rod condition (‘negative’ ERG). Under rod suppression by light adaptation
no carrier reached more than about 50% of the normal response to either single flashes (1 Hz) or flicker (30 Hz). Responses of all three affected males were much
smaller under both dark and light adapted condition.

use. The retina slices were rehydrated with 0.1 M PB and then overnight at 4°C in a solution of 0.1 M PB, 5% Chemiblocker
fixed for 10 min with 4% PFA. After washing three times with  (Millipore) and 0.3% Triton X. Next, the slices were again
0.1 M PB, the slices were incubated with primary antibody washed three times with 0.1 M PB, before proceeding with
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Table 1. Clinical details of carriers

Family number, internal CACNAIF mutation found in son Exon/ Sex, History Refractive error RE, VA;RE; ERG
reference number Intron age LE LE
Family 1, ¢.2821dupC Ex 23 F, 34 Strabismus in childhood, surgery, +2.50/0.75/90° 0.3* Electronegative cone response,
Mo802, => p.Leu941Pfs*115 amblyopia right eye +1.25 sph 1.0 decreased 30-Hz flickers
heterozygote amplitudes, rod responses in the
lower range
Family 2, ¢.2090T>C Ex 16 F,22 Amblyopia left eye, needs +2.50/—0.50/80° 1.0 Electronegative cone response,
Mo1189, => p.Leu697Pro relatively strong lights +5.00/—0.50/20° 0.7* decreased 30-Hz flickers
heterozygote amplitudes, rod responses in the
normal range
Family 3, ¢.4547_4549delinsCC Ex 39 F, 31 Refractive surgery at age 28 years 0/ —1.25/55° 0.9 Highly electronegative cone response,
Mol214, => p.Leul516Profs*9 for astigmatism —0.25/—0.25/100° 0.9 half decreased 30-Hz flickers
heterozygote amplitudes, decreased rod
responses
Family 4 c.764G>A Ex 6 F, 34 — — — Decreased cone response, decreased
Mo1242, => p.Gly255Glu heterozygote 30-Hz flickers amplitudes, rod
responses in the normal range
Family 5 c.2928+1G>A In24 F, 51 Photophobic for bright light —0.25/—0.5/152° 0.7 Negative ERG: rod, mixed and cone
Gil344.01 =>4S24+1 —1.75/—0.75/8° 0.7 b-waves about%ofnormal, a-waves
heterozygote normal. Rod b-wave delayed.

Refractive errors (sph spherical/cylindrical diopters/and axes) and corresponding visual acuity (VA); Electroretinograms (ERGs) were all below mean normal amplitudes, latencies unchanged except for rod
response Family 5; I1:3. Two carriers had abnormal fundus appearance: In Family 4; I:2 the color of the peripheral retina appeared slightly heterogenous; equally, Family 5; I1:3 had overall light fundus

pigmentation, in the LE circular chorioretinal atrophy of one optic disc diameter (disease unrelated). In both eyes, no macular reflex was seen and optic discs were pale. This was confirmed by spectral-domain
optical coherence tomography which illustrated a shallow foveal pit and partial optic atrophy with thinning of the retinal nerve fiber layer around the optic disc. Fundus autofluorescence, was slightly irregular
(sparkled higher and lower FAF) around the macula, while Family 1; II: 1 had a normal appearance. RE right eye; LE left eye; —, data not obtained; One carrier (Family 5; I1:3) named symptoms, i.e. sensitivity to

bright light. One carrier (Gi1344.01) had moderate myopia. Carriers Family 5; II:3 and Family 3; I1I: 1 did not reach normal visual acuity despite best correcting glasses.

*Visual acuity reduced due to amblyopia in squinting eye.
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Retinal Mosaic in Cav1.4 heterozygous mice

WT-like
column

Ca,1.4 KO-like
column

Figure 8. Model for pathological retinal information processing in Cav1.4 het-
erozygous mice. Retinal mosaic in Cavl.4 heterozygous mice showing a wild-
type like retinal column (left part of the figure) and a Cav1.4-KO like retinal
column (right part of the figure). Affected ‘knockout’ retinal columns do not con-
tribute to light detection, processing and transmission through the visual pathway
(arrow on the right). Aberrant crosstalk at the border areas between affected and
non-affected retinal columns interfere with normal retinal processing. Formation
of ectopic synapses between neurites originating from second order neurons
within the affected retinal column and rod photoreceptor somata in non-affected
columns (Red rod photoreceptor and red bipolar neuron). Ph, rod photoreceptor;
BP, bipolar cell; GZ, ganglion cell; HZ, horizontal cell; AZ, amacrine cell.

secondary detection using Alexa 488 anti-mouse or rabbit IgG
F(ab’), fragments (Cell Signaling Technology) or anti-guinea
pig IgG (Mobitec) or Cy3 anti-mouse or anti-rabbit IgG
(Jackson Immunoreagents). The cell nuclei were stained with
Hoechst 33342. Finally, the sections were washed with 0.1 M
PB and covered with coverslips.

The following primary antibodies were used: rabbit anti-
Cavl.4 (Cavl.4 Pep3; 1:1000) (14), mouse anti-Cav1.1 (Milli-
pore, clone mablA, 1:5000), rabbit anti-calbindin (Swant,
Bellinzona, Switzerland; 1:2000) (23), rabbit anti-cone arrestin
(1:300) (23,36), rabbit anti-complexin 3 (1:1000) (25), rabbit
anti-complexin 4 (1:20 000) (25), mouse anti-Ctbp2 (BD Bios-
ciences, 1:10 000), Cy3-coupled anti-GFAP (Sigma, Germany;
1:1000) (21), mouse anti-PKCa (clone MC5, Leinco Technolo-
gies, Inc.; 1:50) (21), rabbit anti-PKCa; Sigma, 1:1000), mouse
anti-rhodopsin (anti-rhodopsin Clone 1D4; Thermo Scientific;
1:150) (37), mouse anti-vGlutl (NeuroMab, clone N28/9;
1:1000), guinea pig anti-vGlutl (Millipore, 1:50 000), FITC-
peanut agglutinin (PNA, Sigma-Aldrich, 1:100) (21) was used
as a cone marker. Confocal images were collected at a Zeiss
LSM 510 laser scanning microscope (Carl Zeiss, Germany)
and images are presented as collapsed confocal z-stacks. The
stainings were reproduced in >3 independent experiments.

Electroretinograms in mice

ERG analysis was performed according to procedures described
elsewhere (38,39).

Human Molecular Genetics, 2013 11

Visual water maze task

Mice were housed separately in an inverse 12 h light/dark cycle.
The experiment was performed in the dark cycle. Mice were
trained for 3 days (eight trials a day) to locate a stable platform
(10 cm in diameter) at dim light conditions of 0.3 cd/m” to
ensure that vision is totally conferred to the rod system. The plat-
form was placed in a circular swimming pool (120 cm in diam-
eter, 70 cm high, white plastic) filled with water. The starting
position of the mouse was changed from trial to trial in a pseudo-
random order whereas the platform was kept in a constant loca-
tion. Distal cues in the testing room and the water maze, such as
patterned cardboards, were provided as spatial references. Trials
were terminated if the mouse climbed onto the platform or when
it swam for 2 min. If the mouse did not find the platform, it was
gently placed on the stable platform. After each trial, the mouse
was left on the platform for 10 s undisturbed before warmed
using a heating lamp and transferred to the home cage. On day
4,5 and 6, the experiment was performed under light conditions
(29 cd/m?) to test cone vision mediated behavior. In a second ex-
periment, we tested another group of animals for three consecu-
tive days under normal light conditions (29 cd/m?) only to
exclude any behavioral adaptation effects on the cone function
test. The experiments were performed and analyzed blindly to
the animal genotype.

Mutation analysis

Total genomic DNA was extracted from peripheral leukocytes in
blood samples by standard salting out procedure or according to
the manufacturer’s recommendation (Puregen Kit; Qiagen,
Courtaboeuf, France).The 48 exons of CACNAIF (RefSeq:
AJ006216) were amplified on 50 pl genomic DNA using 33
fragments (oligonucleotide sequences and exact conditions
can be obtained on request) with a polymerase (HotFire, Solis
Biodyne, Estonia). The PCR products were enzymatically puri-
fied (ExoSAP-IT, USB Corporation, Cleveland, OH, USA pur-
chased from GE Healthcare, Orsay, France) and sequenced
with a commercially available sequencing mix (BigDyeTerm
v1.1 CycleSeq kit, Applied Biosystems, Courtaboeuf, France).
The sequenced products were purified on a pre-soaked Sephadex
G-50 (GE Healthcare) 96-well multiscreen filter plate (Milli-
pore, Molsheim, France), the purified product analyzed on an
automated 48-capillary sequencer (ABI 3730 Genetic analyzer,
Applied Biosystems) and the results interpreted by applying a
software (SeqScape, Applied Biosystems). At least 192 com-
mercially available control samples were used to validate the
pathogenicity of the novel sequence variants (Human random
control panel 1-3, Health Protection Agency Culture Collec-
tions, Salisbury, UK).

Phenotypic characterization of patients and carriers

Patients had standard ophthalmological examination (refract-
ometry, visual acuity, slit-lamp examination, applanation tono-
metry, funduscopy with pupil dilatation). Optical coherence
tomography (OCT) was obtained in Montpellier using a time
domain OCT (TD-OCT, Stratus model 3000, Carl Zeiss
Meditec, CA, USA, software version 3.0) and in Giessen using
a spectral domain OCT (SD-OCT, Spectralis, Heidelberg
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Enginieering, Heidelberg, Germany). Fundus autofluorescence
was imaged with a confocal laser ophthalmoskop (HRA2
in Montpellier and HRA3 in GieBen; both by Heidelberg Engin-
eering, Heidelberg, Germany). Full-field ERGs were recorded
under pupil dilatation using the MonPackOne (Metrovision,
Pérenchies, France) with bipolar contact lens electrodes (Mont-
pellier) or a ColorDome Ganzfeld stimulator with an ESPION-
system and DTL-Electrodes (Diagnosys UK Ltd, Impington,
Cambridge, UK) in line with recommendatations of the Inter-
national Society for Clinical Electrophysiology of Vision (http
://www.iscev.org/standards/index.html).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Mutations in the CACNATF gene encoding the Cav1.4 Ca* channel are associated with X-linked congenital stationary
night blindness type 2 (CSNB2). Despite the increasing knowledge about the functional behavior of mutated channels in
heterologous systems, the pathophysiological mechanisms that result in vision impairment remain to be elucidated. This
work provides a thorough functional characterization of the novel IT mouse line that harbors the gain-of-function muta-
tion 1745T reported in a New Zealand CSNB2 family.! Electroretinographic recordings in IT mice permitted a direct com-
parison with human data. Our data supported the hypothesis that a hyperpolarizing shift in the voltage-dependence
of channel activation—as seen in the IT gain-of-function mutant’>—may reduce the dynamic range of photoreceptor
activity. Morphologically, the retinal outer nuclear layer in adult IT mutants was reduced in size and cone outer segments
appeared shorter. The organization of the outer plexiform layer was disrupted, and synaptic structures of photoreceptors
had a variable, partly immature, appearance. The associated visual deficiency was substantiated in behavioral paradigms.
The IT mouse line serves as a specific model for the functional phenotype of human CSNB2 patients with gain-of-func-

tion mutations and may help to further understand the dysfunction in CSNB.

Introduction

Cavl.4 L-type Ca?* channels (LTCCs) are the most abundant
in the retina and localized at the specialized ribbon synapses
formed between photoreceptors and second-order neurons.*>*>¢
Their low voltage activation range and slow inactivation prop-
erties due to the lack of calcium-dependent inactivation’ render
Cavl.4 channels perfectly suited to ensure sustained neurotrans-
mitter release which is modulated by light stimuli.

Human genetic analyses indicate an essential role for
Cavl.4 in vision. So far, more than 50 different mutations in
CACNAIF, the gene coding for the Cavl.4 channel, have been
found to cause congenital stationary night blindness type 2
(CSNB2) in human patients (for review see ref. 8). The major-
ity of mutations are predicted to form non-functional channels,
often because of structural changes like premature truncations
that are incompatible with channel function. However, also
gain-of-function mutations have been reported and character-
ized biophysically in transfected mammalian cells or Xenopus
Oocytes.Z,‘),l(],ll
retinal environment remain still scarce. Cavl.4 gain-of-function

Data on functional implications in their native

mutations promote enhanced Ca?* entry through the channel
due to a strong hyperpolarizing shift in the voltage-dependence
of activation which as well as slowed voltage-dependent inac-
tivation. The so far most pronounced hyperpolarizing shift in
Cavl.4 channel activation (around 30 mV) was found in muta-
tion I745T (IT), which was identified in a New Zealand fam-
ily. The affected family members were described to show an
unusually severe CSNB2 phenotype—usually comprising low
visual acuity, myopia, nystagmus, and variable levels of night
blindness (clinically diagnosed by a reduction in the ERG
b-wave)—which was associated with intellectual disability in
males. In heterozygote females, clinical and functional abnor-
malities were also present.? ‘Enhanced activity’, as observed in
gain-of-function mutations, implies an unwarranted positive
connotation because it does not necessarily result in improved
signaling but in a loss-of-control of existing signaling pathways
important e.g., in developmental processes. Herein, we present
the functional dysregulation and morphological consequences
observed in retinas from I'T mice. These findings correlate with
impaired visual function in behavioral paradigms seen in these
mice. Our data show that the IT mouse line, in contrast to

*Correspondence to: Alexandra Koschak; Email: alexandra.koschak@meduniwien.ac.at

Submitted: 08/30/2013; Accepted: 09/03/2013
http://dx.doi.org/10.4161/chan.26368

www.landesbioscience.com

Channels 503



(n=2) (n=4)
: Scotopic flash
H—"——— 3600 .
T g I T_I/* -
G ——5\_/\-—-/?2400 TT‘I/‘J./{LJ-J_
S - = 1t
Q ——E\J\————""" g =
s : @ 200 AR
2 e JERRRPGHE).
% : & ol
(%3] ! 0
3 A 432410 1
g_ _An\rj\/_,ﬂ,_\_, log stimulus intensity (cdsm)
o i
S =~
=4 k
40 ms/div
: : Photopic flash
8 L e 300 d
i i >
o 2
o i ) [
] ] el
R RO | R b .
o | ol 2 o
[ s U R =
g I ! o 100 /
o ! 05 | ! ® -
= o = — I 1
a > W & 9 P I/*
SliM o =R
=R [T log stimulus intensity (cdsm2)
S M L
N P

40 ms/div

Figure 1. Functional assessment of wt and IT mouse retinas in vivo based
on ERG. Left column: Representative Ganzfeld-ERG intensity series for
dark-adapted (scotopic, [A]) and light-adapted (photopic, [B]) responses
in wt (black) and IT mice (gray). Right column: Quantitative evaluation of
the scotopic (A) and photopic (B) b-wave amplitude data for the entire
group (wt, n=2;IT, n =4).

Figure 2. Morphological assessment of wt and IT mouse retinas. (A)
In vivo OCT analysis of wt and IT mouse retinas, indicating (i) a reduc-
tion of the photoreceptor-containing outer nuclear layer (ONL), and (i)
a less expressed patterning of the inner/outer segment (IS/OS) border.
(B) Retinal slices of adult wt (left) and IT (right) mice were stained with
DAPI to show the nuclei. Light microscopic pictures from wt and IT were
aligned at the GCL. Exemplar sections were taken from slices showing
the same eccentricity. The reduction in the thickness of the ONL and INL
in IT mice is evident (in [um] for wt and IT respectively: ONL: 56 vs. 35;
INL: 37 vs. 22). The arrow indicates the obvious misorganisation of the
OPL. ONL, outer nuclear layer, INL, inner nuclear layer, GCL, ganglion cell
layer. Scale bar 50 um.
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other mouse models characterized so far,'? very well reflects
the functional phenotype described in a family with the
Cavl.4 1745T point mutation.!

Results

Rod and cone photoreceptor activity in wt and I'T mice
Ganzfeld ERG recordings allow both dark adapted (sco-
topic) measurements to study rod-driven activity and light
adapted (photopic) recordings to obtain information about the
contribution of the cone system.' We found that adult IT ani-
mals very well matched their human CSNB2 counterparts in
terms of the functional pattern resembling incomplete CSNB.
Both rod and cone single flash responses (Fig. 1A and B) as
well as the flicker ERG amplitude (not shown) were reduced. In
contrast, the negative components of the scotopic standard flash
response were smaller than those found in other CSNB models,
and a minute but distinct positive peak indicated a remaining
b-wave component. However, identical differences were found
in patients carrying the exact same mutation." The IT mouse
line is therefore a representative model for human CSNB2
caused by the I1745T mutation.
Morphological characteristics in Cavl.4 wild type (wt) and
IT mouse retinas
Optical coherence tomography (OCT) of retinal substruc-
tures/layers in vivo indicated a distinct reduction in the outer
plexiform layer (OPL) thickness in the mutant mice (Fig. 2A).
This finding is in line with our histomorphological analysis
(Fig. 2B). Specifically, a DAPI staining was performed on reti-
nal sections of adult (2 mo-old) mice to compare the thickness
of the retina as well as that of the major retinal layers at three
different eccentricities in wt and I'T. At comparable eccentrici-
ties, the rows of nuclei in the outer nuclear layer (ONL) were
counted. Gross retinal structure and layering were normal in
IT mice. All retinal layers were present. However, the number
of rows of nuclei in the ONL was lower in IT than in wt mice
resulting in a reduction in the thickness of the ONL and the total
retinal thickness (Fig. 2B). OCT further revealed a less expressed
patterning of the inner/outer segment (IS/OS) border that is
indicative of irregular outer retinal layering (Fig. 2A).

We assessed potential aberrations in cone morphology by label-
ing with peanut agglutinin (PNA), a lectin preferentially binding
cone-photoreceptor associated domains of the interphotoreceptor
matrix’> and glycogen phosphorylase (glypho), which stains
cones from their outer segments to their pedicles.’> PNA label-
ing demonstrated that outer segments were present and of nor-
mal appearance (Fig. 3A). However, and in accordance with the
decreased thickness of the ONL, the overall length of cones was
shorter in I'T mice. PNA-positive pedicles were also observed in
the IT retina (Fig. 3A, arrowheads), with no obvious dissimilarity
to the wt retina. No decrease in the number of cones was evident
(as also indicated in Fig. 4C). In the wt retina anti-glypho stained
the inner segments of cone photoreceptors, known sites of high
energy consumption, as well as cone pedicles (Fig. 3B, left). Cone
photoreceptors in IT mice were shorter with shorter outer and
inner segments and pedicles that appeared larger than in wt retina
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Figure 3. Effect of the IT mutation on adult mouse T
cones. Immunohistochemical analyses were performed
on P74-81 (11-week old mice) mice using cone-specific 7 > 77/ ¢ 2
markers and vertical sections were analyzed by wide- gy s k2 LTy 0 ///j P ,_’/’19/4/‘4 S ”z
field fluorescence light microscopy. (A) PNA staining
shows cones with normal appearance but shorter outer ONL , ’ £ , . )
segments. Arrowheads indicate comparable staining of Pl sag i . L Sat s | INL ;

cone pedicle invaginations in wt (C57BL/6N) and IT mice.

Scale bar 50 um (B) Glypho also strongly labels the cone h . , A }
terminals. In IT mice immunostaining was pronounced ' : ‘ Ak 1 GCL
throughout the cytoplasm from the outer segment to 3 .
the synaptic pedicle. Arrowheads indicate enlargement
of pedicles. Scale bar 20 um. (C) S-opsin staining experi- GLYPHO
ments for wt and IT retinas. The inset shows a sprouted
cone (left), a mislocalized cone cell body (middle) and an
enlarged cone pedicle (right). Scale bar 50 um.

ONL

(Fig. 3B, right, arrowheads). Notably, glypho signal

was consistently higher in the IT mutant, both in

INL

the inner and outer retina. Using the S-opsin marker
sc14363 we found S-opsin expression clearly visible
in the cone outer segments in the ventral wt retina
as well as their pedicles (Fig. 3C, left). Consistent
with our glypho staining cones were shorter in IT
mice (Fig. 3C, right, arrowheads). As seen in the
inset of Figure 3C, indeed we found a few cones
that appeared to sprout, a phenomenon seen also in
KO mice at different ages.*®

We further examined the photoreceptor synap-
tic phenotype and investigated Cavl.4 expression

in co-localization experiments with the synaptic
ribbon protein CtBP2/Ribeye in wt and IT mice
(Fig. 4). In adult wt retina, Cavl.4 co-localized in

.. . Table 2. Behavioral measures assessed in diverse tests of anxiety in wt and IT mice. Data
the characteristically horseshoe-shaped synapses in

are presented as means + SEM

the OPL, whereas in IT retinas staining was disperse
. . . wt,n=13 IT,n=11 Student t test
extending also into the ONL. The synaptic morphol-
ogy resembled immature synapses with shorter but Open field test tvalue | pvalue
rather linear shape; in some ribbons elongated or reg- center entries (n) 3442 41+4 1230 | 0232
ular horseshoe appearance was prfiserved (Fig. 4A). center time (s) 143+15 | 132215 | 0499 | 0623
Immunofluorescence with the bipolar cell marker
. distance traveled (cm) 2634+ 105 | 2873 +160 1.284 0.213
PKC-a also demonstrated the presence of ectopic
synapses that were protruding into the ONL of IT Elevated plus maze
retinas whereas in wt mice no sprouting of rod bipo- latency to first open arm entry (s) 23+4 18+3 | 10861 | 0.401
lar de'nd.rltes was observed (Elg. 4B). Rlbeye/P'NA open arm entries (n) 941 841 0234 | o0s18
co-staining was comparable in wt and IT retinas
. open arm time (%) 43 +8 35+9 0.617 0.544
(Fig. 4C).
Expression profile of calcium channels in wt and total arm entries (n) 23+2 22+3 0.106 | 0917
IT mouse retinas Light/dark test
To test Wheth}?r the insertion o'f a mutation 1_n the latency to first entry into the lit area (s) 53+13 71+ 34 0.548 0.589
CACNAIF gene induced changes in the expression of e s s 753
. + + . .
other Cav channel subunits we performed qRT-PCR entries into the lit area (n) 16+ 13+ 1174 >
experiments from adult wt and IT mice. All Cav a, time spent in the lit area (s) 167 £17 185+ 29 0.568 0.576
subunits except Cavl.l were reliably expressed in IT distance traveled (cm) 2811+200 | 2781+273 | 0568 | 0576

mouse retinas, although at different expression lev-
els (Fig. 5). Cavl.4, B,, and o d-4 were by far the
most abundantly expressed isoforms in IT mice. Even though same tissue samples. The total amount of calcium channel tran-
suggested from previous independent publications®*® this find-  scripts in IT mice was not significantly different from wt but
ing has not been shown before in direct comparison using the an approximately 25% reduction in the expression of Cavl.4
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Figure 4. Photoreceptor synapses in adult wt and IT mice. (A) Immunofluorescence double-labeling of Cav1.4 (green) and the synaptic protein RIBEYE
(red) in wt (right) and IT (left) mice. Wt mice show mature horseshoe-shaped ribbons whereas IT synapses were variable in morphology. (B) Co-staining
with the rod bipolar cell maker PKCa (green) and CtBP2/Ribeye (red). Ectopic synapses in the outer nuclear layer (ONL) were observed only in IT mice
(right). (C) Similar PNA staining (red) of cone synapses together with RIBEYE (green) in wt (left) and IT (right) mice. Scale bar 2 um.
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(p = 0.05), B,, and ,8-4 was evident in IT mice (Fig. 5). This
finding may reflect a loss of photoreceptors, which was consis-
tent also with our staining experiments (Fig. 2). In 2 out of 4
IT mice analyzed expression levels of the auxiliary B, subunit
were 5-fold and 20-fold higher when compared with the other
wt and I'T mice, respectively (data not shown). This result is a
plausible explanation for the highly significant increase of B,
expression in I'T mice (p < 0.001). Intriguingly, although tran-
scripts for Cavl.3 account for only 2% of total «, subunits in
wt they were significantly higher expressed in IT (p = 0.03).
The isoforms Cav2.1, B, and ,3-2, which have previously been
shown to be co-expressed in the cerebellum?® also show compa-
rable expression levels in the retina as implicated previously.*
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Figure 5. Expression profiles of voltage-activated Ca* channels in
mouse retina of IT mice. The mRNA expression profiles of all high volt-
age-activated Ca** channel o, B, and a3 subunit isoforms were deter-
mined in retinas of adult wt (black) and IT (gray) mice. Transcript levels
(i.e., number of molecules per sample; see Material and Methods) of the
individual experiments were normalized to the expression of the control
genes Gapdh and Sdha. Log10 transformed transcript levels were ana-
lyzed by 2-way ANOVA: genotype, F, = 1.6, p = 0.208; gene, F, = 131.5,
p < 0.001; genotype*gene, F, = 3.3, p < 0.001; p values are derived from
Holm-Sidak posthoc analysis. Data are presented as mean + SEM. Note
that in comparison to wt, expression of Cav1.4 trended to be less in IT
mice (p = 0.05).

Behavioral phenotype of IT mice

Finally, we investigated the role of Cavl.4 in visual function
subjecting mice to established behavioral paradigms. Since these
tests were all locomotion-based, we first screened for possible
alterations in motor function. Wt and IT mice did not differ in
novelty-induced locomotor activity (i.e., the distance traveled
in the open field test and light/dark test or the total arm entries
in the elevated plus maze test) as compared with wt (Table 2).
Next, we assessed the visual performance of wt and IT mice
subjecting them to the visual platform test of the Morris water
maze® (Fig. 6). The escape latency (latency to reach and climb
the platform) gradually decreased with the increasing number
of trials performed (repeated measures ANOVA: F(trial)z154 =
10.689, p < 0.001) in both genotypes (F(trial x genotype)z154 =
0.445, p = 0.872). However, in IT mice the latency was greatly
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increased as compared with wt (F(genotype) ,,

(& CIAYAN

= 60.149, p < 0.001), pointing towards poor
visual function of I'T mice. In order to exclude

0
s
D

B

8>

“l/ NP2ANLY

- . . start start
a specific deficit in learning or memory- "
related processes as a cause for the impaired 60— -
performance in the visible platform task of the wkk ® wt
Morris water maze, we tested the animals in e
an auditory cued fear-conditioning paradigm. © 40
Conditional responses, as indicated by freez- &
ing behavior, increased to the same extent in £ 20
wt and I'T mice upon 3 CS-footshock pairings Q\O\.—/—C
(repeated measures ANOVA: F(pairing)ms = 0 | | | |
62502, p < O..QOI; F(genotype), ,, = 0.430, p N Ao N
= 0.519; F(pairing x genotypc)&88 = 0.6189, p G RN N R 4
= 0.650). On the next day in a novel context

day 1 day 2

presentation of the CS alone did not elicit dif-

ferent freezing levels between the 2 genotypes

suggesting normal learning capabilities of IT
mice (percent freezing: wt 46.9 = 5.5, IT 40.8
+ 5.2, t = 0.807, p = 0.428). Stimulated by
human studies showing that the loss of vision

38,39,40

has an impact on emotionality, we also

investigated the anxiety-related behavior of IT

Figure 6. Behavioral phenotype of adult wt and IT mice. Performances of mice (latency to
escape from the pool onto the platform) in the visible platform test of the Morris water maze
task during 4 trials per day over 2 training days are shown. The fixed starting position of the
mice is indicated by a black arrow while the varying positions of the platform are indicated
by gray circles. Data represent the mean + SEM; n = 13 for wt mice (black circles) and n = 11
for IT mice (gray circles). * p < 0.0.5 and *** p < 0.001 using a repeated-measures ANOVA and
a post Fisher LSD test.

mice. No differences in any anxiety-related
parameter including the entries into or time
spent in the center of the open field, the latency, entries and
time in the open arms of the elevated plus maze or the latency,
entries into and time spent in the light compartment of the
light/dark test were observed as compared with wt (Table 2).

Discussion

Gain-of-function mutation I745T results in a loss of visual
function

ERGs from Cavl.4 KO mice under scotopic and photopic
conditions predicted a virtual lack of retinal transmission of elec-
trical signals at the first synapse, affecting both rod and cone
photoreceptors.”* Recent data® also provided evidence that rod
photoreceptor synapses in these mice remain immature which
could inhibit photoreceptor synaptic transmission. Our data
show that the level of synaptic maturation in adult IT mice, in
contrast, was variable. Most synapses were abnormal, round, or
elongated. However, some showed the horseshoe-like shape typi-
cal for mature wt synapses. In these cells specifically, a gain-of-
function may limit the dynamic range of photoreceptor responses
to an extent that would reduce but not completely suppress retinal
signaling as seen in our ERG recordings. The marked leftward
shift in the activation curve found in heterologously expressed I'T
channels? might increase the basal calcium levels in photorecep-
tors, due to higher activity at depolarized membrane potentials
in the absence of light. Such high Ca?* levels near the release
sites could also lead to an increase in the time needed to shut-
off glutamate release upon light exposure resulting in increased
response latencies.

Our immunohistochemical data show cone anomalies similar
to KO mice previously described.**#! Glypho, an enzyme that
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catalyzes the rate-limiting step in glycogenolysis (in brain but
also retinal Miiller glial cells and cones**%%) represents a main
limited energy reserve.” The apparent stronger immunofluores-
cence signal in the cones and likely in surrounding cells in the
IPL suggests that these cell types sense metabolic stress and show
a higher need for glycogen breakdown. Although seen to a much
lesser extent, the presence of potential degenerative signs is in line
with a recent report on KO mice.?

The visually guided behavior tests supported our functional
and structural findings. I'T mice displayed increased escape laten-
cies in the cued version of the Morris Water maze confirming
poor visual ability. The performance of IT mice was comparable
to that of animals with naturally occurring retinal degenera-
tion including rd12 mice* and mice of the FVB/N], DBA/2,
C3H, NIH Swiss and Black Swiss mice strains owen.*% The
Morris Water maze paradigm was used for assessing visual func-
tion.*%»® Due to its primary field of application which is testing
for spatial learning deficits in rodents™ we wished to exclude the
possibility that a cognitive deficit may underlie their bad perfor-
mance. We therefore subjected wt and IT mice to an auditory
cued fear-conditioning paradigm where vision is not essential.
Indeed, both genotypes did not differ in fear learning or memory
which is in line with other models of impaired vision owen. >3

Additional information on
obtained from the IT model

The expression profiling supported findings that Cavl.4 but
also Cav1.3°°*% and Cavl.2 “* LTCCs are expressed in the retina.
Interestingly, Cavl.3 channels were upregulated in IT. The reti-

retinal calcium channels

nal Cavl.3 distribution pattern is, however, controversial. Some
studies showed accumulation in the inner segments of photore-
ceptors, OPL, INL, or GCL, whereas another reported Cavl.3
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Figure 7. Functional comparison of human and murine subjects affected
by the 1745T mutation. Ganzfeld ERG recordings from a normal subject
(left) and a patient with incomplete CSNB carrying the CACNA1F muta-
tion 1745T (center left) were redrawn form the original records (ref. 3).
They correlate rather well with the murine data of wt (C57BL/6N; cen-
ter right) and IT mice (right). The set of records follows the human ERG
diagnostic standard as issued by the International Society for Clinical
Electrophysiology of Vision (ISCEV; www.iscev.org/standards). From
top to bottom, traces in each column represent the scotopic single
flash response, the scotopic mixed response, the photopic single flash
response, and the photopic 30 Hz flicker ERG. The murine records were
obtained with identical paradigms.

expression across retinal cell layers.’ Therefore, the role of Cavl.3
remains ambiguous. A contribution of Cavl.3 to ERG light peak
regulation in the pigment retinal epithelium (RPE) is reported.**
Though in our preparation the RPE was never included. Cavl.3
channels are also subject to rapid glutamate-induced internaliza-
tion, likely to serve as a protective negative feedback mechanism®
implying a role in other processes than synaptic transmission.
Upregulation of Cavl.3 channels may be part of a potential
compensatory mechanism in IT. The high level of expression of
Cav2.1, B, and @,8-2 in IT retinas is intriguing, Although reti-
nal pathway involvement in the adaptation mechanism to circa-
dian phase-shift has been excluded previously in Cav2.1-mutated
migraine mice® this hypothesis was never directly tested. The
mammalian retina contains a clock that generates molecular cir-
cadian rhythms independent of the suprachiasmatic nucleus mas-
ter clock,® but a calcium channel contribution was so far only
reported for Cav1.2.7¢

IT mice serve as a good model for the functional phenotype
seen in human patients

The Ganzfeld ERG recordings, both dark adapted (scoto-
pic) and light adapted (photopic), suggest that there is a very
close match between rod and cone system responses in CSNB2
patients carrying the 1745T mutation' and the IT mouse line
(Fig. 7). The functional pattern in both resembles a form of
incomplete CSNB; rod and cone single flash responses as well as
the flicker ERG were typically altered. The particular feature in
1745T mutants, presumably associated with the gain-of-function
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nature of the disorder, is that the negative components of the
scotopic standard flash response are smaller than those found in
other CSNB types, but on the other hand a distinct remaining
b-wave component is present. The comparison with the human
data clearly underlines that the IT mouse line is a specific model
for the functional phenotype seen in respective patients.

Materials and Methods

Animals

Animals were group-housed under standard laboratory con-
ditions (12:12 light/dark cycle with lights on at 07:00 h, 22 =+
2 °C, 50-60% humidity) with pelleted food and water avail-
able ad libitum. All experiments were designed to minimize ani-
mal suffering as well as the number of animals used and were
approved by the national ethical committee on animal care
and use (Austrian Federal Ministry for Science and Research;
BMWE-66.008/0016-11/3b/2012) and the Institutional Animal
Care and Use Committee at the University of lowa. Animals
were killed by cervical dislocation in compliance with interna-
tional laws and policies or by carbon dioxide exposure followed
by cervical dislocation as approved by the Institutional Animal
Care and Use Committee at the University of Iowa. All ERG
and OCT procedures in animals were performed in accordance
with the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research with permission of local authorities
(Regierungsprisidium Tiibingen).

Cavl.4 mouse lines

We used a mouse model made by Dr Marion Maw (University
of Otago) which carries the mutation 1745T in the CACNAIF
gene identified in a New Zealand CSNB2 family (IT).* Mouse
tail biopsies were collected from all mice before and after the
experiment for genotyping. Only male mice were investigated.
Genomic DNA was isolated using buffer containing 10 mM
Tris (pH 8.8), 50 mM KCI and 0.1% Triton X-100. We con-
trolled for the IT allele and the corresponding wt alleles, as well
as the rd8 mutant allele. IT mice were checked with following
specific primers fwd-CACTCCAGACATCCTGCTGA and rev-
GTCAACCCATGCTGTCTCCT. The PCR product for the wt
allele has a length of 288-bp and the one for the IT allele 449-bp.
PCR reaction was performed in a total volume of 20 pl, contain-
ing 2 pl DNA eluate, 0.2 pM fwd and rev primer, 0.025 U GoTaq
DNA Polymerase (Promega), 1.5 mM MgCl, and 200 uM dNTPs.
The following reaction cycle was used: 95 °C 4 min, 40 cycles of 9
5°C for 30 s, 63 °C for 30 s and 72 °C for 45 s, with a final exten-
sion at 72 °C for 10 min. Because the background of both IT and
wt littermates as non-littermate wt controls was C57BL/6N we
also genotyped for the rd8 mutation allele' which was amplified
with fwd - CCCCTGTTTGCATGGAGGAAACTTGGAAG
and rev-GCCCCATTTGCACACTGATGAC (224-bp prod-
uct). The following PCR program was used for this assay: 94°C
for 5 min, followed by 35 cycles at 94 °C for 30 s, 65 °C for
30 s, 72 °C for 30 s and a final elongation step of 72 °C for
7 min. The wt allele was amplified with fwd-GTGAAGA-
CAGCTACAGTTCTGATC and rev-GCCCCATTTGCA-
CACTGATGAC (220 bp product size). For the mutant allele
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a PCR reaction of 25 pl

Table 1. Markers investigated in immunofluorescence studies

was applied; containing

2 pl DNA, 1.6 pM for-

ward and reverse primer,

0.02 U Golag DNA

Polymerase  (Promega),

1.2 mM MgCl and 100

pM dNTPs. The follow-

ing PCR program was

used: 94 °C for 5 min, fol-
lowed by 35 cycles at 94

Primary antibodies /markers Dilution Company
glycogen phosphorylase (glypho) 1:2000 Gift from Dr Hamprecht (Pfeiffer-Guglielmi et al., 2003)
sc-14363/blue sensitive cone opsin 1:200 Santa Cruz Biotechnology Inc. Heidelberg, Germany
biotinylated peanut agglutinin (PNA) 1:25 Vector Laboratories, California, USA
DAPI 1:10000 Sigma, St. Louis, MO
rabbit/mouse PKC-a 1:500 Santa Cruz, Dallas, Texas and Sigma, St. Louis, MO
rabbit/mouse RIBEYE 1:500 Covance, Princeton, NJ and BD bioscience, San Jose, CA
rabbit Cav1.4 1:1000 Custom-made (Dr Amy Lee)

Secondary antibodies

°C for 30, 65 °C for 30 s,

72 °C for 30 s. and a final Alexa Fluor® 488 Donkey Anti-Goat IgG

1:300 or 1:1000 Life Technologies, Grand Island, NY

elongation step of 72 °C

for 7 min. The wt allele

was amplified as follows:

25 pM reaction volume

Alexa Fluor ® 594 Goat Anti Guinea Pig IgH 1:300 Life Technologies, Grand Island, NY
Alexa Fluor ® 568-Goat Anti-mouse IgG 1:1000 Life Technologies, Grand Island, NY
Streptavidin, Alexa Fluor® 546 conjugate 1:300 Life Technologies, Grand Island, NY

containing 2 pl DNA, 0.8
pM fwd primer and 1.6
pM rev primer, 0.02 U GoTaq DNA Polymerase (Promega), 1.2
mM MgCl, and 100 pM dNTDs. For the wt allele, DNA was
denaturated at 94°C for 5 min, followed by 35 cycles of 94 °C for
30's, 58 °C for 30 s, 72 °C for 30 s followed by extension at 72
°C for 7 min. Mice used in the study were either heterozygous or
homozygous for the mutated allele; the wt retinal phenotype was
without pathological findings.

Immunocytochemisty

Fixation and embedding

Eleven week old mice were sacrificed in the morning by cervi-
cal dislocation and decapitation. Eyes were removed, opened at
the sclero-corneal rim and fixed for 15 min in 4% paraformal-
dehyde (PFA) in phosphate-buffered saline (PBS, 1 x , pH 7.4).
After removal of cornea and lens, the eyecups were fixed for 2
h in 4% PFA/1 x PBS at room temperature (RT), rinsed in 1 x
PBS (4 changes), and cryoprotected in increasing concentrations
of sucrose (10% and 20% in 1 x PBS). Eyecups were embedded
in a 1:1 mixture of 20% sucrose in 1x PBS and OCT medium
(Tissue-Tek, Sakura) for 2 d at RT. Sections of 16 pm thickness
were collected on to Superfrost Plus slides, air-dried for 24 h and
stored at — 20°C until further use.

Immunofluoroescence

Sections were washed 3 times with washing buffer (1 x PBS,
0.1% Triton X-100, and 0.05% NaN,). For primary antibody
labeling or PNA, the tissue was blocked with 1% bovine serum
albumin (BSA, Sigma) in 1 x PBS, 0.1% Triton X-100 and 0.05%
NaN,; for 30 min at RT. Primary antibody incubation and PNA
staining was performed overnight at 4°C. Sections were washed 3
times in washing buffer, incubated with the secondary antibody
for 1 h at RT, washed 3 times and counterstained with DAPI
before mounting in Aqua-Poly/Mount (Polysciences). Primary
and secondary antibodies and PNA were used in dilutions listed
in Table 1. Micrographs or series of microsgraphs were taken
with a Zeiss Axiovert 200M (Carl Zeiss). Images were adjusted
for brightness and contrast and assembled using Photoshop CS5
(Adobe). Z-stacks were taken in 0.1 pm intervals and decon-
volved with Huygens Essential (Scientific Volume Imaging B.V.)

www.landesbioscience.com
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software. Processing of synaptic connections was done essen-
tially as described previously." In some experiments Hoechst
stain (1:1000) was applied along with secondary antibodies.
Confocal microscopy was performed using a Fluoview 1000 con-
focal microscope (Olympus) with 60X or 100X oil-immersion
objectives or a Zeiss LSM710 confocal microscope with a Plan-
Neofluar 63x/1.4 oil-immersion objective (Carl Zeiss). For con-
sistency among figures, the red and green colors were switched
using Adobe Photoshop.

Electroretinography

The functional implications of the I745T mutation was
assessed in the IT mouse line in vivo with electroretinography
(ERG). ERGs were recorded binocularly from animals at the

1516 Mice were

age of 6 weeks postnatally as described previously.
anaesthetized using Ketamine (66.7 mg/kg body weight) and
Xylazine (11.7 mg/kg body weight). Their pupils were dilated
and single flash ERG responses were obtained under scoto-
pic (dark-adapted overnight) and photopic (light-adapted with
a background illumination of 30 cdm™ starting 10 min before
recording) conditions. Single white-flash stimuli ranged from —
4 to 1.5 log cdsm™ under dark-adapted and from — 2 to 1.5 log
cdsm™ under light-adapted conditions. Ten responses were aver-
aged with inter-stimulus intervals of 5 s (for — 4 to — 0.5 log cdsm’
) or 17 s (for 0 to 1.5 log cdsm™). Responses to trains of flashes
(flicker) were obtained under dark — adapted conditions using
a fixed intensity (0.5 log cdsm?, resembling the International
Society for Clinical Electrophysiology of Vision standard flash
(ISCEV SF) intensity."” Flicker responses were averaged 30 times,
and band-pass filter cut-off frequencies were 0.3 and 300 Hz for
all ERG recordings. ERGs were obtained inn =4 IT and n = 2
wt control animals.

Spectral Domain Optical Coherence Tomography

Spectral Domain Optical Coherence Tomography (SD-OCT)
imaging was done with a commercially available Spectralis™
HRA+OCT device (Heidelberg Engineering) featuring a broad-
band superluminescent diode at 870 nm as low coherent light
source. Each 2-dimensional B-scan recorded at 30° field of view
consists of 1536 A-scans, which are acquired at a speed of 40000
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scans per second. Optical depth resolution is approximately 7 pm
with digital resolution reaching 3.5 wm. Imaging was performed
using the proprietary software package Eye Explorer (version
3.2.1.0, Heidelberg Engineering). OCTs were recorded binocu-
larly from animals at the age of 6 weeks postnatally as described
previously.'#¥

Quantitative RT-PCR

Whole retinas, brain and muscle from 8 week old wt and
mutant mice were dissected. Tissue was collected and flash fro-
zen in liquid nitrogen. For control PCRs, tsA-201 cells were
transfected with ¢cDNA encoding Cavl.4 (Accession number
JE701915). Total RNA of either mouse retinas or transfected
tsA-201 was isolated with RNeasy Plus Mini Kit, (Qiagen)
with an extra purification step with RNase-Free DNase Set
(Qiagen). For total RNA isolation of brain and muscle RNeasy
Lipid Tissue Midi Kit or respectively muscle RNeasy Fibrous
Tissue Midi Kit were used. cDNA synthesis was performed with
RT-PCR first strand synthesis (Fermentas, ThermoScientific).
For ¢cDNA synthesis of retina, total RNA eluate, for muscle
and brain 35ng/pl of RNA eluate was used. Qualitative PCRs
were conducted using cDNA in the following range: retina
25 — 116 ngpl?, brain and muscle: 35 ngpl? and transfected
cells 1.5 — 1.9 pgpl?. Specific primer for Cavl.l, 1.2, 1.4 as
well as various splice forms of Cavl.3 were tested.?"?!?223:24
Tagman RT-PCR on cDNA obtained from retinas (see above)
was performed according to a previously developed protocol.?
The relative abundance of different Cav subunit transcripts
was assessed by TagMan quantitative PCR (qQRT-PCR) using a
standard curve method based on PCR products of known con-
centration in combination with normalization using the most
stable control genes as previously described.”” TagMan gene
expression assays specific for all high-voltage activated Ca**
channel subunits (o, B, and ,8) were designed to span exon—
exon boundaries, and were purchased from Applied Biosystems.
The following assays were used [name (gene symbol), assay ID
(Applied Biosystems)]: Cavl.l (Cacnals), Mm00489257_ml;
Cavl.2 (Cacanlc), Mm00437953_ml; Cavl.3 (Cacnald),
MmO01209919_m1l; Cavl.4 (Cacnalf), Mm00490443_ml;
Cav2.1 (Cacnala), Mm00432190_m1; Cav2.2 (Cacnalb),
Mm00432226_m1; Cav2.3 (Cacnale), Mm00494444_m]l; B,
(Cacnbl), Mm00518940_m1; B, (Cacnb2), Mm00659092_
ml; B, (Cacnb3), Mm00432233_ml; B, (Cacnb4)
Mm00521623_m1; «8-1 (Cacna2dl), MmO00486607_ml;
a,3-2 (Cacna2d2), MmO00457825_ml; «8-3 (Cacna2d3),
Mm00486613_m1; c,8-4 (Cacna2d4), Mm01190105_m1. The
endogenous control genes included were [name (gene symbol),
assay ID (Applied Biosystems)]: y-cytoplasmic actin (ACTB),
Mm00607939_s1; B-2-microglobulin (B2M), Mm00437762_
ml; glyceraldehyde-3-phosphate dehydrogenase (GAPD),
Mm99999915_gl; hypoxanthine phosphoribosyl-transferase 1
(HPRT1), Mm00446968_m1; succinate dehydrogenase com-
plex, subunit A (SDHA), MmO01352363_m]1; tata box bind-
ing protein (TBP), Mm00446973_ml; transferrin receptor
(TFRC), Mm00441941_m1. The qRT-PCR (50 cycles) was
performed in duplicates using 10-20 ng total RNA equivalents
of cDNA and the specific TagMan gene expression assay for each
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20 pl reaction in TagMan Universal PCR Master Mix (Applied
Biosystems). Measurements were performed on four indepen-
dent RNA preparations from each genotype. Analyses were per-
formed using the 7500 Fast System (Applied Biosystems). The
cycle threshold (Ct) values for each Cav gene expression assay
were recorded for each individual preparation. To allow a direct
comparison between the expression levels in different tissues,
we normalized all experiments to Gapdh and Sdha, which were
determined to be most stable expressed reference genes across

all preparations and time points.?

Subsequently normalized
molecule numbers were calculated for each Cav subunit from
their respective standard curve.”

Behavioral experiments

All behavioral experiments were performed between 09:00
and 14:00 h after the animals had been habituated to the test-
ing room for at least 24 h. In order to decrease the number
of animals used, the behavioral experiments, with at least 2 d
of rest between each, were performed in the same animals in
the following order: (1) animals were tested in the open field
test,””?® light/dark test?® and the elevated plus maze test,” (2)
their visual function was assessed in a modified Morris water
maze test involving a visible escape platform’ and (3) auditory
fear conditioning was used to assess (vision-independent) learn-
ing capabilities.”

Open field

Mice were individually placed into the periphery of an open
field (41 x 41 x 41 cm, floor illumination 150 Ix) whose area
was divided into a 28 x 28 cm central zone. The entries into the
central zone, the time spent in the central zone and the overall
distance traveled by the mice were measured during the 10 min
exploration time by using an automated activity monitoring
system (TruScan, Coulbourn Instruments).

Light/dark test

The white, aversive compartment (41 x 20.5 x 41 cm, floor
illumination 400 Ix) and the dark, safe compartment (41 x 20.5
x 41 cm covered by a black top, floor illumination 10 Ix) of the
testing arena were connected by a small opening (7 x 7 c¢m)
located in the center of the partition at floor level. Animals were
individually placed into the dark compartment facing away from
the opening and allowed to freely explore the apparatus for 10
min. The latency to the first entry into the lit compartment, the
number of entries and time spent in the lit compartment and
the overall distance traveled by each mouse was automatically
registered (TruScan, Coulbourn Instruments).

Elevated plus maze test

The 5 min test was performed on a plus-shaped maze which
was elevated (73 cm) from the floor and consisted of 2 open
arms (2 30 x 6 cm; 100 Ix), two closed arms (3 30 x 6 x 17 cm;
illuminated with red light), and a central neutral zone (6 x 6
cm). Animals were placed onto the neutral zone of the maze fac-
ing a closed arm and their locomotor behavior was continuously
recorded by a tracking system (TSE Technical and Scientific
Equipment GmbH) connected to a camera positioned above the
maze. The latency to the first open arm entry, the number of
open arm entries, the percentage of time spent on the open arms
and the distance traveled were analyzed.
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Visible platform test of the Morris water maze

Mice were placed into a circular pool (1.2 min in diameter)
filled with water (23 °C) and illuminated at 40 Ix. Starting
from a fixed position they were allowed to escape by climbing
onto a platform (10 cm diameter) placed just above the water
and marked with a flag for facilitating visualization. The ani-
mals were allowed to stay on the platform for additional 10 s. In
case the animal was not able to locate the platform, it was gently
guided to it by the experimenter. On each of 2 consecutive days
animals performed four 60 s trials separated by 60 min. The loca-
tion of the platform was changed after each trial. The latency to
reach the platform was recorded.

Auditory fear conditioning

In the conditioning context (25 x 25 x 30 cm chamber with
transparent walls and a metal rod floor cleaned with water, floor
illumination 300 Ix; TSE) mice received three pairings (2 min
inter-pairing interval) of an auditory 30 s white noise conditioned
stimulus (CS; 10 kHz, 80 dB) and a co-terminating 2 s mild foot
shock (0.6 mA). Twenty-four hours after the auditory fear condi-
tioning 3 CSs separated by 5 s were presented to mice for a fear
expression test in a novel context (25 x 25 x 30 cm chamber with
black walls and a solid gray cleaned with ethanol, floor illumina-
tion 10 Ix; TSE). The time remaining in freezing behavior during
the CS presentations was manually determined by an observer
blind to the genotype.

Statistics

All values are presented as mean + SEM for the indicated
number of experiments (n). For multiple comparisons of in vitro

data statistical significance was determined by a 1-way analy-
sis of variance (ANOVA) followed by Bonferroni multiple-
comparison or the Dunnett post-hoc test. For comparisons of
2 groups, data were analyzed by the Student t test as indicated
for individual experiments. Behavioral data were statistically
analyzed using repeated-measures ANOVA followed by post
Fisher’s LSD test or the unpaired Student ¢t test. In qRT-PCR
experiments, data were organized and analyzed using MS
Excel and SigmaStat (Systat Software, Inc.) statistical software.
Statistical significance was determined on logl0 transformed
expression levels using 2-way-ANOVA followed by Holm-
Sidak posthoc comparison. Statistical significance was set at

p < 0.05.
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