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A key role for cyclic nucleotide gated (CNG)
channels in cGMP-related retinitis pigmentosa
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The rd1 natural mutant is one of the first and probably the most commonly studied mouse model for retinitis
pigmentosa (RP), a severe and frequently blinding human retinal degeneration. In several decades of
research, the link between the increase in photoreceptor cGMP levels and the extremely rapid cell death
gave rise to a number of hypotheses. Here, we provide clear evidence that the presence of cyclic nucleotide
gated (CNG) channels in the outer segment membrane is the key to rod photoreceptor loss. In Cngb1™/~ x
rd1 double mutants devoid of regular CNG channels, cGMP levels are still pathologically high, but rod photo-
receptor viability and outer segment morphology are greatly improved. Importantly, cone photoreceptors, the
basis for high-resolution daylight and colour vision, survived and remained functional for extended periods
of time. These findings strongly support the hypothesis of deleterious calcium (Ca®*)-influx as the cause of
rapid rod cell death and highlight the importance of CNG channels in this process. Furthermore, our findings
suggest that targeting rod CNG channels, rather than general Ca®>*-channel blockade, is a most promising
symptomatic approach to treat otherwise incurable forms of cGMP-related RP.

INTRODUCTION

adequate treatment is available for practically all forms (1).
The retinal degeneration 1 (#d/ or rd) mouse model is charac-

Retinitis pigmentosa (RP) is a group of severely disabling
inherited neurodegenerative diseases. Typically, rod photo-
receptor cells—permitting vision under dim light con-
ditions—degenerate first during the course of the disease.
Subsequently, the loss of rods triggers a secondary degener-
ation of cone photoreceptor cells, the source of high-resolution
colour vision in daylight, eventually leading to complete
blindness. More than 45 genes for RP have been identified
so far, but the mechanisms leading to photoreceptor cell
death have not been satisfactorily resolved, and at present no

terized by a loss-of-function mutation in the gene encoding for
the B-subunit of rod photoreceptor cGMP phosphodiesterase 6
(PDES6) (2). As a natural model for RP available before the era
of genetic engineering, it has been studied extensively for
several decades (3). It was found that the non-functional
PDE6 leads to massive accumulation of cGMP in rd!/ rods,
which via an unknown mechanism eventually causes the
photoreceptors to die (4,5).

The onset of photoreceptor degeneration in rd/ mice is
exceptionally early and has a severe course, leading to an
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almost complete loss of the photoreceptor layer even before
the retina becomes mature. Several hypotheses for the nature
of this rod cell death in the presence of extremely high
levels of ¢cGMP have been developed. In photoreceptors,
c¢GMP normally acts on cyclic nucleotide gated (CNG) ion
channels, which allow for sodium and Ca®"-influx associated
with 1i%ht-induced depolarization, and particularly an exces-
sive Ca®"-influx has been suggested to be of major importance
for the pathogenesis of cGMP-related RP (Ca**-influx hypoth-
esis). The effect on Ca’" levels may be mediated either
directly by cGMP action on CNG channels (6) or indirectly
by activation of L-type voltage-dependent Ca®' channels
(VDCC) (7). However, past pharmacological and genetic
approaches to block VDCCs have produced contradicting find-
ings (7-9). The excessive levels of cGMP found in rd/ rods
would, however, also be consistent with alternative hypotheses
proposing that high levels of intracellular cGMP cause cell
death independent of Ca?" influx, which in such a scheme
would only be a secondary event (5).

Based on the assumption that Ca®" influx through CNG
channels is a key event in the pathophysiology of
cGMP-related RP, we postulated that the ablation of these
channels leads to a morphological rescue of rod photo-
receptors, despite unchanged elevated cGMP levels as the
mutation in PDEG still persisted. To test for this, we cross-bred
a recently described model lacking rod CNG channels due to a
knockout of the Cngbl gene (10) with the rd! mouse. The
resulting double-mutant animals (DBMs) were then tested
functionally and morphologically, in vivo and ex vivo, and
demonstrate a key role for CNG channels in rd1 photoreceptor
degeneration.

RESULTS
Rod photoreceptor outer segments are preserved in DBMs

For the Ca®"-influx hypothesis to be true, cGMP needs to act
on functional CNG channels. At the beginning of the study, it
was unclear whether this was actually possible, because rd1
mice barely form rod outer segments, the compartment
where CNG channels are localized (11). Without at least a
small portion of the regular membrane area, CNG channel
complexes could not be placed correctly, and thus could not
facilitate any ion flux. However, both in support of the hypoth-
esis, we found that at least rudimentary outer segments were
initially present (Fig. 1A), and that the CNGBI1 channel
protein was produced in 7d/ animals (Fig. 1D) and expressed
in rod photoreceptor outer segments (Supplementary Material,
Fig. S1).

Strikingly, we found that the rod outer segments of the
DBMs were much more elaborate and their morphological
structure and length much closer to the normal than to the
underdeveloped ones of the single mutant rdl mice
(Fig. 1A—C). We confirmed that the CNGBI1 protein was
absent in DBMs in contrast to rd/ (Fig. 1D), while cGMP
levels were strongly elevated in DBM photoreceptors
(Fig. 1E and F), similar to what was previously reported for
rdl (5) (Supplementary Material, Fig. S2). Remarkably,
these factors appeared to have little impact on production

and ciliary transport of other outer segment proteins like rho-
dopsin (Fig. 1J and K).

Ablation of CNG channels rescues rd1 retinal morphology
and cone photoreceptor function in vivo

Next, we studied the rescue effect in the DBM line in vivo at
postnatal day (P) 30, a stage in which the outer retina in rd!
animals is usually completely destroyed and dysfunctional
(4,11). We found that the retinal morphology was rather
well preserved in the DBM animals when examined using
scanning laser ophthalmoscopy (SLO) (Fig. 1I and 1G),
SLO angiography and optic coherence tomography (OCT)
imaging (12,13) (Supplementary Material, Fig. S3), whereas
the characteristic patchy defects (Fig. 1H) indicated a severe
degeneration in single-mutant rd/ mice.

As cones have a genetically different PDE, we recorded
flash electroretinograms (ERGs) under light-adapted (photo-
pic) conditions to explore whether they were functional in
contrast to rods. Figure 1L shows a comparison of the func-
tional status of the cone system among wt, rd/ and DBM
mice at 5 weeks of age. Whereas no light-evoked response
was detectable in rd/ mice, substantial ERG amplitudes of
about half the size of that of ws controls were present in
DBM mice at all intensities tested. These data indicate that
the structure and function of the cone system was largely pre-
served in rdl mice lacking rod CNGBI1 channels.

Photoreceptor survival is increased in DBMs

We then used the TUNEL assay to look for differences in
severity and timing of rdl-related cell death in DBM
animals. In wt retina, developmental photoreceptor apoptosis
occurred in two main phases, with peaks at around P7 and
P16, in line with previous reports (14—16). While the percen-
tage of dying cells in the wtr ONL remained at relatively very
low levels, the rd/ mutation induced a massive photoreceptor
degeneration that started already around P9 and peaked at P13
(P13 wt: 0.046 + 0.008% SEM; P13 rdi: 5.22 + 0.54% SEM,
n=>5, P<0.001). Single Cngb! '~ animals also suffered
from retinal photoreceptor degeneration, albeit at a much
slower rate, with a peak of cell death at around P24. In
terms of photoreceptor cell death, the Cnghl '~ x rdl
DBM displayed an intermediate phenotype with a delayed
onset of degeneration (dying ONL cells in P13 DBM:
2.154+0.20% SEM, n=15, P=0.040), a progression that
was slower than rd] but faster than Cngh! '~ and a peak
of cell death at P18 (Fig. 2A—E).

This was also reflected in the number of rows of photo-
receptor nuclei in the outer retina over time, a measure of
the fraction of surviving cells (Fig. 2G). Specifically, about
half of the DBM photoreceptors survived at P60, whereas
practically all had vanished in the rd/ single mutant (DBM:
4.7 rows + 0.7 SEM; rdl: 0.9 + 0.3, P = 0.017).

To further probe the nature of the degeneration, we went on
to study calpain activity. Calpains are Ca®-activated cysteine-
type proteases that have been implicated in many forms of
neurodegeneration (17), including in the retina (18). The
activity of calpains essentially followed the pattern of cell
death in the different genotypes (Fig. 2F), with one remarkable
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Figure 1. Retinal morphology and function is preserved in rd/ animals lacking CNGB1. (A—-C) Electron microscopy of rod outer segment structure shows (A)
incomplete development of rd! rod outer segments at P12. (B) Rod outer segments in Cngh! '~ x rdl double-mutant (DBM) retina appear mildly disorganized
at P12 but otherwise normal even though CNGB1 channel protein is not expressed. (C) At P40 outer segments in DBM retina appear still almost normal, high-
lighting the persistence of the structural improvement. CC, connecting cilium; OS, outer segment; IS, inner segment. Scale bar = 500 nm (inset 100 nm). (D)
Western blot of CNGBI protein in P12 wt, rd1, Cngbl =/~ and DBM mice. CNG channels are present in wt and, to a lower extent, due to the smaller membrane
surface, in 7d/ mice. (E and F) DAPI/cGMP double immunostaining in photoreceptors at P18 shows (E) no excessive cGMP accumulation in wt photoreceptors,
whereas (F) cGMP levels are highly elevated in DBM retina. Scale bar = 50 wm. (G-I) Retinal in vivo morphology at P30 assessed by scanning-laser ophthal-
moscopy (SLO) at 514 nm. (G) Normal fundus of a wf animal. (H) Typical widespread, patchy changes in rd/ mutants indicating severe retinal degeneration. (I)
Minor discolorations are present in the fundus of DBM animals. (J and K) Rhodopsin content in photoreceptors at P30. (J) wt control; scale bar = 100 pm. (K)
DBM mouse. (I) Extended preservation of cone function in DBM mice at P30. Photopic single flash ERG b-wave amplitudes in wt (black), rd! (blue) and DBM
(red) mice as a function of the logarithm of flash intensity. Boxes indicate the 25—75% quantile range, whiskers the 5% and 95% quantiles and solid lines connect

the medians of the data.

difference: while in the rd/ retina calpain activity positive
cells outnumbered TUNEL positive cells by approximately
2:1, this situation was reversed in Cnghl '~ single- and
DBMs where the ratio of calpain activity to cell death was
at roughly 1:2 (Fig. 2H).

DISCUSSION

Retinal degenerations, particularly of the RP group, are severe,
blinding neurodegenerative diseases of vision and currently
incurable. The disclosure of the underlying pathophysiology
and the development of treatment strategies strongly rely on
animal models carrying homologous genetic defects. Even
though the rdl mouse is one of the earliest known animal
models for RP, the mechanisms underlying its extremely fast
photoreceptor degeneration have puzzled scientists for
decades. Our findings attribute a pivotal role in the degenera-
tive process to CNG channels. Importantly, genetic ablation of
rod photoreceptor CNG channels preserved rod viability while
at the same time rescuing cone photoreceptor function.

One of the most prominent and best-studied features of rd1
mice is the massive photoreceptor cell death (1). The

photoreceptor rescue observed in the DBM retina was rela-
tively large to what has previously been achieved, for
example, by genetic deletion of the 32 subunit of VDCC
(19,20). In VDCCb2~'~ x rdl DBM, the ONL at PNI8
was found to be only 0.3-fold thicker than in rdl single
mutants (20), compared with 2.9-fold increase in thickness
in the CNGbl ™'~ x rdl DBM at the same age.

rd1 photoreceptor cell death is associated with and causally
connected to excessive activation of calpain-type proteases
(21,22). The finding that calpain activity was strongly
reduced in the DBM is compatible with the idea that the
absence of CNG channels decreases intracellular Ca®" levels
and hence reduces calpain activity (18), and is also in agree-
ment with results on improved photoreceptor survival afforded
by different types of Ca®"-channel blockers (23).

We conclude from these results that elevated cGMP levels
by itself do not cause much of the pathology observed in
rdl mice. Rather, the combination with CNG channels is
needed to produce a severe disease phenotype. CNG channels
may also be involved in disease mechanisms in other models
for RP (24) and achromatopsia (25,26). Our results suggest
that the rudimentary outer segment in rd/ animals provides
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Figure 2. Cell death and calpain activity are strongly decreased in DBMs. (A—E) Comparison of TUNEL assays in wt, rdI, Cngbl ~'~ and DBM animals at P13.
(A) Very few cells were TUNEL positive in wt retina (B), while in the rd/ situation at about the peak of cell death a large number of ONL cells were TUNEL

positive. (C) The numbers of dying cells were strongly reduced in DBM mice (D), and even lower in Cngbl

~/~ mice; scale bar = 25 pm. (E) Time course of

TUNEL positivity. In comparison to rd!, the peak of cell death in DBM animals was delayed to PN18 and the peak height strongly reduced. (F—H) Activity of
Ca*"-dependent, calpain-type proteases in different genotypes. (F) Time course of calpain activity showing a dramatic reduction of calpain activity in DBM
animals when compared with rdl. (H) Bar graph detail of P13—P24. Interestingly, at the respective peaks of degeneration, the ratio of calpain activity to
cell death was reversed from approximately 2:1 in the rd/ situation to 1:2 in the double mutant and Cngb! -

sufficient membrane area for the deleterious effect mediated
by the CNG channels. Intriguingly, the previously observed
deleterious effect of over-activation of cGMP-dependent
PKG on photoreceptors (5) may also depend on CNG
channel activity, since PKG activity may directly or indirectly
modulate CNG channel conductivity (27).

Our data may further help to understand the mechanism that
slowed photoreceptor degeneration in rd! x rd2 DBMs (28)
compared with rd/ mutants alone. The rd2 (rds) mutant
suffers from a lack of expression of the scaffolding protein
peripherin leading to an absence of outer segments (29). In
the light of our results, the lack of outer segment formation
in the rd2 line lead to a lack of CNG channels in the rd/ x
rd2 double mutants, which in turn considerably retards
retinal degeneration despite massive accumulation of rod
cGMP (30).

Taken together, the removal of CNG channels in rd/ and
CNGB1 double-mutant mice led to the most complete
rescue of the retinal phenotype of rd/ mice so far observed
by any group. The morphological preservation of rods
allowed for an extended survival of cones, yielding substan-
tial vision-related signals at 5 weeks after birth and beyond.
This functional rescue of cone photoreceptors may be par-
ticularly interesting for the human situation where high res-
olution, daylight vision depends on cone function. Our
study provides strong evidence for the link between Ca*"
influx and rod cell death, rendering modulation of rod
CNG channel activity a most promising target for the treat-
ment in retinal degenerations with elevated cellular levels of
cGMP.

MATERIALS AND METHODS
Animals

Animals were housed under standard white cyclic lighting, had
free access to food and water and were used irrespective of
gender. All procedures were performed in accordance with the
local Tiibingen University animal care and protection commit-
tee (§4 registrations from 23 January 2008 and 12 March 2010)
and the ARVO statement for the use of animals in ophthalmic
and visual research. All efforts were made to minimize the
number of animals used and their suffering.

Generation of DBMs, confirmation of geno- and proteotype

Cngbl ™'~ rdl/rdl double mutants were generated by cross-
breeding Cngbl '~ mice on a 129SvJ and C57BL/6N back-
ground (10) with C3H mice (11) which carry a retinal
degeneration mutation caused by a proviral insertion into the
Pdeb gene, encoding the B-subunit of cGMP PDE6. The F4
progenies of Cngbl '~ x rdl mice were used for this
study. Transgene determination of the Cngbl gene was per-
formed by multiplex PCR as described previously (10).
Based on a database search, three oligonucleotides were
devised to distinguish mutant »d/ and wr alleles at the Pde6b
locus:  Pde6b-f-wt:  5'-CCACCTTCAGGGAATCTTCA-3’
(MGI:97525), Pde6b-r-wt: 5'-CTCAGTTTGCCTCTCGCT-3’
(MGI:97525, www.informatics.jax.org) and rdl-r:
5'-CCTTGCAAAATGGCGTTACT  (NCBIL,  Accession
L02109). Multiplex PCR analysis with genomic DNA using
primers Pde6b-f-wt/Pde6b-r-wt/rdl-r yielded a 429 bp
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fragment for wt and a 265 bp for the proviral insertion. Correct
genotypes were confirmed using PCR (Supplementary
Material, Fig. S1). Western blot and immunofluorescence
were used to confirm the proteotype of Cngbl '~ x rdl
animals, showing that these animals express neither CNGB1
nor PDE6b protein (Supplementary Material, Fig. S1).

In vivo testing: SLO, OCT, ERG

SLOs were obtained as reported previously (12,13). Briefly,
mice were anaesthetized by subcutaneous injection of keta-
mine (66.7 mg/kg) and xylazine (11.7 mg/kg). After anaesthe-
sia, pupils were dilated with tropicamide eye drops
(Mydriaticum Stulln, Pharma Stulln, Stulln, Germany). SLO
imaging was performed with a Heidelberg Retina Angiograph
(HRA I). Fluorescein angiography was performed using an s.c.
injection of 75 mg/kg body weight fluorescein-Na. Spectral
domain optical coherence tomography (OCT) imaging was
done in the same session as ERG, i.e. animals remained anaes-
thetized. Mouse eyes were subjected to OCT using a Spectra-
lis™ HRA 4+ OCT device from Heidelberg Engineering.
Optical depth resolution is ca. 7 pwm with digital resolution
reaching 3.5 pm (12). Imaging data were analysed using the
proprietary software package Eye Explorer version 3.2.1.0
from Heidelberg Engineering. Resulting data were exported
as 24 bit colour image files and processed in Adobe Photoshop
CS3 (Adobe Systems, San Jose, CA, USA) (12,31).

ERGs were recorded according to the previously described
procedures (32,33). Single flash intensity series data were
obtained under photopic (light-adapted 10 min at 30 cd/m?)
conditions. Flash stimuli ranged from —2.0 to 1.5 log cd*s/
m? divided into eight steps. All animals were analysed at 5
weeks of age.

Transmission electron microscopy

Tissue preparation for transmission electron microscopy was
performed as previously described (34). Briefly, eyes
were fixed in 2.5% glutaraldehyde in 0.1 m Cacodylate
buffer (pH 7.3) for 2 h at RT. Specimens were washed and
fixed in buffered 2% OsO,, dehydrated and embedded in ara-
Idite. Semi-thin (0.5 wm) and ultra-thin (60 nm) sections were
cut on a Leica Ultracut S microtome. Ultrastructural analyses
were performed using a Tecnai 12 BioTwin transmission elec-
tron microscope (FEI, Eindhoven, The Netherlands) and
imaged with a SIS MegaView III SCCD camera.

Immunostaining and western blot

Paraformaldehyde fixed retinal cryosections were dried for
30 min at 37°C, rehydrated in PBS and pre-incubated for 1 h
at RT in blocking solution, containing 10% normal serum
and 0.1% Triton in PBS (PBST). Immunofluorescence was
performed overnight at 4°C, using primary antibodies diluted
in blocking solution (see Table 1). The tissue was rinsed
with PBST, and incubated for 1 h with corresponding second-
ary antibody, conjugated to either Alexafluor 488 or 568
(1:200-1:750, Invitrogen, Carlsbad, CA, USA), diluted in
PBST. Sections were rinsed in PBS, and mounted in Vecta-
shield with DAPI (Vector Laboratories Inc., Burlingame,
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Table 1. Antibodies used in this study

Antibody Source/manufacturer Dilution = Reference

Sheep anti-cGMP Harry Steinbusch,
University of
Maastricht, The
Netherlands

Martin Biel, University of
Munich, Germany

Lab Vision, Fremont, CA, 1:50 (10)
USA

1:500 (36)

Rabbit anti-CNGB1 1:30.000 (10)

Mouse anti-rhodopsin,
Ab-1 (Clone RET-
P1)

Rabbit anti-PDE6 8 Thermo Fisher Scientific,

Bonn, Germany

1:100  (37)

CA, USA). For negative controls, in addition to the use of
rdl and CNGb1 mutant retina, the primary antibodies were
omitted. Western blotting for CNGb1 protein was performed
as previously described (10).

TUNEL assay

The terminal deoxynucleotidyl transferase dUTP nick end lab-
elling (TUNEL) assay was performed on retinal cryosections,
using an in situ cell death detection kit conjugated with fluor-
escein isothiocyanate (Roche Diagnostics, Mannheim,
Germany). As control, terminal deoxynucleotidyl transferase
enzyme was either omitted from the labelling solution (nega-
tive control), or sections were pre-treated for 30 min with
DNAse I (Roche, 3 U/ml) in 50 mm Tris—HCI, pH 7.5,
I mg/ml BSA to induce DNA strand breaks (positive
control). Negative control gave no staining at all, while posi-
tive control stained all nuclei in all layers of the retina (35).

Calpain activity assay

Tissue sections from unfixed retinas were incubated for 15 min
in calpain reaction buffer (CRB: 25 mm HEPES, 65 mm KCl,
2 mm MgCl,, 1.5 mm CaCl,, 2 mm DTT, pH 7.2). The fluor-
escent calpain substrate CMAC, t-BOC-Leu-Met (A6520,
Invitrogen) was then added to CRB at a final concentration
of 2 wm and incubated in the dark for 2 h at 37°C. The sections
were washed twice for 10 min in CRB and then mounted with
Vectashield. The activity assay generally labelled the cell
membranes, with calpain-activity-positive cells additionally
showing a bright labelling of the nucleus and perinuclear cyto-
plasm.

Microscopy, cell counting and statistics

Morphological observations and routine light microscopy
were performed on a Zeiss Imager Z1 Apotome Microscope,
equipped with a Zeiss Axiocam digital camera. Images were
captured using Zeiss Axiovision 4.7 software; image overlays
and contrast enhancement were done using Adobe Photoshop
CS3. Images shown in figures are representative for at least
three different animals for each genotype/treatment. Percen-
tages of TUNEL and calpain activity positive cells were
assessed and calculated in a blinded fashion as reported pre-
viously (5,35). The mean value for photoreceptor rows in
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the ONL after in vitro culture was determined using DAPI
nuclear counterstaining. Values are given as mean + standard
error of the mean (SEM). Statistical significance was tested
using Student’s paired, two-tailed #-test and GraphPad Prism
software (La Jolla, CA, USA).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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