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Retinitis pigmentosa (RP) is a major cause of blindness that affects 1.5 million people worldwide. Mutations in cyclic
nucleotide-gated channel β 1 (CNGB1) cause approximately 4% of autosomal recessive RP. Gene augmentation therapy
shows promise for treating inherited retinal degenerations; however, relevant animal models and biomarkers of progression
in patients with RP are needed to assess therapeutic outcomes. Here, we evaluated RP patients with CNGB1 mutations for
potential biomarkers of progression and compared human phenotypes with those of mouse and dog models of the disease.
Additionally, we used gene augmentation therapy in a CNGβ1-deficient dog model to evaluate potential translation to
patients. CNGB1-deficient RP patients and mouse and dog models had a similar phenotype characterized by early loss of
rod function and slow rod photoreceptor loss with a secondary decline in cone function. Advanced imaging showed promise
for evaluating RP progression in human patients, and gene augmentation using adeno-associated virus vectors robustly
sustained the rescue of rod function and preserved retinal structure in the dog model. Together, our results reveal an early loss
of rod function in CNGB1-deficient patients and a wide window for therapeutic intervention. Moreover, the identification of
potential biomarkers of outcome measures, availability of relevant animal models, and robust functional rescue from gene
augmentation therapy support future work to move CNGB1-RP therapies toward clinical trials.

Introduction

Retinitis pigmentosa (RP) is a genetically heterogeneous cause of
blindness, affecting approximately 1 in 4,000 individuals (1). Mutations for nonsyndromic RP have been identified in over 80 different
genes (RetNet, Retinal Information Network) (2). The phenotype
is characterized initially by decreased rod-mediated function, loss
of dim-light vision followed by constriction of peripheral vision,
a decrease in visual acuity and, in many instances, progression to
legal blindness. Patients develop attenuation of superficial retinal
blood vessels, optic disc pallor, and characteristic “bone-spicule”
pigment clumping in the midperipheral retina (1). Currently, there
is no cure for RP, although gene therapy approaches for other inherited retinal degenerations are showing promising results in phase I
and II clinical trials (3–11). The development of therapies for inherConflict of interest: W.W. Hauswirth and the University of Florida have a financial interest in the use of adeno-associated virus (AAV) therapies and own equity in a company
(AGTC) that might, in the future, commercialize some aspects of this work.
License: This work is licensed under the Creative Commons Attribution 4.0 International License. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
Submitted: May 16, 2017; Accepted: October 10, 2017.
Reference information: J Clin Invest. 2018;128(1):190–206.
https://doi.org/10.1172/JCI95161.
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ited retinal degenerations such as RP is facilitated by relevant animal models that recapitulate the human phenotype and that can be
used for preclinical development and refinement of therapy. Prior
to clinical trials, it is important to also ascertain whether there are
suitable biomarkers of progression of retinal disease that can be
used to assess the efficacy of therapy within a practical time frame.
Mutations in the rod cyclic nucleotide-gated channel β 1
(CNGB1) gene cause autosomal recessive RP type 45 (RP45)
(12–23) (Supplemental Table 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI95161DS1)
and account for approximately 4% of autosomal recessive RP
cases (1). The CNGB1 gene codes for the β subunit (CNGβ1a) of
the rod photoreceptor cyclic nucleotide-gated (CNG) ion channel, with additional splice variants being expressed in the retina
(glutamic acid–rich proteins 1 and 2 [GARP1 and GARP2]), olfactory sensory neurons (CNGβ1b), and other tissues (24). Rod photoreceptor CNG channels are nonspecific cation channels in the
outer segment cell membrane consisting of 3 cyclic nucleotidegated channel α 1 (CNGα1) subunits and 1 CNGβ1a subunit (24, 25).
CNGβ1a is important for the trafficking of the channel to the outer segment, its positioning within the cell membrane, and control
of the channel’s temporal activity (see ref. 26 for a review). Binding of cyclic GMP (cGMP) in the dark results in transient opening
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of the CNG channel and rod photoreceptor depolarization. With
light-induced activation of the phototransduction cascade, there
is a reduction in cGMP levels mediated by the G protein activation
of a phosphodiesterase (PDE6). Reduced cGMP leads to closure of
the channels and hyperpolarization of the rod.
Some phenotyping of patients with RP45 has been previously
published and typically describes night blindness from childhood
and a later-onset of loss of peripheral vision, leading to an RP diagnosis at around 30 years of age and legal blindness by 60 years of
age (12, 13, 16, 18, 22).
A mouse model, Cngb1-X26, generated by excising exon
26 and resulting in loss of the full- length CNGβ1a protein, was
reported to have a significant decrease in rod function and retinal
degeneration (27). Gene augmentation therapy was shown to rescue the phenotype in this model (28).
Recently, we identified a spontaneous mutation in canine
Cngb1 in dogs with recessively inherited progressive retinal degeneration (29). Early loss of rod vision and slow photoreceptor degeneration were observed (29). The canine mutation is downstream
of the Garp region and results in a lack of full-length Cngb1a, thus
modeling the majority of reported RP45 cases and closely resembling the Cngb1-X26 mouse model.
Here, we demonstrate that detailed advanced retinal imaging
shows promise with regard to outcome measures for a CNGβ1-RP
therapy trial. Moreover, our detailed phenotypic analysis demonstrates that the 2 preclinical models with Cngb1 mutations recapitulate the human RP45 phenotype. Finally, we report that gene
therapy to introduce a normal copy of canine Cngb1a into the rod
photoreceptors results in robust, sustained restoration of rod function and retinal structural preservation in Cngb1–/– dogs and represents what we believe to be an important preclinical step toward
gene augmentation therapy for human RP45.

Results

Human patients with RP45 show early loss of night vision and a slowly
progressive photoreceptor degeneration. Clinical and genetic characteristics of each patient are summarized in Table 1. The cohort (n =
8) consists of 4 sporadic cases and 2 sibling pairs, with a mean age
of 37.1 years (range, 14–70 years). Five of the patients are of European descent (patients 3–6 and 8) and three are Hispanic (patients
1, 2, and 7). A total of 8 different CNGB1 mutations were identified.
Three of the mutations had been previously described in RP45
patients: c.2284C>T, p.Arg762Cys (16, 30); c.1896C>A, p.Cys632*
(15); c.3150delG; and p.Phe1051Leufs*12 (15, 22). Five novel
mutations (1 nonsense, 2 frameshift, and 2 intronic/splice) were
detected: c.2508C>A, p.Tyr836*; c.522_523insC, p.Lys175Glnfs*4;
c.2544_2545insC, p.Leu849Profs*3; c.1122-9G>A; c.2218-2A>G
(Table 1 and Supplemental Table 1). The 2 novel intronic mutations were found in patient 4. c.2218-2A>G resides in a canonical
splice acceptor site. c1122-9G>A is predicted by Human Splicing
Finder software (31) to introduce a strong new splice acceptor site
that would insert an additional 7 bp to the 5′ end of exon 15, with a
resulting frameshift and predicted premature stop codon. We performed a minigene assay and confirmed the predicted alteration in
splicing and the resulting frameshift (Supplemental Figure 1).
All patients had childhood-onset nyctalopia but on presentation had best-corrected visual acuity (BCVA) ranging from
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20/20 to 20/100 and remained largely stable over time. Visual fields were constricted to 2 to 18 degrees within the macula.
Ophthalmic evaluations of patients 5, 6, 7, and 8 revealed posterior subcapsular cataracts, a waxy pallor appearance of the optic
disc, cystoid macular edema, and severe attenuation of the retinal vasculature (Figure 1, B–D, white arrowheads). We observed
“bone-spicule” intraretinal pigment migration in the midperipheral retina of patients 3–8. Patient 1 (Figure 1A) and patient
2 presented at an earlier disease stage and did not show changes
typical of retinal degeneration on fundoscopy. An autofluorescence (AF) ring of variable size (indicative of lipofuscin accumulation) was apparent on fundus autofluorescence (FAF) imaging circumscribing an area of relatively functional retina (Figure 1, A–D,
insets, and Figure 2A). The average rate of AF ring constriction varied with size. Patient 1 had the largest ring (68.99 mm2 in the right
eye at baseline), which progressed at a loss of 14.32 mm2 by year 2
and 8.01 mm2 by year 5 (Figure 2B and Supplemental Figure 2A).
Patients with smaller rings (<10 mm2) had constriction at a slower
rate: patient 6 had lost 1.69 mm2 by year 2. Quantitative thickness
maps generated from 19 spectral domain optical coherence tomography (SD-OCT) raster scans of the photoreceptor-attributable
layers between the vitread boundary of the outer nuclear layer
(ONL) and the Bruch’s membrane–choroidal interface (receptor + [REC+] layer) revealed significant thinning in the perifoveal
regions over time (Figure 2C). The maps in are scaled according to
the reported range of REC+ layer thickness in healthy eyes (>150
μm, white color) (32). The respective REC+ layer thicknesses in all 3
patients were uniformly decreased in areas closer to the fovea than
to the position of ellipsoid zone (EZ) disruption and the border
of the AF ring. The extent of thinning progressed gradually from
approximately 125 μm (red) to the approximately 60-μm (green)
region, where the border of the AF ring was positioned (Figure 2).
Profiles of REC+ thickness in a single SD-OCT scan in each patient
indicated that the observed thinning within the area circumscribed
by the AF ring fell below the 95% CIs of healthy, age-matched eyes
(Supplemental Figure 2B). ). Each profile also showed significant
central thickening of REC+ (>95% CIs of healthy eyes) within the
central 1-mm diameter of the foveal region. Thickness peaked at
the foveal center in all cases and remained stable over time relative to the peripheral thinning near the edge of observable degeneration or the border of the AF ring. Analysis of the of individual
SD-OCT scans revealed unusual but consistent characteristics in
all patients that included a shallow foveal pit, continuous lamination of the plexiform layers, and widening of the ONL at the center
(Supplemental Figure 3).
Full-field electroretinogram (ffERG) testing revealed generalized dysfunction of rods in all patients. Scotopic responses were
nonrecordable in the older patients (patients 5–8) and attenuated
in the younger patients (patients 1–4). Attenuated 30-Hz flicker
and single-flash photopic responses were also evident in the older
patients (patients 5–8), while we detected only marginally decreased
photopic responses and implicit time delays in the younger patients
(patients 1–4) (Table 1 and Supplemental Figure 2C).
Cngb1–/– mice show a progressive loss of retinal thickness with a
slow loss of cones. Cngb1–/– (Cngb1-X26) mice have progressive retinal thinning accompanied by a progressive loss of photoreceptors
and their function (Figure 3). We measured the age-related loss
jci.org   Volume 128   Number 1   January 2018
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14 yr, F

20 yr, F

38 yr, M

46 yr, M

60 yr, W

70 yr, M

3

4

5B

6B

7

8

OD

20/100

20/50

20/30

20/40

20/25

20/20

20/25

20/20

OS

20/100

20/50

20/40

20/40

20/25

20/20

20/25

20/20

BCVA

WNL

WNL

WNL

WNL

Lens

Posterior
subcapsular
cataract
Childhood onset,
Posterior
nyctalopia
subcapsular
cataract
Childhood onset,
Posterior
nyctalopia
subcapsular
cataract (onset
age, 30s)
Childhood onset,
Posterior
nyctalopia
subcapsular
cataract

Childhood onset,
nyctalopia

Childhood onset,
nyctalopia

Childhood onset,
nyctalopia

Childhood onset,
nyctalopia

Childhood onset,
nyctalopia

Ocular History

Severe
Severe

Severe

Waxy pallor

Waxy pallor

Severe

Mild

WNL

Mild

Mild

VA

Waxy pallor

Waxy pallor

WNL

WNL

WNL

WNL

Optic disc

Yes

Yes

Yes

Yes

–

–

–

–

CME

Bone-spicule

Bone-spicule

Bone-spicule

Bone-spicule

Bone-spicule

Bone-spicule

–

–

IPM

ffERG
Nucleotide change

2° centrally

8° centrally

8° centrally

Scotopic and photopic responses
nonrecordable

Scotopic and photopic responses
nonrecordable

Severe scotopic and photopic
attenuation

c.2284C>T;
c.2284C>T

c.1896C>A;
c.3150delG

c.2544_2545insC;
c.522_523insC

p.Arg762Cys

p.Cys632*;
p.Phe1051Leufs*12

p.Leu849Profs*3,
p.Lys175Glnfs*4

p.Leu849Profs*3,
p.Lys175Glnfs*4

p.?; p.?

p.Arg762Cys; p.Tyr836*

p.Phe1051LLeufs*12;
p.Phe1051Leufs*12

p.Phe1051LLeufs*12;
p.Phe1051Leufs*12

Amino acid change

CNGB1 mutations

c.3150delG; c.3150delG
Attenuated rod and maximal
responses; reduced photopic
responses
c.3150delG; c.3150delG
10° centrally Attenuated rod and maximal
responses; reduced photopic
responses
c.2284C>T; c.2508C>A
Minimal
Attenuated rod and maximal
responses; mild implicit delays in
photopic responses
c.1122-9G>A; c.2218-2A>G
15° centrally
Attenuated rod and maximal
responses; mild implicit delays in
photopic responses
8° centrally
Severe scotopic and photopic
c.2544_2545insC;
attenuation
c.522_523insC
18° centrally

VFC

Full siblings. Bfull siblings. CME, intraretinal cystoid spaces; IPM, intraretinal pigment migration; OD, right eye ; OS, left eye; VA, vascular attenuation; VFC, visual field constriction; WNL, within normal limits.

A

28 yr, F

21 yr, M

2A

1A

Patient Age, sex

Table 1. Human patient data
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in canine Cngb1 (29) (c.2387delA;2389_2390
insAGCTAC; Supplemental Figure 4, A and B)
and direct Sanger sequencing showed that the
mutation caused skipping of exon 26 (data not
shown), introducing a premature stop codon
early in exon 27 (Supplemental Figure 4C). The
truncated product partly escaped nonsensemediated decay, leading to a relative expression
level approximately 40% of that of WT transcript levels in the controls (Supplemental Figure
5A). There was a complete absence of full-length
CNGβ1 in the photoreceptors of Cngb1–/– dogs (29),
but IHC using an antibody that targets CNGβ1
between the N-terminal GARP region and the predicted mutation site revealed an accumulation of
truncated protein within the inner segments (Supplemental Figure 5B).
Cngb1–/– dogs have slow photoreceptor loss and
relative preservation of cones. Color fundus imaging
revealed an initial hyporeflective appearance of
the fundus in the tapetal area, which, with progression, was accompanied by mild attenuation of the
superficial retinal vasculature and eventually obvious signs of retinal thinning (tapetal hyperreflectivity; Supplemental Figure 6A). On FAF imaging, a
region of AF appeared in the center of the area centralis of a Cngb1–/– dog at approximately 3 months
of age (Supplemental Figure 6B). The area centralis is the canine equivalent of the human macula
(33). The earliest change detectable by SD-OCT
in Cngb1–/– puppies was a loss of definition of the
zones between the external limiting membrane
(ELM) and the interdigitation zone (IZ) in the
periphery from 3 months of age. These zones represent the photoreceptor inner and outer segments
and interface with the retinal pigment epithelium
Figure 1. Spectrum of disease severity in patients with CNGB1-associated RP. Color fundus
montages and corresponding AF images of the left eye of patient 1 (p.Phe1051Leufs*12 homo(RPE). The loss of definition progressed with age,
zygous) (A), patient 6 (p.Leu849Profs*3; p.Lys175Glnfs*4) (B), and the right eyes of patient
with the central retina remaining unaffected until
7 (p.Cys632*; p.Phe1051Leufs*12) (C) and patient 8 (p.Arg762Cys homozygous), illustrating
later in the disease progression (Supplemental Figtypical presentations of RP features: (B–D) waxy pallor of the optic disc, severe attenuation
ure 7). We observed slowly progressive thinning of
of the retinal vasculature (white arrowheads), and bone-spicule pigment clumping in the
the REC+ layer (which represents the entire length
mid-periphery (insets). (A) The left macula of patient 1 (p.Phe1051Leufs*12 homozygous)
shows largely unremarkable features for retinal degeneration. REC+ thickness is defined as all
of the photoreceptors), with thinning occurring
visiblelayers between the inner nuclear layer-outer nuclear layer (INL/ONL) complex and the
initially in the more peripheral retina, while the
Bruch’s membrane-choroidal (BM/Choroid) interface.
area centralis showed relative preservation (Figure
4A). We further examined changes in the thicknesses of the different photoreceptor components that make up the
of outer retinal thickness (REC+ layer) by in vivo cross-sectional
REC+ (outer plexiform layer [OPL], ONL, ELM, myoid zone [MZ],
SD-OCT imaging (Figure 3A). Cngb1–/– mice showed a slowly
+
progressive, almost linear thinning of the REC layer within the
EZ, outer segments, IZ, and the RPE–Bruch’s complex) (Supplemental Figure 8) and found that, compared with more peripheral
observed time frame of 2 to 52 weeks of age. While rod photoreretina, the center of the area centralis actually had an earlier thinceptors degenerated, we found that cone morphology was also
ning of the ONL but better preservation of the zones representing
compromised, as indicated by a loss of cone outer segments (Figphotoreceptor inner and outer segments, which accounted for the
ure 3B). This is in keeping with the progressive loss of cone funcoverall preservation of the REC+ thickness (Figure 4A). The spatial
tion during photoreceptor layer thinning that was detected by
photopic ERG measurements (Figure 3C).
preservation of REC+ not only involves the area centralis but also
–/–
Mutation in Cngb1 dogs leads to exon skipping and expression of
the visual streak, as shown in the heatmaps in Figure 4B. The visual
streak is a horizontal zone of higher photoreceptor density extenda shortened CNGB1 product. Reverse transcriptase PCR (RT-PCR)
ing temporally and nasally from the area centralis.
spanning the previously reported site of the exon 26 mutation
jci.org   Volume 128   Number 1   January 2018
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Figure 2. Progressive AF ring
constriction and photoreceptor
layer thinning in affected patients
homozygous and compound
heterozygous for CNGB1 mutations. Affected patients homozygous for CNGB1: patients 1 and
2 (p.Phe1051Leufs*12); affected
patient heterozygous for CNGB1:
patient 6 (p.Leu849Profs*3,
p.Lys175Glnfs*4). (A) FAF imaging
(488-nm) of the right eye in each
patient revealed the inner and
outer border (white arrows) of a
progressively constricting region
(ring), delineating the centrally preserved area of retinal function. (B)
Retinal schematic illustrating the
constriction size (mm2) and shape
of the centrally preserved region
over various time intervals (insets):
after 60 months in patient 1 (red)
and patient 2 (blue) and 20 months
in patient 6 (green). (C) Color-coded
maps of total REC+ thickness after
60 months in patients 1 and 2 and
after 20 months in patient 6 from
a segmented macular SD-OCT scan
within the position of the retina
enclosed in the red rectangle (upper
right inset). The right eye of each
patient is shown, where white on
the color scale (>125 μm) denotes
the range of REC+ thickness in
healthy eyes. REC+ thickness is
defined as all visible layers between
the inner nuclear layer–ONL (INLONL) complex and the Bruch’s
membrane–choroidal interface
(SD-OCT, inset). BM, basement
membrane.

Retinal sections showed that there was an early disruption of
the normally ordered demarcation between the inner segment
and outer segment layers, with cone inner segments extending
between the rod outer segments at as early as 2 months of age in
the peripheral retina of Cngb1–/– dogs (Figure 4C). A progressive
loss of rows of photoreceptor nuclei occurred, such that by 28
to 30 months of age, only 3 to 4 rows remained in the central
retina. We observed a relative preservation of cone photore194

jci.org   Volume 128   Number 1   January 2018

ceptors (Figure 4, C and D). With disease progression, the cone
inner segments became initially broader (by 12 months of age)
and then stunted (by 18 and 28 months of age). Transmission
electron microscopy showed that in young Cngb1–/– dogs, the rod
outer segments had uniformly stacked discs (e.g., at 8 weeks of
age), but with disease progression, they became disorganized,
while the morphology of the cone outer segments remained better preserved (Figure 4E).
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Figure 3. Cngb1–/– mice show a progressive loss of photoreceptor structure
and function. (A) Age-related loss of the REC+ layer in Cngb1–/– mice compared with WT mice, as measured by SD-OCT imaging. The colored vertical
bars indicate the ages at which photopic ERG b-wave amplitudes were
measured in C (mean of n = 4–6 for each time point). (B) IHC with a cone
marker (cone arrestin) showing morphologically affected but still-persisting cones after advanced thinning of the ONL (representative images from
3 mice). Scale bar: 25 µm. (C) Photopic cone b-wave amplitudes of Cngb1–/–
mice plotted against stimulus strength at 2, 6, and 8 months of age (mean
of 4 for each time point). Data represent the mean ± SD. PW8, postnatal
week 8; PW26, postnatal week 26; PW35, postnatal week 35.

Cone function gradually declined with age (Figure 5). However, cone-mediated vision was well preserved, with vision of the
Cngb1–/– dogs being comparable to that of normal control dogs
at all lighting levels except the lowest level, which assessed rod
vision (Figure 5, D and E).
Gene augmentation therapy in Cngb1–/– dogs restores the CNG
channel in treated retinal regions, resulting in rod function and retinal
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preservation. A total of 8 eyes of young Cngb1–/– dogs (Supplemental
Table 2) were used in the gene therapy study. We used an adenoassociated virus vector serotype 5 that delivered canine Cngb1
under the control of a human GRK1 promoter (AAV5-hGRKcCgnb1) (dose details are provided in Supplemental Table 2). An initial pilot study in 1 Cngb1–/– dog (14-033, right eye [OD]) resulted in
a small improvement in ffERG amplitudes detected 3 months after
injection and improved performance in vision testing at the lowest
light level (data not shown). A higher dose of the same vector in the
second eye of the same dog resulted in a more substantial ERG rescue and vision testing rescue. The repeat administration of vector
to dog 14-033 showed no indication of a resulting adverse immune
response in clinical, SD-OCT, or IHC studies, and excellent ffERG
and vision testing outcomes were achieved in the second eye.
An additional 6 eyes (of 4 dogs) were injected at the higher
titer. IHC showed that CNGβ1 protein was restored to the rod outer segments only in the region of the subretinal injection (Figure
6A, see also Supplemental Figure 9). Expression of CNGβ1 protein
rescued the expression of previously downregulated CNGα1 in the
treated regions (Figure 6B) (and not outside of the treated area or in
untreated Cngb1–/– eyes; data not shown and ref. 29), suggesting the
formation of functional heterotetrameric CNG channel complexes. Further evidence that the CNG channel subunits had formed a
functional channel complex was provided by ffERG and vision testing, both of which showed a dramatic improvement in rod-mediated function (described below). Figure 7A shows the ERG results
for dog 14-055 (OD), with a much lowered response threshold and
a waveform typical for WT dogs (although approximately one-third
the amplitude of breed- and age-matched controls). The rod 5-Hz
flicker response prior to treatment was almost nonexistent but was
robust following gene therapy (Figure 7B). As a direct assessment
of rod photoreceptor phototransduction, we performed fits of the
leading edge of the rod a-wave using the Hood and Birch model
based on the original Lamb and Pugh model (Figure 7C). These
fits showed a significant increase in maximal receptor response
(Rmax) over pretreatment values (P < 0.05, paired t test). ERG rescue was maintained in both eyes of dog 14-055 until the last time
point assessed (18 months after injection). Plots of the mean a- and
b-wave amplitudes against stimulus strength 3 months after treatment showed a substantial improvement in the response threshold
of the scotopic ERG (~1 log unit for the a-wave and >2 log units for
the b-wave) (Figure 7, D and E) for all eyes treated with the higher
dose. The ERG rescue was maintained over the long term, as illustrated in Figure 7, F and G (amplitudes of scotopic ERGs elicited by
a flash of low luminance that resulted in a rod response and a 5-Hz
flicker response, also indicative of rod responses).
All eyes treated with the higher titer had significantly
improved vision at the lowest light level. When using the treated
eye (eyes were tested in turn by covering the contralateral eye with
an opaque contact lens), the dogs correctly chose the open exit
100% of the time at the lowest light level 3 months after injection
compared with a mean of 42% of the time for untreated controls
(P = 1.3 × 10 –5). Their exit times were also improved being a mean
of 3 seconds 3 months after treatment compared with 28 seconds
for the untreated controls (P = 1.0 × 10 –4) (Figure 7, H and I). The
improvement in vision testing outcomes was maintained in all
treated dogs for the duration of the study (data not shown).
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Figure 4. Cngb1–/– dogs have a progressive retinal thinning with
preservation of the REC+ in the area centralis. (A) Measurement of
REC+, ONL, and inner segment/outer segment (IS/OS) layer thickness
by SD-OCT cross-sectional images in a vertical plane through the area
centralis, measured every 0.5 mm. The negative numbers are inferior
to the area centralis. Control dogs: n = 3; Cngb1–/– affected dogs: n = 3
dogs 6–7 months of age; n = 3 dogs 18–19 months of age; n = 1 dog 48
months of age; n = 2 dogs 66–69 months of age. (B) Heatmaps demonstrating preservation of photoreceptor thickness in the area centralis and
horizontally along the visual streak. REC+ thickness in Cngb1–/– dogs of
different ages compared with a control (WT) dog. n = 3 control dogs; n = 3
Cngb1–/– dogs at 18 months of age; n = 1 Cngb1–/– dog at 48 months of age;
and n = 2 Cngb1–/– dogs at 66 months of age. (C) Representative images of
plastic-embedded semi-thin retinal samples from an 8-week-old control
dog compared with samples from a Cngb1–/– dog. The inner segments of
cones are located adjacent to the inner segments of rods in the control
dog. Shortening of the rod inner segments in the Cngb1–/– dogs resulted
in cone inner segments extending to the level of the rod outer segments.
Rod outer segments appeared disorganized and deteriorated over the first
28 months. Initially, cone inner segments appeared grossly normal and
then, with rod loss, initially appeared widened (at 12 months) but then
became shortened and atrophied (at 28 months). Sections (500-nm) were
stained with epoxy tissue stain. Arrows indicate the cone inner segment.
Scale bar: 20 μm. n = 4 control dogs; n = 1 Cngb1–/– dog at 2, 5, 12, and 28
months of age; n = 2 Cngb1–/– dogs at 18 months of age. (D) Representative images of IHC with hCAR (labels the entire length of the cones) show
well-preserved cone morphology in the younger animals. In the older
Cngb1–/– affected dogs (18 and 30 months of age), the cones were still visible, albeit shortened. Scale bar: 20 μm. n = 2 control dogs; n = 2 Cngb1–/–
dogs at 2 and 18 months of age; n = 1 Cngb1–/– dog at 12 and 30 months
of age. (E) Representative transmission electron microscopic images of
rods (R) and cones (C) show a reasonably normal arrangement of rod discs
at 2 months of age in the Cngb1–/– dog, but by 12 months of age, the rod
outer segments had deteriorated, but the cone outer segments appeared
relatively normal. Scale bar: 2 μm. n = 4 controls; n = 1 Cngb1–/– dog at 2
and 12 months of age.

In vivo imaging showed a clear preservation of retinal structure and thickness in the treated region (Figure 8, A and D). Assessment of the mean REC+ thickness in the treated retinal regions
compared with the same retinal regions in untreated Cngb1–/– dogs
showed that treatment preserved REC+ thickness (Figure 8, B and
C). We observed an initial continuation of REC+ thinning for 3 to
4 months after injection, after which it halted, and REC+ thickness
was maintained and remained significantly thicker than in either
the untreated region of the same eyes or in the eyes of untreated
Cngb1–/– dogs (Figure 8B). The junction between the preserved
treated retinal region and the adjacent untreated retinal region
became more apparent over time. Within the treated area, the
definition of the SD-OCT zones representing the photoreceptor
inner and outer segments was clearly preserved in the treated
areas, whereas in the untreated adjacent retinal areas, the zones
could not be discerned (Figure 8, A and D). Dogs maintained for
study for longer than 3 months after treatment had less AF in the
injected retinal regions compared with the uninjected regions on
FAF imaging (Figure 8, C and inset in D).

Discussion

Humans with CNGB1-related RP (12, 13, 16, 23), mice (Cngb1-X26)
(27), and Cngb1–/– dogs with mutations that spare expression of the
alternatively expressed GARP subunits share a similar phenotype
characterized by a lack of rod-mediated retinal function from an
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early age, followed by a slowly progressive age-related loss of cone
function and, in humans, constriction of visual fields.
Preservation of the macula is a feature of this (Figure 2)
and other forms of RP. The presence of an area centralis in the
dog, with its similarity to the human macula, allows the study of
changes in a region of higher photoreceptor density, which is an
advantage over laboratory rodents, which do not have a comparable retinal region. Like the finding of macular preservation in
RP patients, Cngb1–/– dogs also showed a preserved REC+ thickness in the area centralis and visual streak (Figure 4, A and B).
The packing density of photoreceptors is highest in these regions,
with peak cone density in the center of the region approaching
that of the human macula (33). Measurement of the individual
SD-OCT–detectable retinal layers that comprise the REC+ (OPL,
ONL, ELM, MZ, EZ, outer segments, IZ, and RPE–Bruch’s complex) (34) revealed that, unlike in the macula of human patients,
there was an early loss of ONL thickness indicating an early loss
of photoreceptor nuclei in the Cngb1–/– dog area centralis. The
thickness of the REC+ layer was preserved as a result of maintenance of the SD-OCT–detectable zones representing the photoreceptor inner and outer segments and the interdigitation with
the RPE. In the central part of the area centralis of the normal
dog retina, the number of cones peaks, such that the numbers of
rows of cone and rod nuclei are similar (33). Despite this higher
number of cones, SD-OCT imaging shows a slight thinning
of the ONL layer of the area centralis in normal dogs (33) (also
see Supplemental Figure 7, bottom). As occurs in the equivalent
human foveal region, the inner segments of canine cones in
this region are thinner and elongated (33, 35). It is conceivable
that the early ONL thinning in this region in the Cngb1–/– dog
is accounted for by loss of central rods and that the high proportion of cones with elongated inner and outer segments, compared
with regions outside the area centralis, accounts for the maintenance of the thickness of the corresponding SD-OCT layers and
preservation of REC+ thickness in this region. Preservation of
cones until later in the disease process may also explain the maintenance of EZ integrity in the area centralis. The EZ is believed
to correspond with the distal end of the photoreceptor inner segments, perhaps reflecting the large number of mitochondria in
this part of the photoreceptor (36). Loss of intensity or integrity of
the EZ has been associated with deterioration of vision in humans
with various retinal conditions (reviewed in ref. 37).
As is typical for RP, humans with RP45 show a hyperautofluorescent macular ring on FAF imaging. This is suggested to represent an abnormal perifoveal accumulation of lipofuscin in the
RPE associated with disease-related increased photoreceptor outer segment loss (38, 39). In our study, changes in the width of the
hyperautofluorescence ring was detectable in patients who underwent serial imaging, with differences being detectable over a period
as short as 2 years (Figure 2). Likewise, the degree of thinning of
photoreceptor-attributable layers (REC+) on SD-OCT progressed
within the same follow-up interval, however, thinning appeared to
spatially precede the ring constriction in the patients observed in our
study. These findings corroborate those of another study describing analogous thinning as well as a functional decline within the
apparently unaffected area within the AF ring (38). The ring itself
may therefore not be the earliest marker of photoreceptor dysfuncjci.org   Volume 128   Number 1   January 2018
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Figure 5. Cone function slowly declines with age in the
Cngb1–/– dog. (A) Photopic single-flash ERG tracings in
response to the following stimuli in the light-adapted eye
present on a background of 30 cd/m2: –0.4, 0.0, 0.4, 0.9,
1.4, and 1.9 log cds/m2 (top to bottom tracings), and at the
bottom, a photopic 33-Hz flicker response at 0.4 log cds/
m2. (B and C) Change in the mean (± SD) photopic a-wave (B)
and b-wave (C) amplitudes in response to the 0.4 log cds/m2
stimulus with age. The mean photopic a-wave amplitude for
Cngb1–/– dogs was significantly lower at 42 and 66 months of
age (P < 0.05, Student’s t test). The mean photopic b-wave
was significantly reduced at 66 months of age (P < 0.01,
Student’s t test). n = 2 Cngb1–/– dogs at each time point; n = 3
controls at 14 and 36 months; and n = 2 controls at 72 months.
(D and E) Results of vision testing showing the percentage of
dogs that made the correct exit choice (D) and the time taken
to exit (E). At all ages tested, the affected dogs had reduced
visual function at the lowest light level. Bright light vision
was maintained in all age groups tested. Control dogs: n = 6;
Cngb1–/– dogs: n = 3 for 4-month-old and 12- to 24-month-old
dogs and n = 4 for 36- to 48-month-old dogs.

tion in the retinae of RP patients; however, a direct correlation with
structural changes in the outer retina and a consistent pattern of
progression have been extensively demonstrated in heterogeneous
RP cohorts (40–42). Therefore, although these morphological features may individually be valid biomarkers of disease progression,
they are likely reflective of different degenerative processes, particularly as both are derived from separate imaging modalities (32,
43). A more in-depth understanding of the relationship between
the morphological features seen on AF (488-nm excitation), which
derive principally from the distribution of RPE lipofuscin, and photoreceptor loss is warranted. Nevertheless, these features appeared
to change rapidly enough in the patients in this study to suggest that
they could be used as a plausible measure of therapeutic outcome
for a future clinical therapy trial, although a more thorough assessment of the natural history in a significantly larger cohort of patients
with RP45 is needed to confirm this finding.
Consistent with the clinical characterization of RP, the
CNGB1-RP patients in this study maintained a central area of rel198
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atively preserved visual function and acuity; however, this region
was structurally abnormal, in that we detected a pattern of REC+
thickness that was significantly elevated above the normal range
in healthy retinae. Interestingly, visual examination of this region
on SD-OCT revealed shallower foveal depressions, an incomplete
extrusion of the plexiform layers, and central vertical widening
of the ONL in varying degrees across all patients (Supplemental
Figure 3). These changes bore an apparent resemblance to foveal hyploplasia (44), though this is a developmental anomaly most
often associated with X-linked ocular albinism (45) and has not
been described previously as a clinical manifestation of RP. The
underlying cause of this apparent thickening of the ONL may be
biologically intrinsic to the pathogenesis of CNGβ1 pathogenesis,
or perhaps a mechanical stretching of the inner retina due to the
deterioration of the outer retinal layers, namely the EZ, as has
been previously described in other RP patients (46).
Cngb1–/– dogs had a pattern of hyperautofluorescence that was
different from that of the human patients, showing a small region

Downloaded from http://www.jci.org on January 22, 2018. https://doi.org/10.1172/JCI95161

The Journal of Clinical Investigation  

RESEARCH ARTICLE
Figure 6. Gene augmentation
therapy results in appropriate
rod Cngb1 expression and
restores Cnga1 expression.
(A) CNGβ1 (green: antibody
targeted CNGβ1 distal to the
mutation site) was expressed
in the outer segments of the
treated regions of Cngb1–/–
retinae 3, 9, and 23 months
after treatment. The untreated
region from the retinae 3
months after injection and
the 28-month-old untreated
Cngb1–/– retinae did not express
full-length CNGβ1. (B) CNGα1
(green) was expressed and
correctly targeted to the photoreceptor outer segments in
the treated regions of Cngb1–/–
retinae 3, 9, and 23 months
after treatment, but was not
detectable in the untreated
region. Scale bar: 50 μm.

of brighter AF developing in young Cngb1–/– dogs in the center of
the area centralis and then along the visual streak, with disease
progression (Supplemental Figure 6B). The difference in AF patterns between dogs and humans may reflect a species difference in
the course of photoreceptor loss between different retinal regions.
It is of interest that in gene therapy–treated dogs, by several
months after treatment, we observed less AF in the treated region
compared with that detected in the untreated region (Figure 8, C
and D). This might reflect the reduction in photoreceptor death in
the treated regions.
A possible histological explanation for the early loss of definition of the zones representing the photoreceptor inner and outer
segments in the peripheral retina on SD-OCT imaging of Cngb1–/–
dogs was the finding on semi-thin sections of a disruption of the usually sharp demarcation between photoreceptor inner segments and
outer segment layers, with rod outer segments appearing alongside
cone inner segments (Figure 4, C, D, and E). With the progression
and loss of the rods, the remaining cone inner segments became
wider in diameter and then progressively more stunted.
Photopic (cone-mediated) vision in Cngb1–/– dogs was well
maintained (up to at least 66 months of age), despite the diminishing cone ERG amplitudes. It has been our experience that very
few remaining functional cones are required in dog RP models
for them to negotiate around obstacles in bright light conditions,
and this degree of vision can still be the case even after cone ERG
responses can no longer be detected (S.M. Petersen-Jones, unpublished observations).
Currently, there is no definitive treatment for RP. We
hypothesized that the Cngb1–/– dog would be a good candidate
for gene augmentation therapy because of the early loss of rod

function but only a slow physical loss of rod photoreceptors. IHC
showed that this therapy resulted in Cngb1 expression in outer segments at the earliest time point assessed (3 months after
injection), and this was maintained for at least 23 months after
injection, but only in the treated retinal regions (Figure 6A and
Figure 8D, bottom). We found that the expression of Cnga1 was
also increased, but only in the treated regions, confirming that
CNGβ1 is required for the trafficking of CNGα1 to the rod outer
segments (Figure 6B). Untreated Cngb1–/– dog retinae lacked
expression of full-length Cngb1 and had very reduced CNGα1
levels. The labeling of CNG subunits on IHC after gene therapy
appeared to be similar to that in normal dogs. Therapy resulted
in a dramatic and sustained improvement in rod-mediated ERG
responses and in visual function at dim light levels.
This preliminary proof-of-concept study suggested that there
was a dose effect: the first eye injected using a lower dose of vector showed less evidence of rescue than did eyes subsequently
treated at a higher dose. A dose escalation study is required to
establish the optimal dose for the greatest rescue without toxicity.
We detected variations in the degree of ERG rescue among eyes,
with several possible reasons including individual (biological)
variation, age at injection, and the area of retina treated and thus
the number of transduced rods contributing to the ffERG. Similar
volumes of vector were injected, but, as is typical for subretinal
injections, the extent of the retinal detachment (and thus the area
treated) varied among eyes.
One dog (both eyes treated) maintained for longer-term
study had sustained ERG rescue up to 18 months after injection
(the last time point recorded), with no diminution. SD-OCT
clearly showed an improvement in the treated area in the appearjci.org   Volume 128   Number 1   January 2018
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Figure 7. Sustained rescue of rod function by gene therapy. (A–C) Scotopic ERGs before treatment and 3, 12, and 18 months after subretinal AAV5-hGRK1cCngb1 treatment (dog 14-055 right eye). (A) Luminance response series. Note the obvious lowering of the response threshold and increased a- and b-wave
amplitudes (stimulus luminances ranged from –3.7 to 0.4 log cds/m2). (B) Scotopic 5-Hz flicker responses at –1.6 log cds/m2 luminance (vertical scale
bars: 50 μV; horizontal scale bars: 50 ms). (C) Fit of the leading edge of the dark-adapted a-wave to the Hood and Birch model. The solid lines are the raw
ERG data and the dotted lines the derived fits to the leading edge of the a-wave. (D and E) Mean (± SD) stimulus response ERG plots for scotopic a- and
b-waves comparing unaffected control dogs (n = 4) with Cngb1–/– dogs before and 3-months after subretinal AAV5-hGRK1-cCngb1 treatment (n = 7). Compared with before treatment, all mean a-wave responses were significantly improved (P < 0.05 and P < 0.01, 2-tailed, paired Student’s t test). The b-wave
responses were also significantly improved (P < 0.05 to P <0.01, 2-tailed, paired Student’s t test), with the exception of the responses to the strongest
stimuli (P = 0.052 and P = 0.054, 2-tailed, paired Student’s t test). (F and G) Duration of ERG rescue. Mean ± SD of scotopic b-wave in response to a stimulus of –2 log cds/m2 (F) and scotopic 5-Hz flicker at –1.6 log cds/m2 luminance (G), with time after injection. The gray bar represents the mean amplitude
of untreated dogs ± 2 SD. Number of treated eyes at each time point: before treatment (0), 1, 2, and 3 months, n = 7;4 and 5 months, n = 4; 6, 7, and 9
months, n = 3; 12 and 18 months, n = 2. (H and I) Vision test results before versus 3 months after treatment. (H) Percentage of dogs that made the correct
exit choice at each of 7 lighting levels. Pretreatment Cngb1–/– dogs made more exit choice errors at the dimmer light levels, and these dogs almost always
chose correctly 3 months after gene augmentation. The improvement was significant at the lowest light intensity (P < 0.0001, 2-tailed, paired Student’s t
test). (I) Time to exit. Prior to treatment, the Cngb1–/– dogs were slower to exit at the low light levels, and 3 months after treatment, the dogs were faster
to exit at the low light levels. The difference was significant at the lowest light level (P < 0.001, 2-tailed, paired Student’s t test).
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Figure 8. Retinal structure is preserved in gene therapy–treated retinal regions in Cngb1–/– dogs. (A) SD-OCT cross-sectional images of the retinal region
of an AAV5-hGRK1-cCgnb1–treated Cngb1–/– dog showing preservation of the retinal layers. In addition to ONL preservation, the ELM, EZ, and IZ appear to
have better definition compared with untreated Cngb1–/– dogs. A WT control retina is shown for comparison. IR, inner retina; TR, total retina. (B) Plot of
the mean thickness of the REC+ layer with age in Cngb1–/– treated retinae (n = 2) compared with Cngb1–/– untreated and unaffected dog retinae. The first
time point of the Cngb1–/– measurement was 1 month after treatment. The untreated Cngb1–/– retina had a progressive, age-related decline in thickness.
The treated eyes showed an initial decline in thickness of the REC+, like the untreated eyes, but then plateaued to remain significantly thicker than the
REC+ layer of the untreated eye (P = 0.019, 2-tailed Student’s t test, 17–18 months of age). n = 3 untreated Cngb1–/– dogs. Data represent the mean ± SD. (C)
FAF cSLO imaging of a treated eye 23 months after injection. The noninjected retinal region had a higher level of AF than did the treated (injected) region.
Heatmap shows REC+ layer thickness preservation in the treated area of the same eye. (D) Cross-sectional SD-OCT images across the junction between
injected and noninjected areas of the same eye as in C, showing a thinning of the ONL in the noninjected area (boundary is indicated by a white arrow).
Also note the better definition of the ELM zone, the EZ, and the IZ zone on the image in the injected region. IHC image of the same region shows that
Cngb1 expression stopped abruptly at the edge of the injected area (white arrow). Scale bars: 100 μm (A), 200 μm (D, top), and 100 μm (D, bottom).
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ance of the zones that represent the inner and outer segments of
the photoreceptors. We found that the EZ and IZ were clearly visible in the treated area, but their integrity was lost outside of the
treated region. SD-OCT measurements of the REC+ layer showed
that, in the initial few months after treatment, some progressive
thinning occurred but was halted and that REC+ thickness was
subsequently conserved in the treated retinal regions but not in
untreated areas, where degeneration occurred to an extent similar to that seen in untreated control Cngb1–/– dogs. We confirmed
the preservation of photoreceptors in the treated regions by retinal histology. The initial loss of REC+ thickness in the period following subretinal injection may be due to a combination of the
time it takes for transgene expression to become established and
the loss of rods that were either not transduced, expressed inadequate levels of CNGβ1, or were already irreversibly on the path
to cell death. Loss of photoreceptors in Cngb1–/– dogs and mice
occurs more slowly than it does in some other RP models (e.g.,
those with phosphodiesterase 6 mutations [ref. 47]), and for this
reason, treated animals need to be maintained for adequate periods of time after initiation of therapy to allow for assessment of
the structural preservation resulting from therapy.
These promising initial gene therapy results support further
investigation of the long-term rescue of rod function and maintenance of retinal structure. Optimization of the vector, both in terms
of the specific vector construct and optimal vector dose, is also warranted. Furthermore, in planning for the potential future treatment
of human patients, it will be important to study the efficacy of therapy applied at different disease stages. In the current study, younger
dogs were treated prior to major loss of rod photoreceptors.
Treatment in humans should, at the very least, be aimed at
preserving cone function. Many forms of RP result from mutations
in genes expressed in rod photoreceptors, leading to rod photoreceptor death, which is followed by an inevitable secondary loss of
cones. Gene augmentation for the rod-led diseases will only be
successful while there are still sufficient rods remaining to support
continued cone survival. Thus, this requires early diagnosis and
treatment. With RP45, the presence of nyctalopia in childhood
offers the opportunity for early identification of patients who are
suitable for gene augmentation, while there is still a population of
potentially rescuable rods.
In summary, we show that patients with mutations in CNGB1
have night blindness from childhood, with a slow loss of photoreceptors. Their phenotype is similar to that of the Cngb1-X26 mouse
and the Cngb1–/– dog. Our preliminary study of gene augmentation
therapy in Cngb1–/– dogs showed a robust improvement in rod function, with evidence of photoreceptor preservation and improvement in photoreceptor morphology. The slow loss of photoreceptors, despite an early absence of night vision, provides a potentially
large therapeutic window of opportunity. This finding, coupled
with the successful gene therapy reported in the Cngb1-X26 mouse
(28) and now the Cngb1–/– dog, make this an attractive form of RP
for gene therapy. Potential outcome measures for human patients
could include improvement in rod-mediated ERG responses and
rod vision in younger patients, who have a sufficient population
of rods available to rescue and contribute to a rod ERG, and halting of progressive changes in the hyperautofluorescence zone and
thickness of REC+ as indicators of structural preservation.
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Methods
Human patients
Complete ophthalmic examinations included slit-lamp and dilated
fundus examinations. Vision was assessed by the measurement of
BCVA (Snellen).
SD-OCT scans and corresponding infrared reflectance fundus
images were acquired using a Spectralis HRA+OCT (Heidelberg
Engineering). FAF images were obtained using the Heidelberg Retina
Angiograph 2 confocal scanning laser ophthalmoscope (cSLO) (Heidelberg Engineering,). The images were acquired by illuminating the
fundus with an argon laser source (488-nm excitation) and viewing the
resultant fluorescence through a band-pass filter with a short wavelength cutoff at 495 nm. Ultra-widefield AF (532-nm excitation) and
color images for patient 8 were acquired with an Optos 200Tx cSLO
(Optos PLC). Color fundus photos were obtained with a FF450plus
Fundus Camera (Carl Zeiss Meditec). Retinal image analyses were
carried out using Heidelberg Explorer software (HEYEX). Constriction of the hyperautofluorescence ring on FAF images was assessed by
comparing the difference in areas (mm2) within the external ring border between baseline and subsequent examinations. REC+ thickness
was assessed in single 9-mm and cube (20 × 15/6.2 mm × 4.6 mm, 19
b-scans) high-resolution (HR) SD-OCT scans through the fovea and
over the macula, respectively, using HEYEX segmentation software.
Two groups of age-matched (20–30 years and 30–40 years) healthy
controls were measured and 95% CIs calculated for comparison.
ffERGs were recorded with the Diagnosys Espion Electrophysiology System (Diagnosys) using standard techniques of the International Society for Clinical Electrophysiology of Vision (ISCEV) (48).
Genetic screenings in all patients were carried out at molecular diagnostics laboratories approved by the Clinical Laboratory
Improvement Amendments (CLIA). Patients 1 and 2 were tested
under the National Ophthalmic Disease Genotyping Network (eyeGENE), and direct sequencing of exon 31 of the CNGB1 gene was performed. Patients 3 and 5 were first tested by the Asper Ophthalmics
(Estonia) Autosomal Recessive Retinitis Pigmentosa Arrayed Primer
Extension (APEX) microarray chip (594 mutations on 19 genes) and
then by the Massachusetts Eye and Ear Ocular Genomic Institute
(Boston, Massachusetts, USA). Patient 4 was tested with Retinitis
Pigmentosa Tier 1 Panel screening by the Casey Eye Institute Molecular Diagnostic Laboratory (Portland, Oregon, USA). Segregation in
3 unaffected siblings and both parents of patient 4 was consistent
with biallelic inheritance, with only the proband harboring both
CNGB1 variants. Patients 3, 5, and 6 were tested at the Massachusetts
Eye and Ear Ocular Genomic Institute using Sanger sequencing of
all CNGB1 exons (ABI BIG DYE chemistry and ABI 3100 automated
sequencer) and also using Retinitis Pigmentosa Tier 1 Panel screening performed by the Casey Eye Institute Molecular Diagnostic Laboratory. Parents’ samples were tested for all 3 patients, which was
consistent with biallelic inheritance of the variant in each respective patient. Patients 7 and 8 underwent whole-exome sequencing
at the Columbia University Laboratory for Personalized Genomic
Medicine using the Agilent SureSelectXT Human All Exon V5+UTRs
capture method and Illumina HiSeq 2500 sequencing technology.
Pathogenicity of found variants data were analyzed using NextGENe
software (SoftGenetics). The variant number is in accordance with
the NCBI’s GenBank NM_001297.4 (with cDNA numbering start-
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ing with the A of the ATG start codon) and NP_001288.3. Variants
were considered novel if not previously reported and not present in
the NCBI’s dbSNP (http://ncbi.nlm.nih.gov/projects/SNP/), Exome
Variant Server (EVS; http://evs.gs.washington.edu/EVS/), or the
Exome Aggregation (ExAC) database (http://exac.broadinstitute.
org). Splice prediction was performed using the Human Splicing
Finder (http://www.umd.be/HSF3/) (31). A minigene assay was performed to investigate a novel splice variant in patient 4 (protocol is
found in the Supplemental Methods).

neering) in combination with optic lenses. OCT scans were conducted with a 12° circular scan mode centered at the optic nerve
head. Quantification of the REC+ layer was performed as described
previously (55).
Wide-field color fundus images of dogs were captured using a
RetCam II Video Fundus Camera (Clarity Medical). cSLO imaging
and SD-OCT of dogs were performed using a Spectralis OCT+HRA.
High-resolution cross-sectional images were obtained by line and volume scanning.

Animal studies
Mice. Cngb1-X26 mice as previously described (27) (http://www.informatics.jax.org/allele/MGI:3527896) were used in this study. Control
experiments were conducted using mice with the same genetic background. The mouse line was on a mixed background of 129/SvJ and
C57-BL6/N, without the rd8 (Crb1) mutation.
Dogs. The dogs used in this study were maintained in a colony at
the Michigan State University Comparative Ophthalmology Laboratory. Dogs with a spontaneously occurring mutation in canine Cngb1
were identified and bred with laboratory beagles to create a breeding
colony in which the Cngb1 mutation segregated the providing dogs
that were either homozygous or heterozygous for the mutant allele or
homozygous for the WT allele (29).

Vision testing of dogs
Vision testing of dogs was performed using a previously described
4-choice vision-testing device (56, 57). Briefly, dogs were placed in the
central box of the vision-testing device from which there were 4 tunnel
exits. The far ends of 3 of the exits were blocked, and 1 was left open.
The open exit was randomly chosen for each run. Performance was
tested under 7 lighting settings, ranging from bright to dim light levels.
The time to exit the device and the first exit chosen were recorded.
The mean correct choice and time to exit were calculated over 14 runs
per light intensity. Vision in each eye of the gene therapy–treated dogs
was tested separately by placing an opaque contact lens to block vision
from the contralateral eye.

Retinal RT-PCR
RT-PCR of canine retinal tissues was performed using standard
protocols. Expression levels of retinal transcripts were normalized
to succinate dehydrogenase (Sdha) mRNA levels. Following RNA
extraction using an RNeasy Mini Kit (QIAGEN) and a cDNA synthesis (3′ RACE Kit (Invitrogen, Thermo Fisher Scientific) according to
the manufacturers’ instructions, the following mRNA levels were
analyzed via real time quantitative PCR (Applied Biosystems StepOne
Fast Machine): Cngb1 (Cngb1 forward: GGACATCACCGTGTTCCAG;
Cngb1 reverse: TGTCCATCTTAAAGCGACGAG); Cnga1 (Cnga1 forward: TCCCAATGTGATTGTTCCAG; Cnga1 reverse: TCAAACATGGAGGCACTGTC); Pde6a (Pde6a forward: CCACGTGAAGTGTGACAATG; Cnga1 reverse: AGCTCTCCTTGCAGGATCTC); and
Sdha (Sdha forward: CGGTCCATGACTCTGGAAAT; Sdha reverse:
GCAACTGCAGGTACACATGG).
To investigate the effect of the mutation in canine Cngb1 on splicing, retinal cDNA was amplified using primers flanking canine Cngb1
exon 26 (forward primer: AGGGTTTTCCCAGTCACGACCGGCCTACCTGCTCTACAGT; this primer included a tag to allow quantification if required; reverse primer: ACCAGGTCTTGACACGGTTC).
Gel-purified amplicons were sent to Michigan State University’s
Research Technology Support Facility for Sanger dideoxy sequencing
on an ABI 3730 Genetic Analyzer (Applied Biosystems).
Animal ERG
ERGs in mice were performed as previously described (49, 50). ERGs
in dogs were recorded as previously described (51, 52). Modeling of the
leading edge of the dark-adapted a-wave was performed as described
by Hood and Birch (53, 54).
Animal retinal imaging
SD-OCT of mice was performed as previously described (28, 55),
using an adapted Spectralis HRA+OCT system (Heidelberg Engi-

IHC
Mouse eyes were processed for IHC as previously described (28).
Vertical cryosections (10-μm) were stained using a rabbit anti-mouse
cone arrestin antibody (1:300) (58) (a gift of Wolfgang Baehr, University of Utah School of Medicine, Salt Lake City, UT, USA).
Canine eyes were processed for frozen IHC following previously described methods (29, 59). The following primary antibodies
were used: rabbit polyclonal anti-CNGβ1 targeting the C-terminus
(downstream of the canine mutation site) (1:500) (HPA039159;
Sigma-Aldrich); rabbit polyclonal anti-CNGB1, generated to amino
acids 574–763 (60), which is downstream of the GARP region and
upstream of the canine Cngb1 mutation (1:2,000) (FPc21K, a gift of
Frank Müller, Institute of Complex Systems, Cellular Biophysics,
ICS-4, Forschungszentrum Jülich, Germany); mouse monoclonal
anti-CNGα1 (1:10) (a gift of Bob Molday, University of British Columbia, Vancouver, British Columbia, Canada) (61); mouse monoclonal
anti-rhodopsin (MS1233PABX, rhodopsin Ab-1, RetP1; Thermo Fisher
Scientific); and anti-human cone arrestin (hCAR) (1:10,000) (a gift of
Cheryl Craft, Keck Medical School of University of Southern California & USC Roski Eye Institute, Los Angeles, California) (62).
Plastic-embedded histological sectioning and electron microscopy
Canine eyes for plastic-embedded sectioning and transmission
electron microscopy were fixed as previously described (47).
Regional retinal sections were dissected, embedded in agarose,
post-fixed in 2% osmium tetroxide for 15 minutes, dehydrated in
acetone, and then infused with Spurr resin (63). Semi-thin sections
(500-nm) were stained with epoxy tissue stain (Electron Microscopy Sciences), and thin sections (70- to 100-nm) were captured
on copper grids and stained with 4% uranyl acetate and then Reynolds lead citrate. Semi-thin sections were imaged on a light microscope (Nikon Eclipse 80i; Nikon Instruments). Thin sections were
imaged on a JEOL 100CX transmission electron microscope with a
Gatan ORIUS camera.
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Gene therapy
The recombinant AAV2/5 vector with the canine Cngb1 cDNA controlled by a human G protein–coupled receptor kinase 1 (GRK1) promoter (AAV5-hGRK1-cCngb1) (Supplemental Figure 10) was manufactured using previously published methods (64). AAV5-hGRK1-cCngb1
was delivered subretinally into 8 eyes of 5 dogs as previously described
(65). Supplemental Table 2 provides details on the dogs used for
gene therapy in the study.

of patients. EB designed and completed the minigene assay. CS
implemented and interpreted mouse experiments. MWS implemented and interpreted mouse experiments. AVL conducted
studies of patients and analyzed human data. SM designed and
interpreted mouse experiments and wrote the manuscript. WWH
designed and developed viral vectors and edited the manuscript.
SHT coordinated and analyzed human patient data.

Statistics
P values were calculated using the statistical software SigmaPlot,
version 12 (Systsat Software). Data were analyzed for normality
and equal variance. If the data passed normality and variance tests,
a Student’s t test was applied. Mean ERG values and vision testing
before and after treatment were determined using a paired, 2-tailed
Student’s t test. Nonparametric data were analyzed using a nonparametric t test (unequal variance) or a Mann-Whitney U sum test
(not normally distributed). A P value of less than 0.05 was considered statistically significant.

We thank Wolfgang Baehr for providing the mouse cone arrestin antibody; Cheryl Craft for the human cone arrestin antibody;
Robert Molday for the CNGα1 antibody; and Frank Müller for
the FPc21K antibody. We thank Nate Pasmanter (Department
of Small Animal Clinical Sciences, Michigan State University,
East Lansing, MI, USA) for performing the ERG a-wave modeling. We are also grateful to the patients who allowed the use of
their clinical data. This work was supported by grants from the
Myers-Dunlap Endowment for Canine Health (to SPJ); Michigan State University Endowed Research Funds (to SPJ); the NIH
(P30EY021721, to WWH); the Macula Vision Research Foundation (to WWH); Research to Prevent Blindness Inc. (to the University of Florida Department of Ophthalmology); the Foerderer Fund (to AVL); the Robison D. Harley, MD Endowed Chair
in Pediatric Ophthalmology and Ocular Genetics (to AVL); the
Deutsche Forschungsgemeinschaft (DFG) (EXC114, to SM and BE
4830/1-1, to EB); and the Tistou and Charlotte Kerstan Foundation (to CS, EB, SM, and SHT). Jonas Children’s Vision Care and
the Bernard & Shirlee Brown Glaucoma Laboratory are supported by the NIH (5P30EY019007, R01EY018213, R01EY024698,
R01EY026682, and R21AG050437); the National Cancer Institute
Core (5P30CA013696); a Research to Prevent Blindness (RPB)
Physician-Scientist Award; and unrestricted funds from RPB (New
York, New York, USA). SHT is a member of the RD-CURE Consortium and is supported by the Schneeweiss Stem Cell Fund, New
York State (C029572), and a Foundation Fighting Blindness New
York Regional Research Center grant (C-NY05-0705-0312).

Study approval
Patients 1, 2, 7, and 8 were recruited at the CUMC and provided
informed consent prior to their enrollment under the IRB-approved
protocol AAAI9906 of Columbia University. Patients 3 and 4 were
recruited at WEH and provided informed consent under the IRBapproved protocol 17-616EE of WEH. Patients 5 and 6 were examined
at WEH and also at the CUMC. All study procedures adhered to the
tenets established by the Declaration of Helsinki.
All procedures involving mice were performed with the permission of the Regierung von Oberbayern (Government of Upper Bavaria)
and those involving dogs were approved by the IACUC of Michigan
State University. All animal experimentation was conducted in accordance with the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision Research.

Author contributions

SMPJ designed and implemented the dog studies and wrote the
manuscript. LMO implemented the dog studies and acquired and
analyzed data. PAW conducted dog experiments and analyzed
results. WL performed studies of human subjects, analyzed data,
and wrote the manuscript. JRS analyzed human patients’ FAF
results. MT analyzed human patients’ results. SLB was responsible for gene therapy experimental design and vector design.
VC produced viral vectors. JEC conducted genetic assessment
1. Hartong DT, Berson EL, Dryja TP. Retinitis pigmentosa. Lancet. 2006;368(9549):1795–1809.
2. Daiger SP, Rossiter BJF, Greenberg J, Christoffels A, Hide W. Data services and software for
identifying genes and mutations causing retinal
degeneration. Invest Ophthalmol Vis Sci (Supp).
1998;39(4):S295.
3. Bainbridge JW, et al. Effect of gene therapy on
visual function in Leber’s congenital amaurosis.
N Engl J Med. 2008;358(21):2231–2239.
4. Maguire AM, et al. Safety and efficacy of gene
transfer for Leber’s congenital amaurosis. N Engl
J Med. 2008;358(21):2240–2248.

204

Acknowledgments

Address correspondence to: Stephen H. Tsang, 635 West 165th
Street, Box 112, Columbia University Medical Center, New York,
New York 10032, USA. Phone: 212.342.1186; Email: sht2@columbia.edu. Or to: Simon M. Petersen-Jones, 736 Wilson Street,
D-208. Veterinary Medical Center, Michigan State University,
East Lansing, Michigan 48824, USA. Phone: 517.353.3278; Email:
peter315@cvm.msu.edu.

5. Hauswirth WW, et al. Treatment of leber congenital amaurosis due to RPE65 mutations by ocular
subretinal injection of adeno-associated virus
gene vector: short-term results of a phase I trial.
Hum Gene Ther. 2008;19(10):979–990.
6. Cideciyan AV, et al. Human RPE65 gene therapy
for Leber congenital amaurosis: persistence of
early visual improvements and safety at 1 year.
Hum Gene Ther. 2009;20(9):999–1004.
7. Bennett J, et al. AAV2 gene therapy readministration in three adults with congenital blindness. Sci
Transl Med. 2012;4(120):120ra15.
8. Cideciyan AV, et al. Human retinal gene therapy

jci.org   Volume 128   Number 1   January 2018

for Leber congenital amaurosis shows advancing retinal degeneration despite enduring
visual improvement. Proc Natl Acad Sci USA.
2013;110(6):E517–E525.
9. Bainbridge JW, et al. Long-term effect of gene
therapy on Leber’s congenital amaurosis. N Engl J
Med. 2015;372(20):1887–1897.
10. Schimmer J, Breazzano S. Investor Outlook:
Significance of the Positive LCA2 Gene Therapy Phase III Results. Hum Gene Ther Clin Dev.
2015;26(4):208–210.
11. MacLaren RE, et al. Retinal gene therapy in
patients with choroideremia: initial find-

Downloaded from http://www.jci.org on January 22, 2018. https://doi.org/10.1172/JCI95161

RESEARCH ARTICLE

The Journal of Clinical Investigation  
ings from a phase 1/2 clinical trial. Lancet.
2014;383(9923):1129–1137.
12. Bareil C, Hamel CP, Delague V, Arnaud B,
Demaille J, Claustres M. Segregation of a mutation in CNGB1 encoding the beta-subunit of the
rod cGMP-gated channel in a family with autosomal recessive retinitis pigmentosa. Hum Genet.
2001;108(4):328–334.
13. Kondo H, et al. A homozygosity-based search for
mutations in patients with autosomal recessive
retinitis pigmentosa, using microsatellite markers.
Invest Ophthalmol Vis Sci. 2004;45(12):4433–4439.
14. Simpson DA, Clark GR, Alexander S, Silvestri G, Willoughby CE. Molecular diagnosis
for heterogeneous genetic diseases with
targeted high-throughput DNA sequencing
applied to retinitis pigmentosa. J Med Genet.
2011;48(3):145–151.
15. Nishiguchi KM, et al. Whole genome sequencing
in patients with retinitis pigmentosa reveals
pathogenic DNA structural changes and NEK2
as a new disease gene. Proc Natl Acad Sci U S A.
2013;110(40):16139–16144.
16. Bocquet B, et al. Homozygosity mapping in autosomal recessive retinitis pigmentosa families detects
novel mutations. Mol Vis. 2013;19:2487–2500.
17. Schorderet DF, Iouranova A, Favez T, Tiab L,
Escher P. IROme, a new high-throughput molecular tool for the diagnosis of inherited retinal
dystrophies. Biomed Res Int. 2013;2013:198089.
18. Maranhao B, et al. Investigating the Molecular
Basis of Retinal Degeneration in a Familial
Cohort of Pakistani Decent by Exome Sequencing. PLoS One. 2015;10(9):e0136561.
19. Maria M, et al. Homozygosity mapping and targeted sanger sequencing reveal genetic defects
underlying inherited retinal disease in families
from pakistan. PLoS One. 2015;10(3):e0119806.
20. Saqib MA, et al. Homozygosity mapping reveals
novel and known mutations in Pakistani families
with inherited retinal dystrophies.
Sci Rep. 2015;5:9965.
21. Fu Q, et al. Next-generation sequencing-based
molecular diagnosis of a Chinese patient cohort
with autosomal recessive retinitis pigmentosa.
Invest Ophthalmol Vis Sci. 2013;54(6):4158–4166.
22. Hull S, et al. Clinical Characterization of
CNGB1-Related Autosomal Recessive
Retinitis Pigmentosa. JAMA Ophthalmol.
2017;135(2):137–144.
23. Fradin M, et al. Run of homozygosity analysis
reveals a novel nonsense variant of the CNGB1
gene involved in retinitis pigmentosa 45. Ophthalmic Genet. 2016;37(3):357–359.
24. Kaupp UB, Seifert R. Cyclic nucleotide-gated ion
channels. Physiol Rev. 2002;82(3):769–824.
25. Shuart NG, Haitin Y, Camp SS, Black KD, Zagotta WN. Molecular mechanism for 3:1 subunit
stoichiometry of rod cyclic nucleotide-gated ion
channels. Nat Commun. 2011;2:457.
26. Biel M, Michalakis S. Function and dysfunction
of CNG channels: insights from channelopathies and mouse models. Mol Neurobiol.
2007;35(3):266–277.
27. Hüttl S, et al. Impaired channel targeting and retinal degeneration in mice lacking the cyclic nucleotide-gated channel subunit CNGB1. J Neurosci.
2005;25(1):130–138.

28. Koch S, et al. Gene therapy restores vision and
delays degeneration in the CNGB1(-/-) mouse
model of retinitis pigmentosa. Hum Mol Genet.
2012;21(20):4486–4496.
29. Winkler PA, et al. A large animal model for
CNGB1 autosomal recessive retinitis pigmentosa. PLoS One. 2013;8(8):e72229.
30. Azam M, et al. Identification of novel mutations
in Pakistani families with autosomal recessive retinitis pigmentosa. Arch Ophthalmol.
2011;129(10):1377–1378.
31. Desmet FO, Hamroun D, Lalande M, Collod-Béroud G, Claustres M, Béroud C. Human
Splicing Finder: an online bioinformatics tool
to predict splicing signals. Nucleic Acids Res.
2009;37(9):e67.
32. Schuerch K, et al. Quantifying fundus autofluorescence in patients with retinitis pigmentosa.
Invest Ophthalmol Vis Sci. 2017;58(3):1843–1855.
33. Beltran WA, et al. Canine retina has a primate
fovea-like bouquet of cone photoreceptors which
is affected by inherited macular degenerations.
PLoS One. 2014;9(3):e90390.
34. Staurenghi G, Sadda S, Chakravarthy U, Spaide
RF, International Nomenclature for Optical
Coherence Tomography (IN•OCT) Panel. Proposed lexicon for anatomic landmarks in normal
posterior segment spectral-domain optical
coherence tomography: the IN•OCT consensus.
Ophthalmology. 2014;121(8):1572–1578.
35. Provis JM, Dubis AM, Maddess T, Carroll J. Adaptation of the central retina for high acuity vision:
cones, the fovea and the avascular zone. Prog
Retin Eye Res. 2013;35:63–81.
36. Spaide RF, Curcio CA. Anatomical correlates
to the bands seen in the outer retina by
optical coherence tomography: literature
review and model. Retina (Philadelphia, Pa).
2011;31(8):1609–1619.
37. Tao LW, Wu Z, Guymer RH, Luu CD. Ellipsoid
zone on optical coherence tomography: a review.
Clin Experiment Ophthalmol. 2016;44(5):422–430.
38. Lima LH, et al. Structural assessment of
hyperautofluorescent ring in patients with
retinitis pigmentosa. Retina (Philadelphia, Pa).
2009;29(7):1025–1031.
39. Lima LH, et al. Progressive constriction of the
hyperautofluorescent ring in retinitis pigmentosa.
Am J Ophthalmol. 2012;153(4):718–727, 727.e1.
40. Sujirakul T, Lin MK, Duong J, Wei Y, LopezPintado S, Tsang SH. Multimodal Imaging of
Central Retinal Disease Progression in a 2-Year
Mean Follow-up of Retinitis Pigmentosa. Am J
Ophthalmol. 2015;160(4):786–98.e4.
41. Duncker T, Tabacaru MR, Lee W, Tsang SH,
Sparrow JR, Greenstein VC. Comparison of
near-infrared and short-wavelength autofluorescence in retinitis pigmentosa. Invest Ophthalmol
Vis Sci. 2013;54(1):585–591.
42. Robson AG, et al. Serial imaging and structurefunction correlates of high-density rings of fundus autofluorescence in retinitis pigmentosa.
Retina (Philadelphia, Pa). 2011;31(8):1670–1679.
43. Delori FC, Dorey CK, Staurenghi G, Arend O,
Goger DG, Weiter JJ. In vivo fluorescence of the
ocular fundus exhibits retinal pigment epithelium lipofuscin characteristics. Invest Ophthalmol
Vis Sci. 1995;36(3):718–729.

44. Thomas MG, et al. Structural grading of foveal
hypoplasia using spectral-domain optical coherence tomography a predictor of visual acuity?
Ophthalmology. 2011;118(8):1653–1660.
45. Schnur RE, et al. Phenotypic variability in
X-linked ocular albinism: relationship to linkage
genotypes. Am J Hum Genet. 1994;55(3):484–496.
46. Hood DC, Lin CE, Lazow MA, Locke KG, Zhang
X, Birch DG. Thickness of receptor and post-receptor retinal layers in patients with retinitis
pigmentosa measured with frequency-domain
optical coherence tomography. Invest Ophthalmol
Vis Sci. 2009;50(5):2328–2336.
47. Tuntivanich N, et al. Characterization of a canine
model of autosomal recessive retinitis pigmentosa due to a PDE6A mutation. Invest Ophthalmol
Vis Sci. 2009;50(2):801–813.
48. McCulloch DL, et al. ISCEV Standard for fullfield clinical electroretinography (2015 update).
Doc Ophthalmol. 2015;130(1):1–12.
49. Seeliger MW, et al. New views on RPE65 deficiency: the rod system is the source of vision in a
mouse model of Leber congenital amaurosis. Nat
Genet. 2001;29(1):70–74.
50. Tanimoto N, et al. Vision tests in the mouse:
Functional phenotyping with electroretinography.
Front Biosci (Landmark Ed). 2009;14:2730–2737.
51. Annear MJ, et al. Gene therapy in the second eye
of RPE65-deficient dogs improves retinal function. Gene Ther. 2011;18(1):53–61.
52. Annear MJ, et al. Successful gene therapy in older
Rpe65-deficient dogs following subretinal injection of an adeno-associated vector expressing
RPE65. Hum Gene Ther. 2013;24(10):883–893.
53. Hood DC, Birch DG. Assessing abnormal rod
photoreceptor activity with the a-wave of the
electroretinogram: applications and methods.
Doc Ophthalmol. 1996;92(4):253–267.
54. Hood DC, Birch DG. Chapter 35. In: Heckenlively
JR, Arden GB, eds. Principles and practice of clinical electrophysiology of Vvision. Cambridge MA:
The MIT Press; 2006:487–501.
55. Schön C, et al. Loss of HCN1 enhances disease
progression in mouse models of CNG channellinked retinitis pigmentosa and achromatopsia.
Hum Mol Genet. 2016;25(6):1165–1175.
56. Gearhart PM, Gearhart CC, Petersen-Jones SM.
A novel method for objective vision testing in
canine models of inherited retinal disease. Invest
Ophthalmol Vis Sci. 2008;49(8):3568–3576.
57. Annear MJ, Gornik KR, Venturi FL, Hauptman
JG, Bartoe JT, Petersen-Jones SM. Reproducibility
of an objective four-choice canine vision testing
technique that assesses vision at differing light
intensities. Vet Ophthalmol. 2013;16(5):324–328.
58. Zhang T, Baehr W, Fu Y. Chemical chaperone
TUDCA preserves cone photoreceptors in a
mouse model of Leber congenital amaurosis.
Invest Ophthalmol Vis Sci. 2012;53(7):3349–3356.
59. Mowat FM, et al. RPE65 gene therapy slows
cone loss in Rpe65-deficient dogs. Gene Ther.
2013;20(5):545–555.
60. Körschen HG, et al. A 240 kDa protein represents
the complete beta subunit of the cyclic nucleotide-gated channel from rod photoreceptor.
Neuron. 1995;15(3):627–636.
61. Cook NJ, Molday LL, Reid D, Kaupp UB, Molday
RS. The cGMP-gated channel of bovine rod pho-

jci.org   Volume 128   Number 1   January 2018

205

Downloaded from http://www.jci.org on January 22, 2018. https://doi.org/10.1172/JCI95161

RESEARCH ARTICLE
toreceptors is localized exclusively in the plasma
membrane. J Biol Chem. 1989;264(12):6996–6999.
62. Li A, Zhu X, Craft CM. Retinoic acid upregulates cone arrestin expression in retinoblastoma cells through a Cis element in the distal
promoter region. Invest Ophthalmol Vis Sci.

206

The Journal of Clinical Investigation  
2002;43(5):1375–1383.
63. Spurr AR. A low-viscosity epoxy resin embedding
medium for electron microscopy. J Ultrastruct
Res. 1969;26(1):31–43.
64. Hauswirth WW, Lewin AS, Zolotukhin S, Muzyczka N. Production and purification of recom-

jci.org   Volume 128   Number 1   January 2018

binant adeno-associated virus. Meth Enzymol.
2000;316:743–761.
65. Petersen-Jones SM, et al. AAV retinal transduction
in a large animal model species: comparison of a
self-complementary AAV2/5 with a single-stranded
AAV2/5 vector. Mol Vis. 2009;15:1835–1842.

