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Mutations in GUCY2D are the cause of Leber congenital amaurosis type 1 (LCA1). GUCY2D encodes
retinal guanylate cyclase-1 (retGC1), a protein expressed exclusively in outer segments of photoreceptors
and essential for timely recovery from photoexcitation. Recent clinical data show that, despite a high
degree of visual disturbance stemming from a loss of cone function, LCA1 patients retain normal pho-
toreceptor architecture, except for foveal cone outer segment abnormalities and, in some patients, foveal
cone loss. These results point to the cone-rich central retina as a target for GUCY2D replacement. LCA1
gene replacement studies thus far have been conducted in rod-dominant models (mouse) or with vectors
and organisms lacking clinical translatability. Here we investigate gene replacement in the Nrl - / -

Gucy2e - / - mouse, an all-cone model deficient in retGC1. We show that AAV-retGC1 treatment fully
restores cone function, cone-mediated visual behavior, and guanylate cyclase activity, and preserves cones
in treated Nrl - / - Gucy2e - / - mice over the long-term. A novel finding was that retinal function could be
restored to levels above that in Nrl - / - controls, contrasting results in other models of retGC1 deficiency.
We attribute this to increased cyclase activity in treated Nrl - / - Gucy2e - / - mice relative to Nrl - / -

controls. Thus, Nrl - / - Gucy2e - / - mice possess an expanded dynamic range in ERG response to gene
replacement relative to other models. Lastly, we show that a candidate clinical vector, AAV5-GRK1-
GUCY2D, when delivered to adult Nrl - / - Gucy2e - / - mice, restores retinal function that persists for at
least 6 months. Our results provide strong support for clinical application of a gene therapy targeted to the
cone-rich, central retina of LCA1 patients.

INTRODUCTION
Retinal guanylate cyclases (retGCs) are en-
zymes expressed in the outer segments of photo-
receptors that play a pivotal role in photoreceptor
recovery from photoexcitation. In response to light
stimulation, cGMP-gated channels close, leading to
a reduction in intracellular Ca2 + . This lowering of
Ca2 + serves as a signal for Ca2 + sensing, guanylate
cyclase activating proteins (GCAPs) to active
retGCs that produce cGMP, reopen cGMP-gated
channels, and return the photoreceptor to its par-
tially depolarized state.1,2 Humans possess two
retGC isoforms (retGC1 and retGC2) and three

GCAPs (GCAP1, GCAP2, and GCAP3).3–11 Multiple
studies evaluating expression of retGCs in human
retina confirm that, while retGC1 is expressed in
the outer segments of both rods and cones, it is ex-
pressed at relatively higher levels in cones.3,5,12,13 It
was recently reported that retGC1 is the preferred
target of GCAP1 in vivo.14 It is not surprising,
therefore, that diseases primarily affecting cone
photoreceptors have been linked to defects in both
retGC1 and GCAP1. Recessive Leber congenital
amaurosis type 1 (LCA1) and dominant and re-
cessive forms of cone–rod dystrophy, CORD6 and
CORD, respectively, are associated with mutations
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in the gene encoding retGC1 (GUCY2D).15–18 Mu-
tations in the gene encoding GCAP1 (GUCA1A) are
associated with dominant forms of cone and cone–
rod dystrophy.19–26

AAV-mediated gene replacement has proven
safe and efficacious for the treatment of retinal
disease.27 To date, clinical trials targeting reti-
nal pigment epithelium to address RPE65 Leber
congenital amaurosis (LCA2) and choroideremia
(CHM), retinal ganglion cells to address Leber he-
reditary optic neuropathy (LHON), or broad ocular
cell types to address wet age-related macular de-
generation have been performed.28–31 It remains to
be seen whether photoreceptor-mediated diseases
such as LCA1 will be amenable to treatment. We
have evaluated the effects of gene replacement on
photoreceptor structure/function and higher order
visual processing in two mammalian models of
LCA1, each with unique disease presentation, the
retGC1 knockout (GC1KO) and the retGC1/GC2
double knockout (GCDKO) mouse.32–34 GC1KO mice
carry a null mutation in Gucy2e, the homolog of
human GUCY2D, and exhibit loss of cone function
and progressive cone degeneration with mainte-
nance of rod structure and variable levels of rod
function. GCDKO mice carry null mutations in
both Gucy2e and Gucy2f and exhibit loss of both
cone and rod function and progressive loss of
photoreceptor structure.35,36 Use of the GCDKO
mouse in earlier studies was motivated by several
factors. First, clinicopathologic observations re-
ported at that time suggested that LCA1 was as-
sociated with degeneration of both cones and
rods.37,38 In addition, because it lacked confound-
ing retGC2 activity, this was the only model in
which the effects of retGC1 replacement in rods
and the functional efficiency of the AAV-delivered
enzyme could be precisely determined. In antici-
pation of possible clinical trials, a thorough clinical
characterization of LCA1 was recently performed.39

Interestingly, this revealed that the primary func-
tional deficit in patients resides in cone photorecep-
tors. The majority of patients had no cone-mediated
visual function, a life-long lack of color perception and
a severe loss of visual acuity. In spite of this, patients
retained normal retinal laminar architecture ex-
hibiting only abnormalities in cone outer segments
and, in a few patients, foveal cone losses. Patients also
exhibited preservation of rod structure and variable
levels of rod function. Notably, the finding in many
patients that central cones are maintained despite
their profound dysfunction points squarely to the fo-
vea as the logical treatment target.

The unique retinal anatomy of primates, that is,
the presence of a central, cone-rich ‘‘fovea,’’ pres-

ents a challenge for evaluating cone-targeted
therapy in animal models. The obvious drawback of
mouse models is their rod-dominant retina that
lacks a cone-rich central retina.40 The GUCY1*B
chicken model of LCA1 is cone-dominant, but has
several shortcomings, including the considerable
phylogenetic distance from placental mammals, its
rapid rate of cone loss (necessitates embryonic in-
tervention), and the inability to evaluate cone
health using antibodies predominantly designed
for use in rodents.41 The Nrl - / - mouse exhibits a
structural and functional switching of rods to an
S-cone-like phenotype, verified by ultrastructural,
immunohistochemical, molecular, and electrophys-
iological analyses.42–44 Utilizing the Nrl - / - mouse
as a genetic background on which to examine other
mutations/alleles associated with cone dysfunc-
tion has been useful for understanding the mech-
anisms of cone degeneration in various forms of
achromatopsia and LCA, as well as modeling retinal
dystrophies with unique foveal presentation, for
example, CEP290-LCA.45–47 We recently crossed the
GC1KO mouse onto an Nrl- / - background, thereby
creating an all-cone model of retGC1 deficiency. The
purpose of our study was to determine the impact of
AAV-mediated retGC1 expression on cone structure
and function and cone-mediated visual behavior in
the Nrl- / -Gucy2e- / - mouse, a model with a retina
containing a high density of exclusively cone photo-
receptors. We also sought to determine if a clinically
relevant vector (i.e., an AAV serotype and cellular
promoter with proven efficacy in primate photo-
receptors driving human GUCY2D) would prove
therapeutic in this model at a treatment age con-
sistent with early stage clinical application (i.e.,
adult mouse). We rationalized that results ob-
tained in this study would be informative in terms
of the implementation of AAV-mediated gene
therapy in planned clinical trials to treat LCA1
patients.

MATERIALS AND METHODS
Mice

The Nrl - / - mouse line on a C57BL/6 back-
ground was provided by Dr. Anand Swaroop
(National Eye Institute, Bethesda, MD) and the
GC1 - / - mouse line was provided by Dr. Wolf-
gang Baehr (University of Utah). Cross mating
was performed to generate Nrl - / - Gucy2e - / -

mice at the University of Oklahoma Health Sci-
ence Center. Founder pairs of mice were trans-
ferred to the University of Florida, where they
were bred and maintained in the University of
Florida Health Science Center Animal Care
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Services Facility under a 12 hr/12 hr light/dark
cycle. Food and water were available ad libitum.
All experiments were approved by the University
of Florida’s Institutional Animal Care and Use
Committee and conducted in accordance with
the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research and NIH
regulations.

Adeno-associated virus vectors
Vector plasmids containing the photoreceptor-

specific human rhodopsin kinase, - 112 to + 180
(numbers represent nucleotide positions relative to
transcriptional start site), promoter (hGRK1)48

driving either murine Gucy2e or human GUCY2D
cDNA were generated and packaged into AAV8-
based vector containing a single tyrosine-phenyl-
alanine mutation at residue 733 (Y733F) or AAV5,
respectively. AAV vectors were purified and titered
according to previously described methods.49,50 Re-
sulting titers for AAV8(Y733F)-hGRK1-Gucy2e and
AAV5-hGRK1-GUCY2Dwere1.4 · 1013 and2.5 · 1013

vector genomes/milliliter (vg/ml), respectively.

Subretinal injections
One microliter of AAV8(Y733F)-hGRK1-Gucy2e

was delivered subretinally to one eye of either
Nrl - / - Gucy2e - / - or Nrl - / - mice. Contralateral
eyes remained uninjected. Injections were per-
formed in multiple cohorts of Nrl - / - Gucy2e - / -

mice that varied in their treatment age. Cohort 1
(n = 16) was injected between postnatal day 35 and
47 (P35–P47). These mice were evaluated along-
side age-matched Nrl - / - controls (n = 8) over the
long-term with electroretinography (ERG), visu-
ally guided behavior tests, optical coherence to-
mography (OCT), immunohistochemistry (IHC),
and immunoblot. Cohort 2 (n = 7) was injected at
P18 and used alongside age-matched Nrl - / - con-
trols (n = 9) for ERG analysis and Western blot at 1
month postinjection. Cohort 3 was injected at P35
(n = 6) and used alongside age-matched Nrl - / -

controls (n = 3) for guanylate cyclase activity assays
at 3 months postinjection. Cohort 4 (n = 7) was in-
jected at P40 with 1 ll of AAV5-hGRK1-GUCY2D
and analyzed with ERG at 1 month and 5 months
postinjection. Lastly, one cohort of Nrl - / - mice
(n = 10) was injected with AAV8(733)-hGRK1-
Gucy2e at P35 and analyzed by ERG analysis and
IHC 1 month postinjection. A summary of all co-
horts is contained within Table 1. Subretinal in-
jections were performed as previously described.51

Further analysis was carried out only on animals
that received comparable, successful injections
( > 60% retinal detachment and minimal complica-

tions). It is well established that the area of vector
transduction corresponds to at least the area of
retinal detachment.30,51,52

Electroretinogram
Light-adapted ERGs of Nrl - / - Gucy2e - / - mice

treated with AAV8(Y733)-hGRK1-Gucy2e at P35–
P47 and age-matched Nrl - / - control mice were
recorded using a UTAS Visual Diagnostic System
equipped with a Big Shot Ganzfeld (LKC Technol-
ogies, Gaithersburg, MD). Mice were measured at
1 month and 2, 3, and 5 months postinjection. ERGs
of Nrl- / - Gucy2e- / - mice treated with AAV5-
hGRK1-GUCY2D were performed at 1 month and 5
months postinjection. ERGs of Nrl- / -Gucy2e- / -

mice treated at P18 with AAV8(Y733)-hGRK1-
Gucy2e were performed at 1 month postinjection.
ERGs of Nrl - / - mice treated with AAV8(733)-
hGRK1-Gucy2e were performed at 1 month post-
injection. Full-spectrum responses were generated
in all cohorts at all time points. M- and S-cone-
derived responses were collected during the final
ERG recordings (5 months postinjection). Follow-
ing overnight dark adaptation, mice were exposed
to a 30 cds/m2 white background for 2 min. Photo-
pic cone responses were elicited with four increas-
ing light intensities (1.25, 5, 10, and 25 cds/m2).
Fifty responses with interstimulus intervals of

Table 1. A summary of cohorts evaluated

Strain n
Age of

injection Vector
Outcome
measures

Time points
evaluated

Nrl - / - Gucy2e - / - 16 P35–P47 AAV8(Y733F)-
hGRK1-
Gucy2e

ERG 1, 2, 3, and 5
months PI

Nrl - / - 8 na na OKN 3 and 6
months PI

OCT 6 months PI
IHC 6 months PI
WB 6 months PI

Nrl - / - Gucy2e - / - 7 P18 AAV8(Y733F)-
hGRK1-
Gucy2e

ERG 1 month PI

Nrl - / - 7 na WB 1 month PI
Nrl - / - Gucy2e - / - 6 P35 AAV8(Y733F)-

hGRK1-
Gucy2e

GC activity
assay

3 months PI

Nrl - / - 3 na
Nrl - / - Gucy2e - / - 7 P40 AAV5-hGRK1-

GUCY2D
ERG 1 and 5

months PI
Nrl - / - 10 P35 AAV8(733)-

hGRK1-
Gucy2e

ERG 1 month PI

IHC 1 month PI

ERG, electroretinogram; IHC, immunohistochemistry; na, not applicable;
OCT, optical coherence tomography; OKN, optokinetic reflex testing;
P, postnatal; PI, postinjection; WB, Western blot.

GENE THERAPY IN AN ALL-CONE MODEL OF LCA1 577



0.4 sec were recorded in the presence of a 20 cds/m2

white background and averaged at each intensity.
For M- and S-cone-derived signals, we used similar
methods to those previously published.53 First,
mice were exposed to a rod-desensitizing 30 cds/m2

white background for 10 min. With a background
light on, M- and S-cone responses were evoked with
a UV light-emitting diode (LED) of 520 and 360 nm,
respectively. M cones were elicited at 0.025, 0.25,
2.5, and 25 cds/m2 and S-cone responses were
elicited at 0.0025, 0.025, 0.25, and 2.5 cds/m2.
Twenty-five flashes were applied and averaged at
each intensity with interstimulus intervals of 0.43
for both M- and S-cone recordings. Amplitudes of
full-spectrum, M- and S-cone-driven responses
were compared with Student’s t-test. Significance
was defined as a p-value < 0.05.

Behavioral analysis
Cone-mediated behavior was evaluated in

AAV8(Y733)-hGRK1-Gucy2e-treated Nrl-/-Gucy2e-/-

and Nrl - / - control mice at 3 and 6 months of age
using the optokinetic reflex test (optomotry, cere-
bral mechanics). Light-adapted spatial frequency
measurements were collected as previously de-
scribed.54 Spatial frequency thresholds were com-
pared with Student’s t-test. Significance was
defined as a p-value < 0.05.

Guanylate cyclase activity assays
A separate cohort of Nrl - / - Gucy2e - / - mice

treated with AAV8(Y733)-hGRK1-Gucy2e at P35
was verified for functional rescue by ERG and then
used alongside age-matched Nrl - / - control mice
for guanylate cyclase activity assays as previously
described.34,55,56

Optical coherence tomography
Spectral domain OCT was performed on Nrl - / -

Gucy2e - / - mice treated with AAV8(Y733)-
hGRK1-Gucy2e at P35–P47 and age-matched
Nrl - / - control mice at 6 months of age in a similar
fashion to that previously published.57 Briefly,
scans were collected noninvasively using the
Bioptigen System (Durham, NC). Because of the
disorganization (rosette formation) in Nrl- / - reti-
nas, autosegmentation could not be used to calculate
thickness of retinal layers. Instead, outer nuclear
layer (ONL) thickness was manually calculated as
previously described.57 Briefly, three lateral images
(nasal to temporal) were collected: (1) 3 mm above
the meridian crossing through the optic nerve
head (ONH), (2) the meridian passing through the
ONH, and (3) 3 mm below the ONH meridian. Three

points were placed on identical locations on each
meridian across samples. ONL thickness was mea-
sured at each point and values from treated and
untreated Nrl- / -Gucy2e- / - mice and Nrl- / - con-
trols were compared with a paired t-test, with
p-values of < 0.05 considered significant.

Immunoblot
Mice were sacrificed, and retinas were pro-

lapsed through a corneal incision, rapidly frozen,
and stored at - 80�C. Total retinal protein ex-
tracts were obtained from dissected retinas by
sonication in 200 ll of sonication buffer (0.23 mM
sucrose, 2 mM MgCl2, 10 mM Tris-HCL, pH 7.5)
containing inhibitors (Halt Protease and Phos-
phatase Inhibitor Cocktail; Thermo Scientific,
Rockford, IL; cat #78410) at the supplier’s re-
commended 1 · concentration. Benzonase (Sigma-
Aldrich, St. Louis, MO; cat #E1014) was added
(0.1 ll) to each sample and the sample incubated
for 15 min at 37�C. After incubation, 200 ll of
2 · Laemmli buffer (BioRAD, Hercules, CA; cat
#161-0737) was added. The samples were spun at
14,000 RPM for 5 min. A total volume of 20 ll per
sample was loaded and electrophoresis was per-
formed on 4–10% denaturing polyacrylamide gels
and then transferred to polyvinylidene fluoride
membrane using the Trans-Blot Turbo Transfer
System (BioRad; cat #170-4155). Blots were incu-
bated in Odyssey blocking buffer (Li-Cor, Lincoln,
NE; cat #927-40000) for 1 hr to block nonspecific
binding. Membranes were incubated overnight at
4�C with primary antibodies diluted in blocking
buffer containing 0.2% Tween-20: rabbit anti-GC1
(1:1000; Santa Cruz, Biotechnology, Dallas, TX;
cat #50512), rabbit anti-cone transducin (1:1000;
Santa Cruz; cat #390), rabbit anti-rod transducin
(1:1000; Santa Cruz; cat #389), rabbit anti-GC2
(1:5000, ‘‘L670’’), rabbit anti-GCAP1 (1:30,000,
‘‘UW101’’; kindly provided by Dr. Wolfgang Baehr),
mouse-anti-RD3 (1:5; kindly provided by Dr. Robert
Molday), rabbit anti-opsin red/green (1:1000;
Millipore, Billerica, MA; cat #AB5405), rabbit
anti-opsin, blue (1:1000; Millipore; cat #AB5407),
rabbit anti-cone PDE6a¢ (1:2000; ‘‘3184P’’ gener-
ously provided by Dr. Ramamurthy), or mouse
anti-b-actin (1:1000; clone C4; Santa Cruz; cat
#47778).

The following day, membranes were washed 4
times with 1 · PBS and 0.1% Tween-20 for 10 min
each at room temperature and were incubated
for 1 hr with corresponding secondary antibodies:
donkey anti-mouse (1:10,000; LiCor 680 RD;
cat #926-68072), donkey anti-rabbit (1:10,000; Li-
Cor 800CW; cat #923-32213), or donkey anti-goat
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(1:10,000; LiCor 800CW; cat #923-32214) anti-
bodies diluted in blocking buffer with 0.2% Tween-
20. Membranes were washed 4 · with 1 · PBS and
0.1% Tween-20 for 10 min each at room tempera-
ture. Detection was performed using infrared im-
ager (Li-Cor). b-actin was used as loading control.
Protein from six Nrl - / - retinas, five untreated
Nrl - / - Gucy2e- / - retinas, and four AAV-treated
Nrl- / -Gucy2e- / - retinas was pooled, and each
protein of interest was probed on three separate
immunoblots. Protein expression was normalized
to b-actin on individual blots. The average of those
three values was then normalized against Nrl - / - .
Raw data obtained from each immunoblot are
contained in Supplementary Table S1 (Supple-
mentary Data are available online at www
.liebertpub.com/hum).

Immunohistochemistry/microscopy
Nrl - / - Gucy2e - / - mice treated with murine

Gucy2e and Nrl - / - control mice were sacrificed
at various ages depending on the stated purpose
of each cohort and processed for IHC as previ-
ously described.32,58 Briefly, eyes were enucle-
ated, corneas punctured, and tissue placed in 4%
PFA for 12 hr at 4�C. Cornea/lens were then re-
moved and eyecups were transferred to 1 · PBS
followed by immersion in 30% sucrose for at least
2 hr at 4�C. Eyecups were then embedded in
cryostat compound (Tissue-Tek OCT 4583; Sa-
kura Finetek USA, Inc., Torrance, CA), quick-
frozen in a bath of dry ice/EtOH, and serially
sectioned at 12 lm with a cryostat (Leica CM3050
S). Retinal cross sections were stained with an-
tibodies raised against retGC1 (rabbit polyclonal;
Santa Cruz; sc50512; 1:200), M opsin (rabbit
polyclonal; Chemicon; 1:200), and S opsin (Santa
Cruz; sc14365; 1:200) or GCAP1 (rabbit poly-
clonal, ‘‘UW101,’’ 1:5000; generously provided by
Dr. Wolfgang Baehr, University of Utah). All
primary antibodies were incubated overnight
(retGC1 and GCAP1, 37�C; M opsin, 4�C; S opsin,
4�C). Alexafluor secondary antibodies were ap-
plied for 1 hr at room temperature. Mounting
media containing 4¢,6¢-diaminio-2-phenylindole
(DAPI) was applied and sections were then im-
aged using spinning disk confocal microscopy
(Nikon Eclipse TE2000 microscope equipped
with Perkin Elmer Ultraview Modular Laser
System and Hamamatsu O-RCA-R2 camera), and
20 · and 40 · images of retGC1, M opsin, or S
opsin were obtained using identical settings
(exposure, gain, laser power) at each objective
with Volocity 6.3 software (PerkinElmer, Wal-
tham, MA).

RESULTS
Subretinal injection of AAV-Gucy2e fully
restores retinal function to Nrl - / - Gucy2e - / -

mice over the long-term
Previously, it has been shown that gene re-

placement as late as *P43 in the GCDKO mouse is
sufficient to preserve photoreceptors.34 Taken to-
gether with the expectation of treating post-
adolescent patients in early clinical trials, we chose
to treat Nrl - / - Gucy2e - / - mice at approximately
41 days of age (i.e., P37–P45). In order to determine
the effects of AAV-mediated retGC1 expression on
retinal function, we performed ERG analysis out to
6 months of age. Full-spectrum photopic ERGs
were performed at approximately 1 month and 2, 3,
and 5 months postinjection (approximately 2, 3, 4,
and 6 months of age) and compared with age-
matched Nrl - / - controls. We observed robust ERG
responses in the injected eyes of treated mice over
the long-term, whereas untreated eyes exhibited
no discernible wave forms (Fig. 1A). The ampli-
tudes of full-spectrum cone responses in treated
mice were significantly higher than Nrl - / - con-
trols at 2 out of 4 time points (2 months, p = 0.036;
3 months, p = 0.624; 4 months, p = 0.754; 6 months,
p = 0.045) (Fig. 1B). We further analyzed retinal
function in treated and untreated Nrl- / -Gucy2e-/-

mice and age-matched Nrl - / - controls by utilizing
ERG conditions designed to isolate M- and S-cone-
driven responses. M- and S-cone ERGs were per-
formed at 1 month and 5 months postinjection
(Fig. 1C). M-cone responses in treated Nrl - / -

Gucy2e - / - mice were significantly higher than
those found in age-matched Nrl - / - controls at
both 2 and 6 months of age ( p < 0.001). S-cone re-
sponses in treated mice were not significantly
higher than Nrl - / - controls at 2 months but be-
came so by 6 months ( p = 0.002). Our results show
that AAV treatment results in complete restora-
tion of retinal function over the long-term in the
Nrl - / - Gucy2e - / - mouse.

Treatment restores useful vision to Nrl - / -

Gucy2e - / - mice over the long-term
To validate whether restoration of retinal func-

tion in treated Nrl - / - Gucy2e - / - mice translated
to gains in useful vision, optokinetic reflex testing
was performed. Measurable visual acuity was ob-
served in Nrl - / - Gucy2e - / - mice treated with
AAV-Gucy2e over the long-term (at least 6 months
of age) (Fig. 2). Spatial frequency thresholds in
treated Nrl - / - Gucy2e - / - mice were significantly
higher than those in age-matched Nrl - / - controls
at both 3 and 6 months of age ( p < 0.001). Nrl - / -

mice lost the ability to track at 6 months of age.
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Treated Nrl - / - Gucy2e - / - mice exhibited a
threshold decline between 3 and 6 months of age
( p < 0.001) (Fig. 2).

Functional efficiency of AAV-delivered retGC1
Guanylate cyclase activity assays were per-

formed to evaluate the function of retGC1 enzyme
encoded by AAV-delivered Gucy2e in the retinas
of *4-month-old treated and untreated Nrl - / -

Gucy2e - / - mice as well as age-matched Nrl - / -

controls (Fig. 3). Because Nrl - / - mice lack retGC2
(Supplementary Fig. S1), there was no measurable
retGC activity in untreated Nrl - / - Gucy2e - / -

retinas (Fig. 3).45 As such, this assay measures the
functional efficiency of only the enzyme expressed
from the AAV vector. Interestingly, retGC activity
was significantly higher in the AAV-treated Nrl -/-

Gucy2e - / - retinas relative to Nrl - / - controls
( p < 0.001). The Ca2 +

1/2 in treated retinas was
similar to that in Nrl- / - controls (0.08lM), indi-
cating that the calcium sensitivity of AAV-mediated
retGC1 was normal. This result is consistent with

Figure 1. Long-term improvements in retinal function are achieved following AAV-Gucy2e treatment. Shown are representative cone ERG traces from treated
and untreated Nrl - / - Gucy2e - / - mice (n = 16) and Nrl - / - controls (n = 8) obtained under full-spectrum, M- or S-cone-isolating conditions at 2 and 6 months of
age (A), full-spectrum maximum cone b-wave amplitudes (B), and M-/S-cone-derived maximum b-wave amplitudes (C) in treated and untreated Nrl - / -

Gucy2e - / - mice over time. Error bars in (B) and (C) represent – 1 SD.

Figure 2. Visually guided behavior testing (optokinetic reflex) reveals
long-term restoration of useful vision after AAV-Gucy2e treatment. Shown
are average cone-mediated spatial frequency thresholds in treated and
untreated Nrl - / - Gucy2e - / - mice (n = 16) and Nrl - / - controls (n = 8) at 3
(black bars) and 6 (gray bars) months of age. Error bars represent – 1 SD.
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our previous finding that calcium sensitivity of
AAV-mediated retGC1 in treated GCDKO mice was
also normal.34

‘‘Supernormal’’ treatment effects are not the
result of retGC1 insufficiency in Nrl - / - cones

Previous proof-of-concept studies evaluating the
effects of retGC1 replacement in GC1KO and
GCDKO mice revealed that only partial ERG re-
covery was possible, with treated ERG responses
reaching, at best *50–60% of WT, despite the
vector-mediated retGC1 having identical calcium
sensitivity and catalytic efficiency.32–34,59 In con-
trast, the current study shows that both retinal
function and visual acuity were significantly better
in AAV-treated Nrl - / - Gucy2e - / - mice than in
Nrl - / - controls. As previously mentioned, func-
tional efficiency of retGC1 was greater in the
AAV-treated Nrl - / - Gucy2e - / - mice than in age-
matched Nrl - / - controls. This led us to question
whether Nrl - / - mice simply express less retGC1
per cone photoreceptor than WT cones and/or are
amenable to its ‘‘overexpression’’ by AAV. We
therefore investigated the consequences of retGC1
supplementation via AAV on cone function in P35-
treated Nrl - / - mice. Full-spectrum, M- and S-
cone-derived ERG responses recorded 1 month
postinjection reveal that responses in treated eyes
(under all conditions) were not improved (Supple-
mentary Fig. S2). IHC analysis of retinal cross
sections from treated and untreated Nrl - / - mice
reveals no visible difference in the level of retGC1
expression (data not shown). Our results indi-
cate that the ‘‘supernormal’’ responses seen in the

treated Nrl - / - Gucy2e - / - mice are unlikely the
result of higher retGC1 expression on a per-cone
basis.

In vivo retinal structure of Nrl - / - Gucy2e - / -

mice and treatment efficacy
OCT was performed in 6-month-old treated and

untreated Nrl - / - Gucy2e - / - mice and age-
matched Nrl - / - controls to quantify cone cell
densities. Average ONL thickness measurements
from identical retinal locations were calculated and
averaged for all cohorts. At 6 months of age, ONLs
of untreated Nrl - / - Gucy2e - / - mice were 28%
thinner than Nrl - / - controls ( p < 0.001), indicat-
ing that, as in other models of retGC1 deficiency,
lack of the cyclase results in cone degenera-
tion (Fig. 4A).32,34,36,60 AAV-Gucy2e treatment re-
sulted in significant cone preservation in Nrl - / -

Gucy2e - / - retinas relative to that seen in un-
treated contralateral controls ( p < 0.001) with ONLs
on average being 35% thicker (Fig. 4A). Our mea-
surements also revealed that ONLs of treated mice
were 10% thicker than age-matched Nrl - / - con-
trols. This result was statistically significant
( p = 0.022). Representative OCT scans from each
cohort are shown in Supplementary Fig. S3. To
examine whether cone degeneration/preservation
followed a spatial pattern, we analyzed ONL
thicknesses separately in superior versus inferior
retinas of all cohorts (Fig. 4B). Six-month-old
Nrl - / - control mice had significantly fewer cones
in their inferior versus superior retinas ( p = 0.036).
The same was true in untreated Nrl - / - Gucy2e - / -

mice ( p = 0.031). Relative to untreated Nrl - / -

Figure 3. Functional efficiency of AAV-mediated retGC1 in vivo. Shown are guanylate cyclase activities (mean – SE) in AAV-Gucy2e-treated and untreated
Nrl - / - Gucy2e - / - mice, and Nrl - / - controls titrated with different free Ca2 + at 1 mM free Mg2 + (A) and retGC1 activities in all cohorts (mean – SE) in low
( < 0.01 lM) versus high (2–60 lM) Ca2 + at saturating Mg2 + (B).
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Gucy2e - / - mice, significant cone preservation
( p < 0.001) was achieved in both the superior and
inferior retinas of AAV-treated mice. Cone pres-
ervation was achieved to a greater extent in the
superior retinas of treated mice. There were signif-
icantly more cones in the superior retinas of treated
Nrl- / -Gucy2e- / - mice relative to Nrl- / - controls
( p < 0.001), while the number of cones in the inferior
retinas of each strain did not significantly differ
( p = 0.474). Previous results indicate that infe-
rior cones of the Nrl- / - retina have an increased
susceptibility to death, as evidenced by the earlier
and higher levels of microglial activation in this
region.61

retGC1 deficiency until at least postnatal day
35 is required to confer supernormal
functional improvements to AAV-treated
Nrl - / - Gucy2e - / - mice

The modest but statistically significant increase
in ONL thickness exhibited in 6-month-old trea-
ted Nrl - / - Gucy2e - / - compared with age-matched
Nrl - / - retina suggests that the absence of retGC1
lasting at least up to P35 has a structurally pro-
tective effect. This early but transient absence of
cyclase ‘‘poises’’ the Nrl - / - Gucy2e - / - retina for
treatment, ultimately allowing for thicker ONLs
(Fig. 4), higher retGC1 activity (Fig. 3), ERG (Fig.
1), and behavioral responses (Fig. 2) in 6-month-old
treated mice relative to Nrl - / - controls. However,
long-term absence of retGC1 does result in thin-
ning as evidenced by comparing the untreated
Nrl - / - Gucy2e - / - mice relative to age-matched
Nrl - / - controls, or the treated Nrl - / - Gucy2e - / -

mice (Fig. 4). We hypothesized that the observed

structural protection can be, for a reason presently
unknown, related to retGC1 deficiency in early
development. To investigate this, we subretinally
injected AAV-Gucy2e into younger (P18) Nrl - / -

Gucy2e - / - mice and tested whether supernormal
retinal function was achieved at 1 month postin-
jection (Fig. 5). Consistent with our hypothesis,
ERG responses (full-spectrum, M- and S-cone-
driven) were now lower in treated Nrl - / -

Gucy2e - / - mice than in Nrl - / - controls, sug-
gesting that introduction of retGC1 into Nrl - / -

Gucy2e - / - cones at this early time point converted
them phenotypically back into Nrl - / - cones that
were no longer protected.

Figure 4. Cones are preserved in AAV-Gucy2e-treated Nrl - / - Gucy2e - / - mice over the long-term. Shown are outer nuclear layer thicknesses derived from
identical retinal regions of AAV-Gucy2e-treated and untreated Nrl - / - Gucy2e - / - mice, and Nrl - / - controls at 6 months of age. Values from eight points
encompassing all retinal regions are plotted (A) as well as those from superior vs. inferior retina (B). Error bars represent – 1 SD.

Figure 5. Retinal function in Nrl - / - Gucy2e - / - mice treated at P18 with
AAV-Gucy2e. Shown are average maximum cone b-wave amplitudes ob-
tained under full-spectrum, M- or S-cone-isolating conditions in treated
Nrl - / - Gucy2e - / - mice (n = 7) (gray, striped bars) and Nrl - / - controls
(n = 9) (black bars) at 2 months of age. Error bars represent – 1 SD.
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Effect of AAV treatment on the expression
of relevant phototransduction proteins

Immunoblots were performed to evaluate rela-
tive expression of various phototransduction pro-
teins within pooled whole retinas of treated (n = 4)
and untreated (n = 5) Nrl - / - Gucy2e - / - mice and
age-matched Nrl - / - controls (n = 6) (Fig. 6). Each
protein was probed on three separate immunoblots

and representative images are shown in Fig. 6A.
Not surprisingly, retGC1 expression was absent
from the untreated Nrl - / - Gucy2e - / - retinas but
was restored to the level seen in age-matched
Nrl - / - retinas following treatment (Fig. 6A).
Consistent with the enzyme activity assays (Fig. 3)
and previous reports, retGC2 expression was ab-
sent from all strains on the Nrl - / - background

Figure 6. Expression of retGC1 and other relevant phototransduction proteins in pooled retinas of treated (n = 4) and untreated (n = 5) Nrl - / - Gucy2e - / - mice
and Nrl - / - controls (n = 6). Shown are semiquantitative immunoblots from whole retinal extracts probed with antibodies against retGC1, its biochemical partner
GCAP1, and trafficking partner, RD3 (A) and relevant cone phototransduction proteins, M opsin, S opsin, cone transducin (CTa), and cone PDE6a¢ (B). b-actin
was used as loading control. Each protein was probed on three separate immunoblots and representative images are shown in (A). For densitometric analysis,
expression of each protein was first normalized to b-actin on each blot. These ratios were averaged and values were then normalized to Nrl - / - controls.
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(Supplementary Fig. S1).45 A comparison of both
retGC2 and rod transducin expression in rod-
dominant C57BL/6 and GCDKO retinas alongside
those on the Nrl - / - background revealed the ab-
sence of both proteins in the cone-dominant retinas
(Supplementary Fig. S1). Interestingly, GCAP1,
whose preferential target in vivo is retGC1, was
expressed at comparable levels in untreated Nrl- / -

Gucy2e - / - and Nrl- / - control retinas (Fig. 6A).14

This starkly contrasts previous reports demon-
strating downregulation of GCAP1 in other models
of retGC1 deficiency.36,59,62 Unlike all other proteins
analyzed, which approached normal Nrl- / - control
levels following AAV-Gucy2e treatment, GCAP1
expression was *25% higher in the treated Nrl- / -

Gucy2e- / - retinas relative to Nrl - / - controls
(Fig. 6A).

Expression of RD3, a protein required for the
transport of retGC1 to photoreceptor outer seg-
ments,63 was downregulated in untreated mice and
returned to normal levels following treatment (Fig.
6A). RD3’s appearance on immunoblot (i.e., a dou-
blet) was identical to that previously shown using
the same antibody a doublet.64,65 Both M and S
opsin were downregulated in untreated Nrl - / -

Gucy2e - / - retinas and also returned to normal
following treatment (Fig. 6B). The same was true of
cone PDE6a¢, another protein thought to traffic
with retGC1 to the outer segments.66 The alpha
subunit of cone transducin (CTa) was also down-
regulated in untreated Nrl - / - Gucy2e - / - retinas.
AAV-Gucy2e treatment promoted higher levels of
expression but, unlike the other proteins exam-
ined, CTa expression was only restored to approx-
imately half that seen in Nrl - / - controls (Fig. 6B).

AAV treatment of Nrl - / - Gucy2e - / -

restores expression of M and S opsin
to cone outer segments

To evaluate localization of AAV-mediated retGC1
and opsin proteins, we analyzed frozen retinal cross
sections from treated and untreated Nrl- / -

Gucy2e- / - mice alongside Nrl- / - controls at 6
months. As reported for other models of LCA1, AAV-
mediated retGC1 expression was restricted to pho-
toreceptor outer segments in subretinally treated
Nrl- / -Gucy2e- / - mice32–34,58 (Fig. 7A). Consistent
with in vivo analysis, DAPI-stained cross sections
reveal higher cone densities in treated Nrl- / -

Gucy2e- / - and Nrl- / - retinas relative to that seen
in untreated Nrl- / -Gucy2e- / - mice (Fig. 7A and
B). M opsin expression was more apparent in trea-
ted Nrl- / -Gucy2e- / - retinas than in untreated
contralateral controls or Nrl- / - retinas. S opsin
expression was similar in treated and Nrl- / - con-

trol mice, whereas it was notably reduced in un-
treated Nrl- / -Gucy2e- / - retina (Fig. 7B).

GCAP1 localization is altered
on the Nrl - / - background

Intrigued by the finding that GCAP1 was not
downregulated in untreated Nrl - / - Gucy2e - / -

mice, as it is in all other models of retGC1 deficiency
previously evaluated, we analyzed its expression in
retinal cross sections (Fig. 8). Unlike C57BL/6 ret-
inas where GCAP1 expression is seen exclusively
in the photoreceptor IS/OS and synaptic termini,
its localization is altered in Nrl - / - controls and
untreated and treated Nrl - / - Gucy2e - / - mice.
High-magnification images reveal that GCAP1
staining is found throughout the ONL of all three
cohorts. While it is more difficult to decipher OS
morphology in mice on the Nrl - / - background, we
noted brighter punctate areas of GCAP1 expression
in OS of treated Nrl - / - Gucy2e - / - mice (denoted
by white arrows) that were not typical for un-
treated mice or Nrl - / - controls (Fig. 8).

Retinal function is restored to Nrl - / -

Gucy2e - / - mice treated at postnatal day 45
with a clinically relevant vector, AAV5-hGRK1-
GUCY2D, expressing human retGC1

Gene therapy for color blindness has proven
successful in primate using an AAV5 vector.67

Furthermore, we have shown that AAV5 and the
hGRK1 promoter drive efficient transgene expres-
sion in both foveal and parafoveal cones of macaque
following subretinal injection.52 Given that the lo-
cus of dysfunction in LCA1 patients is the fovea, a
clinical vector for LCA1 comprising an AAV5-based
capsid containing the hGRK1 promoter driving
the human retGC1 gene, GUCY2D, would be
warranted. Demonstration that AAV5-hGRK1-
GUCY2D can restore retinal function to a disease
model within a translatable therapeutic window
would be highly advantageous. Here, we asked
whether the Nrl - / - Gucy2e - / - mouse model was
amenable to treatment with species nonspecific
retGC1, that is, GUCY2D, in the adult mouse. Full-
spectrum ERG analysis of Nrl - / - Gucy2e - / - mice
treated at P40 with AAV5-hGRK1-GUCY2D re-
vealed robust restoration of cone function at *2
months of age (Fig. 9A). Responses in treated eyes
were not significantly different from age-matched
Nrl - / - controls ( p = 0.366). Cones treated with
AAV5-hGRK1-GUCY2D had significantly lower
responses than those treated with AAV8(733)-
hGRK1-Gucy2e ( p = 0.018). Based on our unpub-
lished work using the human transgene and the
relative strength of AAV5 and AAV8(733) in
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murine photoreceptors, we believe that this dif-
ference was attributed both to serotype differences
and the nature of the delivered cDNA (human vs.
murine).33 The full-spectrum response in AAV5-
hGRK1-GUCY2D-treated eyes was undetectable
by 6 months of age (Fig. 9A). However, isolation of
the S-cone-mediated ERG revealed maintenance of
retinal function at this time point (Fig. 9B).

DISCUSSION
We have shown that subretinal delivery of an

AAV8(733) vector containing the photoreceptor-
specific human rhodopsin kinase promoter is
capable of restoring retGC1 expression to the cone-
only Nrl - / - Gucy2e - / - mouse. Notably, gene
replacement resulted in full and long-term resto-
ration of retinal function and visually guided

Figure 7. Expression of retGC1 and cone opsins in retinal cross sections of AAV-Gucy2e-treated and untreated Nrl - / - Gucy2e - / - mice and Nrl - / - controls.
Shown are retGC1 (red) (A) M opsin (red) and S opsin (green) (B) expression in representative 40 · images from all three cohorts at 6 months of age. All
sections were counterstained with DAPI (blue). Scale bars = 50 lm.
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behavior. Cone photoreceptors were preserved
with densities in AAV-treated mice surpassing
those found in Nrl - / - controls at 6 months of age.
Relevant phototransduction proteins such as M
opsin, S opsin, cone transducin, and PDE6a¢, all of
which were downregulated in untreated mice, were
upregulated following treatment. Additionally, we

show that an AAV5 vector containing human
retGC1 cDNA is capable of rescuing cone function
following treatment of adult Nrl - / - Gucy2e - / -

mice.
Several interesting observations were made over

the course of this study. First, retinal function as
measured by ERG was equal to or better in the

Figure 8. GCAP1 expression in representative retinal cross sections of AAV-Gucy2e-treated and untreated Nrl - / - Gucy2e - / - mice, C57BL/6 WT, and Nrl - / -

controls. Shown in the top row are GCAP1 (green) expression in 20 · images counterstained with DAPI (blue) and a secondary only control. White boxes in
20 · images are magnified in the bottom row, where only GCAP1 (green) is shown. White arrows in the high-magnification image of AAV-treated Nrl - / -

Gucy2e - / - mice denote cone outer segments with more obvious GCAP1 staining. GC, ganglion cells; INL, inner nuclear layer; IS, inner segments; no Tx, no
treatment; ONL, outer nuclear layer; OS, outer segments; Tx, treatment. Scale bars = 30 lm.

Figure 9. Retinal function is restored to Nrl - / - Gucy2e - / - mice following treatment at P40 with AAV5-hGRK1-GUCY2D. Shown are full-spectrum maximum
cone b-wave amplitudes at 2 and 6 months of age (A) and S-cone-derived maximum b-wave amplitudes at 6 months (B) in treated and untreated
Nrl - / - Gucy2e - / - mice (n = 7) and Nrl - / - controls (n = 8). Error bars represent – 1 SD.
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treated Nrl - / - Gucy2e - / - mice relative to age-
matched Nrl - / - controls. This is in stark contrast
to previous results where only partial recovery of
retinal function was observed (*50–60% of WT) in
GC1 KO and GCDKO mice using the same vec-
tor.32,33,59 We also found that guanylate cyclase
activity in AAV-treated Nrl - / - Gucy2e - / - retinas
was substantially higher than that seen in Nrl - / -

controls. Because Nrl - / - retinas contain fewer
total photoreceptors and because their outer seg-
ments are significantly shorter/contain fewer discs,
it was not surprising that retGC activity in this
strain is lower than that reported in WT mice.34,45

It was also expected that, because Nrl - / - mice lack
retGC2, that untreated Nrl - / - Gucy2e - / - mice
would have no enzyme activity, as we indeed found.
What was not expected was that AAV-Gucy2e
treatment of Nrl - / - Gucy2e - / - mice resulted in
substantially higher guanylate cyclase activity
than that seen in age-matched Nrl - / - controls.
This prompted us to speculate whether retGC1
expression was limiting in Nrl - / - controls. In
other words, perhaps cones in treated Nrl - / -

Gucy2e - / - mice simply expressed more retGC1 per
cone than in Nrl - / - mice. However, two observa-
tions suggested that this was not the case. First,
immunoblot revealed that retGC1 was expressed at
slightly lower levels in treated Nrl - / - Gucy2e - / -

retinas relative to Nrl - / - controls, even with the
former containing a thicker ONL. Second, attempts
to overexpress retGC1 in Nrl - / - mice via AAV did
not lead to improvements in retinal function.
Therefore, insufficiency of retGC1 is not the basis
for the observed difference in activity. Additionally,
we do not believe that the reason for higher retGC1
activity in treated Nrl - / - Gucy2e - / - mice relative
to Nrl - / - controls is simply a function of higher
cone densities in the former. The relative ONL
thickness difference between treated Nrl - / -

Gucy2e - / - and Nrl - / - mice at 6 months is modest
(*10%). Taken together with the fact that the area
of mouse retina transduced by subretinally deliv-
ered AAV rarely exceeds 80%, it is hard to envision
that there are enough additional photoreceptors
expressing retGC1 in treated Nrl - / - Gucy2e - / -

mice to account for this difference in cyclase activ-
ity. The results of the immunoblot for retGC1 again
argue that this is not the case. This leads us to
GCAP1 and the role that it may be playing in de-
termining the difference in cyclase activity.

The impact of retGC1 deficiency on GCAP1
expression in Nrl - / - Gucy2e - / - mice is different
from all previous LCA1 models studied to date. In
rod-dominant GC1KO and GCDKO mice, GCAP1
expression is severely downregulated in the absence

of retGC1.33,34,60 In the cone-dominant GUCY1*B
chicken, GCAP1 is nearly absent from predegenerate
retinas.61 Here we found, via immunoblot, that the
absence of retGC1 in Nrl- / -Gucy2e- / - retina had
little effect on GCAP1 expression. Furthermore, un-
like most phototransduction proteins evaluated,
which approached normal (Nrl- / - ) levels following
AAV-treatment, GCAP1 was overexpressed. This
contrasts previous studies where GCAP1 levels were
restored to, but not above, WT levels.33,34 These dif-
ferences prompted our analysis of its localization in
retinal cross sections. As previous studies have
shown, GCAP1 localized very distinctly to photore-
ceptor inner and outer segments (IS/OS) and synap-
tic termini of C57BL/6 mice.14,34,36 This pattern was
altered in Nrl- / - cones, with staining spread dif-
fusely throughout the remnant OS, ONL, and syn-
aptic termini. Expression was similarly diffuse in
cross sections of untreated and treated Nrl- / -

Gucy2e- / - mice, but in treated eyes, punctate foci of
higher GCAP1 expression were noted in OS. This led
us to speculate whether reduced availability of
GCAP1 in the OS of Nrl- / - cones (i.e., reduced
availability of a functional GCAP1/retGC1 complex)
was the reason for the low observed retGC1 activity
in these retinas relative to WT, despite its high
abundance in immunoblots of whole retina.34,45

Supporting this is the observation that supplemen-
tation of GCAP1 protein to the Nrl- / - retinal extract
in the guanylate cyclase activity assay results in at
least a 2-fold increase in retGC1 activity, comparable
to what was observed in treated Nrl- / -Gucy2e- / -

mice (Dizhoor et al., unpublished results).
Why is GCAP1 distribution altered in Nrl - / -

and Nrl - / - Gucy2e - / - mice? GCAP1 localization
on the Nrl - / - background is likely to be affected by
the physiological state of photoreceptors in this
unique retina. Several lines of evidence suggest
that oxygen stress in the Nrl - / - retina is higher
than that in WT.42,61 Oxidative stress causes rapid
increases in Ca2 + concentration in the cytoplasm of
diverse cell types, including cones.68,69 Prolonged
high Ca2 + , which comes from both the extracellu-
lar environment as well as intracellular stores, can
lead to apoptotic death of photoreceptors, a path-
way that has been implicated in inherited retinal
disease.69,70 It is reasonable to assume that oxida-
tive stress in Nrl - / - cones could lead to abnormal
increases in intracellular Ca2 + . In its Ca2 + -bound
form, GCAP1 inhibits retGC1.56,71 We therefore
hypothesize that the Ca2 + -free form of GCAP1,
rather than GCAP1 alone, is limiting based on its
robust expression in untreated Nrl - / - Gucy2e - / -

mice (immunoblot and IHC of retinal cross sec-
tions). So, why isn’t GCAP1 downregulated in
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Nrl - / - Gucy2e - / - mice as it is in other models of
LCA1, like the GUCY1*B chicken and GC1KO and
GCDKO mouse? While these models ultimately
suffer photoreceptor death, which is believed to
result from retGC1 deficiency, leading to chronic
hyperpolarization, cGMP accumulation, and/or
Ca2 + depletion, they all possess a normal comple-
ment of rods and cones early in development. This
early retinal homeostasis likely does not induce
hyperoxia as seen in Nrl - / - mice. It is known that
Ca2 + stabilizes GCAP1 by altering its tertiary
structure and increasing folding stability.72,73 At
saturating Ca2 + concentrations, GCAP1 can di-
merize.72 One could suggest that hyperoxia in
cones of Nrl - / - and Nrl - / - Gucy2e - / - mice leads
to increases in cytosolic Ca2 + in the inner segment
that bind and stabilize GCAP1. It is tempting to
further speculate that Ca2 + -bound GCAP1 is traf-
ficked less efficiently to cone outer segments and/or
is degraded in the inner segment less effectively.
While there is currently no direct evidence to sup-
port this hypothesis, it is a possible explanation for
the relatively high GCAP1 expression detected in
immunoblots and altered distribution in retinas of
Nrl - / - and Nrl - / - Gucy2e - / - mice.

Another intriguing observation was the appar-
ent protective effect conferred by the absence of
retGC1 during the first *40 days in the Nrl - / -

retina. The role of retGC1 is to produce most of the
cGMP required to open cyclic nucleotide gated
channels and allow Na + and Ca2 + influx into
photoreceptors.1 Under hyperoxic conditions re-
sulting in high intracellular Ca2 + in Nrl - / - cones,
it is not unreasonable to expect that retGC1 defi-
ciency could have a transient protective effect by
keeping cGMP-gated channels closed and pre-
venting further increases in Ca2 + . Protection of
photoreceptors following shRNA-mediated knock-
down of retGC1 in the PDE6bH620Q mutant mouse
was reported to occur via a related mechanism.74

Yet somehow this protective effect is not sustained
after the Nrl - / - retina reorganizes/stabilizes (af-
ter 4 months), after which the detrimental effects of
retGC1 deficiency would manifest as in other
models of LCA1.61 We speculate that the lowering
of cGMP/prevention of additional Ca2 + influx into
cones of young Nrl - / - Gucy2e - / - mice slowed
their rate of loss relative to that seen in Nrl - / -

controls during a period when the latter undergoes
rapid cone loss/reorganization. The single-stranded
AAV vector used in this study was delivered *P40
mediating appreciable levels of retGC1 expres-
sion *3 weeks postinjection. In 2-month-old
Nrl - / - Gucy2e - / - mice, it is likely that a higher
number of cones were therefore available for

transduction. We speculated that retGC1 defi-
ciency would exert its protective effects only if
sustained over a significant period of time during
which the Nrl - / - retina is exposed to hyperoxic
stress (before 4 months of age). In other words, if
retGC1 was supplemented too early, the Nrl - / -

Gucy2e - / - mouse would phenotypically revert
back to the Nrl - / - state.

To test this, we introduced retGC1 back into
Nrl - / - Gucy2e - / - cones at P18. Indeed, earlier
treatment failed to confer supernormal ERG re-
sponses to treated Nrl - / - Gucy2e - / - mice. It is
likely that retGC1 supplementation at this early
age further contributed to Ca2 + toxicity, causing
accelerated death of photoreceptors and reduced
overall retinal function akin to what occurs in the
Nrl - / - retina. The *23% reduction in ERG re-
sponse in P18-treated Nrl - / - Gucy2e - / - mice is
consistent with injection-related damage, suggesting
that retinal function in treated mice and Nrl- / -

controls was identical. Previous studies show that
retinal changes on the Nrl- / - background affect
more than just photoreceptors.61 By 6 months of age,
Nrl- / - mice exhibit optic nerve palor, indicating that
degeneration of ganglion cells has also occurred. Our
finding that 6-month-old Nrl- / - mice lack visually
guided behavior complements this finding and
highlights the need for caution when using Nrl- / -

mice in visually guided behavior experiments at ad-
vanced ages. Via mechanisms that remain to be
elucidated, we show that early and transient
retGC1 deficiency also protected the inner retina,
allowing for maintenance of useful vision over the
long-term.

It is worth considering our findings in the context
of recent studies evaluating other mutations on the
Nrl- / - background. The Nrl- / - Aipl1- / - mouse
was used to investigate the mechanism of cone cell
death in AIPL1 LCA.46 Investigators found that the
Aipl protein was essential for the stability of retGC1
in cones and that, in its absence, retGC1 trafficking
was defective, cGMP was decreased, and cones were
lost much more rapidly than in Nrl- / - controls.46

Authors speculated that cone death in the Nrl- / -

Aipl1 - / - mouse and AIPL1-LCA patients may be
because of a loss of retGC1 function. However, cone
degeneration in P200 Nrl- / - Aipl1- / - mice was
much more pronounced than that seen in Nrl- / -

Gucy2e- / - mice at a similar age. This suggests that
Aipl1 has an additional function in cones, which is
not surprising given the better cone preservation in
GUCY2D LCA1 patients versus those with AIPL1
deficiency.39,75

In a recent study evaluating the effects of cGMP
accumulation on the death of cones in an all-cone
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model of CNGA3 Achromatopsia, the Cnga3 - / -

Nrl - / - mouse, very low levels of cGMP were ob-
served in Nrl - / - control retinas until the latest
time point evaluated, P90, when they began to
increase.45 This would be consistent with a hy-
pothesis that hyperoxia leads to increases in in-
tracellular Ca2 + , which binds GCAP1, preventing
it from activating retGC1 in young Nrl - / - cones.
Some level of reorganization/stabilization and suf-
ficient lowering of Ca2 + to allow for retGC1 activity
within at least a fraction of Nrl - / - cones is likely to
have occurred by P90, an age when cGMP levels
began to rise.45 On the other hand, a drastically
different Ca2 + homeostasis would be expected to
affect the sensitivity and/or the shape of the cone
photoresponse. Yet that was not observed in single-
cell recordings from Nrl - / - cones, which were in-
distinguishable from normal S cones.42 This ap-
pears to contradict the idea of the Nrl - / - cones
having Ca2 + constantly elevated to the point
where it blocks retGC1 activation by GCAP1. One
possible explanation to reconcile the contradic-
tion between the existing observations is that
the Nrl - / - cone population is highly heteroge-
neous, and those that have abnormally high
Ca2 + would not be responsive in single-cell re-
cording procedure. Another problem with the
elevated Ca2 + as a protective factor is that the
increase in free Ca2 + can trigger photoreceptor
degeneration.72 Hence, if hyperoxia in Nrl - / -

retinas were responsible for the effects observed
in our study, its effect has to be much more
complex than just affecting the metal-liganded
state of GCAP1.

How do the observations made in the Nrl- / -

Gucy2e- / - mouse relate to the human condition
and are the therapeutic outcomes achieved in this
model predictive of results in a clinical trial? We do
not believe that there is shared mechanism associ-
ated with the preservation of cones in Nrl- / - mice
that occurs in the absence of retGC1 and the relative
foveal sparing seen in LCA1 patients. There are no
reports of disorganization/rosette formation or
broad areas of retinal detachment in patient foveas
as seen in Nrl - / - mice.61 In fact, LCA1 patients are
generally characterized as having a normal fundus
and preserved retinal laminar architecture.39 Ad-
ditionally, it is not known whether patient retinas
are subjected to the hyperoxia and Ca2 + flux that
occur in Nrl- / -Gucy2e- / - mice. We believe that
the supernormal therapeutic outcomes in this study
are dependent on the specific set of circumstances
experienced in the Nrl- / - mouse retina, the possi-
ble protective effects of early/transient retGC1 de-
pletion, and the specific timing of gene replacement

intervention. We therefore do not expect that
GUCY2D gene replacement will confer supernormal
function to LCA1 patients. However, this by no
means suggests that gene replacement in patients
will not be successful. It is important to note that
this is now the third model of retGC1 deficiency in
which AAV-mediated gene replacement has re-
sulted in long-term restoration of retinal function,
visually guided behavior, and preservation of pho-
toreceptor structure.

Notably, we have demonstrated that the combi-
nation of AAV serotype, cellular promoter, and hu-
man transgene (GUCY2D) likely to be used in
clinical trials restored long-term retinal function to
Nrl- / - Gucy2e- / - mice when treatment was ad-
ministered at P45. Before this study, the only dem-
onstration of rescue using human GUCY2D was
achieved in the GC1KO mouse only after adminis-
tration of AAV8-GUCY2D before eye opening
(*P10).59,76 Even then, the consistency of thera-
peutic response (i.e., the number of mice within a
treated cohort to show improvements) was low rel-
ative to that achieved with AAV vectors delivering
the murine cDNA (Gucy2e).76 The reason why hu-
man retGC1 is less effective in mouse than the
species-specific murine homolog (*87% similar)
remains unclear. Early work also showed that, de-
spite its ability to transiently restore useful vision to
a chicken model of LCA1, bovine retGC1 was inca-
pable of rescuing the GC1KO mouse phenotype,
further highlighting the species sensitivity en-
countered in this system.77 It may be because of the
reduced efficiency of GCAP1 and retGC1 complex
formation or function. Because retGC/GCAP com-
plexes are unstable in detergents, in vivo studies to
evaluate how efficiently GCs bind to and function
with GCAPs of different species relative to same-
species combinations will be difficult. In vitro stud-
ies are also not necessarily predictive because of the
inability to recapitulate the compartmentalization
(IS/OS) and trafficking machinery of photoreceptors
in a dish.14 Nevertheless, the significant extension
of the window of therapy and improvements in
therapeutic outcome highlight the utility of the
Nrl - / - Gucy2e - / - mouse model for testing of
candidate clinical vectors. LCA1 patient charac-
terization points to the cone-rich fovea as a treat-
ment target. Our results showing the ability to
restore cone structure and function in an all-cone
model of LCA1, as well as our previous finding of
robust AAV5-hGRK1-mediated transgene expres-
sion in foveal/parafoveal/perifoveal cones in sub-
retinally injected primates (macaque), have
further refined our strategy for clinical application
of this therapy.
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