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In patients born blind with retinal dystrophies, understanding
the critical periods of cortical plasticity is important for suc-
cessful visual restoration. In this study, we sought to model
childhood blindness and investigate the plasticity of visual
pathways. To this end, we generated double-mutant
(Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2) mice with absent rod and cone
photoreceptor function, and we evaluated their response for
restoring rod (GNAT1) function through gene therapy. Despite
the limited effectiveness of gene therapy in restoring visual
acuity in patients with retinal dystrophy, visual acuity was,
unexpectedly, successfully restored in the mice at the level of
the primary visual cortex in this study. This success in visual
restoration, defined by changes in the quantified optokinetic
response and pattern visually evoked potential, was achieved
regardless of the age at treatment (up to 16 months). In the
contralateral visual cortex, cortical plasticity, tagged with
light-triggered transcription of Arc, was also restored after
the treatment in blind mice carrying an Arc promoter-driven
reporter gene, dVenus. Our results demonstrate the remarkable
plasticity of visual circuits for one of the two photoreceptor
mechanisms in older as well as younger mice with congenital
blindness due to retinal dystrophies.
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INTRODUCTION
When treating an ocular disease that affects vision from birth or early
childhood, it is important to provide medical intervention during
certain windows of treatment opportunity or critical periods in which
the plasticity of the primary visual pathway allows for useful visual
restoration. Failure to comply with this period leads to lasting visual
dysfunction often at the level of the visual cortex, resulting in ambly-
opia that affects �3% of adults in the developed countries.1 Consid-
ering the vulnerability of the visual system to sensory deprivation,
it is believed that older children and adults with early-onset blindness,
including those with inherited retinal dystrophies,2 exhibit a limited
recovery of visual acuity even following the successful restoration of
the ocular function.3–6 Indeed, in a series of gene therapy clinical trials
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targeting retinal dystrophy with severe visual dysfunction from
birth,3,7,8 increased sensitivity to light was reproducibly demonstrated
across different trials, indicating that the ocular treatment itself was
successful and that adult neuroplasticity is present for this functional
aspect of vision. However, the improvement of visual acuity, which
requires more complex visual processing, was inconsistent in both
children and young adults, although the vast majority of patients
treated were below the age of 30.4,9–12 Nevertheless, the youngest
child treated in these studies was 4 years old, leaving open the possi-
bility that a critical period for successful visual acuity restoration in
congenital retinal dystrophies exists at an even younger age range.
Indeed, studies of congenital cataract have shown that the successful
improvement in visual acuity is limited to the very first few months
after birth.13–15 However, the plasticity of the visual system has never
been extensively studied in the animal models of retinal dystrophies.
RESULTS
Pde6ccpfl1/cpfl1 Gnat1IRD2/IRD2 Mice Are Virtually Blind

To define the critical period for the restoration of visual acuity
in mice with blinding congenital retinal dysfunction, we generated
double-mutant Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 mice that were almost
completely defective in both cone and rod function by crossing
rod-defective Gnat1IRD2/IRD2 mice16–18 and cone-defective
Pde6c cpfl1/cpfl1 mice.19 In the double mutants, we found that the
rods comprising �97% of the recoverin-positive photoreceptors
degenerated minimally over the course of 9 months, whereas most
PNA (peanut agglutinin)-labeled cones constituting 3% of the photo-
receptors were lost by 3 months, as previously reported19 (Figure 1A).
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Structured functional assessment of the visual pathway revealed that
the double mutants were essentially blind (Figures 1B–1E). No
measurable visual response was detected by electroretinogram
(ERG), reflecting severely compromised retinal function (Figure 1B).
The optokinetic response (OKR; Figure 1C) predominantly reflects
the function of the retinogeniculate projection, with a smaller contri-
bution from the V1,20 whereas the pattern visually evoked potential
(pVEP; Figure 1E) primarily measures the function of the V1. These
two functional assessments revealed no detectable visual acuity in the
double mutants. Notably, the pVEP-measured acuity was lower
(1 month, 0.177 ± 0.018 cycles per degree; 9 months, 0.178 ± 0.021,
by �50%; Figure 1E) than the OKR-measured acuity (1 month,
0.361 ± 0.024 cycles per degree; 9 month, 0.350 ± 0.021 cycles per
degree) in the sighted controls inborn with wild-type copies of
rod-specificGnat1 (Pde6c cpfl1/cpfl1mice); conversely, pVEP-measured
acuity was better than OKR-measured acuity in the wild-type mice
(Figures 1C and 1E).

Meanwhile, the residual cortical responses were detected in the
double mutants by flash VEP (fVEP), which is suitable for measuring
the sensitivity and magnitude of the V1 response to light; however,
the mice were severely desensitized by 4-log units, responding only
to the brightest flashes (Figure 1D). Collectively, these data reveal
that Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 mice have blinding congenital
retinal dysfunction and that only the rod visual pathway allows for
the reliable assessment of cortical plasticity in this model over an
extended period of time. Importantly, these results also indicate
that any measurable visual function detected by ERG, OKR, or
pVEP following the treatment would likely be the consequence of
therapeutic intervention.

Substantial Restoration of Rod-Mediated Visual Acuity

Regardless of Age in Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 Mice

Using the blind double mutants, we tested the effect of adeno-associ-
ated virus (AAV)-mediated rod-specific GNAT1 supplementation on
the visual function. At 1 week after injection, the retinal expression of
a-transducin encoded by GNAT1 was confirmed by western blot
Figure 1. Blindness Accompanied by Progressive Cone Loss in Pde6ccpfl1/cpfl1

(A) Progressive loss of cone photoreceptors in Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 mice. Repre

segments (green). PNA-positive cones indicated a reduction by 3months, whereas recov

9 months). (B) Undetectable electroretinogram (ERG) responses in Pde6ccpfl1/cpfl1Gnat1

type (WT) controls, Pde6ccpfl1/cpfl1 mice, and Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 mice at 1 m

Pde6ccpfl1/cpfl1mice (1 month, n = 6), and Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2mice (n = 6 for 1

(OKR) in Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 mice. Visual acuity of Pde6ccpfl1/cpfl1 mice at 1 m

visual acuity in Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 mice at 1 month (n = 5) and 9 months (n

measured at 100% contrast, and contrast sensitivity was measured with a fixed spatial r

potential (fVEP) responses in Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 mice. Representative trace

mice, and Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 mice at 1 month of age. Amplitudes of P1-N

Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 mice (n = 6 for 1 and 9 months) were quantified (lower

sensitized by �4 log units. (E) Undetectable pattern VEP (pVEP) in Pde6ccpfl1/cpfl1Gna

(1 month), and Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 (1 and 9months) mice (upper traces). No de

lower panel). n = 5, 6, 5, 5, 5, and 5 forWT, Pde6ccpfl1/cpfl1 (1, 3, and 9months), and Pde6

inner segment; ONL, outer nuclear layer; No Tx, no treatment; ns, not significant. Data re

(C), p < 0.05.
analysis, confirming the quality of the subretinal therapeutic gene
transfer (Figure 2A). Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 mice were then
treated with the vector at 1, 3, 9, and 16 months. Following the treat-
ment, ERG recordings revealed similar response amplitudes across
the different time points for a-waves (generated mainly from the pho-
toreceptors) and b-waves (derived mostly from the bipolar cells),
yielding no differences in the rescue effects with a delay in treatment
(Figure 2B). OKR, which also demonstrated similar visual acuity and
contrast sensitivity across the different ages treated, indicated that the
visual information was relayed via retinogeniculate projection
without overt degradation with delayed intervention (Figure 2C).
Importantly, even the cortical responses toward light probed by
fVEP did not diminish with the delay (Figure 2D). Instead, the largest
fVEP responses were observed in the oldest mice treated at 16 months
for a few flash intensities (N1-P2; p = 0.0024, 0.006, and 0.0495 by
ANOVA for stimulus of 0.0001, 0.001, and 0.01 cd/m2, respectively).

These rather unexpected observations were convincingly backed up
by the substantial restoration of rod-mediated visual acuity probed
by pVEP for all ages treated (1, 3, and 9 months; Figure 2E), revealing
spatial resolution thresholds that were indistinguishable from those of
the controls born with the wild-typeGnat1 gene (Pde6ccpfl1/cpfl1mice).
Interestingly, we also observed an age-dependent increase in the
pVEP amplitudes with delayed treatment (p = 0.0017, Jonckheere-
Terpstra test for trend); pVEP amplitudes in these mice exceeded
those of the Pde6ccpfl1/cpfl1 mice of a similar age and were similar to
the levels of wild-type mice. We also observed a similar restoration
of rod-mediated visual acuity and an age-dependent increase in the
pVEP amplitudes in mice with partly different (�50%) genetic
backgrounds (Figure S1), which were generated by crossing
transgenic mice carrying Arc promoter-driven dVenus gene, i.e.,
Tg(Arc-dVenus),21 and the double mutants.

Restoration of Light-Dependent Transcription of Arc in Adult

Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2-Tg(Arc-dVenus) Mice

To provide molecular insights into the restored cortical activity,
Tg(Arc-dVenus) mice, capable of tagging light-dependent neural
Gnat1IRD2/IRD2 Mice

sentative images (left panels) of the retina reveal PNA-positive cone inner and outer

erin-positive photoreceptors (red) remained constant (right panels; n = 5 for 1, 3, and
IRD2/IRD2 mice. Representative images are shown of the ERG responses from wild-

onth (upper traces). Amplitudes of a-waves and b-waves from WT mice (n = 5),

and 9months) were quantified (lower panels). (C) Undetectable optokinetic response

onth (n = 4) and 9 months (n = 6) and WT controls (n = 6) were similar. Conversely,

= 6) was similar to the negative controls (background; n = 10). Visual acuity was

esolution of 0.042 cycles per degree. (D) Severely desensitized flash visually evoked

s are shown of fVEP responses (upper traces) from WT controls, Pde6ccpfl1/cpfl1

1 and N1-P2 from WT mice (n = 5), Pde6ccpfl1/cpfl1 mice (1 month, n = 6), and

panels). fVEP responses observed in Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 mice were de-

t1IRD2/IRD2 mice. Representative pVEP traces are shown from WT, Pde6ccpfl1/cpfl1

tectable pVEP was recorded for Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2mice (1 and 9months;

ccpfl1/cpfl1Gnat1IRD2/IRD2 (1 and 9months) mice, respectively. OS, outer segment; IS,

present mean ± SEM. *ANOVA followed by post hoc test was carried out for (A) and
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Figure 2. Substantial Restoration of Rod-Mediated Vision in Adult Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 Mice following GNAT1 Supplementation

(A) Western blot revealing an immunoreactive band at 40 kilodalton (kd) corresponding to a-transducin (arrowhead) in the lysate from HEK293T cells and in the eye treated

with AAV2/8.CMV.GNAT1 (GNAT1), but not in the contralateral untreated eye (No Tx). (B) Representative traces of ERG responses in adult Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2mice

following GNAT1 supplementation at 1, 3, and 9 months (upper traces). Quantification of a-wave and b-wave amplitudes in Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 mice following

GNAT1 supplementation (lower panels) is shown. Note that restored ERG responses were not different in mice treated at 1 month (n = 13), 3 months (n = 8), 9 months (n = 9),

and 16 months (n = 6). (C) Restoration of visual acuity and contrast sensitivity in adult Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 mice following GNAT1 supplementation. No difference in

the restored OKR was detected when the mice were treated at 1 month (n = 11), 3 months (n = 9), 9 months (n = 13), and 16 months (n = 6) for both visual acuity (left) and

(legend continued on next page)
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activity in the V1, were crossed with Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2mice
to generate Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2-Tg(Arc-dVenus)mice (triple-
mutantmice).Arc is a neural activity-dependent regulator of excitatory
synaptic transmission, with expression closely coupled to the plasticity
of the V1.22,23 Importantly, we have reported recently that Arc expres-
sion at the V1 is sufficient to extend the critical period of ocular domi-
nance plasticity.24 The use of this transgenic line allows for a more
sensitive detection of theV1 light response over direct expression anal-
ysis of the Arc protein in the V1, which indicated high background
expression in the dark (Figure S2). We used the triple-mutant mice
unilaterally treated at 1 and9months to assess the light-induced imme-
diate gene Arc transcription in the V1. It is known that 95% of the
retinal projection in mice crosses the midline and terminates in the
contralateral visual cortex. Consistent with the results of fVEP experi-
ments (Figure 2D), western blot analysis revealed that Arc promoter-
driven dVenus expression in the V1 contralateral to the treated eye
was robust for triple mutants treated at 1 and 9 months compared
with the ipsilateral V1 (Figures 3A and 3B). Notably, the expression
of dVenus was greater inmice treated at 9months than in those treated
at 1month. Furthermore, the histological comparison of the number of
dVenus-positive cells at layer IV of the V1 contralateral to the treated
eye was greater in mice treated at 16 months compared with those
treated at 1 month (Figures 3B and 3C). This was also true when the
dVenus count was corrected for the number of NeuN-positive cortical
neurons. Meanwhile, a modest decline in the NeuN-positive cells with
aging was detected between 1 and 16 months.

DISCUSSION
By focusing on the rod visual pathway, which undergoes minimal
photoreceptor degeneration over time, we found that substantial resto-
ration of rod-mediated visual acuity at the level of the visual cortex was
possible in adult mice with congenital blindness due to retinal dystro-
phy. This was rather unexpected, as a delay in treatment has been re-
ported to limit the recovery of OKR-measured visual acuity in a mouse
model of congenital cone photoreceptor dysfunction.25However, other
studies support our findings. First, dark-reared adult mice display slow
development of visual acuity, reaching normal levels weeks after expo-
sure to a visual scene.26 Second, the gross formation of aspects of vision
occurs intrinsically without visual input in mice,26–28 although experi-
ence-dependent refinement of the supporting circuits also occurs.29,30

In humans, in addition to the inconsistent effectiveness of restoring
visual acuity with retinal gene therapy for childhood blindness,4,9–12

poor results in studies of treatments for eyes with congenital cata-
contrast sensitivity (right). Visual acuity was measured at 100% contrast, and contrast se

Representative traces of fVEP measurements revealing robust cortical response in adu

9 months (upper traces). Quantification of P1-N1 and N1-P2 amplitudes indicate rob

supplementation. n = 11, 8, 12, and 6 for 1, 3, 9, and 16 months, respectively (lower

rod-mediated visual acuity in adult Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2mice followingGNAT1 s

amplitudes for 0.035 cycles/degree indicate robust cortical response (upper right) in adu

A trend for age-dependent increases in N1-P2 amplitudes was observed (p = 0.0017). n

*p < 0.05; No Tx, no treatment; ns, not significant; c/d, cycles per degree; ANOVA follo

trend test was applied in (E) (amplitudes).
ract13–15 and corneal opacity31,32 after years of blindness have
strongly indicated that adequate visual input from the retina is
required for the proper development of visual perception. However,
as in mice, the retinotopic pattern of connectivity in the visual cortex
is largely retained in congenitally blind adult patients.33,34 Further-
more, an fMRI study of retinal dystrophy patients provided evidence
for preservation of the anatomy of the light-responsive visual
pathway,6,35 and it showed increased sensitivity following gene
therapy after many years of blindness.6

In retinal gene therapy trials, evidence for restoration of light sensi-
tivity, a very simple visual function, has been consistently shown
across different clinical trials; but, restoration of visual acuity, which
requires more complex visual processing, showed inconsistent results.
This has been attributed in part to limitations in the plasticity of the
higher visual pathway, manifested as amblyopia.3–6 As human visual
acuity mainly reflects the state of the cone-photoreceptor pathway,
which orchestrates a very complex visual circuit, poor recovery of vi-
sual acuity may be due to lost plasticity of this particular pathway. In
other words, it is possible that the complex cone visual pathway is
more hardwired, thus less plastic, than the simple rod visual pathway.
Indeed, in a gene therapy trial,10 recovery of visual acuity was better in
a subset of patients with poorer visual acuity and extrafoveal fixation,
i.e., in the area with both rods and cones, compared to patients with
better acuity and foveal fixation, i.e., in the area with only cones.10

An alternative theory is that significant residual visual function, pre-
sent before treatment in many patients, may have somehow restricted
the recovery of visual acuity, in contrast with the mice used in this
study, which had no measurable visual acuity. This theory arises
from an observation in mice and humans. In the mouse model of
congenital cone dysfunction, which displayed the features of ambly-
opia, there was only mild impairment of visual acuity.25 Furthermore,
a unique group of patients with severe, bilateral congenital cataract
that was optically reconstructed later in life showed unexpectedly
good recovery of visual function.36 However, factors other than
amblyopia may also explain the gap in visual outcomes in human
gene therapy and the current mouse study. First, significant irrevers-
ible retinal degeneration, not clearly recognizable with in vivo
imaging, could have been present in the enrolled patients in the
gene therapy trials.37 Therefore, limited visual acuity restoration in
humans could also be attributed to retinal factors. Second, nystagmus
is often present in patients, but not in mice, which could have
confounded the finding of poor visual acuity restoration.37
nsitivity was measured with a fixed spatial resolution of 0.042 cycles per degree. (D)
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Figure 3. Restoration of Rod-Mediated Arc Transcription in the V1 of Adult Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2-Tg(Arc-dVenus) Mice following GNAT1

Supplementation

(A) Representative western blot image revealing robust light-induced expression of Arc promoter-driven d2-Venus after GNAT1 supplementation in Pde6ccpfl1/cpfl1

Gnat1IRD2/IRD2-Tg(Arc-dVenus) mice at 1 and 9 months (left). Quantification of the western blot results for dVenus indicates light-induced expression of d2-Venus at

the contralateral V1 in Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2-Tg(Arc-dVenus) mice following AAV-mediated supplementation of GNAT1 (right). n = 5, 10, 6, and 6 for 9-month

Pde6ccpfl1/cpfl1Tg(Arc-dVenus) mice and 1- and 9-month treated and 9-month untreated Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2-Tg(Arc-dVenus) mice, respectively. (B) Represen-

tative histology images of cells positive for Arc promoter-driven dVenus expression at the V1 (layer IV). Images for the left hemisphere are revealed for 16-month untreated

Pde6ccpfl1/cpfl1Tg(Arc-dVenus) mice and 1- and 16-month treated Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2-Tg(Arc-dVenus) mice. Note that the expression of dVenus is weak in

Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2-Tg(Arc-dVenus)mice treated at 1 month. The hemisphere evaluated is contralateral to the treated eye. Scale bar, 100 mm. (C) Quantification of

the Arc promoter-driven dVenus and NeuN at layer IV. dVenus-positive cells were increased in layer IV of Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2-Tg(Arc-dVenus) mice treated at

16months (n = 5) compared with those treated at 1month (n = 5; p = 0.00072; left). This remained true after correcting for NeuN density (p = 0.00030; right). Meanwhile, there

was a modest decline in the number of NeuN-positive cells in mice treated at 16 months compared with those treated at 1 month (middle). Data represent the mean ± SEM;

*p < 0.05; No Tx, no treatment; ns, not significant.

Molecular Therapy
The relevance of our findings in the rod visual pathway to cone-medi-
ated vision is unclear. It is difficult to verify this because progressive
cone degeneration, commonly evident by �1 month of age in the
2402 Molecular Therapy Vol. 26 No 10 October 2018
available models of severe cone dysfunction,19,38,39 confounds the
assessment of adult visual plasticity in the cone system. Nevertheless,
our findings on the rod visual system are clinically significant on their
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own, as the vast majority of patients with congenital blinding retinal
dystrophy, e.g., Leber’s congenital amaurosis, have visual acuity that
falls below maximal rod-mediated vision (Snellen acuity of
�20/200),40 particularly in adults.41 Therefore, the present findings
provide a rationale for the development of treatments for children
and adults congenitally blinded by retinal dystrophies, even if the
restoration of cone-mediated vision is impossible or unpredictable.
Furthermore, rod photoreceptor transplantation may be able to suc-
cessfully take advantage of the plastic rod visual pathway in advanced
photoreceptor degeneration, which is observed in the majority of
adults blinded early in life by retinal dystrophies.42,43

In Pde6ccpfl1/cpfl1mice with rod-only function, visual acuity as tagged
with OKR was consistently better than visual acuity as measured
with pVEP. By contrast, visual acuity as measured with pVEP was
better than visual acuity as tagged with OKR in wild-type mice in
our study and in previous reports.44,45 Therefore, it is possible that
successful maturation of the rod-mediated visual pathway at the level
of the visual cortex requires cone photoreceptor inputs, whereas this
may be less important at the level of the retinogeniculate projection.

It is known that intrinsically photosensitive retinal ganglion cells
(ipRGCs) mediate non-image-forming vision, including accessory
visual functions such as the pupillary light reflex and circadian
photo-entrainment using melanopsin.46 The ipRGCs mainly project
to the suprachiasmatic nucleus and other brain nuclei,47 but evidence
suggests that a subpopulation of ipRGCs also projects to the dorsal
lateral geniculate nucleus and, thereby, contributes to image-forming
vision.48 In our study, the residual visual response, detected in
response to the brightest fVEP flashes, in double-mutant mice lacking
both rod and cone functions could have been mediated by the
ipRGCs. However, the possible contribution of ipRGCs appears
limited as ERG, OKR, and pVEP measurement showed no detectable
response in the double mutants up to 9 months. In theory, these three
tests should allow us to assess the effect of functional restoration of
the rods on the downstream visual pathway without contamination
from ipRGC input. Furthermore, since the treated eyes had robust
rod function in ERG testing and had restored visual acuity that was
indistinguishable from the control mice (which were born with
normal rod function), it is unlikely that adaptational changes in the
ipRGC pathway to blindness made a significant contribution to the
restored vision.

In conclusion, we found that substantial restoration of rod-mediated
visual acuity is in principle possible, at least at the level of the visual
cortex, in adult mice born with blinding retinal dysfunction. The
study raises the possibility of neuroplasticity in adults, as well as
children, with congenital blindness due to retinal dystrophies.

MATERIALS AND METHODS
Animals

Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2 mice were generated by crossing the
rod-defective Gnat1IRD2/IRD2 mice (Takeda, Japan)16 and cone-defec-
tive Pde6c cpfl1/cpfl1 mice (Jackson Laboratory, Bar Harbor, ME).19
During the course of crossbreeding, litters of Pde6ccpfl1/cpfl1

Gnat1IRD2/IRD2 mice that had no mutation in either of the genes
(Pde6c and Gnat1) were isolated and maintained separately as isotype
wild-type controls and used for experiments. Tg(Arc-dVenus)mice on
a C56BL/6 background were provided from the University of Tokyo
(H.B., H.O., and S.T.-K.) and were crossed with Pde6ccpfl1/cpfl1

Gnat1IRD2/IRD2 mice to generate Pde6ccpfl1/cpfl1Gnat1IRD2/IRD2-
Tg(Arc-dVenus) mice. The surgical procedures were performed by
the intraperitoneal administration of anesthetics (a mixture of
ketamine at 37.5 mg/kg and medetomidine at 0.625 mg/kg). After
the surgery, the effect of medetomidine was reversed by the intraper-
itoneal injection of 1.25 mg/kg atipamezole. For experiments
usingTg(Arc-dVenus) mice, dark-adapted animals were kept in the
dark for 24 hr before use. Light-adapted animals were further kept
under constant light (120 cd/m2) for 6 hr after dark adaptation for
48 hr before use.

Mice were handled and maintained in accordance with the ARVO
Statement guidelines for the Use of Animals in Ophthalmic and
Vision Research and the Declaration of Helsinki and the Tohoku
University guidelines for the care and use of animals. All experimental
procedures were conducted after approval by the ethics committees
for the animal experiments at Tohoku University Graduate School
of Medicine and the University of Tokyo, Graduate School of
Medicine.

AAV Vectors and Gene Therapy

To construct pCMV.hGNAT1, human GNAT1 cDNA (KIEE3139;
Promega, Madison, WI) was inserted downstream of the cytomegalo-
virus (CMV) promoter into a pAAV-MCS expression vector (Cell
Biolabs, San Diego, CA). Then, recombinant AAV (rAAV)2/8.
CMV.hGNAT1 was generated and purified following a method
described previously.49 The viral vector was reconstituted at 1.0 �
1012 genome copy/mL, and it was injected into the subretinal space
(2.0 mL/injection; total of 4.0 mL/eye) at the superior and inferior
hemispheres of the anesthetized mice aged 1–16 months, which
corresponds roughly to the ages between 3 and 53 years in humans.50

The dose was the same in all experiments involving subretinal
injection of AAV in this study.

Electrophysiological Assessment

ERG and fVEP readings were recorded from both eyes and both
occipital lobes, as previously described in detail.51 ERG was recorded
as previously described,51 1 week after rAAV2/8 injection. Surgical
implantation of the VEP electrodes was carried out at 18 days after
the injection, followed by fVEP recording 1 week later. pVEP readings
were recorded by placing a 19-in monitor (S1933; EIZO, Hakusan,
Japan) placed parallel to and 16 cm away from the plane of the stim-
ulated eye and using the same electrode system for measuring fVEP.
The contralateral eye was completely covered to ensure that no light
entered this eye. Patterns of black (3 cd/m2) and white (159 cd/m2)
vertical stripes of equal width with different spatial resolutions
(0.63, 0.56, 0.49, 0.42, and 0.35 cycles per degree for the wild-type
mice and 0.35, 0.28, 0.21, 0.14, 0.07, and 0.035 cycles per degree for
Molecular Therapy Vol. 26 No 10 October 2018 2403
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the others) projected onto the monitor using a stimulator
(DATAPixx; VPixx Technologies, Montreal, Canada) were abruptly
reversed at 2 Hz. The extracted electrical responses were band-pass
filtered at 0.3 and 50 Hz, and the responses were averaged 400 times
for each stimulus. The amplitudes for the positive peak (N1-P2) were
plotted vertically as a function of the log spatial resolution of the
stimulus (horizontally), and four data points were used to obtain a
regression line (calculated by linear extrapolation) for each mouse.
pVEP-measured visual acuity was defined as the intersection of the
regression line and horizontal line representing the background noise
(2.80 mV).

OKR Measurement Using Optomotry

Visual acuities and contrast sensitivity were measured 2 weeks after
the AAV injection by observing the OKRs of mice to the rotating
sinusoidal gratings (Optomotry; Cerebral Mechanics, Lethbridge,
Canada), as described previously.52 This test yields independent
measures of right and left eye acuity based on the unequal sensitivities
to pattern rotation direction, as the motion in the temporal-to-nasal
direction dominates the tracking response.53 Mice were housed under
standard lighting conditions for at least 6 hr before they were placed
in the recording chamber. Visual acuity and contrast sensitivity
reported for each eye represent the averages of four trials conducted
on 4 consecutive days.

Western Blot Analysis

Western blot analysis was carried out as described previously.54 In
brief, the isolated mouse retinas were lysed in radio-immunoprecip-
itation assay (RIPA) buffer supplemented with a protease inhibitor
by sonication on ice. Total protein concentration was measured
with the Pierce BCA protein assay kit (Thermo Fisher Scientific,
Waltham, MA). Mouse retinal proteins (15 mg each) were separated
by SDS-PAGE on Mini-PROTEAN TGX Precast gels (Bio-Rad,
Hercules, CA), and they were transferred to the polyvinylidene
fluoride (PVDF) membranes. The membranes were blocked in 5%
milk in PBS with Tween 20 (PBS-T) for 1 hr and then incubated
with antibodies against transducin alpha (ab74059, 1/2,000; Abcam,
Cambridge, UK), GFP (598, 1/2,000; MBL, Nagoya, Japan), and
beta-actin (F5316, 1/2,000; Sigma-Aldrich, St. Louis, MO), for
1 hr. The membranes were then washed thrice with PBS-T and
incubated with horseradish peroxidase (HRP)-conjugated anti-rab-
bit immunoglobulin G (IgG) antibodies or anti-mouse IgG
antibodies for 1 hr, and they were then washed four times with
PBS-T. The immunogenic reaction was detected by enhanced
chemiluminescence (ECL).

Immunohistochemistry

Immunohistochemistry of the retina was performed as described pre-
viously.54 Eyes were fixed in 4% paraformaldehyde, embedded in the
optimal cutting temperature (OCT) compound, and sectioned using a
cryostat. The sections were blocked with 5% donkey serum for
30 min, incubated with rabbit antirecoverin antibodies (AB5585,
1/20,000; Millipore) for 1 hr, and were then stained with an appro-
priate secondary antibody (anti-rabbit Alexa Fluor 488) and DAPI
2404 Molecular Therapy Vol. 26 No 10 October 2018
for an additional 45 min. Images were acquired on a Zeiss LSM780
confocal microscope (Carl Zeiss, Jena, Germany). Stained cells in
the inner nuclear layer and the outer nuclear layer were counted in
a 100-mm area on each side of the optic nerve, under a 20� objective
in three sections from each retina, and were averaged.

For the histological assessment of the visual cortex, brains were
removed from the skull after cervical dislocation. After the frontal
lobe was cut off, the plane of the cut brain was placed in the bottom
of an aluminum foil cup where it was frozen using OCT compound
on a dry ice block. Coronal sections, 18 mm in thickness and between
�3.0 and ��3.2 mm from the bregma, were cut using a cryostat
(Leica CM3050 S; Leica, Nussloch, Germany). The cryosections
were fixed using 4% paraformaldehyde (PFA) and permeabilized
with 0.5% polyoxyethylene in PBS. The sections were blocked with
5% donkey serum in Tween-PBS for 40 min and incubated with a pri-
mary antibody against NeuN (MAB377, 1:500; Millipore) at room
temperature for 1 hr. After washing with Tween-PBS, the sections
were incubated with Alexa Fluor 568-conjugated donkey anti-mouse
IgG antibody (1/500; Thermo Fisher Scientific) in blocking buffer at
room temperature for an additional 1 hr. The sections were then
mounted on Vectashield mounting media containing DAPI. Images
were acquired using a 10� objective on a Zeiss LSM780 confocal
microscope (Carl Zeiss). The quantification of the Arc-driven
dVenus-positive cells in layer IV was conducted as reported previ-
ously with slight modification.24 The background of the image was
thresholded to the same level, and Arc-positive cells in layer IV
were quantified. Layer IV in the visual cortex was determined by
measuring 250 mm ventral to the dorsal cortical surface and
2.3 mm lateral to the longitudinal cerebral fissure. Stained cells in
layer IV were counted in a 200-mm-tall � 500-mm-wide area in
four sections from each hemisphere.

Statistical Analysis

Differences between the two groups were assessed using the unpaired
Student’s t test. For assessing the differences between three or more
groups, ANOVA was used. If the ANOVA was significant, the Tukey
test was used as a post hoc test. Jonckheere-Terpstra trend test was
applied to test for an increasing or decreasing trend. Statistical
analysis was performed by JMP (SAS Institute, Cary, NC). All values
are expressed as the mean ± SEM and p < 0.05 was considered statis-
tically significant.
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