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PURPOSE. The retinal degeneration 11 (rd11) mouse is a newly discovered, naturally occurring
animal model with early photoreceptor dysfunction and rapid rod photoreceptor
degeneration followed by cone degeneration. The rd11 mice carry a spontaneous mutation
in the lysophosphatidylcholine acyltransferase 1 (Lpcat1) gene. Here, we evaluate whether
gene replacement therapy using the fast-acting tyrosine-capsid mutant AAV8 (Y733F) can
arrest retinal degeneration and restore retinal function in this model.

METHODS. The AAV8 (Y733F)-smCBA-Lpcat1 was delivered subretinally to postnatal day 14
(P14) rd11 mice in one eye only. At 10 weeks after injection, treated rd11 mice were
examined by visually-guided behavior, electroretinography (ERG) and spectral domain optical
coherence tomography (SD-OCT), and then killed for morphologic and biochemical
examination.

RESULTS. Substantial scotopic and photopic ERG signals were maintained in treated rd11 eyes,
whereas untreated eyes in the same animals showed extinguished signals. The SD-OCT (in
vivo) and light microscopy (in vitro) showed a substantial preservation of the outer nuclear
layer in most parts of the treated retina only. Almost wild-type LPCAT1 expression in
photoreceptors with strong rod rhodopsin and M/S cone opsin staining, and normal visually-
guided water maze behavioral performances were observed in treated rd11 mice.

CONCLUSIONS. The results demonstrate that the tyrosine-capsid mutant AAV8 (Y733F) vector is
effective for treating rapidly degenerating models of retinal degeneration and, moreover, is
more therapeutically effective than AAV2 (Y444, 500, 730F) vector with the same promoter-
cDNA payload. To our knowledge, this is the first demonstration of phenotypic rescue by
gene therapy in an animal model of retinal degeneration caused by Lpcat1 mutation.
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Inherited retinal degenerations are a group of clinically and
genetically diverse conditions that result from mutations in

more than 200 different genes (data available in the public
domain at http://www.sph.uth.tmc.edu/Retnet). Many of the
genes mainly affect the function and viability of rod and cone
photoreceptors, ultimately leading to photoreceptor loss and
blindness. Retinitis pigmentosa (RP) is a subset of common
inherited retinal degenerations with progressive vision loss,
such as nyctalopia in early stages of the disease with visual-field
scotomas in advanced stages due to photoreceptor loss.1 Thus
far, over 45 genes have been linked to inherited forms of RP
(Retnet; available in the public domain at www.sph.uth.tmc.
edu/retnet). Currently, there is no treatment for this debilitating
disorder. Mouse models of retinal degeneration have been
studied for decades with the aim of exploring the causes of
photoreceptor death and finding therapeutic modalities.2

The rd11 mice carry a single nucleotide insertion (c.420-
421insG) in exon 3 of the lysophosphatidylcholine acyltransfer-

ase-1 (Lpcat1) gene, which leads to premature truncation of the
LPCAT1 protein.3 As a phospholipid remodeling enzyme,
LPCAT1 promotes the conversion of palmitoyl-lysophosphatidyl-
choline (LPC) to dipalmitoylphosphatidylcholine (DPPC).4,5

Consistent with this, retinal lipid analysis of rd11 retinas showed
remarkably decreased DPPC levels compared to wild-type mice,3

suggesting a causal link to photoreceptor dysfunction. The rd11

mice exhibit rapid retinal degeneration starting at approximately
postnatal day 21 (P21), and by P28 only half of the normal
compliment of photoreceptor cells remains, while at P42 most
photoreceptors have been lost; rod photoreceptors are affected
before cones, consistent with an RP-like phenotype.3

In the past decade, the development of new generations of
viral vectors has made it possible to deliver genes stably to
retinal cells. At present, the most effective gene delivery
vectors are those derived from adeno-associated virus (AAV).6–9

At least nine AAV serotypes (AAV1–AAV9) have been evaluated
for ocular use so far.2,9 Recently, it was reported that epidermal
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growth factor receptor protein tyrosine kinase (EGFR-PTK)-
mediated tyrosine phosphorylation of exposed residues of the
AAV capsid promotes ubiquitination and subsequent proteaso-
mal degradation of AAV particles, which decreases AAV vector
transduction efficiency.10 Site-directed tyrosine to phenylanine
(Y-F) mutagenesis of selected, surface exposed tyrosine
residues in AAV2 was shown to protect vector particles from
proteasomal degradation and significantly increase the trans-
duction efficiency of these mutant AAV vectors relative to the
wild-type AAV vectors.10 Among the AAV vectors with different
Y-F point mutations, AAV8 containing a single point mutation
(Y733F) and AAV2 with three Y-F mutations (Y444, 500, 730F)
both showed strong reporter gene expressions in photorecep-
tors following subretinal injection compared to wild type
AAV2.11,12 Using the AAV8 (Y733F) vector, we then success-
fully restored long-term vision to rd10 mouse, a model of RP
with a PDEb mutation.7 Here, we tested whether an AAV8-733
vector-mediating Lpcat1 expression also is capable of preserv-
ing retinal structure and function in rd11 mice that exhibit a
rapid retinal degeneration.

MATERIALS AND METHODS

Animals

The C57BL/6J mice and the congenic inbred strain of rd11

mice were obtained from the Jackson Laboratory (Bar Harbor,
ME). All mice were bred and maintained in the Animal Facilities
of Wenzhou Medical University. The animals were maintained
in a 12-hour light/12-hour dark cycle with an ambient light
intensity of 18 lux, and with free access to food and water. All
experiments were approved by Wenzhou Medical University’s
Institutional animal care and use committee, and were
conducted in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research.

Construction of AAV Vectors

The AAV serotype 8 capsids containing a point mutation in
tyrosine residue 733 changing it to a phenylalanine residue,
AAV8 (Y733F), was used for packaging the vector DNA. For
purposes of retinal rescue comparison, the vector also was
packaged in AAV2 (Y444, 500, 730F) capsids. Vector plasmids
were constructed by cloning mouse Lpcat1 cDNA3 under the
control of the ubiquitous, constitutive smCBA promoter7,13 to
generate pTR-smCBA-Lpcat1. The AAV vectors were packaged
and purified at University of Florida according to previously
reported methods.14

Subretinal Injections

At P14, 1 lL of AAV8 (Y733F)-smCBA-Lpcat1 (1013 vector
genomes per mL) was injected subretinally into one eye of rd11

mice. Subsets of mice also were injected in one eye only with
equal volumes and concentrations of AAV2 (Y444, 500, 730F)-
smCBA-Lpcat1. All partner eyes remained uninjected. Subretinal
injections were performed as described previously.15 Only
animals with no apparent surgical complications, and their
initial retinal blebs occupied >50% of the retinal area, were
retained for further evaluation. A total of 20 rd11 mice met this
criterion, which resulted in at least three animals for each
experiment. Following all injections, 1% atropine eye drops, and
tetracycline and cortisone acetate eye ointments were given.

Electroretinography (ERG)

At 4, 7, and 10 weeks following subretinal injection, a RETI-
port system with a custom-built Ganzfeld dome (Roland

Consult, Wiesbaden, Germany) was used for electroretino-
graphic recording as described previously,6,8 with minor
modifications. Dark-adapted ERGs were recorded at �1.85
and 0 log cd-s/m2 stimulus intensity with an interstimulus
interval of 30 seconds; 5 ERG scans were averaged for dark-
adapted ERGs. Light-adapted ERGs were elicited after a steady
background illumination of 30 cd/m2 presented for 10
minutes. Then, 50 signals were averaged for photopic
measurements taken at 0.65 log cd-s/m2 in background light
with an interstimulus interval of 0.4 seconds. Ganzfeld
illumination with white light stimulus was applied for a
duration of 2 milliseconds. B-wave amplitudes were defined as
the difference between the trough and peak of each waveform.
Scotopic and photopic b-wave amplitudes from untreated,
treated rd11, and uninjected normal C57BL/6J eyes were
averaged.

Spectral Domain Optical Coherence Tomography
(SD-OCT) Imaging

At 7 and 10 weeks posttreatment, pupils of AAV8 (Y733F)-
smCBA-Lpcat1–treated and untreated rd11 eyes were dilated
with 1% atropine and 2.5% phenylephrine hydrochloride. Mice
then were anesthetized as described previously.6 One drop of
2.5% hydroxypropyl methylcellulose was administrated to eyes
before examination. The SD-OCT was performed using a
machine manufactured by Bioptigen (Durham, NC). Three
lateral images (nasal to temporal) were collected, starting 0.4
mm above the meridian crossing through the center of the optic
nerve (ON), at the ON meridian, and 0.4 mm below the ON
meridian. A corresponding box centered on the ON with eight
measurement points separated by 0.4 mm from each other was
created with the similar methods described previously.7

Corresponding neural retina thicknesses for untreated, treated
rd11, and uninjected normal C57BL/6J eyes were compared at
the same location (0.4 mm temporal to the ON) by measuring
the distance from the vitreal face of the ganglion cell layer to the
apical face of the retinal pigment epithelium.

Histology

Following SD-OCT examination, eyes were enucleated and
eyecups were prepared for light microscopic examination.
Structural evaluation was done as described previously with
some modifications.7,16 Briefly, eyes were fixed in 4%
paraformaldehyde solution and embedded in paraffin. Sections
(4 lm thick) were stained with hematoxylin and eosin before
photographing with a Zeiss bright-field microscope (BX41;
Olympus, Tokyo, Japan) fitted with Windows version 4.6 spot
software. Images of the posterior pole were collected.
Corresponding neural retina thicknesses for untreated, treated
rd11, and uninjected normal C57BL/6J eyes were compared at
the edge of the optic disc by measuring the distance from the
vitreal face of the ganglion cell layer to the apical face of the
retinal pigment epithelium.

Immunocytochemistry

Eyes from AAV8 (Y733F)-smCBA-Lpcat1–treated and untreated
rd11 mice, along with age-matched C57BL/6J mice, were
enucleated and the eyecups were processed as described
previously, with some modifications.17,18 Briefly, after enucle-
ation, eyes were fixed in fresh 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) overnight at 48C. After fixation, the
cornea, lens, and vitreous were removed to generate eye cups.
Retinal whole mount preparations were generated by first
removing the ON head and then carefully separating the
neuroretina from the eye cup. Alternatively, frozen sections (10
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FIGURE 1. Scotopic and photopic ERGs in treated and untreated rd11 eyes. (A) Representative scotopic (rod) ERG elicited from�1.85 log cd-s/m2

flash intensity in three rd11 eyes 10 weeks following treatment at P14 (upper row) compared to those of the untreated eyes (lower row) from the
same rd11 mice. (B) Representative scotopic (rod and cone) ERG elicited from 0 log cd-s/m2 flash intensity in three rd11 eyes 10 weeks following
treatment at P14 (upper row) compared to those of the untreated eyes (lower row) from the same rd11 mice. (C) Representative photopic (cone)
ERG elicited at 0.65 log cd-s/m2 flash intensity from the same rd11 mice (upper row, treated; lower row, untreated). (D) Average scotopic (rod) b-
wave amplitudes elicited at�1.85 log cd-s/m2 intensity in age-matched, uninjected wild-type C57BL/6J, AAV8 (Y733F) treated and untreated rd11

eyes. (E) Average scotopic (rod and cone) b-wave amplitudes elicited at 0 log cd-s/m2 intensity in age-matched, uninjected wild-type C57BL/6J, AAV8
(Y733F) treated and untreated rd11 eyes. (F) Averaged photopic (cone) b-wave amplitudes elicited at 0.65 log cd-s/m2 intensity in age-matched,
uninjected normal C57BL/6J, AAV8 (Y733F) treated and untreated rd11 eyes. *P < 0.05.

TABLE. Statistical Comparison of the Scotopic and Photopic B-Wave Amplitudes of WT, Treated (P14þ10W), and Untreated rd11 Mice

Amplitude of b-Wave, lV WT Mice

rd11 Mice P Value

Treated Untreated

Treated vs.

Untreated

WT vs.

Treated

WT vs.

Untreated

Scotopic (rod) ERG 317.0 6 40.9 202.7 6 32.2 3.0 6 5.2 <0.001* 0.004† <0.001*

Scotopic (rod and cone) ERG 705.7 6 61.5 479.3 6 58.0 9.7 6 9.5 <0.001* 0.001† <0.001*

Photopic (cone) ERG 114.3 6 9.0 75.3 6 7.5 4.7 6 4.5 <0.001* 0.001† <0.001*

In uninjected normal C57BL/6J, treated, and untreated rd11 eyes, the average rod-driven b-wave amplitudes showed significant differences by 1-
way ANOVA (F¼83.190, df¼2, P < 0.001). The maximum mixed responses of rods and cones showed significant differences (F¼156.634, df¼2, P

< 0.001). The averages of light-adapted ERG amplitudes also showed significant differences (F ¼ 176.027, df ¼ 2, P < 0.001). P values of least
significant difference (LSD) post hoc test were calculated as above. Mean 6 SD, n¼ 3/cohort.

* P < 0.001.
† P < 0.05.
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lm thick) were prepared from eye cups protected in 30%
sucrose and embedded in optimal cutting temperature
compound. Following permeation with 0.1% Triton X-100,
sections were rinsed in 0.1 M PBS, blocked in 5% bovine serum
albumin (BSA), then incubated overnight at 48C in rabbit anti-
mouse LPCAT1 antibodies (1:750, HPA022268; Sigma-Aldrich,
St. Louis, MO). After 3 rinses with 0.1 M PBS, sections were
incubated in goat anti-rabbit IgG conjugated to Cy3 fluoro-
chrome (1:400, AP187C; Merck Millipore, Darmstadt, Ger-
many) for 2 hours followed by 3 rinses with 0.1 M PBS.
Sections then were mounted with coverslips before fluores-
cence photography. Retinal whole mounts and frozen sections
were prepared for M/S-cone opsin18 or rod rhodopsin19

antibody staining according to previously described methods.

Western Blot Analysis

Western blot was performed as described previously.15

Retinas were dissected carefully from treated and untreated

rd11 eyes, and normal C57BL/6J eyes. Protein was extracted

using the RIPA method, quantified by a BCA protein assay kit

(Beytime, Jiangsu, China), separated by SDS-PAGE, and then

transferred to a PVDF membrane. The membranes were

incubated with anti-LPCAT1 polyclonal antibody (Sigma,

Shanghai, China) overnight at 48C. Anti-rabbit HRP-conjugated

secondary antibodies (Cell Signaling, Shanghai, China) were

used to detect the primary antibody. Rabbit anti-GAPDH

monoclonal antibody (Cell Signaling) was used as an internal

loading control.

FIGURE 2. Comparisons of retinal function at different time points following AAV2 (Y444, 500, 730F) or AAV8 (Y733F) treatment (n¼ 3). Scotopic
(rod) response is elicited at �1.85 log cd-s/m2 flash intensity (upper row), while rod and cone response elicited at 0 log cd-s/m2 (middle row).
Photopic (cone) response is elicited at 0.65 log cd-s/m2 (lower row). Only AAV8 (Y733F) mediates a rescue effect 10 weeks following P14 treatment
in scotopic and photopic conditions (right column). *P < 0.05; NS, nonsignificant.
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Visually-Guided Behavioral Test

The water maze visually-guided behavioral test has been
described previously.20 Briefly, 10 weeks after injection,
AAV8 (Y733F)-smCBA-Lpcat1–treated rd11 mice, together
with age-matched untreated rd11 and normal C57BL/6J mice,
were trained initially in a plastic water tank with a platform
positioned in a well-lit room (18 lux) followed by formal
training under the same photopic conditions. Formal training
consisted of three blocks of four trials per day for 4
consecutive days. During each trial, the mouse was placed in
the water from one of four equally spaced start locations.
Behavioral data were acquired as the latency to escape to the
platform during the training trials. Subjects were given up to 60
seconds to escape during each trial. If they did not escape
within the allotted time, they were guided gently to the
platform and their escape time was recorded as 60 seconds.
The mice then were tested in scotopic condition with very dim
light (not detectable with the Datalogging Light Meter, model
401036; Extech Instruments, Waltham, MA). One day following
the performance in dim light, the treated eye of each rd11

mouse was sutured. The next day, the water maze tests were
repeated in dim light and well-lit environments.

Statistical Analysis

Data were presented as mean 6 SD. SPSS 18.0 (IBM
Corporation, Armonk, NY) was used for statistical analysis.

Paired sample t-test or 1-way ANOVA with least significant
difference (LSD) post hoc test was used for comparison
between two groups and among three groups for measurement
data. Differences were defined as significant at P < 0.05.

RESULTS

AAV8 (Y733F) Rescues Retinal Function (ERG) in
the rd11 Mouse for at Least 10 Weeks

At 10 weeks after treatment with AAV8 (Y733F)-smCBA-
Lpcat1, rd11 mice were examined by scotopic and photopic
ERGs. Rescue of dark-adapted (Figs. 1A, 1B) and light-adapted
(Fig. 1C) ERG responses were observed and maintained in
treated rd11 eyes, whereas ERG responses were nearly
extinguished in untreated rd11 eyes. The b-wave amplitudes
were significantly improved in treated rd11 eyes (P < 0.05) to
levels approximately two-thirds of that in normal age-matched
uninjected C57BL/6J control mice (P < 0.05, Figs. 1D–F, n¼3).
The b-wave amplitudes and statistical comparisons of these
measurements were shown in the Table. To measure the
sensitivity of the rod and cone systems in the treated eyes, we
analyzed the implicit time of the relevant b-waves. Indepen-
dent samples t-test was used to detect differences in the treated
rd11and uninjected normal C57BL/6J retina. No significant
difference was found in implicit times of the rod-derived b-
waves between the treated rd11 eyes (91.3 6 5.7 ms) and

FIGURE 3. The SD-OCT of AAV8 (Y733F)-treated and untreated eyes from rd11 mouse. The OCT images show the retinal thickness at same location
(0.4 mm temporal to the optic nerve). (A) At 7 weeks after P14 treatment, averaged retinal thicknesses in age-matched, uninjected normal C57BL/6J,
treated, and untreated rd11 eyes (n¼3). (B) At 10 weeks after P14 treatment, averaged retinal thicknesses in wild-type, treated, and untreated rd11

eyes (n¼ 3). (C) The OCT images (10 weeks after P14 treatment) at same location from representative wild-type, treated, and untreated rd11 eyes.
Scale calipers on each image are placed at equivalent distances from the optic nerve to quantify the distance from the vitreal face of the ganglion
cell layer to the apical face of the RPE (0.149 mm for a treated, 0.100 mm for the partner untreated rd11 eye, and 0.199 mm for a wild-type C57BL/6J
eye). *P < 0.05. OS, outer segments; IS, inner segments; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner pexiform layer; RGC, retinal
ganglion cell.
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C57BL/6J eyes (93.0 6 5.6 ms, n ¼ 3, t ¼�0.363, P ¼ 0.735).
No significant difference in maximum combined response was
found between the treated rd11 eyes (75.3 6 4.5 ms) and
C57BL/6J eyes (74.7 6 5.0 ms, n ¼ 3, t ¼ 0.171, P ¼ 0.873).
Furthermore, no statistical difference was found in implicit
times of the cone-derived b-waves between the treated rd11

(58.3 6 6.5 ms) and C57BL/6J eyes (55.0 6 5.0 ms, n¼ 3, t¼
0.704, P ¼ 0.520).

To compare the effectiveness between AAV8 (Y733F)– and
AAV2 (Y444, 500, 730F)–mediated treatments, we analyzed
scotopic and photopic ERG amplitudes in mice injected at P14
with each vector at 4, 7, and 10 weeks after treatment (Fig. 2).
At 4 weeks after treatment, scotopic and photopic ERG
responses were higher in rd11 eyes treated with AAV8
(Y733F)-smCBA-Lpcat1 than those treated with AAV2 (Y444,
500, 730F)-smCBA-Lpcat1 (Fig. 2, left column). At 7 weeks
after treatment, both responses were decreased in AAV2
(Y444, 500, 730F)–treated rd11 eyes (Fig. 2, middle column).
By 10 weeks after treatment, scotopic and photopic ERGs were
almost lost in AAV2 (Y444, 500, 730F)–treated rd11 eyes,
while AAV8 (Y733F)–mediated ERG amplitude gains remained
stable (Fig. 2, right column).

AAV8 (Y733F)-smCBA-Lpcat1 Treatment Preserves
Retinal Structure in rd11 Eyes

The SD-OCT allows in vivo assessment of retinal thickness in
treated versus untreated eyes. At 7 and 10 weeks after
treatment, OCT examinations were carried out on AAV8
(Y733F)–treated and untreated rd11 eyes. To compare

structural differences, retinal thickness was measured carefully
at the same location (0.4 mm temporal to the optic nerve) in all
eyes analyzed (Fig. 3). At 10 weeks following treatment,
significant differences were found in retinal thickness among
the untreated, treated rd11, and uninjected normal C57BL/6J
mice (0.108 6 0.008, 0.141 6 0.010, and 0.199 6 0.015 mm,
respectively, 1-way ANOVA, F¼52.456, df¼ 2, P < 0.001). The
LSD analysis revealed a statistical difference between the
untreated and treated rd11 retina (P¼ 0.01), and a significant
difference between treated rd11 and normal uninjected
C57BL/6J retina (P ¼ 0.001).

Following OCT examination at 10 weeks after treatment,
rd11 mice were sacrificed and eyes enucleated for histology.
Hematoxylin and eosin staining of AAV8 (Y733F)-smCBA-
Lpcat1–treated and contralateral, untreated controls rd11

retinas confirmed OCT results. Using a retina from a
representative rd11 mouse that received >90% retinal
detachment after injection; that is, had a large area of retina
exposed to the vector, light microscopy at low-magnification
revealed a relatively normal outer nuclear layer (ONL)
throughout the retina (Fig. 4A, left). In contrast, it was difficult
to visualize any ONL in the untreated eye of the same rd11

mouse (Fig. 4B, right). Higher-magnification images showed
that approximately 2/3 of the normal outer segment length and
ONL thickness were maintained in the treated rd11 retinas
compared to a normal uninjected C57BL/6J retinas (Fig. 4B, left
and middle). Meanwhile, there was only one incomplete layer
of nuclei in the ONL of the untreated eye from the same rd11

mouse (Fig. 4B, right). In addition, the outer plexiform layer
also became thinner in the untreated rd11 retina (Fig. 4B,

FIGURE 4. Light microscopic images of treated and untreated retinal sections from rd11 and normal mice. (A) Low-magnification images from the
treated (left) and untreated (right) eyes of the same rd11 mouse 10 weeks after P14 treatment. Note the presence of outer segments and a
continuous, intact ONL in the treated eye, and its absence in the untreated eye. (B) Higher magnification images from a 3-month old uninjected
normal C57BL/6J eye (left), the treated (middle), and untreated (right) eyes of the same rd11 mouse.
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right) relative to that seen in the partner-treated eye (Fig. 4B,
middle). Significant differences were found in retinal thickness
among the untreated, treated rd11, and uninjected normal
C57BL/6J mice: 0.099 6 0.007, 0.151 6 0.016, and 0.213 6
0.017 mm, respectively, 1-way ANOVA, F¼ 48.652, df¼ 2, P <
0.001. The LSD analysis revealed a statistical difference
between the untreated and treated rd11 retina (P ¼ 0.004),
and a similar significant difference also was found between
treated rd11 and normal uninjected C57BL/6J retina (P ¼
0.002).

Rhodopsin and LPCAT1 Expressions Are Restored
in Treated rd11 Mice

At 10 weeks after treatment, LPCAT1, rod rhodopsin, and cone
opsin expressions were assayed by immunohistochemistry
from treated and untreated retinal sections of rd11 mice. The
LPCAT1 (Fig. 5A) and rod rhodopsin (Fig. 5C) staining is
detected in the photoreceptor of a treated rd11 retina, similar
to the expression seen in the wild type retina, while no
LPCAT1, rod rhodopsin, or cone opsin expression was
observed in the partner untreated retina from the same rd11

mouse.
Western blot analysis (Fig. 5B) showed the expression of

LPCAT1 protein in treated rd11 eyes, but not in untreated
contralateral eyes. The expression level of LPCAT1 in treated
rd11 eyes was similar to that in C57BL/6J eyes.

Cone Opsin Expressions Are Restored in Treated
rd11 Mice

Early and rapid cone degeneration with cone opsin loss has
been reported in rd11 mice.3 To examine whether the cone
opsins are preserved 10 weeks after P14 treatment, retinal
whole mounts and frozen sections were stained with cone
opsin–specific antibodies. Using retinal whole mounts from
rd11 mice that received >90% retinal detachment, fluorescent
microscopy at low magnification revealed that M-opsins were
preserved in the dorsal and ventral hemispheres of the retina
(Fig. 6, middle row), while little M-opsin remained in any
portion of the untreated rd11 retina (Fig. 6, bottom row). High-
magnification images showed that the M-opsin distribution
pattern in treated rd11 retina (Fig. 6, left 2 columns, middle
row) was similar to that of the normal C57BL/6J retina (Fig. 6,
left 2 columns, upper row). In frozen section, strong M-opsin
staining is evident in the outer segments of the treated rd11

retina (Fig. 6, right 2 columns, middle row), which was similar
to that in a normal C57BL/6J retina (Fig. 6, right 2 columns,
upper row). In contrast, no M-opsin expression was observed
in the partner untreated eye (Fig. 6, right 2 columns, bottom
row) from the same rd11 mouse at this age. Furthermore, S-
opsins also were evident in the retinal whole mounts and
sections of a treated rd11 eye with normal distribution
patterns, similar to that seen in a normal C57BL/6J retina
(Fig. 7).

AAV8 (Y733F) Rescues Visually-Guided Behavior in
the rd11 Mouse

To determine whether the observed electrophysiologic,
biochemical, and structural preservation of the rd11 retina
following AAV8 (Y733F) vector treatment led to improvement
in behavioral performance, we tested the mice in a visually-
guided water maze task with our described previously
method.20 After preliminary training,20 times to escape to the
platform under room light conditions were recorded. Among
three groups, average times to find the platform showed

significant differences by 1-way ANOVA (F¼ 22.688, df¼ 3, P

< 0.001). The normal C57BL/6J mice took 7.7 6 1.1 seconds,
the treated rd11 mice took 15.3 6 3.3 seconds, and untreated
rd11 mice took 49.6 6 9.4 seconds to reach the platform.
Statistical analysis showed significant improvement in treated
rd11 mice compared to untreated rd11 mice (n ¼ 3, P <
0.001). No statistical difference of performance was found
between treated rd11 and normal C57BL/6 mice (P ¼ 0.267).

In addition, when we closed the treated eyes by suturing
their eyelids, time to reach the platform increased from 15.3 6

3.3 to 43.7 6 14.2 seconds. No statistical difference of
performance was found between untreated rd11 mice and

FIGURE 5. The LPCAT1, rod rhodopsin and cone opsin expression in
treated and untreated eyes of rd11 mice. (A) LPCAT1 immunostaining
(red) in a 3-month old uninjected normal C57BL/6J eye (left), treated
(middle), and untreated eye (right) from the same rd11 mouse. (B)
Western blot showing the expression of LPCAT1 from AAV8 (Y733F)-
smCBA-Lpcat1–treated and untreated rd11 eyes, and untreated age-
matched normal C57BL/6J normal eyes (n ¼ 3). Lane 1: molecular
weight marker. Lane 2: untreated rd11 retina. Lane 3: treated rd11

retina. Lane 4: normal C57BL/6J retina. (C) Double staining of rod
rhodopsin (green) and cone opsin (red) in a 3-month old uninjected
normal C57BL/6J eye (left), treated (middle), and untreated eye (right)
from the same rd11 mouse. Nuclei were stained with DAPI (blue).
Note the robust staining of LPCAT1, rod rhodopsin and cone opsin in
the treated rd11 eye compared to its absence in the untreated,
contralateral control eye.
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treated rd11 mice when the treated eyes were sutured (P ¼
0.656).

Analysis of times to escape to the platform under very dim
light conditions (Fig. 8B) showed similar results as those from
room light conditions (Fig. 8A). The normal C57BL/6J mice
took 8.5 6 1.3 seconds, rd11 mice with one eye treated took
15.4 6 3.4 seconds, and untreated rd11 mice took 41.8 6 6.4
seconds to reach the platform. When the treated eyes of rd11

mice were sutured, time to reach the platform increased to
46.7 6 16.5 seconds. Statistical comparisons between groups
were shown in Figure 8B.

DISCUSSION

To our knowledge, this study is the first demonstration that
restoration of retinal function and structure can be achieved in
the rd11 mouse following gene replacement therapy. It further
confirmed that retinal degeneration in rd11 mice is caused by
Lpcat1 gene mutation. In addition, for the first time, we
provided evidence that AAV8 (Y733F) vector has higher
therapeutic efficiency than AAV2 (Y444, 500, 730F) in rod
and cone photoreceptors in which the visual signal originates.

The rd11 mice showed an early onset, rapid retinal
degeneration starting at approximately P21. In this study, we
treated at P14, the earliest age we can perform successful
transcorneal subretinal injection. Vector injected earlier than
P14 does induce transgene expression earlier; however, it is
difficult to detach a significant fraction of the mouse retina
before eye opening at P14, and surgical manipulation at this
early stage can cause substantial injection-related dam-
age.15,18,21 Although sufficient transgene expression in the
target cells before irreversible cell loss clearly is essential for

effective rescue, it does not necessarily follow that the earlier,
the better for subretinal injection-related gene replacement
therapy. We have noted that the optimal stable rescue is related
to the extent of retinal coverage by the vector and might be
offset by injection-related damage. For example, P14 treat-
ment15 was more therapeutically effective than P2 treatment in
the rapid degenerating rd10 mouse, since P14 injection can
transfect almost 100% of the retina with less injection-related
damage, while less retinal coverage and more injection-related
damage can be caused by an early P2 subretinal injection.22

Additionally, we noted that it is difficult to arrest photorecep-
tor degeneration in the rd11 mouse if treatment initiates later
than P14 (data not shown). A plausible explanation is that the
retinal degeneration starts before P21 when a clear photore-
ceptor loss is observed in rd11 mice in addition to the fact that
it takes at least several days for sufficient vector gene
expression to alter photoreceptor fate. Therefore, the solid
therapeutic outcome achieved by our approach may derive
from a combination of optimizing the area of vector exposure,
minimizing injection-related damage, and selecting an optimal
treatment age.

Vectors based on AAV2 have been used extensively in many
retinal gene-delivery applications, including several successful
clinical trials for one type of Leber congenital amaurosis with
mutant gene in retinal pigment epithelial (RPE) cells.23–25

Many studies have focused on improving AAV2 transduction
efficiency and cellular specificity by genetically engineering its
capsid.10,12,26,27 Capsid surface tyrosine mutations in AAV2 and
AAV8 displayed significantly enhanced transduction efficiency
in the retina compared to their wild-type counterparts.11

Among them, AAV2 (Y444, 500, 730F) and AAV8 (Y733F)

FIGURE 6. M-cone opsin preservation in treated rd11 retinas. At 10 weeks after P14 treatment, staining of M-opsins in retinal whole mounts (left

two columns) revealed a pattern of M-opsin–containing cones in treated rd11 retinas (right eyes) compared to those from C57BL/6J eyes (left eyes).
In the contralateral uninjected left eyes, little M-opsin-positive cells are seen. Frozen sections (right two columns) showed that the preserved M-
cone opsin is located in photoreceptor outer segments in normal C57BL/6J and treated rd11 retinas. Red: M-cone opsin staining. Blue: DAPI (40,6-
diamidino-2-phenylindole) stained nuclei. P, postnatal day; Inj, injected; Uninj, uninjected; W, weeks.
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showed robust reporter gene expression in photoreceptor
cells following subretinal injections.11,12

Our ERG results (Fig. 2) showed that rod- and cone-
mediated function were nearly lost 10 weeks after AAV2 (Y444,
500, 730F) treatment, but remained stable after AAV8 (Y733F)
treatment. From our experience, AAV5 mediated photorecep-
tor gene therapy is more effective than that of AAV2, and that
for AAV8 is the highest.7,20 It is possible that the slower onset
of transgene expression mediated by AAV2 (Y444, 500, 730F)
is the cause of the difference. This result highlights the need
for careful consideration of vector serotype in any therapeutic
AAV vector platform. Similar to that seen with AAV8 (Y733F)–
mediated responses, rod and cone responses in AAV2 (Y444,
500, 730F)–treated mice reached their maximum level of
improvement at 4 weeks after treatment (Fig. 2). However, full-
field ERG amplitudes decreased progressively after that time
point despite early treatment. At 7 weeks after treatment, AAV2
(Y444, 500, 730F)–mediated responses (Fig. 2) showed cone
responses decreased approximately 15%, whereas rod respons-
es decreased approximately 35%, compared to those at 4
weeks. Meanwhile, rod- and cone-mediated retinal functions
were stable for at least 10 weeks in AAV8 (Y733F)–treated eyes.
Because cones are responsible primarily for useful daytime
vision in humans, rescuing cone photoreceptors is an essential
component for any successful treatment for retinal degenera-
tion. Unlike the human retina, in which the density of cones is
very high in the central macula (fovea), M- and S-cone
distributions in the mouse retina are relatively even, although

there are more M-cones in superior (dorsal) retina and more S-
cones in inferior (ventral) retina in mice. Currently, the most
reliable way to evaluate successful cone rescue in the mouse is
to analyze those treated eyes in which subretinal vector had
detached almost the entire retina and, thus, treated the
maximum fraction of cones. We found 1 lL of subretinal
vector to be sufficient to achieve almost 100% of detachment
that resulted in a homogenous shallow bleb, which resolved
earlier and appeared to minimize subsequent retinal detach-
ment–related photoreceptor loss (data not shown). From our
previous work on cone therapy in rd12 (mutant Rpe65)
mouse, we found that a single subretinal injection of AAV-
Rpe65 at P14 can restore cone ERG amplitudes to approxi-
mately 2/3 of wild type levels,20 similar to that reported here.
This is consistent with M- and S-cone degeneration being
prevented for at least 10 weeks in rd11 retinas.

Visually-guided water maze task has been used in dim light
condition to test the AAV-mediated rod function restoration in
rd12 mice that have no rod function at all.20 Here, we
extended the application to test the cone-related function in
photopic condition in rd11 mice.

Our data showed clearly that electrophysiologic, biochem-
ical, and structural preservation/restoration following AAV8
(Y733F) vector treatment also led to improvements of rod and
cone vision in rd11 mice.

The LPCAT1 is a phospholipid biosynthesis/remodeling
enzyme catalyzing conversion of palmitoyl LPC to DPPC, an
important lipid component of cell membrane. The loss of

FIGURE 7. S-cone opsin preservation in treated rd11 retinas. At 10 weeks after P14 treatment, staining of S-cone opsins in retinal whole mounts (left

two columns) revealed patterns of S-opsin–containing cones in treated rd11 eye similar to that from C57BL/6J eye. In the contralateral uninjected
left eye, no S-cone opsin-positive cells were apparent. Frozen sections (right two columns) showed that the preserved S-opsin is located in
photoreceptor outer segments in normal C57BL/6J and treated rd11 retinas. Red: S-cone opsin staining. Blue: DAPI (40,6-diamidino-2-phenylindole)
stained nuclei.
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LPCAT1 leads to reduced DPPC levels that, in turn, can lead to
membrane disruption28 and Ca2þ influx,29 which ultimately
may contribute to photoreceptor cell death. It is reported that
Lpcat1 expression is increased from P2 to P25 during retinal
development.30 Overexpression of LPCAT1 also is found in
prostate cancer, colorectal cancer, and hepatoma.31–33 Al-
though our results showed no overexpressed LPCAT1 in
treated rd11 eyes (Fig. 5B) with no detectable tumors in
treated rd11 eyes or other organs (data not shown) in this
short-term study, it is necessary to follow up this issue in the
long-term evaluation.

Respiratory distress syndrome (RDS), which is the leading
cause of death in premature infants, is caused by surfactant
deficiency. The most critical and abundant phospholipid in
pulmonary surfactant is saturated phosphatidylcholine (SatPC).
The LPCAT1 is related with the synthesis of SatPC in mouse
alveolar type II cells and is essential for the transition to air
breathing.34 Our AAV-Lpcat1 gene therapy data shown here in
the retina might suggest its use for therapeutic interventions in
surfactant-associated deficiencies.

In this study, we demonstrated that the rapid onset and high
transduction efficiency of AAV8 (Y733F) vector led to
significant restoration of retinal electrophysiology, vision-
guided behavioral performance, and preservation of structure
in LPCAT1-deficient rd11 mice, a new mouse model of retinal
degeneration. We further proved an essential role of LPCAT1 in
retinal photoreceptor degeneration and additional study is
underway to clarify the detail mechanism of photoreceptor
degeneration in rd11 mice.
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