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Abstract

Many mutations in the human rhodopsin gene (RHO) cause autosomal dominant retinitis pigmentosa (ADRP).
Our previous studies with a P23H (proline-23 substituted by histidine) RHO transgenic mouse model of ADRP
demonstrated significant improvement of retinal function and preservation of retinal structure after transfer of
wild-type rhodopsin by AAV. In this study we demonstrate long-term rescue of retinal structure and function by
a single virus expressing both RHO replacement cDNA and small interfering RNA (siRNA) to digest mouse Rho
and human P23H RHO mRNA. This combination should prevent overexpression of rhodopsin, which can be
deleterious to photoreceptors. On the basis of the electroretinogram (ERG) response, degeneration of retinal
function was arrested at 2 months postinjection, and the response was maintained at this level until termination
at 9 months. Preservation of the ERG response in P23H RHO mice reflected survival of photoreceptors: both the
outer nuclear layer (ONL) and outer segments of photoreceptor cells maintained the same thickness as in
nontransgenic mice, whereas the control injected P23H eyes exhibited severe thinning of the ONL and outer
segments. These findings suggest that delivery of both a modified cDNA and an siRNA by a single adeno-
associated viral vector provided long-term rescue of ADRP in this model. Because the siRNA targets human as
well as mouse rhodopsin mRNAs, the combination vector may be useful for the treatment of human disease.

Introduction

Retinitis pigmentosa (RP) is characterized by the pro-
gressive loss of peripheral vision, due to the death of rod

photoreceptor cells, and potential complete blindness at late
stages of the disease, due to the loss of cone photoreceptors.
Approximately 40% of RP cases are dominantly inherited and
are classified as autosomal dominant retinitis pigmentosa
(ADRP). Worldwide, there are almost 1.5 million patients
with ADRP who have mutations in 18 different genes (Phelan
and Bok, 2000; Hartong et al., 2006). Among these genes,
mutations in the rhodopsin (RHO) gene account for about
25% of ADRP cases (Daiger et al., 2007; Morris et al., 2009).
There are more than 100 RHO mutations leading to ADRP,
and, although the common cause of retinal degeneration is
apoptosis of photoreceptors, different RHO mutations lead to
apoptosis by different pathways (Mendes et al., 2005). For
example, class I mutations fold normally, but are not trans-

ported to the outer segment of photoreceptors, and class II
mutations do not reconstitute with the 11-cis-retinal chro-
mophore readily.

Probably because of a founder effect, the most prevalent
RHO mutation in North America is P23H (proline-23 sub-
stituted by histidine) (Dryja et al., 1990; Daiger et al., 2007).
This was the first RP mutation to be identified, and it has
been studied extensively both in vitro and in animal models
(Gorbatyuk et al., 2008; Mao et al., 2011). Investigations in
tissue culture indicate that P23H opsin is misfolded and ac-
cumulates in the endoplasmic reticulum (Kaushal and
Khorana, 1994; Saliba et al., 2002; Noorwez et al., 2003, 2004).
In transgenic rats bearing a mouse P23H transgene, levels of
the proapoptotic C/EBP-homologous protein (CHOP) are
elevated even in a line producing moderate amounts of
mutant opsin (Lin et al., 2007), and we have shown that
suppressing the unfolded protein response in these animals
significantly retards retinal degeneration (Gorbatyuk et al.,
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2010). A P23H knock-in line of mice has been described that
recapitulates some of the cardinal histological features of the
human disease from the mutation expressed at the normal
mouse locus (Sakami et al., 2011). In heterozygous knock-ins,
opsin is not detected in the inner segments of photoreceptors
suggesting that mutant opsin does not accumulate in the
endoplasmic reticulum in the presence of the normal protein.
A similar result was reported by Wu and colleagues for
P23H transgenic mice (Wu et al., 1998).

Because of the genetic heterogeneity of ADRP, our group
and others have explored an approach to gene therapy em-
ploying RNA interference (RNAi) or catalytic RNA enzymes
(ribozymes) targeting locations in the rhodopsin-coding re-
gion that are not specifically associated with ADRP muta-
tions (Kiang et al., 2005; Gorbatyuk et al., 2007a,b; O’Reilly
et al., 2007). This allele-independent strategy blocks expres-
sion of both the mutant and wild-type genes (Sullivan et al.,
2002; Cashman et al., 2005; Kiang et al., 2005; Gorbatyuk et al.,
2007a,b, 2008; Chadderton et al., 2009; Smith et al., 2009;
Millington-Ward et al., 2011). A similar strategy is being
developed by Mussolino and colleagues, who are testing
zinc-finger repressors to block the expression of rhodopsin
(Mussolino et al., 2011). For therapy, RNA blockade must be
combined with replacement genes containing ‘‘silent’’ se-
quence changes making the resultant mRNA resistant to
cleavage. This approach has been taken for treatment of liver
disease associated with the PiZ allele of a1-antitrypsin (Li
et al., 2011; Mueller et al., 2012). O’Reilly and colleagues
(2007) used a single adeno-associated viral (AAV) vector to
deliver a small interfering RNA (siRNA) and a resistant RHO
gene to P23H transgenic mice. Because of the rapid rate of
degeneration in this model (Olsson et al., 1992), they were
unable to demonstrate functional rescue but did report
preservation of some photoreceptors at 10 days, a point at
which basic fibroblast growth factor (bFGF) and ciliary
neurotrophic factor (CNTF) are still elevated after subretinal
injection (Cao et al., 1997). Millington-Ward and colleagues
(2011) reported delay of retinal degeneration in P347S RHO
transgenic mice, using the RNA replacement approach, with
a small hairpin RNA (shRNA) and a resistant RHO gene,
although they used separate viral vectors for the shRNA and
for the replacement RHO gene, and electroretinogram (ERG)
rescue was modest.

Previously, we observed a 50% knockdown of RHO
in vitro with an siRNA designated 301 and partial rescue of
retinal degeneration in P23H transgenic rats using AAV ex-
pressing a RHO-specific ribozyme (Gorbatyuk et al., 2007a).
More recently, we also showed inhibition of retinal degen-
eration in P23H transgenic mice after AAV delivery of wild-
type mouse rhodopsin cDNA that was made resistant to
siRNA301 (Mao et al., 2011). This finding suggests that de-
spite the fact that the mutation is genetically dominant, in-
creased production of the wild-type protein can extend the
survival of photoreceptors, at least 6 months in mice.
Nevertheless, even modest overexpression of wild-type
rhodopsin can lead to retinal degeneration in mice (Tan et al.,
2001; Mao et al., 2011), and we have therefore pursued the
‘‘ablate and switch’’ approach using the combination of an
siRNA and a resistant RHO cDNA.

Various RHO mutations may cause photoreceptor death
either by toxic gain-of-function or a dominant negative
mechanism. Stimulation of unregulated phototransduction

by mutant rhodopsin or mislocalization of rhodopsin to the
nerve terminals might be toxic to rod photoreceptors (Sung
et al., 1994; Tan et al., 2001; Tam and Moritz, 2006). In con-
trast, increased expression of wild-type RHO in P23H
transgenic mice reduced the rate of retinal degeneration,
providing evidence for a dominant negative effect (Frederick
et al., 2001). In P23H transgenic or knock-in mice, accumu-
lation of P23H rhodopsin in the rod outer segments suggests
that the balance of normal rhodopsin to mutant rhodopsin
determines the survival of rod photoreceptor cells (Wilson
and Wensel, 2003). On the basis of these studies, we hy-
pothesized that combination of reducing the mutant P23H
with siRNA and introducing normal rhodopsin with a re-
sistant cDNA would lead to a more appropriate level of
normal rhodopsin expression and a reduced level of P23H
rhodopsin (Lewin et al., 1998; Gorbatyuk et al., 2007a; Mao
et al., 2011). Our results in P23H transgenic mice show pre-
served retinal structure for as long as 9 months postinjection,
with full recovery of retinal function. The success of this
strategy could lead to a treatment of ADRP caused by a
variety of rhodopsin mutations.

Materials and Methods

Single AAV construct of RHO301–siRNA301

AAV-RS301 contains both siRNA301 and RHO301. siR-
NA301 can cleave both human RHO mRNA and endogenous
mouse Rho mRNA (Fig. 1B). RHO301 is a resistant form of
mouse Rho containing five mismatches surrounding the tar-
get site in the mouse Rho cDNA and includes 109 bp of the
5¢ untranslated region (UTR) and 159 bp of the 3¢ UTR. Ex-
pression of RHO301 was under the control of a proximal
mouse opsin promoter (MOPS) (Flannery et al., 1997). The
human H1 promoter was used to direct the expression of
siRNA301 as a small hairpin RNA targeting a 19-nucleotide
segment of mouse and human opsin mRNAs (Gorbatyuk
et al., 2007b). These elements were cloned in a plasmid be-
tween AAV2 inverted terminal repeats (Fig. 1A) and the
vector was packaged in AAV5 capsids (Zolotukhin et al.,
2002).

Animal breeding and injection

P23H transgenic mice on a mouse Rho + /– background and
Rho + /– mice were used in this study (Lem et al., 1999; Mao
et al., 2011). All the animal procedures were approved by the
University of Florida (Gainesville, FL) Institutional Animal
Care and Use Committee and were conducted in accordance
with the Association for Research in Vision and Ophthal-
mology (ARVO) Statement for the Use of Animals in Ophthalmic
and Vision Research. By backcrossing with mouse rhodopsin
knockout mice, P23H transgenic mice contain one copy of
the human P23H RHO transgene and one copy of the mouse
endogenous RhoP23H (RHOP23H,Rho + /–). We also crossed
rhodopsin knockout mice with C57BL6/J mice to obtain
control mice with the Rho + /– genotype. All the mice were
kept under specific pathogen-free (SPF) conditions with a
daily cycle of 12 hr of light and 12 hr of dark.

We injected 1 ll of the AAV2/5-RHO301-siRNA301
(RS301) virus at 1 · 1012 vector genomes/ml into the sub-
retinal area of the eyes on postnatal day 15 (P15) (Timmers
et al., 2001). The injection was performed on either P23H
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transgenic mice (RHOP23H,Rho + /–) or control mice (Rho + /–).
Animals were anesthetized with ketamine–xylazine combi-
nation solution in sterile saline. One drop of 1% atropine
sulfate and 2.5% phenylephrine were applied for dilation of
pupils and proparacaine was administered as a local anes-
thetic. Some mice had right eyes injected with AAV2/5-
RS301 and left eyes uninjected. Other mice had right eyes
injected with AAV2/5-RS301 and left eyes injected with
same volume and titer of control virus expressing human-
ized green fluorescent protein (GFP) under the control of the
MOPS promoter delivered by AAV2/5.

Immunodetection of rhodopsin

At 1 month postinjection, P23H transgenic mice were kil-
led, and retinas were extracted from the eyes. We chose this
interval because most of the photoreceptors are still intact at
this stage. Protein samples were prepared by ultrasound
disruption in Laemmli sample buffer containing 2-
mercaptoethanol (Laemmli, 1970). The Pierce Biotechnology
bicinchoninic acid (BCA) protein assay was performed to
estimate the concentration of total protein from each retina
(Thermo Scientific, Rockford, IL). Thirty micrograms of
protein was diluted in a 30-ll total volume to load onto so-
dium dodecyl sulfate (SDS)–polyacrylamide gels (12% ac-
rylamide). After electrophoresis, an iBlot dry blotting system
(Life Technologies, Carlsbad, CA) was used to transfer the
proteins onto polyvinylidene difluoride (PVDF) membranes.
To detect the rhodopsin protein we used a C-terminal mouse
rhodopsin monoclonal antibody, 1D4, which detects both
mouse rhodopsin and human rhodopsin (a generous gift
from R. Molday, University of British Columbia, BC,
Canada), and a rabbit antibody to b-actin as a recovery and
loading control. Anti-mouse secondary antibody was used to
detect 1D4–rhodopsin complexes, and anti-rabbit secondary
antibody was used to detect the b-actin antibody. After
secondary antibody staining, we analyzed the blot with an
ODYSSEY scanner (LI-COR, Lincoln, NE). Rhodopsin con-
tent was normalized to the level of endogenous b-actin
expression.

RNA extraction and detection

Mice were killed at 1 month postinjection to extract RNA
from retinas, using TRIzol reagent (Life Technologies). We
used RNase-free DNase I (Ambion, Austin, TX) to purify
RNA samples. The final concentration of each sample was
determined by absorbance at 260 nm.

A first-strand cDNA synthesis kit (GE Healthcare, Piscat-
away, NJ) was used to produce cDNA from mouse Rho,
P23H human RHO, and AAV-delivered RHO301. Primer
5¢-CCATGGCAGTTCTCCATGCT-3¢ was used for both
human and mouse Rho exon 1 and primer 5¢-TTCTCCCCG
AAGCGGAAGTT-3¢ (RHO exon 2) was used as the reverse
primer. A GenElute PCR clean-up kit (Sigma-Aldrich, St.
Louis, MO) was used to purify PCR products. Preliminary
experiments determined that 22 cycles was in the linear
range of amplification for both cDNAs. Because RHO301 is
specifically susceptible to digestion with the endonuclease
MseI, this enzyme was used to distinguish the RHO301 PCR
product from the endogenous mouse and human PCR
products. Digestion of the RHO301 PCR product resulted in
two bands of 283 and 70 bp, but products of the endogenous

mouse and human products resulted in one band of 353 bp.
PCR products were detected by SYBR green staining and
scanning with a Storm PhosphorImager (GE Healthcare),
and their intensity was analyzed with Quantity One software
(Bio-Rad, Hercules, CA) using area-under-the-curve mea-
surements. b-Actin PCR products were used as endogenous
control to normalize the intensity of RHO products.

Fundus imaging

The Micron III fundus microscope (Phoenix Research La-
boratories, Pleasanton, CA) was used to obtain digital im-
ages of the central retina. Mice were anesthetized with
ketamine and xylazine. The eyes were dilated with 1% at-
ropine sulfate and 2.5% phenylephrine. After the pupils were
dilated, one drop of 2.5% methylcellulose eye drops was
applied to limit refraction. Fundus images were captured at 1
and 9 months postinjection.

Electroretinography

P23H transgenic mice and control mice were analyzed by
simultaneous, full-field electroretinography (ERG) as de-
scribed previously (Mao et al., 2011). Briefly, dark-adapted
mice were anesthetized, and their eyes were dilated under
dim red light conditions. Scotopic ERG responses from both
dilated eyes were recorded with an LKC electrodiagnostic
system (LKC Technologies, Gaithersburg, MD). Both a-wave
and b-wave amplitudes were measured 1, 2, 3, 6, and 9
months postinjection to analyze the retinal function of
RS301-injected eyes in comparison with either uninjected
contralateral eyes or AAV5-MOPS-GFP-injected eyes. Sco-
topic ERGs, which measure primarily rod function, were
elicited with 10-msec flashes of white light at –20, –10, and
0 dB with a 5-sec delay between flashes for low light inten-
sities and a 1-min delay at 0 dB (0 dB = 2.5 cd$sec/m2, –10
dB = 0.25 cd$sec/m2, and –20 dB = 0.025 cd$sec/m2). Five
scans were averaged at each light intensity. Figure 4, show-
ing the results at 0 dB, the highest light intensity, represents a
mixed rod and cone response. Supplementary Fig. S2 (sup-
plementary data are available online at www.liebertonline.
com/) reports the results at –20, –10 and 0 dB, and shows a
rod-specific response from –20 dB. The a-wave amplitudes
were measured from baseline to peak in the cornea-negative
direction, and b-wave amplitudes were measured from the
cornea-negative peak to the major cornea-positive peak. The
results from each group of mice were averaged and the
means were compared statistically, using a Student t test for
paired data, when comparing treated and control eyes from
the same mice. For comparison of the mean amplitudes of
multiple groups, we employed one-way analysis of variance
(ANOVA).

Spectral domain optical coherence
tomography image and measurement

We performed spectral domain optical coherence tomog-
raphy (SD-OCT) imaging at 3, 6, and 9 months postinjection
to analyze changes in retinal structure in living mice. A
Bioptigen SD-OCT instrument (Bioptigen, Research Triangle
Park, NC) was employed for image capture and measure-
ment of the outer nuclear layer (ONL) thickness. (This in-
strument was not yet available to us at the 1-month time
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point.) During the OCT recording, mice were anesthetized,
and the pupil was dilated as described for funduscopy. One
hundred linear B-scans were obtained, and 20 images were
averaged to minimize the background and to achieve higher
resolution. ONL thickness was measured by rectangular scan
pattern to capture the image from the sequences of horizontal
scan lines. We recorded four measurements at the same dis-
tance from the optical nerve head from each eye and used
these data to determine the average final ONL thickness.

Morphology analysis

For histology analysis, mice were killed 9 months postin-
jection, and freshly isolated retinas were immersed in 2%
paraformaldehyde plus 2.5% glutaraldehyde. Retinas were
postfixed in 1% osmium tetroxide at 4�C for 4 hr and then
maintained in 0.1 M cacodylate buffer overnight. Retinas
were dehydrated through a graded series of ethanol baths
and then were embedded in an epoxy resin. Tissue sections
(1 lm) were made along the vertical meridian through the
optic disc and stained with toluidine blue. Estimation of
the length of the outer segments was done by measuring the
contour lengths of 10 individual outer segments at each of 10
evenly spaced locations (5 superior loci and 5 inferior loci)
along the vertical meridian, using a · 40 objective with a
Stereo Investigator (MBF Bioscience, Williston, VT) con-
nected to a Zeiss microscope. The measurements were av-
eraged from 10 readings at each location.

Flow cytometry analysis

To study the RHO301 resistance to siRNA301, we trans-
fected HEK293 cells with RHO301–GFP and RHO–GFP
(C-terminal fusion genes). Cells were cotransfected with
siRNA301 or a control irrelevant siRNA. After 48 hr, relative
fluorescence intensities of GFP expression were examined by
flow cytometry.

Statistical analysis

Statistical analyses were performed by Student t test for
paired groups, and by ANOVA for multiple comparisons. A
p value less than 0.05 was considered statistically significant.
All data are shown as means – SEM for comparison.

Results

Delivery of both siRNA301 and RHO301
in a single AAV virus

We prepared a single AAV construct containing both
siRNA301, which cleaves mouse and human RHO mRNA at
nucleotide 301 (human numerology), and RHO301, a
‘‘hardened’’ cDNA with five silent base changes surrounding
position 301 (Fig. 1A and B). The resistance of RHO301 to
siRNA301 was documented in cell transfection assays (Sup-
plementary Fig. S1). We had previously tested these com-
ponents separately in rat and mouse models of ADRP
(Gorbatyuk et al., 2008; Mao et al., 2011). When delivered as
an shRNA, siRNA301 leads to a 60% reduction in mouse Rho
mRNA and a proportional reduction in ERG a-wave ampli-
tudes. AAV delivery of resistant RHO301 cDNA leads to a
50% increase in total rhodopsin protein and arrests retinal
degeneration in P23H RHO transgenic mice on the mouse
Rho + / + background. Here we delivered the combined cDNA

and shRNA, in a single AAV2 vector pseudotyped with
AAV5 capsid proteins, to P23H transgenic mice on a Rho + /–

background (Fig. 1A). AAV5 leads to widespread transduc-
tion of photoreceptors in the mouse (Fig. 1C), and using the
mouse opsin promoter, transduction is specific for photore-
ceptors (Gorbatyuk et al., 2005). Our ADRP model consisted
of P23H transgenic mice, which contain one insertion of the
P23H human RHO transgene and one copy of the wild-type
mouse Rho gene. (The human gene is designated RHO,
whereas the mouse gene is designated Rho.) One microliter
of the single AAV2/5-RHO301-siRNA301 (RS301) virus was
injected on postnatal day 15 (P15) into right eyes, and the left
eyes were either untreated or were injected with control vi-
rus AAV2/5-MOPS-GFP, which had no influence on retinal
function in the mice (Mao et al., 2011). Expression of siR-
NA301 as a small hairpin RNA was driven by an H1 pro-
moter, and RHO301 was under the control of approximately
500 bp of the mouse opsin proximal promoter (MOPS500).

We called the combination virus expressing the siRNA
and resistant mRNA AAV-RS301. To verify the successful
delivery of siRNA301–RHO301, mRNA and protein levels
of rhodopsin expression were determined by reverse
transcription-PCR and immunoblotting with the C-terminal
rhodopsin-specific antibody 1D4 (Figs. 2 and 3). We deliv-
ered siRNA301 to suppress both the P23H human and en-
dogenous mouse wild-type rhodopsins, and we analyzed the
mRNAs of both RHO transcripts. Both of these RNA species
were decreased, in right, AAV5-RS301-injected eyes, and
mRNA of the ‘‘hardened’’ form of mouse Rho (RHO301) was
present only in right eyes injected with AAV-RS301 and not
in left, uninjected eyes. The same primer set was used to
amplify the endogenous mRNA (mouse and P23H) and the
AAV-delivered RHO301 mRNA, but the silent mutations
introduced an MseI endonuclease site that permitted the
RHO301 to be distinguished, resulting in bands of 283 and
70 bp (Fig. 2A). In the same lane, depletion of the largest
band (353 bp) indicated reduction of the endogenous mRNA
caused by delivery of siRNA301. All the bands were nor-
malized to corresponding b-actin amplification bands (Fig.
2B and C). Even though there was a significant depletion of
endogenous rhodopsin mRNA (74%) (Fig. 2B), with the
contribution of RHO301, the total RHO mRNA level from
right AAV5-RS301-injected eyes was significantly higher
than that of contralateral uninjected eyes from same group of
P23H transgenic mice. More than a 2-fold increase in total
RHO mRNA was obtained by single AAV delivery of
RHO301-siRNA301 (Fig. 2C) ( p < 0.05).

Western blots of rhodopsin proteins were performed at the
same time point and also indicated a 2-fold increase in rho-
dopsin content in eyes treated with AAV-RS301 ( p < 0.05).
Rhodopsin antibody 1D4 was applied to protein extracts from
left uninjected retinas and right AAV-RS301-injected retinas
(Fig. 3A). Endogenous b-actin was used for normalization of
opsin levels. For the rhodopsin dimer, we observed a 50%
increase in AAV-RS301-injected eyes relative to uninjected
eyes, but this increase was not statistically significant (Fig. 3B).

Long-term rescue of retinal function
by a single injection of AAV-RS301

To detect retinal function in P23H transgenic mice or
nontransgenic control mice, scotopic ERG was performed at
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1, 2, 3, 6, and 9 months postinjection at intensities of 0, –10
and –20 dB. The high-intensity responses (0 dB) reported in
Fig. 4 reflect the mixed rod and cone response. Mice were
injected with AAV5-RS301 via their right eyes and with
AAV-MOPS500-GFP via their left eyes (Fig. 4). No difference

in ERG response was found in comparing GFP-injected eyes
with uninjected eyes over a 9-month time course (data not
shown). The ERG a-wave is a negative deflection that di-
rectly measures the response of photoreceptor cells to flashes
of light. By 1 month postinjection (45 days after birth), the

FIG. 1. A single AAV vector expresses both RHO301 and siRNA301. (A) Map of AAV5-RHO301-siRNA301 (AAV-RS301).
The expression of RHO301 was controlled by the proximal promoter region of the mouse opsin gene (MOPS500), and the
small hairpin RNA containing the siRNA was controlled by the human H1 promoter. The entire coding region was contained
between AAV2 terminal repeats (TR) and packaged in AAV5 capsids. (B) Various target sequences of human rhodopsin,
mouse rhodopsin, and a resistant version of mouse rhodopsin (RHO301). (C) Subretinal injection of AAV2/5-MOPS-GFP
leads to widespread transduction of the retina. One month after injection of our control virus, AAV-MOPS-GFP expression of
GFP could be detected in a large area of the retina in a living mouse, using a Micron III fundus microscope equipped with a
fluorescein filter. Color images available online at www.liebertonline.com/hum

FIG. 2. Subretinal injection of AAV-RS301 leads to an increase in total rhodopsin RNA. (A) Reverse transcription (RT)-PCR
products of mouse and human rhodopsin mRNAs were prepared with a common set of primers in the same reaction (Mao
et al., 2011). Subsequent incubation with restriction enzyme MseI digested RHO301 into bands of 283 and 70 bp, and
undigested human P23H RHO and mouse Rho had the same 353-bp band. RT-PCR products from uninjected eyes contained
only the uncut 353-bp product after MseI treatment. Amplification products of b-actin mRNA from the same retinas (without
MseI digestion) were used for normalization. (B) Endogenous rhodopsin mRNA levels (human P23H RHO and mouse Rho)
were reduced in RS301-treated eyes (open column) ( p < 0.05; n = 3). (C) Total rhodopsin mRNA (human P23H RHO, mouse
Rho, and RHO301) increased in RS301-injected eyes (open column) ( p < 0.05; n = 3). In (B) and (C) the ratio of rhodopsin to
actin PCR products in untreated eyes was set to 100%.
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a-wave amplitude in AAV-RS301-injected eyes (308 lV) was
twice that of AVV-GFP-infected eyes (155 lV). Although the
amplitudes declined between 1 and 2 months postinjection,
RS301-treated photoreceptors remained twice as responsive
as those in control injected eyes (195 to 95 lV). By 3 months,
the response in the RNA replacement eyes remained con-
stant, whereas the ERG a-wave in the AAV-GFP-treated eyes
continued to decline, so that the difference between eyes was
nearly 4-fold. By 6 and 9 months, the a-wave response was
more than 6-fold greater in treated eyes than in control eyes
( p < 0.005 at 1, 3, 6, and 9 months postinjection, and p < 0.05
at the 2-month time point). The latency (implicit time) of the
a-wave response increased with age in the P23H transgenic
mice after control treatment (Supplementary Fig. S2) (Mao
et al., 2011). However, after treatment with AAV-RS301, the
implicit time of the a-wave remained relatively constant, and
the difference from control treated eyes was significant at
each interval ( p < 0.005). Sample waveforms from control
treated and RS301-treated eyes are shown in Supplementary
Fig. S2B.

The positively inflected b-wave measures the response of
second-order neurons to a light flash. The b-wave ampli-
tudes in RS301-treated eyes (760 lV) were twice those in the
GFP-treated eyes at 1 month postinjection (Fig. 4B). By 2
months, the b-wave amplitudes in RS301-treated eyes had
declined to 550 lV, where they remained for the duration of
the 9-month study. However, the amplitude in AAV-GFP-
injected eyes had declined to 200 lV by 2 months and con-

tinued to decline, so that by 9 months there was a 5-fold
difference in b-wave amplitude between treated and control
eyes ( p < 0.005 at 1, 2, 6, and 9 months postinjection, and
p < 0.05 at the 3-month postinjection time point).

The rod-specific response, recorded at –20 dB intensity,
indicated preservation of rod-specific function at 9 months
postinjection with the a-wave amplitude more than twice
that of control treated eyes (Supplementary Fig. S3). At this
stimulation intensity, RS301-injected eyes maintained am-
plitudes of 300 lV from 1 month until 9 months postinjection,
and this level was significantly higher than that of control
injected eyes at the same ages ( p < 0.05 at 1 month, p < 0.005
at 9 months) (Supplementary Fig. S3B and D).

In a parallel comparison, the ERG response was compared
among RS301-treated eyes and uninjected contralateral eyes
of both P23H transgenic and heterozygous Rho knockout
(Rho + /–) mice (Fig. 4C and D). This is the genetic background
of the P23H transgenic mice in this study. At 1 month, we
observed a 40% reduction ( p < 0.05) in the a-wave response
in the injected eyes of nontransgenic mice (Rho + /–). We at-
tribute this reduction to residual effects of retinal detachment
caused by injection. However, this decrease was temporary,
and by 9 months the difference in amplitude between un-
injected and injected eyes of nontransgenic mice was only
20% and was not statistically significant. There was no sig-
nificant difference in the b-wave amplitudes between the
injected and uninjected eyes of nontransgenic mice at either
time point. For the P23H transgenic mice, the a-wave and
b-wave amplitudes of the uninjected eyes were significantly
lower than the amplitudes of RS301-treated eyes at 1 month
(40% for a-wave and 50% for b-wave; p < 0.05) and especially
at 9 months, when the a- and b-wave amplitudes were five
times lower than for eyes treated with AAV-RS301 ( p < 0.05).
The ERG amplitudes of the treated P23H eyes were not
different from those of uninjected Rho + /– mice at either
time point.

Retinal structure is preserved
in RHO301–siRNA301-treated P23H mice

Integrity of the retina was measured by spectral domain
optical coherence tomography (SD-OCT), a noninvasive
method that allows imaging of the retinal microstructure
(Huber et al., 2009). Representative images from 3, 6, and 9
months postinjection illustrate the thinning of the outer nu-
clear layer (ONL) in AAV-GFP-treated left eyes compared
with AAV-RS301-treated right eyes (Fig. 5A). The ONL,
which contains the nuclei and cell bodies of photoreceptor
cells, was measured between bright lines representing the
inner plexiform layer and the outer limiting membrane in
these images. ONLs from control treated retinas were sig-
nificantly thinner by the 3-month time point and remained,
on average, half as thick as the retinas treated with RS301
( p < 0.005) (Fig. 5A and B). The SD-OCT image at 9 months of
retinal degeneration also revealed inhomogeneity in the
inner/outer segment layer, and potential subretinal detach-
ment in the left eyes. The ONL thickness of the RS301-treated
eyes was similar to that of wild-type mice at the same ages
(Supplementary Fig. S4).

Digital fundus imaging was done to observe pathological
changes at the surface of retinas of P23H mice (Fig. 5C). At
1 month postinjection of GFP control virus, no significant

FIG. 3. Increased rhodopsin protein in P23H transgenic
eyes injected with AAV-RS301. Four P23H transgenic mice
injected with AAV-RS301 in right (R) eyes and uninjected in
their left (L) eyes were analyzed by immunoblot. (A) Image
of anti-rhodopsin staining using C-terminal specific antibody
1D4. Protein levels were normalized to b-actin protein from
the same eye. (B) Quantification of image (A), demonstrating
increased RHO protein content in injected right eyes (open
columns) compared with uninjected left eyes (solid columns)
(n = 4; *p < 0.05).
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morphological changes were found in the eyes, except for a
pigmented patch near the optic disc seen in some retinas. In
contrast, P23H eyes with AAV-RS301 treatment had a nor-
mal retinal appearance at 1 month, and this normal fundus
was maintained for 9 months. However, at 9 months post-
injection, the control injected eyes had severe damage visible
in the fundus image. Evidence of pathological processes in-
cluded a hypopigmented patch, loss of pigment in a region
next to optic disc but a hyperpigmented region beneath it,
and many pale spots distributed across the retina (Fig. 5C).

The preservation of retinal structure observed in SD-OCT
and fundus images was in accordance with the rescue of the
ERG response observed in RS301-treated eyes.

Because it was difficult to measure the dimensions of the
rod outer segments by OCT, after the 9-month time point,
mice were humanely killed and their retinas were prepared
for microscopic examination in plastic sections (Fig. 6A).
Images of retinal sections were consistent with the results of
SD-OCT for both injections. Significantly shorter outer seg-
ments (OSs) were detected in AAV-GFP control retina

FIG. 4. RHO301–siRNA301 gene transfer rescued retinal function in P23H transgenic mice. (A) a-wave amplitudes were
measured 1, 2, 3, 6, and 9 months postinjection. The data presented here are from high-intensity flashes (0 dB) and represent
both rod and cone responses. AAV-RS301-injected eyes exhibited a significantly increased a-wave response at all time points
compared with control injected eyes (AAV-GFP) (n = 9, **p < 0.005 at 1, 3, 6, and 9 months; p < 0.05 at 2 months). (B) b-wave
amplitudes are presented from 1, 2, 3, 6, and 9 months postinjection. Right AAV-RS301-injected eyes showed a significantly
increased b-wave response compared with left AAV5-GFP-treated eyes (n = 9 at 1, 2, 6, 9 months; **p < 0.005 at 3 months,
*p < 0.05). To determine the extent of rescue of ERG amplitudes in P23H eyes relative to untreated wild-type eyes, we
compared a-wave and b-wave amplitudes in P23H transgenic mice with those of nontransgenic mice at 1 month postinjection
(C) and 9 months postinjection (D). Left eyes of both strains were untreated and right eyes were injected with AAV-RS301.
ERG amplitudes of the untreated nontransgenic eyes were set at 100% for both time points. At 1 month, both the uninjected
transgenic and injected nontransgenic eyes showed a statistically significant (*p < 0.05) decrease in a-wave amplitude.
However, by 9 months only the untreated P23H transgenic eyes showed a significantly diminished response in both a- and b-
wave amplitudes, < 20% that of the untreated, nontransgenic eyes (n = 7; **p < 0.005). P23H eyes injected with AAV-RS301
maintained 80% of the a-wave amplitude of untreated nontransgenic eyes ( p > 0.05). For the b wave, P23H eyes injected with
AAV-RS301 maintained almost 95% of the amplitude of the uninjected, nontransgenic eyes.
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compared with AAV-RS301-treated retina (Fig. 6A–C). The
differences in length of outer segments were more pro-
nounced in the inferior hemisphere of the retina. Combining
the results from the whole retina, outer segments were sig-
nificantly longer in RS301-treated eyes than in GFP control
eyes ( p < 0.005) (Fig. 6C). This result confirmed the preser-
vation of retinal structure with RS301 treatment as detected
in vivo by SD-OCT (Figs. 5 and 6).

Discussion

With a single dose of AAV2/5-RHO301-siRNA301 (AAV-
RS301) in a single virus, we observed long-term preservation
of normal retinal function and normal retinal dimensions
and morphology, including preservation of photoreceptor
cells. AAV delivery of the wild-type RHO cDNA, RHO301,

arrested retinal degeneration in P23H transgenic mice on a
mouse Rho + / + background (Mao et al., 2011), but in this
study we employed P23H transgenic mice with one copy of
the P23H transgene and one copy of the mouse rhodopsin
gene, and these mice exhibited a faster rate of degeneration;
supplementing with the wild-type gene reduced at 1 month,
but did not arrest, degeneration of photoreceptors in this
model at later time points (Supplementary Fig. S5). Conse-
quently, in the present study we used this combination
vector to test the hypothesis that a suppression and re-
placement strategy is sufficient to fully rescue photoreceptors
in the P23H transgenic ADRP model.

Total rhodopsin RNA and protein contents of treated eyes
were significantly elevated after injection of RS301 (Figs. 2
and 3). By ERG, from 1 to 9 months postinjection, we ob-
served a dramatic increase in both a- and b-wave amplitudes

FIG. 5. Injection of AAV-RS301 preserved retinal structure and morphology in P23H transgenic mice. (A) Spectral domain
optical coherence tomography (SD-OCT) images were captured in live mice at the 3-, 6-, and 9-month postinjection time
points. Scale bars: 30 lm. (B) The thickness of the outer nuclear layer (ONL) was measured from SD-OCT images at four
standard locations relative to the optic nerve head at 3, 6, and 9 months postinjection. The thickness of the ONL from right
AAV-RS301-injected eyes was significantly greater than that from left AAV-GFP-injected eyes at corresponding time points
(n = 9; **p < 0.005 at 3, 6, and 9 months). (C) Fundus images were captured at 1 and 9 months postinjection. Top left: A P23H
transgenic mouse 1 month postinjection of AAV-GFP. Pigmentary changes were observed in the area near the optic nerve
head (at 7 o’clock in this image). Top right: Normal appearance of the fundus in the AAV-RS301 contralateral eye. Bottom left:
Significant bleaching and pigmentary irregularities in the retina of a control P23H eye treated with the control virus. Many
white spots were present in the retina, with one hyperpigmented region near the optic nerve head. The optic nerve head was
also pale in the control treated eyes. Bottom right: An image of an AAV-RS301-treated right eye. The fundus picture appears
similar to the 1-month postinjection picture. IPL, inner plexiform layer; IS/OS, inner segment/outer segment interface.
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in RS301-treated eyes relative to control treated eyes that
reached 6-fold for the a-wave amplitudes and 5-fold for b-
wave amplitudes (Fig. 4). This level of ERG response was
approximately 80% of a-wave and 95% of b-wave ampli-
tudes of nontransgenic mice (Fig. 4C and D). Moreover, the
expression of RHO301-siRNA301 in nontransgenic mice did
not cause permanent damage to the retina, as demonstrated
by the finding that 80% of a- and b-wave amplitudes were
maintained at the 9-month postinjection stage (Fig. 4C and
D). Even though we estimated a 2-fold increase in total
rhodopsin RNA and protein content in treated eyes (Figs. 2
and 3), the ERG levels that we measured were equivalent to
those of Rho + /– mice (Fig. 4C and D). This apparent dis-
crepancy may reflect the negative impact of residual P23H

rhodopsin in photoreceptors (Wilson and Wensel, 2003) or
simply the fact that not all of the RNA and protein we
measured by molecular techniques corresponded to func-
tional rhodopsin. Preservation of ERG amplitudes is ex-
plained by the improved survival of photoreceptor cells in
RS301-treated eyes: at 9 months postinjection, ONL and OS
thicknesses were significantly increased in treated versus
control treated eyes, based on SD-OCT and morphometric
analyses (Figs. 5 and 6), and the appearance of the retinal
surface supported the findings of normality of the RS301-
treated retinas compared with the thinning of the retina in
GFP-treated control eyes at the same late stage (Fig. 5C).

We developed this RNA replacement approach to be allele
independent, given that more than 100 mutations of RHO are

FIG. 6. Histological preservation of retinas after 9 months of treatment with AAV-RS301. (A) Semithin sections were
imaged 9 months postinjection. Left: Image of a retina from a P23H transgenic eye treated with AAV-GFP. In accordance with
the in vivo image from SD-OCT, the image reveals a thin ONL (five or six rows of nuclei, with numerous gaps). This image
also reveals shortened rod outer segments (OS). Scale bar: 30 lm. Right: In eyes treated with AAV-RS301, retinal structure was
well preserved with a thicker whole retina, ONL, and OS. (B) The contour lengths of outer segments analyzed at 10 positions
across the retina revealed longer outer segments at each position analyzed (S, superior hemisphere; I, inferior hemisphere). In
five superior locations near the optic nerve head and five inferior locations, the differences between control treated and
RS301-treated eyes were significantly different (n = 4; *p < 0.05, **p < 0.005). (C) OS length was analyzed in whole superior
area, whole inferior area, and whole retina including both superior and inferior areas to determine the overall length of OSs
(n = 4; **p < 0.005). ONH, optic nerve head.
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associated with ADRP. In this paper, we have established the
success of that approach for only one of these mutations. A
similar suppression and replacement strategy for the treat-
ment of ADRP was also reported by another group, using the
P347S RHO transgenic mouse (Chadderton et al., 2009;
Millington-Ward et al., 2011). They demonstrated short-term
rescue of retinal structure (three or four rows of nuclei in the
ONL, approximately 40% of the wild type) and modest
rescue of the ERG response (b-wave amplitudes of 60 lV at
20 weeks, compared with 500 lV at 38 weeks in this study),
using separate AAV vectors for delivery of the siRNA and
the replacement cDNA. The two-virus approach permits
balancing of the shRNA and the replacement gene by vary-
ing the ratio of vectors. Although photoreceptors can be
coinfected with two viruses, our approach ensures that a
photoreceptor receiving the siRNA also receives the re-
placement gene. Another major difference between their
study and ours, however, is the animal model. As noted
previously, different rhodopsin mutations kill photorecep-
tors by different pathways. Because it is not properly tar-
geted to the outer segment, P347S rhodopsin probably kills
rods by a toxic gain-of-function mechanism (Wilson and
Wensel, 2003; Mendes et al., 2005). We and Frederick and
colleagues (Frederick et al., 2001; Mao et al., 2011) have pre-
sented results suggesting that P23H rhodopsin can be over-
come by increased expression of normal rhodopsin,
indicating that the P23H protein is not in itself toxic. It is not
unreasonable to assume that the level of RNA replacement
needed for suppression of a gain-of-function mutation is
higher than that required for a dominant-negative mutation.
O’Reilly and colleagues (2007) attempted gene therapy of
P23H transgenic mice with AAV expressing both an siRNA
and a replacement rhodopsin. They used a rapidly degen-
erating transgenic mouse line and could demonstrate short-
term (10-day) effects only by grouping the highest and
lowest 15% of ONL measurements for analysis. We have
spent years developing and backcrossing mouse lines with a
human P23H transgene that degenerate at a moderate rate
(see black columns in Fig. 4), and this has allowed unbiased
(panretinal) assessment of the impact of gene therapy by
RNA replacement.

AAV is a good choice for stable delivery of siRNA and
replacement gene together in a single virus. Li and colleagues
have demonstrated the effectiveness of this single-vector RNA
replacement approach, using AAV8 in an animal model of
liver disease associated with the human PiZ allele of a1-
antitrypsin (Li et al., 2011). Because of the efficiency of gene
transfer to photoreceptors with AAV2/5, this vector system
enabled us to transfer both siRNA and replacement rhodopsin
in a single virus, using the opsin promoter to restrict RHO301
expression to rod photoreceptors. Since this gene maintained
rhodopsin levels and prevented retinal degeneration in the
presence of siRNA301, we conclude that off-target effects of
this siRNA, if they occur, do not jeopardize the health of the
retina. Nevertheless, it might be safer to embed the siRNA in a
microRNA and express it in the same transcript as RHO301,
thus restricting expression to photoreceptors. Georgiadis and
coworkers have used an AAV-delivered microRNA to knock
down Prph2 mRNA in the mouse retina (Georgiadis et al.,
2011). In our current construct, expression of the siRNA is
driven by the H1 RNA polymerase III promoter. To achieve
more balanced expression of the two components, it might be

better to express the siRNA as a microRNA encoded in the 3¢
UTR of the RHO cDNA. This approach has led to long-term
protection in a mouse model of autosomal dominant liver
disease caused by the PiZ allele of a1-antitrypsin (Mueller
et al., 2012).

Although this two-in-one gene therapy approach should
work for other class 2 RHO mutations, efficacy must be
documented in other animal models of ADRP. Preservation
of central vision in the human eye will almost certainly re-
quire rescue of perimacular rod photoreceptors, and this
would require testing in larger animals with cone-rich central
retinas. We are taking steps in these directions.
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