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Mutational heterogeneity represents one of the great-
est barriers impeding the progress toward the clinic of 
gene therapies for many dominantly inherited disorders. 
A general strategy of gene suppression in conjunction 
with replacement has been proposed to overcome this 
mutational heterogeneity. In the current study, various 
aspects of this strategy are explored for a dominant form 
of the retinal degeneration, retinitis pigmentosa (RP), 
caused by mutations in the rhodopsin gene (RHO-adRP). 
While >200 mutations have been identified in rhodopsin 
(RHO), in principle, suppression and replacement may 
be employed to provide a single mutation-independent 
therapeutic for this form of the disorder. In the study we 
demonstrate in a transgenic mouse simulating human 
RHO-adRP that RNA interference–based suppression, 
together with gene replacement utilizing the endoge-
nous mouse gene as the replacement, provides signifi-
cant benefit as evaluated by electroretinography (ERG). 
Moreover, this is mirrored histologically by preservation 
of photoreceptors. AAV-based vectors were utilized for 
in vivo delivery of the therapy to the target cell type, 
the photoreceptors. The results demonstrate that RNAi-
based mutation-independent suppression and replace-
ment can provide benefit for RHO-adRP and promote 
the therapeutic approach as potentially beneficial for 
other autosomal dominantly inherited disorders.
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IntroductIon
During 2007, three phase I human clinical trials commenced for a 
debilitating recessive retinal disorder, Leber’s congenital amauro-
sis. These initial findings1–3 have been fundamental in establishing 
the safety of subretinal AAV delivery to humans, representing a 
milestone in ocular gene therapy.

By contrast, therapeutic developments for autosomal domi-
nant retinal disorders have not proceeded at the same pace, largely 
due to their inherent complexity. Therapeutic approaches under 

consideration include strategies to modulate secondary effects 
associated with disease such as factors influencing cell longevity or 
function.4–8 However, many dominantly inherited disorders may 
require correction of the underlying genetic defect. Furthermore, 
these dominant disorders typically demonstrate significant muta-
tional heterogeneity rendering the development of most muta-
tion-specific gene therapies neither economically nor technically 
feasible. Therefore, the methodologies that circumvent mutational 
heterogeneity, while still correcting the primary genetic defect, 
would be extremely valuable. A strategy of gene suppression in 
conjunction with gene replacement, in essence a two-component 
therapy that is mutation independent, has been proposed.9–13 The 
strategy involves suppression of both mutant and wild-type alleles 
of a target gene and simultaneous provision of a replacement gene 
that encodes wild-type protein but is refractory to suppression, 
due to sequence changes at degenerate sites.13,14

Retinitis pigmentosa [RP (MIM 180380)], a retinopathy affect-
ing 1 in 3,000 people, involves rod photoreceptor cell death causing 
loss of night and peripheral vision. Subsequently, cones degener-
ate, giving rise to loss of central vision.15 Rhodopsin (RHO)-based 
autosomal domiant RP [RHO-adRP (GenBank accession no. 
NM_000539.2)], a common form of RP, has been the focus of 
much attention since the initial identification of the disease-caus-
ing gene almost two decades ago.16–18 RHO-adRP is mutationally 
heterogeneous (Retinal Information Network database), a situa-
tion mirrored in many dominantly inherited conditions (OMIM 
database) such as collagen-linked Osteogenesis Imperfecta (MIM 
166210) and Epidermolysis Bullosa (MIM 131750). Because many 
RHO mutations have been shown to be dominant negative19 and 
studies with transgenic mice have demonstrated that lower levels 
of mutant RHO is associated with less severe disease,20 RHO-adRP 
represents a model disorder for suppression and replacement gene 
therapy.

Previous studies for RHO-adRP have been focused on muta-
tion-specific21–23 or mutation-independent suppression of RHO 
using ribozymes24,25 or RNAi.12,26 In addition, aspects of RNAi-
mediated suppression in conjunction with codon-modified gene 
replacement therapy have been explored.13,27 However, while his-
tological benefit was observed, due in part to the rapid nature of 
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the retinopathy in the mouse model used,20 no functional benefit 
was demonstrated by electroretinography (ERG).

In the current study, we set out to determine what effects 
suppression and replacement would have on retinal function, 
as assessed by ERG. Recombinant AAV2/5 viruses (AAV) with 
RNAi-based suppressors have been generated, the choice of AAV 
serotype being determined by the predeliction of the virus for 
photoreceptors.28–30 Following subretinal administration of AAV 
vectors, potent suppression of RHO was achieved in a transgenic 
mouse carrying a wild-type human RHO transgene (the NHR 
mouse20), resulting in compromised histology and ERG. In addi-
tion, suppression and replacement was addressed in a transgenic 
mouse simulating human RHO-adRP, the Pro347Ser mouse.31 
Critically AAV-delivered RNAi-based suppression in the presence 
of expression of an endogenous mouse RHO gene (Rho) refrac-
tory to suppression (due to sequence divergence between mouse 
and human) improves retinal histology and function in Pro347Ser 
mice, the latter being evaluated by ERG. The current study pro-
vides a clear demonstration that RNAi-based suppression in 

conjunction with codon-modified gene replacement can provide 
ERG benefit in an animal model of a dominant retinal disease and 
further validates this strategy as a means to overcome the signifi-
cant mutational hetergeneity present in many dominantly inher-
ited conditions.

results
Evaluation of RNAi-mediated suppression of RHO has previously 
been undertaken in cell culture, thereby resulting in the charac-
terization of efficient suppression molecules.13,27 A potent RNAi 
suppressor termed Q1, shown to suppress RHO in HeLa cells and 
retinal explants by >80%, has been generated as a short hairpin 
RNA (shQ1) in an AAV vector (AAVshQ1; Figure 1). In addition, 
a control AAV vector with a nontargeting RNAi molecule was pro-
duced (AAVshNT). Both AAV viruses also incorporate an EGFP 
reporter gene as a marker for AAV transduction and to enable 
isolation of transduced cell populations by fluorescent-activated 
cell sorting (FACS). AAVshQ1 was subretinally injected into adult 
wild-type mice and retinal RNA extracted after 10 days. RNase 
protection assays demonstrated expression of the 21-nucleotide 
shQ1 in vivo (Figure 2a).

To establish whether AAVshQ1 suppresses human RHO 
in vivo, the NHR mouse expressing a normal RHO transgene on 
a mouse Rho knockout background was used (RHO+/−Rho−/−; 
refs 20,32). These NHR mice have retinal histology and ERG akin 
to wild-type mice.27 AAVshQ1 and AAVshNT were subretinally 
injected into fellow eyes of adult NHR mice (n = 4). Four weeks after 
administration of virus, retinal cells were dissociated and EGFP-
expressing cells were sorted by FACS to isolate AAV-transduced 
cells (Figure 2b), RNA were extracted, and RHO mRNA expres-
sion levels were determined by quantitative  real-time reverse 
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Figure 1 schematic representation of the AAVshQ1 suppression 
construct. shQ1 RNA was expressed from the H1 promoter (H1shQ1). 
The H1shQ1 cassette was flanked up- and down-stream by spacer DNA 
fragments. EGFP was coexpressed from the CMV immediate-early pro-
moter (CMVP). The SV40 polyadenylation signal (PolyA) was located at 
the 3′ end of the EGFP gene. Restriction enzyme sites used for cloning 
are given. Numbers indicate molecular sizes in base pairs, and arrows 
indicate the direction of transcription. L-ITR and R-ITR: left and right 
inverted repeats of AAV.
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Figure 2 suppression of human and mouse rhodopsin in vivo. Fellow eyes of NHR (RHO+/−Rho−/−) and wild-type (Rho+/+) mice were subreti-
nally injected with 2 µl of 2 × 1012 vp/ml AAVshQ1, which enables coexpression of shQ1 and EGFP in transduced retinal cells. (a) Expression of the 
21-nucleotide (nt) shQ1 was confirmed by RNase protection assay in adult mice 10 days postinjection (n = 2). Protected RNA was separated on 15% 
denaturing polyacrylamide gels and detected using an shQ1 RNA probe, labeled with P32-γATP (lane Q1). In lane M, size markers indicate 10, 20, and 
30 nt. Four weeks after AAVshNT (NT) and AAVshQ1 (Q1) administration at postnatal day 10, retinas were dissociated with trypsin and retinal cells 
sorted and analyzed by FACS (n = 4). (b) Representative plots of forward versus side scatter and histograms of EGFP fluorescence of the gated popula-
tion (red dots on scatter plots) of NHR retinas are given for both AAVshNT (NT) and AAVshQ1 (Q1). (c) The bar chart indicates RHO mRNA expression 
from NHR mice in AAV-transduced (EGFP-positive) cells expressing shNT (NT) and shQ1 (Q1), isolated by FACS and quantified by qRT-PCR. (d) The 
bar chart indicates Rho mRNA expression from Rho+/+ mice in AAV-transduced (EGFP-positive) cells expressing shNT (NT) and shQ1 (Q1), isolated 
by FACS and quantified by qRT-PCR. Error bars represent SD values. *EGFP-positive fraction of cells; ***P < 0.001.
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transcription PCR (qRT-PCR). Notably, RHO mRNA levels in the 
transduced populations were suppressed in vivo by 95% (expres-
sion level of 4.7 ± 0.3%, P < 0.001, Figure 2c). Human RHO 
expression in NHR mice revealed that RHO is expressed at ~70% 
the level of expression of the endogenous mouse Rho gene in wild-
type mice.13

Whereas shQ1 targets the human RHO sequence, it contains 
four nucleotide mismatches to the mouse Rho sequence. To deter-
mine the specificity of shQ1 to human RHO versus mouse Rho, 
AAVshQ1 and AAVshNT were subretinally injected into fellow 
eyes of adult wild-type mice (Rho+/+; n = 4). Ten days postinjec-
tion retinal cells were dissociated, EGFP-expressing cells were iso-
lated by FACS, RNA were extracted, and Rho mRNA expression 
levels were determined by qRT-PCR. No significant suppression 
of mouse Rho was observed in wild-type mice (Rho+/+) injected 
with shQ1 (Figure 2d). In contrast, as indicated above, shQ1 sup-
presses human RHO by 95% in NHR mice that express a human 
RHO transgene (RHO+/−Rho−/−; Figure 2c).

To further assess the in vivo effects of RNAi-mediated sup-
pression of human RHO in NHR mice, eyes were subretinally 
injected with AAVshQ1 and AAVshNT at postnatal day 10 (P10) 
and analyzed 4 weeks later. A viral spread of 30–40% was observed 
after a single subretinal injection (data not shown). Histological 
analysis (n = 3) revealed a marked loss of photoreceptor cell seg-
ments and a substantial reduction of RHO immunolabeling in 
AAVshQ1-injected eyes (Figure 3b,h) compared to AAVshNT-
injected (Figure 3a,g) and uninjected eyes (Figure 3c,i). Loss of 
photoreceptor cell segments in shQ1- versus shNT-expressing 
cells was also demonstrated by the EGFP expression pattern 
(Figure 3d,g, and Figure 3e,h). While EGFP-labeled photore-
ceptor segments were prevalent in AAVshNT-transduced retinas 
(Figure 3d,g), very few EGFP-positive photoreceptor segments 
were visible in AAVshQ1-transduced retinas (Figure 3e,h). Note 
that EGFP was not detected in uninjected retinas. To assess func-
tional effects of RHO suppression, ERG was undertaken (n = 6). 
ERG of AAVshQ1- versus AAVshNT-injected eyes demonstrated 
that suppression of RHO resulted in significant reductions in 
rod-isolated (54.4 ± 27.3 and 100 ± 37.1%, respectively; P < 0.05), 
mixed rod and cone (52.7 ± 30.8 and 100 ± 42.1%, respectively; 
P < 0.05), and cone-isolated (48.9 ± 35.0 and 100 ± 44.8%, respec-
tively; P < 0.05) responses (Figure 3j). This demonstrates clear 
functional effects of AAV-mediated RNAi-based suppression of 
RHO in vivo.

While functional effects of AAVshQ1 suppression were 
observed in NHR mice, it was a key objective of the study to 
explore whether suppression and replacement, the latter using 
the endogenous mouse gene resistant to suppression, translates 
to improved visual function in the context of an animal model 
that simulates the human condition, RHO-adRP. A transgenic 
mouse carrying a Pro347Ser mutant human RHO transgene31 
was bred onto a Rho+/+ background (RHO347+/−Rho+/+) for 
this purpose. Mice were subretinally injected with AAVshQ1 and 
AAVshNT at postnatal day 10 and a viral spread of 10–20% was 
observed in these retinas (Figure 4). At 5 and 10 weeks postadmin-
istation, the outer nuclear layer (ONL) thickness in eyes treated 
with AAVshQ1 (Figure 5b,e) and AAVshNT (Figure 5a,d) was 
compared (n = 3–5). ONL measurements were taken in regions 

of retinas transduced by AAV, as defined by EGFP fluorescence, 
and significant differences were observed (Figure 5g). At 5 weeks 
postinjection, ONL thickness was 1.7-fold greater (P < 0.001) in 
eyes injected with AAVshQ1 (176.1 ± 55.5%) versus AAVshNT 
(100 ± 13.5%). Eyes injected with AAVshNT and uninjected eyes 
did not differ significantly (Figure 5g). At 10 weeks postinjection, 
ONL thickness was 2.1-fold greater (P < 0.001) in eyes injected with 
AAVshQ1 (91.3 ± 17.8%) versus AAVshNT (43.4 ± 11.7%). Note 
that all ONL thicknesses were compared to that of AAVshNT at 
5 weeks. Again, eyes injected with AAVshNT and uninjected eyes 
were similar (Figure 5g). Employing antibodies either specific to 
human RHO or to both RHO and Rho indicated that subretinal 
administration of AAVshQ1 in Pro347Ser mice resulted specifi-
cally in suppression of mutant RHO while expression of Rho was 
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Figure 3 retinal histology and erG of nHr mice following sup-
pression of rHo. Fellow eyes from NHR (RHO+/−Rho−/−) mice were 
injected with 2 µl 2 × 1012 of vp/ml AAVshQ1 and AAVshNT at postna-
tal day 10 and analyzed 4 weeks postinjection. For histology, eyes (n = 
3) were fixed in 4% paraformaldehyde and cryosectioned (12 µm). Cy3 
label RHO immunocytochemistry was carried out and nuclei counter-
stained with DAPI. Representative microscopic images are provided from 
eyes injected with AAVshNT (a, d, and g), AAVshQ1 (b, e, and h), and 
from uninjected eyes (c, f, and i). Red, green, and blue fluorescence cor-
responds to signals of RHO, EGFP, and cell nuclei, respectively. For ERG 
analysis (n = 6), mice were dark adapted over night and ERG responses 
recorded from both eyes. (j) Means of relative amplitudes of ERGs are 
given for rod-isolated (rod), mixed rod and cone (mixed), and cone-
isolated (cone) responses corresponding to AAVshNT (NT) and AAVshQ1 
(Q1) injections. OS, photoreceptor outer segments; IS, photoreceptor 
inner segments; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, 
ganglion cell layer; Bar = 25 µm. Error bars correspond to SD values; 
*P < 0.05.
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maintained (Figure 6). Notably, an associated preservation of reti-
nal structure in eyes treated with AAVshQ1 versus AAVshNT was 
observed (Figures 5b,e and 6e–h). These data demonstrate at the 
histological level that AAVshQ1 can suppress human RHO and 
beneficially modulate the retinopathy in Pro347Ser mice. In this 
regard, the level of human RHO expression in Pro347Ser mice is 
similar to the level of endogenous mouse Rho in wild-type mice 
(data not shown).

To determine whether AAVshQ1 leads to functional benefit in 
Pro347Ser mice, ERG was performed (n = 15) at 10 weeks postin-
jection on mice that had received AAVshQ1 and AAVshNT in 
fellow eyes at postnatal day 10 (Figure 7a–f). Significant improve-
ments in rod-isolated, mixed rod and cone, and cone-isolated 
responses were observed in treated eyes. An overlay of ERGs from 
these mice is presented (Figure 7a). The average ERG values deter-
mined for eyes injected with AAVshQ1 versus AAVshNT were 
approximately twofold greater: rod-isolated responses(132.48 ± 
80.56 µV and 75.67 ± 50.75 µV, respectively; P < 0.01), mixed rod 
and cone responses (277.47 ± 185.81 µV and 152.28 ± 106.51 µV, 

respectively; P < 0.01), and cone-isolated responses (79.67 ± 
53.29 µV and 45.35 ± 27.27 µV, respectively, P < 0.01). While a sig-
nificant improvement was observed in Pro347Ser mice, the ERGs 
were still substantially reduced from that in wild-type mouse eyes. 
The results indicate that suppression and replacement can improve 
function as evaluated by ERG in RHO-adRP mice.

In summary, a single subretinal injection of an AAV-delivered 
RNAi suppressor, AAVshQ1, has been shown to potently suppress 
human RHO mRNA and protein in NHR mice resulting in retinal 
degeneration and a significant reduction in ERG responses. More 
important, AAVshQ1-mediated RHO suppression in conjunc-
tion with expression of an endogenous replacement RHO gene in 
Pro347Ser mice slowed the retinal degeneration as demonstrated 
by significantly improved histology and ERG. These data provide 
evidence of RNAi-mediated therapeutic benefit in a transgenic 
mouse model that simulates human RHO-adRP and further vali-
dates the general approach of suppression and replacement for 
dominant conditions.

dIscussIon
The majority of autosomal dominantly inherited diseases are 
mutationally heterogeneous (OMIM database). Development of 
gene-based therapies for these conditions, including RHO-adRP, 
represents a substantial challenge both technically and economi-
cally. Effective therapies targeted to correcting these disorders 
will typically require suppression of mutant alleles. Mutation-
independent approaches such as suppression and replacement,9–14 
exploited in this study for RHO-adRP, are extremely valuable as a 
single therapeutic agent that may provide a remedy for many dif-
ferent mutant alleles of a disease gene. Although the strategy may 
also provide a rational solution for many dominant conditions, 
the application of the approach is complex, involving delivery 
of two-component nucleotide-based therapies. Given the inher-
ent complexity of such therapies, RNAi-mediated suppression of 
RHO targeted to sites that differ in nucleotide sequence between 
mouse and human RHO, such that the endogenous mouse gene 
is resistant to suppression (thereby acting as a replacement gene), 
has been explored in this study. In this manner, the potency of 
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Figure 4 Viral spread in Pro347ser mice. Fellow eyes from Pro347Ser 
(RHO347+/−Rho+/+) mice were injected with 1 µl of 2 × 1012 vp/ml 
AAVshQ1 and AAVshNT at postnatal day 10. Five weeks postinjection, 
eyes were fixed in 4% paraformaldehyde and retinal whole mounts 
prepared. Representative microscope images are depicted from eyes 
injected with AAVshNT (shNT; a) and AAVshQ1 (shQ1; b). Green label 
corresponds to EGFP fluorescence signal in the AAV-targeted region of 
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Figure 5 retinal histology of Pro347ser mice following subretinal administration of AAVshQ1 and AAVshnt. Fellow eyes from Pro347Ser 
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RNAi-based suppression to provide benefit can be evaluated inde-
pendent of the delivery of a replacement gene. Indeed a similar 
experimental approach was adopted previously for the RNAi-
mediated suppression of a mutant human ataxin-1 gene in con-
junction with expression of the endogenous mouse ataxin-1 gene 
for dominant Spinocerebellar Ataxia (SCA).33 However, unlike 
RHO for adRP,34 the absolute requirement of an ataxin-1 replace-
ment gene for SCA has not been fully established.33

In this study, AAV vectors expressing RHO-targeting and 
nontargeting RNAi molecules were generated (AAVshQ1 and 
AAVshNT) and potent suppression of wild-type and mutant human 
RHO demonstrated. In NHR (RHO+/−Rho−/−) mice, a single sub-
retinal administration of AAVshQ1 suppressed RHO (Figures 2c 
and 3) and reduced ERG significantly (Figure 3j). Reduced cone 
responses were also observed in line with prior findings suggest-
ing that loss of rod photoreceptors can result in reduced cone 
function.35,36 Moreover, analysis of AAV-transduced cells isolated 
by FACS demonstated that shQ1 suppressed human RHO by 95% 
in NHR mice, whereas, in contrast, shQ1 did not suppress mouse 
Rho in wild-type mice (Figure 2d). This facilitated evaluation of 
suppression and replacement in the Pro347Ser transgenic mouse 
model for RHO-adRP. This mouse has an RHO mutation that has 
been observed in a number of RHO-adRP families.37 Photoreceptor 
cell loss in the Pro347Ser mouse occurs over a 4-month period, 
potentially providing sufficient time for therapeutic intervention.31 
For the current study, the Pro347Ser mouse was bred onto a wild-
type background; the resulting progency (RHO347+/−Rho+/+) 
express wild-type Rho that functions as a replacement gene for 
RHO due to mismatches over the target site for shQ1. Notably, a 
single subretinal administration of AAVshQ1 into Pro347Ser mice 
resulted in a significant retardation of the retinopathy as evaluated 
by histology and ERG (Figures 5–7). The slower retinopathy in the 
Pro347Ser animal model enabled evaluation of ERG, which con-
trasts with the previous study with Pro23His mice.13

It is worth emphasizing that RHO is expressed extremely 
highly in the retina.38,39 An adult mouse retina is estimated to have 
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Figure 7 erG of Pro347ser mice following subretinal adminis-
tration of AAVshQ1 and AAVshnt. Fellow eyes from Pro347Ser 
(RHO347+/−Rho+/+) mice were injected with 1 µl of 2 × 1012 vp/ml 
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mixed rod and cone, and (e,f) cone-isolated ERG responses were recorded 
from both eyes. a, c, and e: ERGs, from eyes injected with AAVshQ1 (Q1: 
green) and AAVshNT (NT: blue). b, d, and f: mean ERG amplitudes. Error 
bars represent SD values; **P < 0.01. Note that amplitudes on a, c, and 
e, and Y axes on b, d, and e are set to different scales.
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6.4 million rod photoreceptor cells, each producing a steady-state 
level of 60 million RHO molecules (550–650 pmol; ref. 40), high-
lighting the need for potent suppressors, such as shQ1, delivered 
by efficient vectors, such as AAV2/5. Viral spread (i.e., the trans-
duced portion of the retina as assessed by EGFP expression) fol-
lowing subretinal injection of AAV in Pro347Ser mice was in the 
region of 10–20% (Figure 4), less than that observed in NHR and 
wild-type mice (30–40%). This may be a function of the retinal 
degeneration in Pro347Ser mice. Notably, even with a viral spread 
of 10–20% histological and ERG benefit has been observed in the 
current study. One may speculate that wider spread of the viral 
therapy in the target tissue may lead to greater therapeutic effects. 
A future challenge involves expression of therapeutically benefi-
cial levels of RHO from AAV vectors carrying both suppression 
and replacement components.

The current study represents an in vivo demonstration that 
suppression and replacement may provide ERG benefit in an 
animal model of a dominant retinal disease. RNAi-mediated 
suppression of mutant RHO, in conjunction with the expres-
sion of an endogenous Rho refractory to suppression, provided 
therapeutic benefit to the Pro347Ser mouse. The results represent 
significant progress toward the development of two-component 
nucleotide-based therapies for RHO-adRP, which may be utilized 
to circumvent the mutational heterogeneity present in many other 
dominantly inherited conditions.

MAterIAls And MetHods
AAV suppression constructs. The RHO-targeting short hairpin RNA 
shQ1 (target position nt 650–670; ref. 13) was cloned into pAAV-MCS 
(Stratagene, La Jolla, CA) with the EGFP reporter gene [pEGFP-1, BD 
Biosciences, Oxford, UK (Entrez Gene accession no. U57608)] to create 
pAAVshQ1 (Figure 1). shQ1 targets the RHO nucleotide sequence TCG 
TGT GGA ATC GAC TAC that differs from the mouse Rho sequence 
at four positions as underlined, TCA TGC GGG ATT GAC TAC, while 
encoding the same amino acids. Helper virus–free recombinant AAV2/5 
viruses, containing either pAAVshQ1 or the nontargeting control con-
struct pAAVshNT (NT: 5′ UUCUCCGAACGUGUCACGU 3′) were gen-
erated as previously described.13 Genomic titers, that is, viral particles per 
milliliter (vp/ml), were determined by quantitative real-time PCR41 and 
viral preparations diluted to 2 × 1012 vp/ml with PBS for use in this study.

Transgenic mouse models. Various mouse transgenic lines were uti-
lized in the study including a mouse RHO knockout (Rho−/−; ref. 34), 
NHR mice carrying a wild-type human RHO transgene (NHR20), and the 
Pro347Ser mouse model of adRP carrying a mutant human RHO trans-
gene (RHO347; ref. 31). NHR mice were bred onto a Rho−/− background 
(RHO+/−Rho−/−; ref. 32), and Pro347Ser were bred onto a wild-type 
mouse RHO background (RHO347+/−Rho+/+) for this study. All animals 
were on a 129 S2/SvHsd (Harlan, Huntington, UK)  background. Mice 
were maintained under specific pathogen-free housing conditions.

Subretinal AAV injection. Subretinal injections were carried out in strict 
compliance with the European Communities Regulations 2002 and 2005 
(Cruelty to Animals Act) and ARVO statement for the use of animals in 
ophthalmic and vision research. Each mouse eye received a single sub-
retinal injection. Mice were anesthetized by intraperitoneal injection of 
Medetomidine and Ketamine (10 and 750 µg/10 g body weight, respec-
tively). Pupils were dilated with 1% cyclopentolate and 2.5% phenyleph-
rine, and under local analgesia (amethocaine) a small puncture was made 
in the sclera. A 34-gauge blunt-ended microneedle attached to a 10-µl 
syringe (Hamilton Company Europe, Bonaduz, Switzerland) was inserted 

through the puncture and a single dose of AAV was administered to the 
subretinal space and a retinal detachment induced. Following surgery an 
anesthetic reversing agent (Atipamezole Hydrochloride, 100 µg/10 g body 
weight) was delivered by intraperitoneal injection. Body temperature was 
maintained using a homeothermic heating device.

Quantitative real-time RT-PCR and RNase protection assay. Following 
euthanasia, mouse neural retinas were harvested and trypsin dissociated, 
and retinal cells expressing EGFP were identified and sorted by FACS 
as described.14 RNA was isolated using the RNeasy Mini Kit (Qiagen, 
Crawley, UK). Human RHO and mouse Rho mRNA expression levels 
were assessed by qRT-PCR using the following primer sequences from 
5′–3′: RHO forward CTTTCCTGATCTGCTGGGTG, RHO reverse 
GGCAAAGAACGCTGGGATG, Rho forward TGTGGTCTTCACCTGG 
ATCAT, Rho reverse AATCCCGCATGAACATTGCAT.

Expression of shQ1 was determined by RNase protection assay 
as described13 using the following RNA probe specific to shQ1, 5′ 
UAGUAGUCGAUUCCACACGAG 3′, labeled with P32-γATP. Protected 
RNA was separated on 15% denaturing acrylamide gels and visualized by 
autoradiography.

Immunocytochemistry and microscopy. Retinas were dissected and flat 
mounted as described.42 RHO immunocytochemistry and fluorescent 
microscopy were performed as described,25 using Cy3-conjugated second-
ary antibody. For RHO-specific immunocytochemistry, 3A6 primary RHO 
antibody was used in 1:10 dilution.43 ONL thickness was measured in three 
microscope images from each of two or three planes, 200 µm apart in the 
AAV-targeted area of each eye using Photoshop (Adobe Systems Europe, 
Glasgow, UK).

ERG. Animals were dark adapted overnight and all procedures were car-
ried out under dim red light. For anesthesia, ketamine and xylazine (16 and 
1.6 µg/10-g body weight, respectively) were injected intraperitoneally. Pupils 
were dilated with 1% cyclopentalate and 2.5% phenylephrine. Eyes were 
maintained in a proptosed position throughout the examination. Reference 
and ground electrodes were positioned subcutaneously, ~1 mm from the tem-
poral canthus and anterior to the tail, respectively. The ERG responses were 
recorded simultaneously from both eyes by means of goldwire electrodes 
(Roland Consulting, Brandenburg-Wiesbaden, Germany), which were posi-
tioned to touch the central cornea of each eye. Corneal hydration was main-
tained throughout the examination by the application of a small drop of vidisic 
(Dr Mann Pharma, Berlin, Germany) to the cornea. Standardized flashes of 
light were presented to the mouse in a Ganzfeld bowl. Responses were ana-
lyzed using a RetiScan RetiPort electrophysiology unit (Roland Consulting). 
The protocol used was based on the methods approved by the International 
Clinical Standards Committee for human ERG. Rod-isolated responses were 
recorded using a dim white flash (−25 dB maximal intensity where maximal 
flash intensity was three candelas/m2/s) presented in the dark-adapted state. 
Maximal combined rod–cone response to the maximal-intensity flash was 
then recorded. Following a 10-minute light adaptation to a background illu-
mination of 30 candelas/m2, cone-isolated responses were recorded to the 
maximal-intensity flash presented initially as a single flash and subsequently 
as 10 Hz flickers. Following the standard convention, a-waves were measured 
from the baseline to the trough and b-waves from the baseline (in the case of 
rod-isolated responses) or from the a-wave trough.

Statistical analysis. Means, SD values, and Student’s t-tests were calcu-
lated. Differences with P < 0.05 were considered statistically significant.

Web resources
Accession numbers and URLs for data presented herein are a 
follows:

 Entrez Gene, http://www.ncbi.nlm.nih.gov/entrez/ [for EGFP 
(accession no. U57608)]



Molecular Therapy  vol. 17 no. 4 apr. 2009 599

© The American Society of Gene Therapy
Gene Therapy for Retinitis Pigmentosa

 GenBank, http://www.ncbi.nlm.nih.gov/Genbank/ [for RHO 
(accession no. NM_000539.2) and for Rho (accession no. 
M55171.1)]
 Online Mendelian Inheritance in Man (OMIM), http://www.
ncbi.nlm.nih.gov.Omim, for RP
 Retinal Information Network database, http://www.sph.uth.
tmc.edu/Retnet/
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