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The third-most common cause of autosomal recessive retinitis pigmentosa (RP) is due to defective cGMP phosphodiesterase-6 (PDE6).
Previous work using viral gene therapy on PDE6-mutant mouse models demonstrated photoreceptors can be rescued if administered
before degeneration. However, whether visual function can be rescued after degeneration onset has not been addressed. This is a clinically
important question, as newly diagnosed patients exhibit considerable loss of rods and cones in their peripheral retinas. We have gener-
ated and characterized a tamoxifen inducible Cre-loxP rescue allele, Pde6bStop, which allows us to temporally correct PDE6-deficiency.
Whereas untreated mutants exhibit degeneration, activation of Cre-loxP recombination in early embryogenesis produced stable long-
term rescue. Reversal at later time-points showed partial long-term or short-lived rescue. Our results suggest stable restoration of retinal
function by gene therapy can be achieved if a sufficient number of rods are treated. Because patients are generally diagnosed after
extensive loss of rods, the success of clinical trials may depend on identifying patients as early as possible to maximize the number of
treatable rods.

Introduction
Retinitis pigmentosa (RP) is the most common cause of heredi-
tary blindness worldwide (Berson, 1993; Bird, 1995; Klein et al.,
1995, 1999; Hartong et al., 2006). Early symptoms include night
blindness, rod degeneration, and secondary cone death (Curcio
et al., 2000; Owsley et al., 2000, 2001; Jackson et al., 2002). The
third-most common cause of autosomal recessive RP is due
to loss of rod-specific cGMP phosphodiesterase-6 (PDE6;
McLaughlin et al., 1993, 1995; Hanh et al., 1994; Danciger et al.,
1995; Dryja and Berson, 1995; Huang et al., 1995; Dryja et al.,
1999; Daiger et al., 2007; Dvir et al., 2010). Several mouse models

have been used to study disease progression and develop treat-
ments, including Pde6brd1, Pde6brd10, and Pde6bH620Q (Chang et
al., 2002; Hart et al., 2005; Gargini et al., 2007). Recent progress
using gene therapy in treating PDE6 deficiency has been encour-
aging (Pang et al., 2008; Davis et al., 2008; Allocca et al., 2011;
Petit et al., 2012), especially using a newly developed adeno-
associated virus (AAV)8 vector (Petrs-Silva et al., 2009; Pang et
al., 2011; Wert et al., 2013).

For several practical reasons, mouse gene therapy is typically
conducted by subretinal injection of virus before degeneration.
First, efficacy is greatest in mice that do not exhibit early and
rapid photoreceptor death. Second, newborns are typically
treated because cryoanesthesia, a safer alternative, can be applied
(Silva and Gras, 1979; Hirate et al., 1984; Suckow et al., 2012).
Third, maturation of the subretinal extracellular matrix can cre-
ate a barrier to viral spread (Tawara et al., 1989; Blanks et al.,
1993; Gruter et al., 2005). As a result, the procedure is technically
challenging, can cause trauma, can produce large variance in res-
cue, and can complicate postdegeneration retinal rewiring
(Gargini et al., 2007). Because of these limitations, past experi-
ments have not addressed the clinically important question of
whether retinas with grossly advanced disease are treatable.
When RP patients are diagnosed, they have midstage disease with
peripheral vision loss, and eventually lose central vision, as a
result of macular cone degeneration (Tsui et al., 2007; Mitamura
et al., 2012). This is particularly important, as a recent report on
human gene therapy indicates that despite functional rescue,
photoreceptor degeneration continues to progress (Cideciyan et
al., 2013).
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Previous work involved rescuing before degeneration onset in
Pde6 mutant mice (Davis et al., 2008; Tosi et al., 2011a,b; Wert et
al., 2013). To explore the limits of rescue after degeneration, we
generated a model that provides control over the timing of inter-
vention and avoids drawbacks inherent with viral transduction.
We have now have tested a novel reversible allele, Pde6bStop,
which, in combination with tamoxifen-inducible Cre recombi-
nase (CreERT2), allows us to control when and where rescue
occurs. CreERT2 nuclear translocation induces recombination of
loxP sites flanking a transcription/translation-inhibitor signal se-
quences (Stop). When combined with a Rosa26CreERT2 driver, and
exposed to tamoxifen during early embryogenesis, mutant mice
exhibited stable long-term rescue. In contrast, tamoxifen expo-
sure later produced either partial long-term or transient rescue.

Materials and Methods
Mouse lines and husbandry. Pde6bH620Q mice were derived by oviduct
transfer from morulae provided by the European Mouse Mutant Archive
(Hart et al., 2005; Davis et al., 2008). Pde6bStop mice were generated as
described below. Gt(ROSA)26Sortm1(cre/ERT2)Tyj mice were obtained
from the Jackson Laboratory. Age-matched C57BL/6J mice were used as
standards for testing ERG equipment before use. Mice were maintained
in the Columbia University Pathogen-Free Eye Institute Annex Animal
Care Services Facility under a 12 h light/dark cycle. All experiments were
approved by the local Institutional Animal Care and Use Committee

under protocol AAAF2107. Mice were used in accordance with the State-
ment for the Use of Animals in Ophthalmic and Vision Research of the
Association for Research in Vision and Ophthalmology, as well as the
Policy for the Use of Animals in Neuroscience Research of the Society for
Neuroscience.

Construction of the Stop targeting vector and generation of Pde6bStop

mice. Bacterial artificial chromosome (BAC) recombineering was used to
assemble the Stop targeting vector, which was derived from BAC clone
RP23 131C17 (Lee et al., 2001). To block Pde6b expression, a floxed Stop
cassette was inserted into a nonconserved region of Pde6b intron 1 (Lakso
et al., 1992). The cassette also contains Pgk-Neo for positive selection. To
increase the efficiency of generating a correctly targeted, a diphtheria
toxin A-chain (DTA) negative selection cassette was added �2 kb down-
stream of the Stop cassette, within the short right homology arm (McCa-
rrick et al., 1993). Within the vector, the DTA cassette replaced �1 kb of
sequence, which was used as probe for Southern blot screening for ho-
mologous targeting events.

To isolate targeted clones, KV1 ES cells (F1 129XB6) were electropo-
rated with 10 �g PacI-linearized targeting vector DNA and plated onto
mitomycin-treated, neomycin-resistant mouse embryonic fibroblasts
(Sancho-Pelluz et al., 2012). The medium was changed 24 h after elec-
troporation and 150 mg/ml G418 was added. Ten days later, individual
colonies were picked and screened for homologous recombination with
the Pde6b locus. Two lines, 2 and 4, were identified and expanded for
further analysis. The Pde6bStop locus was re-examined by Southern blot
analysis and the chromosome content determined by karyotype analysis.

Figure 1. Production of a reversible Pde6bStop allele, and Cre-mediated generation of Pde6bloxP. A, Scheme for generating the Cre-inducible Pde6bStop allele. Pde6b was targeted with a BAC vector
(clone RP23 131C17) containing exons 1 and 2, a floxed Stop/Pgk-neo cassette (loxP triangles flanking STOP), and a DTA-negative selection cassette (hexagon). Homologous recombination places
Stop in intron 1 thereby blocking Pde6b expression (wavy line with X). Cre-mediated recombination removes the Stop cassette restoring expression (wavy long line). Recombination was detected in
ES cells using a probe sequence that is deleted by introduction of the DTA cassette and is absent in the targeting vector. B, Identification of the Pde6bStop allele. Southern analysis of ES cell lines 2 and
4 with an intron 1 probe (not present in targeting vector) detects wild-type (arrows) and recombinant allele (arrowheads) fragments. Line 3 is a nonrecombinant line. C, Cre-mediated recombination
detection by PCR. A three-primer assay distinguishes Stop (arrowhead), and loxP (red arrow) alleles within intron 1 (see Materials and Methods). The presence of the H620Q mutation is confirmed
by both wild-type sequences in intron 1 and DNA sequencing of exon 15 (black arrow). D, Detection of Stop allele recombination in H620Q/Stop; Rosa26CreERT2 tails and retinas after tamoxifen
treatment at E12 or P1–P2 (see Materials and Methods). Percentage recombination is expressed as the amplicon ratio: loxP/(loxP�Stop) �100%.
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To generate germline chimeras, 10 –15 ES cells from line 2 were micro-
injected into individual C57BL/6J blastocysts (Tsang et al., 1996). Eight
to 10 injected blastocysts were surgically implanted into the uteri of
recipient foster mothers. To obtain germline transmission, male chime-
ras were crossed to C57BL/6J females, and progeny evaluated for germ-
line transmission of the Pde6bStop allele.

Tamoxifen treatment of mice and detection of recombination. To pre-
pare the solution of 4-OH-tamoxifen (Sigma-Aldrich, H7904), 50 mg of
tamoxifen was sonicated in 1.5 ml of sunflower seed oil, aliquoted, and
stored at �80°C. Before use, an aliquot was heated at 60°C in preparation
for injection. Plug-dated pregnant females carrying H620Q/Stop; Cre�
and control embryos were injected with 1 mg of tamoxifen, to pro-
duce E0 or E12 exposed embryos (Danielian et al., 1998; Badea et al.,
2003). Alternately, H620Q/Stop; Cre/� newborns and controls were
injected with �50 �g (P1 � single dose) or �100 �g (P1–P2 �
double dose) tamoxifen. For identification of the H620Q allele in
exon 15, forward 5�-TGCCACGACATCGACCACCG-3� and reverse
5�-GCCATCCCTGCCTTCCCTTGG-3� were created. To distinguish
the Pde6bStop, Pde6bloxP, and Pde6b� alleles in intron 1, we use a
three-primer assay: PDE6B GT-F 5�-TGTGGTGTTGCTCTGCGG
TA-3�, PDE6B GT-R 5�-ACAAACCTGCACAACCTGCA-3�, and
PGK-R 5�-GTCCTGCACGACGCGAGCTG-3�.

ERGs. Visual function was evaluated as de-
scribed previously (Davis et al., 2008; Wert et al.,
2013). Mice were dark-adapted overnight, ma-
nipulations were conducted under dim red light
illumination, and recordings were made using
Espion ERG Diagnosys equipment (Diagnosys).
Adult C57BL/6J control mice were tested at the
beginning of each session to ensure equal read-
outs from the electrodes for both eyes before test-
ing the experimental mice. Pupils were dilated
using topical 2.5% phenylephrine hydrochloride
and 1% tropicamide. Mice were anesthetized by
intraperitoneal injection of 0.1 ml per 10 g body
weight of anesthesia (1.0 ml ketamine 100 mg/ml
and 0.1 ml xylazine 20 mg/ml in 8.9 ml PBS).
Body temperature was maintained at 37°C using
a heating pad during the procedure. Handmade
electrodes were placed upon the corneas and go-
nioscopic prism solution (Alcon) was applied to
each eye. Both eyes were recorded simultane-
ously. For rod and mixed rod–cone responses,
ERGs for dark-adapted mice were recorded using
pulses of 0.001 and 3 cd-s/m2 (white 6500 K),
respectively. A total of 20 responses were aver-
aged for each trial. For photopic responses, mice
were light adapted in the Ganzfeld dome for at
least 10 min. A rod-suppressing steady back-
ground of 30 cd/m2 (white 6500K) was continu-
ously present throughout the trials. ERGs were
recorded using pulses of 30 cd-s/m2 (xenon). A
total of 20 responses (filtered from 0.03–300 Hz)
were averaged for each trial.

Histochemical analyses. Mice were killed and
eyes enucleated as described previously (Davis
et al., 2008; Wert et al., 2013). Hematoxylin
and eosin (H&E) retinal sections were pre-
pared by Excalibur Pathology. Quantification
of photoreceptor nuclei was conducted on sev-
eral sections that contained the optic nerve,
as follows: the distance between the optic
nerve and ciliary body was divided into four
quadrants. Three columns of nuclei were
counted within each single quadrant. Aver-
ages and SDs were calculated from animals
for each time-point. Sectioning proceeded
along the long axis of the segment so that
each section contained upper and lower ret-
ina as well as the posterior pole.

Whole retina flat-mount analysis. Mice were euthanized according to
established Institutional Animal Care and Use Committee guidelines.
Eyes were enucleated and placed in 2% paraformaldehyde for 1 h at room
temperature. The optic nerve, cornea, and lens were removed. The whole
eyecup was then flattened by means of four radial cuts extending out
from the optic nerve and mounted with mounting medium (Vectashield,
Vector Laboratories). Peanut agglutinin-conjugated Alexa488 staining
was accomplished according to the manufacturers instruction (Invitro-
gen). Visualization was achieved by fluorescence microscopy, and
bright-field imaging was used to visualize the whole retina (Leica DM
5000B microscope). Pictures were taken using the Leica Application
Suite Software (Leica Microsystems).

Fundus autofluorescence. Imaging was obtained with the Spectralis
Scanning Laser Confocal Ophthalmoscope (Heidelberg Engineering). Pu-
pils were dilated, lubricant (GenTeal Liquid Gel, Novartis) was applied to the
cornea and body temperature was maintained. The fundus was illuminated
with argon laser light (488 nm) and viewing fluorescence through a bandpass
filter with a short wavelength cutoff (495 nm). Detector sensitivity was set
between 80 and 100 to avoid pixel saturation. Nine successive frames were
acquired in high-speed mode (8.9 images/s) and a 55° field, and frames were
aligned, averaged, and saved in non-normalized mode (Sparrow et al., 2013).

Figure 2. Examples of ERG traces from control and experimental Pde6bH620Q/Pde6bStop mice at 18 weeks. Scotopic rod-specific
(rod) and mixed rod– cone (mixed), and photopic cone (cone) responses (green traces). Top panels, blue arrows indicate b-wave
peaks, whereas the red arrow indicates an a-wave peak, which is also shown as tick marks. Average peak values were calculated for
eye on each mouse as a function of age and combined into the graph shown in Figure 3.
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Results
Generation of a Pde6bStop allele and
Pde6bH620/Pde6bStop mice
We designed a gene targeting vector
by BAC recombineering using genomic
clone RP23 131C17, which contains
Pde6b exons 1 and 2 (Fig. 1A). The floxed
Stop cassette contains multiple polyade-
nylation signals in all three reading frames
and is designed to prevent gene expression.
Cre recombinase activity promotes removal
of the cassette and restoration of expression
(Lakso et al., 1992). Targeting of Pde6b in-
tron 1 was confirmed by Southern blot anal-
ysis using a 3� genomic probe (Fig. 1A) and
identified two independent ES cell lines:
lines 2 and 4 (Fig. 1B).

We then generated Pde6bH620Q/
Pde6bStop compound heterozygous mice,
so that only one Stop allele need be recom-
bined by Cre to efficiently generate
Pde6bH620Q/Pde6bloxP heterozygotes. Ad-
ditionally, because we expected the Stop
cassette to block expression, then Stop/
Stop homozygotes might have a null pheno-
type which we wanted to avoid. Founders
were backcrossed to the Pde6bH620Q/
Pde6bH620Q strain to produce Pde6bH620/
Pde6bStop mice. H620Q is a partial loss-of-
function missense Pde6b allele that, in
homozygotes, results in severely reduced PDE6� expression and
PDE6-specific activity. This leads to rod degeneration that is less
severe than in Pde6brd1 mice, but comparable to Pde6brd10 mice
(Chang et al., 2002; Hart et al., 2005; Gargini et al., 2007; Davis et al.,
2008). A combination of PCR and DNA sequence analyses were used
to distinguish wild-type, Pde6bH620Q, and Pde6bStop alleles during
backcrosses and intercrosses (Fig. 1C).

Pde6bH620Q/Pde6bStop mice exhibit slow progressive photoreceptor
degeneration
To measure photoreceptor degeneration in Pde6bH620Q/Pde6bStop

mice, we used a combination of functional and morphological
analyses. Assessment of global retinal function was conducted by
measuring scotopic and photopic electroretinogram (ERG) re-
sponses between 6 and 18 weeks postnatal (Figs. 2 and 3). Com-
pared with Pde6bH620Q/Pde6b� control mice (Fig. 3, blue line),
rod-specific b-wave peaks in Pde6bH620Q/Pde6bStop mice (Fig. 3,
red line) were depressed or extinguished during the times tested
(rod b). Similarly, mixed rod– cone responses were lower in mu-
tants and progressively decreased over time (max a, max b). Re-
ductions in photopic cone responses in mutants were slower than
rod or mixed rod-cone responses and decreased after 15 weeks
(cone b).

We performed a histological analysis of Pde6bH620Q/Pde6bStop

mutants retinas between 2 and 18 weeks of age. We observed
progressive reductions in the number of photoreceptors in the
outer nuclear layer (ONL) of Pde6bH620Q/Pde6bStop mutants com-
pared with Pde6bH620Q/Pde6b� controls (Fig. 4). By 18 weeks,
only 1–2 nuclei remain in Pde6bH620Q/Pde6bStop mutants, likely
comprising cones, as demonstrated by peanut agglutinin staining
(PNA; Fig. 5B).

Early Stop allele recombination results in full restoration of
retinal function
By using a conditionally active tamoxifen-inducible CreERT2
(Danielian et al., 1998), we have control over the timing of re-
combination (Brocard et al., 1997; Kellendonk et al., 1999) and
can, in principle, restore Pde6b expression before or after onset of
photoreceptor degeneration. To determine whether removal
of the Pde6b Stop cassette can reverse the phenotypic effects of
Pde6bStop, we induced Cre recombinase activity during early em-
bryogenesis. The expression driver Rosa26CreERT2 was used as it
expresses Cre recombinase widely in many tissues during em-
bryogenesis and into postnatal development (Hameyer et al.,
2007).

Pde6bH620Q/�; Rosa26CreERT2/�, and Pde6bH620Q/Pde6bStop

mice were crossed, mothers were injected with tamoxifen shortly
after postcoitum (embryonic day 0.5, E0), and progeny were
genotyped and analyzed. PCR analysis demonstrated Stop-�loxP
conversion in vivo, with the resultant loxP allele readily distin-
guishable from the unmodified and Stop cassette alleles (Fig. 1C,
red arrow). Analysis of retinal function showed similar isolated
rod, mixed rod– cone, and cone responses between positive con-
trol H620Q/�; Cre� mice and E0 experimental H620Q/Stop-
�loxP; Cre/� mice (Figs. 2 and 3, E0 green lines). Furthermore,
there was no detectable evidence of photoreceptor cell loss over
the 18 week experiment (Fig. 4).

Varied phenotypic rescue effects after Stop recombination at mid-
embryogenesis or postnatally
To extend our findings, we analyzed the effects of inducing Stop
cassette recombination either during mid-embryogenesis (em-
bryonic day 12.5, E12) or postnatally (postnatal day 1, P1). In
general, E12 H620Q/Stop-�loxP; Cre� mice showed stronger
ERG responses than mutant control H620Q/Stop mice (Figs. 2
and 3 E12 black lines). E12 isolated rod, max, and cone b-wave

Figure 3. Rescue of scotopic and photopic function after Stop-loxP recombination. Scotopic rod-specific (rod b) and mixed
rod– cone (max a, max b), and photopic cone (cone b) responses in positive control Pde6bH620Q/Pde6b� (dashed blue) and mutant
Pde6bH620/Pde6bStop mice (dashed red). Ages of mice in postnatal weeks on x-axis. Experimental mice (H620Q/Stop; Rosa26CreERT2)
E0 (green line), E12 (black line), P1 (orange line), and P1–P2 (brown line). Averages and SDs of photoreceptor (a-wave) or inner
retina mediated (b-wave) peak intensities are plotted in microvolts on the y-axis. Number of eyes assayed is shown in Table 1.
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responses were similar to positive control H620Q/�;
Rosa26CreERT2/� and E0 mice (Fig. 3, compare E12 black to con-
trol blue or E0 green lines). Although mixed rod– cone a-wave
peaks did not reach positive control levels, these were higher than
mutant controls. Finally, there were no signs of progressive deg-
radation of retinal function between 6 and 18 weeks.

In contrast, a single dose of tamoxifen treatment at P1 failed to
produce the strong rescue effects seen at early treatment times
(Figs. 2 and 3, P1 orange lines). Although expressed widely in
early embryogenesis, the Rosa26-CreERT2 driver may not be ac-
tive in the postnatal retina (Hameyer et al., 2007). To determine
whether the initial test using a single tamoxifen dose was limiting,
we provided newborns with a double tamoxifen dose (P1–P2).
PCR analysis of retina DNA from E12 (n � 6) and P1–P2 (n � 3)
mice was conducted and detected Stop to loxP alleles recombina-
tion occurring at average frequencies of at 39% and 56%, respec-
tively, suggesting Cre recombinase is actively expressed in retinas
(Fig. 1D). To confirm, we monitored photoreceptor function in
P1–P2 H620Q/Stop; Cre� mice and found scotopic rod and max-
imum a-wave responses were significantly greater in P1–P2 mice

Figure 5. Partial rescue of Pde6bH620Q/Pde6bStop cone dysmorphology. PNA-stained flat
mount retinas from 18-week-old positive control (A), mutant control (B), experimental E12 (C),
and P1 (D) mice. PNA is conjugated to Alexa488. Insets show higher magnification.

Figure 4. Rescue of Pde6bH620Q/Pde6bStop photoreceptor cells rescue after Cre-loxP recombination. H&E stained retinal sections from wild-type (A), positive control (B), mutant control (C, D), and
experimental E0, E12, or P1 mice (E–H ). All panels are from 18-week-old mice, except D, which is from a 9-week-old mouse. The ONL is indicated with brackets. F, Quantitative analysis of the number
of rows of photoreceptor nuclei in histological sections per week. Averages and SDs were calculated from multiple retinas (n is shown above each column). Unpaired two-tailed Student’s t tests were
performed on mutant control and experimental data. *p � 0.05, **p � 0.01, ***p � 0.001.
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than mutant or P1 mice (Fig. 3 P1–P2
brown line; Table 1). In addition, the
P1–P2 functional responses were similar
to E12 treated mice: although rescue was
sustained over the 18 weeks, full resto-
ration of retinal function was not ob-
tained as compared with E0 treatment.
Together, these results indicate that
CreERT2 recombinase can be activated
in the embryonic retinas and postnatal
rod photoreceptors.

Full or partial functional restoration of
rod and max responses in E0 or E12 and
P1–P2 mice suggests preservation of pho-
toreceptors numbers. Histological analy-
sis of E0 mice and control mice showed
similar numbers of photoreceptors at
�P18 of age (8.6 	 1.5 and 9.5 	 1.6,
respectively; Fig. 4). In contrast, both E12
and P1 mice showed a decrease in photo-
receptors leading up to week 18 (Fig. 4). E12 mice showed a
suggestion of rescue on photoreceptors at P18 (E12: 4.0 	 1.6 vs
mutant 1.8 	 0.81, p � 0.054), whereas P1 cell numbers were
similar to mutants at P18 (P1: 1.9 	 0.83 vs mutant 1.8 	 0.81,
p � 0.76). In contrast, partial rescue of photoreceptors was ob-
served in P1–P2 mice (4.2 	 1.1 vs 1.8 	 0.81, p � 0.007). Be-
cause rods die earlier than cones in Pde6b mutants, most of the
missing photoreceptors are not likely to be cones, as demon-
strated by detection of similar numbers of PNA-stained cones in
all samples at 18 weeks (Fig. 5). Despite the loss of rods, those
remaining are clearly functional in E12 and P1–P2 mice, com-
pared rods in P1 mice (Fig. 3; Table 1).

During the PNA staining analysis, we noted differences in the
appearance of the cones between experimental and control sam-
ples. Comparison of positive and mutant control flat mounts
demonstrated an abnormal PNA staining in the mutant retinas
(Fig. 5A,B). Instead of small, round punctate shape (Fig. 5A,
inset), mutant control cones showed a distinct trailing edge/ring-
shaped shape, reminiscent of a flame (Fig. 5B, inset). Unexpect-
edly, we observed the E12 PNA-staining pattern to consist of a
mix of clustered groups of either small cones or flame-like cones
(Fig. 5C, inset). In addition, abnormal E12 cones appeared
smaller than abnormal cones in the mutant controls. The differ-
ences between E12 and mutant control cones cannot be explained
by the presence of Cre or tamoxifen treatment, as P1 experimen-
tal samples showed a PNA-staining pattern indistinguishable
with the mutant controls.

Rescue of an abnormal hyper-autofluorescent fundus pattern
We examined control and experimental retinas by fundus auto-
fluorescence, which detects accumulations in A2E fluorophores
in the retina. Wild-type and positive control H620Q/�; Cre�
mice showed a diffuse, homogeneous fluorescence pattern (Fig.

6A,B). In contrast, at 9 weeks, mutant control H620Q/Stop mice
showed small hyper-autofluorescence (hyper-AF) spots distrib-
uted with regular uniformity over the fundus (Fig. 6C). At 18
weeks, this pattern resolves into a confluence of hyper-AF patches
of heterogeneous size (Fig. 6D). Because hyper-AF is a secondary
consequence of photoreceptor degeneration (Robson et al., 2008;
Xu et al., 2008; Lima et al., 2009, 2012; Greenstein et al., 2012), we
expected to observe rescue of the mutant hyper-AF pattern after
Stop recombination. Indeed, 18-week-old E0 experimental ani-
mals showed a similar pattern as positive control mice with no
detectable hyper-AF spots (Fig. 6E). In contrast, 18-week-old E12
and P1–P2 mice demonstrated hyper-AF pattern similar to the
9-week old mutant controls, but with spots of heterogeneous
size and nonuniform distribution (Fig. 6F,H). P1 mice exhibited
a fluorescence pattern similar to the mutant controls (Fig. 6G).

Rescue of arteriolar attenuation
Wild-type and positive control H620Q/�; Cre� mice showed
vessels of normal caliber (Fig. 6A,B). Mutant control H620Q/
Stop mice demonstrated arteriolar narrowing, which progressively
worsened between 9 and 18 weeks (Fig. 6C,D). Whereas 18-week-
old E0 experimental animals exhibited a similar vessel dimension as
positive controls (Fig. 6E), 18-week-old E12 and P1–P2 mice dem-
onstrated partial arteriolar attenuation similar to the 9-week-old
mutants (Fig. 6F,H), and single dosing at P1 did not rescue arterio-
lar attenuation (Fig. 6G).

Discussion
We have tested a novel reversible allele, Pde6bStop, which in com-
bination with tamoxifen-inducible Cre, allows us to control pho-
toreceptor rescue without surgical trauma associated with
delivery of viral gene therapy vectors. We have shown that un-
treated Pde6bH620Q/Pde6bStop mice exhibit a photoreceptor degen-

Figure 6. Partial rescue of Pde6bH620Q/Pde6bStop fundus autofluorescence phenotype. Fundus images from C57BL/6J control
(A), positive control (B), mutant control (C, D), and experimental E0, E12, P1, or P1–P2 mice (E–H ). All panels are from 18-week-
old mice, except C, which is from a 9-week-old mouse.

Table 1. Postnatal Stop recombination results in restored rod photoreceptor function

Week Control

Max a Rod b Max b n

P1 P1–P2 Control P1 P1–P2 Control P1 P1–P2 Control P1 P1–P2

8 �37 	 11.4 �36 	 7.2 �34 	 10.8 51 	 29.9 96 	 30.7* 140 	 37.8*** 289 	 75.7 292 	 17.1 357 	 43.5* 10 4 8
10 �36 	 8.2 �22 	 4.5 �57 	 13.6** 30 	 12.5 28 	 13 129 	 33.9*** 227 	 59.1 170 	 56.5 305 	 32** 8 4 10
12 �28 	 8.5 �22 	 7.2 �47 	 14.2** 18 	 14.5 30 	 19 139 	 40.6*** 198 	 44.5 197 	 48.3 296 	 81.2* 8 4 14
19 �12 	 0.1 �18 	 4.6 �38 	 5** 14 	 6.6 34 	 17.8 127 	 26.8** 83 	 6.1 136 	 26.6 268 	 29.8** 2 2 4

Comparison of H620Q/Stop mutant mice (control) to newborn experimental (P1 and P1–P2) mice treated with tamoxifen (see Materials and Methods). Double-dose treatment (P1–P2) produces effective and sustained rescue of rod
photoreceptor function. Unpaired two-tailed Student’s t tests were performed on mutant control and experimental data. *p � 0.05, **p � 0.01, ***p � 0.001.
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eration phenotype that is slower than Pde6bH620Q homozygous
mice (Hart et al., 2005; Davis et al., 2008). When used with
Rosa26CreERT2, and exposed to tamoxifen during early embryo-
genesis, Pde6bH620Q/Pde6bStop mice exhibited full and stable
rescue of photoreceptor numbers and retinal function. Recom-
bination at later times, during mid-embryogenesis and postna-
tally, could generate partial rescue of retinal function associated
with limited photoreceptor degeneration.

The Stop allele was designed to terminate gene expression
(Lakso et al., 1992). We originally expected Pde6bH620Q/Pde6bStop

mice to have a phenotype at least as strong as Pde6bH620Q ho-
mozygotes, but no stronger than the Pde6bH620Q/Pde6brd1 pheno-
type (Hart et al., 2005). The slower rate of degeneration exhibited
by Pde6bH620Q/Pde6bStop suggests some transcriptional read-
through events (Miyoshi and Fishell, 2006). Nevertheless,
Pde6bH620Q/Pde6bStop mice exhibit classic rod and subsequent
cone degeneration phenotype as seen in other Pde6b mutant lines
(Chang et al., 2002; Hart et al., 2005; Gargini et al., 2007). As
Pde6bH620Q and Pde6bStop mutations were generated indepen-
dently, it is unlikely the phenotypes presented here are the result
homozygosity at another locus.

This new Pde6bH620Q/Pde6bStop mouse provides several ad-
vantages. First, as a compound heterozygote, the mouse more
closely resembles sporadic human cases (McLaughlin et al., 1993,
1995; Danciger et al., 1995; Tsang et al., 2008). Second, it provides
a precise, highly reproducible method for generating “optimally”
treated retinas, without the limitations inherent in the use of
randomly integrated transgenes or subretinal trauma caused by
injection of viral vectors (Deyle and Russell, 2009; Huang and
Yang, 2009; Zinkernagel et al., 2011; Biasco et al., 2012; Wert et
al., 2012). Third, this tool is flexible: the Stop mouse can be com-
bined with any CreERT2 driver to readily generate retinas with
specific temporal and/or special patterns of degeneration. Cre-
ERT2 is recommended, as constitutively active Cre is associated
with toxicity (Hameyer et al., 2007).

Here we used the Rosa26CreERT2 driver to induce recombina-
tion in early embryonic cells and generated efficient rescue. At
later times, the ability to rescue photoreceptors is incomplete,
likely due to downregulation of the Rosa26 locus in the adult
neural lineage (Hameyer et al., 2007). Nevertheless, Cre activity
was detected in retinal photoreceptors after a double-tamoxifen
treatment at P1, as demonstrated by restoration of rod photore-
ceptor function and Stop to-loxP allele recombination in retinal
DNA. Although more efficient postnatal photoreceptor-specific
CreERT2 drivers are not currently available, one can conceive of
using Pde6gCreERT2 or tetracycline-inducible photoreceptor driv-
ers (Chang et al., 2000) for the purpose of fully exploiting the
utility of the Pde6bStop allele. These types of drivers will be critical
for extending the study of treatments beyond early postnatal life
and deeper into periods with significant degeneration, which will
be the usual clinical setting for patients with RP. The stage of
human RP disease that was modeled using the Rosa26CreERT2

driver in this paper might represent the earliest possible interven-
tion, most likely in young children, after fetal or postnatal geno-
typing (Kitzman et al., 2012).

Our mouse model, although not addressing the effects of sur-
gically delivered viral vectors, does suggest two issues inherent in
genetic treatment of RP. First, to provide effective gene therapy to
patients, it is not clear how many macular rods have to be suc-
cessfully transduced with PDE6-expressing vectors to prevent
secondary loss of cones. Our results suggest that complete, par-
tial, and incomplete restoration of retinal function depend on the
number of treated photoreceptors. Not achieving a minimum

number of rescued rods is likely to cause nonautonomous death
of rescued rods (Kedzierski et al., 1998; Streichert et al., 1999;
Delyfer et al., 2005). Because many RP patients initially present
with considerable degeneration (loss of peripheral rods and
cones, cases may involve of the macula as well), then early treat-
ment may produce favorable outcomes.

Second, it is not clear which clinical parameters are most im-
portant in defining an effective treatment. Our results suggest
that, even in cases of long-term functional rescue, retinal pathol-
ogy may persist after treatment. Although mid-embryonic and
postnatal treatment produced long-term rescue of most retinal
function, we observed reductions in mixed rod– cone ERG re-
sponses, loss of photoreceptors, abnormal cone morphology, and
hyper-AF spots. The significance of abnormal cone morphology
is not clear, as cone amplitudes appear to be unaffected. However,
partial loss of photoreceptors likely contributed to reduced
mixed responses and hyper-AF, which may correspond to
lysosome-laden microglial cells located between the neural retina
and the retinal pigment epithelium (RPE) or abnormal accumu-
lation of lipofuscin in the RPE (Robson et al., 2008; Xu et al.,
2008; Lima et al., 2009, 2012; Wang et al., 2009; Greenstein et
al., 2012). AF spots are not specific to Pde6b model (Wang et al.,
2009; Sancho-Pelluz et al., 2012). With a different team of coau-
thors, we have a manuscript in press (Wang et al., 2013), we
demonstrated that AF spots are microglial rather than of RPE
origin. We imagine inefficiencies associated with subretinal sur-
gery, viral immunogenicity, viral transduction, nonendogenous
rescue gene expression, and potential vector inactivation/silenc-
ing further complicate the picture. Thus, the limits of rescue and
the persistence of disease features require future investigation.

Although much progress has been made toward conducting
human gene therapy for RP, it is important to continue to define
emerging challenges (Stieger and Lorenz, 2010; Liu et al., 2011;
Sahni et al., 2011). Indeed, the most recent report on human gene
therapy indicates, despite functional rescue, photoreceptor de-
generation continues to progress (Cideciyan et al., 2013). A com-
mon denominator to previous successes in modeling gene
therapy in PDE6-deficient animals suggests earlier treatment in
humans might be effective. However, early identification of spo-
radic cases may require pediatric screening or sequencing RP
genes in fetal DNA in maternal blood (Kitzman et al., 2012). On
the other hand, early treatment may further expose the limits of
gene therapy, especially if “successfully treated” maculas harbor
subtle signs of disease, either coincident or consequent with treat-
ment, which may or may not progress to blindness. Thus, another
viable direction may be to use a combination of gene and drug
therapies to stop retinal degeneration (Tosi et al., 2011b; Tri-
funovic et al., 2012).
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Inducible site-specific recombination in the brain. J Mol Biol 285:175–
182. CrossRef Medline

Kitzman JO, Snyder MW, Ventura M, Lewis AP, Qiu R, Simmons LE, Gam-
mill HS, Rubens CE, Santillan DA, Murray JC, Tabor HK, Bamshad MJ,
Eichler EE, Shendure J (2012) Noninvasive whole-genome sequencing
of a human fetus. Sci Transl Med 4:137ra176. CrossRef Medline

Klein R, Rowland ML, Harris MI (1995) Racial/ethnic differences in age-
related maculopathy: Third National Health and Nutrition Examination
Survey. Ophthalmology 102:371–381. Medline

Klein R, Klein BE, Jensen SC, Mares-Perlman JA, Cruickshanks KJ, Palta M
(1999) Age-related maculopathy in a multiracial United States popula-
tion: The National Health and Nutrition Examination Survey III. Oph-
thalmology 106:1056 –1065. CrossRef Medline

Lakso M, Sauer B, Mosinger B Jr, Lee EJ, Manning RW, Yu SH, Mulder KL,
Westphal H (1992) Targeted oncogene activation by site-specific re-
combination in transgenic mice. Proc Natl Acad Sci U S A 89:6232– 6236.
CrossRef Medline

Lee EC, Yu D, Martinez de Velasco J, Tessarollo L, Swing DA, Court DL,
Jenkins NA, Copeland NG (2001) A highly efficient Escherichia coli-
based chromosome engineering system adapted for recombinogenic tar-
geting and subcloning of BAC DNA. Genomics 73:56 – 65. CrossRef
Medline

Lima LH, Cella W, Greenstein VC, Wang NK, Busuioc M, Smith RT, Yan-
nuzzi LA, Tsang SH (2009) Structural assessment of hyperautofluores-
cent ring in patients with retinitis pigmentosa. Retina 29:1025–1031.
CrossRef Medline

Lima LH, Burke T, Greenstein VC, Chou CL, Cella W, Yannuzzi LA, Tsang
SH (2012) Progressive constriction of the hyperautofluorescent ring in
retinitis pigmentosa. Am J Ophthalmol 153:718 –727, 727 e1–2. CrossRef
Medline

Liu MM, Tuo J, Chan CC (2011) Gene therapy for ocular diseases. Br J
Ophthalmol 95:604 – 612. CrossRef Medline

McCarrick JW 3rd, Parnes JR, Seong RH, Solter D, Knowles BB (1993)
Positive-negative selection gene targeting with the diphtheria toxin
A-chain gene in mouse embryonic stem cells. Transgenic Res 2:183–190.
CrossRef Medline

McLaughlin ME, Sandberg MA, Berson EL, Dryja TP (1993) Recessive mu-
tations in the gene encoding the b-subunit of rod phosphodiesterase in
patients with retinitis pigmentosa. Nat Genet 4:130 –134. CrossRef
Medline

McLaughlin ME, Ehrhart TL, Berson EL, Dryja TP (1995) Mutation spec-
trum of the gene encoding the b subunit of rod phosphodiesterase among
patients with autosomal recessive retinitis pigmentosa. Proc Natl Acad Sci
U S A 92:3249 –3253. CrossRef Medline

Mitamura Y, Mitamura-Aizawa S, Nagasawa T, Katome T, Eguchi H, Naito T
(2012) Diagnostic imaging in patients with retinitis pigmentosa. J Med
Invest 59:1–11. CrossRef Medline

Miyoshi G, Fishell G (2006) Directing neuron-specific transgene expression
in the mouse CNS. Curr Opin Neurobiol 16:577–584. CrossRef Medline

Owsley C, Jackson GR, Cideciyan AV, Huang Y, Fine SL, Ho AC, Maguire
MG, Lolley V, Jacobson SG (2000) Psychophysical evidence for rod vul-

13482 • J. Neurosci., August 14, 2013 • 33(33):13475–13483 Davis et al. • Limitations in Treatment of Retinitis Pigmentosa

http://dx.doi.org/10.1006/exer.1993.1124
http://www.ncbi.nlm.nih.gov/pubmed/8224014
http://dx.doi.org/10.1073/pnas.94.26.14559
http://www.ncbi.nlm.nih.gov/pubmed/9405652
http://dx.doi.org/10.1016/S0042-6989(01)00146-8
http://www.ncbi.nlm.nih.gov/pubmed/11853768
http://www.ncbi.nlm.nih.gov/pubmed/11095627
http://dx.doi.org/10.1073/pnas.1218933110
http://www.ncbi.nlm.nih.gov/pubmed/23341635
http://www.ncbi.nlm.nih.gov/pubmed/10892836
http://dx.doi.org/10.1001/archopht.125.2.151
http://www.ncbi.nlm.nih.gov/pubmed/17296890
http://dx.doi.org/10.1006/geno.1995.0001
http://www.ncbi.nlm.nih.gov/pubmed/8595886
http://dx.doi.org/10.1016/S0960-9822(07)00562-3
http://www.ncbi.nlm.nih.gov/pubmed/9843687
http://dx.doi.org/10.1167/iovs.07-1422
http://www.ncbi.nlm.nih.gov/pubmed/18658088
http://www.ncbi.nlm.nih.gov/pubmed/16163266
http://www.ncbi.nlm.nih.gov/pubmed/19649989
http://www.ncbi.nlm.nih.gov/pubmed/7775097
http://www.ncbi.nlm.nih.gov/pubmed/10393062
http://dx.doi.org/10.1016/j.ajhg.2010.06.016
http://www.ncbi.nlm.nih.gov/pubmed/20655036
http://dx.doi.org/10.1002/cne.21144
http://www.ncbi.nlm.nih.gov/pubmed/17111372
http://dx.doi.org/10.1097/IAE.0b013e31821dfc17
http://www.ncbi.nlm.nih.gov/pubmed/21909055
http://dx.doi.org/10.1038/sj.gt.3302485
http://www.ncbi.nlm.nih.gov/pubmed/15772686
http://dx.doi.org/10.1152/physiolgenomics.00019.2007
http://www.ncbi.nlm.nih.gov/pubmed/17456738
http://www.ncbi.nlm.nih.gov/pubmed/8125719
http://dx.doi.org/10.1167/iovs.05-0254
http://www.ncbi.nlm.nih.gov/pubmed/16123450
http://dx.doi.org/10.1016/S0140-6736(06)69740-7
http://www.ncbi.nlm.nih.gov/pubmed/17113430
http://dx.doi.org/10.1248/bpb1978.7.883
http://www.ncbi.nlm.nih.gov/pubmed/6533280
http://dx.doi.org/10.1038/ng1295-468
http://www.ncbi.nlm.nih.gov/pubmed/7493036
http://dx.doi.org/10.1089/hum.2008.141
http://www.ncbi.nlm.nih.gov/pubmed/19272012
http://dx.doi.org/10.1016/S1568-1637(02)00007-7
http://www.ncbi.nlm.nih.gov/pubmed/12067593
http://www.ncbi.nlm.nih.gov/pubmed/9592088
http://dx.doi.org/10.1006/jmbi.1998.2307
http://www.ncbi.nlm.nih.gov/pubmed/9878397
http://dx.doi.org/10.1126/scitranslmed.3004323
http://www.ncbi.nlm.nih.gov/pubmed/22674554
http://www.ncbi.nlm.nih.gov/pubmed/7891973
http://dx.doi.org/10.1016/S0161-6420(99)90255-5
http://www.ncbi.nlm.nih.gov/pubmed/10366071
http://dx.doi.org/10.1073/pnas.89.14.6232
http://www.ncbi.nlm.nih.gov/pubmed/1631115
http://dx.doi.org/10.1006/geno.2000.6451
http://www.ncbi.nlm.nih.gov/pubmed/11352566
http://dx.doi.org/10.1097/IAE.0b013e3181ac2418
http://www.ncbi.nlm.nih.gov/pubmed/19584660
http://dx.doi.org/10.1016/j.ajo.2011.08.043
http://www.ncbi.nlm.nih.gov/pubmed/22137208
http://dx.doi.org/10.1136/bjo.2009.174912
http://www.ncbi.nlm.nih.gov/pubmed/20733027
http://dx.doi.org/10.1007/BF01977348
http://www.ncbi.nlm.nih.gov/pubmed/8364601
http://dx.doi.org/10.1038/ng0693-130
http://www.ncbi.nlm.nih.gov/pubmed/8394174
http://dx.doi.org/10.1073/pnas.92.8.3249
http://www.ncbi.nlm.nih.gov/pubmed/7724547
http://dx.doi.org/10.2152/jmi.59.1
http://www.ncbi.nlm.nih.gov/pubmed/22449988
http://dx.doi.org/10.1016/j.conb.2006.08.013
http://www.ncbi.nlm.nih.gov/pubmed/16971113


nerability in age-related macular degeneration. Invest Ophthalmol Vis Sci
41:267–273. Medline

Owsley C, Jackson GR, White M, Feist R, Edwards D (2001) Delays in rod-
mediated dark adaptation in early age-related maculopathy. Ophthalmol-
ogy 108:1196 –1202. CrossRef Medline

Pang JJ, Dai X, Boye SE, Barone I, Boye SL, Mao S, Everhart D, Dinculescu A,
Liu L, Umino Y, Lei B, Chang B, Barlow R, Strettoi E, Hauswirth WW
(2011) Long-term retinal function and structure rescue using capsid mu-
tant AAV8 vector in the rd10 mouse, a model of recessive retinitis pig-
mentosa. Mol Ther 19:234 –242. CrossRef Medline

Pang JJ, Boye SL, Deng W, Kumar A, Dinculescu A, Chiodo V, Li J, Li Q, Rani
A, Foster TC, Chang B, Hawes NL, Boatright JH, Hauswirth WW (2008)
AAV-mediated gene therapy delays retinal degeneration in the rd10
mouse containing a recessive PDEbeta mutation. Invest Ophthalmol Vis
Sci 49:4278 – 4283. CrossRef Medline
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