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Rhodopsin, the visual pigment mediating vision under dim
light, is composed of the apoprotein opsin and the chromophore
ligand 11-cis-retinal. A P23H mutation in the opsin gene is one
of the most prevalent causes of the human blinding disease,
autosomal dominant retinitis pigmentosa. Although P23H cul-
tured cell and transgenic animal models have been developed,
there remains controversy over whether they fully mimic the
human phenotype; and the exact mechanism by which this
mutation leads to photoreceptor cell degeneration remains
unknown. By generating P23H opsin knock-in mice, we found
that the P23H protein was inadequately glycosylated with levels
1-10% that of wild type opsin. Moreover, the P23H protein
failed to accumulate in rod photoreceptor cell endoplasmic
reticulum but instead disrupted rod photoreceptor disks.
Genetically engineered P23H mice lacking the chromophore
showed accelerated photoreceptor cell degeneration. These
results indicate that most synthesized P23H protein is degraded,
and its retinal cytotoxicity is enhanced by lack of the 11-cis-
retinal chromophore during rod outer segment development.

Greater understanding of a genetically heterogeneous group
of retinal disorders is now possible due to the results of studies
that have revealed their causative genes. Many genetic loci can
cause such retinopathies (RetNet) (1). Mutations in photo-
transduction genes, including those in opsin genes (2), consti-
tute one of the major known causes of inherited blinding dis-
eases (3). Among them, retinitis pigmentosa (RP)* refers to a
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group that displays genetic heterogeneity and a range of clinical
phenotypes (4). RP manifested predominantly by death of rod
photoreceptor cells is a progressive disease characterized by
night blindness that progresses to loss of peripheral vision and
eventually all useful vision over decades (5). Of more than 100
mutant opsins associated with autosomal dominant RP (adRP),
the most frequent mutation is P23H (6), accounting for ~10%
of human cases (7, 8).

In vitro studies have shown that the P23H opsin associated
with adRP is misfolded and retained in the ER (9-12). Conse-
quently, this protein is not transported to the cell membrane
(12) but instead was degraded by the ubiquitin-proteosome sys-
tem (13). Co-expression of adRP-linked opsin folding-deficient
mutants and wild type (WT) opsin resulted in enhanced pro-
teosome-mediated degradation and steady-state ubiquitination
of both mutant and WT opsin in an experimental cell line (14).
These results imply that in vivo, a misfolded monomer of P23H
opsin can also induce co-aggregation with WT rhodopsin pre-
venting rod outer segment (ROS) formation. This dominant
negative effect on ROS formation has been considered as the
underlying reason for the adRP inheritance of P23H in humans.

The retinal structure in heterozygous transgenic mice and
rats expressing the P23H opsin partially mimics that of adRP in
humans carrying this mutation (15-19). Mislocalization of the
P23H opsin in the retina also has been reported in transgenic
animal models (20), and this causes an abnormally reduced
response to light (21). Most importantly, photoreceptor cells
undergo rapid degeneration even when ROS are formed. Cur-
rently available adRP animal models can have differing expres-
sion levels of the mutant opsin transgene and WT opsin gene,
mixed human and mouse gene products, or an additional muta-
tion in the sensitive N terminus. So, we sought to improve the
model by introducing the mouse P23H-opsin mutation in mice
by knock-in techniques.

Rod photoreceptors in our P23H knock-in mice displayed
regional degeneration and decreased lengths of their ROS,
but most survived for several months, even though their OS

H, endoglycosidase H; PNGase F, peptide:N-glycosidase F; ER, endoplasmic
reticulum; cd, candela; LRP, longitudinal reflectivity profile; ONL, outer
nuclear layer; IS, inner segment; INL, inner nuclear layer; PNA, peanut
agglutinin lectin.
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structures were compromised. No abnormal aggregates were
detected in their inner segments. This phenotype mimics
changes in the retina of patients with adRP caused by the
P23H opsin mutation. Genetic ablation of chromophore
production accelerated rod cell degeneration in these mice,
suggesting that an interaction between opsin and the mutant
opsin proteins prevents normal ROS formation.

MATERIALS AND METHODS

Human Subjects, Psychophysical Testing, Electroretinogra-
phy, and Retinal Cross-sectional Imaging—Patients with adRP
and the P23H mutation in the opsin gene (n = 19) were
included in this study (Fig. 1). Informed consent was obtained.
Procedures followed the Declaration of Helsinki guidelines and
were approved by the institutional review board.

Psychophysical Testing—XKinetic visual fields were performed
with a Goldmann perimeter with large (V-4e, 1.72°) and small
(I-4e, 0.11°) targets, and results were quantified (22). Static
threshold perimetry in both the dark-adapted (500- and
650-nm stimuli) and light-adapted (600-nm stimulus on
10-cd-m ™2 white background) states was performed using an
automated perimeter (Humphrey Field Analyzer, San Leandro,
CA) and analyzed for photoreceptor mediation and sensitiv-
ity losses, as described previously (22-24). Topography of
rod and long/middle wavelength cone sensitivity losses was
summarized by mapping the frequency of occurrence of a
given loss (25, 26). A 3 X 3 moving average filter was applied
(excluding the physiological blind spot) to all maps. In addi-
tion, foveal value was excluded for rod sensitivity loss maps
but used (without applying the moving average) for cone
sensitivity loss maps.

Electroretinography—Full field electroretinographies (ERGs)
were performed according to published protocols (22).

Retinal Cross-sectional Imaging—Fourier domain (RTVue-
100; Optovue Inc., Fremont, CA) and time domain (OCT3; Carl
Zeiss Meditec, Inc., Dublin, CA) optical coherence tomography
units were used. Our recording and analysis techniques for both
systems were published previously (27-29). Scans along the
vertical meridian were analyzed with custom programs (Mat-
Lab 6.5; MathWorks, Natick, MA). Longitudinal reflectivity
profiles (LRPs) making up the optical coherence tomography
scans were straightened and laterally averaged to increase the
signal to noise ratio. Peaks and transitions between hypo- and
hyper-reflective laminae were segmented directly using indi-
vidual LRPs by the minima and maxima of the signal and its
slope. For the outer retinal sublaminae, signal peak assignments
were based on previously published work (30).

Animals—Mice were maintained under a 12-h light/12-h
dark cycle, the light ranging from 1.2 to 32 lux inside their cages.
Prior to ERG analysis, mice were kept under a dim red light
(0.03-1.3 lux inside their cages) for at least 2 days. All animal
procedures and experiments were approved by the Case West-
ern Reserve University Animal Care Committees and con-
formed to both the recommendations of the American Veteri-
nary Medical Association Panel on Euthanasia and the
Association of Research for Vision and Ophthalmology. Lrat™"~
mice (31, 32), hirhoG/hrhoG mice (33), and Rho~ /"~ mice (34) were
used for cross-breeding. Because of genetic background differ-
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ences in each strain, histological data from cross-bred mice were
compared with those from their littermates.

P23H Knock-in Mice—A mouse opsin gene clone from the
129 Sv/Ev Lambda genomic library was used to generate the
P23H knock-in targeting vector, which then was validated by
full-length sequencing. This vector was linearized by NotI (Fig.
2B, 2nd row) and transfected into iTL1 129 Sv/Ev embryonic
stem cells by electroporation. After selection with G418, one
recombinant clone was microinjected into blastocysts from
which seven P23H knock-in heterozygous mice (P23Hneo/+)
(F1) were generated (Fig. 2B, middle row). These were used to
generate homozygous mice (P23Hneo/P23Hneo) (F3), which
were crossed with B6FVB-Tg (Ella-cre) C5379Lmgd/] mice
(The Jackson Laboratory, Bar Harbor, ME) to generate
heterozygous mice without the Neo cassette (P23H/+Cre*’™)
(F4). All P23H mice used for the described experiments were
offspring of homozygous mice lacking both the Neo cassette
and the cre transgene (P23H/P23H Cre””") (F5, mouse ID 53
and 62) (Fig. 2B, bottom row).

Opsin Locus Sequencing—Tails from mouse ID 53 and 62
were incubated with 50 ug of proteinase K (Fisher) and 0.01%
SDS in 507 wl of 10 mm Tris, pH 8.0, at 60 °C for 1 h and then at
37 °C for 16 h in individual tubes. Genomic DNA was purified
twice with phenol, which then was removed with chloroform.
Genomic DNA was precipitated by adding 2 ul of nucleic acid
carrier (Pellet Paint Co-Precipitant, Novagen, Gibbstown, NJ),
50 wl of 3 M sodium acetate, pH 5.2, and 550 ul of isopropyl
alcohol. Precipitated genomic DNA was rinsed with 80% etha-
nol and dissolved in Tris-HCI, pH 7.4, and 1 mm EDTA. The
opsin locus, including the entire targeted region, was amplified
with the following: 0.5 um 17392, 5'-CGTCTCCTGCCCAGA-
TGAAGTTTGTAT-3";0.5 uM28219,5 -GCAGAGAAAACC-
AGGGCAGGTATGTAA-3'; 1 unit of DNA polymerase
(Takara LA Taq, Takara, Otsu, Shiga, Japan); 2.5-3.5 mMm
MgCl,, 0.4 mm ANTP, and 55-136 ng of mouse ID 53 or 62
genome in 20-ul reaction mixtures placed in individual tubes.
PCR amplifications were performed with an initial 1-min dena-
turation at 94 °C, 35 cycles at 94 °C (20 s), and 68 °C (15 min),
and the last elongation at 72 °C (10 min). Amplified PCR prod-
ucts (~11 kb) were gel-purified and cloned into pCR-XL-
TOPO vector (Invitrogen) according to manufacturer’s
instructions except that 0.2 M NaCl and 11 mm MgCl, were
added for ligation. Cloned PCR products were sequenced in one
direction with DNA sequencing primers at ~700-bp intervals
and an ABI 3730x] sequencer (Applied Biosystems, Carlsbad,
CA). Sequences are shown in supplemental data 1. We also
confirmed by the genotyping methodology described below
that mouse ID 53 and 62 did not have an rd mutation (data not
shown) (35). The PDE B-subunit mutation (rd) was detected by
amplifying exon 7 of the PDE B-subunit with primer pairs
named W149 and W150 and digested with the restriction
enzyme Ddel as detailed previously (35).

Genotyping—Genomic DNA was isolated from mouse tails
by using a Wizard genomic DNA purification kit (Promega,
Madison, WI) according to the manufacturer’s instructions
with the following modifications. All procedures were done
with half the recommended volumes, and DNA was precipi-
tated with nucleic acid carrier (Pellet Paint Co-Precipitant,
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Novagen). PCR was performed with 20-ul reaction mixtures
containing the 0.15 uM primer pair, 0.5 mm MgCl,, 0.2 mm
dNTP, 0.4 units TagDNA polymerase (Roche Applied Science),
and 50-200 ng of genomic DNA. PCR amplifications were
done with an initial 5 min of denaturation at 94 °C, and 35
cyclesat 94 °C (30s), 60 °C (30s), and 72 °C (1 min) with final
elongation at 72 °C (7 min). For hrhoG genotyping, PCR was
accomplished with an annealing at 70 °C. Primer sequences
and PCR product sizes were as follows: P23H, GenoRhoL
2163, 5'-TGGAAGGTCAATGAGGCTCT-3', and GenoRhoR
2561, 5'-GACCCCACAGAGACAAGCTC-3’, 399 bp from
WT and 573 bp from P23H (Figs. 2B, bottom, and D); P23H
neo, Ché beflstloxP, 5'-GGAGCAGGCAAAAATCACAT-
3’, and aftlstLoxP, 5'-ACGAGATCAGCAGCCTCTGT-3/,
499 bp; Cre transgene, GenoCreL 473, 5'-GCACTGATTT-
CGACCAGGTT-3’, and GenoCreR 672, 5'-GCTAACCAG-
CGTTTTCGTTC-3’, 199 bp; opsin knock-out loci, K183-F,
5'-CTTGCCGAATATCATGGTGG-3', and opsin exonl-R,
5'-TCTGCTCATACCTCCAAGTG-3’, ~650 bp; opsin WT
loci, opsin exon 1F, 5'-CAGTTACCTGGAGTTGCGCT-3/,
and opsin exon1-R, 439 bp. The RPE65 L450M variant was
identified by amplifying the RPE65 genome, including the
L450M variant coding region with a primer pair as described
previously (36); this was digested with the restriction
enzyme Mwol that recognizes the Leu**° allele (CTG = Leu)
but not the Met**° allele (ATG = Met). Lecithin-retinol acyl-
transferase knock-out loci and WT loci were genotyped with
primer pairs named Neol and LRATI1S for knock-out loci
and LRATWT1 and LRAT1S for WT loci as described pre-
viously (31). Human opsin-GFP fusion (hrhoG) knock-in loci
and mouse opsin loci were genotyped as reported previously
(33). The PDE B-subunit mutation (rd) was detected by
amplifying exon 7 of the PDE B-subunit with primer pairs
named W149 and W150 and digested with the restriction
enzyme Ddel as detailed previously (35).

Opsin cDNA Cloning—Neural retinas from P23H/+ mice at
PND 26 (mouse ID 129, 131, 132, and 141) were dissolved in 800
wl of TRIzol (Invitrogen) containing 200 ug of glycogen (Roche
Applied Science). Total RNA was extracted according to the
manufacturer’s instructions and then precipitated by nucleic
acid carrier (Pellet Paint Co-Precipitant, Novagen). Precipitates
were dissolved in 88 ul of RNase-free water containing 40 units
of RNase inhibitor (Roche Applied Science) and then treated
with 1 unit of RNase-free DNase (RQ1, Promega) at 37 °C
for 55 min. After RNA clean-up with spin columns (RNeasy
MiniElute Cleanup kit, Qiagen, Valencia, CA), cDNA was syn-
thesized with Sensiscript reverse transcriptase (Qiagen) using
oligo(dT),, s primers. For a negative control, the same
amount of total RNA was processed without reverse transcrip-
tase. PCR was performed with 20-ul mixtures containing the
following: 0.16 um mRhol21, 5'-AAGCAGCCTTGGTCTCT-
GTC-3’; 0.26 uM mRhoR1291, 5'-AGTGGGGAGCCTCATT-
TTG-3'; a 1-unit mixture of Taq and proofreading polymerase
(Expand High Fidelity Enzyme Mix, Roche Applied Science),
0.2 mm dNTP, and 4 mm MgCl,. PCR amplifications were done
with an initial 2-min denaturation at 94 °C, 10 cycles at 94 °C
(15's), 57°C (30 s), and 72 °C (55 s), 25 cycles at 94 °C (15 s),
57°C (30 s), and 72 °C (55 s) with 5 s elongation for each suc-
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cessive cycle and a final 7-min elongation at 72 °C. Predicted
sizes of PCR products (~1.2 kb) were not generated by negative
controls involving either nonreverse-transcribed total RNA or
water as templates (data not shown). After purification by spin
column chromatography (Microspin S-400, GE Healthcare),
A-tailing was performed with 10-ul mixtures containing 5
units of TagDNA polymerase (Roche Applied Science) and
0.2 mm dATP at 67 °C for 35 min. A-tailed PCR products
were ligated into pGEM-T Easy vector (Promega) and trans-
fected into JM109 cells (Promega). The presence of WT and
P23H opsin was determined by sequencing. Examples of
sequence chromatograms from mouse ID 129 (P23H/+) are
shown in Fig. 2C. To assess the ratio between P23H and WT
opsin mRNA, we sequenced 139 ¢cDNA clones from four
heterozygous mice and calculated the WT to P23H opsin
c¢DNA ratios (Fig. 2E).

Immunohistochemistry—Eye cups were fixed with 4% para-
formaldehyde in PBS (136 mm NaCl, 2 mm KCl, 8 mm
Na,HPO,, 1 mm KH,PO,, pH 7.4) containing 5% sucrose for 5 h
at 4°C. Fixed tissues were dehydrated and then frozen as
described previously (37). Cryo-sections 5-7 um thick were
made with a cryostat-microtome (CM1850, Leica, Bannock-
burn, IL) and incubated with antibodies as reported previously
(38). Samples were incubated with Alexa 488 PNA (Invitrogen)
at room temperature for 2.5 h. Final concentrations of anti-
bodies were as follows: mouse 1D4 (5 wg/ml) and rabbit anti-
calreticulin (2 wg/ml, Sigma); rat 13A4 anti-prominin-1 (0.5
pg/ml, from Dr. Corbeil); Cy3-conjugated goat anti-mouse
IgG (3 mg/ml, Jackson ImmunoResearch, West Grove, PA);
Alexa 488 goat anti-rabbit IgG (4 ug/ml, Molecular Probes);
Alexa 488 goat anti-rat IgG (4 ug/ml, Molecular Probes);
and Alexa 488 PNA (5 ug/ml, Invitrogen). Fluorescence was
detected with a fluorescence microscope (CTR 6000, Leica).
Images were captured by a CCD camera (QImaging Retiga Exi
Fast 1394, QImaging, Surrey, British Columbia, Canada) and
analyzed with Adobe Photoshop software. Nuclei in columns of
photoreceptor cells were manually counted with “cell counter”
plug-in Image J software (National Institutes of Health) in ret-
inal sections from at least three mice stained with 12.3 ug/ml
Hoechst 33342 (Invitrogen).

Light and Electron Microscopy—Eye cups were processed as
described previously (39) with the modification that initial fix-
ation with aldehyde/DMSO was done at 37 °C for 2—4 h and
then eye cups were cut in half on their dorsal-ventral axis
and fixed again for several minutes. To track the dorsal-ventral
and nasal-temporal axis, the right and left eyes were processed
in individual vials. Thick sections (300 -900 nm) were stained
with 0.5% toluidine blue O (Sigma) to observe morphology and
with 1% toluidine blue O and 1% borax, pH 9.2, to count nuclei.
Images were collected with a microscope (CTR 6000, Leica),
equipped with a CCD camera (QImaging Micro Publisher 5.0
RTV QImaging), and analyzed with Adobe Photoshop soft-
ware. Nuclei were counted as described previously (40, 41) with
the following modifications: five continuous segments of retina,
each 200 uwm long, were analyzed with a cell counter plugged-in
Image J software (National Institute of Health) starting 400 um
from the optic nerve and extending to the dorsal or ventral
ciliary marginal zone. Average numbers of nuclei in a 200-um
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length of retina were calculated from three P23H/+ mouseret-  toreceptor cell nuclei) were similar to those reported previously
inas (PND 63) and one WT mouse retina (PND 63). Our data  (41).

from the PND 63 WT mouse (about 273 photoreceptor cell Immunoblotting Analyses—Neural retina obtained from
nuclei in a 200 um length of retina containing ~3% cone pho- mouse eyes was immediately frozen in liquid nitrogen. Frozen
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retinas then were processed in homogenization buffer (2% SDS
in 12.5 mm Tris-HCI, pH 6.8). Protein concentrations were
measured with a two-dimensional Quant kit (GE Healthcare).
Proteins separated by SDS-PAGE in 10 or 12% acrylamide gels
were transferred to PVDF membranes by a semi-dry electro-
phoretic transfer apparatus (Bio-Rad). Transfer was performed
with 10% methanol in 10 mm Tris and 192 mwm glycine at 15 V
for 1 h. Resulting membranes were blocked with 0.3% nonfat
dry milk (Nestle, Carnation Nestle, Vevery, Switzerland) in
TBST buffer (50 mMm Tris-HCI, pH 7.5, 15 mm NaCl, and 0.1%
Tween 20) for 20 min, incubated with primary antibody over-
night at 4 °C, washed with TBST, incubated with peroxidase-
conjugated secondary antibody for 1-2 h at room temperature,
washed again with TBST, and finally incubated with chemi-
luminescent substrate (SuperSignal West Pico Substrate,
Thermo Scientific, Rockford, IL). Signals were detected by
exposure to x-ray film (CL-XPosure, Thermo Scientific) and
developed with an x-ray film processor (Mini-medical 90,
ImageWorks, Elmsford, NY). Images captured by a CCD cam-
era (Alpha Imager HP, Cell Biosciences, Santa Clara, CA) were
analyzed with Adobe Photoshop software. Final antibody con-
centrations were as follows: mouse monoclonal 1D4 (42), 0.5
pg/ml; mouse monoclonal B6-30N (43), 0.26 wg/ml; rabbit
polyclonal anti-GFP (Novus Biologicals Littleton, CO), 0.11
png/ml; peroxidase-conjugated goat anti-mouse IgG (Jackson
ImmunoResearch, West Grove, PA), 0.02 ug/ml; and peroxi-
dase-conjugated donkey anti-rabbit IgG (Santa Cruz Biotech-
nology, Santa Cruz, CA), 0.13 ug/ml. For glycosylation analy-
ses, 30 ug of protein was treated with 1,100 units of Endo H
(New England Labs, Ipswich, MA) or 2,200 units of PNGase F
(New England Labs) in 22 ul of reaction solution that included
44 ng of leupeptin and 1.75 ug of PMSF according to the man-
ufacturer’s protocol.

Mouse ERGs—All mouse ERG procedures were performed
by published methods (44, 45). For single-flash recording, the
duration of white light flash stimuli from 20 s to 1 ms was
adjusted to provide a range of illumination intensities from
—3.7 to 1.6 log cd's/m>. Three to eight recordings were made at
sufficient intervals between flash stimuli (10 s to 10 min) to
allow recovery from photo-bleaching effects.

Statistical Analyses of ERGs—Data representing the means *
S.D. or the means = S.E. for the results of at least three inde-

P23H Knock-in Mice

pendent experiments were compared by the one-way analysis
of variance test.

RESULTS

P23H Mutation in the Opsin Gene Causing adRP, the Human
Disease to Model—Typical clinical visual fields of individuals
with P23H opsin mutation (Fig. 14) and the rates of their pro-
gressive constriction with age (Fig. 1B) are illustrated. These
light-adapted kinetic visual fields (mainly a cone-mediated vis-
ual task) measured with large and small stimuli can be within
normal limits in a minority of patients into the 3rd decade of life
(Fig. 1A, white symbols; see inset P1). Others can retain a normal
field extent with a large stimulus but reduced extent to a smaller
target (Fig. 14, light gray symbols) even into the 8th decade of
life. Most individuals displayed reduced visual fields to both
stimulus sizes (Fig. 14, dark gray), and the common pattern of
visual loss is altitudinal, meaning greater dysfunction in the
superior visual field (Fig. 14, see inset, P2) representing the
inferior retina. To determine the progression of visual field loss
in individuals with the P23H opsin mutation, we considered a
subset of six patients with available longitudinal data (intervals
of 3-18 years; median = 6 years), and we assumed a model
wherein the disease progresses exponentially after its onset
(46-51). Estimated rates of visual field constriction were
7%/year for the large target and 18%/year for the small target
(52,53). Assuming an invariant exponential rate of progression,
individual ages of disease onset (estimated from the intercepts)
ranged from 17 to 72 years. Replotting of the longitudinal visual
field data as a function of time after the age of onset showed a
substantially reduced scatter (Fig. 1B). Rod ERGs in all patients
in the cohort were abnormally reduced in amplitude, or signals
were not detectable; cone ERGs in two of the patients were
within normal limits, but all others had either reduced ampli-
tude or no detectable cone signal.

Rod- and cone-mediated vision and the regional variations in
each were also measured across the visual field in individuals
with P23H opsin mutation and are represented as three stages
of increasing severity (Fig. 1C). In mild disease there is some rod
visual dysfunction in the superior field extending into the tem-
poral peripheral field. At this stage of rod disease, there is less
cone dysfunction, but later cone defects are also first noted in
superior field loci. Intermediate disease is manifested by supe-

FIGURE 1. Retinal phenotype of humans with adRP caused by the P23H opsin gene mutation. A, extent of the kinetic visual field (for the larger V-4e
stimulus, left, and smaller I-4e, right) is shown as a function of age for 19 patients. Longitudinal data from a subset of the patients are shown as symbols
connected by lines. Fields that are normal (>90%) are shown with unfilled symbols, and fields that are abnormal with dark gray symbols; light gray symbols refer
to those patients with normal V-4e but abnormally reduced I-4e fields. Inset (right), three representative patients showing a full visual field (P7), altitudinal
(superior field) loss (P2), and a small central island with a residual island of nasal field function (P3). B, extent of visual field constriction for the |-4e stimulus shows
a faster progression rate compared with that measured with the V-4e stimulus in the subset of patients with longitudinal data. Presumably, visual field
constriction in all individuals progresses with an invariant exponential rate (7%/year for V-4e and 18%/year for |-4e) after a variable age of disease onset, which
is estimated from the average of the intercepts fit to log-linear data for each target. C, retinal topography of rod sensitivity loss (upper row) and cone sensitivity
loss (lower row) demonstrating mild (n = 2; ages 15 and 22), intermediate (n = 5; ages 18-54), and severe (n = 6; ages 30-82) stages of this disease. Rod loss
was measured with a 500-nm stimulus (dark-adapted) and cone loss with a 600-nm stimulus (light-adapted). Color changes delineate the 50th percentile
contour for a given level of sensitivity loss (specified in log units on the color scale; sc, scotoma). Maps are shown as visual fields of the right eye. S, I, N, and T refer
to superior, inferior, nasal, and temporal visual field, respectively. D, retinal laminar architecture of a normal control subject (age 31) and P4 (age 18) imaged
with optical coherence tomography along the vertical meridian from the fovea extending 6.5 mm into the superior retina. White rectangle represents location
of the LRP shown on theright (black trace). Correspondence between local reflectivity changes on the LRPs and anatomical laminae of ONL, rod, and cone outer
segments are shown. The thickness of the laminae was quantified at three neighboring locations (centered at 1.7, 2.3,and 2.9 mm from the fovea in the superior
retina) in three patients (P4, P3, and P2) and compared with results in normals (error bars =2 S.D.). Significant differences from normal are marked with an
asterisk. Note the superior retinal region in P4 with remaining ONL showing loss of the signal originating from the connecting cilium between inner and outer
segments (arrow).
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FIGURE 2. Two-dimensional model of rhodopsin, targeting strategy, and molecular characterization of P23H knock-in mice. A, two-dimensional model
of human and mouse rhodopsin. The 18 residues that are not conserved between human and mouse are indicated with white and bold black letters, respec-
tively. Residues of transmembrane helices are indicated by open circles. Lys**%, indicated by white filled circle, makes a Schiff base linkage with 11-cis-retinal. The
RefSeq data base accession numbers for the presented proteins are NP_000530.1 and NP_663358.1 for human and mouse opsin, respectively, and the
two-dimensional model was modified from Ref. 92. Amino acid sequence of mouse and human opsin are well conserved including Pro?3. The P23H mutation
(indicated by an arrow) is located on the extracellular or intradiscal face of the protein near the Asn'> N-linked glycosylation site. B, targeting strategy for P23H
opsin knock-in mice. Top, mouse opsin consists of five exons (E7-5). The opsin enhancer region 2 kb upstream of the opsin gene is indicated by gray line. 2nd
row, the targeting vector contained 6.4 kb of 5" and 1.9 kb of 3" homologous sequence with C to A transversion at codon 23 (A inside arrowhead). Vector
backbone sequences are indicated by hatched lines, and B-lac stands for the B-lactamase gene. 3rd row, as a result of homologous recombination, codon 23 in
exon 1 was changed to CAC and the flippase recognition target (FRT)-loxP flanked neomycin resistance gene (Neo) was inserted after exon 1. Bottom row,
neomycin was removed from targeted locus by cre-loxP recombination. By this knocking-in method, we generated mice with a point mutation at codon 23,
which encode the P23H opsin. This mouse lacks the neomycin cassette but has a 174-bp vector backbone insertion in intron between exon 1 and exon 2.
C, chromatogram of opsin cDNA from a P23H/+ mouse. The cDNA sequence chromatograms of two clones from one PND 26 P23H/+ mouse retina confirm the
presence of both mutant and WT mRNAs. D, genotyping. PCR primers were designed to amplify the intron where the 174 bp of vector backbone sequence was
inserted (Fig. 2B, bottom). The WT allele produced 399 bp and the P23H opsin allele produced 573 bp of PCR products. The negative control displayed no
template contamination. Identities of PCR products were confirmed by sequencing (supplemental data 2). E, cDNA ratios of the P23H opsin to WT opsin. A total
of 139 opsin cDNA clones isolated from four heterozygous mice (mouse ID 129, 131, 132, and 141, PND 26) were sequenced and used to identify ratios of P23H
and WT opsin to subtotal clone numbers in each mouse. There was no statistically significant difference between P23H and WT opsin ratios (p = 0.62 between
WT and P23H).

rior and temporal field rod scotomas (blindspots) and relative
preservation of inferior and inferior-nasal loci (corresponding
to the superior and superior-temporal retina). A similar pattern
but with a less pronounced deficit occurs with measured cone
sensitivity loss. In severe disease, there is no detectable rod
function and only a small central island of reduced cone
function.

In vivo histopathology with optical coherence tomography
was quantitatively assessed in three patients (P4, P3, and P2) at
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three parafoveal loci (1.7, 2.3, and 2.9 mm away from the central
fovea) in the superior retina. This region was selected because it
normally contains rod and cone photoreceptors (rod:cone ratio
~10-22) (54), and in some patients it could show remaining
quantifiable retinal architecture (Fig. 1D, cross-sectional scans
on left). P4, a patient with relatively mild disease, showed nor-
mal thicknesses of the outer photoreceptor nuclear layer
(ONL), ROS, and COS at all three loci (Fig. 1D, bar graphs). P3,
with more advanced disease, showed normal thickness of ONL,
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FIGURE 3. Progressive retinal degeneration in P23H/+ mice. A, plastic sections of retinas from WT (+/+), heterozygous (P23H/+), and homozygous
(P23H/P23H) mice of differing PND ages. Sections were stained with toluidine blue. OS, outer segment; IS, inner segment; ONL, outer nuclear layer; INL, inner
nuclear layer; and GC/NFL, ganglion cell/nerve fiber layer. Arrows represent surviving rod nuclei in a homozygous P23H/P23H mouse. B, data showing the
number of nuclei per column in genetically different mice. Cryosections from WT, P23H/+, and P23H/P23H mice of differing PND ages were used for quanti-
fication. Data were derived from three eyes of three or five eyes of five mice. P23H/+ mice show age-dependent progressive retina degeneration, which is more
severe in the ventral retina compared with the dorsal retina. P23H/P23H mice lost most of their photoreceptor cells by PND 63.
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FIGURE 4. Rods and cones in P23H/+ mice. Cryo-sections from PND 35 WT and P23H/+ mice from the same litter were double-stained with opsin (1D4)
antibody and lectin PNA. Images labeled with same marker were captured under identical conditions. Significant shortening of ROS was observed in P23H/+
mice, but the number of cone photoreceptor cells labeled by PNA was not reduced by this age. RPE, retinal pigmented epithelium; ONL, outer nuclear layer; INL,
inner nuclear layer; IPL, inner plexiform layer; GC/NFL, ganglion cells/nerve fiber layer; DIC, differential interference contrast.

1D4

Rods & Cones{

PNA

ROS, and COS at 1.7 mm transitioning to abnormal ONL and  Interestingly, the thickness of the inner segment layer was nor-
ROS but normal COS at 2.3 mm; at 2.9 mm, all three measures mal at all three parafoveal loci examined in each of these
were abnormal. P2 showed normal thickness at 1.7 mm but patients. Also notable was the outer retinal laminopathy in P4 at
abnormal thickness parameters at the more eccentric loci. eccentricities beyond 4.5 mm (Fig. 1D, arrow). Here, there was
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FIGURE 5. Rod and cone nuclei numbers and images in P23H/+ mice. A, average numbers of rod and cone nuclei in 200-um lengths of WT and P23H/+
mouse retina were determined at PND 63. Compared with WT littermates, the number of rod photoreceptor nuclei in P23H/+ mouse was almost half, whereas
the numbers of cone nuclei were virtually the same. B, plastic sections of retinas from PND 63 WT and P23H/+ mice were stained with toluidine blue. Rod and
cone photoreceptor nuclei were distinguishable by the shape of their chromatin; cone nuclei are indicated by arrows. We also identified dead rod photore-
ceptor nuclei that had lost clumps of chromatin (indicated by arrowheads). C, TEM images reveal dead photoreceptor cell nuclei (arrowheads) in both WT and
P23H/+ mice. IS, inner segment; OLM, outer limiting membrane; and ONL, outer nuclear layer.

an abrupt loss of the signal normally originating from the con-
necting cilium region between inner and outer segments even
though distinct signals associated with the external limiting
membrane and the RPE were still detectable.

The above retinal structural observations support the con-
jecture that one of the earliest expressions of the retinal disease
in adRP patients with the P23H opsin mutation involves abnor-
mal thinning of the ONL and shortening of the ROS; spatially
lagging behind the encroaching wave of primary rod disease is
shortening of the COS. With more extensive disease, there is
further abnormality of inner and outer segments followed by
loss of all remaining photoreceptors. Retinal function measure-
ments (by psychophysics and electroretinography) support the
structural findings by demonstrating that loss of rod function
precedes loss of cone function. The spatial topography of
degeneration across the rod-dominant human retina displays
strong intraretinal variation; on average, the superior temporal
retinal region is the last to degenerate completely. After all rods
are lost, there is often some cone function remaining at the
cone-only fovea.

Generation and Retinal Pathology of P23H/+ Mice—We
generated P23H opsin (Fig. 2A4) knock-in mice (P23H/+) by
replacing the endogenous opsin gene with a mouse opsin gene
carrying the P23H mutation. A neomycin cassette, first intro-
duced into the mouse opsin gene for the purpose of clone selec-
tion, was later removed by cross-breeding with cre transgenic
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mice to generate P23H knock-in mice (Fig. 2B). cDNA sequenc-
ing of these heterozygotes (Fig. 2C) showed that both the WT
and P23H mRNA were transcribed. To determine the ratio of
WT and P23H mRNA, we sequenced more than 130 cDNA
clones obtained from four mice. The number of WT and P23H
clones was similar indicating that the mRNA level of the P23H
opsin was comparable with that of the WT opsin (Fig. 2E). Mor-
phological analysis of the retina revealed that at postnatal day
63 (PND 63), the ONL consisted of 9—10 rows of nuclei in WT
(+/+) mice, 6-7 rows in P23H/+ mice, and 0—-1 row in
homozygous (P23H/P23H) mice. Moreover, the ONL had
decreased to only 2—4 rows of nuclei by PND 112 in P23H/+
mice. By this age, dorsal versus ventral retinal degeneration also
differed significantly. At PND 112, P23H/+ mice with four
rows of nuclei in the dorsal retina had only two rows of nuclei in
their ventral retina where the lengths of ROS also were short-
ened (Fig. 34). In homozygote P23H/P23H mice, photorecep-
tor cells were almost gone by PND 63, and the inner nuclear
layer (INL) was apposed to the RPE layer. Some rod photore-
ceptor cells survived between the INL and RPE (Fig. 3A4,
arrows). Quantitation of the numbers of nuclei per column of
ONL for mice of different genetic backgrounds and ages is
shown in Fig. 3B.

To investigate the survival of cone photoreceptor cells in our
animal model, we analyzed cone cells after labeling with PNA
that selectively binds to cone-specific domains of the interpho-
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FIGURE 6. ERG responses in P23H/+ mice. Full field ERG responses of P23H/+ and WT (C57BL/6) mice were recorded under scotopic (A and B) and photopic
(C) conditions. Compared with WT control mice, rod photoreceptor cell-evoked a- and b-wave amplitudes under scotopic conditions were reduced in P23H/+
mice at all analyzed ages, and the extent of this abnormality increased with age (A and B). Cone photoreceptor cell-dependent b-wave amplitudes under
photopic conditions in P23H/+ mice were same as in WT mice at PND 40-41 but then decreased with age (C). Rod photoreceptor cell function was reduced to
about half that of WT at PND 40 -41 and decreased even more with age. Cone function was close to WT at PND 40-41, but reduced to about 80% of WT at PND

70, and then it decreased with age as well.

toreceptor matrix (cone matrix sheath) and COS (55). By PND
35, ROS of P23H/+ mice were significantly shorter than those
of WT mice (Fig. 4). However, the abundance and length of
PNA-labeled cone inner and outer segments closely mimicked
their counterparts in the retina of WT animals (Fig. 4). Because
the distance between the RPE and OLM was significantly
shorter than that in the retina of WT mice, PNA-labeled inner
and OS of P23H/+ mouse retinas were tilted. We also deter-
mined the number of cone photoreceptor cells by counting
their nuclei after toluidine blue staining of plastic sections;
nuclei of cones and rods were readily distinguishable (Fig. 5)
(40). Although rod nuclei numbers in P23H/+ mice were only
about half of those of WT animals (Fig. 5A4), cone nuclei num-
bers were close to those found in WT mice. In P23H/+ mice,
some cells had lost clumps of heterochromatin and displayed a
characteristic broad staining pattern of the entire nucleus (Fig.
5B, arrowheads). We considered these to be dying cells, but
their nuclear appearance differed from that of pyknotic photo-
receptor-cell nuclei observed in light-induced photoreceptor
degeneration (56). These observations indicate that cone pho-
toreceptor cells initially survived at least until mice were 2
months old, when nearly half of their rod photoreceptor cells
had disappeared. High resolution images of all dead rod cell
photoreceptor nuclei from three mice at PND 63 were similar
to these found in retinas from WT animals showing character-
istic necrotic structures (57) and lacked apoptotic bodies (Fig.
5C). Because apoptotic bodies disappear in 24 h (57), only a
small number of apoptotic cells might have escaped detection
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by our method. Thus, our data suggest that the observed degen-
eration in adult mice was mainly due to necrosis.

Assessment of Retinal Function with ERGs—Full-field ERGs
were obtained in P23H/+ mice to evaluate their age-dependent
changes in retinal function. By PND 41, ERG responses in
P23H/+ mice under scotopic conditions were severely reduced
compared with those of control WT mice (Fig. 6, A and B). The
waveforms were less than 50% of PND 40—42 WT mice at the
highest stimuli (1.6 cd-s/m?) for a-waves and b-waves and less
than 30% at the lowest stimulus (—3.7 cd's/m?) for b-waves.
These responses decreased further with a 10% loss in both
amplitudes until PND 70, whereas no significant changes were
observed in control WT mice (data not shown). By PND 170,
ERG responses under scotopic conditions were nearly unde-
tectable (Fig. 6, A and B), whereas responses observed in control
WT mice by PND 170 —-200 of age were 65% of PND 40 —42 W'T
mice at the highest stimuli (1.6 cd's/m?) for a-waves and
b-waves. ERG responses in P23H/+ mice under photopic con-
ditions were maintained at comparable levels with those of WT
mice at PND 40, whereas mildly reduced responses (20% loss)
were observed at PND 70, and severely depressed responses
similar to those under scotopic conditions were noted by PND
170. There was a continuous decline in responding until PND
276, whereas only a mild reduction (26% loss) occurred in con-
trol WT mice at this age (Fig. 6C). These observations indicate
that substantial rod cell dysfunction had occurred by PND 41,
well before modest cone dysfunction was evident at PND 70,
which slowly progressed. Consistent with the data from human
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P23H adRP patient ERG and psychophysical data, rod photore-
ceptor function was affected from the youngest age in mice that
we analyzed (PND 40), whereas cone function was not initially
compromised. However, both rod and cone photoreceptor cells
progressively degenerated with time.

Glycosylation and Degradation of P23H Opsin—To investi-
gate the glycosylation status of P23H opsin, we analyzed retinal
homogenates by immunoblotting. WT and P23H opsin migrate
similarly in SDS-PAGE so they could not be differentiated from
each other. However, no detectable band was observed in
P23H/P23H mice at PND 23 because severe photoreceptor
degeneration had taken place by this age (Fig. 7A). To distin-
guish WT opsin from P23H opsin, we generated heterozygote
mice with GFP-tagged WT human opsin (33) and P23H human
opsin (hrhoG/P23H). In these mice, WT opsin and P23H opsin
were distinguishable by their molecular weights. The molecular
mass of GFP-tagged WT opsin was about 70 kDa. A GFP-trun-
cated form of human opsin was also observed (Fig. 7B, left
panel, ~40 kDa, narrow arrow), which was also distinguishable
from P23H opsin (Fig. 7B, left panel, ~35 kDa, white arrow).
Because the P23H opsin band was much less intense than that
of GFP-tagged WT opsin, we next investigated the ratio of WT
to P23H opsin protein levels in heterozygous mice. Whereas a
weak GFP-tagged WT opsin signal was visualized (Fig. 7B, thick
black arrow) in the X1 lane, a stronger P23H opsin band was
seen only in the X 100 lane (white arrow) loaded with 100 times
the amount of retinal homogenate as the X1 lane. The latter
band did not stain as strongly as the comparable control band in
the X10 lane (Fig. 7B) indicating that the level of P23H opsin
was betweenland 10% of GFP-tagged WT opsin. To investigate
post-translational glycosylation of P23H opsin, retinal homo-
genates from P23H/P23H mice at PND 10 were treated with
different deglycosylation enzymes. Endo H is a specific
endoglycosidase that cleaves asparagine-linked mannose-rich
oligosaccharides of proteins undergoing post-translational
modification in the ER and Golgi lumen. Unlike WT opsin, the
P23H opsin was Endo H-sensitive (Fig. 7C, right panel, open
arrows). In control experiments of deglycosylation, the less spe-
cific peptide:N-glycosidase F removed all carbohydrates from
both proteins (Fig. 7C). These data indicate that P23H opsin
undergoes incomplete glycosylation and is retained in the ER
and/or Golgi where most of it is degraded.

Subcellular Localization of WT and P23H Opsin—To inves-
tigate the subcellular localization of P23H and WT opsin in
P23H/+ mice, we used an immunohistochemical procedure to
stain retinal cryosections from WT and P23H/+ mice. The
C-terminal opsin antibody, 1D4, recognized both the P23H and
WT opsin. In WT mice, a strong signal was observed for the
ROS, whereas only a weak signal was visible for the inner seg-
ments (IS) and ONL (Fig. 8). The signal pattern of 1D4 localiza-
tion in P23H/+ mice was indistinguishable from that in WT
mice, but the ROS in P23H/+ mice were comparatively angular
and markedly shortened. The ROS-specific localization was
confirmed by double staining with both 1D4 and anti-calreti-
culin (calreticulin is a chaperone protein that primarily local-
izes in the ER (58)). In both WT and P23H/+ mice, calreticulin
recognized the IS of rod photoreceptor cells where the ER is
localized but it did not colocalize with the 1D4 signal. Prominin
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FIGURE 7. P23H opsin, glycosylation and ratio to WT opsin protein. A, ret-
inal homogenates from PND 23 WT, P23H/+, and P23H/P23H mice were
labeled with N-terminal (B6-30) and C-terminal (1D4) opsin antibodies. All
lanes were loaded with 10 ng of homogenate. Opsin monomers (~35 kDa)
produced double bands due to differences in glycosylation. The molecular
mass of opsin monomers shifted down to ~30 kDa after treatment with
PNGase F. Double bands were due to incomplete deglycosylation. No glyco-
sylation difference was observed between WT and P23H/+ opsin. No detect-
able signal was observed in retinal homogenates from P23H/P23H mice. B, ret-
inal homogenates from PND 28 mice were labeled with B6-30 and anti-GFP
antibodies. Left panel, in homozygous GFP-tagged human opsin knock-in
mice (hrhoG/hrhoG), strong bands were observed for the monomer of GFP-
tagged human opsin (~70 kDa) and its dimer (~160 kDa). A band of human
opsin with a truncated GFP tag (~ 40 kDa) was also seen that was distinguish-
able from the P23H opsin band (~35 kDa) observed in lane of P23H/hrhoG; a
heterozygous hrhoG and P23H knock-in mouse. Two g of protein were
loaded. Middle panel, different amounts of retinal homogenate from P23H/
hrhoG mice were loaded, from left to right: X1,0.175 pg; X710, 1.75 pg; and
X100, 17.5 png. A faint GFP-tagged human opsin monomer band was
detected in lane X1 (~70 kDa, thick black arrow) and very faint P23H opsin
monomer band was detected in lane X 10 (~35 kDa, open arrow). The P23H
band was obvious in lane X100 (open arrow) where a fainter truncated GFP
tagged human opsin monomer band was also seen (~40 kDa, narrow arrow).
Right panel, 2 g of retinal homogenate from a P23H/hrhoG mouse labeled
with anti-GFP antibody produced a single broad band at ~70 kDa confirming
the identity of GFP-tagged human opsin. C,immunoblots of 2 g of protein
samples treated with Endo H and PNGase F were resolved on 12% SDS-
polyacrylamide gels (upper panels) and 10% gels (lower panels). Left panel,
retinal homogenate from a WT mouse (C57BL/6J, 5-month-old) labeled
with 1D4 antibody. Both WT opsin dimer and monomer were shifted to
lower molecular weights after either Endo H- or PNGase F treatment. Mid-
dle panel, retinal homogenate from a P23H homozygous mouse (PND 10)
labeled with 1D4 antibody evidenced a similar shift. Right panel, retinal
homogenate from a P23H homozygous mouse (PND 10) labeled with
B6-30 antibody. Arrowheads in upper panels indicate P23H opsin dimers
resolved in 12% gels. Arrowheads in lower panels show P23H opsin dimers
resolved in 10% gels. Open arrow, P23H opsin monomer. Differing from
WT opsin (left), PNGase F-treated P23H opsin shifted only ~4 kDa relative
to Endo H-treated retinal homogenate. This ~4-kDa difference arose from
two N-acetylglucosamines left at the glycosylation sites. Thus, glycosyla-
tion of P23H opsin is Endo H-sensitive.

1, a membrane protein localized in the OS of rod and cone
photoreceptor cells (59), accumulated at the base of ROS where
it produced a punctate signal. Moreover, the prominin signal
completely overlapped with the strong 1D4 signal in both WT
and P23H/+ mice (Fig. 8), indicating that subcellular localiza-
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FIGURE 8. Subcellular localization of opsin in P23H/+ mice. Retinal cryosections from a PND 35 WT mouse (+/+) and P23H/+ mouse of the same litter were
double-stained with antibodies against opsin (1D4) and calreticulin or opsin (1D4) and prominin 1. The 1D4 antibody reacted with both WT and P23H opsin,
localizing in the ROS of both WT and P23H/+ mice (1st and 2nd row) and illustrating the markedly shortened angular ROS in P23H/+ animals. The ER marker
calreticulin localized to the RPE, inner segments, and ONL (left panel, 3rd row) and did not co-localize with the 1D4 signal (left panel, merged). Prominin 1
localized to both rod and cone OS (right panel, 3rd row). In ROS, prominin 1 accumulated at the base of OS as suggested by the punctuate signals in both WT
and P23H/+ mice. The 1D4 signal did colocalize with the prominin 1 signal (right panel, merged). Thus, even though the ROS in P23H/+ mice were shorter, their
subcellular localization of opsin was same as in WT mouse. RPE, retinal pigmented epithelium; OS, outer segment; IS, inner segment; OLM, outer limiting

membrane; ONL, outer nuclear layer; and DIC, differential interference contrast.

tion of both P23H and WT opsin was confined to the same
compartments.

Outer Segment Structures of P23H/+ Mice—Because levels of
P23H protein were significantly low and it did not accumulate
in the ER of P23H/+ mice, rod photoreceptor cell destruction
may have been triggered by something other than accumula-
tion of P23H protein in the ER. Because the integrity of OS
structures is critical for survival of photoreceptor cells, disor-
ganization of these structures is associated with photoreceptor
cell death and retinal degeneration. To test whether the struc-
tures of ROS are affected in P23H/+ mice, we analyzed their
retinas by transmission electron microscopy (TEM). Retina
from three PND 63 P23H/+ mice showed a characteristic OS
disorganization that differed from other types of disorganiza-
tion reported to date. As indicated by the arrow in Fig. 9B,
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P23H/+ mice had perpendicularly placed discs. These discs are
surrounded by the plasma membrane. This disorganization of
discs could destabilize the ROS and impede their contact with
the RPE with a negative effect on proper phagocytosis. Because
P23H protein is Endo H-sensitive and most of it should be
retained in ER, our results suggest expression and transport of
only a small fraction of the P23H mutant protein that is not
properly glycosylated to the ROS compromises its structure
causing photoreceptor degeneration.

Photoreceptor Cell Death after Genetic Ablation of
11-cis-Retinal—To investigate if 11-cis-retinal generated by the
visual cycle affects retinal degeneration in P23H mice, we
crossed P23H mice with lecithin-retinol acyltransferase knock-
out (Lrat ’~) animals. Lack of lecithin-retinol acyltransferase,
one of the key enzymes involved in the retinoid cycle, causes
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FIGURE 9. Rod outer segment structures in WT and P23H/+ mice. Transmission electron micrographs of ROS from WT (A and A’) and P23H/+ (B-F, B’ and C')
mice. Images were taken from PND 63 littermates. Disorganization of ROS was observed in all three analyzed P23H/+ mice (B, C, and D) as perpendicularly
placed discs (arrows) or elongated discs (arrowheads). C, E, and F retinal images were obtained from one mouse to show disorganization at the incisure (C) and
base of ROS (E) and both types of disorganization in a single OS (F). Lower magnification images of A-C are shown in A'-C'. Arrows correspond to perpendic-
ularly placed discs. Arrowheads, perpendicularly placed elongated discs. Open arrowheads, vesicles. Open arrow in C, an incisure.

11-cis-retinal depletion and eventual blindness (60, 61). Com-
pared with P23H/+ mice, lack of 11-cis-retinal in P23H/
+Lrat™’" mice caused more severe photoreceptor degenera-
tion. By PND 36, the number of photoreceptor nuclei in these
double mutant mice was dramatically reduced in most parts of
the retina. Near the ciliary marginal zone reduction was milder
(indicated by the curved line in Fig. 10A) but more severe than
that seen in P23H/+ mice littermates (Fig. 10, A and B). Signif-
icant retinal degeneration in P23H/+Lrat '~ mice at PND36
(Fig. 10B) correlated with results of the TUNEL assay, which
recognizes both apoptotic and necrotic cells (62). At PND 14,
the ONL thickness was about equal between P23H/+ and
P23H/+ Lrat~’~ mice, but the TUNEL-positive photoreceptor
cell nuclei number in P23H/+Lrat ’~ mice was significantly
higher than in P23H/+ mice. Lack of 11-cis-retinal did not cause
retinal degeneration in 1-month-old mice (Rho™* Lrat™"") (31).
However, there was a possibility that the severe retinal degen-
eration in P23H/+Lrat " mice resulted from rhodopsin hap-
loinsufficiency. To test this possibility, we analyzed heterozy-
gotes of the opsin knock-out mouse lacking 11-cis-retinal
(Rho™~Lrat™""). As observed in Rho ™" Lrat /" mice, the OS
in Rho™~ Lrat™’~ mice were shortened by PND 28 -3, but the
number of photoreceptor nuclei per column was normal. Col-
lectively, these results indicate the lack of 11-cis-retinal produc-
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tion during development of ROS increased the toxicity of P23H
protein.

Subcellular Localization and Amount of Opsin after Genetic
Ablation of 11-cis-Retinal—In contrast to P23H transgenic
Xenopus (63, 64) and cultured cell lines (65), no opsin accumu-
lation was observed in the rod cell ER of PND 35 P23H/+ mice
that exhibited substantial loss of ROS (Fig. 8). Different from
P23H/+ mice, retinal degeneration was so severe in P23H/
+Lrat~’" mice that rows of rod photoreceptors were less than
half those of P23H/+ mice at 1 month of age (Fig. 10C). How-
ever, few ROS did survive, and opsin was localized in shortened
ROS; mislocalization to either IS or ONL was not obvious (Fig.
11A, 1D4 label). After increasing imaging sensitivity, a faint
opsin signal was seen in rod IS, but this signal was significantly
less than that in the OS that appeared saturated at the higher
imaging sensitivity needed to detect the IS signal (Fig. 114, 1D4
label). The opsin signal in IS of WT retina was also observed
when the imaging sensitivity was increased (data not shown).
Thus, photoreceptor degeneration accelerated by the lack of
11-cis-retinal did not result from opsin accumulation in the ER.
Because 11-cis-retinals are molecular chaperons of P23H opsin
in cultured cells (10, 12), our result suggests that lack of 11-cis-
retinal increases P23H toxicity by increasing the P23H protein
level. To test this, we analyzed the P23H protein ratio between
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FIGURE 10. Effect of genetic depletion of 11-cis-retinal production on retinal degeneration. A, whole retinal images obtained from PND 36 P23H/+ and
P23H/+Lrat™’~ littermate mice. Plastic sections were made from dorsal-ventral axis cut and stained with toluidine blue. Both mice were heterozygous with
respect to the L450M variation of RPE65 (RPE65°°/4°°M) The ONL, observed as a purple line in the P23H/+ mouse retina (left panel), was almost gone and only
retained near the cilial marginal zone (CMZ) in the P23H/+Lrat~/~ mouse (right panel; indicated by curved line). B, high magnification retinal images shown in
A and Rho™~Lrat™~mice at PND 28-30. Images were taken from the midpoint between optic nerve (ON) and ciliary marginal zone. Genetic deletion of
11-cis-retinal production promoted retinal degeneration in the P23H/+ mouse at PND 36 but not in Rho™/~/Lrat™’~ mouse at PND 28-30. In the P23H/
+Lrat~’~ mouse, however, the ROS were almost undetectable, and the number of photoreceptor nuclei was dramatically reduced compared with a littermate
that had 11-cis-retinal (P23H/+). C, statistical data of the number of photoreceptor nuclei per ONL column in P23H/+Lrat™’/~. Cryosections from PND35
P23H/+Lrat™’~ RPE65*°°-/45°-~ mice were used for quantification. Data were derived from three eyes of three mice. P23H/+Lrat ™/~ mice showed severe retinal

degeneration, and numbers of photoreceptor nuclei per column were similar to those in the P23H/P23H mouse (Fig. 38, PND 35).

GFP-tagged human opsin and P23H opsin by immunoblotting
at an early stage of photoreceptor degeneration at PND 14. At
this age, mature ROS were just formed (66), and the majority of
photoreceptor cells were still present, and TUNEL-positive
photoreceptor cell nuclei were abundant in the P23H/+Lrat™"~
mice (data not shown). The signal intensity of the P23H protein
(Fig. 11B, lane P23H/hrhoG Lrat™’~, open arrow) was signifi-
cantly lower than GFP-tagged human opsin (Fig. 11B, lane
P23H/hrhoG Lrat’~, arrow) even though lecithin-retinol acyl-
transferase was absent. The signal intensity of P23H opsin (Fig.
11B, lane P23H/hrhoG Lrat™’~, open arrow) in P23H/hrhoG
Lrat™"~ was higher than that of P23H/hrhoG (Fig. 11B, lane of
P23H/hrhoG, open arrow), but signal intensity of GFP-tagged
human opsin (~70 kDa) in P23H/hrhoG Lrat™’~ was also
higher than that of P23H/hrhoG (lower panel, indicated by
arrow). Thus, as in P23H/hrhoG mice, the P23H protein was
significantly lower than that of GFP-tagged human opsin in the
absence of 11-cis-retinal. Different from the P23H protein, the
signal intensity of WT opsin (Fig. 11B, ~35 kDa, lane hrhoG/+,
open arrow) was higher than that of the GFP-tagged human
opsin (Fig. 11B, lane hrhoG/+, arrow). Taken together, these
findings indicate that the increased toxicity of P23H protein
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lacking 11-cis-retinal did not result from either an increased
level of P23H protein in the ROS or its ER accumulation.

DISCUSSION

Human P23H Mutant adRP, Photoreceptor Structure and
Natural History—Mutations in the opsin gene constitute one of
the most common molecular causes of human RP accounting
for nearly 10% of all cases in North America (67). Moreover,
P23H is, by far, the most common opsin mutation (8, 68). We
investigated the P23H-induced disease with modern tech-
niques to improve understanding of its expression, retinal dis-
tribution, and rate of progression. These analyses in patients
also provide a standard for comparison with the phenotype of
the P23H mutant mouse model being developed. We found a
spectrum of disease severity (Fig. 1A4) as had previously been
well documented (25, 52, 69-72). Longitudinal data (some
obtained over decades) were consistent with the hypothesis
that patients exhibited variable ages of disease onset followed
by invariant rates of disease progression (Fig. 1B). Although
versions of this hypothesis have previously been tested in other
hereditary retinal degenerations (46 —51), this is the first such
approach to the disease caused by P23H mutations. Intermedi-
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FIGURE 11. Subcellular localization and protein levels of opsin after genetic deletion of 11-cis-retinal production in Lrat ™'~ mice. A, cryosections
of retina from P23H/+Lrat ™/~ mice were subjected to immunohistochemical analyses with antibodies against opsin (1D4) and calreticulin at PND 35.
Even though massive photoreceptor degeneration is seen, subcellular localization of opsin was normal. B, retinal homogenates from mice at PND 14
were labeled with N-terminal (B6-30) opsin antibodies. All lanes were loaded with 2 ug of homogenate. hrhoG/+ denotes the sample from a heterozy-
gous GFP-tagged human knock-in opsin (hrhoG) and endogenous WT opsin mouse. P23H/hrhoG, heterozygous hrhoG and P23H mouse. P23H/hrhoG
Lrat™’~;aheterozygous hrhoG and P23H knock-in mouse lacking lecithin-retinol acyltransferase. GFP-tagged human opsin (~70 kDa) is indicated by an
arrow. Opsin monomers (~35 kDa) are indicated by an open arrow. Top panel, 4-min exposure was used to analyze the ratio between P23H opsin or WT
opsin and GFP-tagged human opsin. Lower panel, 1-s exposure was used to analyze the signal intensity of GFP-tagged human opsin in each lane. The
P23H protein level was significantly lower than GFP-tagged human opsin even though 11-cis-retinal production was genetically depleted. DIC, differ-
ential interference contrast. RPE, retinal pigmented epithelium; OS, outer segment; IS, inner segment; OLM, outer limiting membrane; ONL, outer nuclear

layer; OPL, outer plexiform layer.

ate stages of this retinopathy showed an intraretinal gradient of
disease with an altitudinal spatial pattern preferentially affect-
ing the inferior retinal region (25, 70 -73).

The human P23H disease showed greater functional deficits
of the rod than the cone system (Fig. 1C) (52, 72) as can be
expected from the selective expression of rhodopsin in rod pho-
toreceptors. Importantly, we demonstrated that some patients
could have normal rod function, at least in some regions of the
retina and at some early stages of disease (Fig. 1C). The latter
finding implied the existence of a pre-degenerative state of
the mutant retina with normal numbers of rod photorecep-
tors and normal rod outer segments. To test this hypothesis,
we examined in vivo the human retinal architecture of rep-
resentative mutant retinas with high resolution methods
(27) and with special emphasis on the OS layer, extending
previous work in normal subjects (30). Rod and cone photo-
receptor structure could be normal, as determined by the
thickness of the ONL and ROS and COS layers (Fig. 1D). The
limited post-mortem retinal histopathology from patients
with adRP due to P23H opsin mutations (74 —76) has largely
been from severely affected retinas. Consistent with our
noninvasive results, the donor eye with the mildest disease
expression had retained rod and cone nuclei, as well as
retained ROS and COS (76).

Modeling the Human Disease in Experimental Cell Lines,
Transgenic Animal Models, and the P23H Rhodopsin Knock-in
Mouse—For this study, we generated novel P23H rhodopsin
knock-in mice to model the disease in human patients (52, 72).
These mice recapitulated the human retinopathy and showed
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greater functional deficits of the rod photoreceptor system as
compared with the cone system (Fig. 6). There was a strong
intraretinal gradient of degeneration in P23H knock-in mice
with greater involvement of the inferior retina (Figs. 3, 5, and
10), as noted in the human phenotype (Fig. 1) (25, 27,70, 71,77).

There is a long history of attempting to model P23H opsin
human adRP. Transgenic rodents (17, 18, 78) have differed in
retinal disease distribution. Results in the P23H transgenic
mice that carried additional two point mutations have shown
greater involvement of the inferior retina (79), whereas P23H
transgenic rats showed greater involvement of superior retina
(78). Models have also included in vitro P23H opsin-transfected
cultured cells (10, 12, 80, 81) and transgenic Xenopus laevis
(63). In P23H opsin-transfected cultured cells, P23H opsin
accumulated and formed aggregates in the ER (10, 12, 80, 81),
and in transgenic X. laevis, this mutant opsin accumulated in
the ER of rod photoreceptor cell IS as well (63). But in two
transgenic rodent models, there was no evidence of abnor-
mal localization of the mutant opsin (82, 83), although in
another transgenic mouse there was evidence for rhodopsin
missorting (20). Some investigators considered that abnor-
mal accumulation of P23H opsin initiated ER-induced cellu-
lar apoptosis through the unfolded protein response (21).
Whether tissue culture experiments accurately mimic
human retinal conditions and how the relative dosage of the
WT and mutant opsin affects ROS integrity and retinal
pathology in transgenic animal models have been topics of
debate. Uncertainty about conclusions derived from the pre-
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vious models fueled our interest in examining the mechanis-
tic details of this mutation in the P23H opsin knock-in mice.

Pathology and Cell Biological Dysfunction in P23H Opsin
Knock-in Mice—We found that the mouse P23H protein was
inadequately glycosylated with levels between 1 and 10% that of
WT opsin. Because the consensus sequence for glycosylation at
Asn'® is at a distance from P23H, and because Pro*® is at the
center of a chromophore cap formed by five distorted B-strands
(strands three to five are formed by residues from Phe'? to Pro®*
and strand 4 connects Ser'*~Asn'® in the N-terminal region of
the molecule with Pro®?), it seems reasonable to speculate that
a significant change in the structure of the extracellular (intra-
discal) cap for P23H opsin fundamentally affects glycosylation
of Asn'® and not recognition of a consensus sequence for gly-
cosylation. Moreover, the P23H protein did not accumulate in
the endoplasmic reticulum, as described in some transgenic
rodent opsin-mutant models, but instead it disrupted the rod
photoreceptor disks. The other noteworthy characteristic of
this structural disorganization was the perpendicularly ori-
ented elongated discs (Fig. 9, arrowheads). This structural
anomaly is similar to the described disorganization caused by
defects in the OS structural microtubular protein (84), prom-
inin 1 (59) and GARP (85). Such mice also featured perpendic-
ularly oriented elongated discs not surrounded by the plasma
membrane, considered to be caused by incomplete membrane
fusion of disc precursors during disc morphogenesis (59, 85).
Different from those mice, however, the elongated discs in
P23H/+ mice were surrounded by plasma membrane. So how
might the P23H/+ disorganization have arisen? As indicated by
in Fig. 9 (open arrowheads), vesicles were frequently observed
next to the disorganized discs. This type of vesicle had previ-
ously been noted at the incisure of a disc in horizontal sections
(86). In fact, one of the elongated discs in a P23H/+ mouse
retina (Fig. 9C, arrowheads) was also located next to an incisure
(Fig. 9C, open arrow). These data indicate that photoreceptors
may have degenerated due to disorganization of OS at the
incisure. It is intriguing to speculate that some of the abnormal
cross-sectional retinal images from human P23H disease (for
example, the abrupt loss of the signal from outer segments in
Fig. 1D) may be due to change in back-scatter characteristics of
abnormally oriented photoreceptor discs.

New Therapeutic Approaches to Combat P23H Retinopathy—
Generated P23H opsin knock-in mice appear to be the most
suitable model to date for further study of human adRP retinal
pathology and disease mechanisms and for proof-of-concept
studies of potential therapies. We found that most of P23H
protein was degraded, and its retinal cytotoxicity was enhanced
by lack of the 11-cis-retinal chromophore. Ideally, stabilization
of the mutant opsin with chromophore, chromophore analogs,
and nonretinoid compounds appears to be the most straight-
forward preventative strategy. In cultured cells, the P23H opsin
partially regenerates in the presence of 11-cis-retinal (11, 87),
and treatment with 9-cis-retinal or 11-cis-7-ring retinal pro-
motes appropriate trafficking of this mutant opsin to the
plasma membrane (10, 12). Although it is not known if the
P23H opsin actually regenerates normally with 11-cis-retinal in
the retina, the relationship between light exposure and retinal
degeneration in humans (70), animal models (88, 89), and vita-
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min A-depleted transgenic Xenopus (90) indicates that 11-cis-
retinal might protect against the P23H mutant-induced retinal
degeneration (91).
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