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1 Introduction

Mutations in the photoreceptor-specific protein, Rds, have been associated with a large number
of inherited retinal degenerative diseases. Reports have described the incidence of retinitis
pigmentosa, cone-rod dystrophy, diffuse retinal dystrophy, macular degeneration, and central
areolar choroidal dystrophy in patients carrying mutations in the RDS gene (Dryja, Hahn,
Kajiwara, & Berson, 1997; Ekstrom et al., 1998; Fishman et al., 1997; Fossarello et al.,
1996; Jacobson, Cideciyan, Kemp, Sheffield, & Stone, 1996; Nakazawa, Wada, Chida, &
Tamai, 1997; Sears, Aaberg, Daiger, & Moshfeghi, 2001; Zhang, Garibaldi, Li, Green, & Zack,
2002). As a membrane glycoprotein located in the disc rim region in the OSs of rods and cones
(Connell & Molday, 1990; Molday, Hicks, & Molday, 1987; Travis, Brennan, Danielson,
Kozak, & Sutcliffe, 1989), Rds is thought to be necessary for disc assembly, maintenance and
renewal (Boesze-Battaglia & Goldberg, 2002; Molday et al., 1987; Wrigley, Ahmed, Nevett,
& Findlay, 2000). While current beliefs propose Rds to serve a primarily structural role in OSs,
alterations in Rds have strong functional as well as structural implications since this is the
region where phototransduction occurs (Ridge, Abdulaev, Sousa, & Palczewski, 2003).
Complete absence of the protein in the retinal degeneration slow (rds) mouse (van Nie, Ivanyi,
& Demant, 1978) results in a failure of OS formation, an absence of retinal function, and the
progression of photoreceptor degeneration (Cohen, 1983; Jansen & Sanyal, 1984; Sanyal, De
Ruiter, & Hawkins, 1980; Sanyal & Jansen, 1981). A phenotype of haploinsufficiency has also
been reported to associate with the under-expression of Rds (in rds+/— animals) and is
characterized by malformed and swirl-like OSs, and an early-onset of slow rod degeneration
followed by a late-onset and slow cone degeneration (Cheng et al., 1997; Nour, Ding, Stricker,
Fliesler, & Naash, 2004). In addition to the rds null mutant (Ali et al., 2000; Sarra et al.,
2001; Schlichtenbrede et al., 2003), two transgenic mouse models have been generated
(Kedzierski, Lloyd, Birch, Bok, & Travis, 1997; Kedzierski et al., 2001), one of which, P216L,
has been used to evaluate therapeutic interventions for the treatment of Rds-associated retinal
disease (Bok et al., 2002; Liang et al., 2001). However, to date no study has reported both
significant functional and structural rescue in any animal model carrying point mutations in
the rds gene. In this study, we assessed the feasibility of Rds supplementation to resolve rod
defect associated with expression of the C214S mutant of Rds. The C214S mutation causes a
loss-of-function defect which primarily affects rods in humans and mice (Saga et al., 1993;
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Stricker, Ding, Quiambao, Fliesler, & Naash, 2005). To reduce the effect of the mutant protein
by competing it out with the wild-type (WT) protein, we generated a transgenic line expressing
the WT Rds in both rods and cones driven by the human interphotoreceptor retinoid binding
protein (hIRBP) promoter (Nour et al., 2004). A single residue change at the C-terminus was
incorporated in the WT transgene to mimic the human sequence that would facilitate specific
recognition of the transgene product (Nour et al., 2004). This change is proline to glutamine
at position 341 (P341Q), and here the line is named NMP for normal mouse peripherin/rds.
Structural and functional studies on NMP retinas demonstrated the benign effect of the P341Q
modification (Nour et al., 2004). Uniform expression of Rds in rods and cones was achieved
by crossing C214S mice with NMP mice. By studying the structure of the double transgenic
retinas by histology and the function by electroretinography, we have shown that genetic
supplementation of WT Rds is a viable option for loss-of-function mutations in the RDS. As
proof-of-principle, this finding provides a basis for the development of future therapeutic
approaches. The following represents original material, not previously published or under
consideration for publication elsewhere.

2 Materials and Methods

2.1 Generation of Transgenic Mice

The WT Rds with the proline to glutamine substitution has been previously studied in
transgenic mice (Nour et al., 2004), where the substitution, used for the specific recognition
of the protein by mAb 3B6, caused no aberrant affects on transgenic protein expression or
function. Because P341Q seems harmless to Rds structure and function, the C214S transgenic
construct used in this study contained this modification. Expression of all constructed
transgenes (NMP and C214S) was directed to rods and cones by a 1.3 kb fragment of the human
interphotoreceptor retinoid binding protein (NIRBP) promoter. Transgenic mice were identified
by polymerase chain reaction (PCR) primers specific to the hIRBP promoter (Forward: 5’-
CAGTGTCTGGCATGTAGCAGG) and the coding region of RDS cDNA (Reverse: 5’-
GGCTTCCACTTGGCGTACTTG). Transgene product at the protein level generated from
one allele of the NMP on the rds~/~ background corresponded to 30% of the WT Rds while
the C214S transgene showed a transcript level comparable to WT Rds with a trace amount of
the mutant protein detected by Western blot analysis (Stricker et al., 2005). Transgenic lines
show a rod dominant-defect in C214S (Stricker et al., 2005) while no alteration in retinal
phenotype or structure was observed in mice over-expressing Rds (NMP on WT background)
(Nouretal., 2004). Both transgenic mouse lines on C57BL/6 genetic backgrounds were crossed
to generate single (C214S) and double (C214S/NMP) transgenics on an rds+/— background.
Mice were screened for the presence of the RDS mutation as previously described (Cheng et
al., 1997).

Animals were maintained under cyclic-light conditions (12 hours dark, 12 hours light, at 20
lux). All experiments were approved by the local Institutional Animal Care and Use
Committees and conformed to the National Institutes of Health’s Guide for the Care and Use
of Laboratory Animals and the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research.

2.2 Rod and Cone Electroretinography (ERG)

ERG testing was carried out as previously described (Nour, Quiambao, Peterson, Al-Ubaidi,
& Naash, 2003). Briefly, for the assessment of rod photoreceptor function, a strobe flash
stimulus was presented to the dark-adapted, dilated eyes in a Nicolet ganzfeld (GS-2000) with
a 137 cd (sec/m?) flash intensity. The dark-adapted a-wave amplitude was measured from pre-
stimulus baseline to the a-wave trough and the b-wave amplitude measured from the a-wave
trough to the b-wave peak. For the evaluation of cone function, a strobe flash stimulus was
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presented to 5-minute light-adapted, dilated eyes in a Nicolet ganzfeld (GS-2000) with a 77 cd
(sec/m?) flash intensity. The amplitude of the cone b-wave was measured from the trough of
the a-wave to the peak of the b-wave. Analysis of variance (ANOVA) and post-hoc statistical
tests using Bonferroni’s pairwise comparisons were used to determine the significance of
differences in ERG responses (GraphPad Prism 3.02, San Diego, CA, USA).

and Light Microscopy

Enucleated eyes were fixed, processed for embedment in plastic resin, and sectioned as
previously described (Ding et al., 2004; Tan et al., 2001). For light microscopy, sections (0.75-
pm thickness, stained with 1% Toluidine Blue) were photographed with an Olympus BH-2
photomicroscope (auto-expose mode) using 20x or 60x (oil immersion) DPlanApo objectives.
For electron microscopy, ultra-thin (silver-gold) sections were post-stained with lead citrate
and uranyl acetate on-grid, and viewed with a JEOL JEM-1200EX electron microscope at an
accelerating voltage of 80 KeV.

Blot Analysis

Rabbit polyclonal antibody against residues 331-346 of murine Rds C-terminus was used for
detection of Rds as described previously (Ding et al., 2004). Anti-actin antibody (1:250
dilution) (Sigma-Aldrich, St. Louis, MO, USA), was used to control for sample loading. Retinal
protein extraction and blot analysis were carried out as previously described (Ding et al.,
2004; Li, Ding, O’Brien, Al-Ubaidi, & Naash, 2003).

3.1 Functional Rescue of the C214S Mutation in Rds

In order to test the ability of Rds supplementation to resolve retinal degeneration associated
with expression of the C214S mutation in Rds, C214S transgenics were crossed to transgenic
mice expressing NMP in both rods and cones. Single (C214S) and double transgenic (C214S/
NMP) mice, heterozygous for both transgenes, were generated onto an rds*/~ genetic
background. The C214S*/~/rds*/~ genotype mimics the situation in patients, where one correct
allele of RDS is accompanied by one mutated allele (Stricker et al., 2005; Saga et al., 1993).
The C214S mutation in mice renders a small amount of protein present in retinas, although an
abundant amount of mutant RDS mRNA is detected (Stricker et al., 2005).

The cumulative data indicate that retinas of C214S transgenic mice display a loss-of-function
defect similar to haploinsufficiency phenotype seen in rds*/~ mice as well as retinitis
pigmentosa patients carrying the C214S mutation (Stricker et al., 2005; Saga et al., 1993).
Representative rod ERG waves demonstrate remarkable restoration in rod function afforded
by the supplementation of Rds in double transgenic (C214S*~/NMP*/~/rds*/~) when
compared to single transgenic (C214S*~/rds*'~) mice (Fig. 1 A). As early as 1 month of age,
C214S*~/rds*'~ mice exhibit a reduction in rod a-wave amplitudes (Fig. 1 A & B). This
reduction is comparable to the diminished rod photoreceptor function observed in non-
transgenic rds*/~ controls (Fig. 1 B). In sharp contrast to the reduced rod photoreceptor
response generated by C214S*~/rds*/~ single transgenics, C214S*~/NMP*/~/rds*/~ double
transgenic mice showed a statistically significant (P<0.001) improvement in rod a-wave
amplitudes at one month and 3 months of age (Fig. 1 B & C).

Interestingly, this functional improvement continued up to 9 months of age, the latest time

point tested (Fig. 2D). In terms of cone function, at early ages, haploinsufficiency in Rds has
no deleterious impact as shown by rds*/~ and C214S*/~/rds*/~ responses (Fig. 1A & B). The
increased expression of WT Rds in double transgenics (C214S*~/NMP*/~/rds*/") caused no
adverse effects on cone photoreceptor function (Fig. 1A & B). A comparable decline in cone
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function between single transgenic (C214S*~/rds*/~) and rds*/~ mice was observed at 3 and
9 months of age (Fig. 1 C & Fig. 2). Although double transgenics (C214S*~/NMP*/~/rds*/")
showed slight protection from this age-related decline in cone function (Fig. 1C & Fig. 2, right
graph), this level of cone rescue is not statistically significant when compared to WT.
NMP*~/rds*/~ controls generated rod and cone ERG responses correlated with total Rds levels
(Fig. 1B & C).

3.2 Histological Rescue of the C214S Mutation in Rds

A reduction in Rds level has been shown to cause a disruption in OS alignment and integrity
(Cheng et al., 1997; Nour et al., 2004). This haploinsufficiency phenotype has also been seen
in C214S*~/rds*/~ retinas at 1 month of age with shorter OSs detected at the light microscopy
(Fig. 3A), and typical swirl-like OSs seen at the electron microscopy (Fig. 3B). Genetic
supplementation of Rds in C214S*"/NMP*/~/rds*/~ retinas results in a remarkable
improvement in both OS length (Fig. 3A) and integrity (Fig. 3B). This improvement in
structural integrity (Fig. 3A & B) correlates with the increase in rod photoreceptor function
afforded by the expression of the NMP transgene (Fig. 1A-C).

Under reducing conditions, Western blot analysis with a polyclonal antibody raised against the
murine Rds-C-terminus 22 shows a decrease of Rds level in C214S*/rds*/~ retina relative to
WT and confirms an increase of total Rds levels in C214S*-/NMP*/~/rds*/~ retina (Fig. 4).
Dimers and higher order oligomers represent partially reduced samples. Actin was used as an
internal control and showed comparable levels in all samples examined (Fig. 4).

4 Discussion

The design of widely applicable therapeutic interventions for Rds-associated retinal diseases
has been hindered by multiple factors. These factors include the large number of variable point
mutations, the diversity in severity and patterns of disease expression, and the
haploinsufficiency phenotype, which dictates a well-regulated level of Rds required for OS
morphogenesis. Since over-expression of Rds in the retina is well-tolerated (Nour et al.,
2004), gene transfer (or Rds supplementation) logically presents itself as a viable option for
resolving defects associated with loss-of-function mutations. However, therapeutic strategies
for gain-of-function, dominant mutations have been complicated by the fact that elimination
of the mutant protein requires simultaneous transfer of WT Rds in order to prevent
haploinsufficiency-related defects. In this study, we provide the first experimental evidence
that supports the use of supplementation or gene transfer strategy as a short term and
generalized approach for prospective treatment of loss-of-function mutations in Rds.
Furthermore, we provide evidence of long-term rescue of photoreceptor structure and function
with loss-of-function mutation that is achieved by genetic supplementation of WT Rds.

Patients carrying the C214S mutation in Rds present with retinitis pigmentosa, a rod-dominant
functional defect (Sagaetal., 1993). In the mouse model, the haploinsufficiency-like phenotype
caused by the C214S (loss-of-function) mutation also results in a reduction in rod ERG function
stemming from an abnormality in OS structure formation (Stricker et al., 2005). We show that
expression of Rds in double transgenics (C214S*-/NMP*/~/rds*/") results in long-term
resolution of rod functional defects as well as restoration of OS ultrastructural organization.

The replacement of Rds in mice has been demonstrated by two other labs with limited success.
First, the Rds transgene expressed exclusively in rods (Opsin-rds) was able to rescue the
structure of the rds null retina, but only if the transgene was expressed at high levels (Travis,
Groshan, Lloyd, & Bok, 1992). This study did not assess any functional rescue of rods afforded
by the transgene, nor did the study allow for the investigation of cone structure or function.
However, the Opsin-rds transgene established that more than 50% of a WT gene dosage is
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needed for optimal OS formation. Second, the use of an adeno-associated virus vector
containing a rds construct driven by the rhodopsin promoter (AAV-Opsin-rds) was capable of
developing tiny rod OS structures and a trace of rod function in cells expressing the viral vector
(Ali et al., 2000). Furthermore, the AAV method of delivery (subretinal injection) was not
sufficient for expression throughout the entire retina (Sarra et al., 2001). The authors suggest
that the unequal distribution of the Rds supplementation coupled with possible apoptotic
signals from the untreated cells may have lead to the continued degeneration seen in their
treated models. When looking at WT retinas treated with the AAV-Opsin-rds, the authors noted
marked photoreceptor loss that was attributed to the delivery procedure, Rds over-expression,
or the viral vector (Sarra et al., 2001). In our recent studies involving genetic supplementation
in transgenic mice, we did not find over-expression of Rds to be deleterious (Nour et al.,
2004), suggesting that the method of delivery of the gene product is crucial. Several therapeutic
delivery systems will need to be tested in order to establish optimal expression of the RDS
replacement gene as well as minimize possible damaging effects caused by the delivery. The
future of gene therapy for the retina is promising with the development of new expression
systems such as nanoparticles. When taken together our data provide proof-of-principle for
genetic supplementation as a promising treatment for both loss-of-function mutations in Rds.
Our use of transgene supplementation is widely applicable and simplifies strategies for
therapeutic intervention by providing the fundamental basis for virally- or otherwise-mediated
transfer of Rds to the diseased retina.
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Rod and cone ERG analysis in C214S transgenics. (A) Representative rod and cone ERG wave
forms at 1 month of age (1mo) show a rescue in rod function in double transgenic (C214S*//
NMP*/~/rds*/~) when compared to single transgenic (C214S*/~/rds*/~) mice. No differences
are seen in cone wave response. (B) Rod a-wave and cone b-wave averages at 1 month
demonstrate a statistically significant (P<0.001) rescue in rod function in double (C214S*/~/
NMP*~/rds*/~), compared to single (C214S*/~/rds*/") transgenic mice. At this age, all mice
tested generate WT levels of cone ERG response. (C) The statistically significant (P<0.001)
improvement in rod function resulting from Rds supplementation in C214S transgenics
(C214S*-/NMP*/~/rds*/") persists even at three 3 months of age (3mo)
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Rod a-wave and cone b-wave averages at 9 months of age shows a long term rescue in double
(C214S*~/NMP*/~/rds*/") transgenic mice. ERG wave amplitudes for B and C represent an
average of 12-16 eyes for each genotype, and ERG wave amplitudes for D represent 8 eyes
for each genotype
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Fig. 3.

Retinal structure in C214S transgenics. (A) Histological evaluation (light microscopy) at 1
month of age reveals an improvement in OS length in C214S*~/NMP*/~/rds*/~ when
compared to C214S*/~/rds*/~ retinas.(B) Electron microscopy shows amelioration of defects
in the alignment and integrity of photoreceptor OSs in double transgenic retinas (C214S*/~/
NMP*~/rds*/"). All tissue sections were evaluated from the superior central region of the
retina. Scale bar, 4 um, (RPE: retinal pigment epithelium; OS: outer segment; IS: inner
segment; ONL: outer nuclear layer)
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Fig. 4.

Rds expression levels in C214S transgenic retinas. Western blot analysis reacted with
polyclonal antibody against the murine Rds-C-terminus demonstrates the increase in Rds
protein levels in C214S*~/NMP*/~/rds*/~ relative to C214S*/~/rds*/~ retinas. Actin
immunoblotting shows equal loading in examined samples
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