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Abstract
Human blinding disorders are often initiated by hereditary mutations that insult rod and/or cone
photoreceptors and cause subsequent cellular death. Generally, the disease phenotype can be
predicted from the specific mutation as many photoreceptor genes are specific to rods or cones;
however certain genes, such as Retinal Degeneration Slow (RDS), are expressed in both cell types
and cause different forms of retinal disease affecting rods, cones, or both photoreceptors. RDS is a
transmembrane glycoprotein critical for photoreceptor outer segment disc morphogenesis,
structural maintenance, and renewal. Studies using animal models with Rds mutations provide
valuable insight into Rds gene function and regulation; and a better understanding of the
physiology, pathology, and underlying degenerative mechanisms of inherited retinal disease.
Furthermore, these models are an excellent tool in the process of developing therapeutic
interventions for the treatment of inherited retinal degenerations. In this paper, we review these
topics with particular focus on the use of rds models in gene therapy.

70.1 Introduction
Inherited retinal degenerations can be caused by mutations in over 100 different genes, and
in many cases, the structure, function, and regulation of these genes are well documented.
Among them, the RDS (retinal degeneration slow, also known as peripherin/rds or prph2)
gene is an important target of study because: (1) over 80 different disease causing mutations
have been identified in RDS (http://www.retinainternational.com/sci-news/rdsmut.htm), (2)
these mutations account for a substantial fraction of inherited retinal diseases, and (3) the
variety in RDS-associated disease phenotypes provides critical insight into the biological
function of rod and cone photoreceptors (Boon et al. 2008).

RDS is located in the rim region of rod and cone outer segment (OS) discs and is critical for
OS disc formation, orientation, renewal and structural stability (Connell et al. 1991; Molday
et al. 1987). Interestingly though, the protein has been shown to play different roles in rod
vs. cone OS morphogenesis (Farjo et al. 2006b; Nour et al. 2004).

70.2 Diseases Associated with RDS Mutations
Disease causing mutations in the human RDS gene were first reported in 1991 and were
associated with an autosomal dominant retinitis pigmentosa (adRP) phenotype (Farrar et al.
1991; Kajiwara et al. 1991). Further investigation found that different mutations in the RDS
gene cause not just adRP, but a wide spectrum of both cone- and rod-dominant retinal
diseases including a variety of macular dystrophies, cone and cone-rod dystrophy, central
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areolar chroidal dystrophy, retinitis punctata albescens, and autosomal recessive Stargardt
disease (Boon et al. 2008). While the phenotypes of RDS-associated diseases vary in
severity, age of onset, and clinical presentation, most lead to debilitating blindness, and all
are currently uncurable.

70.3 Current Animal Models
Animal models carrying Rds mutations are of great value in the investigation of the
physiology and pathology of RDS-associated disease and for the establishment of potential
therapies. The initial Rds animal model to be characterized was the rds mouse which has
been studied for over 30 years (Farjo and Naash 2006; van Nie et al. 1978). This mouse
contains a spontaneous 9 kb insertion into exon II of the mouse Rds gene and produces two
large and stable Rds messages that cannot be translated to protein. The heterozygous mouse
(rds+/−) has a striking adRP-like haploinsufficiency phenotype characterized by malformed
OSs, a deficit in ERG function, and a progressive, slow loss of rods and cones (Cheng et al.
1997; Nour et al. 2004; Stricker et al. 2005). The homozygous mouse (rds−/−) does not form
OSs and has little or no detectable ERG function accompanied by retinal degeneration (Farjo
and Naash 2006). So far, several other animal models carrying deletion or missense
mutations in Rds on either a wild-type (WT) or rds−/− background have been studied
including nmf193 (Nystuen et al. 2008), P216L (Kedzierski et al. 1997), C214S (Nour et al.
2008; Stricker et al. 2005) and R172W (Conley et al. 2007; Ding et al. 2004). All these mice
exhibit photoreceptor degeneration, abnormalities in OS structure, and reduction in ERG
amplitudes. The mutant mice frequently share similar phenotypes to their human
counterparts; e.g. C214S-RDS mice show an adRP like phenotype (Stricker et al. 2005)
while R172W-RDS mice display a macular dystrophy phenotype (Conley et al. 2007; Ding
et al. 2004).

70.4 Gene Therapy in rds Models
Gene therapy for the treatment of the diseased eye has become a common strategy; however,
there are many factors which can influence its efficacy. Depending on the disease, a
therapeutically beneficial effect can be achieved by directly targeting the primary genetic
defect using gene replacement therapy (for loss-of-function phenotypes) or by suppressing
mutant transcripts by RNA-based ribozymes or RNAi (shRNA). Alternatively, the desired
effect may be achieved indirectly by modulating a secondary effect associated with the
disease. Examples of this type of gene therapy in the eye include delivery of neurotrophic
factors and anti-apoptotic genes to protect and improve photoreceptor survival in the
presence of a degenerative insult (Danos 2008; Farrar et al. 2002; Hauswirth and Lewin
2000). Based on the characteristics of the delivery vehicles, gene therapies are commonly
classified into two broad categories: viral and non-viral.

70.5 Viral Gene Therapy Approaches
Viral methods have been utilized quite successfully in the eye. Retrovirus, lentivirus,
adenovirus, and adeno-associated virus (AAV) have all been used to transfer therapeutic
genes to the retina (Hauswirth and Lewin 2000), but AAV vectors have been the most
effective thus far. They are small in size, can efficiently and stably transduce a variety of
dividing and non-dividing cell types, and site-specifically integrate without pathogenicity or
immune response. AAV vectors are associated with high transduction efficiency, long term
gene expression, and after therapeutic delivery to the eye, improvement in retinal function
and vision (Acland et al. 2005; Acland et al. 2001). The only limitation of AAV vectors is
capacity; traditional AAV vectors usually hold no more than 4.5–4.7 kb. Recently, however,
one study reported that rAAV2/5 can incorporate up to 8.9 kb DNA (Allocca et al. 2008). So
far, ocular AAV-mediated gene therapy in animals and humans has a good safety record
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(Mueller and Flotte 2008). For example, in several recent clinical trials, one in which rAAV-
PEDF was delivered to treat age-related macular degeneration (AMD) (Campochiaro et al.
2006), and three in which rAAV-RPE65 was used to treat Leber’s Congenital Amaurosis
(LCA) (Bainbridge et al. 2008; Cideciyan et al. 2008; Maguire et al. 2008), patients reported
no severe side effects and some improvement in visual function.

Several viral approaches have been adopted for the treatment of Rds-associated disease.
Ali’s group used the gene replacement approach, delivering Rds cDNA to the retinas of
neonatal and adult rds−/− mice. They reported restoration of retinal ultrastructure and
function; however, transduction efficiency was about 10%, gene expression decreased over
time, and the treatment did not significantly ameliorate cell death (Ali et al. 2000; Sarra et
al. 2001; Schlichtenbrede et al. 2003).

The neuroprotection approach has also been applied to rds models (Buch et al. 2006; LaVail
et al. 1998). Combination therapy with glial cell line-derived neurotrophic factor
(AAV.CBA.GDNF) and Rds (AAV.Rho.Prph2) delivered to the rds−/− retina was
significantly more effective than gene replacement therapy alone (AAV.Rho.Prph2), but the
positive effects did not persist beyond 3 months (Buch et al. 2006). Neonatal or adult
delivery of ciliary neurotrophic factor (rAAV-CNTF) to the subretinal or the intravitreal
space of P216L-RDS mice in either the rds+/− or rds−/− background significantly reduced
photoreceptor death, increased rhodopsin expression in surviving rods, improved expression
of key phototransduction genes, and improved rod ERG responses (Bok et al. 2002;
Cayouette et al. 1998; Liang et al. 2001; Rhee et al. 2007). However, there is some
controversy regarding the benefits of treatment with CNTF. Subsequent studies reported a
dose-dependent reduction in retinal function and an abnormal nuclear phenotype in P216L-
RDS mice after CNTF delivery (Bok et al. 2002; Buch et al. 2006; Rhee et al. 2007;
Schlichtenbrede et al. 2003, 2003). The mechanisms underlying this deleterious effect are
not understood and may be species specific. However the ability to attenuate photoreceptor
cell death is clearly beneficial and further study of the effects of neurotrophic factors on
Rds-associated retinal disease should be undertaken.

A final viral gene therapy approach which may be quite useful in the future, but has not yet
been applied to the treatment of Rds-associated diseases is gene knockdown therapy. This
approach will likely be a critical one to the successful treatment of Rds-associated macular
diseases in particular since they tend to be associated with toxic, gain-of-function mutations.
Ribozymes can reduce the production of mutated proteins by selectively cleaving the mutant
mRNA molecules with a high degree of specificity (Hauswirth and Lewin 2000). Ribozymes
have been successfully used to treat rhodopsin-associated adRP: AAV-ribozyme delivered
to rhodopsin rats carrying the P23H mutation significantly decreased P23H transgene
mRNA level, significantly reduced photoreceptor loss, increased outer nuclear layer (ONL)
thickness, and improved scotopic b-wave amplitudes (Gorbatyuk et al. 2007a; Hauswirth et
al. 2000; LaVail et al. 2000). An alternative knockdown strategy is delivery of shRNAs.
This technology can be used to selectively knock down mutant alleles or more broadly to
knock down both mutant and WT alleles, and has been applied to several different rhodopsin
adRP models (Allen et al. 2007; Gorbatyuk et al. 2007b). While selective knockdown of a
mutant allele may appear to be the ideal option for this type of therapy, this approach would
require development of separate therapies for each individual mutation. In the case of RDS,
the sheer number of different dominant mutations would likely make this cost-prohibitive.
As an alternative, RNAi knockdown of both mutant and WT message (knockdown based on
a recognition sequence not associated with the mutation) with concurrent administration of
supplementary RNAi-resistant WT protein has been successfully tested in P23H rhodopsin
mutant rats and would likely be a good strategy for dominant RDS mutations (O’Reilly et al.
2007).
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70.6 Non-viral Approaches
As an alternative to traditional viral-based gene delivery, non-viral vectors have recently
become popular. The most common limitations encountered when using non-viral vectors is
low transfection efficiency and transient gene expression. Many non-viral methods have
been used in the eye including nanoparticles; liposomes; dendrimers; and plasmid DNA,
with or without electroperation or ionotophoresis (Andrieu-Soler et al. 2006). In spite of the
varying degrees of success associated with these strategies, so far, no non-viral vectors have
been used clinically to treat ocular diseases. Recently, compacted-DNA nanoparticles
(CK30PEG) were shown to be safe and effective in delivering the cystic fibrosis
transmembrane receptor to the airways of cystic fibrosis patients in a type I/IIa clinical trial
(Konstan et al. 2004). Given these positive results, we decided to investigate the utility of
these nanoparticles in the eye. We subretinally injected CK30PEG nanoparticles containing
a CMV-GFP vector into adult mice and demonstrated transfection of almost 100% of retinal
cells beginning as early as two days post injection (PI) without any adverse effect on retinal
structure or function. Since our ultimate goal is to use nanoparticles to treat Rds-associated
adRP, we next generated nanoparticles containing the Rds cDNA with the P341Q
modification at the C-terminus to enable specific recognition of the transferred protein with
mAb 3B6. Rds cDNA expression was directed to rods and cones by the photoreceptor
specific promoter IRBP (interphotoreceptor retinoid binding protein). We chose to deliver
the treatment at postnatal day (P) 5, before the normal onset of RDS expression (P7) and OS
formation (P8-10) (Cepko et al. 1996). As shown in Fig. 70.1a (qRT-PCR) and Fig. 70.1b
(immunohistochemistry), after P5 injection into WT mice, the nanoparticles induced high
levels of transgene expression as early as PI-2. In contrast to our results with the CMV-GFP
nanoparticles (Farjo et al. 2006), IRBP nanoparticles drove sustained expression to PI-30
(the latest time point examined). At all timepoints, expression of the transferred protein
(labeled with 3B6) was limited to the OS or developing OS layer, similar to the localization
of the WT (RDS-CT) protein (Fig. 70.1b). To determine whether the nanoparticles could
drive gene expression earlier than endogenous gene expression begins, a subset of animals
was injected at P2. As shown in Fig. 70.1c, immunohistochemistry revealed that
nanoparticle transferred protein (3B6) is detected at PI-2 after P2 injection, while
endogenous protein is not apparent this early. Interestingly, when we used this same IRBP
construct to generate stable transgenic mice, the transgenic RDS protein was not detected
before the endogenous protein (Fig. 70.1d). Our data shown here and previously (Farjo et al.
2006) demonstrate that CK30PEG nanoparticles can efficiently transfect both mitotic and
post-mitotic cells and induce rapid-onset and sustain gene expression. When the Rds gene is
delivered, nanoparticles are capable of driving gene expression earlier than the native RDS
without ectopic expression outside the photoreceptor OS layer. Our current studies are
focused on determining whether these nanoparticles can rescue the rds+/− adRP disease
phenotype, thus making them potential candidates for clinical use in the eye.
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Fig. 70.
IRBP nanoparticles can drive persistent and elevated transgene expression in the WT Retina.
WT mice were injected at P5 (a, b) or P2 (c) with IRBP nanoparticles. At various timepoints
whole eyes were harvested and processed for qRT-PCR using Rds primers (a) or
immunohistochemistry using mAB 3B6-green (specific for transferred/transgenic RDS) or
RDS-CT polyclonal antibody-red (for endogenous RDS) with DAPI counterstain-blue (b–
d). (a) Nanoparticle injection results in Rds message levels several fold higher than in
uninjected contralateral control eyes. Levels remain elevated to PI-30. (b) Transferred RDS
is detected at PI-2 in the nascent OS layer and co-localizes with the endogenous RDS at all
timepoints examined. When nanoparticles are injected at P2, transferred protein is detected
prior to the onset of endogenous RDS (c) although in stable transgenic mice generated using
the same construct as the nanoparticle, transgenic RDS is not detectable until P12
(equivalent to PI-7) (d). Scale bar, 20 μm
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