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Mechanisms of Apoptosis in Retinitis Pigmentosa
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Abstract: Mutations in humans are associated with several forms of inherited retinal dystrophies, such as Re-
tinitis Pigmentosa which lead to retinal cell death and irreversible loss of vision. Genes involved in affected pa-
tients mainly encode proteins related to vision physiology including visual cycle and light-dependent photo-
transduction cascade. As reported in spontaneous and genetically engineered mouse models, apoptosis is a
common fate in retinal degeneration, although the triggered signals to retinal apoptosis remain largely unrave-
led. Several studies highlighted that many of the molecular pathways involved in ocular diseases rely on cas-
pase-dependent or —independent apoptotic mitochondrial pathway involving the Bcl-2 family of proteins. Anti-
and pro-apoptotic Bcl-2 members are present in retinal tissues and are thought to play a role in the pathogene-
sis of several retinal disorders. Since almost no efficient treatments are available so far, it remains a great cha-
llenge to decipher the molecular pathways involved in retinal dystrophies and to develop alternative therapies
to prevent or inhibit eye defect. Toward this goal, mutation-independent strategies such as molecular therapy
provides promising and exciting approaches to deliver anti-apoptotic molecules targeting the Bcl-2 pathway
through the use of cell permeable transport peptides. Modulation of common apoptotic signaling pathways may
be of outstanding potential to target multiple retinal dystrophies regardless of the primary genetic defect.
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1. RETINAL DEGENERATIVE DISEASES
1.1. Retinitis Pigmentosa (RP)

Retinal dystrophies encompass a heterogeneous
group of inherited conditions, with more than 100 ge-
nes or loci implicated so far. Retinitis Pigmentosa (RP)
is characteristic of mutations leading to progressive
death of retinal rod and cone photoreceptors with sub-
sequent loss of vision. Typical symptoms include night
blindness and decrease in visual field leading to tunnel
vision and eventually complete blindness. Retinal de-
generation starts during childhood or in the early tee-
nage followed by severe visual defects by ages 40 to
50 years. Leber's Congenital Amaurosis (LCA) is a ra-
re, although important, juvenile retinal dystrophy cha-
racterized by the appearance of severe visual defect
early in life, within the first two years after birth. The
pathological outcome, onset and progression of the
disease, are subjected to considerable variations and
range from complete congenital blindness to partially
impaired vision [1]. Prevalence of all RP diseases is
around 1 per 4000 persons for a total of more than 1
million affected individuals worldwide. Among all RP
cases, about 30-40% are autosomal dominant (adRP),
50-60% autosomal recessive, and 5-15% X-linked RP
[2]. Molecular diagnosis progressed rapidly during the
last decades, and several recent reviews reported on
the genetic and biochemical features of inherited eye
diseases [2-6]. By studying patients and their families,
many genes were localized to a chromosomal locus by
linkage analysis, whereas others were identified by
direct sequencing of candidate genes. According to the
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known or predicted functions of the mutated proteins,
essential biochemical pathways related to vision phy-
siology are affected in diseased retina, including visual
cycle and phototransduction cascade (Fig. (1)). Follo-
wing light-induced activation of chromophore (11-cis-
retinal)-bound rhodopsin, activated rhodopsin (RHO)
triggers activation of transducin (T), a heterotrimeric G-
protein constituted of o, B and y subunits. To activates
cyclic GMP (cGMP) phosphodiesterase (PDE) which,
in turn, promotes the hydrolysis of cGMP causing the
closure of cGMP-gated cation channel (CNG) of the
photoreceptor plasma membrane, the decrease in in-
tracellular Ca®* level in outer segments (OS), and the
hyperpolarization of rod plasma membrane. Inactiva-
tion of the phototransduction cascade is mediated by
rhodopsin kinase (RK)-dependent phosphorylation (P)
of bleached rhodopsin, followed by specific binding of
phosphorylated rhodopsin by arrestin (A). After disso-
ciation of rhodopsin into opsin and all-trans-retinal (AT-
RAL), the latter is reduced to all-trans-retinol (AT-ROL)
by retinol dehydrogenase (RDH) enzymes and trans-
ported to the retinal pigment epithelium (RPE) to be
regenerated through the visual cycle. Within the RPE,
AT-ROL is esterifed to all-trans-retinyl ester (AT-RE) by
lecithin:retinol acyl transferase (LRAT) and subse-
quently used as substrate by the RPE-specific 65 kDa
isomerohydrolase (RPE65) to form 11-cis-retinol
(11CIS-ROL). Following oxidation by several RDHs,
11-cis-retinal (11CIS-RAL) is released by the RPE and
the regenerated chromophore recombines with opsin to
form rhodopsin in the photoreceptor (PR).

Phototransduction-related genes implicated in RP
include phosphodiesterase catalytic subunits o
(PDE6A) [7] and B (PDE6B) [8-10], rod cGMP-gated
channel (CNGAL1) [11], retinal guanylate cyclase (RE-
TGC1) [12], arrestin (SAG) [13] and rhodopsin (RHO)
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Fig. (1). Visual cycle and phototransduction in the retina.

In photoreceptor (PR), phototransduction cascade starts with the absorption of light, which causes photoisomerization of rho-
dopsin (RHO)-bound chromophore 11-cis-retinal (11CIS-RAL) to all-trans-retinal (AT-RAL) and conformational changes of the
visual pigment. This permits the binding and activation of the G-protein transducin (T), which in turn activates the enzyme cGMP
phosophodiesterase (PDE) and the hydrolysis of cGMP. The resulting decrease in cGMP levels and the closure of cGMP-gated
cation channels (CNG) on the plasma membrane of the rod outer segment (OS) lead to fall in intracellular ca” level and hyper-
polarization of the rod cell plasma membrane. Termination of the photoresponse requires inactivation of photoactivated rhodop-
sin by rhodopsin kinase (RK) and arrestin (A), as well as stimulation of retina-specific guanylate cyclase (RetGC) to reverse in-
tracellular cGMP and Ca** levels. Following dissociation of rhodopsin into opsin and AT-RAL, the isomerized chromophore is
reduced to all-trans-retinol (AT-ROL) by retinol dehydrogenase (RDH) enzymes, such as RDH12, and taken up by interphotore-
ceptor retinoid-binding protein (IRBP) to be regenerated through the visual cycle within the retinal pigment epithelium (RPE).
Following transport by another retinoid binding protein, cellular retinol-binding protein (CRBP), AT-ROL is esterifed to all-trans-
retinyl ester (AT-RE) by lecithin:retinol acyl transferase (LRAT) and subsequently used as substrate by the RPE-specific 65 kDa
isomerohydrolase (RPE65) to form 11-cis-retinol (11CIS-ROL). Before to be released from RPE, 11CIS-ROL binds to cellular
retinaldehyde-binding protein (CRALBP) to be oxidized to 11CIS-RAL by several RDHs, including RDH5 and RDH11. Upon re-
lease by the RPE, the regenerated chromophore recombines with opsin to form rhodopsin in the PR.

[14]. Mutations in rhodopsin are the most common
cause of autosomal dominant (ad) RP and, to date,
more than 120 mutations have been described in affec-
ted patients. Mutations in peripherin/rds gene (RDS), a
structural component of the OS disks of the photore-
ceptors, are also responsible for RP [15]. Genes invol-
ved in visual cycle (RPE65, LRAT) have been identi-
fied, that are thought to account for LCA. Among the
different genes identified, mutations in RPE65 seem to
be the most frequent in this disease [16, 17]. Other mo-
re basic functions related to retina-specific transcription
factors, cytoskeleton organization, intracellular traffic-
king, synaptic interaction and mRNA processing are

also targets of disease-causing mutations (reviewed in
[4-6]). Additional candidate genes may be those invol-
ved in retinal disease or known to cause retinal dege-
neration in animal models. 181 genes causing inherited
retinal dystrophies have been mapped to a specific
chromosomal site and the sequence of 129 of them
has been identified (see Retina International
http://www.retina-international.org/ sci-news/longa.htm
and RetNet www.sph.uth.tmc.edu/ RetNet). To date,
mutations in 17 genes have been reported to cause
adRP while mutations in 25 genes are responsible for
recessive RP [18]. Thanks to the significant progress in
molecular genetics coupled to efficient clinical diagno-
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sis, it is nowadays possible to detect mutations in 56%
of patients with adRP and 30% of patients with recessi-
ve RP. However, even if this allows for the detection of
mutations in 25% to 90% of patients with inherited
retinopathies, more disease-causing genes are yet to
be found. Mutation analysis in candidate genes is one
of the most active areas of research in this domain,
along with new and powerful screening methods such
as genotyping microarray.

1.2. RP Murine Models

Identification of inherited mutations in murine mo-
dels and development of gene-deficient mice proved to
be of outstanding importance to study hereditary eye
diseases at the cellular and molecular levels. It is no-
teworthy that many of the genes genetically engineered
or found to be mutated in animals closely mimic the
human pathology, showing retinal degeneration and
similar pathophysiological defects. Mutations in B su-
bunit of rod Pde cause retinal degeneration in the natu-
rally occurring retinal degeneration (rd) mouse, a fast
degenerating model of RP with death of all photorecep-
tors by 4 weeks of age [19, 20]. Degeneration is corre-
lated with deficient PDE enzymatic activity, associated
with accumulation of cGMP and increased intracellular
ca® level within photoreceptor OS [21]. Mutations in
the gene coding for Peripherin/Rds are responsible for
retinal cell death in the retinal degeneration slow (rds)
mouse, another widely used natural RP model. PE-
RIPHERIN/RDS is a membrane glycoprotein whose
expression is restricted to OS disks of the photorecep-
tors. This structural protein is essential for morphoge-
nesis and stabilization of the OS of cones and rods.
Pathogenesis in rds mouse is characterized by the ab-
sence of OS followed by loss of cellular bodies of pho-
toreceptors [22-24]. Rds mutant mice undergo a relati-
vely slow degeneration, similar to many forms of
human retinal degenerations. In these mice, photore-
ceptor cell death starts around the third postnatal week
to be finished at one year of age.

The collection of spontaneous models of RP is now
being completed with the increasing list of genetically
modified transgenic, knock-out and knock-in mice tar-
geting gene defects that resemble the characteristic
features of human retinal dystrophies (reviewed in [25-
27]). Several transgenic mouse strains reproducing
human mutations found in rhodopsin gene have been
generated. As reviewed by Mendes and colleagues,
these mutations may affect rhodopsin posttranslational
modifications, protein folding, stability and trafficking,
as well as phototransduction activation [28]. Knock-out
mice to study LCA have also been generated, that are
considered as good models for the human disease.
Deficient LCA genes in crx” [29] and Rpe65'/' [30] mi-
ce present similar cellular and biochemical dysfunc-
tions and progressive retinal degeneration as observed
in human disease [31]. Despite this increasing number
of spontaneous and genetically engineered murine
models of human RP, only a few of them have been
described regarding the triggered intracellular signals
leading to retinal cell apoptosis. A lot of work remains
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to be undertaken, beyond mutational analysis, to unra-
vel the molecular events and signal transduction path-
ways involved in retinal degeneration.

2. APOPTOSIS IN RP DISEASES
2.1. Apoptotic Cell Death Pathways in RP

Apoptosis is a tightly regulated, programmed cell
death process. Cells participate in their own demise, in
which fine regulation between pro- and anti-apoptotic
molecules shift cell fate toward survival or death. In
apoptotic intracellular signaling, mitochondria are con-
sidered as the commitment step, “point of no return”,
triggering the release of downstream apoptogenic fac-
tors including cytochrome C, apoptosis-inducing factor
(Aif), endonuclease G (EndoG) and serine protease
Omi/HtrA2 [32]. Some of them act in a caspase-
dependent or caspase-independent manner.

Photoreceptors are specialized cells directing ener-
gy-consuming and light-dependent phototransduction
cascade essential to promote vision. This makes them
particularly fragile to any long-term perturbation in eit-
her component of visual transduction and visual cycle,
energy metabolism and structural integrity, and prompt
to cell death. It is obvious that the functional defect and
disease mechanism for each protein involved in retinal
degeneration may be different, nevertheless a common
fate consists in the loss of retinal cells by apoptosis.
Chang and colleagues demonstrated for the first time in
1993, that heterogeneous genetic defects presented a
common final death feature, namely apoptosis, as re-
flected by internucleosomal cleavage and fragmented
retinal DNA in rd, rds and rhodopsin mutant mice [33].
To date, apoptosis commitment was reported in all ty-
pes of RP analyzed, while only a limited humber of mo-
lecular pathways have been described yet. On one
hand, it is tempting to speculate that a limited number
of initiating pre-apoptotic signaling molecules, shared
by several RP genes, may converge toward common
commited apoptotic pathways. On the other hand, we
may imagine that the disease-causing mutations each
initiate individual and unique death pathway. Identifica-
tion and deciphering of the intracellular apoptotic sig-
nals appear of crucial interest to provide substantial
insight into retinal cell pathogenesis and to target them
to prevent retinal degeneration.

2.2. Caspase-Dependent and -Independent Apopto-
tic Pathways in RP

Caspase action in retinal degeneration was obser-
ved in several models of RP. Increased activity of cas-
pase-3 was correlated with a rapid degeneration of
photoreceptors in transgenic rats carrying rhodopsin
mutation S334ter, which was partially rescued by ad-
ministration of caspase-3 inhibitor [34]. Intravitreal in-
jection of caspase-3 inhibitor provided a significant de-
crease in apoptotic photoreceptor cells in tubby mice, a
model system for human Usher syndrome type 1 and
autosomal recessive RP [35]. In genetically inherited
rds mouse retina, caspase-1 upregulation [36], along
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with caspase-3 activation [37], was associated with
photoreceptor apoptosis and paralleled the observed
peak of degenerating cells. Whereas retinal cell death
in RP was first depicted as a caspase-dependent me-
chanism, it becomes now widely admitted that photore-
ceptor apoptosis may be governed by either caspase-
dependent or -independent ways. Evidences highligh-
ted alternative and paralleled death pathways, other
than caspase activation, that may account for apopto-
sis occurring in murine models of retinal dystrophies.

Contradictory results regarding the role of caspase-
3 in retinal cell death were observed in rd mouse. Doo-
nan and collaborators reported caspase-independent
apoptosis, that did neither require caspase-9, -8, -7, -3
and -2, nor cytochrome C release from the mitochon-
dria [38]. This is in direct opposition with the work of
Jomary et al. where they observed activation of caspa-
se-8 and -3 at the peak of photoreceptor apoptosis,
along with mitochondrial release of cytochrome C in
diseased retina [39]. In other reports using the same
RP model, only delayed photoreceptor degeneration
was observed following caspase-3 inhibitor administra-
tion in vivo in rd mice [40], whereas the absence of
caspase-3 only provided transient protection in these
mice [41]. The light-induced model of retinal degenera-
tion, in which apoptosis of photoreceptors did not invol-
ve caspases, highlighted the role of Ca2+-dependent
protease calpains as an alternative death pathway in
retinal dystrophy [42, 43]. Activation of calpains have
been further reported in apoptotic cells in RP [44-46], in
retinal ischemia-reperfusion [47] and foIIowing hypoxia-
induced retinal damage [48]. The role of Ca™ and cal-
pain was further investigated in mouse photoreceptor
cells, in which both caIJoain and caspase-3 were shown
to be implicated in Ca”"-dependent apoptosis, sugges-
ting a death pathway mediated by calpain activation
and apoptosis execution via mitochondria-dependent
process and caspase-3 activity [49]. Besides caspases
and calpains, another family of proteases, namely the
cathepsins, may be implicated in retinal degeneration.
In addition to the activation of cathepsin D in the dege-
nerating retina in rd mouse [44], cathepsin D knock-out
mice showed retinal defect including shortened OS and
photoreceptor degeneration, suggesting its potential
role in lysosomal digestion of phagocytosed photore-
ceptor OS [50]. The lysosome-associated membrane
protein-2 (LAMP2) was also reported to be associated
with human retinopathy [51].

It is now evident that, according to the different RP
models involving phototransduction (rd), structural (rds)
or oxidative stress (light-induced) defects, photorecep-
tor degeneration may share a common but multiple
repertoire of pro-apoptotic mechanisms leading to reti-
nal dystrophies [36].

3. ROLE OF THE BCL-2 FAMILY OF PROTEINS
IN PHOTORECEPTOR APOPTOSIS

3.1. The Bcl-2 Family of Proteins

The mitochondrial pathway of apoptosis is depen-
dent upon the Bcl-2 proteins for the efficient release of
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mitochondrial apoptogenic factors, which in turn trigger
caspase-dependent or caspase-independent irreversi-
ble apoptotic cascade [32, 52] (Fig. (2A)). The proteins
of the Bcl-2 family are described as key players in the
execution of the apoptotic program; indeed they can
either promote cell survival or cell death depending on
the equilibrium between their pro- and anti-apoptotic
members (reviewed in [52, 53]). The Bcl-2 family of
proteins is divided into three classes, based on the
presence of Bcl-2 homology (BH) domains (Fig. (2B)).
Anti-apoptotic Bcl-2 proteins contain BH1 to BH4 do-
mains and are generally present at the mitochondria
and ER membranes. They participate in the apoptotic
pathway by directly binding and inhibiting pro-apoptotic
effector BH-multidomain proteins. The pro-apoptotic
members are divided into two groups, including the
effector BH-multidomain (BH1 to BH3) molecules Bax
and Bak, which permeabilize the outer mitochondrial
membrane and trigger irreversible commitment to
apoptotic fate [54]. The third group, the pro-apoptotic
BH3-only proteins, function as sensitizers of diverse
upstream signals and interact, via the BH3 domain,
with other Bcl-2 family members following stress
stimuli.

3.2. Expression of Bcl-2 Proteins in Retinal Tissue

Numerous studies reported on the expression of
Bcl-2 members in the retina of rodents. In the adult rat
retina, anti-apoptotic proteins BCL-X_ [55] and BCL-2
[56] are expressed in nearly all retinal cell layers, in
contrast to pro-death BAX found only in retinal ganglion
cell layer (GCL) [56]. These data indicate that Bcl-2-
mediated signaling is a default pathway that needs to
be kept under fine control to allow for retinal neuron
survival or differentiation. Main proteins of this path-
way, including BH3-only members BAD and BID, are
also expressed in murine retinal tissue [57-60]. The
heterogeneous level of MRNA and protein expression
of the various Bcl-2 members depicted in these studies
mainly reflect strain- and age-specific variations, as
well as the different detection procedures used. BCL-2
mRNA and protein seem to be localized to the inner
nuclear (INL) and outer nuclear (ONL) layers of the
mouse retina [58, 61], while BAX is mainly observed in
the GCL [58].

3.3. Role of Bcl-2 Proteins in Retinitis Pigmentosa

As regulators dictating survival or apoptosis casca-
des, the Bcl-2 family of proteins are also involved in
retinal dystrophies.

In Rp965'/' murine model of LCA, altered expression
of Bcl-2 family members was observed at the onset
and during progression of the retinal disease. Decrea-
sed expression of BCL-2 was paralleled with increased
level of BAX and BH3-only proteins BAD and BMF,
indicating that altered ratio of the different Bcl-2 mem-
bers may impact the balance between anti- and pro-
apoptotic signals toward cell death of photoreceptors in
LCA disease [62]. Activation and mitochondrial translo-
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Fig. (2). The Bcl-2 family of proteins.

(A) The Bcl-2-dependent mitochondrial pathway of apoptosis. Following upstream stress signals, BH3-only proteins trigger
Bcl-2-mediated intracellular pathways by direct activation of the BH-multidomain effectors Bax and Bak, or by indirect activation
through inhibition of the anti-apoptotic functions of the pro-survival members such as Bcl-2. Bax/Bak activation and oligomeriza-
tion in turn promote mitochondrial outer membrane permeabilization (MOMP) resulting in committed, irreversible apoptotic cas-
cade. MOMP is responsible for the release of apoptogenic factors including cytochrome C (cytC), Smac/Diablo, endoG,
Omi/HtrA2 and AIF, which trigger caspase-dependent or caspase-independent execution phase of the apoptotic program. (B)
Domain structure of the Bcl-2 proteins. Anti-apoptotic and pro-apoptotic members of the Bcl-2 protein family are shown
schematically, with approximate position of the Bcl-2 homology (BH) domains indicated. The anti-apoptotic Bcl-2 members,
which include Bcl-2, Bcl-X., Bcl-w, A1 and Mcl-1, contain four BH domains (BH1 to BH4). The pro-apoptotic BH-multidomain
subfamily encompasses Bax, Bak and Bok, which are constituted of domains BH1 to BH3. As designed, the BH3-only group only
retains BH3 domain and either includes direct activators (Bid, Bim) or de-repressors/sensitizers (Bad, Bik, Bmf, Bnip3, Hrk,
Noxa, Puma). Many family members have a carboxy-terminal hydrophobic transmembrane domain (TM), based on in silico pre-
dictions and/or structural data, that aids targeting to intracellular membranes. Known o-helical regions are numbered (ol to o9)
and indicated as a bold line.

cation of BAX associated with apoptosis of photorecep-
tors was further observed in Rpe65-deficient retina,
suggesting that Bcl-2-mediated intracellular pathway
plays a crucial role in LCA-dependent retinal degenera-
tion [63]. In rd mice, while BAD [64] and BIM [65] were
not involved in photoreceptor apoptosis, detection of
cleaved BID at the peak of retinal cell death was para-
lleled with the activation of caspases and mitogen-
activated protein kinase p38 [39]. These data suggest
that Bid-dependent triggering of apoptotic mitochondrial
pathway occurs during photoreceptor degeneration in
the rd model of recessive RP. In contrast, pro-apoptotic
BAX did not seem to be involved since rd mice defi-

cient for the latter protein were not rescued from photo-
receptor degeneration. This may be explained by addi-
tional role of other effector molecules of the Bcl-2 fami-
ly such as BAK [66]. In support of this view, Hahn and
colleagues provided in vivo evidences that combined
deficiency of BAX and BAK can rescue photoreceptor
cells from light-induced injury more efficiently than BAX
deficiency [67] alone.

To assess the protective role of BCL-2 in retinal di-
seases, photoreceptor-specific ectopic expression of
the protein has been evaluated in mice with inherited or
engineered mutations leading to retinal cell death. In
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Pdegtm”tml mutant mice carrying a targeted disruption
of the gene encoding the y subunit of cGMP phosp-
hodiesterase, enhanced expression of BCL-2 was re-
tarding photoreceptor apoptosis [68]. As observed by
Nir and colleagues [69], overexpression of BCL-2 cau-
sed a significant and long-term inhibition of photorecep-
tor apoptosis in rds mutant mice. The rescue was par-
tial, with 60% protection against retinal cell death in
transgenic rds mice. While the protective effect of BCL-
2 was observed during the early phase of cell death,
the photoreceptors continued to die as the disease
progressed, although at a slower rate. These results
most likely reflect a delayed loss of photoreceptors rat-
her than a full protection, which may require higher le-
vel of heterologous BCL-2 or enhanced expression of
other anti-apoptotic proteins such as BCL-X,. Indeed, a
marked synergistic effect of ectopic co-expression of
the anti-apoptotic molecules BCL-2 and BAG-1, a Bcl-
2-binding protein acting as a chaperone regulator, was
efficient in preventing photoreceptor loss in opsin
S334ter mutants showing impaired sorting of C-
terminus truncated rhodopsin [70]. In this model, photo-
receptor-driven over-expression of BCL-2 was accom-
panied by a reduction of apoptotic cell death in the reti-
na by more than 80%, early during the onset of retinal
degeneration. Photoreceptor loss was further delayed
and showed 2-3 times longer survival than in non
transgenic opsin S334ter mutants [71]. In contrast, in
the study of Joseph and Li, no anti-apoptotic effect of
Bcl-2 was observed in mutant mice with opsin K296E
missense mutation [72]. Other studies showed discre-
pant results regarding the protective role of BCL-2 in rd
mutant retina, or in photoreceptors exposed to light
injury. While Chen and colleagues [71] observed that
photoreceptors over-expressing BCL-2 survive genetic
or environmental insult longer than those with normal
endogenous level of BCL-2, the report by Joseph and
Li [72] did not show any beneficial effect of ectopic ex-
pression of BCL-2 or BCL-X_ in mutant rd mice or fo-
llowing light-induced damage. These discrepant data
might rely on differences in experimental design and
transgene expression level between the two studies. Of
note, it was demonstrated that dose-dependent, exces-
sive expression of BCL-2 in transgenic mice could de-
crease photoreceptor survival [71], and that in high
BCL-2-expressing retina photoreceptor-targeted locali-
zation of the transgene was toxic and triggered retinal
cell death [73]. In favor of a protective role of BCL-X, in
photoreceptor susceptibility to light-induced stress,
Zheng and colleagues reported increased cell death in
rod-specific BCL-X,-deficient retina following light da-
mage [74]. Again, these results are contradictory with
the observations of Joseph and Li [72], and the diffe-
rences observed might arise from the different genetic
background of the mice which show different resistan-
ce/sensitivity to low intensity light damage.

The transient pro-survival effect of BCL-2 as displa-
yed in RP murine models may be due to negative im-
pact of the overexpressed protein by itself that may
counteract its endogenous survival promoting func-
tions. Or, it may be explained by modulated regulation
of pro-apoptotic Bcl-2 members and compensatory ef-
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fects toward forced expression of BCL-2, thus limiting
the physiological protective function of BCL-2. Alterna-
tively, inherited mutations and light damage may acti-
vate multiple intracellular death pathways during the
course of retinal degeneration, some of which may trig-
ger Bcl-2-independent apoptosis. The kinetics of opsin
promoter-driven expression of the transgene by around
postnatal day 10, simultaneous with the onset of mas-
sive photoreceptor degeneration in rd retina may not
prove to be optimal to assess the protective function of
BCL-2. All these data are in favor of a complex death
regulatory network in retinal cells in which Bcl-2-
mediated signaling may act in conjunction with diverse
apoptosis-promoting and —inhibiting gene products.
Moreover, careful regulation of BCL-2 expression, not
too low or too high, may be a prerequisite for its biolo-
gical function.

4. TOWARD NEW MOLECULAR THERAPEUTIC
STRATEGIES TO PREVENT RETINAL DYS-
TROPHIES

4.1. Gene Therapy

Retinal degeneration represents the most prevalent
cause of visual handicap among the human population,
for which no cure actually exists. Gene transfer targets
primary genetic defect and aims at curing the disease
by restoring a correct gene function. In mutations lea-
ding to loss-of-function, as autosomal recessive retinal
degeneration, gene replacement allows to correct the
mutated gene and the most conclusive results in ani-
mal RP models were observed for Rpe65-mediated
LCA disease. 2001 was the year of the first successful
gene therapy trial in LCA by replacement of the muta-
ted Rpe65 gene in Briard dog. Several groups are now
developing gene therapy approaches to rescue RPE65
function in murine models of retinal degeneration [75-
78]. However, in many forms of retinal dystrophies, as
autosomal dominant inherited defects, gene-specific
therapeutic approach is less suited for gene replace-
ment. In this case, gene transfer strategy is based in
silencing of the deleterious mutation by using several
strategies including antisense oligonucleotides, ribo-
zymes, or the recently developed RNAI interference
technique.

RP is one of the most genetically heterogeneous
hereditary diseases. This represents a major impedi-
ment to the development of gene-specific therapies
since, considering this huge genetic diversity, gene
replacement will not be applicable to all patients suffe-
ring from RP. A crucial need toward the development of
mutation-independent therapies is expected. Targeting
apoptosis through its triggered signaling pathways is
one method to achieve this goal, since apoptosis ap-
pears as a common fate in the pathological processus
of RP. Gene transfer can also be suitable to focus on
intracellular targets involved in the activation of apopto-
sis or in neuroprotection. Delivery to the eye of protec-
tive genes was successfully achieved by means of viral
vectors, either lentiviral, adenoviral or adeno-
associated vectors. Somatic delivery of rhodopsin-
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promoted BCL-2 by subretinal injection of recombinant
adenoviruses resulted in partial rescue of retinal dege-
neration [79]. Successful recombinant virus-mediated
delivery of neuroprotective factors was also achieved in
retinal tissues (reviewed in [80]). While this approach
will not abrogate the disease, it will extend the survival
of retinal cells through modulation of intracellular signa-
ling molecules and may prove valuable to target multi-
ple retinal dystrophies caused by diverse genetic de-
fects. However, viral-based strategies need additional
developments for suitable gene delivery since they still
encounter safety concerns, such as risks related to vi-
rus transmission and inflammatory response.

4.2. Molecular Therapy to Target Bcl-2 Proteins in
Retinal Degeneration

Various methods have been developed to transport
genes into ocular tissues and correct cells, such as
delivery of the transgene by viral vectors (see above),
in vivo electroporation of naked DNA and retinal cell
transplantation. All of them, although offering promising
potentials, still present limitations. Special issues dea-
ling with activity, duration of expression, inability to
reach the target tissue, and safety concerns have pre-
vented the general use of these delivery systems. The
need is real for the development of additional delivery
systems. One of them consists in a carrier system ba-
sed on cell-penetrating peptide. Transcriptional factor
trans-activator protein (TAT) from human immunodefi-
ciency virus type 1 (HIV-1) has been shown to transdu-
ce most of the retinal cell layers upon subretinal or in-
travitreous injections, and thus represents an efficient
transport system for the delivery of peptides and pro-
teins in ocular tissues [81]. Following intravitreal injec-
tion, TAT-BCL-X, fusion protein was shown to be effi-
ciently transduced into the retinal ganglion cell layer
and to rescue axotomized retinal ganglion cells (RGCs)
from apoptosis [82]. Peptides can also present trans-
duction properties within ocular compartments. It was
indeed observed that BCL-2 peptide administration
increased RGC survival following retinal ischemia indu-
ced by elevation of intraocular pressure [83]. Further-
more, attempts to interfere with Bax-dependent apop-
tosis in axotomized mice by using cell-permeable BAX-
inhibiting peptide (BIP) resulted in significant increase
in RGC survival after intravitreal injection [84]. Similar-
ly, intravitreal treatment with Bax-directed antisense
oligonucleotide inhibited BAX upregulation as well as
RGC cell death locally and temporarily following optic
nerve transection [85]. However, the use of this strate-
gy is limited due to limited transfection efficacy and
temporal restriction of the protective effect. Altogether,
these encouraging findings indicate that proteins from
the Bcl-2 family can be administered extracellularly into
the eye and cross cell membrane to exert their anti-
apoptotic action intracellularly.

5. CONCLUSIONS

Retinal dystrophies, including inherited RP disea-
ses, remain a great challenge to the researchers and
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clinicians involved in the ophthalmology field, since an
always increasing number of disease-causing genes
remains to be found, and almost no efficient cure for
the disease are available so far.

Whereas there is no doubt of apoptotic events in re-
tinal degeneration, it seems clear nowadays that com-
plex crosstalk and interconnected signals may link ups-
tream stress, non obligate apoptotic regulated path-
ways, with committed executor apoptotic events. Im-
portant clues remain to be unraveled regarding which
pathogenic factors and signaling pathways may trigger
the decision to die according to the primary genetic
defect. There is now an increased body of evidence
that the intracellular molecular pathways involved in RP
rely on caspase-dependent or -independent apoptotic
mitochondrial pathway involving the Bcl-2 family of pro-
teins.

Mutation-independent approaches such as molecu-
lar therapy provide a tool to target common intracellular
pro-apoptotic signaling molecules and pathways impli-
cated in retinal degeneration. Proof-of-principle has
been demonstrated toward the efficient extracellular
delivery of cell-permeable peptide-based compounds
targeting Bcl-2-dependent apoptotic pathways. Such a
strategy shows promising and exciting perspectives to
delay or even stop photoreceptor degeneration in me-
dium-term, with the advantage to be applicable to most
patients regardless of their genetic defects.
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ABBREVIATIONS

RP = Retinitis Pigmentosa

LCA = Leber’s Congenital Amaurosis
RHO = rhodopsin

T = transducin

PDE = phosphodiesterase

CNG = cGMP-gated cation channel
(O] = outer segment

RK = rhodopsin kinase

P = phosphorylation

A = arrestin

AT-RAL = all-trans-retinal

AT-ROL = all-trans-retinol

RDH = retinol dehydrogenase

RPE = retinal pigment epithelium
AT-RE = all-trans-retinyl ester

LRAT = lecithin:retinol acyl transferase
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RPEG5 = RPE-specific 65 kDa isomerohydrolase
11CIS-ROL = 11-cis-retinol

11CIS-RAL = 11-cis-retinal

PR = photoreceptor

adRP = autosomal dominant RP

rd = retinal degeneration

rds = retinal degeneration slow

BH = Bcl-2 homology domain

ER = endoplasmic reticulum

GCL = ganglion cell layer

INL = inner nuclear layer

ONL = outer nuclear layer

TAT = trans-activator protein

HIV-1 = human immunodeficiency virus type 1
RGCs = retinal ganglion cells

BIP = BAX -inhibiting peptide
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