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Abstract

Knowledge about retinal photoreceptor signal transduction and the visual cycle required for normal
eyesight has expanded exponentially over the past decade. Substantial progress in human genetics
has allowed identification of candidate genes and complex networks underlying inherited retinal
diseases. Natural mutations in animal models that mimic human diseases have been characterized
and advanced genetic manipulation now permits generation of small mammalian models of human
retinal diseases. Pharmacological repair of defective visual processes in animal models not only
validates their involvement in vision but also provides great promise for developing improved
therapies for the millions that are progressing towards blindness or are almost completely robbed of
eyesight.
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Visual perception

The brain's capacity to analyze and interpret information is limited ultimately by the sensory
input it receives. For the human brain, visual perception is a major input pathway and an
essential sense for cognition of the environment and social communication. The performance
of this sense reflects one's genetic background, withstands many environmental insults, and
deteriorates with age 1™4. Molecular investigations of the fundamental processes initiating
vision revealed that these can be divided into two stages: phototransduction, which propagates
the light signal °: 8, and the visual (retinoid) cycle 7, which consists of metabolic pathways that
regenerate the visual chromophore and thus sustain this process 8. In reality, both pathways
are fully integrated and complementary (Fig. 1) 2 7> 9. Technical innovations and improved
methodologies in proteomics and structural biology have promoted substantial advances in
understanding the molecular basis of vision 19 11, This advanced knowledge of the molecular
basis of phototransduction and the visual cycle now makes it possible manipulation of these
processes with highly specific retinoid-based therapies for disease states and visual
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deterioration due to aging and environmental insults 2 4 12, The remarkable anatomy and
physiology of the eye enables unique and highly specific pharmacological approaches that are
discussed in this review. Conceptually these approaches can be extended to other biological
systems that require delivery of therapeutics in situ.

Phototransduction and the retinoid cycle

Sensitivity and adaptation to the variable environmental light conditions are hallmarks of
vision. Effective vision requires detection of light ranging from a single photon up to a trillion
photons per second, and requires rapid restoration of the pre-illumination physiological state.
This cyclic process is based on 11-cis-retinal, a light sensitive chromophore derived from
vitamin A that enables light absorption in the visible range. When 11-cis-retinal binds to its
cognate visual protein receptors (opsins), the resulting highly concentrated visual pigment is
exquisitely sensitive to different wavelengths of light ranging from ~360-620 nm 13, Production
of 11-cis-retinal involves several enzymatic steps, collectively called the visual (retinoid) cycle
that is split between processes in photoreceptor cells and the adjacent retinal pigment
epithelium (RPE).

Rhodopsin in rod photoreceptors and cone pigments in cone photoreceptors are the two classes
of visual pigments that respond to light 13. Their common chromophore, 11-cis-retinal, is
covalently linked via a protonated Schiff base to a lysine side chain amino group embedded
within the opsin transmembrane domain, forming 11-cis-retinylidene. Upon photon
absorption, the chromophore undergoes photoisomerization to all-trans-retinylidene, changing
the visual pigments from an inactive to active conformation 14. In rods this active form, known
as Meta I, then recruits and binds intracellular G proteins, continuing the signaling cascade
that culminates in visual perception (Fig. 1)1°. The various aspects of these phototransduction
processes have been reviewed in-depth 3 6:16,

The retinoid (visual) cycle is a complex enzymatic pathway essential for regeneration of 11-
cis-retinal. Maintaining continuous vision and preserving the health of photoreceptors requires
an adequate, continuous supply of this aldehyde, so vertebrates have evolved the retinoid cycle
to achieve this objective 2. The pathway operates in sequential reactions in photoreceptor cells,
in the RPE and back in photoreceptors, converting all-trans-retinal back to 11-cis-retinal by
several chemical transformations. The classical vertebrate retinoid cycle contributes primarily
to regeneration of rhodopsin in rod cells (Fig. 1. The key enzyme in this pathway is retinoid
isomerase or RPE65 that resides in the RPE. This RPE65-dependent chromophore production
may also be important for cone function 17. However, the cone retinoid cycle appears to be
supplemented by another metabolic pathway that remains genetically undefined 18-20,

The series of chemical reactions comprising the classical retinoid cycle is now well established
(Fig. 1). In rod cells, absorption of a photon of light by rhodopsin causes photoisomerization
of 11-cis-retinylidene to all-trans-retinylidene, resulting in release of all-trans-retinal from the
chromophore binding pocket of opsin. Most of the all-trans-retinal that dissociates from opsin
diffuses into the cytoplasm. A fraction that dissociates into the disc lumen also reaches the
cytoplasm via transfer by ATP-binding cassette, transporter 4 (ABCA4) 21, All-trans-retinal
in the cytoplasm is reduced to all-trans-retinol in a reversible reaction catalyzed by an NADPH-
dependent all-trans-retinol dehydrogenase (RDH). All-trans-retinol then diffuses into the RPE
where it is esterified in a reaction catalyzed by lecithin:retinol acyl transferase (LRAT). The
acyl group is transferred from the sn1 position of ER phospholipids 22 23, The most common
lipids in the snl position are saturated long-chain fatty acids, with a palmitoyl group
representing the predominant species. Thus, retinyl esters are dominated by retinyl palmitate,
but also contain stearate (C18) and other minor species. These esters have a propensity to
aggregate and, in the RPE, they form lipophilic droplets called retinosomes, which are
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discussed below. These all-trans-retinyl esters are presumably converted by the retinoid
isomerase RPEG65 to 11-cis-retinol, which is further oxidized back to 11-cis-retinal by RDH5,
RDH11 and other RDHs. After diffusion from the RPE, 11-cis-retinal combines with opsin
forming light-sensitive pigment that is ready for another cycle of photoisomerization, signal
transduction and regeneration.

Retinoid metabolism and retinopathies

Retinoids are required for normal growth, vision, reproduction, and maturation and
maintenance of the immune system 24. More recently it was recognized that retinoids are also
important regulators of metabolism in general 25. All-trans-retinol is an essential micro-
nutrient because it cannot be synthesized by animals, and therefore must be absorbed as either
retinol/retinyl esters from food of animal origin or generated from their precursor 3,3-carotene
from plants. Dietary retinyl esters are hydrolyzed in the intestinal lumen and absorbed into
intestinal enterocytes, re-esterified, and incorporated into chylomicrons. Next, the retinyl esters
are taken up by hepatocytes and either hydrolyzed and secreted after binding to the retinol-
binding protein 4 (RBP4) complex, or stored as lipid droplet-like structures in cells called Ito
or stellate cells. Thus, the liver is the largest storage place for retinyl esters in our body 26:
21_B,p-Carotene is symmetrically cleaved into two molecules of all-trans-retinal by members
of the carotenoid oxygenase enzyme family 2830, Retinal is reduced to retinol, esterified, and
further processed in pathways that involve exogenous retinyl esters throughout the body 31.
Retinoid metabolizing enzymes in the liver and peripheral tissues including LRAT,
transferases, hydrolases, diacylglycerol acyltransferase 1 (DGATL1), acyl-coenzyme A
transferase (ACAT), and other enzymes are not highly specific, so they can process retinoid
analogs as well.

Considering the fundamental role of retinoids in vision, it is not surprising that many forms of
retinopathies are caused by defects in genes encoding proteins of the visual cycle (Fig. 1) 2.
Storage of absorbed retinoids in the liver, their transport in the plasma, and delivery to the RPE
can all be impaired as a result of inactivating mutations in enzymes (such as LRAT), transport
carrier proteins (like retinol-binding protein 4) or receptors (like STRAG). Progress in our
understanding of these processes was possible because a large number of animals models of
these defects that were either generated or occurred naturally 32. In Lrat”" or Rpe657 mice,
the lack of 11-cis-retinal leads to rapid degeneration of cone photoreceptors and progressive
death of rods 33. This phenomenon may involve the mechanism leading to the pathology seen
in Leber congenital amaurosis (LCA) patients 17. LCA has been attributed to continuous
activation of visual phototransduction 34 due either to basal activity of chromophore free opsin
35-37 disordered vectorial transport of cone visual pigments lacking bound-chromophore 38,
instability of unliganded cone visual pigments, or a combination of all these mechanisms.

More complete discussions of retinal diseases related to genetic alterations of
phototransduction and the visual cycle can be found elsewhere 1: 2: 39, 40, Because components
of the visual cycle and phototransduction are mostly non- or only partially redundant, genetic
defects resulting in dysfunction of these proteins is manifested as a retinopathy (for examples,
see Fig. 1). The severity of these genetic retinopathies is determined by the toxicity of the
accumulated intermediates (e.g. condensation products of all-trans-retinal in Stargardt's
disease) 41, the need of the product for cellular homeostasis (e.g. cGMP production in LCA
caused by a mutation in guanylate cyclase) 42, the instability of the mutated protein structure
(e.g. rhodopsin mutants in autosomal recessive retinitis pigmentosa (RP)) 43, and whether
regulation of the protein's function is altered (e.g. Ca?* coordination in autosomal dominant
cone-rod dystrophy mutants of guanylate cyclase-activating proteins) 44.
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All-trans-retinal, condensation products, and degenerative retinal diseases

In many individuals the visual system degenerates with age. Preventing vision loss requires a
better understanding of the fundamental causes of age-dependant changes. Fortunately, our
understanding of both retinoid metabolism outside the eye and production of 11-cis-retinal
unique to the eye is accelerating 1+ 2 7. And genetic mouse models are now available to study
these processes and their aberrations in vivo 4°. These advances allow the central question of
what compromises photoreceptor cells and the underlying RPE to be addressed. Retinoids,
despite being essential for vision, can also cause certain retinal pathologies when not tightly
controlled.

Typically, retinoids are complexed with soluble proteins that protect them. These reactive
compounds are bound by a number of retinoid-binding proteins, and are rarely freely
solubilized from membranes. Protection of retinoids also stems from their ability to cluster
when esterified by long-chain fatty acids, and undergo storage in lipid-like droplets in the liver
or as retinosomes in the eye 4648,

To absorb light efficiently, visual pigments need to be very sensitive to it (11-cis-retinal
requires a quantum efficiency of 0.65 14) and they need to be highly concentrated. Indeed, a
large fraction of rhodopsin forms a paracrystaline structure in rod outer segments (ROS)
49-52 and cone pigments can form diffractable crystalline structures in cones 53 54, ROS
contains ~5 mM rhodopsin 55, that if completely bleached, would yield equal level of free all-
trans-retinal. How can cells cope with such an aldehyde flux? Even less than a 0.5% bleach
will produce toxic levels of all-trans-retinal if this retinoid is not properly cleared.

The efficiency of the mammalian visual system and the health of photoreceptors and RPE
diminish significantly with age, suggesting that before cell death, there are biochemical
changes that slowly promote retinal damage. For example, an abnormally high flux of retinoids
through the retinoid cycle can induce retinopathies in some mouse models 6-58, This process
in turn triggers host immune and other defense responses that culminate in retinal cell death.
Even in the presence of an efficient and fully functional retinoid cycle, all-trans-retinal can
condense producing, among a myriad of other byproducts, di-retinoid-pyridinium-
ethanolamine (A2E) and all-trans-retinal dimer (RALdi) 5961 (Fig. 2). Initial condensation
products are formed in the ROS, and 10% of the ROS undergoes phagocytosis and accumulates
in the RPE daily. Condensation products also accumulate with age 2, and it was proven that
these compounds can cause RPE cell toxicity under experimental conditions 63-65, Patients
affected by age-related macular degeneration (AMD), Stargardt's disease, or other retinal
diseases associated with accumulation of surrogate markers such as A2E all develop retinal
degeneration 6.

Mutations in ABCA4 cause Stargardt's macular degeneration 87, cone-rod dystrophy 68, and
recessive RP 69 70, Heterozygous mutations in ABCA4 increase the risk of developing AMD
as well 86, A2E 71, 72 and RALdi 6 are the major fluorophores of lipofuscins produced from
all-trans-retinal 73 (Fig. 2). As a consequence of aging, both A2E and RALdi can accumulate
over a lifetime of light exposure 62, and produce toxic effects on RPE cells 74 75, Patients
affected by Stargardt's disease or AMD because of a disabled ABCA4 gene, or those affected
by other retinal diseases associated with lipofuscin accumulation, eventually develop retinal
degeneration. ABCA4 mutations are also linked to an increased risk of AMD 66, However, no
such degeneration was observed in Abca4”- mice even though RPE atrophy was detected 2%
41,76 Thus, mice and humans do not always exhibit identical responses to fluorophore
accumulation.

Recently, we showed that mice carrying a double knockout of Abca4 21 along with retinol
dehydrogenase 8 (Rdh8), one of the main enzymes that reduce all-trans-retinal in ROS and
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cone outer segments (COS) 77, rapidly accumulate all-trans-retinal condensation products and
exhibit accentuated RPE/photoreceptor dystrophy at an early age 8. Retinas from these mice
exhibited lipofuscin, drusen, basal laminar deposits, Bruch's membrane thickening, and
choroidal neovascularization. Importantly, the severity of their visual dysfunction and
retinopathy was exacerbated by light but attenuated by treatment with retinylamine, a visual
cycle inhibitor that slows the flow of retinoids through the visual cycle, thus giving other
oxidoreductase enzymes more time to detoxify retinaldehyde molecules. These findings
provide direct evidence that aberrant production of toxic condensation byproducts of the visual
cycle can lead to rapid and progressive retinal degeneration in mice and present a
pharmacological method to ameliorate these conditions. The similarity of this retinopathy to
human AMD makes these mice invaluable for research aimed at ameliorating this devastating
blinding disease.

Although the above studies strongly suggest retinoid toxicity, it still isunclear if elevated levels
of retinal and/or its condensation products such as A2E actually cause these retinopathies or
merely constitute non-specific manifestations of impaired retinoid metabolism. Recently, we
reported that all-trans-retinal is most likely responsible for photoreceptor degeneration in
Rdh8”-Abca4- mice 73. Toxic effects of all-trans-retinal induces apoptosis through caspase
activation and mitochondrial-associated cell death 73, Therefore, excessive levels of this
aldehyde must be reduced to preserve retinal health. Although A2E formation could be a
surrogate marker for aberrations in all-trans-retinal clearance, it may also represent a
detoxification product and not the primary toxin previously supposed. Regardless of whether
all-trans-retinal or A2E are responsible for retinal degeneration, terminating all-trans-retinal
accumulation will also stop production of A2E and other similar derivatives formed from this
aldehyde.

Retinoids are a diverse group of compounds with different biological activity

The fact that retinoids are often grouped together in medical literature without distinction can
be misleading. For example, retinol and retinoic acid display dramatic differences in biological
activity, and though retinol can be converted to retinoic acid, this transformation is highly
regulated. Retinol has only limited biological activity per se /8, but it can be dehydrated to
anhydro-retinol, which may exert regulatory effects on the immune system 79, or it can be
saturated in the 13-14 position to produce dihydroretinol precursors involved in metabolic
processes 89+ 81 In the retinoid cycle, retinol is an excellent substrate for LRAT and is quickly
converted into fatty acid esters. Their propensity to form oil droplets excludes fatty acid esters
of retinol from the circulation. Retinol can be oxidized to retina in a reaction catalyzed by a
subset of short-chain alcohol dehydrogenases and medium-chain alcohol dehydrogenases.
Because the redox potential of cells favors reducing conditions and the oxidation reaction is
thermodynamically neutral, only a tiny fraction of retinol can be oxidized to fulfill the
thermodynamic requirements of equilibrium. The all-trans-retinal formed probably does not
exert direct biological activity, although there is speculation to the contrary 82. Instead, this
aldehyde is subsequently oxidized by aldehyde dehydrogenase to form retinoic acid in a highly
regulated process. Retinoic acid is a potent mitogen involved, via nuclear transcription factors,
in controlling the expression of a large number of genes. One of the most highly up-regulated
genes is CYP26, a P450 enzyme that oxidizes retinoic acid to inactive products. Thus, retinoic
acid levels are kept relatively low and tightly controlled by their rates of biosynthesis and
destruction.

Another issue is the differences in biological processing exhibited by geometric isomers of
retinoids. For example, 9-cis-retinal and 11-cis-retinal recombine with opsin to generate visual
pigments, but all-trans-retinal or 13-cis-retinal, two isomers that are in thermodynamic

Trends Pharmacol Sci. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Palczewski Page 6

equilibrium, do not. Indeed, all-trans-retinal can be converted to 11-cis-retinal through the
retinoid cycle, but typically all-trans-forms are preferably stored as fatty acid esters in the RPE.

Strategies for treating blinding retinal diseases caused by mutations in
retinoid cycle genes

Conceptually, the simplest way to restore function is to replace defective genes by viral,
nanoparticle, or other gene therapeutic methods. RPE and photoreceptor cells take up and
express recombinant constructs with great efficiency in many experimental settings. This
strategy was used successfully in LCA animal models such mice and dogs, and the positive
effect of gene replacement therapy was sustained for several years after a single treatment of
RPE65-null dogs 83 84, Recently, several LCA patients were enrolled for gene therapy. Initial
results revealed that this treatment at least partially restored vision in retinal areas of gene
transfer in those individuals with blindness attributed to RPE65 mutations 85787, However,
there are currently several limitations to this method which are discussed in more detail
elsewhere 2.

Retinoids undergo multiple transformations in the eye (Figs. 1, 2), and disabling mutations in
genes encoding unique enzymes responsible for these transformations cause a deficiency in
11-cis-retinal production. Below we describe how such compromised transformations can be
bypassed by supplying active chromophore(s).

Theoretically, reducing the production of the 11-cis-retinal chromophore by specific inhibitors
of the visual cycle would be beneficial. Slowing down a fast turnover of retinoids would prevent
excessive production of toxic all-trans-retinal and its condensation products. Excessive or
greatly prolonged inhibition would be detrimental because conceptually, this would decrease
vision at extreme conditions as observed in LCA. However, slowing the visual cycle under
strong illumination conditions would be beneficial.

Retinosomes as a depot for chromophores or inhibitors of the visual cycle

Retinosomes are storage particles that were discovered by a post-doctoral fellow in my
laboratory, Dr. Yoshikazu Imanishi. They bud off the ER, but the mechanism of formation has
yet to be clarified. Retinosomes are composed of fatty acid retinyl esters, lipids and at least
one other identified component, adipocyte differentiation-related protein 46 47, 88, 89 As
result of the high UV sensitivity of retinoids, these structures can be imaged only under long-
wavelength infrared light by using two-photon microscopy (Fig. 3A). It was then demonstrated
that these particles expand under light and contract when light was removed, providing
evidence that retinosomes participate in the regular visual cycle (Fig. 3B). These storage
particles become light insensitive when the visual cycle is disabled by elimination of retinoid
isomerase or LRAT activity. Retinosomes can also be used to store retinylamine, as this
compound can be amidated by LRAT 48, Importantly, these structures also can be used to store
artificial precursors of the chromophore in the form of 9-cis-retinyl esters.

Pharmacological replacement of missing chromophore and its precursor

In the most severe cases, insufficient 11-cis-retinal production leads to congenital or
progressive blindness in humans. LCA is an autosomal recessive, early onset, severe retinal
dystrophy that accounts for 5% of all such inherited disorders %. Pharmacological replacement
of missing chromophore is applicable to diseases resulting from deficient chromophore
biosynthesis. Examples include LCA arising from mutations in the LRAT and RPE65 genes
(Fig. 1). Initial experiments aimed at bypassing the biochemical defect caused by absence of
Rpe65 were performed by oral gavage of Rpe65~/~ mice with 9-cis-retinal 9. 9-cis-Retinal,
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which combines with opsin to form light-sensitive iso-rhodopsin 91, was initially selected
because it is easier to synthesize and more stable than 11-cis-retinal. Moreover, iso-rhodopsin
has an absorbance maximum of 494 nm versus 502 nm for rhodopsin, permitting experimental
identification of reconstituted iso-rhodopsin 92. Further refinement and extensive testing
identified 9-cis-retinyl acetate as a useful experimental compound % (Fig. 4).

Briefly, the use of cis-retinoids in the treatment of LCA 91100 seemed mechanistically sound
and encouraging results were obtained in the treatment of aging mice 192, Not only were cis-
retinoids proven to chaperone the mutant opsin to allow proper in vivo folding of P23H-opsin,
but in experimental cell lines, the rescued protein formed pigment, acquired mature
glycosylation, and was transported to the cell surface 4. Only photoactive cis-chromophores
were beneficial, whereas all-trans-retinal was ineffective.

Dietary supplementation of Rpe65~/~ mice with 9-cis-retinoids restored light sensitivity to
levels found in wild-type animals, as assessed by both single-cell and ERG recordings. Similar
recovery of visual function was reported following intraperitoneal injection of 11-cis-retinal
into Rpe65~/~ mice 9. There are several advantages of 9-cis-retinoid over 11-cis-retinoid
treatment. First, the 9-cis-compound is effective when taken orally. Second, because it is
converted to prodrug forms that are stored in the liver, transported in the blood, selectively
taken up by the eye and stored in retinosomes (Fig. 4A and 4B), storage particles that participate
in the regular visual cycle 45:46:47,88,89 byt can also be used to store artificial precursors of the
chromophore, from which the active compound is slowly released, a single dose can produce
a long-term therapeutic effect with minimal risk of toxicity. The major disadvantage is that the
toxicity profile of 9-cis-retinoids has yet to be determined. If this retinoid has a narrow
therapeutic window, any toxic effects are likely to be long-lasting. A particular concern is the
potential for long-term toxicity during pregnancy. Fortunately, such toxicity is unlikely to
emanate from conversion to retinoic acid, a potent mitogen, as the latter's biosynthesis from
retinol is tightly controlled. As in aging, rhodopsin regeneration after light exposure is more
delayed in humans and mice with vitamin A deficiency due either to inadequate dietary intake
or intestinal absorption 9. Studies in mice have shown that age-related decreased retinal rod
cell function cannot be explained by rod cell loss, abnormal retinal plasticity or any signs of
retinal disease 9698, However, a dramatic, age-associated slowing of rod-mediated dark
adaptation after light exposure in humans was observed that related to delayed regeneration of
rhodopsin 9. Deteriorating photoreceptor function documented in mice at 10 and 14 versus 4
months of age was improved significantly by long-term, monthly administration of the artificial
chromophore, 9-cis-retinyl acetate. These findings suggest one potential therapeutic approach
for prevention of age-related retinal dysfunction 3.

In a highly discussed study several years ago, all-trans-retinol together with vitamin E was
tested as a remedy for patients with retinitis pigmentosa but lacking genotypic characterization.
Results of this study support a beneficial effect of 15,000 1U/d of vitamin A on the course of
retinitis pigmentosa.%? As there was no indication that these patients were vitamin deficient, it
appears inconceivable that the role of this treatment differed mechanistically from the known
anti-oxidant role of vitamin A on the retinas of this genetically heterogeneous diseased
population. Surprisingly, vitamin A supplementation slows the rate of photoreceptor
degeneration caused by a threonine-17 to methionine (T17M) mutation in the opsin gene. The
authors speculated that vitamin A supplementation could confer therapeutic benefit by
stabilizing mutant opsins through increased availability of the chromophore 190, but
chromophore production does not depend on the further elevation of this precursor because it
exists in significant excess in the mature retina.

An observation made more recently using Abca4”- mice is also puzzling. These mice, when
supplemented with vitamin A, exhibited dramatically higher levels of retinyl esters in their
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liver and RPE, and more importantly, lipofuscin pigments such as A2E were significantly
increased as well. Photoreceptor degeneration also was observed in 11-month-old albino mice.
The author recommended that “vitamin A supplementation should be avoided in patients with
ABCA4 mutations or other retinal or macular dystrophies associated with lipofuscin
accumulation in the retinal pigment epithelium” 101, However, A2E formation is related only
to high levels of flux through the visual cycle, and high levels of the chromophore ester
precursor have nothing in common with A2E formation as evidenced by Rpe657- mice that
completely lack A2E, but still accumulate huge amounts of all-trans-retinyl esters 192,

The situation differs for Sorsby's fundus dystrophy (SFD), which is an autosomal dominant
retinal degeneration caused by mutations in the tissue inhibitor of metalloproteinases-3
(TIMP3) gene. During the course of this disease, a thickened membrane barrier between
photoreceptor layers causes local vitamin A-deprivation. Administration of vitamin A led to
dramatic restoration of photoreceptor function 193, Insufficient dietary vitamin A also can cause
progressive deterioration of vision and ultimately blindness without genetic abnormalities
104 "2 major problem in underdeveloped countries. Dietary supplementation with vitamin A
typically reverses this problem.

Pharmacological inhibition of the retinoid cycle

Another treatment strategy is to slow the biosynthesis of chromophore by either inhibiting steps
in the visual cycle or limiting availability of the all-trans-retinol precursor. This approach is
applicable to diseases associated with accumulation of retinoid cycle intermediates. As noted
above, impaired clearance of all-trans-retinal has been shown to cause both acute light-induced
retinal toxicity /3 and induce formation of fluorescent lipofuscin pigments such as A2E in RPE
cells. Acute all-trans-retinal toxicity seen in light-induced photoreceptor damage may involve
increased plasma membrane permeability and mitochondrial poisoning that leads to caspase
activation and mitochondrial-associated cell death 73. While accumulation of lipofuscin
pigments is an important pathological feature of Stargardt's disease 10%: 106 it is not limited to
this inherited condition. Fundus autofluorescence is non-invasive technique developed in that
past decade that utilizes fluorescent properties of lipofuscin to study the health and viability
of the retina (RPE and photoreceptors). Increased fundus autofluorescence by scanning laser
ophthalmoscopy is commonly seen in patients with AMD 107, 108,

Fluorescent material acquired in aged RPE has spectral properties similar to A2P identified in
Abcad ™'~ mice 59 109, Strong fundus autofluorescence is also seen in patients with Best
vitelliform macular dystrophy and in a subset of patients with cone-rod dystrophy 110, Patients
with dominant Stargardt's disease, caused by mutations in the ELOVL4 gene, show a dark
choroid by fluorescein angiography, also owing to lipofuscin in RPE cells 111112 The major
disadvantage of inhibiting the retinoid cycle is night-blindness, with resulting inability to drive.
Also of concern is that prolonged inadequate production of chromophore will adversely affect
the health of rod and, more severely, cone cells. The most potent and efficacious retinoid cycle
inhibitor identified to date is retinylamine, a transition state inhibitor of RPE65 19: 48, 58,
113-118 The unusual fate of this retinoid, including its route of administration, hepatic storage,
release into the circulation, uptake by the eye, storage, and eventual release in retinosomes of
the retina is illustrated in Fig. 5.

We systematically studied the effects of retinylamine and other potential inhibitors on visual
function in mice. Prolonged, sustainable, but reversible suppression of visual function was
observed with retinylamine (Fig. 5) as a result of its storage in a prodrug form, N-retinylamide
117 Direct comparison of other inhibitors was tested to assess their prevention of light-induced
retinal damage. Retinylamine displayed a higher efficacy, specificity, potency and lower
transcriptional activation as compared to N-(4-hydroxyphenyl)retinamide 119 and 13-cis-
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retinoic acid 120: 121 whereas other tested compounds were ineffective 114, As a note, other
investigators have proposed that N-(4-hydroxyphenyl)retinamide would cause immediate,
dose-dependent reductions in serum retinol and RBP in Abca4”- mice 119, This prediction is
puzzling because excess retinoids are stored in the eye, which is highly resistant to vitamin A
deprivation. In mice, it takes two generations, even after liver stores are depleted, for retinoids
to be depleted from the eye. Methods to reduce circulating retinol would be inadequate to
deplete retinoids in the eye because of the powerful protective mechanisms involved in retinoid
transport (Fig. 4 5) and retinoid retention within the RPE (Fig. 5). Thus, it is possible that a
small effect on retinoid metabolism in the eye could be accomplished by weak inhibition of
RPE65 by N-(4-hydroxyphenyl)retinamide and 11-cis-retinol dehydogenase by 13-cis-retinoic
acid 122, On the other hand, dramatic reduction of retinol delivery to peripheral tissues for a
prolonged period could be detrimental to the health of the individual.

Is there a future for use of inhibitors of the visual cycle for treatment of retinal degenerative
diseases? We believe these inhibitors could be effective therapies based on what we have
learned about their effects in animal models of these diseases. For example, it was recognized
that cone photoreceptor cells in Rpe657 mice degenerate more rapidly than rod photoreceptors
123 ‘and similar observations were published for Lrat”- mice 38: 124, In Rpe657-rhodopsin™-
mice, addition of chromophore enhanced proper transport of cone opsins to outer segments
while partially preserving cone structure and function in a compromised retina lacking rods
because of rhodopsin elimination 38. These findings are critical both because of the importance
of cones for human high resolution spatial vision and color perception 12° and the need to
evaluate cone status for any potential therapy of LCA 126, Children with RPE65-LCA manifest
cone photoreceptor loss in the first decade of life 118, The central retinal RPE layer of the
normal primate retina also shows higher retinoid isomerase activity than the more peripheral
RPE, so we speculated that early cone photoreceptor loss in RPE65-LCA indicates that robust
RPE65-based visual chromophore production is vital for cones 17. Residual cone structure and
function could be supported by a retinal-based alternative pathway for chromophore production
18 Mice chronically treated with retinylamine showed a decline in the number of cones that
was ameliorated by administration of 9-cis-retinoids. Together these results suggest that
chronic lack of chromophore leads to progressive loss of cones in mice and humans 118, Thus,
prolonged inhibition of the visual cycle, a currently tested approach for treatment of Stargardt's
and AMD patients, poses a major unresolved problem. Moreover, night blindness that
accompanies this treatment might severely limit patients who can no longer drive at night,
along with other serious inconveniences.

Conclusions

Classical approaches can be combined with emerging technologies to address previously
challenging therapeutic questions. By obtaining a proper molecular framework with which to
view biological systems, new strategies can be evolved to develop better pharmacological
agents to combat blinding diseases. Further progress in vision research and medicine will
require a combination of multiple approaches and techniques to solve the complexities of
retinal diseases. Only selected retinoids, when properly used, have the potential to combat
retinal diseases. Compounds that can either inhibit the trans-to-cis isomerization step of the
retinoid cycle or that recombine with opsin to form light-sensitive pigments could be stored in
the liver and eye as prodrugs. This is highly unusual, but it would allow novel and very powerful
pharmacology to be employed. These properties rely on the ability of the vertebrates to store
inactive fatty acid acylated chromophore or retinoid inhibitors in cellular structures such as
stellate cells in the liver and retinosomes in the eye.
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Figure 1. Phototransduction and the visual (retinoid) cycle

In vertebrates vision is triggered by light-dependent activation of rhodopsin or other visual
pigments. In rod cells, this chromophore couples to a protein opsin, forming rhodopsin.
Absorption of a photon of light by rhodopsin causes photoisomerization of 11-cis-retinal to
all-trans-retinal. In turn, photoactivated rhodopsin generates activation of hundreds of
heterotrimeric G proteins, called transducin or Gt, in photoreceptors. This G protein-coupled
receptor cascade is a classic cyclic nucleotide pathway that results in lowering cGMP levels
(not depicted on the figure), and consequently hyperpolarization of the plasma membranes and
ultimately reduction of glutamate secretion to the secondary neurons. The visual cycle
regenerates 11-cis-retinal from released all-trans-retinal from the chromophore binding pocket
of opsin. All-trans-retinal is reduced to all-trans-retinol in a reversible reaction catalyzed by
RDH12 and RDH8, which are NADPH-dependent all-trans-retinol dehydrogenases. All-
trans-retinol diffuses into the RPE where it is esterified in a reaction catalyzed by
lecithin:retinol acyl transferase to long-chain fatty acids. As a consequence of the propensity
of retinyl esters to aggregate, these esters are stored in lipid droplet-like structures called
retinosomes. The all-trans-retinyl esters appear to be the substrate for RPE65 that converts it
to 11-cis-retinol, which then is further oxidized back to 11-cis-retinal by retinol
dehydrogenases, RDH5, RDH11, and other NAD-dependent retinol dehydrogenases. 11-cis-
retinal formed in the RPE diffuses back into the ROS and COS, where it completes the cycle
by recombining with opsins to form rhodopsin and cone pigments. Mutations in genes encoding
proteins of phototransduction and the retinoid cycle are associated with various retinal diseases,
some of which are indicated by the green boxes. Pharmacological intervention has been
successful in animal models in a few instances, as indicated by the compounds in the blue
boxes. IPM, interphotoreceptor matrix; IRBP, interphotoreceptor retinoid-binding protein;
CSNB, congenital stationary nightblindness, ROS, rod outer segments; RPE, retinal pigment
epithelium; Ral, retinal, RDH, retinol dehydrogenase; Rol, retinol; LCA, Leber congenital
amaurosis; RP, retinitis pigmentosa, ABCR, ATP-binding transporter 4 .
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Figure 2. Retinoid flow in the visual cycle and condensation of all-trans-retinal

After 11-cis-retinal binds to opsin, forming rhodopsin, the resulting visual chromophore, 11-
cis-retinylidene, is photoisomerized to all-trans-retinylidene, the precursor of all-trans-retinal
that is subsequently released. Most of the all-trans-retinal dissociates from opsin into the
cytoplasm where it is reduced to all-trans-retinol by RDHs including RDH8. The fraction of
all-trans-retinal that dissociates into the disc lumens is transported by ABCA4 back into the
cytoplasm 21 before it is reduced. Thus, condensation products can be generated both within
the disc lumens and the cytoplasm. Loss of ABCA4 and RDH8 exacerbates this condensation
reminiscent of an accelerated aging process. In humans, as a result of daily phagocytosis of
the part of rod outer segments, lipofuscin fluorophores accumulate with age in the RPE,
especially in RPE cells underlying the cone-rich macula 109 127 Sych accumulation has been
considered to constitute one of the major risk factors for AMD, the predominant cause of legal
blindness in developed countries 128, Lipofuscin fluorophores also are especially abundant in
Stargardt disease, the most common juvenile form of macular degeneration 2. Di-retinoid-
pyridinium-ethanolamine (A2E) and all-trans-retinal dimer (RALdi), the major fluorophores
of lipofuscin, is formed by condensation of phosphatidylethanolamine with two molecules of
all-trans-retinal followed by oxidation and hydrolysis of the phosphate ester 129, Various
mechanisms have been proposed to explain the toxicity of A2E. These include its cationic
detergent properties 130, physiological interference with RPE function 131: 132 and radical
reaction products induced by light-dependent oxidation 133,
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Figure 3. Transformations of visual cycle retinoids in the RPE

All-trans-retinol diffuses from photoreceptor cells into the RPE, where it is esterified by LRAT
to all-trans-retinyl esters. Hydrophobic retinyl esters then form retinosomes (RESTSs). All-
trans-retinyl esters are isomerized to 11-cis-retinol (reaction a) in a reaction that involves an
RPE-abundant protein, termed RPE6G5. 11-cis-Retinol is then oxidized by 11-cis-RDH to 11-
cis-retinal (reaction b). 11-cis-Retinal diffuses back into the rod and cone outer segments,
where it completes the retinoid cycle by recombining with opsins to reform rhodopsin and cone
pigments. A. Retinosomes imaged in RPE cells by two-photon microscopy (courtesy of
Grazyna Palczewska, Polgenix, Inc., Cleveland). Fluorescence emission from the isolated
intact mouse eye at 560—700 nm in green pseudocolor was observed after excitation by a 730-
nm mode-locked Ti:Sapphire laser. Scale bar 5 um. B. Flash-dependent changes in
fluorescence and all-trans-retinol/all-trans-retinyl esters in the RPE cell layer of isolated mouse
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eyes. Top: A row of images showing optical sections of the retina, perpendicular to the ocular
tissue. RPE fluorescence (a.u., arbitrary unit) was quantified as a function of time. Numbers
refer to minutes after the flash. Middle and bottom graphs show quantified fluorescence from
retinoids and retinoid analyses by HPLC (all-trans-retinol and all-trans-retinyl esters; mean +
SD, n = 3), respectively. Dashed lines indicate half-times for formation of RESTs and the
increase in all-trans-retinol and all-trans-retinyl esters. On the right, light-dependent changes
in the fluorescent signal in different subcellular compartments are shown. (copied from ref.
46 with permission from the Rockefeller University Press).
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Figure 4. Delivery and action of 9-cis-R-Ac

This retinyl ester is effective when taken orally. In the small intestine, 9-cis-R-Ac is either
hydrolyzed and esterified with fatty acyl coenzyme A, or trans-esterified with phospholipids
before being transported in chylomicrons to the liver, where these intermediate products are
found in lipid droplets. This cycle of hydrolysis and esterification may occur several times
before storage in hepatic stellate cells. Fatty acid (mostly palmitate) esters and free 9-cis-retinol
are then secreted into the systemic circulation, either bound to RBP or albumin or incorporated
into chylomicrons. In the eye, these retinoids are likely hydrolyzed again as they pass from the
choroid capillaries into the RPE in both a STRA6-dependent and independent manner. Fatty
acid esters of 9-cis-retinol in the RPE are stored in specific lipid droplets called retinosomes.
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When required, these esters are hydrolyzed and oxidized to the drug, 9-cis-retinal, which is
then delivered to opsins in photoreceptors to form light-sensitive visual pigments.
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Figure 5. Delivery and action of retinylamide

This amide ester can be taken orally. Once in the intestine it is hydrolyzed and re-amidated
with fatty acid coenzyme A, and transported in chylomicrons to the liver, where it is stored as
lipid droplets in hepatic stellate cells. This cycle of hydrolysis and re-amidation can occur
several times. Fatty acid (mostly palmitate) amide and free retinylamine are then secreted into
the systemic circulation, either bound to RBP or albumin, or incorporated into chylomicrons.
The amides likely are hydrolyzed again as they pass from the choroid capillaries into the RPE
in a STRAG6-independent manner. There, retinylamine is stored in specific lipid droplets called
retinosomes. When required, retinylamine is released and acts as a very potent transition state
inhibitor of RPEG5, which catalyses the hydrolytic isomerization of retinyl esters. Suppression
of this isomerization can last for weeks because of long-term storage. Retinylamine also
conjugates with free retinal, preventing accumulation of other toxic retinal condensation
products. Eventually retinylamine is metabolized to retinol.
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