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Abstract

Although both 11-cis and all-trans retinyl esters exist
in the retinal pigment epithelium, the relative import-
ance of each in the visual cycle has been unclear. Re-
cent dataindicate that there are 2 biochemical pathways
leading to the formation of 11-cis retinoids from the
retinal pigment epithelium pool of retinyl esters. One
well-established pathway is located in the endoplasmic
reticulum where all-trans retinyl esters are hydrolyzed,
isomerized, and then oxidized to form 11-cis retinal
(endoplasmic reticulum pathway). A more recently iden-
tified pathway resides within the plasma membrane
where 11-cis retinyl esters are hydrolyzed directly to
11-cisretinol (plasma membrane pathway). Either or
both pathways may provide 11-cis retinoids for regen-
eration of rod and cone visual pigments. Recent reports
have suggested that the regeneration of rod and cone
pigments are carried out by different mechanisms, and
that 11-cis retinyl esters (plasma membrane pathway)
intheretinal pigment epithelium may be specific to cone
pigment regeneration. In this paper we review both
visual pathways and consider data in support of the
hypothesisthat 1 of these 2 pathways' (the plasmamem-
brane pathway) functions to provide visual pigment
chromophores selectively for cone photoreceptors.
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Background

The visual cycle delineates a cascade of reactions which
regulate the supply of 11-cis retinal, the chromophore to
form visual pigments.® The precursor of 11-cisretinal is
all-trans retinol, which is available either from blood
circulation (viathe choroidal vessels at the basal side of
the retinal pigment epithelium [RPE]), or from bleached
photoreceptors (via the interphotoreceptor matrix at the
apical side of the RPE). All-trans retinol is first esteri-
fied with fatty acidsin the RPE to become al-transretinyl
ester and, following ester hydrolysis, is isomerized to
11-cis retinol.2® Both 11-cis retinal and 11-cis retinyl
esters are derived from this 11-cis retinol and their rates
of formation are dependent on the availability of aretinol
binding protein and the activity of the esterifying enzyme,
lecithin retinol acyl transferase (LRAT).*® The functional
significance of 11-cisretinyl estersin the RPE is not clear
and has been amajor focus of investigation in our laboratory.

Retinyl estersin theretinal pigment
epithelium

Although many different retinoids (or retinol derivatives),
arefound in the RPE of various vertebrate species, retinyl
esters constitute the major molar form of all retinoids in
this tissue (87% in bovine RPE®’ and 99% in humans?).
Two major isomers, all-trans and 11-cis retinol, are
esterified to palmitate, stearate, and/or oleate, forming
different retinyl esters (the type and ratios of fatty acids
being species-dependent).® The proportion of the 2
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ester isomers varies with the degree of light/dark adapta-
tion® and have been found in the RPE of many species
from tadpoles,***? frogs,®'* goldfish,*?* chickens,%14
rabbits,® and cows,'! to baboons'® and humans.*":®
However, there are 2 notable exceptions: dark-adapted
albino rats®® and lake char fish'! store ailmost no vitamin
A estersin their ocular tissues.

Functional role of retinyl estersin the
retinal pigment epithelium

The size of the retinyl ester pools in the RPE is signifi-
cantly affected by the state of light or dark adaptation.
Using albino rats, Dowling was the first to show that the
decrease of retinal in the retina followed the same time
course as the rise of retinol/retinyl estersin the RPE dur-
ing light adaptation, and likewise, the decrease of retinol/
retinyl esters in the RPE mirrored the increase of retinal
in the retina.*® This suggested that retinoids in the RPE
served as precursors for chromophore of visual pigments.
More compelling evidence for the role of retinyl estersin
the RPE to supply visual chromophore came later when
tritiated retinyl acetate was injected into rats with radio-
labelled retinyl esters in the RPE.2>2! During dark
adaptation, the level of tritiated retinyl estersin the RPE
decreased asthelevel of tritiated 11-cisretinal in theretina
increased. These studies provided strong evidence to show
that retinyl esters supply retinal chromophore for visual
pigment formation. Bridges, using high performance
liquid chromatography (HPLC), further demonstrated
that regeneration of rhodopsin in the frog eye derived its
retinal chromophore from retinyl esters in the RPE.?

Possblerole of 11-cisretinyl estersin theeye

Theratio of 11-cisto al-trans retinyl estersis also species-
dependent. Bridges et a were the first to show that un-
like most other animals studied, where all-trans retinyl
esters predominate, the chicken eye (with a cone-dominated
retina) was unusual in that it stores a preponderance (>70%)
of 11-cisretinyl esters.** Rodriguez and Tsin explored this
further when they compared the amounts of 11-cis and
all-trans retinyl estersin both light- and dark-adapted
chicken eyes.’® This study showed that cone-rich chicken
eyes always contain a significantly higher amount of 11-
cisthan all-trans retinyl esters, in both the RPE and the
retina, while the reverse was observed in frog and bovine
eyes, whose retinas are comprised mostly of rods (cone/
rod ratio = 0.1 in the bovine eye). Das et al measured
retinyl esters in the RPE of chickens (cone-dominant
retina, with a cone/rod ratio of 3.6), rats (rod-dominant
retina, with a cone/rod ratio of 0.009), cats, and humans
(mixed rods and cones, with a cone/rod ratio of 0.5).2
These researchers found that the ratio of 11-cis to all-
trans isomers of retinyl palmitate in the RPE increases
progressively with the increase in ‘diurnality’ (cone/rod
ratio) of the species, from rats to chickens. Recently, we
have also observed that RPE had a high proportion of 11-
cisretinyl esters under both light and dark adaptation in
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a cone-dominated mammalian species (the 13-lined
ground squirrel, Citellus sp., with acone/rod ratio of 5.9).
(N Mata, Unpublished data.) This association between
11-cis retinyl esters and cone-dominated retinas strongly
suggests a functional role of 11-cis retinyl esters in the
formation of cone pigments.

Visual pathwaysin theretinal pigment
epithellum and pigment regeneration in
theretina

Visual pathwaysin theretinal pigment epithelium
Based on reports in the literature and recent research
results from our laboratory, there are 2 spatially-separated
visual pathways in the bovine RPE that supply 11-cis
retinoids for visual pigment synthesis.®?2 In our studies,
we observed the co-localization of 11-cis retinyl esters and
11-cis-specific retinyl ester hydrolase in the plasma mem-
brane of the RPE, while all-trans retinyl esters and their
corresponding hydrolase enzymes were found mainly in the
endoplasmic reticulum.? Therefore, all-trans retinyl esters
must be hydrolyzed (and then isomerized) to 11-cis retinol
in one location in the RPE (in the endoplasmic reticulum
[ER]),® while 11-cisretinyl esters are hydrolyzed to release
11-cis retinol at another site (in the plasma membrane
[PM]).%* It is now apparent that 11-cis retinol dehydroge-
nase is located in the ER, thereby leading to the formation
of 11-cisretinal from the ER pathway.?>?" In contrast, the
end product of the PM pathway is mainly 11-cisretinol, as
a much lower level of the 11-cis retinol dehydrogenase
activity isrecovered in the PM.?® Based on in vitro enzyme
kinetic data, we further showed that 11-cisretinyl estersin
the RPE PM constitute a more readily available source of
11-cisretinoids for visual pigment biosynthesis.?* However,
the functional role of these 2 visual pathways in the RPE
remains unknown.

Separaterod and cone pigment regeneration in
theretina

It is now fully established that rods and cones are differ-
ent photoreceptors with significantly distinct anatomical
and functional features.?®? Specifically, these photo-
receptors make different structural contacts with RPE
cells at the apical membrane of RPE® and their light
intensity thresholds for visual excitation differ by
several log units.®* Furthermore, there are distinctly
different mechanisms of regeneration for rod and cone
pigments?*%23 and the rate of cone pigment regeneration
far exceeds that of rod pigment.3+36

Recent studies on key proteins of the visual cycle have
also supported the idea that rods and cones utilize sepa-
rate mechanisms for visual pigment regeneration. In the
first study, targeted disruption of the RPE65 gene, which
was believed to encode the retinol isomerase enzyme, was
used to study the function of this protein in the RPE.*" It
was found that RPE65 was necessary for the production
of 11-cisvitamin A in the visual cycle. Deletion of this
protein resulted in a selective loss of rod outer segments,
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cisretinyl ester hydrolase; 11-cis RE = 11-cis retinyl esters.

Figure 1. Hypothetical pathwaysfor the biosynthesisof rod and
conevisual pigmentsusing vitamin A from theretinal pigment
epithelium. In the retinal pigment epithelium, 11-cisretinoids
are derived from 2 sub-cellular compartments — the endo-
plasmic reticulum and the plasma membrane. It is possible that
retinoid from the plasma membrane pathway is specific for the
cone pigment synthesis.

together with a loss of rod function (as measured by
electroretinography), as well as increasing levels of
all-trans retinyl esters. Meanwhile, cone cells and cone
function remained intact. These authors concluded that
“... cone pigment regeneration may be dependent on a
separate pathway.” ¥

In another study, patients with a hereditary defect in
serum retinol binding protein (SRBP) were found to have
an elevated dark-adaptation threshold with reduced mixed
rod electroretinogram (ERG) responses.® Meanwhile, the
cone ERG was normal in 1 of the 2 patients examined.
Similarly, selective degeneration of rod function occurred
in RBP knockout mice given a vitamin A-deficient diet.
After 3 to 4 weeks of the vitamin A-deficient diet, all
rod components in the ERG were lost in the knockout
strain. In contrast, only areduced cone ERG was detect-
able after 3 months of the diet. These data clearly show
that “... cones are more resistant than rods to vitamin A
deficiency”,* suggesting that cones may be privileged
to use an additional (PM) pathway which is not utilized
by rods.
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Hypothesis and possible mechanisms

Development of hypothesis

Based on the information already presented, it is clear
that there are 2 pathways in the RPE deriving 11-cis
retinoids from all-trans retinyl esters (the ER pathway)
and from 11-cis retinyl esters (the PM pathway) to form
visual pigments (Figure 1). It isalso evident that there are 2
separate mechanisms of visual pigment regeneration for
rods and cones, with the rate of cone regeneration being
much faster. Therefore an appropriate question is: Isthere
a selective utilization of 11-cis retinoids (from the 2
visual pathways in the RPE) for the 2 (rod and cone)
visual pigment regenerations?

Theoretically, it is possible to calculate the rate of retinal
formation from each pathway in the RPE and compare
them to the rate of pigment regeneration in an attempt to
match an appropriate RPE pathway to a visual pigment
regeneration process. However, such a comparison
cannot be readily accomplished at this time because quan-
titative data on the RPE pathways remain to be collected.
For example, the turnover numbers (Kcat) in most meta-
bolic steps of these RPE pathways are not known since
pure proteins are not yet available. Without such values,
it is not possible to calculate the rate of retinal formation
(moles of retinal formed per unit time). In the ER pathway,
11-cis retinal, after being derived from all-trans retinyl
ester, is bound to cellular retinal binding protein
(CRALBP), which carries it to the apical membrane of
the RPE. In contrast, 11-cis retinyl estersin the ER path-
way are hydrolyzed to form 11-cis retinol, which does
not require CRALBP for intracellular transport. Therefore,
it is possible that the 11-cis retinyl ester pool (the PM
pathway) in the RPE is utilized for rapid formation of
11-cisretinoid for visual pigment synthesis.?* The many
distinctive features of these 2 retinal pathways in the RPE
render the possibility that a specific RPE pathway may
provide visual chromophore for a specific (rod or cone)
pigment regeneration process. Different selective mecha-
nisms in support of the suggestion that the PM pathway
may provide chromophore specific for the regeneration
of cone pigments are presented below.

Possible mechanisms

In order for 11-cis retinoids from the RPE to be specific
for 1 of the 2 visual pigment regeneration processes,
some selective mechanisms must exist for the supply,
transfer and utilization of these retinoids to form visual
pigments.

Retinoid supply from the retinal pigment epithelium

In the RPE, we have identified 2 visual pathways from
which chromophore may be selectively derived.? It is
likely that one of these pathways (the PM pathway) pro-
ceeds at a fast rate thus being capable of aupporting the
higher rate of chromophore demand for cone pigment
regeneration.?* Furthermore, 11-cis retinol, the major
product of the PM pathway, can only be utilized by isolated
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cones, but not rods, for visual pigment regeneration.3?
Additionally, both 11-cis retinol and 11-cis retinal are
found to be endogenous ligands of interphotorector
retinoid binding protein (IRBP),*4! indicating a regular
flow of 11-cis retinol from the PM pathway to the
photoreceptors.

Transfer of retinoids between retinal pigment epithelium
and retina

It is also possible that the mechanism of transfer of reti-
nal from RPE to the retina results in a selective delivery
of retinal to support rod versus cone pigment regeneration.
For example, rod and cone photoreceptors make different
structural contacts with the RPE apical membrane. 2% These
different anatomical features may contribute to differen-
tial transfer rates or transfer pathways of retinal from the
RPE to the photoreceptors. Furthermore, the rates of retin-
oid delivery by extracellular binding protein (such as IRBP
in the photoreceptor matrix) to cones versus rods have
not been determined. It is possible that the binding affin-
ity between the membrane receptor and/or the rate of
internalization of the receptor-protein complex differs
between rod and cone cells. Better understanding of
thisretinal transfer is needed to fully explore whether the
retinal supply from the RPE is affected in a photoreceptor-
specific manner.#24

Selective utilization of retinoids by rod and cones

It has also been reported that neural retina and Mller
cells from cone-dominated chicken retina (in compari-
son to rod-dominated bovine retina) can form 11-cis
retinoids from all-trans retinol . It is therefore possible
that some retinoids from the RPE may be utilized by cones

References

1. Wald G. Molecular basis of visual excitation. Science 1968;
162:230-239.

2. Saari JC. Retinoidsin photosensitive systems. In: Sporn MB,
Roberts AB, Goodman DD, editors. The retinoids. 2nd ed.
New York: Raven Press; 1994:351-385.

3. CrouchRK, Chader GJ, Wiggert B, Pepperberg DR. Retinoids
and the visual process. Photochem Photobiol 1996;64:
613-621.

4. Saari JC, Bredberg DL, Noy N. Control of substrate flow
at abranchinthevisual cycle. Biochem 1994;33:3106-3112.

5. Secher H, Gelb M, Saari JC, Palczewski K. Preferential
release of 11-cis-retinol from retinal pigment epithelial
cells in the presence of cellular retinaldehyde-binding
protein. J Biol Chem 1999; 274:8577-8588.

6. Hubbard R, Dowling J. Formation and utilization of 11-cis
vitamin A by the eye tissues during light and dark adaptation.
Nature 1962;193:341-343.

7. Berman ER, Segal N, Feeney L. Subcellular distribution of
free and esterified forms of vitamin A in the pigment epithe-
lium of the retina and in the liver. Biochim Biophys Acta
1979;572:167-177.

8. Bridges C, Alvarez R. Selective loss of 11-cis vitamin A
in eye with hereditary chorioretinal degeneration similar
to sector retinitis pigmentosa. Retina 1982;4:256-260.

9. Alvarez R, Bridges C, Fong SL. High-pressure liquid chro-
matography of fatty acid esters of retinol isomers: analysis

28

(but not rods) to form visual pigment. Furthermore, Jones
et al reported that isolated cones (but not rods) are cap-
able of utilizing 11-cis retinol for pigment regeneration,
suggesting “ separate pathways of visual pigment regen-
eration for rods and cones.”* Since 11-cis retinol is a
major product of the PM pathway in the RPE,? this
retinol is transported to the retina where cones (but not
rods) can use it for pigment regeneration.

Conclusions

The recovery of visual sensitivity following light expo-
sure is dependent on the regeneration of bleached visual
pigments.** Many common disorders such as retinitis
pigmentosa, age-related maculopathy, diabetic retino-
pathy, glaucoma, vitamin A deficiency, hypoxia, and
alcohol intoxication are all associated with some form
of abnormality of visual recovery.*46 Mutations in the
gene encoding avisua cycle enzyme (11-cisretinol dehydro-
genase), for example, cause delayed dark-adaptation
and fundus albipunctatus, a congenital night-blindness
disorder.#”%® Therefore, the relationship between visual
pathways in the RPE and pigment regeneration in the retina
provides important information for the understanding,
aswell asthe basis of treatment, of many ocular disorders.

This review discusses 2 separate cone and rod regener-
ation mechanisms as well as 2 pathways of visual chro-
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of retinyl esters stored in the eye. Invest Ophthalmol Vis i
1981;20:304-313.

10. Rodriguez K, Tsin A. Retinyl esters in the vertebrate
neuroretina. Am J Physiol 1989; 256:255-258.

11. Bridges CDB. Storage, distribution, and utilization of vita-
mins A in the eyes of adult amphibians and tadpoles. Vision
Res 1975;15:1311-1323.

12. Tsin A, Alvarez R, Fong SL. Use of high-performance
liquid chromatography in the analysis of retinyl and 3,4-
didehydroretinyl compounds in the tissue extracts of bull-
frog tadpoles and goldfish. Vision Res 1984; 24: 1835-1840.

13. Bridges C, Fong 9L, Alvarez R. Separation by programmed-
gradient high-pressure liquid chromatography of vitamin A
isomers, their aldehydes, oximes, and vitamin A2: presence
of retinyl ester in dark-adapted goldfish pigment epithelium.
Vision Res 1979; 20: 355-360.

14. BridgesC, Alvarez R, Fong 9., et al. Rhodopsin, vitamin A,
and interstitial retinol-binding protein in the rd chicken. In-
vest Ophthal Vis Sci 1987;28:613-617.

15. Krinsky N. The enzymatic esterification of vitamin A. J Biol
Chem 1958;232: 831-89%4.

16. Cammer TJ, Malsbury DW, Tsin ATC. Vitamin A metabo-
lismin the baboon eye. Brain Res Bull 1990; 24: 755-757.

17. Bridges C, Alvarez R, Fong SL. Vitamin A in human eyes:
amount, distribution, and composition. Invest Ophthal mol
Vis Sci 1982;22:706-714.

18. Flood M, Bridges C, Alvarez R, et al. Vitamin A utilization
in human retinal pigment epithelial cellsin vitro. Invest

HKJOphthalmol & Vol.5 No.1



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Ophthalmol Mis Sci 1983;24:1227-1235.

Dowling J. Chemistry of visual adaptation in the rat. Nature
1960;188:114-118.

Zimmerman W. The distribution and proportions of vitamin
A compounds during the visual cycle of the rat. Vision Res
1974;14:795-802.

Zimmerman W, Yost M, Daemen F. Dynamics and function
of vitamin A compounds in rat retina after a small bleach of
rhodopsin. Nature 1974;250:66-67.

Bridges C. Vitamin A and the role of the pigment epithelium
during bleaching and regeneration of rhodopsin in the frog
eye. Exp Eye Res 1976; 22:435-455.

Das S Bhardwaj N, Kjeldbye H, Gouras P. Muller cells of
chicken retina synthesize 11-cisretinol. BiochemJ 1992; 285:
907-913.

Mata NL, Villazana ET, Tsin ATC. Co-localization of 11-cis
retinyl esters and retinyl ester hydrolase activity in retinal
pigment epithelium plasma membrane. I nvest Ophthal mol
Vis Sci 1998;39:1312-1319.

Mata NL, Tsin ATC. Distribution of 11-cis LRAT, 11-cis RD
and 11-cis REH in bovine retinal pigment epithelium
membranes. Biochim Biophys Acta 1998;1394:16-22.

Tsin ATC, Mata NL, Ray JA, Villazana ET. Substrate speci-
ficitiesof retinyl ester hyrolasesin retinal pigment epithelium.
Methods Enzymol 2000; 316: 384-400.

Smon A, Romert A, Gustafson A-L, et al. Intracellular
localization and membrane topology of 11-cis retinol
dehydrogenase in the retinal pigment epithelium suggest a
compartmentalized synthesis of 11-cis retinal dehyde. J Cell
Sci 1999;112:549-558.

Krebs W, Krebs |. Primate retina and choroid. New York:
Soringer-Verlag; 1991.

Dowling J. The retina: an approachable part of the brain.
Cambridge: Harvard University Press; 1987.

West R, Dowling JE. Anatomical evidence for cone and
rod-like receptorsin the grey squirrel, ground squirrel and
prairie dog retinas. J Comp Neurol 1975;159:439-460.
Rushton WAH. Cone pigment kinetics in the protanope. J
Physiol 1963;168:374-388.

Jones GL, Crouch RK, Wiggert B, et al. Retinoid require-
mentsfor recovery of sensitivity after visual pigment bleach-
ing in isolated photoreceptors. Proc Nat Acad Sci USA 1989;
86:9606-9610.

Jin J, Jones GJ, Cornwall C. Movement of retinal along cone
and rod photoreceptors. Vis Neurosci 1994;11:389-399.
Wald G, Brown P, Smith P. lodopsin. J Gen Physiol 1955;

HK)Ophthalmol & Vol.5 No.1

35.

36.

37.

38.

39.

40.

4]1.

42.

45.

46.

47.

PERSPECTIVE

38:623-681.

Rushton WAH, Henry GH. Bleaching and regeneration of
cone pigments in man. Vis Res 1968;8:617-631.

Alpern M. Rhodopsin kinetics in the human eye. J Physiol
1971;217:447-471.

Redmond TD, Yu S, Lee E, et al. RPE65 is necessary for
production of 11-cis vitamin A in the retinal visual cycle.
Nature Genet 1998; 20: 344-351.

Seeliger MW, Biesalsi HK, Wissinger B, et al. Phenotypein
retinol deficiency due to a hereditary defect in retinol bind-
ing protein synthesis. Invest Ophthal Vis Sci 1999;40:3-11.
Salchow D, Gouras P, Blaner W, et al. The effects of vitamin
A deficiency on the ERG of normal and SRBP knock-out mice.
Invest Ophthal Vis Sci 1999;40 (Suppl.): 391.

Liou GlI, Bridges CDB, Fong 9., et al. itamin A transport
between retina and pigment epithelium — an interstitial
protein carrying endogenous retinol (interstitial retinol-
binding protein). is Res 1982;22:1457-1467.

Adler AJ, Spencer SA. Effect of light on endogenous ligands
carried by inter photoreceptor retinoid-binding protein. Exp
Eye Res 1991;53:337-346.

Palczewski K, Van Hooser JP, Garwin GG, et al. Kinetics of
visual pigment regeneration in excised mouse eyes and
in mice with a targeted disruption of the gene encoding
interphotorecptor retinoid-binding protein or arrestin.
Biochemistry 1999;38:12012-12019

Ripps H, Peachey NS, Xu X, et al. The rhodopsin cycle is
preserved in IRBP ‘knock-out’ mice despite abnormalities
in retinal structure and function. Vis Neurosci 2000;17:
1-9.

Rushton WAH. Dark adaptation and the regeneration of
rhodopsin. J Physiol 1961;156:166-178.

Krill AE. Krill’s hereditary retinal and choroidal diseases.
\ol 2. Clinical characteristics. New York: Harper and Row
Publishers, Inc.; 1977.

Hart W M. Visual adaptation. In: Moses RA, Hart WM,
editors. Alder physiology of the eye: clinical applications.
8th ed. . Louis: CV Mobsy Co.; 1987:389-414.
Yamamoto H, Smon A, Eriksson U, et al. Mutationsin the
gene encoding 11-cis retinol dehydrogenase cause delayed
dark adaptation and fundus albipunctatus. Nature Genet
1999;22:188-191.

Gonzalez-Fernandez F, Kurz D, Bao'Y, et al. 11-cis Retinol
dehydrogenase mutations as a major cause of the congeni-
tal night-blindness disorder known as fundus albipunctatus.
Mol Vis 1999;5:41-46.

29



